
CHARLES UNIVERSITY 

FACULTY OF PHARMACY IN HRADEC KRÁLOVÉ 

Department of biochemical sciences 

 

 

 

Effects of simple sugar consumption on cognitive functions in 

female rats 

 

Efekt konzumace jednoduchých cukrů na kognitivní funkce 

potkaních samic 

Diploma thesis 

 

Supervisor: Dra. Marta Alegret Jorda 

                                  Mgr. Miloslav Macháček, Ph.D. 

 

Hradec Králové, 2017                                                                                Gabriela Podhorská 

 

 



Gabriela Podhorská Diploma thesis 

 

2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

„ I declare, that I have written this master’s thesis Effects of simple sugar 

consumption on cognitive function in female rats on my own according to the 

instructions of my master’s thesis supervisors Dra. Marta Alegret Jorda and 

Mgr. Miloslav Macháček, Ph.D. using the literature and the sources are listed in 

references. This thesis was not used for achievement of another degree. “ 

 

In Hradec Králové………………                                                 Signature……………………… 

 



Gabriela Podhorská Diploma thesis 

 

3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Acknowledgements 

At first, I would like to thank my thesis advisor Dr. Marta Alegret Jorda from 

the Faculty of Pharmacy and Food Sciences, University of Barcelona, for guidance, 

essential advice, valuable comments and time spent on this thesis. I would also like 

to thank my supervisor Mgr. Miloslav Macháček, Ph.D. for valuable comments and 

guidance.  

My thanks also belong to my colleagues from the laboratory, for their help 

and pleasant working environment. 

Finally, I must express my profound gratitude to my loving boyfriend Michal 

for unconditional support and to my parents for their support throughout my 

years of study. 



Gabriela Podhorská Diploma thesis 

 

4 

Abstrakt 

Univerzita Karlova  

Farmaceutická fakulta v Hradci Králové  

Katedra biochemických věd 

Kandidát: Gabriela Podhorská  

Školitel: Mgr. Miloslav Macháček, Ph.D. 

Název diplomové práce: Efekt konzumace jednoduchých cukrů na kognitivní 

funkce potkaních samic. 

Konzumace jednoduchých cukrů, především fruktosy, se za několik 

uplynulých desetiletí zvýšila. Nadměrný příjem cukrů byl spojen s rozvojem 

inzulinové rezistence, hypertriglyceridémií a oxidačním stresem, což vede 

k narušení kognitivních funkcí. Nicméně, stále zůstává nejasné, zda jsou tyto 

změny v kognitivních funkcích způsobeny vysokým kalorickým příjmem, či zda 

jsou zapříčiněné příjmem specifického monosacharidu. Mimoto, mechanismus na 

molekulární úrovni není zatím kompletně rozluštěn. 

Naše výzkumná skupina podávala potkaním samicím Sprague-Dawley 

v dlouhodobé studii po dobu 7 měsíců 10% w/v roztok glukosy ve vodě a 10% 

roztok fruktosy, což simulovalo chronický příjem cukrů u lidí. Plazmatické 

parametry a exprese proteinů, které jsou zahrnuty v metabolických drahách, byly 

zkoumány v prefrontální kúře. Kognitivní funkce byly hodnoceny pomocí testu 

rozpoznávání nového objektu (NOR) a Morris Water Maze (MWM) testu. 

Výsledky získané v naší studii ukázaly významný nárůst v hladině 

triacylglycerolů nalačno i postprandiálně (1,9x a 1,4x, p<0,05) pouze ve skupině, 

kde byla podávána fruktosa. Mimoto, potkaní samice, které byly krmeny pouze 

fruktosou, vykazovaly narušený metabolismus inzulinu a glukosový toleranční test. 

Inzulin degradující enzym byl významně snížen (1,89x, p<0,05) a hladiny proteinů 

IRS2 (0,77x, p<0,05) a fosforylovaného proteinu Akt (0,72x, p<0,05) byly 

v prefrontální kúře sníženy. Dále, fruktosou krmené potkaní samice vykazovaly 

poškození tvorby proteinů účastnících se mitochondriální biogeneze a snížené 

hladiny BDNF proteinu. Výsledky z MWM testu nevykazovaly žádné rozdíly mezi 
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skupinami, avšak v NOR testu byl zaznamenán významný pokles diskriminačního 

indexu pouze u potkaních samic krmených fruktózou.  

Závěrem, potkaní samice krmené roztokem fruktosy, na rozdíl od potkaních 

samic krmených glukosou, vykazovaly významné metabolické změny, narušené 

molekulární pochody a mitochondriální funkce, což vedlo ke kognitivním 

dysfunkcím. Díky tomuto zjištění, můžeme škodlivé účinky přisuzovat spíše 

konzumaci fruktosy než vysokému kalorickému příjmu. 

 

Klíčová slova: kognitivní dysfunkce, jednoduché cukry, prefrontální kúra, 

narušení metabolismu 
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Abstract 

Charles University  

Faculty of Pharmacy in Hradec Králové 

Department of Biochemical Sciences 

Candidate: Gabriela Podhorská 

Supervisor: Mgr. Miloslav Macháček, Ph.D. 

Title of diploma thesis: Effect of simple sugar consumption on cognitive functions 

in female rats 

The consumption of simple sugars, especially fructose, increased in the past 

few decades. Excessive sugar intake has been associated with the development of 

insulin resistance, hypertriglyceridemia and oxidative stress which lead to the 

impairment of cognitive functions. Nevertheless, it is still unclear whether these 

alterations in cognitive functions are exclusively caused by high caloric intake or if 

they are related to specific characteristics of fructose. Moreover, the mechanisms 

involved are not yet fully deciphered at the molecular level. 

Our research group supplemented Sprague-Dawley female rats with 10% 

w/v glucose in drinking water or with isocaloric fructose solution in a long-term 

study (7 months), simulating the chronic consumption of sugars in humans. 

Plasma parameters and expression of proteins, involved in metabolic pathways, 

were determined in the frontal cortex. Cognitive functions were evaluated through 

the novel object recognition (NOR) and Morris Water Maze (MWM) tests. 

Results, obtained in our study, showed a significant increase of fasting and 

postprandial triglyceridemia (1.9- and 1.4-fold, p<0.05) only in the fructose group. 

Moreover, only fructose-supplemented rats displayed impaired insulin signaling 

and abnormality in the glucose tolerance test. Insulin degrading enzyme was 

significantly increased (1.86-fold, p<0.05) and protein levels of insulin receptor 

substrate 2 (IRS2) (0.77-fold, p<0.05) and phosphorylated protein kinase B (p-Akt) 

(0.72-fold, p<0.05) were reduced in the frontal cortex. Additionally, fructose-

drinking rats showed altered expression of proteins involved in mitochondrial 

biogenesis and decreased levels of brain-derived neurotrophic factor (BDNF). 

Results from MWM test did not show any differences among all groups, whereas in 
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NOR test only fructose-supplemented rats showed a significant reduction in the 

discrimination index, suggesting impaired memory. 

In conclusion, liquid fructose-supplemented rats, but not isocaloric glucose-

supplemented rats, showed significant alterations in metabolism, impaired 

molecular pathways and mitochondrial functions leading to cognitive dysfunction. 

Therefore, deleterious effects can be attributed to fructose consumption and not 

exclusively to the high caloric intake. 

 

Key words: cognitive dysfunction, simple sugars, frontal cortex, metabolic 

impairment 
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1 Introduction 
In the last decades, the consumption of sugars has increased rapidly which 

brings up a lot of negative effects on our health. According to research which has 

been performed during the past 3 decades, the consumption of sweetened 

beverages causes the development of metabolic diseases such as diabetes, obesity, 

heart diseases and cancer. Moreover, consumption of soft drinks has been 

associated with approximately 188,000 deaths per year worldwide. This alarming 

number of deaths, caused by excessive consumption of simple sugars, present 

global problem to which should be paid attention (Singh et al., 2015). Sugar 

consumption does not lead only to the failure of metabolism and death, but also to 

the development of various diseases affecting the brain. This study explains how 

the excessive consumption of simple sugars, especially fructose, influences 

metabolic pathways leading to the impairment of cognitive functions.  

The World Health Organization recommends that the daily consumption of 

sugars should not be higher than 10 % of the overall daily caloric intake. 

Nevertheless, since the food industry started using the high fructose corn syrup as 

the main sweetener in food (cereals, sweets, jellies) and soft drinks, the 

consumption of simple sugars, mainly fructose, rapidly increased. It has been 

found that the increased consumption of simple sugars is associated with 

metabolic disorders, such as diabetes, hypertriglyceridemia, insulin resistance and 

obesity development. Importantly, it has been suggested that not only metabolic 

alterations but also cognitive disorders have been linked to excessive intake of 

sugars. 

Diet-induced metabolic disorders are one of the main reasons of oxidative 

stress development and inflammation, causing alterations in mitochondrial 

function in the cortex. In recent studies, it has been suggested, that excessive 

adiposity, hypertriglyceridemia and insulin resistance, are closely related to the 

development of cognitive impairment, such as memory loss and learning ability 

deterioration. The disorders in mitochondrial biogenesis produce the imbalance in 

the production of reactive oxygen species. These radicals have an impact on 

various proteins, such as brain derived nuclear factor or synaptophysin, in 
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signaling pathways in the brain and lead to the loss of synapses and neuronal 

damage. 

 This thesis is focused on a research studying the influence of the two most 

used monosaccharides, glucose and fructose, on the metabolic changes and their 

impact on cognitive functions. Also, in regard to other recent studies, fructose 

consumption has been associated with a more harmful effect to the human body 

than the same caloric intake of glucose. Based on this knowledge, the research was 

also focused to question whether cognitive alterations are caused due to the high 

caloric intake or if a specific monosaccharide is the culprit. 
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2 Research study 

2.1 Simple sugars 

Simple sugars, or monosaccharides, are essential substances indispensable 

for life. Their main significance is a usage as a basic nutrient for direct use and 

secondly, they are stored in the human body as an energy supply.  

Monosaccharides play a key role in metabolism, as every cell in human body 

is dependent on energy supply, especially D-glucose which has the main 

importance in metabolism. For brain, erythrocytes, retina, embryonal tissue and 

others, glucose has a predominant position. Other monosaccharides, having 

different structure and significance in the human body, can be metabolized to 

glucose as well as glucose can be transformed by metabolic processes to distinctive 

substances, such as fat (Ledvina et al., 2009). 

In this thesis, the research conducted about the effects of the two most 

common monosaccharides - glucose and fructose – on cognitive functions in female 

rats, will be explained. 

2.2 Glucose  

Glucose, a monosaccharide also known as dextrose with formula C6H12O6, is 

an essential organic compound for humans. Glucose is an enantiomer, but only 

D-glucose is useful for the human body since the L-isomer does not occur in the 

human body naturally and cannot be metabolized (Britannica.com, 2009). 

Glucose is a hexose, specifically an aldose, which can be synthesized in the 

body or obtained in food. In nature, glucose is a terminal product of synthesis in 

process of photosynthesis in plants. After food intake, the level of glucose is 

increased through hydrolysis of polysaccharides to oligosaccharides and later to 

monosaccharides and in this form is used as a main source of energy for cells 

through aerobic respiration in mitochondria (FAO, 2003). Glucose can be 

metabolized in the human body through various metabolic pathways depending on 

the presence of air – aerobic respiration, anaerobic respiration and fermentation 

(Ledvina et al., 2009). 
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The normal blood level of glucose is 3,9 – 5,6 mmol/l. When the level is 

lower or higher, it results in metabolic impairment which leads to various 

complications, such as hypoglycemia, when mental effort is disturbed, or 

hyperglycemia, which is linked to insulin resistance (IR) when cells do not respond 

to the insulin presence causing accumulation of glucose in the blood stream (Craft, 

2009; Gailliot et al., 2016). 

In addition, hyperglycemia can be the promotor of accumulation of 

advanced glycation end (AGE) products, which are harmful to cells, due to 

enhanced generation of reactive oxygen species (ROS) causing cell damage (de la 

Monte et Wands, 2008). Also, enhanced production of ROS causes an imbalance 

between antioxidants (superoxide dismutase - SOD, catalase - CAT, glutathione 

peroxidase - GSH-Px) and pro-oxidants, which results in oxidative stress, linked to 

diabetes mellitus (DM) type 2 and Alzheimer disease (AD) (Kandimalla et al., 

2017). AGE proteins are neurotoxic as influence formation of amyloid oligomer 

aggregation (Woltjer et al., 2003). 

Disease based on an imbalance in glucose metabolism, characterized by 

high levels of blood sugar and insulin resistance (IR) is called DM type 2, while 

deficiency of insulin characterizes DM type 1 (Kandimalla et al., 2017). In the case 

of a normal metabolic function, after food ingestion, beta-pancreatic cells release 

insulin, which is responsible for transfer of glucose from the blood to the muscles, 

adipose tissue, liver and other tissues. Moreover, insulin stimulates glycogenesis 

and inhibits gluconeogenesis (Guyton et al., 2005). 

Insulin signaling pathway starts with the binding of insulin to insulin 

receptor associated with tyrosine kinase activity, and insulin receptor substrate 

(IRS1 and IRS2) triggers downstream signaling cascades of followed steps. IRS 

activates phosphatidylinositide 3-kinase (PI3K), which has one of the most 

important roles in insulin signaling. Due to the phosphorylation of this enzyme, 

PI3K transforms phosphatidylinositol 4,5 bisphosphate (PIP2) to 

phosphatidylinositol 3,4,5 trisphosphate (PIP3) which stimulates PDK1 (3’-

phosphoinositide-dependent kinase 1) activity. This kinase phosphorylates and 

activates Akt (also known as protein kinase B – PKB). One of the targets of Akt is 

glycogen synthase kinase 3 beta (GSK3β) and by this mechanism, insulin influences 
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and regulates metabolism of glycogen from the cell surface (Kandimalla et al., 

2017). 

Glucose is the main energy supply to the brain. Brain cells express 

transporters for glucose (GLUTs) which are represented in various isoforms. In the 

cerebral cortex, the main transporters are GLUT1 (in astrocytes and endothelial 

cells) and GLUT3 (in neurons). GLUT4 is mainly expressed in hippocampal neurons 

(Cisternas et al., 2017). After transport to cell cytoplasm, glucose can be used in 

wide spectrum of pathways which includes glycolysis, where the obtained end 

product is pyruvate entering into the Krebs cycle (KC). Glycolysis is regulated by 

various enzymes as hexokinase, phosphofructokinase (PFK-1) as well as pyruvate 

kinase, thereby the regulation of glycolysis is sufficiently controlled (Brekke et al., 

2015). Moreover, other pathways, where glucose enters, are the pentose 

phosphate pathway (PPP), glycogen synthesis and oxidative phosphorylation. If all 

these processes are disturbed, mitochondrial metabolism expresses dysfunction, 

deregulation of KC, insulin resistance, oxidative phosphorylation and decreased 

expression of key enzymes and transporters (GLUT1-4), the utilization of glucose 

is lower which is associated with various alterations in cognitive function 

(Cisternas et al., 2017). 

2.3 Fructose  

Fructose, a monosaccharide, also known as levulose, is a chemical substance 

with the same chemical formula as glucose, C6H12O6.  These two positional isomers 

differ in the position of oxygen, bound with a double bond. Fructose possesses the 

keto group at the second carbon in the carbon chain while glucose possesses an 

aldehyde group at the first carbon. 

Moreover, glucose and fructose, bound together with α-1,4-O-glycosidic 

bond, form disaccharide called sucrose (Figure 1), mainly obtained from sugar 

cane and beets. Not only sucrose is present in natural products, but also fructose 

and glucose are found separately in fruits and honey (Tappy at Le, 2010). 

In the last few decades, a trend towards higher intake of fructose as a 

sweetener has been observed. Nevertheless, not only consumption of fructose but 

also higher intake of calories in total increased. All these changes in lifestyle and 
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nutrients intake led to an increase of appearance of diseases related to metabolic 

syndrome as dyslipidemia, obesity, diabetes mellitus type 2 and others (Gross et 

al., 2004; Welsh et al., 2010). 

2.3.1 Fructose and its use as a sweetener 

The most common sweetener, used in last century till 1960’s, was mainly 

sucrose. Industry development and the use of new technologies permitted the 

production of new sweeteners by the food industry. Due to the extraction of corn 

starch, which was hydrolyzed to glucose, part of it was converted into fructose 

through isomerization catalyzed by enzymes. Therefore, the product resulted in 

new corn-derived sweeteners and the most important is high fructose corn syrup 

(HFCS) (Tappy at Le, 2010). 

 

 

Figure 1 Chemical structure of disaccharide sucrose and his monosaccharide 

components: dextrose (glucose) and due to the isomeric conversion, fructose 

(Hanover et White, 1993). 

 

 

The first HFCS introduced to the food industry in 1967, was the HFCS-42 

(42% of fructose). The second one, HFCS-55 (55% of fructose) was developed in 

1977. The consumption of these sweeteners rapidly increased between the years 

1970 and 2000 (Figure 2). During these three decades, the use of HFCS reached 

42% of sweeteners consumed in the United States in total (Bray et al., 2004). Since 
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1980, especially the HFCS-55 represented 61% of all HFCSs used.  This growth was 

induced by a global integration of fructose in the food industry. Specifically, HFCS 

started to be added in cereals, soft drinks, jellies, dairy desserts, juices, sweets and 

sweetened beverages (White et al., 2015).  

Nowadays, the replacement of sucrose with fructose is popular due to its 

sweet potency, stability, functional properties and low cost. A graphical summary 

of sucrose and HFCS consumption in the US between the years 1970 and 2006 is 

shown in Figure 2. Also, as comparative studies have shown, if we set sucrose to 

have a sweetness of 100, an equivalent of this sample made of fructose would 

reach sweetness of 173 while glucose would have 74 (Bray et al., 2004). 

 

Figure 2 Consumption of sucrose and HFCS in the United States (Tappy et Le,  2010) 

 

On the other hand, not just in the United States but also in the rest of the 

world, the consumption of simple sugars has increased during last decades. The 

International Sugar Organization is the only official source available, providing 

every year worldwide statistics (Figure 3 and 4) (Tappy et Le, 2010). 
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Figure 3 Development of global sugar consumption (Czarnikow.com, 2014). 

 

 

Figure 4 Comparison of consumption of HFCS in different countries in 2013 

(statista.com, 2017). 
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2.3.2 Fructose for diabetic patients 

At the beginning, fructose as a sweetener was meant to be very beneficial 

for patients suffering from DM due to its low glycemic index. Various studies 

compared fructose-containing meals with meals with isocaloric intake based on 

glucose, sucrose and starch. The results revealed the lower postprandial rise of 

glucose levels in plasma (Bantle, 2009).  

Besides, another advantage was a good economic benefit because fructose 

has high sweet potency and is very low caloric comparing to glucose (respectively, 

19 and 100), that means lower caloric intake (Tappy et Le, 2010).   

Another aspect beneficial for diabetic patients, using fructose as a 

sweetener, could be the effect of fructose on metabolism and insulin levels after 

consumption in comparison to glucose. Fructose does not have any effect on 

secretion of insulin after the consumption since insulin is not required to 

metabolize fructose (Curry, 1989). Fructose has also different metabolic way than 

glucose which is the reason why levels of sugars in blood do not increase after 

ingestion of fructose (Rebollo et al., 2012).  

Anyway, despite all these benefits, which at the beginning seemed to be 

rewarding, various alterations in energy metabolism were observed. The liver is 

the main organ able to metabolize fructose from the monosaccharide to acyl parts 

and glycerol. Consumption of fructose is associated with metabolic disorders such 

as an enhanced rate of triglyceride synthesis and lipogenesis. Other alterations 

associated with fructose consumption are insulin resistance, hyperuricemia, an 

increase of body weight and abdominal fat. Consequently, all these metabolic 

disturbances are important causative factors leading to the development of 

metabolic syndrome (Basciano et al., 2005; Tappy et Le, 2010).  

2.4 Metabolism of fructose and glucose 

Sucrose is a disaccharide formed by the two different monosaccharides 

glucose and fructose bound by O-glycosidic bond, as mentioned before (2.3.). 

Metabolic paths of fructose and glucose are different, so are the effects on 

the human body. After entering the intestines, the absorption of fructose does not 

require ATP hydrolysis and is insulin-independent. In the apical part of 

enterocytes in jejunum and duodenum, fructose enters the enterocytes through its 
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own specific transporter GLUT5 (Tappy et Le, 2010). This transporter is expressed 

also in brain, fat tissue, skeletal muscle or kidney (Douard et Ferraris, 2008). 

Glucose has a transportation system dependent on sodium, which requires ATP as 

a form of energy. Once monosaccharides enter the enterocytes, on the basolateral 

part is located transporter GLUT2 common for glucose and fructose. In enterocyte, 

fructose can be partly converted to lactate or to glucose. However, the major part 

of fructose reaches the liver (Douard et Ferraris, 2008; Tappy et Le, 2010). Thus, 

after entering the portal blood, fructose is transferred to the liver, the main organ 

where 50-75% of fructose is metabolized while only a small amount of fructose is 

released to the circulatory system (Álvarez et al., 2012). In contrast, glucose can be 

metabolized in the liver as well as in other extrahepatic tissues such as brain, 

muscles or fat tissues (Schaefer et al., 2009). 

 Once fructose is transported inside the hepatocyte, the enzyme 

fructokinase phosphorylates the fructose to form of fructose-1-phosphate. Next, 

aldolase cleaves fructose-1-phosphate into trioses glyceraldehyde and 

dihydroxyacetone phosphate, used for triacylglycerol synthesis and for 

phospholipid formation. At the end, phosphorylated glyceraldehyde can enter in 

the glucose pathway and can be transformed into pyruvate (Figure 5). The 

biochemical synthesis of triacylglycerol (TAG) is more efficient in metabolic path of 

fructose than glucose as suggested by Bray et al. (2004) or Tappy et Le (2010). 
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Figure 5 Glucose and fructose metabolism in the hepatic cell (Tappy et Le, 2010). 

 

The metabolic pathway of glucose is different from that of fructose and can 

be controlled at various levels. Phosphorylation of glucose depends on 

concentration of glucose in plasma and with increased concentration of glucose in 

plasma or increased activity of insulin, the phosphorylation increases (Iynedjian, 

1993). Glucose is phosphorylated by the enzyme glucokinase to glucose-6-

phosphate. Next, due to the phosphohexoisomerase, glucose-6-phosphate is 

converted to fructose-6-phosphate and then to fructose-1,6-bisphosphate through 

the enzyme phosphofructokinase. This enzyme is inhibited by high concentration 

of intracellular ATP and citrate, therefore phosphofructokinase is a key regulatory 

node in the metabolism of glucose. In the last step in the metabolizing process, 

glucose and fructose metabolism converge: fructose-1,6-biphosphate is converted 

into trioses dihydroxyacetone-phosphate and glyceraldehyde-3-phosphate (Figure 

5) (Tappy et Le, 2010). 

Moreover, one of the biggest differences in the metabolism of 

monosaccharides is the regulation by insulin. Insulin regulates the uptake of 

glucose through the GLUT4 transporter, and the conversion of glucose into 
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pyruvate through the stimulation of the expression of the enzyme glucokinase. In 

contrast, the metabolism of fructose is insulin-independent. In addition, while the 

metabolism of glucose is tightly controlled at the level of the enzyme glucokinase, 

the enzyme fructokinase is not inhibited by ATP or citrate. Thus, the metabolism of 

fructose is unrestricted and originates triose-phosphates can be converted to 

glucose and glycogen via glyconeogenesis, or continue through the glycolytic 

pathway facilitating the synthesis of TAG (Tappy et Le, 2010).  

As a result, it can be observed how easily fructose can be metabolized into 

TAG and induce hypertriglyceridemia, a part of metabolic syndrome.  

2.5 Problems related to fructose intake 

2.5.1 Weight and abdominal fat 

An excessive consumption of fructose represents one of the main reasons of 

overweight and obesity development. Moreover, the variation in metabolism of 

fructose leads to fat storing due to the production of TAG (Elliot et al., 2002). 

Unlike glucose, fructose intake does not promote the stimulation of insulin 

secretion from pancreatic beta cells. Liberation of insulin stimulates secretion of 

leptin which gives signals to the brain to inhibit food intake. Since fructose does 

not induce secretion of this hormone, concentrations of leptin are lower. People 

who lack leptin are massively obese and their brain never has a signal of saturation 

by food. Therefore, fructose consumption causes an enhanced intake of food (Bray 

et al., 2004). 

Also, fructose produces an increase of fat tissue, especially the visceral type. 

Visceral fat is considered riskier than subcutaneous fat, since visceral fat promotes 

liberation of proinflammatory cytokines. Consequently, abdominal fat is 

considered to be responsible for developing metabolic syndrome (Anuradha et al., 

2012). Storage of lipids in visceral fat may depend on lipoprotein lipase (LPL), an 

enzyme which is involved in the uptake of TAG from circulating lipoproteins. It has 

been suggested, that LPL associated with subcutaneous fat tissue is more sensitive 

to insulin, than visceral LPL. As a result, since fructose does not stimulate secretion 

of insulin, consumption of fructose invokes increased storage of lipids in visceral 
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fat, compared to glucose, which stimulates excretion of insulin and causes 

activation of subcutaneous lipid storage (Stanhope et al., 2012). 

2.5.2 Fructose and NAFLD 

As it was mentioned before, HFCS is one of the most used sweeteners in the 

food industry (2.3.1.). The daily average intake of fructose in the USA was 

estimated 49 g/day per person based on collected data between 1999-2004 by 

NHANES (Nutrition Health and Nutrition Examination Survey) (Tappy et Le, 2010). 

The World Health Organization (WHO) recommends that the consumption of free 

sugars should be less than 10% of the daily caloric intake (Waxman et al., 2004). 

High consumption of fructose seems to be one of the most important factors 

causing Non-Alcoholic Fatty Liver Disease (NAFLD) (Akar et al., 2012). Mainly in 

developed countries, more than 30% of population suffers from NAFLD which is 

associated with insulin resistance (Asrih et al., 2013). NAFLD is a  

clinical-pathological state defined as a large spectrum of liver damage including 

accumulation of lipids in the liver, especially triglycerides, advanced fibrosis and 

cirrhosis. In addition, this disease is not considered to be caused by a higher intake 

of alcohol, including the maximum daily intake limits of ethanol <20g per day for 

woman and <30g of ethanol per day for men (Alba et al., 2003). 

Excess of adiposity and insulin resistance play a big role in facilitating the 

lipid influx to the liver and enhancement of hepatic lipogenesis de novo, especially 

promoting hepatic triglyceride accumulation (Jung et Choi, 2014). Moreover, this 

hepatic accumulation of lipids causes increased vulnerability of liver to many 

damaging factors leading to progression of the pathology to fibrosis/cirrhosis. 

Inflammation, apoptosis, insulin resistance, increased chemokines/cytokines and 

increased oxidative stress have been proposed as damaging factors promoting 

liver disease (Buzzetti et al., 2016).  

Oxidative stress is associated with inflammation and its occurrence is 

caused by misbalance between ROS and the capacity for damage repair. For 

patients with hyperglycemia, oxidative stress was found to be the major factor in 

appearance of insulin resistance. In addition, it has been described, how signal 

production of insulin provides the inhibition of transduction via activation of 

kinases phosphokinase C (PKC) and JNK (C-Jun N-terminal kinase) (Geda et al., 
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2013). Due to severity of steatosis, lipid peroxidation tends to increase. 

Malondialdehyde is end-figure in lipid peroxidation, stimulates production of 

collagen and fibrogenesis. In addition, malondialdehyde can also assist to 

inflammation due to promoting nuclear factor κB (NFκB). Proinflammatory 

cytokines, especially tumor necrosis factor α (TNFα) and interleukin-8, are 

regulated by this nuclear factor (Alba et al., 2003). Moreover, TNF-α has own 

leading role in inflammation which is closely connected to ROS.  

2.5.3 Insulin resistance and glucose homeostasis disturbance 

IR is a condition when tissues change the susceptibility to insulin and 

become insensitive. This unresponsive state can affect actions of insulin on adipose 

tissue, muscle, liver or brain selectively. IR is usually associated with 

compensatory mechanism in periphery – hyperinsulinemia - which also has 

independently harmful effect (Craft, 2009). 

For a long time it has been considered, that development of DM type 2 is 

caused by insulin resistance, the main key in etiology of DM. Mediators of oxidative 

stress, pro-inflammatory cytokines such as TNF-α, IL1, IL6 and other chemokines 

and adipokines, are related to the IR-development. Although at the beginning IR 

causes compensatory hyperinsulinemia, the chronic exposition to inflammatory 

mediators, results progressively in damaging β pancreatic cells, and the release of 

insulin is blocked (Rehman et al., 2016). 

As it was mentioned before, consumption of fructose promotes only very 

low secretion of insulin, probably due to absence of receptor GLUT5 in pancreatic 

beta cells (Curry, 1989). Consequently, lower concentration of leptin leads to 

increased body weight and increased levels of circulating non-esterified fatty acids 

(NEFA), which may be responsible for reduced insulin sensitivity. Moreover, the 

increased exposure of NEFA in the portal blood increases production of glucose in 

the liver, which may lead to further impairment in carbohydrate metabolism. Not 

only carbohydrate metabolism is impaired, but also beta cell function may be 

affected after long-term exposure to NEFA (Elliot et al., 2002). This may be one of 

the mechanisms causing insulin resistance since reduced binding of insulin and 

insulin resistance was reported in hypertriacylglycerolemic patients (Bieger et al., 

1984). Disorders of lipid metabolism, linked to higher deposition of lipids, may 
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produce toxic lipid-derived metabolites, such as ceramides, fatty acyl-CoA and 

diacylglycerol. These metabolites, which have presence intracellularly, causing 

higher serine/threonine phosphorylation of insulin IRS1, which is related to lower 

insulin signaling.  

Both IRS1 and IRS2, contain 40 potential serine/threonine sites, these sites 

are phosphorylated by p38α, mTOR, JNK, MAPK, and PKC, which stimulate IRS 

protein inhibition or degradation of IRS, which is associated with PI3K activation, 

while some pathological impairment in cell is occurring (Figure 6) (Guo, 2014). 

Mammalian target of rapamycin (mTOR) may be also related to insulin 

resistance. The mTOR is a serine/threonine protein kinase which appears in two 

different complexes mTORC1 and mTORC2. Each complex has distinct functions. 

The mTORC1 is activated by nutrients, such as amino acids, growth factors and 

hormones like insulin, and controls cell growth, protein synthesis, cell proliferation 

and metabolism. The mTORC2 is activated as mTORC1 by growth factors and 

insulin, and participates in the control of the organization of actin cytoskeleton, 

cell size and eventually cell cycle progression. In addition, mTORC2 takes part in 

insulin signaling pathway. Akt, also known as protein kinase B, was the first 

recognized substrate for mTOR2 (Foster et Fingar, 2010). Although Akt activates 

mTOR through phosphorylation, the chronic activation of mTOR can promote  

IRS2 degradation and impairs IRS1 signaling through increasing serine 

phosphorylation, thus leads to insulin resistance. 

Insulin sensitivity may also be modified through alterations in the gut 

microbial flora or changes of permeability in intestines. Diets, rich in fat may lead 

to higher permeability of intestines and changes of bacterial flora, which result in 

enhanced concentrations of bacterial lipoproteins or endotoxins in plasma. 

Endotoxins promote activation of inflammatory pathways and disrupt action of 

insulin, contributing to insulin resistance development (Tappy et Le, 2010). 

Another hormone having a role in insulin resistance is adiponectin. 

Adiponectin is a protein synthesized in adipocytes, which increases the sensitivity 

of the tissues to the action of insulin. Therefore, decreased concentration of 

adiponectin potentially causes insulin resistance (Esfahani et al., 2015).  
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Figure 6 Description of insulin signaling pathway and insulin resistance. Expression 
of IRS2 is stimulated by glucose and GLP-1 in pancreatic β-cells. The 
production of ATP is induced by glucose and then Ca2+ entry into the cell. In 
addition, GLP-1 induces the production of cAMP. It leads to increased 
expression of IRS2, which is necessary for keeping functional IGF-1/Insulin 
signaling. Another step is the activation of AKT which promotes function, β-cell 
growth and survival. TNF-α, IL-6, and IL-1β are pro-inflammatory 
adipocytokines which play a key role in oxidative stress. Cellular stress and 
free fatty acids are responsible for the activation of the JNK, IKKβ, PKC-δ and 
SOCS-1/3. Activation of these proteins leads to degradation of IRS2, which 
consequently inhibits the IGF-1/Insulin signaling pathway. Finally, the lower 
levels of IRS2 cause natural β-cell apoptosis, which causes reduced β-cell mass, 
disorders in insulin signaling and DM type 2 (Cisbio.com, 2016). 
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2.6  Cognitive functions 

By definition, cognition is a mental action or process of acquiring 

knowledge and understanding through thought, experience, and the senses. 

Processes which are involved in cognition are attention, knowledge, memory, 

decision making, comprehension, etc.  

Between normal cognitive function and one of the most prevalent 

dementias - Alzheimer disease, a transitive state known as mild cognitive 

impairment has been described. People with mild cognitive impairment suffer 

from memory disorders without any impact on their daily activities (Luchsinger, 

2008). 

Connection between cognitive impairment and insulin resistance, induced 

by diets rich in sugars, has been already suggested (Stranahan et al., 2008). Also, a 

higher risk of neurodegenerative diseases is linked to long-term diabetes 

(Mastrocola et al., 2016). 

A group of risk factors which include insulin resistance, altered cholesterol 

levels and hypertriglyceridemia, mainly caused by the impairment in carbohydrate 

and lipid metabolism, is defined as metabolic syndrome (MS) which is also the 

main precursor of vascular brain diseases and DM type 2. Due to an unhealthy 

lifestyle, with diets rich in sugars and fats together with low physical activity, MS is 

observed already in people under 30 years of age. Considering recent studies, MS is 

currently assumed as a risk factor for development of cognitive decline and 

memory impairment in senescence, such as Alzheimer disease (AD). One of the 

main evidence of mild cognitive disorders and AD are decreased synaptic markers, 

which lead to synaptic degeneration, according to studies on animals with glucose-

impaired metabolism (Duarte et al., 2009, Treviňo et al., 2017). Hyperglycemia 

may also influence brain function and may be responsible for modification of 

neurochemical processes and loss of synapses, which can also affect synaptic 

plasticity and further lead to death of neurons.  

In subsequent chapters, other metabolic alterations, which are caused by 

excessive consumption of sugars and at the same time, these alterations are 

related to development of neurodegenerative disorders, will be revised. 
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2.6.1 Adiposity 

Excessive adiposity is related to an increased risk of insulin resistance, 

hypertension, dyslipidemia and cardiovascular diseases. Body mass index and 

wider waist circumference (men and women, 102 and 88 cm, respectively) 

(Janssen et al., 2004) are also associated with increased risk of development of 

diabetes, dyslipidemia and other factors of MS. Increased adiposity is also related 

to higher caloric intake and intake of sugars and fats which are the most potent 

dietary risk factors for development of AD (Luchsinger et al., 2002; Luchsinger, 

2008). 

The fatty tissue is active and produces a lot of metabolites which are 

important in metabolic processes and inflammation, such as adipokines and 

cytokines, respectively. The adipokines include leptin, adiponectin and resistin. 

Moreover, inflammatory factors are cytokines as TNF-α, IL-6, IL-1. All these 

substances are related to hyperinsulinemia and insulin resistance (Esfahani et al., 

2015). 

Middle-aged obese patients belong to a group which has a higher risk of 

development of dementia in the future, independently on cardiovascular system 

(CVS), comorbidities and diabetes, whereas in older age the risk of development of 

dementia due to obesity is more variable (Whitmer et al., 2008). 

Free fatty acids (FFAs) have been proposed as critical factor linking IR and 

obesity. Normally, insulin is responsible for the inhibition of lipase activity on 

adipocytes, thus the release of FFAs from adipose tissue is decreased. This action is 

affected when some imbalance in glucose metabolism, such as insulin resistance or 

obesity, is occurring, then it leads to persistent elevations of FFAs. Higher 

concentrations of FFAs related to the development of DM type 2 are confirmed by 

findings, that patients having normal levels of glycemia, which have a higher risk of 

diabetes due to family history, show higher levels of FFAs in plasma; therefore, 

higher FFAs levels predict development of diabetes. 

FFAs inhibit insulin degrading enzyme (IDE), which has a significant role in 

amyloid beta (Aβ) clearance. Moreover, FFAs stimulate not only the gathering of 

tau filaments and amyloid, but also induce inflammation via interactions with 

cytokine TNF-α (Craft, 2009). As mentioned before, TNF-α is one of the substances 
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which are linked to tissular IR, and it is responsible for inhibition of Aβ transport 

from CNS to the periphery. Patients suffering AD or mild cognitive impairment 

report increased concentrations of TNF-α in cerebrospinal fluid (CSF) and in the 

brain (Craft, 2009). 

As a result, higher accumulation of Aβ in the brain may be the product of 

increased levels of TNF-α related to IR, obesity and hyperinsulinemia. 

2.6.2 Hyperinsulinemia and insulin resistance 

Hyperinsulinemia and insulin resistance have been proposed as key factors 

for the development of cognitive impairment (Kim et Feldman, 2015).  

The regulation of glucose metabolism by insulin is supposed to be the most 

indispensable step for the modulation of glucose-dependent neurons, which are 

closely associated with glucose metabolism, regulated by insulin, which is a critical 

point for brain function. In the brain, transporters GLUT4 and GLUT8 (insulin-

dependent glucose transporters) are co-localized with receptors for insulin. A 

number of these receptors are reduced in the case of presence of DM type 2. The 

permanent glucose supply to the brain is essential for the brain function and is 

supposed to be a critical regulator of cognitive processes, as the location of GLUT 

receptors is on the surface of neurocytes, especially in the hippocampus (Craft, 

2009; McNay et Recknagel, 2011).  

Cognitive and neural deficits, related to insulin resistance, are associated 

with DM type 2. As it was described before, insulin signaling pathway begins with 

the interaction between insulin and insulin receptor. Insulin receptors have been 

found in multiple tissues, including the brain. Decreased components of the insulin 

pathway (Figure 6) may be related to AD development (Jolivalt et al., 2008). 

For reaching the CNS, insulin must be transported by a saturable receptor-

mediated process across the blood brain barrier (BBB). High concentration of 

these insulin receptors has been found in neuronal synapses and astrocytes, 

especially in the cerebral cortex, hippocampus, amygdala, hypothalamus and 

olfactory bulb. The localization of insulin in cortex and hippocampus strongly 

suggests that insulin can influence memory (Craft, 2009). Moreover, insulin 

performs multiple functions in the brain including regulatory processes of 
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memory, neuronal plasticity and in synaptic region activates NMDA receptors 

(Ríos et al., 2014). Thus, deficiency of energy in neurons, caused by impairment in 

insulin signaling, increases the neuronal vulnerability to damage caused by 

oxidative stress and other injuries. 

In addition, administration of insulin causes in the hippocampus a rapid and 

permanent increase in local glycolysis, but in an animal model with DM type 2, this 

process was completely reduced (McNay et al., 2010). This strongly supports the 

theory that metabolic processes of insulin in the hippocampus may be the one key 

element for the cognitive impairment observed in DM type 2.  

2.6.3 Effect on blood-vessels 

DM type 2 may also affect blood vessels and this may be related also to the 

development of AD. In the brain, persistent high concentrations of glucose lead to 

malfunctions in macro and microvessels. Hyperglycemia has damaging effects on 

endothelium, which have been correlated with cognitive impairment (Ríos et al., 

2014). 

In addition, IR has many negative consequences on vascular functions since 

insulin has many direct effects on hemodynamic functions and vasoreactivity. 

Normally, insulin regulates vasoconstriction via endothelin-1 and dilates vessels 

by production of nitrogen oxide (NO). Therefore, in the presence of IR vessels are 

constricted, NO is decreased, activity of endothelin-1 increased and capillary 

recruitment is also reduced. Hence, because of the endothelial dysfunction, the 

transport of insulin to the brain is reduced as well as the blood flow and capillary 

recruitment.  

Neural activity is correlated with enhanced blood flow. Consequently, 

decreased capillary recruitment and vasoconstriction have the impact on the 

neurovascular function, interaction of neurons and astrocytes (Craft, 2009).  
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2.6.4 Relation between insulin and Aβ 

Insulin is transported to the brain through the BBB by an active transport 

and may be produced also directly in the brain (Schulingkamp et al., 2000). Long 

lasting peripheral hyperinsulinemia related to the insulin resistance decreases the 

transport of insulin through the BBB, resulting in lower levels of insulin and brain 

activity (Craft, 2009).  

Insulin receptors are profusely localized in cerebral cortex and 

hippocampus. Due to their regulation of neurotransmitter release and recruitment 

of receptor at synapses, insulin receptors modulate neuronal plasticity and 

therefore play a key role in learning and memorization (Kandimalla et al., 2017). 

In IGF/insulin signaling pathway, PKB (Akt) have the key role in neuroprotective 

function, thereby phosphorylate directly apoptotic regulators, such as FOXO or 

pro-apoptotic Bcl-2-associated death promoter (BAD), but also as well as the pro-

survival transcription factors CREB and NF-kB. 

In the brain, decreased concentrations of insulin in cerebrospinal fluid and 

lack of markers of insulin-signaling may be associated with impaired balance in 

glucose metabolism (Craft, 2009). A study performed on diabetic mice  

(DM induced by streptozocin) by Jolivalt et al. (2008) showed that this effect is also 

associated with higher Aβ levels and tau phosphorylation. Furthermore, Watson et 

al. (2003) investigated in a human study how the administration of insulin through 

intravenous infusion caused an increase of the peptide Aβ42 in CSF. In addition, 

followed processes, such metabolism of APP and amyloid beta, are also controlled 

by insulin. Aβ increases microglial release of TNF-α in the brain, which in turn 

activates neuronal TNF-α receptors and instigates other proteins (e.g. c-Jun N-

terminal kinase – JNK1, interferon-inducible protein kinase - PKR, IκB kinase- IKK). 

Patients with AD have increased activity of the enzyme glycogen synthase 

kinase 3β (GSK-3β). In metabolic pathway of insulin, when insulin interacts with 

IRS, it leads to the activation of PI3K and further Akt, followed by the inhibition of 

GSK-3β (Figure 7). In addition, GSK-3β play a role in binding the tau protein to 

neuronal microtubules and has been described as a part contributing to the 

formation of Aβ and neurofibrillary tangles (NFTs), neuronal plasticity and 

neuroendocrine functions. Normally, GSK-3β is phosphorylated by Akt which 
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consequently inhibits activation of glycogen synthase. In the case of insulin 

resistance dephosphorylated GSK-3β is activated and can promote the binding of 

tau protein to microtubules (Ríos et al., 2014; Kandimalla et al., 2017). 

 AD patients with higher BMI had significantly more deleterious results than 

control patients. In conclusion, there is the evidence of a link between obesity and 

IR that is supposed to have notable implications for Alzheimer disease and 

vascular dementia. In late origin of AD may be important especially mechanisms 

regulating clearance of Aβ.  

IDE is an enzyme which is responsible for clearance of Aβ. If the activity of 

IDE is decreased, Aβ accumulation occurs, leading to senile plaques formation. 

Insulin and Aβ compete for IDE, and due to the high affinity of IDE to insulin, the 

degradation of Aβ is suppressed (Malito et al., 2008). In addition, it has been 

shown that Aβ reduces the insulin binding to its receptors, which leads to insulin 

resistance (Xie et al., 2002). 
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Figure 7 Scheme of insulin pathway and phosphorylation of GSK-3β – part A. In part 

C is in detail explained the process of neurodegeneration due to the accumulation of 

Aβ in neurites in the case of insulin resistance (Lin et Zhang, 2014). 

 

2.6.5 Mitochondrial function 

Mitochondria are vital organelles which have a fundamental role in cell 

survival and energy metabolism. Neurons are notably vulnerable to some 

mitochondrial dysfunction, which is also one of the main features of AD.  

Mitochondria play a key role in plasticity and synaptic development, thus 

the impairment in the function or distribution of these organelles may result in 

dysfunction and/or loss of synapses (Wang et al., 2009). 
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One of the risk factors being responsible for oxidative stress is chronic 

hyperglycemia. Decreased use of glucose and insulin resistance associated with 

aging and Alzheimer disease could be linked to mitochondrial oxidative 

phosphorylation (OXPHOS) disorders (Palomera-Avalos et al., 2017). 

Mitochondria are dynamic organelles which cycle between two processes – 

fission and fusion. Fusion is the process by which two mitochondria merge in one 

compartment, so that the synthesis of ATP is increased for maximizing respiration 

of the cell. Otherwise, fission is the process leading to disintegration of 

mitochondria to fragmented parts (Figure 8). This occurs when the cell is in resting 

phase and when high respiratory activity is not needed.  

The mitochondrial bioenergetic state regulates directly the mitochondrial 

dynamics. Some of the proteins involved in mitochondrial dynamics are optic 

atrophy-1 protein (OPA1), mitofusin 1 (Mfn1) and mitofusin 2 (Mfn2), fission 

protein-1 (Fis1), dynamic-related protein 1 (Drp1) and others (Hall et al., 2014). 

Fission is regulated by proteins Mfn1, Mfn2 and OPA1; however, fusion is under 

control of Fis1 and Drp1. 

The location of Mfn1, Mfn2 and Fis1 is in the outer membrane of 

mitochondria and on the other hand, OPA1 is located in the inner membrane 

(Wang et al., 2009). 

A correct balance between the processes of fission/fusion is critical for 

neuronal survival and function. Oxidative stress, which occurs in 

neurodegenerative disorders and aging, alters this equilibrium (Wang et al., 2009; 

Zhang et al., 2016).  

Elevated fission, when mitochondria are split into abnormal fragmented 

parts, subsequently causes the elimination of these organelles by autophagy 

processes. Otherwise, fusion is needed in case of energetic efficiency, due to 

formation of round and larger mitochondria, which directly influence the 

maintenance and development of synapses. 
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Figure 8 In the top part of Figure 8 is shown mitochondrial biogenesis with specific 

proteins for fission (Fis1 and Drp1), fusion (Mfn1/2) and effect of Aβ on mitochondria 

(Wu et al.,2014). The bottom part of Figure 8 explains how insulin enhances synaptic 

transmission, memory, growth of neuron and on the other hand decreases 

accumulation of plaque and tau phosphorylation (Ríos et al., 2014). 
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In addition, another significant protein with influence on mitochondrial 

biogenesis is peroxisome proliferator-activated receptor gamma coactivator 1 

alpha (PGC-1α). PGC-1α is mainly expressed in tissues dependent on high energetic 

intake such as liver, adipose tissue, muscles and brain. PGC-1α occurs as 

coactivator associated with PPARα and has an important function in energy 

metabolism of cells through various interactions with transcription factors 

(Besseiche et al., 2015; Wu et al., 2016). NRF1 and TFAM are transcription factors 

which play the key role in regulation of mitochondrial biogenesis and are notably 

downregulated in dorsal root ganglion (DRG) neurons (Choi et al., 2014). 

Energy metabolism is essential for many cellular processes mentioned 

before such as gluconeogenesis, fatty acid oxidation, glucose transport and 

mitochondrial respiration and biogenesis (Corona et Duchen, 2015). Furthermore, 

PGC-1α regulates various metabolic adaptations and also takes part in 

development of DM type 2 and neurodegeneration.  

PGC-1α is involved in insulin signaling: When insulin is released from beta-

pancreatic cells, binds to insulin receptor leading to Akt phosphorylation and 

downstream to GSK3β. GSK3β subsequently phosphorylates PGC-1α which results 

in inhibition of this protein by enhancing the proteasomal degradation localized in 

the nucleus during oxidative stress (Fernandez-Marcos et Auwerx, 2011). PGC-1α 

is strongly correlated with serine/threonine kinase AMP (AMPK). AMPK is 

responsible for lipid and glucose metabolism in different organs and it is a critical 

point in regulation. AMPK enhances PGC-1α transcriptional activity. 

Overexpression of PGC-1α was associated with translocation of transporter GLUT4 

to the membrane in muscle cell, important process avoiding hyperglycemia. Due to 

this evidence, PGC-1α is an interesting target for treatment of DM type 2 (Wu et al., 

2016). 

In addition, PGC-1α affects mitochondrial metabolism in beta-pancreatic 

cells, which plays a role in metabolic signals and union between insulin secretion 

and recognition of glucose. Thus, when this mechanism is impaired, this 

dysfunction leads to enhanced production of ROS and results in beta cell 

dysfunction and oxidative stress, therefore it is significantly related to DM type 2 

and eventual complications. In result, oxidative stress promotes formation of ROS 
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in mitochondria, lower PGC-1α expression and secretion of insulin was reduced as 

well (Li et al., 2009; Wu et al., 2016). 

Furthermore, in the human brain and in other neurons, PGC-1α has been 

distinctly shown and is related to neurodegenerative diseases, including 

impairment in energy metabolism and creation of great vacuoles in a dense 

network formed by nerve fibers, synapses and glial filaments (Choi et al., 2014). 

Oxidative stress provoked by high glucose levels can be prevented by 

enhanced adenoviral expression of PGC-1α, as was reported in a study, realized by 

Choi and his associates (2014), on dorsal root ganglion neurons. However, 

complete mechanisms and regulation of PGC-1α in the nervous tissue are still 

unclear. 

2.6.6 BDNF and synapsin 

Brain-derived neurotrophic factor (BDNF) is a protein which belongs to 

family of neurotrophins and has a key role in survival of neurons, axonal guidance 

and synaptic plasticity in CNS (Jiao et al., 2016). BDNF is expressed mostly in CNS, 

especially in synapses and acts locally in the brain (Siuda et al., 2017). Recent 

evidence comes up with theory that reduced levels of BDNF and its polymorphism 

is closely linked to pathogenesis of neurodegenerative diseases, such as Alzheimer 

disease (Kunugi et al., 2001; Tsai et al., 2004). Patients with AD have reduced levels 

of BDNF protein respect to control group, moreover higher expression of this 

protein has positive effects on cognitive decline and could be used as a novel 

marker for diagnosis of AD. In addition, cytotoxic effects and problems with 

learning, induced by storage of Aβ can be alleviated due to the neuroprotective 

effect on synapses and cell loss provided by BDNF (Jiao et al., 2016). Moreover, 

BDNF protein has been recognized as a strong inhibitor of neurodegeneration 

caused by neurotoxins and apoptosis (Siuda et al., 2017).  

Another family of proteins, which has been associated with regulation of 

neurotransmitters and their release at neuronal synapses, are proteins called 

synapsins. These phosphoproteins, which are present in CNS, are significantly 

involved in regulation of quantity of synaptic vesicles which are responsible for 

neurotransmital release via exocytosis (Evergreen et al., 2007). Synaptic vesicles 
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(SV) are relatively simple small organelles, highly specialized to transport of 

neurotransmitters and providing the propagation of nerve impulses (Ikeda et 

Bekkers, 2009).  

In mammals have been recognized among others, 4 most abundant 

members of synapsin protein family, synapsin (SYN) 1-3 and synaptophysin, also 

known as protein p38, due to its molecular weight of 38 kDa (Evergreen et al., 

2007). Synaptophysin is the integral membrane protein, which is not 

indispensable for neurotransmission, however, is important for modulation and 

function of synaptic vesicles. Knockout mice, lacking synaptophysin, showed 

impaired brain function due to damaged synaptic plasticity (Schmitt et al., 2009).  

Insulin has a large impact on neuronal function, especially via PI3-K/Akt 

signaling pathway, thereby can influence expression of proteins and insertion of 

receptors localized at the postsynaptic membrane. Moreover, insulin can enhance 

and establish memory through influence on growth, survival and synaptic 

modulation of neurons (Yin et al., 2013; Calvo-Ochoa et al., 2014). 

In summary, the evolution of cognitive impairment is a complex process 

(Figure 9). The link between DM type 2 and cognitive impairment, such as AD, is 

due to common association with IGF, GSK3β mechanism, oxidative stress, IR, 

accumulation of Aβ, APP and NFT formation. Therefore, for this metabolic 

impairment and link between DM and AD, researchers used the term DM type 3 

(Kandimalla et al., 2017). 
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Figure 9 Scheme of various pathways aiming to the development of AD. Insulin 

resistance is the hallmark of DM type 2, which consequences are oxidative stress (c), 

glycosylation (b) and mitochondrial dysfunction (a). During occurring state of 

oxidative stress are produced AGEs, which cause storing of amyloid beta leading to 

the development of AD. Toxic Aβ damages voltage-dependent anion channel (VDAC), 

which is responsible for correct function of mitochondrial membrane and in the case 

of some disruption provoke mitochondrial dysfunction. Mitochondrial dysfunction is 

characterized by inflammation (d) and impairment of neuronal and synaptic loss 

which leads to neuronal apoptosis, consequently neuronal death and finally to the AD 

(Kandimalla et al., 2017). 
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2.7 Experimental model: studies on female rats 

Nowadays, rats are the most frequently used experimental model. In 

subsequent experiments, our research group uses female rats due to previous 

studies and findings that female rats are more susceptible to metabolic alterations 

than male rats (Vilá et al., 2011). Rats are the most convenient model to study the 

mechanism of sugar metabolism due to the absence of the enzyme glucose-6-

phosphatase (G6P). Due to this lack of enzyme, which humans also lack, rats are 

not able to transform fructose to glucose in intestines (Mayes et al., 1993).  

All factors including metabolic syndrome, world-widely spread series of 

diseases such as hypertriglyceridemia, insulin resistance, hyperglycemia, were 

developed similarly in rats as well as in humans. In addition, due to the 

metabolism, all effects observed in studies wholly appertain to the investigated 

sugar (Nagai et al., 2002). 

The effects of sugar intake expressed by rats are dependent on the form of 

sugar supply. If the diet is based on 50-60% fructose intake in solid form, it 

provokes in body various disorders such as insulin resistance and 

hypertriglyceridemia (Nagai et al., 2002; Nagata et al., 2004). However, when 

fructose is consumed in liquid form at low % (10 % w/v), it provokes 

hypertriglyceridemia and liver steatosis, as well as in solid form, but does not 

influence glycemia and sensitivity to insulin, at least in short-term studies (Roglans 

et al., 2007).  

The second model of administration, when 10% fructose is consumed in 

liquid form, is equivalent to the superior quartile of the human population which is 

high fructose consumers (Alegret et al., 2011). 
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3 Materials and methods 

3.1 Object of study 

For our study, Sprague-Dawley female rats (n=36), from Charles River 

Laboratories (Barcelona, Spain), were provided. These rats were maintained 

housed at the animal facility in the Faculty of Pharmacy and food Sciences of the 

University of Barcelona in constant humidity (40-60%) conditions and constant 

temperature (20-24 °C), with 12 hours light/dark cycle and whole-day access to 

food and drink. After two weeks of acclimatization, rats were split into 3 groups: 

control, glucose and fructose. The rats from fructose group were supplemented by 

10% solution of fructose (Applichem) in potable water and the concentration of 

glucose (AppliChem) in the group of glucose-supplemented rats was periodically 

adjusted so that the intake was isocaloric in comparison with fructose group. All 

animals were fed the standard diet (Harlan Teklad). Duration of study was 28 

weeks. For the evaluation of the effect of sugar consumption on cognitive functions 

and memory, two tests were performed– Morris Water Maze test (MWM) and 

Novel Object Recognition (NOR) test.  

At the end of 28 weeks study, after 12 hours fast, blood samples were 

obtained from the tail, and glucose, cholesterol and TAG levels were determined 

using a glucometer with specific strips. Then rats were anesthetized with 

ketamine/xylazine (9 mg and 40 µg/100 g body weight, respectively) and 

sacrificed by decapitation. The brains were dissected and the frontal cortex and 

hippocampus were separated. Samples intended for protein and RNA extraction 

were collected, frozen immediately in liquid nitrogen and stored at -80 °C until 

their use. 
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3.2 Methods 

3.2.1 Morris water maze test 

The water maze test known as the Morris water maze test is designed 

especially for rodents in order to study and evaluate learning and spatial memory. 

This test consists of the rats searching for a specific location of  

a submerged platform in a pool, with various reference objects. Learning is 

assessed through repetition of several experimental tests. In case of reference 

memory, the preference must be given to the area where the submerged platform 

is located. The test was performed in a circular pool of 160 cm in diameter and 45 

cm in height, which contained water at a temperature of 22 ± 1 °C up to a height of 

25 cm. The pool was divided into four imaginary quadrants differentiated by the 

four cardinal points. In each cardinal point, a bulky object, very different from the 

rest, was placed. In the center of one of these quadrants stood a platform of 11 cm 

in diameter, 1 cm submerged in the water. The water solution contained non-toxic 

latex, so due to the provided opacity, the platform was not visible for rats. The 

whole pool remained isolated by black curtains to minimize any part of  

a room that could serve as an orientation point. 

The learning phase consisted of four experimental tests per day during 6 

consecutive days. The starting point of each test was determined randomly, so the 

animal could not learn a specific route to reach the platform. Additionally, the most 

distant position from the platform is not used in the learning phase since it is 

reserved for the actual test. The rats were placed in the water facing the wall of the 

pool and given 90 seconds to find the platform. If after these 90 seconds the rats 

did not locate the platform, the animals were guided or placed on the platform, 

where they remained for 30 seconds to memorize the location.  

After 24 h of the learning phase, the memory test was performed. During 

this test, the platform was removed from the pool. The animals were placed in the 

pool to the point most distant from the previous platform position. During the first 

90 seconds, we analyzed different parameters such as the time they spent in each 

quadrant of the pool, time spent in the area, where the platform used to be, 

numbers of entries in the certain quadrants and the latency time to reach the 

previous platform position. The route of each animal was recorded through a 
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camera located above the center of the pool and the results were analyzed using 

appropriate software (Smart 3.0 Panlab). It should be mentioned that the location 

of the platform was different in tests performed at the beginning and at the end of 

the study, to prevent any interferences in the second test due to the possible 

knowledge acquired in the first test. 

3.2.2 Cognitive tests of novel object recognition 

The object recognition test, called Novel Object Recognition test, evaluates 

the memory of animals, mainly rodents, based on their preference of exploring 

new rather than familiar objects. 

To carry out the test, a box of 30×70×70 cm was used. After every single 

test, the box was properly cleaned with ethanol to avoid any interference caused 

by the previous animal. The test consisted of three phases: acclimatization, 

familiarization and the actual test. 

In the phase of acclimatization, the animal was placed inside the box and 

was left for 10 min freely to explore the entire area without the presence of any 

object. This phase is called exploring the open-field and was conducted for 2 

consecutive days. 

The next day, the familiarization phase was carried out. The animal was left 

for 10 minutes inside the box that contained two identical objects (A + A), placed 

symmetrically. Since the box was spacious, the animal could move freely and 

explore the whole space. 

After two hours of familiarization phase, the actual test, which allows 

studying a short-term memory, was carried out. Thus, one of the old objects (A) 

was replaced by a new object (B). The rats were placed again inside the box for 10 

minutes so they could freely explore the objects. 

After 24 hours of familiarization phase, we performed the test that allows 

studying a long-term memory. As a part of this test, the object from the 

familiarization phase (A) remained in the box and the object from the short-term 

memory test (B) was replaced by a second new object (C). Again, the animals were 

left 10 min inside the box (Figure 10). 
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All procedures were recorded by a camera located above the box. Once all 

the tests were finished, the videos were analyzed and the times, which each rat 

dedicated to explore the new object (TN) and the familiar object (TF), were 

calculated. From these values, discrimination index (DI) defined as (TN - TF) / (TN 

+ TF) to permit an assessment report of each animal, was determined. 

Importantly, exploration was defined as the animal oriented to the object at 

a distance ≤ 1 cm or showed signs of active sniffing, or both. However, the scan of 

the animal climbing or sitting on the object was not recognized as exploration. 

The analysis of these videos was conducted in collaboration with the 

Research Group Aging and Neurodegeneration led by Dra. Mercè Pallàs, Faculty of 

Pharmacy and Food Sciences, University of Barcelona. 

 

 

Figure 10 Test Object Recognition: phase of habituation (A), familiarization (B), 
short-term memory test (C) and long-term memory test (D). 
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3.2.3  Glucose tolerance test 

Glucose tolerance test (GTT) is based on evaluating the response of the 

body to administration of certain quantity of glucose. This test was performed 3 

weeks before the end of this study. After 6 hours of fasting, 2 g of glucose/kg body 

weight were administrated to the animals intraperitoneally, using a solution which 

contained 0.4 g of glucose/ml in NaCl 0,9% (w/v). 

The blood concentrations of glucose were determined using a glucometer 

Accutrend® Plus (Roche Farma) and specific strips at 0, 15, 30, 60, 90 and 120 min 

after the administration of glucose, while the plasmatic levels of insulin were 

measured after 0, 15 and 120 min of the administration of the glucose solution. 

The blood was obtained from the tail by a small cut.  

3.2.4 ELISA  

The plasmatic concentrations of insulin, adiponectin, and AGEs were 

determined by the method called ELISA (Enzyme-Linked ImmunoSorbent Assay). 

This immune enzymatic assay is based on the detection of connected antigens and 

antibodies through the colorimetric activity produced by an enzyme linked to one 

of the immunoreactants.  

In this study, we used the following commercial sets. 

 Insulin: EZRMI-13K (Millipore) 

 Leptin: EZRL-83K (Millipore) 

 Adiponectin: EZRADP-62K (Millipore) 

 AGEs : MBS261131 (MyBioSource) 

In all cases, we followed instruction of producer. 

3.2.5  Immune detection of total proteins extracted 

The extraction of total and nuclear proteins was performed by the Helenius 

method (Helenius et al., 1996). Micronized samples were homogenized with lysis 

buffer containing proteases, phosphatases and acetylase inhibitors (Table 1) and 

incubated in constant agitation at 4 °C for 1.5 h. Further, samples were placed in a 

centrifuge process of 15,000×g for 15 min at 4 °C. Next, the supernatant was 

collected and kept in aliquots at -80 °C until their use. 



Gabriela Podhorská Diploma thesis 

 

46 

Table 1 Reactants and its concentrations used for protein extraction. 

 

3.2.6 Bradford method 

To determine the protein concentration of the extracted samples, the 

method described by Bradford (1976) adapted to microplate reading was used. 

This method is based on the fact, that the maximum absorbance of the acid 

solution Coomassie Blue G-250 changes from 465 to 595 nm, which is the moment, 

when it binds to proteins and the color turns from brown to blue. Therefore, 

reading the absorbance at 595 nm is directly proportional to the concentration of 

protein, which is determined by interpolation on a calibration line. 
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The technique was performed in 96-well microplates. Each well contained 

volume of 10 ml either of the standard solution or sample to be analyzed. The 

calibration line was elaborated with known concentrations (0.1 to 0.6 mg/ml) of a 

standard solution of bovine albumin serum (BSA, Sigma-Aldrich). Then, 190 ml of 

Bradford reagent (Bio-Rad) were added, after dilution with bidistilled water 1:5. 

After leaving reagents for 10 minutes to react, the absorbance at 595 nm was 

determined using a plate spectrophotometer (Bio-Rad Benchmark Plus). 

3.2.7 Western Blot analysis 

The Western Blot technique allows to determine levels of specific proteins 

in several samples. It consists of different phases: electrophoresis, which enables 

the separation of proteins in acrylamide gel according to their molecular weight 

due to denaturalization in presence of SDS (Sodium Dodecyl Sulfate); transfer, 

where proteins transfer from gel to membrane of PVDF (polyvinyl of fluoride); and 

immune detection, allowing identification of proteins by specific antibodies. The 

detailed procedure is described below. 

3.2.7.1   Electrophoresis 
Electrophoresis was performed in polyacrylamide gels; this method is 

called SDS-PAGE (Sodium PolyAcrylamide - Dodecyl Sulfate Gel Electrophoresis). 

These gels originate due to the polymerization of acrylamide and bisacrylamide, 

which begins when persulfate ammonium (APS) and tetramethylethylendiamine 

(TEMED) are added. The gels consist of two phases: phase concentrator with a low 

percentage of acrylamide-bisacrylamide, which allows the concentration of protein 

sown; and phase separator, where the higher percentage of acrylamide-

bisacrylamide separates proteins. The percentage depends on the molecular 

weight of the analyzed proteins and determines their speed and their migration 

grade of separation. Generally, the most used concentrations are 3-5 % in gels 

concentrators and between 8-12 % in gels separators.  
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Table 2 Specific reagents necessary for the production of two SDS-PAGE gels, in this 

case, 4 % and 8 %. 

 

 

For the preparation of the samples, proteins must be denaturalized and the 

samples must contain the same volume of total proteins. Based on previously 

calculated concentrations, in order to obtain the same amount of total protein in 

each sample (10-30 μg), different volumes of mother samples were used. Then the 

half of final volume of loading buffer 2X and q.s. Tris-HCl 20 mM pH 7.5, were 

added. The loading buffer 2X contains 125mM Tris-HCl pH 6.8, 4 % (w/v) SDS, 20 

% (v/v) glycerol, 10% (v/v) β-mercaptoethanol, 0.012 % (w/v) blue bromophenol 

and q.s. bidistilled water. 

Once prepared, the samples were boiled for 5 minutes at 100 °C in a dry 

bath (Techne DRI-BLOCK DB-2A), to denature the proteins. 

Previously prepared gels were placed in MiniProtean III® system (Bio-

Rad). After that migration buffer, adjusted to pH = 8, which contains 25 mM Tris 

base (Applichem), 192 mM glycine (AppliChem), 0.1% SDS (Sigma-Aldrich) and q.s. 

bidistilled water, was added. 

Then the samples were loaded along with a molecular weight marker 

(Benchmark ™ Pre-Stained Protein Ladder (Invitrogen) or Dual Precision Plus 

Protein ™ Color Standards (Bio-Rad), which permit the identification of protein of 

interest depending on its height. Electrophoresis was carried out at a constant 

voltage of 100 V and ambient temperature.  
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3.2.7.2 Transfer 

After electrophoresis, proteins were transferred from the gel to a PVDF 

membrane (Millipore) using the Mini Trans-Blot® system (Bio-Rad) containing 

transfer buffer. This buffer contained 25 mM Tris base (AppliChem), 192 mM 

glycine (AppliChem), 20% (v/v) methanol (Fischer Chemical) and q.s. bidistilled 

water. The transfer was performed at 4 °C and a constant intensity  

200 mA for 100-120 min. 

3.2.7.3  Immunodetection 
The immunodetection consists of the detection of the chemiluminescent 

signal produced by secondary antibody which coupled with a primary antibody, 

specific for the protein of interest (Table 3). 

To continue the immunodetection, the obtained membranes from transfer 

were washed in a solution called TBS, containing TBS-T (Tris-buffered saline 

20mM Tris base, 150 mM NaCl and q.s. bidistilled water) with 0.1% (v/v) of 

Tween®20 detergent (Sigma-Aldrich).  

Then the membranes were incubated with blocking solution containing 5% 

milk in TBS-T for 1 h at a room temperature. Consequently, the membranes were 

incubated overnight at 4 °C with a solution containing the primary antibody, 

specific for the protein of interest and diluted in TBS-T with 5% BSA (Sigma-

Aldrich). After that, the procedure continued as the membranes were incubated for 

1 h at the room temperature with a solution containing the secondary antibody, 

conjugated to an enzyme peroxidase, diluted in TBS-T. 
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Table 3 Specific primary antibodies, references and their source for each protein. 

 

 

Finally, the protein of interest was detected by a reaction of 

chemiluminescence generated between peroxidase enzyme of the secondary 

antibody and reagent of detection (Peroxide Solution® Immobilon Western HRP 

substrate (Millipore) or enhanced chemoluminiscence (ECL) (GE Healthcare). The 

revealed chemiluminescent signal carried out by ChemidocTM XRS apparatus (Bio-

Rad) and quantified using the software (ImageLab, Bio-Rad). 

Among the various steps (blocking, incubation with primary antibodies, 

incubation with secondary antibodies and addition of detection reagent) 3 washes 

of the membrane in TBS-T solution, for five minutes each, were performed. 

To normalize the results, we used the protein β-actin and β-tubulin, to 

reveal the membrane protein of interest (Table 4). 

 

Table 4 Secondary antibodies used for β-actin and β-tubulin detection. 
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4 Hypothesis and object of the study 
Hypothesis: Chronic intake of sweetened beverages, especially by fructose and 

glucose, have damaging effects on metabolism, causing metabolic syndrome and 

impairment of cognitive functions such as memory and learning ability. Not only 

the high intake of calories but also the type of simple sugar ingested is responsible 

for these deleterious effects.  

The objectives of this master’s thesis are: 

 To study the effects of chronic consumption of simple sugars (glucose, 

fructose) on cognitive functions, such as memory and learning, examined by 

various memory tests.  

 To study the effects of chronic consumption of simple sugars (glucose, 

fructose) on plasmatic levels of proteins and parameters related to the 

metabolic syndrome. 

 To determine whether the alterations induced by sugar intake are related to 

the specificities of each sugar or exclusively due to increased calorie 

consumption. 
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5 Results  

5.1 Body weight and caloric intake 

During the whole 28 weeks study, the data about the food consumption and 

beverages intake were obtaining periodically, so it was observed that rats 

supplemented with the solution of 10% glucose and 10% fructose had a 

significantly higher consumption of liquids than the control group. In the graphic, 

the area under the curve (AUC) of beverages intake in the glucose group is 3.2-fold 

higher than the control group, while the consumption of fructose-supplemented 

rats was 2.7-fold higher than the control group (Figure 11A). On the other hand, 

the consumption of solid food was reduced in both groups supplemented with 

sweetened beverages, 40% and 33% in glucose and fructose groups, respectively 

(Figure 11B). 

However, despite the fact that the consumption of solid food was reduced, 

the total caloric intake was almost similar in the glucose and fructose group and 

was 1.6-fold and 1.5-fold higher than the control group, respectively (Figure11C). 

The total caloric intake during the 7 months study was calculated taking into 

account the caloric contents of solid food (2.9 kcal/g) and of sweetened solutions, 

glucose and fructose (4 kcal/g). 
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Figure 11 Bar plots represent the area under the curve (AUC) of liquid consumption 

expressed in ml/rat (A), the food consumption expressed in g/rat (B) and the total 

caloric intake corresponding to the food (orange bars) and the beverages (blue bars) 

consumed by rats expressed in kcal/g (C). All results are presented as the mean ± SD. 

Statistical analysis One-way ANOVA followed by Bonferroni post-test (***p<0.001 vs 

control). 

 

Along the 7 months of the study, the body weight of rats increased, 

especially in the fructose group. The evolution of weight of rats is shown in Figure 

12 (A), as absolute values and in Figure 12 (B) as the AUC. Despite the similar 

caloric intake in the glucose and fructose supplemented groups, in the case of 

fructose, the AUC is significantly higher (1.06-fold) compared to control group. The 

weight at the end of the treatment was also significantly higher (1.1-fold) in the 

fructose group respect to the control group (Figure 12C). 
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Figure 12 Graphic representation of the progress of body weight gain in rats during 
the study expressed in g (A), the area under the curve expressed in g/rat/28weeks (B) 
and the weight in 28th week, expressed in g (C). Each bar represents the mean ± SD. 
Two-way ANOVA statistical analysis (A) and One-way ANOVA statistical analysis (B 
and C) followed by Bonferroni post-test (*p< 0.05; **p< 0.01 vs control). 

 

5.2 Organs weights 

At the end of the study, the organs were weighed, and the weights were 

standardized respect to femur length. In the fructose-supplemented group, the 

weights of livers were 1.41-fold higher vs control group, but also 1.18-fold higher 

vs glucose group. Moreover, the weight of adipose tissue of fructose-supplemented 

rats was 1.6-fold higher vs control group. 

 

Figure 13 Weight of liver and adipose tissue expressed in g/cm respect to femur 
length. Each bar represents the mean ±SD. Statistical analysis One-way ANOVA 
followed by Bonferroni post-test *p<0.05 and ***p<0.001 vs control, ##p<0.01 vs 
glucose. 
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5.3 Glucose tolerance test 

At the end of the study, a glucose tolerance test was performed. During the 

test, the blood glucose levels were not altered, except for the last time point (120 

min after the administration of glucose), when the group of fructose-supplemented 

rats showed a level of glucose 1.09-fold higher than the control group (Figure 

14A).  However, the area under the curve of blood glucose did not show any 

significant differences between groups (Figure 14B). 

 

Figure 14 Blood glucose levels during the glucose tolerance (Figure 14A), expressed 
the mean ± SD. Statistical analysis One way ANOVA followed by Bonferroni post-test 
for each time (*p < 0.05). Figure 14B represents the area under the curve (AUC) of 
glucose concentration (mg/dl/120 minutes). Statistical analysis One-way ANOVA 
followed by Bonferroni post-test. 

 

 

During the GTT, insulin plasma levels were also determined. At the initial 

point, the plasmatic concentration of insulin in the fructose group was 1.8-fold 

higher than in control and glucose group. After 15 min, significant differences of 

fructose group in comparison to control and glucose were still observed, 1.53-fold 

and 2.43-fold higher, respectively.  However, at the end of the test (120 min), the 

plasmatic concentrations of insulin did not show significant differences, although 

in the fructose group was still higher than the rest of the groups (Figure 15A).  

Nevertheless, the AUC of plasmatic levels of insulin was significantly higher in 

fructose group than in groups control and glucose, 1.54-fold and 1.95-fold, 

respectively (Figure 15B). 
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Figure 15 Plasma insulin levels during the glucose tolerance test. The results 

represent the mean ± SD. One-way ANOVA statistical analysis followed by Bonferroni 

post-test for each time (*p < 0.05 and **p < 0.01 vs control; #p < 0.05 and ###p < 

0,001 vs glucose) (Figure 15A). In Figure 15B is represented the AUC of insulin 

concentration. One way ANOVA statistical analysis followed by Bonferroni post-test 

(*p < 0.05 vs control; ##p < 0.01 vs glucose). 

 

5.4 Blood levels of TAG, cholesterol and glucose 

Blood levels of cholesterol (Figure 16A) and glucose (Figure 16B) were not 

significantly changed between groups after 12 hours of fasting, even though levels 

of triglycerides were significantly higher in the fructose-supplemented group. 

Triglycerides in fructose group, after 12 hours fasting, reached 1.88-fold and  

1.48-fold higher levels than control and glucose group, respectively (Figure 16C).  



Gabriela Podhorská Diploma thesis 

 

57 

 

 

Figure 16 Levels of plasma cholesterol (A), glucose (B), triglycerides after 12 hours 
of fasting (C). Each bar represents the mean ± SD. One-way ANOVA statistical 
analysis followed by Bonferroni post-test (* p < 0.05 vs control). 

 

 

5.5 Insulin, adiponectin and leptin plasma levels 

Results obtained from ELISA showed the increase of levels of insulin and 

leptin, especially in the group of fructose-supplemented rats. Plasma insulin 

concentration was 1.79-fold higher in fructose-supplemented rats with respect to 

the control group (Figure 17A), and plasma leptin levels were 2.03-fold higher in 

fructose-supplemented rats with respect to the control group (Figure 17B). 

Adiponectin levels were significantly increased in glucose-supplemented rats 

(1.58-fold higher than the control group and 1.29-fold higher with respect to the 

fructose group (Figure 17C). 
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Figure 17 Plasma levels of insulin (A), leptin (B) and adiponectin (C) measured by 
ELISA test. Each bar represents the mean ± SD. One-way ANOVA statistical analysis 
followed by Bonferroni post-test (* p < 0.05 and ** p < 0.001 vs Control;  
#p < 0.05 vs Fructose). 

 

 
 

5.6 Morris water maze test 

The Morris water maze test was used to study the effects of short- and long-

term supplementation of sweetened beverages on memory. Thus, the first test 

performed after two weeks of sugar supplementation and the second at the end of 

the study (28 weeks). During the six days of trials of the learning phase, the 

velocity of swimming did not show any differences between groups neither at the 

beginning nor at the end of the study (Figure 18A-B). Learning curves (Figure 18C-

D) represent the time needed for each group of animals to reach the hidden 

platform in the pool. The curves during the six days of trials of the learning phase 



Gabriela Podhorská Diploma thesis 

 

59 

exhibit a digressive tendency and show how animals are able to learn and they 

need less time for locating the platform at last days than at the beginning. 

Nevertheless, the results show no differences between groups. 

 

 

Figure 18 Graphic representation of velocity of swimming at the beginning (A) and 
at the end of the trial (B), expressed in cm/s. (C) represents learning curve at the 
beginning and after 28 weeks (D), expressed in s. Each bar represents the mean ± SD. 
Statistical analysis One-way ANOVA (A and B), Two-way ANOVA (C and D), followed 
by Bonferroni post-test. 

 

A memory test was performed on day 7 whereby the platform was removed 

and a series of parameters were determined: the swimming velocity, number of 

entries in the platform zone, latency to the target (which means time needed to 

reach the platform), number of crossings in platform zone (number of times when 

the rat crossed the imaginary frontier of the quadrant where the platform was 
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located), time spent in quadrant and time spent in each quadrant. None of these 

parameters were altered by sugar consumption, neither at the beginning nor at the 

end of the supplementation period. 
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Figure 19 Graphic representation of swimming velocity (A and B), number of entries 
in the platform zone (C and D), latency to the target (E and F), number of crossings in 
platform zone (G and H), time spent in platform zone (I and J) and time spent in each 
quadrant (K and L), at the beginning and at the end of the study, respectively. Each 
bar represents the mean ± SD. Statistical analysis One-way ANOVA followed by 
Bonferroni post-test. 

 

5.7 Novel object recognition test 

The results of the Novel object recognition test are expressed as a 

discrimination index (DI), which corresponds to the following formula:  

    DI= 
time spent with novel object – time spent with familiarized object

time spent with novel object+time spent with familiarized object
 

Figure 20 (A) and (B) show the results of the short-term memory tests, 

which were performed after 2 hours of familiarization at the beginning and at the 

end of the study. Despite there were no differences between groups after 2 weeks 

of sugar supplementation (Figure 20A), the DI of the fructose group decreased 

significantly to 51 % and 57 % with respect to control and glucose groups at the 

end of the study (Figure 20B). 

The same test was performed after 24 hours of familiarization phase, to 

study the effects on long-term memory. Similarly to the previous test, only after 28 

weeks of sugar-supplementation, significant differences were shown in the 

fructose group, which showed a 50 % decrease in the DI with respect to glucose-

supplemented rats (Figure 20 C and D).  
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Figure 20 Graphics represent the decrease of discrimination index (DI) in the test 

after 2 hours (A) at the beginning and at the end (B) of the study and after 24 hours 

of the study at the beginning (C) and at the end (D). Each bar represents the mean ± 

SD. Statistical analysis One-way ANOVA, followed by Bonferroni post-test (*p < 0.05 

vs control) and (#p < 0.05, ##p < 0.01 vs glucose). 

 

5.8 Determination of AGEs 

Advanced glycation end products (AGEs) showed significantly increased 

levels only in fructose-supplemented rats (1.99-fold and 2.25-fold higher 

compared to control and glucose group, respectively). 
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.  

Figure 21 Plasma AGEs levels expressed in ng/μL. Each bar represents the mean ± 
SD. Statistical analysis One-way ANOVA followed by Bonferroni post-test (*p<0.05 vs 
glucose). 

 

5.9 Determination of proteins in the cerebral cortex 

5.9.1 Proteins involved in insulin signaling 

We determined various proteins which play a key role in insulin signaling in 

the cortex of rats from the control, glucose and fructose groups. Expression of IRS2 

protein was significantly reduced only in the fructose group (Figure 22A). We also 

observed a significant reduction of p-Akt levels only in fructose-supplemented rats 

with respect to control and glucose groups (Figure 22B). However, the Akt-total 

protein levels were similar in all groups (Figure 22C). Phosphorylated glycogen 

synthase kinase (GSK3β)-p, which is downstream of Akt in insulin signaling, was 

not influenced by consumption of sweetened beverages (Figure 22D). In Figure 22 

(E), the levels of PGC-1α were 1.27-fold higher than the control group. 

 We also determined the expression of insulin degrading enzyme (IDE). IDE 

protein levels showed a significant reduction only in the fructose-supplemented 

rats, 1.8-fold and 1.4-fold higher than in control and glucose group, respectively 

(Figure 22F). 
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Figure 22 Protein expressions of IRS2 (A), p-Akt (B), Akt-total (C), GSK3β-p (D), PGC-

1α (E) and IDE (F) determined by Western Blot. Each bar represents the level of 

proteins expressed as the mean (a.u.) ± SD of the values obtained from 4-5 rats (*p < 

0.05, ***p<0.001 vs control values; #p < 0.05, ##p <0.01 vs glucose group values).  

 

5.9.2  Mitochondrial proteins 

We also determined the expression of proteins involved in mitochondrial 

dynamics. Regarding the proteins responsible for mitochondrial fusion, the 

expression of Optic atrophy protein 1 (Opa1) was significantly reduced only in 

fructose-supplemented rats (Figure 23A) whereas mitofusin (Mfn2) expression did 

not show any significant changes between groups (Figure 23B). Dynamic related 

protein 1 (Drp1), responsible for fission, was significantly increased in fructose 

group, compared to control (Figure23C).  
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Figure 23 Graphic representation of protein levels of Opa1 (A), Mfn (B) and Drp1 (C). 

Each bar is expressed as the mean ± SD. Statistical analysis One-way ANOVA followed 

by Bonferroni post test. (*p < 0.05 vs control values).  Opa1 t-test *p < 0.02 Fructose 

vs control values.  
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5.9.3  Expression of BDNF, synaptophysin  

Levels of BDNF decreased in both groups of sugar supplemented rats with 

respect to control (33 % and 51 % for glucose and fructose groups, respectively, 

Figure 24A). Expression of synaptophysin was not altered (Figure 24B).         

 
 
Figure 24 Graphic representation of protein levels - BDNF (A) and 

synaptophysin (B). Each bar represents the mean ± SD. Statistical analysis One-way 
ANOVA followed by Bonferroni post-test (*p<0.05, *p< 0.001 vs control). 
Representative bands shown in the right part of the figure correspond to 3 different 
rats in each group. 
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6 Discussion 
The number of people suffering from metabolic syndrome has increased 

significantly in the last few decades. Metabolic syndrome is a complex disease 

which is linked to unhealthy lifestyle, low physical activity and high caloric intake. 

Moreover, all these metabolic alterations, induced by diet, have been also 

connected with cognitive deficits. The main objective of the present research is to 

determine if chronic simple sugar consumption causes cognitive alterations in 

female rats and, in this case, whether the high amount of calories is the only reason 

for the impairment of cognitive functions or whether the type of nutrients plays a 

key role in these alterations. Moreover, we aimed to investigate the molecular 

mechanisms involved. 

The consumption of simple sugars, especially of fructose in form of HFCS, 

significantly increased in past 4 decades. The introduction of HFCS, as the main 

sweetener, into the food industry was the main intervention to the human diet, 

while naturally, fructose occurred only in small amounts as a part of honey or 

fruits. Sweetened food and soft drinks provide to the body huge caloric intake and 

due to the differences in metabolic pathways, cause the metabolic imbalance and 

negative energy homeostasis (Tappy et Le, 2010). 

Our research was focused on metabolic and cognitive alterations in rats 

after 7 months of supplementation with sweetened beverages, 10 % (w/v) liquid 

glucose and 10 % (w/v) liquid fructose, which imitates the ingestion of simple 

sugars in the superior quartile of human population (Alegret et al., 2012). 

The rats belonging to groups supplemented with sugars in liquid form 

presented a significantly higher consumption of beverages than the control group. 

Despite the fact that the fructose and glucose groups had a lower intake of solid 

food, the calories coming from the beverages were not fully compensated, and 

sugar-supplemented rats had significantly higher caloric intake than the control 

group, despite the reduced food intake. This phenomenon was observed already in 

previous studies performed by our research group (Rebollo et al., 2014). Due to 

the similar caloric intake in both sugar groups, the possible metabolic alterations 

found in this study cannot be attributed exclusively to the high caloric intake, but 

to specific sugar properties. 
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The body weight was constantly increasing during the study and the results 

were comparable in all groups, but at the end of the study, the weight of  

fructose-supplemented rats (despite the caloric intake similar to glucose group) 

was significantly increased. Although there are a lot of studies presenting the same 

results (Tappy et Le, 2010; Wu et al., 2014), on the other hand, various studies did 

not notice any changes in body weight (Lee et al., 2015). The cause of different 

obtained results can be either the form of sugar supplementation (liquid or solid) 

(Ross et al., 2009) but also the duration of the study.  

The increased total body weight is linked to a weight increase of various 

organs. We studied the gain of weight of adipose tissue and liver. The final weight 

of both organs was significantly higher in the fructose group respect to the control 

group; moreover, the increase in adipose tissue in fructose-supplemented rats was 

also higher respect to the glucose group. These results confirm the theory that 

consumption of fructose leads to the fat storage more than the consumption of 

glucose, which stimulates liberation of insulin and activates LPL, so the fat is not 

stored so easily (Stanhope et al., 2012).  

Although the levels of cholesterol were not altered, fructose-supplemented 

rats presented a significant hypertriglyceridemia, which may be related to the 

weight gain in adipose tissue.  

High fructose consumption has been linked to the development of NAFLD, 

which may lead to insulin resistance (Akar et al., 2012; Asrih et al., 2013).  

Our results from the study showed hyperinsulinemia, which is a marker of insulin 

resistance. Insulin resistance is a hallmark of DM type 2, and has not been linked 

only with diabetes, but also with the development of dementia and cognitive 

decline (Biessels et Reagan, 2015). 

 In addition, in fructose-supplemented rats, the levels of leptin were higher 

respect to the other groups. Normally, levels of leptin should be lower respect to 

the other group, because leptin is a hormone which is released due to the 

liberation of insulin, which fructose does not promote (Bray et al., 2004). In 

contrast, our research group has observed in several studies of different duration 

that fructose causes hyperleptinemia accompanied by a state of hepatic leptin 

resistance (Roglans et al., 2007). 
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Adiponectin is supposed to be a protective factor in the development of IR. 

This hormone stimulates beta-oxidation of lipids, enhances sensibility to insulin 

and reduces the storage of TAG in adipose tissue (Esfahani et al., 2015). 

Significantly higher levels of adiponectin in the glucose group, and not in the 

fructose group, may be a protective factor. In accordance, glucose-supplemented 

rats did not present hypertriglyceridemia, hyperinsulinemia and they had a better 

response to insulin even though the caloric intake was the same than the control 

group. 

The curve (Figure 15A), obtained from the glucose tolerance test shows, 

that blood levels of glucose were similar at the beginning. However, at the end of 

the test, the curve of the fructose group presented significantly higher levels of 

blood glucose than the glucose and control groups. Therefore, this result can be 

indicative of the developing insulin resistance, which is confirmed with persistent 

hyperinsulinemia during the whole 120 min test respect to the glucose and control 

groups. These results are in accordance with the observed relation between higher 

intake of fructose and an elevated prevalence of DM type 2 (Elliot et al., 2002; 

Gross et al., 2004). 

The MWM test was performed 2 weeks after the beginning of the study and 

then at the end of 7 months study. Although some studies in humans report 

temporal enhancement in cognitive abilities after consumption of glucose in liquid 

form (Messier, 2004; Stollery et Christian, 2016), our sugar-supplemented groups 

of rats did not show any improvement in cognitive abilities after short-term 

supplementation, nor after long-term supplementation. On the other hand, no 

cognitive alterations were observed in this test. The reason why in other studies 

cognitive alterations in the MWM test were observed can be the sexual 

dimorphism, which results in cognitive impairment in male rats (Ross et al., 2012; 

Wu et al., 2016).  

After 2 weeks of sugar-supplementation, we did not observe any alteration 

in cognitive abilities assessed by the NOR test, as the DI was comparable in all 

groups after 2 hours as well as after 24 hours. However, when the test was 

performed and evaluated after 7 months of the study, fructose-supplemented rats 

presented significant cognitive impairment respect to the control and glucose 



Gabriela Podhorská Diploma thesis 

 

72 

groups, showed by a lower DI. The NOR test is a cognitive test which is used to 

study the animal ability to recognize new objects, and therefore to evaluate 

memory alterations (Antunes et Biala, 2012). Based on previous studies, it has 

been suggested that results obtained in memory tests may be different depending 

on the type of the performed test (Kanoski et Davidson, 2011). It is important to 

say that the MWM test is a method which assesses spatial learning and memory, 

and it is useful for evaluating the damage in the hippocampus because this tissue is 

mainly involved in spatial memory (Sharma et al., 2010). In contrast, non-spatial 

memory is better evaluated with the NOR test, which usually is not affected by 

lesions in the hippocampus. Thus, results from our study suggest that the memory 

deficits provoked by fructose supplementation, which were observed only in the 

NOR test, are mainly due to effects in the cortex, although we cannot rule out a 

contribution of hippocampal tissue.  

With reference to cognitive decline, important markers of synaptic 

plasticity, function and neuronal growth are BDNF, synapsin 1 and synaptophysin. 

In our study, results obtained from Western Blot analysis showed significantly 

reduced levels of BDNF in sugar-supplemented groups, especially in the fructose 

group. The cognitive decline caused by diets rich in fats and simple sugars is linked 

to decreased levels of BDNF, as has been suggested in various studies performed 

on laboratory animals (Molteni et al., 2002; Stranaham et al., 2008). BDNF 

reduction is already observed before the clinical development of AD in humans 

(Jiao et al., 2016). Thus, BDNF may be a preclinical marker. Although levels of 

BDNF were significantly reduced respect to the control group, downstream 

proteins involved in BDNF pathway, such as synaptophysin, were not altered by 

sugar supplementation. 

It is interesting to notice that the reduction of the discrimination index and 

hypertriglyceridemia occurs only in fructose-supplemented rats. These results 

support the theory that high TAG levels may be responsible for the development of 

the cognitive alterations (Farr et al., 2008). On the other hand, only  

fructose-supplemented rats showed hyperinsulinemia and decreased ISI, 

suggesting a state of whole-body insulin resistance which has also been related to 

cognitive impairment (Drew et al., 1998; Agrawal et al., 2012). In this regard, we 
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examined also various components of an insulin signaling pathway in the cortex 

and we studied possible changes in this brain region. 

Referring to the insulin signaling cascade, protein levels of IRS2 were 

significantly reduced as well as Akt phosphorylation, which indicates a lower 

activation of this pathway. However, protein levels of phosphorylated GSK3β were 

not altered. On the other hand, we also examined protein levels of IDE. Insulin 

competes with Aβ for IDE which is responsible for clearance of both proteins 

(Malito et al., 2008). Insulin resistance has been related to decreased levels of IDE 

(Bedse et al., 2015). Despite this association, our results showed increased levels of 

IDE in fructose-supplemented rats. Hyperinsulinemia developed in fructose-

drinking rats, could be the cause of this increase, as insulin positively regulates IDE 

expression. It is also possible that IDE increase is a compensatory mechanism 

triggered to reduce high levels of insulin due to its insulin-degrading activity. 

Hypothetically based on these findings, high levels of IDE could reduce the 

concentration of insulin in the cortex, therefore it would contribute to reduced 

insulin signaling and cognitive impairment.  

Oxidative stress is another factor which can be involved in reduced 

cognitive functions and neurodegeneration. One hallmark of oxidative stress is 

AGEs, which binds to the receptor for AGEs (RAGE) and then can activate other 

mediators of inflammation, such as TNF-α, IL-6 and others, caused by oxidative 

stress (Münch et al., 2012). Increased levels of AGEs were observed in the group of 

fructose-drinking rats. This could explain the difference in results from cognitive 

tests between glucose- and fructose-supplemented groups. The glucose group did 

not show any significant changes in NOR test, even though the levels of BDNF were 

altered. In comparison, the plasma levels of AGEs did not increase in the glucose 

group as they did selectively in the fructose group. The exclusive increase of 

plasma level of AGEs only in the fructose group, not in the glucose group, can be 

due to the higher reactivity of fructose to form AGEs due to its specific mechanisms 

(Gugliucci, 2017). 

Oxidative stress is closely related to neurodegenerative diseases (Seo et al., 

2010; Itoh et al., 2013). Small organelles, responsible for the maintenance of 

balance in energy metabolism, are mitochondria. Any dysfunctions occurring in 
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mitochondrial dynamic processes, such as fission and fusion, have a large impact 

on cognitive alterations because neurons are vulnerable to mitochondrial 

dysfunction and the damage can result in loss of synapses (Benard et al., 2007; 

Wang et al., 2009). The results obtained in our study showed an increase of Drp1 

protein, which is involved in mitochondrial fusion, and a decrease in Opa1 protein, 

which is involved in process of mitochondrial fission. Both significant alterations of 

protein levels were observed only in fructose-supplemented rats. The imbalance in 

mitochondrial dynamics has been observed only in the fructose-supplemented 

group, which indicates metabolic alterations occurring in frontal cortex in the 

brain. This impairment can derive from the oxidative stress, which is linked to 

hypertriglyceridemia, insulin resistance and all these circumstances lead to the 

cognitive dysfunction.  

The protein PGC-1α, which plays a key role in insulin signaling and is 

a master regulator of mitochondrial biogenesis, is closely associated with 

mitochondrial dysfunction and insulin resistance. Therefore, PGC-1α is said to be a 

bidirectional regulator. Overexpression of protein PGC-1α increases insulin 

signaling and moreover has a positive effect on mitochondrial function. 

On the other hand, in the case of insulin resistance, the expression of PGC-1α is 

lower which leads to impaired mitochondrial metabolism (Pagel-Langenickel et al., 

2008). In our study, protein levels of phosphorylated PGC-1α were altered 

especially in fructose-supplemented rats, concretely the levels were 27 % higher 

respect to the control group. Higher expression of PGC-1α would be the signal that 

function of insulin-mediated signaling is correct or improved, however, our other 

results show the insulin resistance and impaired mitochondrial functions. 

Nevertheless, it has been suggested that a modest increase of PGC-1α, about 

approximately 25 %, enhances insulin sensitivity in the body and is beneficial 

(Benton et al., 2008). Therefore, the activation of PGC-1α can be seen as a 

compensatory mechanism aimed to restore insulin sensitivity and to regulate 

energy metabolism of mitochondria. 

There is a strong association between metabolic alterations caused by the 

supplementation by liquid fructose and cognitive impairment which could lead to 

neurodegenerative diseases, such as Alzheimer disease. From our study, we 
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observed that metabolic alterations which can lead to cognitive impairment, such 

as hyperinsulinemia, hypertriglyceridemia, changes in protein levels of various 

markers of metabolic pathways, mitochondrial dynamics and oxidative stress, are 

only observed in the fructose group. Therefore, we can conclude that these effects 

are not exclusively related to the high caloric intake, which was similar in 

comparison with the glucose group. 
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7 Conclusions 
Our results support the hypothesis that long-term sugar supplementation 

with liquid fructose causes cognitive decline and metabolic alterations, whereas 

glucose consumption, which leads to equal caloric intake, did not cause these 

effects. 

- Simple sugar supplementation in liquid form results in alterations in 

energy compensatory mechanism and leads to higher total caloric intake 

compared to control group. 

- Fructose supplementation leads to increased visceral fat and body weight. 

Even though the total caloric intake was identical with the glucose group, these 

rats did not develop obesity. 

- The consumption of fructose leads to the development of 

hypertriglyceridemia and hyperinsulinemia, which is linked to insulin resistance. 

In the glucose group, these alterations were observed, but plasma adiponectin 

levels were increased. 

- Simple sugar consumption did not affect memory or spatial learning 

evaluated in MWM test. 

- The consumption of fructose, but not glucose, for seven months, produced 

alterations in the Novel Object Recognition test. 

- The consumption of fructose reduced levels of BDNF and increased levels 

of AGEs in the cortex, which may be linked to oxidative stress. In line with this, we 

observed changes in mitochondrial dynamics in fructose-supplemented rats, in 

which protein levels responsible for fusion (Drp1) decreased and for fission 

(Opa1) increased. 

- The consumption of fructose increased levels of phosphorylated PGC-1α, 

maybe as a compensatory system to insulin resistance and mitochondrial function 

impairment. 
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8 Abbreviations 
 

ACTH           Adrenocorticotropic hormone  

AD                  Alzheimer disease 

AGEs         Advanced Glycation End products  

Akt          Protein kinase B (PKB)  

AMPK             AMP-activated protein kinase  

APP                β-amyloid precursor protein 

APS                 Ammonium persulfate 

ATP       Adenosine triphosphate 

a.u.          Arbitrary units 

AUC               Area under the curve 

BAD                Bcl-2-associated death promoter 

BBB         Blood brain barrier  

BDNF Brain-derived neurotrophic factor 

BMI                Body mass index 

BSA Bovine albumin serum 

cAMP              Cyclic adenosine monophosphate 

CAT                 Catalase 

CoA            Coenzyme A 

CREB             Cyclic AMP response element-binding protein 

CSF                Cerebrospinal fluid 

CVS              Cardiovascular 

DM      Diabetes mellitus  

Drp1             Dynamic-related protein 1 
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ECL Enhanced chemoluminiscence 

ELISA           Enzyme-Linked ImmunoSorbent Assay  

FFAs               Free fatty acids 

Fis1                 Fission protein 1 

Foxo1 Forkhead box protein O1 

G6P               Glucose 6-phosphatase 

GLUT Glucose transporter 

GSH-Px         Glutathione peroxidase 

GSK3β Glycogen synthase kinase 3 beta 

GTT                 Glucose tolerance test 

HFCS            High Fructose Corn Syrup  

IDE                 Insulin degrading enzyme 

IGF       Insulin like growth factor 

IKK             IκB kinase  

IL-1           Interleukin 1 

IL-6              Interleukin 6 

IR                 Insulin resistance 

IRS Insulin receptor substrate  

JAK-2 Janus kinase 2 

JNK1 c-Jun N-terminal kinase 

KC             Krebs cycle 

LPL            Lipoprotein lipase 

MAP Microtubule associated proteins 

MAPK Mitogen-activated protein kinases 

Mfn        Mitofusine 
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mTOR           Mammalian target of rapamycin 

MS            Metabolic syndrome  

MWM Morris water maze 

NAFLD          Non-alcoholic fatty liver disease 

NFA              Non-esterified fatty acids 

NFTs            Neurofibrillary tangles 

NFκB            Nuclear factor κB 

NO              Nitrogen oxide 

NOR             Novel object recognition 

NRF Nuclear respiratory factor 1 

OPA1             Optic atrophy-1 protein 

OXPHOS        Oxidative phosphorylation 

PBS Phosphate buffered saline 

PI3K               Phosphatidylinositide 3-kinase 

PIP2              Phosphatidylinositol 4,5 bisphosphate 

PIP3                Phosphatidylinositol 3,4,5 trisphosphate 

PFK-1 Phosphofructokinase 1 

PGC-1α

   

Peroxisome proliferator-activated receptor gamma         

coactivator 1 alpha 

PKB  Protein kinase B 

PKC  Protein kinase C 

PKR Interferon-induced protein kinase 

PPARα Peroxisome proliferator-activated receptor alpha 

PPP Pentose phosphate pathway 

PVDF Polyvinyl of fluoride 
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RAGE Receptor for AGEs 

RNA Ribonucleic acid 

RH Recurring hypoglycemia 

ROS Reactive oxygen species 

SD Specified deviation 

SDS Sodium Dodecyl Sulfate 

SDS-PAGE Sodium Polyacrylamide - Dodecyl Sulfate Gel 

Electrophoresis 

SOD  Superoxide dismutase 

STAT-3 Signal transducer and activator of transcription 3  

TAG Triacylglycerol 

TBS Tris buffered saline 

TEMED Tetramethylethylenediamine 

TFAM Mitochondrial transcription factor A 

TNF-α Tumor necrosis factor alpha 

WHO World Health Organization 
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