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ABSTRACT 

 

Type 2 diabetes mellitus (T2DM), a chronic metabolic disease, is reaching 

epidemic proportions and is becoming a worldwide health problem. Despite 30-50% 

of the diabetic population remaining undiagnosed, nowadays, almost 400 million 

people suffer from this disease with consequent severe complications. Major causes 

are lifestyle and diet habits, practicing less exercise and westernizing eating habits, 

including increased consumption of sugars. Retinopathy, nephropathy, neuropathy 

and cardiovascular diseases resulting from insulin resistance, hyperglycemia, 

dyslipidemia, hypertension, systemic inflammation and oxidative stress, are common 

micro-and macrovascular complications observed in T2DM patients. These 

metabolic alterations can start developing years before the onset of diabetes; 

therefore, already in the prediabetic state, characterized by a slight increase in 

fasting plasma glucose levels, it is possible to observe many abnormalities 

associated with T2DM.  

In order to understand the molecular mechanisms underlying insulin 

resistance development in the prediabetic state, we used a prediabetic animal model 

consisting of a sucrose enriched diet (HSu) (35%) during nine weeks. The potential 

impairment in glucose and lipid metabolism evoked by the HSu diet was evaluated in 

isolated adipocytes, liver and skeletal muscle.  

Our results revealed a significantly altered glucose excursion during a 

glucose tolerance test (GTT) in the HSu treated rats. In addition, the insulin-

stimulated glucose uptake in isolated adipocytes was significantly reduced in the 

same animals, as compared to controls. Moreover, several important nodes of the 

insulin signaling cascade were also modulated by the chronic treatment with HSu 
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diet, including hepatic glucose transporter 1, glucose-6-phosphatase and fatty acids 

synthase.  

In conclusion, our findings indicate that a HSu diet might induce at least in 

part impaired glucose tolerance and decreased insulin-stimulated glucose uptake in 

fat cells, together with impaired gluconeogenesis and adipogenesis. These results 

support the idea that the body begins to resent unhealthy lifestyles long before the 

onset of the disease and that prediabetes might be viewed as the main target state 

to prevent the development of T2DM. 

 

Keywords: prediabetes; insulin resistance; high-sucrose diet.  
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RESUMO 

 

A diabetes mellitus do tipo 2 (DMT2) é uma doença metabólica grave, cuja 

incidência tem vindo a aumentar a cada ano, alcançando proporções epidémicas e 

tornando-se um problema de saúde a nível global. Esta tendência Mundial deve-se 

essencialmente ao facto de a população estar a mudar o seu estilo de vida, 

incluindo a praticar menos exercício físico, a ocidentalizar a sua alimentação, 

regendo-se por uma dieta mais rica em hidratos de carbono simples. Apesar de 30 a 

50% das pessoas que sofrem de DMT2 permanecerem ainda por diagnosticar, 

atualmente cerca de 400 milhões de pessoas sofrem desta doença e das 

complicações a ela associadas. As principais complicações micro e 

macrovasculares são a retinopatia, a nefropatia e a neuropatia diabéticas, e as 

doenças cardiovasculares, que resultam de fenómenos como a resistência à 

insulina, a hiperglicémia, a dislipidemia, a hipertensão arterial, a inflamação 

sistémica e o stress oxidativo. Essas alterações metabólicas começam a 

desenvolver-se anos antes do início da diabetes; com efeito, num estado de pré-

diabetes, caraterizado por um aumento subtil da glicemia, já é possível observar 

alterações características da DMT2.  

Com o objectivo de compreender os mecanismos moleculares subjacentes 

ao fenómeno de resistência à insulina num estado de pré-diabetes, estudámos um 

modelo animal obtido através de uma dieta enriquecida em sacarose (35%) durante 

9 semanas. Potenciais alterações, advindas desta dieta, no metabolismo da glucose 

e dos lípidos foram avaliadas através de estudos em tecido adiposo epididimal, 

fígado e músculo esquelético. 
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Os nossos resultados mostraram uma alteração significativa no teste de 

tolerância à glicose nos ratos pré-diabéticos. Paralelamente, verificou-se uma 

redução significativa da captação de glicose em adipócitos isolados nos animais 

tratados, comparativamente aos controlo. A cascata de sinalização da insulina no 

grupo pré-diabético também revelou algumas alterações, nomeadamente ao nível 

do transportador de glucose 1, da Glucose-6-fosfatase e da enzima que intervém na 

síntese de ácidos gordos (FAS). 

Em conclusão, os nossos achados indicam que uma dieta enriquecida em 

sacarose pode induzir intolerância à glucose e redução da sua captação mediada 

pela insulina em adipócitos, bem como perturbações na gluconeogénese e na 

adipogénese. Estes resultados fortalecem a ideia de que o organismo começa a 

ressentir as alterações do estilo de vida muito antes do início da diabetes e que a 

pré-diabetes deve ser encarada como a etapa crucial de intervenção para prevenir o 

desenvolvimento de DMT2. 

 

Palavras-chave: pré-diabetes; resistência à insulina; dieta rica em sacarose. 
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I. INTRODUCTION 

	  
 

1. Diabetes 

1.1 Epidemiology  

 

Diabetes is one of the most common non-communicable diseases, in 

developed countries [1]-[2], directly correlated with economic and industrial 

development [3].  

Elevated socio-economic costs are one of the worldwide 

consequences of diabetes mellitus (DM) due to premature morbidity and 

mortality of those who have the disease. The intrinsic metabolic alterations of 

DM begin much earlier than the manifestation of the disease itself, so many 

years of deterioration of the organism pass before the diagnosis [4]. Also, DM 

is a disease that decreases the quality of life of patient, also decreasing their 

life expectancy by at least ten years [5]. In 2014, diabetes caused 4.9 million 

deaths, every 7 seconds a person died from this disease [6]. 

 In 2014, 387 million individuals had DM, and even more worrying is the 

fact that 30 to 50% of the diabetic population remains undiagnosed making 

these numbers an underestimation [5] - [6]. 

  In addition, the last report of the International Diabetes Federation 

(IDF) indicates an expected increase in the number of diabetics by an 

additional 205 million until 2035, raising the current number of 387 million to 

592 million (Figure 1). This increase will be more pronounced in Africa and the 
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Western Pacific due to their late lifestyle modification toward a Western diet 

also in addition to lack of exercise [6], [7].  

 

Figure 1. Wordlwide diabetes incidence. (http://www.idf.org) 

 

  In Portugal, in 2013, 40% of the population between the ages of 20 and 

79 were diagnosed as prediabetic or diabetic. Specifically, 13% of individuals 

had diabetes and 27% already had prediabetes (Figure 2) [8]. In addition, 

both prediabetes and diabetes have been increasing in prevalence since 

2009, when the percentages were 11.7% and 23.2%, respectively [9]. 
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Figure 2. Prediabetes and diabetes prevalence in Portugal in 2013. (TDG – 

Impaired glucose tolerance; AGJ – Impaired fasting Glucose). (Observatório 

Nacional da Diabetes – Relatório Anual do Observatório Nacional da Diabetes 

2013). 

	  

1.2 Classification 

 

Diabetes can be classified in four general categories [4]: 

a) Type 1 diabetes mellitus (T1DM) 

Due to beta-cell destruction, usually leading to absolute insulin 

deficiency. 

b) Type 2 diabetes mellitus (T2DM) 

Due to a progressive insulin secretory defects, as well as insulin 

resistance. 

c) Gestational diabetes mellitus (GDM) 

Diabetes diagnosed in the second or third trimester of pregnancy that 

is not clearly overt diabetes. 

d) Specific types of diabetes due to other causes  
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Neonatal diabetes and maturity-onset diabetes of the young [MODY]), 

diseases of the exocrine pancreas (such as cystic fibrosis), and drug or 

chemical-induced diabetes, such as in the treatments used for HIV/AIDS or 

immunosuppression after organ transplantation. 

 

1.2.1 Type 1 diabetes mellitus  

 

According to the American Diabetes Association (ADA), this form of 

diabetes accounts for a small percentage, 5-10%, of the total diabetes cases 

[1]. T1DM results from an autoimmune reaction to proteins of the pancreatic 

beta-cells, and their consequent destruction. Moreover, insulin resistance can 

also be present [4]. Insulin therapy is needed in order to keep the survival of 

patients [10]. 

T1DM appears usually early in life, between 4-5 years of age. It can 

also be diagnose during the teenage years or even appear in some cases in 

early adulthood [7] and the most common symptoms are: 

• Abnormal thirst and a dry mouth 

• Frequently urination 

• Lack of energy, extreme tiredness 

• Constant hunger 

• Sudden weight loss 

• Slow-healing wounds 

• Recurrent infections 

• Blurred vision 
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However, T1DM patients can normally have a common healthy life 

with a combination of daily insulin therapy, close monitoring of glucose levels, 

healthy diet and regular physical exercise [11]. 

           

1.2.2 Type 2 diabetes mellitus  

 

  T2DM is the most prevalent type form of diabetes, affecting 90-95% of 

all the diabetic population [1]. It has also been known as non-insulin-

dependent diabetes. It is characterized by insulin resistance and in some 

cases, deficient insulin secretion. Usually T2DM patients do not need insulin 

treatment to control the disease [4]. The etiology of T2DM is not clearly 

known, however, there are some inherent characteristics, such as lifestyle 

choices, physical inactivity and obesity (Figure 3) but the symptoms are well 

known (Figure 4). 
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Figure 3. Risk factors in the development of T2DM. HDL, high-density lipoprotein 

cholesterol; PCOS, polycystic ovarian syndrome; TG, triglycerides [10]. 

 

 

 

 

 

 

 

Figure 4. T2DM symptoms. (http://www.stopchildhoodobesity.com) 

 

Furthermore it is possible to see a correlation between the epidemic 

rise in obesity during the last decade and the increase in individuals with 

Type 2 
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T2DM. Obesity, particularly visceral obesity, together with physical inactivity, 

can lead to insulin resistance and ultimately to the diabetic state particularly in 

those with deficiency in insulin secretion [10]. Advanced age is also one of the 

factors that can predispose to diabetes, probably because it is correlated with 

greater levels of physical inactivity. First-degree relatives (FDR) are more 

susceptible to developing diabetes at an earlier stage, because of the shared 

features of lifestyle, and in a more severe form, resulting from the genetics 

involved and from the western lifestyle characteristics, such as poor diet and 

lack of exercise [12]. Also, studies [13], have shown a decrease (>50%) in the 

insulin receptor substrate (IRS1) of FDR individuals when compared to a 

matched control group and, this decrease in the IRS1 is also associated to a 

markedly insulin resistance. 

FDR of diabetic patients also have an increased risk of developing 

diabetic complications. The risk can reach 50% [10] since they have a greater 

chance to carry the genetic predisposition for the disease [13] - [14] and its 

complications. 

Non-diabetic FDR have been extensively studied, once they present 

some of the metabolic alterations found in their diabetic relatives, like insulin 

resistance, beta-cell dysfunction, obesity and impaired glucose tolerance, 

compared with healthy subjects without a family history of diabetes [16], [17]. 

Those FDR subjects are also important to search others alterations that can 

be used as markers for T2DM and predict the development of this disease 

[18]. 

It seems that insulin resistance may be the first alteration present in 

the disease, and this alteration could be already observed in lean offspring of 
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T2DM patients at high risk for the development of this disease, with ages 

rounding twenty three years of age, with similar anthropometric 

measurements, among, body mass index (BMI), waist-to-hip ratio and percent 

body fat, and with normal glucose tolerance [19]. Also, reduced insulin 

sensivity is related to early alterations in adipogenesis of non-obese first-

degree relatives of subjects with T2DM, who has presented enlarged adipose 

cells, relating this alteration to insulin resistance [20].   

 

1.2.3 Gestational diabetes mellitus 

 

GDM generally appears in the latter half of gestation. Obesity, 

advanced maternal age, family history of T2DM, previous history of GDM or 

complications in a previous pregnancy are the risk factors for this type of 

diabetes which is characterized by a carbohydrate intolerance that can be of 

different severity [21]. This diabetic manifestation could bring several 

complications to the mother and to the fetus in the short and long term. The 

fetus can suffer from hyperbilirubinaemia, and hypoglycaemia, which can lead 

to serious neurologic injuries [22]. Moreover, hyperglycaemia could also surge 

as a result from the maternal hyperglycaemia causing increased fetal body 

mass causing difficulties during delivery and deterioration of pulmonary 

maturation, and therefore, respiratory distress syndrome. In addition, the fetus 

can develop obesity and diabetes just as the mother who also has an 

increased risk of around 50%, for T2DM. Hyperglicemia is present in 13% of 

pregnant women, per year, 0.1% have T1DM, 2-3% have T2DM and 12% 

have GDM, making this the most common problem during pregnancy [23]. It 
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has been described that 50% of the women who had T2DM during pregnancy 

already had GDM during a previous pregnancy. Therefore, it is extremely 

important to do an early diagnosis of GDM in order to prevent the 

development of other severe forms of diabetes, by introducing lifestyle 

changes to both the mother and the child [24].  

 

1.2.4 Specific types of diabetes due to other causes  

 

Monogenic diabetes is the outcome of one or more mutations that 

occurs on a single gene, mutations can be dominantly or recessively 

inherited. This form of diabetes only accounts for 1-2% of total diabetic cases 

and 90% of the time are misdiagnosed as T1DM or T2DM. They’re due to 

monogenic defects that cause beta-cell dysfunction and are characterized by 

hyperglycaemia at an early age [10]. 

Neonatal diabetes is diagnosed during the first 6 months of life, 

resulting of mutations of genes involved in beta-cell development and function 

and it could be permanent or transient, taking into account its cause. This is 

rare form of diabetes, affecting 1 in 100 000-200 00 live births [10]. A 

permanent forms is commonly due to a defect in the gene encoding the Kir6.2 

subunit of the beta-cell KATP channel while the more transient form of this 

disease is a defect on ZAC/HYAMI imprinting [4]. The transient form is a 

result of abnormalities in chromosome 6 and is characterized by low birth 

weight and umbilical hernia. Those patients are treated with insulin for about 

twelve weeks until they’re treated, however, later in life, 50-60% of the cases 

diabetes returns resulting of beta-cell dysfunction [10]. 
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Maturity-onset diabetes of the young (MODY) is an autosomal 

dominant form of inherited diabetes not dependent of insulin, normally 

diagnosed before the age of twenty-five and it can be now related with 

mutations in, at least, eight genes. It has also been characterized by impaired 

insulin secretion but slight or no defects in insulin action. Those mutated 

genes intervene in the encoding of glucose sensing enzyme glucokinase (GK) 

and in several transcription factors that affects beta-cell development and 

function. Glucokinase is an important enzyme involved in glucose metabolism 

in beta cells and in the liver, converting glucose to glucose-6-phosphate, 

which will stimulate insulin secretion by beta-cells [4], [7], [10]. 

 

2. Diabetes and complications 

 

DM is one of the most concerning health problems worldwide. 

Diabetes is a metabolic disorder that has multiple causes, such as genetics 

and environmental factors, like obesity and sedentary lifestyle. It is 

characterized by chronic hyperglicemia and alterations in carbohydrate, fat 

and protein metabolism, due to an impairment on insulin action, insulin 

secretion or even both [10].  

These metabolic changes, can in the long term, result in other serious 

complication: the microvascular, such as diabetic retinopathy, diabetic 

nephropathy and diabetic neuropathy that can dangerously progress to foot 

ulcers and amputation; and the macrovascular, like cardiovascular disease 

due to insulin resistance, hyperglicemia, dyslipidemia, hypertension, systemic 

inflammation and oxidative stress (Figure 5.) [25]. 
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Figure 5. Major diabetic complications. (http://www.leicestershirediabetes.org.uk) 

 

3. Diabetes-associated healthcare costs 

 

The economic burden of DM for the healthcare system should be an 

incentive to change, betting on prevention instead treatment.   

According to ADA, in USA is estimated that the healthcare costs of 

diabetes increased from 174 billions to 245 billions in 2012 (US Dollars) [26], 

numbers that not only reflect the increasing epidemic as the urgency in stop it. 
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In Portugal, in 2013, and according to the numbers of the 6th edition of 

the IDF Diabetes Atlas, healthcare spent on diabetes was around 1,713 

million euros, 10% of the total healthcare expenses [9]. 

 

4. Insulin resistance  

 

Insulin resistance is a major risk factor for the development of T2DM 

and it is caused by a reduced response of insulin-target tissues to the 

stimulation of this hormone [27]–[29]. Both in the fasting and in the fed state, 

peripheral glucose uptake, suppression of serum triglyceride production by 

very low density lipoprotein (VLDL), usually mediated by insulin are impaired 

[10], [13], [28]. Skeletal muscle is the first tissue that presents defects in 

insulin action, involving the glycogen synthetic pathway, which has been 

showed by studies in the offspring of two diabetic parents, revealing that 

insulin resistance in these individuals is of similar degree to that seen in type 

2 diabetic patients [27], [28]. 

In adipose tissue, insulin resistance increases lipolysis which will 

increase the release of non-esterified free fatty acids (NEFAs), that, in turn, 

will act on the liver and skeletal muscle, impairing glucose metabolism 

mediated by insulin in these tissues [10]. The increase in NEFAs can lead to 

hyperglycemia aggravation due to interactions of NEFAs with the insulin 

mediated glucose uptake. Under physiological conditions, skeletal muscle is 

the major consumer of glucose – around 90% while adipose tissue retains 

about 10%. However, in insulin resistant states, with high levels of plasma 

NEFAs, there is an accumulation of NEFAs, as triglycerides, in this tissue 
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[30], [31]. Furthermore, high plasma concentrations of NEFAs, also results in 

their accumulation in liver as triglycerides leading to two risky situations: 

hepatic steatosis and stimulation of gluconeogenesis that will increase plasma 

glucose levels [30], [32], [33]. In addition, adiponectin is a protein synthesized 

by adipose tissue and described as anti-inflammatory, antidiabetic and with 

antiatherogenic properties. This molecule is reported has being decreased in 

T2DM and in insulin resistance states and, more importantly. It has been 

pointed out as a good predictor for the development of hyperglycemia [34]–

[36]. Adiponectin acts on liver, due to its anti-inflammatory and insulin-

sensitizing capacity, decreasing fat depots in this tissue. 

The postprandial glucose metabolism in T2DM patients is also 

impaired. In fact, under physiological conditions, endogenous glucose 

production is inhibited after food intake; however, in insulin resistant 

individuals, this mechanism is not totally inhibited [10]. Also, insulin resistance 

in the liver is the main factor that causes non-alcoholic fatty liver disease 

(NAFLD), which is also associated to impaired gluconeogenesis and is also 

known that accumulation of lipids, that could be released by adipose tissue in 

lipolysis, on the liver leads to a decrease in insulin sensivity [37]. Insulin 

resistance in liver is also characterized by an impaired inhibition, by insulin, of 

very low density lipoprotein production that leads to hypertriglyceridemia [10]. 

 

5. Prediabetes, impaired fasting glucose and impaired glucose tolerance 

 

The term prediabetes has been largely nonconsensual. In 1980, the 

World Health Organization (WHO), rejected the term pointing to the fact that 
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having high risk factors such as increased glucose levels was no reason for 

alarm because it may not necessarily progress to the diabetic state, and this 

discussion still persists nowadays. On the other hand, the ADA, in 2005, 

returned with the term, using it to define individuals with impaired fasting 

glucose (IFG) and impaired glucose tolerance (IGT), however, other risk 

factors were not considered at that time by ADA [38]. Later, in 2008, WHO 

suggested another equivalent term for prediabetes: intermediate 

hyperglycemia to define IFG and IGT. However, presently the ADA is not only 

taking into account the IFG and IGT terms but, it has added yet another 

condition, glycated hemoglobin (HbA1c) [38]–[40]. 

Thus, prediabetes or intermediate hyperglycemia is a high-risk state 

for the development of diabetes and they can be diagnosed through screening 

for IFG, IGT and HbA1c values. The fasting glucose levels should be 

evaluated after an overnight of at least 8 hours; moreover, patients should 

avoid factors that can alter carbohydrate metabolism, like exercise and the 

consumption of caffeine. The fasting glucose levels that are indicative of the 

prediabetic state are in the range of 100 - 125 mg/dL.  In addition, the plasma 

glucose levels should be registered 2 hours after a 75g oral glucose tolerance 

test (OGTT), taken in the morning also after an overnight fast and the 

respective values should be between 140–199 mg/dL [40]. People with IGT 

have 60% of risk for developing diabetes within ten years and also 50% 

chance for coronary heart disease [41].  

The HbA1c can be a marker for diabetes risk as well as microvascular 

complications. Already in 1993 the Diabetes Control and Complications Trial 

stated the importance of HbA1c, but only more recently in 2009 it was 
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recommended as a diagnosis for diabetes by the International Expert 

Committee [42], [43]. Diabetes complications are more likely to appear in 

patients with HbA1c ≥ 6.5%, the critical value indicating the presence of 

diabetes. Patients with HbA1c between 6%-6.4% are at higher risk of 

developing diabetes [42], [44]. This test evaluates the hemoglobin levels 

present in blood within the past 1-3 months [45], by measuring the 

concentration of hemoglobin molecules that are attached to glucose, 

presented in percentage [42]. 

Evaluation of HbA1c levels should be performed under a method 

certified by the National Glycohemoglobin Standardization Program (NGSP) 

and standardized to the Diabetes Control and Complication Trial (DCCT) 

assay. The values of HbA1c indicative of a prediabetic state are normally 

within the range of 5.7% and 6.4%, as previously stated [38]–[40], [46]. 

 

Figure 6. Blood test levels for diagnosis of diabetes and prediabetes.  

(Adapted from National Diabetes Information Clearinghouse, 

http://www.niddk.nih.gov/Pages/default.aspx). 

 

A gradual increase in these values is indicative of an increased risk of 

developing diabetes; however the risk increases in proportion of the quantity 
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of altered tests. Which means that the risk is greater if, alterations are 

detected in several tests 

The discussion around the prediabetes term and condition is due to 

the unpredictable character of its progression to diabetes. This condition does 

not represent an actual disease state; just an elevated risk for diabetes and 

therefore it does not imply a treatment. In addition, despite the high risk, the 

disease may never reveal itself in some of the people while in others it may 

progress to the diabetic state. Furthermore, the risk of prediabetic individuals 

becoming diabetic is quite comparable to the risk that other individuals have 

to develop diabetes, without this condition but having other risk factors, such 

as family history, cardiovascular diseases, obesity, hypertension, history of 

gestational diabetes mellitus history, polycystic ovary syndrome and others 

[38], [47], [48]. 

There are studies that focus on risk of progression from the 

prediabetic to the diabetic state and, despite the distinct results – probably 

due to the population under study, the difference in age of the groups studied 

or the obesity level, for example – in general, it has been observed that about 

25% of prediabetic individuals with either IFG or IGT evolve to T2DM in a time 

range of 5 years, 50% maintain the prediabetic condition and only 25% revert 

to normal and healthy values [25]. 

Studies aiming at preventing the progression of prediabetes to 

diabetes and its associated complications focus in lifestyle modifications, like 

weight loss, increase of physical activity, changes in diet and even 

pharmacological intervention with antidiabetic drugs had different approaches, 

varying in the alterations of lifestyle [39]. In some cases those alterations were 
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made individually, in others, in order to do a more complete intervention, were 

combined more factors, like diet change, increase physical activity and also 

the intake of antidiabetic drugs [25]. 

Studies lasting three years in which prediabetic individuals were 

followed with the aim of changing toward a healthier lifestyle and diet have 

shown positive results. Subjects achieved a decrease in 58% for the risk 

factors toward diabetes, and improved their insulin sensitivity and pancreatic 

beta-cell function [49]. 

It is estimated that in the USA prediabetes affects around 57 million 

people [39], while worldwide in 2010, only taking into account IGT and age 

ranges of 20-79, it was estimated that 344 million individuals were prediabetic 

[50]. Moreover, the prediction for 2030 is that there will be about 472 million 

prediabetic individuals, and according to ADA, 70% of the prediabetic people 

will develop T2DM [38], [47]. These values are alarming and it means that the 

prevalence of diabetes is greatly increasing. Therefore, it’s crucial to develop 

early interventions for people with prediabetes, mainly by lifestyle alterations, 

in order to reverse the high diabetes risk (Figure 6.) [25]. 

 

6. Glucose metabolism 

6.1 Insulin action 

 

Insulin signaling begins with the secretion of the hormone by the 

pancreatic beta cells in response to high glucose levels, particularly after a 

meal. Next, insulin binds with high affinity to the insulin receptor (IR), and the 

receptor is autophosphorylated, recruiting and phosphorylating other 
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important cellular proteins as the insulin receptor substrate (IRS) family, in 

which IRS1 is one of the most important [10]. Previous studies have shown 

that T2DM and insulin resistance are associated with low cellular IRS1 [16], 

[18], [51]. IRS1 knockout homozygous animal models showed, 

hyperinsulinemia when compared with IRS1 heterozygous knockout and wild 

type animals, although no alterations in blood glucose levels. The phenotype 

of IRS1 whole body knockout mice seems to have some similarities with 

T2DM and the insulin resistant prediabetic state [52], [53]. The IR is 

inactivated by dephosphorylation by regulatory tyrosine phosphatases such 

as PTP1B (protein-tyrosine phosphatase 1B) leading to reduced 

activity/insulin signaling. Animal models with deficiency for PTP1B proteins 

have a higher insulin sensivity and have an improved insulin signaling and 

insulin sensivity in vivo. Also, whole body PTP1B knockout mice are also 

resistant to diet-induced obesity [54], [55]. All this associated modulation of 

insulin sensivity and obesity reduction suggests PTP1B a potential therapeutic 

target of T2DM [54].  PI3- Kinase (PI3K) has a regulatory (p85) and a catalytic 

(p110) subunits. Tyrosine phosphorylation of IRS1 leads to recognition of it 

from the regulatory subunit, p85, of PI3K, which, in turn will cause the 

production of phosphatidylinositol 3,4,5-trisphosphate (PIP3) by the catalytic 

subunit, a second messenger that will activate a serine/threonine 

phosphorylation cascade [56]. One of its targets is the Ser/Thr kinase PDK1, 

which phosphorylates and activates several down-stream kinases, including 

Akt/protein kinase-B (PKB) [55] (Figure. 7).  

Akt/PKB is a serine/threonine kinase and its activation occurs through 

phosphorylation of Thr308 and Ser473. Active Akt/PKB mediates insulin 
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action by phosphorylation of substrates, such as kinases, signaling proteins 

and transcription factors. Some studies have reported a decreased insulin 

mediated phosphorylation of Ser473 or Thr308 in liver and skeletal muscle of 

patients with T2DM [57], [58] and insulin resistant states [59]. One of the 

Akt/PKB targets is GSK3 (Glycogen synthase kinase-3), a protein involved in 

glycogen synthesis. Akt/PKB plays an important role in the insulin-stimulated 

glucose uptake into adipocytes and muscle cells and this process seems to 

occur through phosphorylation and inhibition of the Rab-GTPase-activating 

protein, AS160 (for Akt substrate of 160 kDa). This will cause the activation of 

small Rab GTPases important for the cytoskeletal re-organization that is 

important for the translocation of glucose transporter 4 (GLUT4) to the plasma 

membrane, allowing for glucose uptake [58], [60] (Figure. 7). Studies have 

shown that phosphorylation of AS160 is reduced in patients with T2DM, 

leading to insulin resistance [60], [61]. 

Furthermore, Akt/PKB also phosphorylates and inactivates tuberin 

(tuberous sclerosis complex-2, TSC2) which complexes with hamartin 

(TSC1). This complex, TSC1/2, works as an inhibitor of the mammalian target 

of rapamycin (mTOR). Thus, when the Akt/PKB is active, it phosphorylates 

the TSC1/2 complex, no longer inhibiting mTOR (Figure. 7).  

mTOR has the capacity to regulate protein and lipid synthesis by 

phosphorylating other proteins, such as p70 ribosomal protein S6 kinase 

(P70S6K) and eukaryotic translation initiation factor 4E binding protein-1 

(EIF4EBP1) [55]. 

Moreover, Akt/PKB is also involved in the gluconeogenic process 

through mediated activation of the forkhead (FOX) class of transcription 
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factors, of which FOXO1 is one of them. FOXO1 will both activate 

gluconeogenic genes in liver and inactivate adipogenesis in adipose tissue, 

which is reversed by phosphorylation mediated by insulin [55] (Figure. 7).  

 

Figure 7. Insulin signaling pathway. Adapted from ref. [55]. 

 

6.2 Gluconeogenesis  

 

Some tissues depend almost completely on glucose for their 

metabolic energy, as the case of the brain. During short periods of fasting, the 

liver produces and releases glucose mostly by glycogenolysis [37]. However, 

in some cases, as longer periods of fasting and in between meals or after 

vigorous exercise, the supply of glucose runs out and in these occasions, the 

organism needs to make glucose from noncarbohydrate molecules to 

maintain the blood glucose levels stable and avoid hypoglycemia [62]. 
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Gluconeogenesis is the pathway by which new glucose is 

synthesized, and is a process usually mentioned as endogenous glucose 

production (EGP), since glucose is synthetized de novo by the liver (Figure. 

8). In this process, new glucose molecules are produced from simple carbons 

as lactate, alanine and glycerol. Insulin suppresses gluconeogenesis, so, in 

case of low insulin states, as in the post-absorptive state, tissues don’t take 

up glucose, and it is oxidized or suffers glycolysis to be converted into alanine 

and lactate that will be used by the liver for gluconeogenesis [10], [63]. 

Lactate is converted to pyruvate by lactate dehydrogenase and it is 

transformed into oxaloacetate by pyruvate carboxylase inside the 

mitochondria. Then oxaloacetate is reduced to malate by mitochondrial 

malate dehydrogenase and it goes to the cytoplasm to be oxidized by 

cytoplasmic malate dehydrogenase to regenerate oxaloacetate. In turn 

cytoplasmic oxaloacetate is converted to phosphoenolpyruvate by 

cytoplasmic phosphoenolpyruvate carboxylase (PEPCK-C), a key step of 

gluconeogenesis. This step is so important that is has been proven that 

deletion of PEPCK-C leads to death within 3 days after birth. 

Phosphoenolpyruvate is next converted into fructose 1,6-biphosphate (F1,6P) 

which is then dephosphorylated by fructose 1,6 bisphosphatase (FBPase) to 

generate fructose-6-phosphate (F6P). F6P is converted to glucose-6-

phosphate (G6P), transported into the endoplasmatic reticulum (ER), and 

dephosphorylated by G6Pase to generate glucose [10], [37]. Mice with 

hepatocyte-specific deletion of G6Pase develop hyperlipidemia and hepatic 

steatosis [36]. 
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FOXO1 is one of the transcription factors responsible for stimulating 

the expression of phosphoenolpyruvate carboxylase, G6Pase and 

peroxisome proliferator γ- activated receptor coactivator 1-α (PGC-1α). 

Studies have shown that FOXO1 knockout mice have decreased 

glycogenolysis and gluconeogenesis in the fasted state leading to low levels 

of plasma glucose [37]. 

 

Figure 8. An overview of gluconeogenesis. 

 

In diabetes, both in fasting as in the postprandial state, there is an 

increased endogenous glucose production, which contributes to the 

characteristic hyperglycemia [63], [64]. In addition, studies [65] have shown 
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that prediabetic subjects already have, abnormalities in glucose production 

resulting from an increased gluconeogenesis [10]. 

 

 

6.3 Glycogenesis and glycogenolysis 

 

Insulin has the capacity to stimulate glucose uptake and storage it as 

glycogen in the fed periods – glycogenesis [10] (Figure. 9). Hepatic cells have 

GLUT2, a plasma membrane glucose transporter that allows glucose to enter 

into these cells to be phosphorylated by glucokinase (GK) and converted into 

glycogen by glycogen synthase (GS), decreasing plasma glucose levels. GS 

is activated by phosphorylation of Akt, which inactivates glycogen synthase 

kinase 3 (GSK-3) leading to an increased glycogen synthesis. Also, insulin 

restrains glycogenolysis by inhibiting glycogen phosphorylase and increasing 

levels of G6P [37], [62]. 

While in the fasted state, another mechanism occurs – 

glycogenolysis, which is the conversion of glycogen into glucose by glycogen 

phosphorylase (Figure. 9). Insulin levels are low and GS is inhibited unlike 

glycogen phosphorylase, which is activated in the fasted state [37], [54].   
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Figure 9. Insulin pathways involved in glycogen synthesis, gluconeogenesis 
and glycolysis, in the liver. Borrowed from ref. [10]. 

 

7. Lipid metabolism 

	  

7.1 Lipogenesis 

 

The accumulation of fat in adipocytes is a mechanism that results 

from the balance between triglyceride synthesis (fatty acid uptake and 

lipogenesis) and breakdown (lipolysis/fatty acid oxidation). Lipogenesis is the 

process where glucose is transformed into fatty acids and triglycerides are 

synthetized (Figure. 10). Lipogenesis occurs in both adipose tissue and liver 
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trough stimulation of insulin [10], [32], [66]. Periods of fasting or excess of 

food intake modulates the expression levels of lipogenic genes, which can 

explain the low plasma levels of glucose and elevated levels of free fatty acids 

during fasting. Plasma glucose levels stimulate lipogenesis trough several 

processes. As mentioned before, glucose is involved in lipogenesis when it is 

transformed into acetyl-coA, promoting fatty acid synthesis. Furthermore, 

glucose stimulates lipogenesis by inducing the release of insulin and inhibiting 

the release of glucagon, a hormone released by pancreatic alpha-cells that 

opposes the action of insulin and stimulate glycogenolysis (degradation of 

glycogen), gluconeogenesis (glycerol conversion to glucose) and lipolysis 

(release of glycerol and fatty acids from triglycerides) [37], [67]. 

Insulin plays an important role in lipogenesis, increasing glucose 

uptake into adipose tissue, augmenting the disposal of glycerol and fatty acids 

that will be used for triglycerides synthesis. Besides this, insulin can also 

modulate important lipogenic and glycolytic enzymes by post-translational 

modifications and it regulates gene expression. Insulin activates, by 

phosphorylation, the Akt/PKB pathway by increasing lipogenesis and inducing 

the expression of FAS, an important enzyme involved in the de novo 

lipogenesis, as well as in the conversion of acetyl-coA and malonyl-coA into 

long-chain fatty acids, and sterol regulatory element-binding protein 1 

(SREBP-1), which is a transcription factor that regulates genes involved in the 

synthesis and uptake of fatty acids and triglycerides [68]. SREBP-1 and 

ChREBP are regulators of de novo lipogenesis, intervening in the activity of 

many enzymes, such as acetyl-coA carboxylase (ACC) and FAS.  
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FAS is a key enzyme for lipogenesis responsible for the de novo 

synthesis of long chain saturated fatty acids [32]. While SREBP-1 is activated 

by insulin, ChREBP is activated by glucose. Thus, simultaneous states of 

hyperinsulinemia and hyperglicemia promote lipogenesis [66]. FAS activity is 

also regulated by peroxisome proliferator-activated receptor g coactivator 1 α 

(PGC-1α) which promotes lipid oxidation and increases lipogenesis in muscle 

[66] [69]. Studies have shown that PGC-1α is decreased in insulin resistant 

states and that is also involved in obesity [70]. 

CD36 plays an important role in regulating cellular uptake of free fatty 

acids that will lead to storage and release of triglycerides in adipose tissue 

[66], [71]. However, when the amount of FFA exceeds the storage capacity of 

adipose tissue, these FFA are transported to other tissues, such as skeletal 

muscle and liver, resulting in decreased insulin sensitivity in those tissues 

[71]. Previous studies with animal models of hyperinsulinemia reported an 

increase of hepatic CD36 expression correlated to hepatic steatosis and 

insulin resistance [72]. 

Moreover, another important transcription factor in adipose tissue is 

the family of peroxisome proliferator-activated receptors (PPAR). They have 

important roles in the regulation of glucose levels, fatty acid and lipoprotein 

metabolism, cell proliferation, differentiation and inflammation. PPARα is 

expressed in tissues with high levels of fatty acid catabolism. It regulates the 

transcription of genes involved in glucose metabolism in many tissues, such 

as the liver and skeletal muscle [73]. PPARδ, also known as PPARβ, is not 

only very expressed in the liver and skeletal muscle but also in adipose tissue. 

Activation of this receptor in the liver seems to decrease hepatic glucose 
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output contributing to glucose tolerance and improvement of insulin sensitivity. 

Recent studies have shown that knockout mice for PPARβ have glucose 

intolerance and treatments with PPARβ agonist have decreased free fatty 

acids and improved insulin sensitivity in mice and in moderately obese men 

[73]. 

 Peroxisome proliferator-activated receptor gamma (PPARg) is 

activated by fatty acids and is involved in the maturation of pre-adipocytes into 

mature fat cells – adipogenesis – and also in lipogenesis. Studies have shown 

that dysregulation on this molecule leads to alterations in lipid storage and 

mobilization, the main problem of obesity [32]. In postprandial states, PPAR g 

is highly expressed and its activation modulates genes that mediate fatty 

acids uptake and storage. Subjects with metabolic alterations, such as insulin 

resistance and obesity, have decreased PPAR g levels in both fasting and 

postprandial periods.  

Diacylglycerol acyltransferase 1 (DGAT1) is an enzyme that catalyzes 

the final step of triglycerides formation. Previous studies reported that DGAT1 

knockout mice, although viable, have a decrease in triglyceride synthesis and 

an increase in insulin sensitivity [74].  

 

7.2 Lipolysis  

 

Lipolysis equilibrates the metabolic fuels, such as glucose and free 

fatty acids according to the energy needs of the cell and insulin has a crucial 

role on it due to its antilipolytic action. When an organism goes through fasting 

periods, the liver and skeletal muscle use FFAs as fuel and convert it into 
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ketones bodies that will replace the glucose needed by the nervous system. 

Adipose tissue produces and releases NEFAs and glycerol from stored 

triglycerides and this conversion is done by hormone-sensitive lipase (HSL) 

[30], [37]. Instead, during feeding, this mechanism is decreased and 

triglycerides are stored [10], [37], [75].  

Lipolysis is impaired in states of insulin resistance and in T2DM due 

to in part the lack or ability of insulin to stimulate glucose uptake into target 

tissues, such as skeletal muscle and adipose tissue, and effectively inhibit 

lipolysis in fat depots, leading to increased fatty acids in circulation [33].    

 

 

Figure 10. Insulin action in lipolysis and lipogenesis. Borrowed from ref. [10]. 
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8. The impact of western diet on insulin resistance and prediabetes 

  

Going back to the late seventies, when the low-fat diet was 

recommended to American citizens it has been possible to see a massive 

increase in obesity and diabetes, nearly doubling their numbers, until now 

(Figure 11 and 12.) [76], [77].  

 

Nowadays, a low-fat, high carbohydrate diet in association with 

exercise is still the recommendation for a healthy lifestyle. However, rich 

carbohydrate diets are associated with several health problems as 

postprandial plasma glucose and insulin secretion, thereby increasing risk of 

CVD (cardiovascular disease), hypertension, dyslipidemia, obesity and 

diabetes [78], [79]. 

However, not all carbohydrates are identical. They’re classified as 

simple or complex, according to their chemical structure. The complex 

carbohydrates are the most recommended for a good diet, on the other hand, 

simple carbohydrates should be avoided, because as they are absorbed more 

quickly cause a more rapid postprandial glucose response [80]. 

It is interesting to see that this obesity and diabetes epidemic started 

around the time that those guidelines were recommended [76], [77], when 

people started to leave the traditional food, high in fat, like butter and lard and 

began to consume processed food low in fat but with high percentage of 

simple sugar [81]. 
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Figure 11. Diabetes progression over the last 50 years. 

(http://drtouchinsky.com/2010/02/25/health-stats-and-trends-of-our-united-states-of-

america/) 

 

 

 

Figure 12. Obesity epidemic since the seventies. Borrowed from ref. [76]. 
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Many studies have shown that low fat diets are neither efficient on 

weight loss nor on health improvement when compared with low carbohydrate 

diet [82]–[85], showing that low carbohydrate diets have greater 

improvements on insulin sensivity and triglycerides levels [86] even showing 

good results on reversing T2DM and the control of glycemic levels [87]. In 

addition, it has been reported that western diets, moderate in fat cause insulin 

resistance and body weight increase of about 60% [88], [89]. Moreover, other 

studies comparing a mediterranean diet, based on the consumption of 

minimally processed foods, high consumption of vegetables, fruits, unrefined 

grains, fish, vegetable proteins, vegetable fats mainly from olive oil, moderate 

consumption of red wine, and western diet, rich in meat, processed foods, and 

sweets, have shown that the mediterranean diet could have a protective role 

regarding the metabolic syndrome [90]. The molecular mechanisms by which 

simple sugars cause insulin resistance and prediabetes is still not very well 

understood. Therefore we sought to study this phenomenon in an animal 

model of prediabetes. 

 

9. Aim of the study 

 

In light of the above and taking into account the high prevalence of 

insulin resistance and prediabetes in our society, pivotal pathological states 

that precede diabetes but that are still poorly understood, we sought to 

evaluate some of the mechanisms underlying the development of insulin 

resistance in insulin responsive tissues. Using an insulin resistant and 
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prediabetic rat model, we focused our studies understanding glucose and lipid 

metabolism, in adipose tissue, liver and skeletal muscle. 
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II. MATERIALS & METHODS  

  

 

1. Animal model and diet  

 

Adult (16 weeks old) male Wistar rats (Charles River Laboratories, 

Barcelona, Spain) were used for our study. Animals were housed in the animal 

facility of the Laboratory of Pharmacology and Experimental Therapeutics (IBILI, 

Faculty of Medicine, University of Coimbra) and kept at a constant temperature (22-

23°C) and light (12:12-h light-dark cycle).  

After 1 week of acclimatization, animals were randomly divided into two 

groups: control group (n=12) and the HSu group (n=10). All the rats have received 

standard rat chow (containing 16.1% protein; 3.1% lipids; 3.9% fibers and 5.1% 

minerals, (AO4 Panlab, Barcelona, Spain) and water ad libitum. During 9 weeks of 

treatment, the control group received tap water and the HSu group received 35% 

sucrose (S0389; Sigma-Aldrich) in the drinking water. The body weight (BW) of 

animals and the amount of ingested chow were registered weekly (on mondays) 

during the 9 weeks of treatment, using an analytical balance (KERN CB 6 K1, 

Germany). The volume of water and sucrose solution ingested by animals was 

controlled three times a week (on mondays, wednesdays and fridays). All 

experiments were conducted according to the National and European Directives on 

Animal Care, as well as, to the local ethics authorities. 

 

2. Glucose tolerance test 

	  
After a fasting period of 6h rats were given an intraperitoneal (i.p.) injection 
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with a glucose bolus of 2g/kg of a glucose solution of 0.6 g/ml. The blood glucose 

levels were measured from the tail vein and the samples were taken before (0 min) 

the bolus and 15, 30, 60, and 120 min after the glucose injection using a glucometer 

(AccuChek Active, Roche Diagnostics Inc., Indianapolis, IN, USA) [91]. 

 The area under the curve (AUC) for the GTT was calculated through the 

trapezoidal method [92]. 

 

3. Insulin tolerance test  

	  
This test was performed after a 6h, food removal and blood glucose levels 

were measured after an i.p injection of insulin (Novo Nordisk, Lisbon), 0.75 U/kg. 

Glucose values were evaluated from the tail vein blood and taken immediately 

before (0 min) and after 15, 30, 45, 60 min of the i.p administration of insulin. The 

blood glucose levels were evaluated with a glucometer (AccuChek Active, Roche 

Diagnostics Inc., Indianapolis, IN, USA) [91]. 

 

4. Sacrifice and tissue samples collection  

	  
At the end of treatment (week 9) and after an overnight fasting period, rats 

BW was measured and control and HSu animals were subdivided in two groups. 

One subgroup (Control – n=6; HSu-treated rats – n=5) received an i.p. insulin bolus 

(10 U/kg) and 10 min after the insulin bolus, animals were sacrifice by cervical 

dislocation. The other subgroup (Control – n=6; HSu-treated rats – n=5) received an 

i.p. saline injection. The fasting glycemia levels were evaluated by venipuncture from 

the jugular vein and measured with a glucometer (AccuChek Active, Roche 

Diagnostics Inc., Indianapolis, IN, USA). Epididimal adipose tissue, skeletal muscle 
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and liver samples were immediately removed, frozen in dry ice and stored at -80 for 

gene expression and Western-blot (WB) analysis. 

 

5. Nonesterified fatty acids quantification 

	  
The blood collected at the sacrifice was used to evaluate serum non-

esterified fatty acids (NEFA) using an FFA kit (NEFA C-test Wako, Wako Pure 

Chemicals, Neuss, Germany).  

 

6. Western blot analysis 

	  
With this technique, we can separate and identify specific proteins present in 

cell lysates. Western blotting comprises mainly three phases: 

1. Electrophoresis in polyacrylamide gels: in this step separation of 

proteins occurs that involves their migration in a gel during an application of 

voltage. Proteins are separated according to their molecular weight; 

2. Blotting: After protein separation on the gel, proteins are 

transfered from the gel to a polyvinylidene fluoride (PVDF) membrane. To 

complete this transfer an electrical field is used as in the electrophoresis. After 

blotting the membrane, it will be used to perform an immunoenzymatic assay 

(immunoblot); 

3. Protein detection: To proceed with the protein detection, the 

membrane is blocked with a solution of 5% of milk diluted in Tris buffer (50 

mM Tris.HCl, pH 7.4, 150 mM NaCl) with 0.01 % of Tween 20 (TBS-T, pH 
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7.4) and then incubated with the specific antibodies to the protein of interest. 

The primary antibody will specifically bind to the protein of interest and then 

the membrane is incubated with a secondary antibody that will bind the 

primary antibody producing proportional protein quantity fluorescence when 

exposed to a chemioluminescent agent. [93] 

 

6.1 Cell lysate preparation 

	  
The samples were weighted according to the table X and homogenized in 

550 µl of ice-cold RIPA buffer (20 mM Tris HCl pH 7.4, 25 mM NaCl, 1% NP-40 

(Nonidet P-40), 5 mM EDTA, 10 mM Sodium diphosphate (Na4P2O7), 10 mM 

Sodium Fluoride (NaF), 2 mM Sodium Vanadate Na3VO4, 10 µg ml-1 Aprotinin from 

bovine lung, 1 mM Benzamidine and 1 mM Phenylmethylsulfonyl fluoride (PMSF). 

 

Table 1. Weight of tissue samples used to perform cell lysates. 

Sample Weight 

Epididimal adipose tissue 200mg 

Liver 25mg 

Skeletal muscle 50mg 

 

 

Cell lysates were homogenized three times, during 10 seconds, with 5 
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seconds of interval, with an ULTRA-TURRAX® T 25 basic, IKA®-Werke (Staufen, 

Germany) homogenizer, to disrupt cells. After that, homogenized cells were placed 

on ice for about 30 min and, then, were centrifuged at 17 000 rotations per minute 

(rpm) at 4°C for 10 min. After this centrifugation, the supernatant was collected and it 

was again centrifuged at 17 000 rotations per minute (rpm) at 4°C for 10 min. After 

this second centrifugation, the lower phase was collected.  

The protein concentration was determined using the bicinchoninic acid 

(BCA) method. After stored at -80ºC, cell lysates were denatured at 95ºC, for 5 min, 

in sample buffer (Tris HCl 0,5 M 0,4% SDS (pH 6,8); 0,6 M DTT; 30% (v/v) glycerol, 

10% SDS (w/v) and 0.01% bromophenol blue). 

 

6.2 SDS-PAGE, PVDF transfer and WB analysis 

	  
Depending on the protein of interest, 20, 40, or 60 µg of protein were were 

loaded in the gels. The electrophoresis was run on a 7,5% (v/v) sodium dodecyl 

sulfate polyacrylamide gel (SDS-PAGE) and then transferred to a polyvinylidene 

fluoride (PVDF) membrane. Membranes were blocked with TBS-(50 mM Tris.HCl, 

pH 7.4, 150 mM NaCl) with 0.01 % of Tween 20 (TBS-T, pH 7.4) containing 5% dry 

milk for 1h at room temperature. Then, membranes were incubated overnight at 4ºC 

with a primary antibody dilution previously optimized by the group (table x). Mouse 

anti-β-actin (Sigma-Aldrich, A5316) and goat anti-actin (Santa Cruz Biotechnology) 

antibodies were used as loading controls. 

After overnight primary antibody incubation, membranes were washed three 

times (five minutes each) with 0.01% TBS-T and incubated for 1h at room 

temperature with alkaline phosphatase-conjugated anti-rabbit antibody (1:5000) or 
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with alkaline phosphatase-conjugated anti-mouse antibody (1:10 000), depending on 

the origin of the primary antibody. After 1hour incubation, membranes were washed 

three times (five minutes each) with 0.01% TBS-T and expose to the ECF reagent, 

followed by scanning on a VersaDocTM Imaging System, Bio-Rad (Bio- Rad 

Laboratories, Amadora, Portugal). The generated signals were quantified using 

Quantity OneTM Software. 

 

Table 2. List of antibodies used for Western blot, dilution and source. 

Antibody Dilution Company 
SREBP 1:1000 Santa Cruz 

Biotechnology 
ChREBP 1:500 Santa Cruz 

Biotechnology 
ACC1 1:1000 Cell Signaling 
FAS 1:1000 Cell Signaling 
DGAT1 1:200 Santa Cruz 

Biotechnology 
PPAR α 1:1000 Santa Cruz 

Biotechnology 
PPAR β 1:1000 Santa Cruz 

Biotechnology 
PPAR γ 1:1000 Santa Cruz 

Biotechnology 
FOXO1 1:1000 Cell Signaling 
PGC1-α 1:750 Santa Cruz 

Biotechnology 
PTP1B 1:250 Calbiochem 
IRS-1 1:750 Santa Cruz 

Biotechnology 
IRS-1 Tyr612 1:500 Invitrogen 
PI3K85 1:5000 Millipore 
Akt ser473 1:500 Cell Signaling 
Akt Thr308 1:500 Santa Cruz 

Biotechnology 
Akt 1:1000 Cell Signaling 
AS160 Ser642 1:500 Cell Signaling 
AS160 1:500 Cell Signaling 
P70S6K 

Thr421/424 

1:1000 Cell Signaling 
P70S6K 1:1000 Cell Signaling 
GLUT1 1:1000 Millipore 
GLUT4 1:500 Millipore 
mTOR Ser2448 1:500 Millipore 
mTOR 1:1000 Cell Signaling 
β-actin 1:5000 Sigma-Aldrich 
Actin 

 

1:1000 Santa Cruz 

Biotechnology 
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7. Statistical analysis 

 

Results were analyzed as mean ± standard error of the mean (SEM) using 

GraphPad Prism, version 6 (GraphPad Software, San Diego, CA, USA). Data with 

normal distribution were analyzed by parametric student’s t-test. Non-parametric 

Mann Whitney test was performed to analyze data without normal distribution. 

Differences were considered significant when * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 or 

**** p ≤ 0.0001. 
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III. RESULTS 

	  
	  
	  
1. Metabolic characteristics of animals after chronic intervention with HSu diet 

 

Body weight (BW) of the experimental animals was measured every week 

along the nine weeks of treatment. Control and HSu treated groups had a similar 

increase in body weight (386.9 ± 11.53 vs 390.4 ± 13.63 g) over the time measured 

(Figure 13 A). The volume of regular water (control group) and 35% sucrose 

enriched water (HSu group) consumed was quantified three times per week 

throughout the nine weeks of treatment. The volume of sucrose rich water consumed 

was significantly higher compared to the regular water consumed by the control 

group (120.3 ± 36.38 vs 90.39 ± 22.47 ml, p < 0.01) (Figure 13 B). In addition, the 

amount of food was also monitored weekly throughout the treatment period and 

results demonstrate that the control group had significantly higher food consumption 

compared to the HSu treated group (160.6 ± 16.31 vs 78.84 ± 22.21 g, p < 0.01) 

(Figure 13 C).  

At the end of the 9 weeks of treatment, a glucose tolerance test (GTT) was 

performed, blood glucose levels where measured after an overnight fast at baseline 

and after an i.p. injection of glucose (2 g/kg BW) at 15, 30, 60 and 120 min in both 

groups (Figure 13 C). The HSu group presented significantly higher fasting blood 

glucose levels at baseline comparing to control animals (100.7 ± 3.315 vs 105.7 ± 

0.9932 mg/dl), p ≤ 0.01)  

Maximum blood glucose levels in the HSu group were reached 30 minutes 
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after glucose injection, significantly different from the control group (222.3 ± 52.21 vs 

424.0 ± 40.02, p ≤ 0.01 mg/dl). Sixty minutes after glucose injection, the HSu group 

persisted with significantly higher blood glucose levels (337.7 ± 46.42 vs 164.1 ± 

25.09, p ≤ 0.01 mg/dl). Although not significantly different, 120 minutes after glucose 

injection, HSu treated animals still presented elevated levels of blood glucose, 

compared with control animals (138.3 ± 12.78 vs 230.9 ± 34.69, p = 0.0727). The 

glucose excursion observed for the HSu treated group was significantly slower 

compared to the control group. The area under the curve (40898 ± 7163 vs 79609 ± 

8645, p ≤ 0.01 mg/dl) for the GTT was also significantly different, confirming 

impaired blood glucose tolerance (Figure 13 E).  

Moreover, an insulin tolerance test (ITT) was also performed (Figure 13 F). 

Blood glucose levels were measured at baseline and after i.p. injection of insulin 

(0.75 U/kg BW) at 15, 30, 45, 60 and 120 min and the blood glucose values were 

significant higher in the HSu group at baseline (107.9 ± 1.402 vs 114.5 ± 0.9339 

mg/dl, p < 0.01) and after 120 minutes of the insulin injection (42.60 ± 2.056 vs 73.20 

± 5.194 mg/dl, p < 0.01). 
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Figure 13. Metabolic characteristics of the animal model. Body weight, n=12 for Control 

and n=10 for HSu (A); Drinking volume (per three days; mL) (B) and chow (per week; g) 

consumed (C), Glucose tolerance test (GTT) performed in the last week of treatment, n=7 

per group (D); Area under the curve (AUC) of total blood glucose after injection of glucose (2 

g/kg BW) (E); Insulin tolerance test (ITT) performed at the end of treatment, n=10 for Control 

and n=10 for HSu (F). t-test., **p<0.01 and ****p ≤ 0.0001. 

 

2. Glucose Metabolism 

2.1 Insulin-stimulated glucose uptake in isolated adipocytes and glucose 

transporters in fat cells, liver and muscle after an intervention with HSu diet 

 

We observed a significant increase in the insulin-stimulated glucose uptake in 

isolated adipocytes in both the control group  (1.000 ± 0.1693 vs 1.899 ± 0.3161, p ≤ 

0.05) and in the HSu treated group when compared to the basal in control mice 

(0.3663 ± 0.05822 vs ± 0.8888 ± 0.08739, p < 0.001). There is about a two-fold 

increase in glucose uptake induced by insulin in both groups when capered to basal. 

However, the relative insulin-stimulated glucose uptake in the HSu treated group 

was about half that observed in the control animals (1.899 ± 0.3161 vs 0.8888 ± 
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0.08739, p < 0.01). In addition, a significant difference was also observed between 

the basal glucose uptake of control compared to basal in the HSu treated group. 

 

GLUT1 is the glucose transporter independent of insulin action always 

present in the plasma membrane in tissues. GLUT2 is characteristic of hepatocytes 

and GLUT4 is a glucose transporter that depends on insulin stimulation and is 

translocated from the intracellular vesicles to the plasma membrane in the presence 

of insulin and is very important in muscle and adipose tissue. Glucose transporter 

expression was studied in the three tissue types. We observed a significant increase 

of GLUT1 levels in the liver of control animals when compared with HSu treated 

animals (1.000 ± 0,1312 vs 0.4767 ± 0,08854, p ≤ 0.05). We did not observe 

significant differences in the other glucose transporters analysed, either in muscle or 

adipose tissue. 

An assay that would be interesting to complete in order to study cellular 

glucose transport would be to analyze if there is impairments on the translocation of 

GLUT4 from intracellular vesicles to plasma membrane in the presence of insulin, 

however, in the present study it wasn't possible to perform due to low amounts of 

tissue. 
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Figure 14. Effects of a high sucrose (HSu) diet on insulin stimulated glucose and 

glucose transporter expression. Glucose uptake in isolates adipocytes (A), representative 

blots for protein expression of GLUT1 in adipose tissue (B) graphical representation of 

GLUT4 expression in adipose tissue (C), graphical representation of GLUT1 in liver (D), 

graphical representation of GLUT2 in liver (E), graphical representation of GLUT1 in skeletal 

muscle (F), graphical representation of GLUT4 in skeletal muscle (G).   Data are expressed 

as mean ± SEM, n=6 for Control groups and n=5 for HSu groups. C, Control; B, Basal; INS, 

stimulated with insulin. t-test, * p ≤ 0.05, ** p < 0.01, *** p < 0.001. 
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2.2 Modulation of critical nodes of the insulin signaling pathway in adipose 

tissue, liver and muscle by HSu diet 

 

Several important nodes of the insulin signaling cascade were analyzed by 

Western Blot (Figure. 15). Phosphorylation of the insulin receptor substrate in Tyr 

612 was studied, however, no significant differences were observed in either of the 

tissues analyzed (Figure. 15 A). 

Akt/PKB is important in insulin action, it phosphorylates substrates, such as kinases, 

signaling proteins and transcription factors involved in the insulin signaling cascade.  

Therefore we measured its phosphorylation/activation by studying the two important 

residues needed for its activation, Thr 308 and Ser 473, however, under this 

treatment Akt/PKB signaling seems to remain intact in both groups, since the insulin 

mediated phosphorylation is similar in control and HSu groups. In addition, no 

significant differences were found in AS160 Thr 642 levels in either tissue (Figure 15 

D.).  

Moreover, we have measured mTOR, which intervenes on the insulin 

signaling cascade, no significant differences were observed in mTOR ser 2448 

between the control and HSu groups for fat and liver, however there was a 

significant difference in the insulin stimulation of this residue in skeletal muscle in the 

HSu treated group. (6151 ± 0.1447 vs 1.335 ± 0.1311, ** p ≤ 0.01) (control vs HSu) 

(Figure 15 E.). 

Regarding P70S6k Thr 421/424, involved in regulation of lipid and protein 

synthesis, the phosphorylation observed in the presence of insulin was a significant 

difference in activation in isolated adipocytes in the HSu treated group (0.4495 ± 

0.03192 vs 1.923 ± 0.3537,  * p ≤ 0.05)  
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Figure 15. Effect of a diet enriched in sucrose (HSu) on important nodes of the insulin 

pathway. Isolated adipocytes, liver and skeletal muscle levels of IRS1 Tyr 612 (A), Akt Ser 

473 (B), Akt Thr308 (C), AS160 Thr 642 (D), mTOR ser 2448 (E), P70S6k Thr 421/424 (F). 

Data are expressed as mean ± SEM, n=5/6 for control groups and n=4/5 for HSu groups. C, 

Control; -, without insulin stimulation; +, with insulin stimulation. t-test. * p ≤ 0.05, ** p ≤ 0.01.
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3. NEFAs quantification and lipolysis assay  

 

Serum non-esterified fatty acid quantification was performed after nine weeks 

of treatment in both the fasting and fed states. No significant differences in the total 

NEFAs concentration between the control and HSu groups were observed (Figure. 

16). However with insulin stimulation, in the HSu group there was a decrease in 

NEFAs concentration (3.251 ± 0.1441 vs 2.086 ± 0.09767, p < 0.001) (Figure. 16 A). 

Moreover, even though basal lipolysis rates seem to be higher in the control group, 

the isoproterenol-stimulated lipolysis was highly increase (0.4495 ± 0.03192 vs 1.923 

± 0.3537) in the HSu group, while no significant decreases in lipolysis were observed 

in the presence of insulin (Figure 16. A). 

  

Figure 16. Lipolysis in isolated adipocytes (A), Fasting (n=5 for c -; n=5 for c+ and n=6 

for HSu -; n=6 for Hsu +) (A) and Fed (n=7 for both control and HSu groups) (B) NEFA 

levels in Control and HSu-treated group after 9 weeks of treatment. Data are expressed 

as mean ± SEM, C, Control; -, without insulin stimulation; +, with insulin stimulation; B, 

Basal; INS, stimulated with insulin; ISO, stimulated with isoproterenol; I+I, stimulated with 

both insulin and isoproterenol. 
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4. Are transcription factors important in glucose and lipid metabolism 

modulated by HSu diet? 

 

The transcription factors SREBP and ChREBP, which are involved in fatty 

acids synthesis, were analyzed and a significant difference was registered in 

ChREBP expression in isolated adipocytes in the HSu group, compared to the 

control group  (1.000 ± 0.07842 vs 1.276 ± 0.09476, p ≤ 0.05) (Figure. 16 A/B). In 

the other tissues, no significant differences were observed. In addition, there was 

also a tendency for an increased expression of SREBP in liver, however given the 

small n no significant was obtained. 

The transcription factor FOXO1, which is involved in gluconeogenic 

processes, revealed no significant differences between the control and HSu groups 

in the three tissues analyzed (Figure. 15 C). 

PGC1-α was also assessed in order to analyze its involvement in lipogenesis 

and regulation of FAS, however no significant differences were observed in any of 

the groups studied under these conditions (Figure. 15 D). 

In addition, PPAR-α, PPAR-β and PPAR-γ were analyzed in order to 

understand if there were alterations in lipid metabolism, however no significant 

differences were observed under these conditions and with the small n used for this 

study, however there is tendency for a decrease in PPAR-γ muscle. 
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Figure 17. Expression of transcription factors involved in glucose and lipid 

metabolism after an intervention with HSu diet.  SREBP (A), ChREBP (B), FOXO1 (C), 

PGC1-∝ (D) and PPAR family (E) levels. Data are expressed as mean ± SEM, n=6 for 

Control groups and n=5 for HSu groups. C, Control. t-test, * p ≤ 0.05. 
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5. Lipogenic proteins in adipose tissue, liver and muscle 

 

Since CD36 enhances cellular fatty acid (FA) uptake, a key step in energy 

metabolism, we have measure it; however, no differences were found in any group 

(Figure. 18 A). ACC1 have a key role in lipogenesis, therefore we measure ACC1 

expression levels in both adipose tissue and liver. No significance was reached in 

this protein in both tissues (Figure. 18 B). 

FAS protein is involved in synthesis of fatty acids, therefore its expression 

was also investigated and, while no significant differences in isolated adipocytes, in 

liver we observed a significant increase in FAS expression in the HSu group when 

compared to the control group (1.000 ± 0.1025 vs 2.349 ± 0.2097, p ≤ 0.05) (Figure. 

18 C). 

Due to DGAT1’s role in lipogenesis, we studied the expression levels of this 

protein; however, no significant differences were observed in this protein in any of 

the groups (Figure. 18 D). 
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Figure 18. Effect of a diet enriched in sucrose (HSu) in proteins. CD36 in adipose tissue 

(A), CD36 in liver (B), CD36 in skeletal muscle (C), ACC1 in adipose tissue (D), ACC1 in 

liver, (E) FAS in adipose tissue (F), FAS in liver (G), DGAT1 in adipose tissue (H), DGAT1 in 

adipose tissue (I) levels. Data are expressed as mean ± SEM, n=6 for Control groups and 

n=5 for HSu groups. C, Control. t-test, ** p ≤ 0.01.         
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6.  Glucose metabolism in the liver 

 

In the liver, were also assessed and PEPCK, which catalyzes the first step in 

hepatic gluconeogenesis, however its expression level remains unaltered after this 

treatment (Figure. 19 A). In addition, in order to understand the role of G6Pase in 

gluconeogenesis, we have analyzed its expression and it was observed a tendency 

(1.000 ± 0,1419 vs 1.665 ± 0.2139, p = 0.0519) for enhanced expression in the HSu 

group when compared to the control group (Figure. 19 B).  

Due to GK’s role in glycogen synthesis, we studied GK expression by western 

blot. However, no significant differences were found (Figure. 19 C).  

 

Figure 19. Effect of a diet enriched in sucrose (HSu) glucose metabolism in the liver.  

PEPCK (A), G6Pase (B), and GK (C). Data are pressed as mean ± SEM, n=6 for Control 

groups and n=5 for HSu groups. C, Control. t-test. 
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IV. DISCUSSION 

	  
Our study provides two major novel findings: at least in part both 

gluconeogenesis and lipogenesis are altered in the state of prediabetes/insulin 

resistance in a model of chronic HSu intake. 

As previously described by our group, our animal model presents 

hypertriglyceridemia, hyperinsulinemia, fasting normoglycemia; however, HSu rats 

have no alterations in blood pressure neither in total cholesterol levels [94]. In other 

studies, with male Wistar rats under a high sucrose diet (30%) for 24 weeks also 

showed no alterations in body weigh and also maintain normoglycemia. However, 

hypertriglyceridemia, hypertension were higher in high sucrose diet group and a 

tendency for insulin resistance were observed in this model, which is accords with 

our findings, however the treatment was longer [95].    

In addition, HSu treated animals did not revealed alterations in body weight, 

showing no signs of obesity; nevertheless, they showed evidence of impaired insulin 

tolerance during a GTT, which could indicate features of insulin resistance. 

Furthermore, in isolated adipocytes, insulin-stimulated glucose uptake was decrease 

in treated animals relative to control animals. Isoproterenol-stimulated lipolysis also 

pointed to impairment in the antilipolytic insulin effect. FAS and G6Pase were 

increased in liver of HSu treated animals indicating that both gluconeogenesis and 

lipogenesis are altered. Moreover, GLUT1 expression in liver was decreased 

indicating possible alterations in glucose transport activity in liver. 

In the present study, we attempt to find metabolic alterations associated with 

insulin resistance at an early state before the onset of diabetes and perhaps eve 

more importantly find such alterations in the early stages of insulin resistance, to 

accomplish this, we used an animal model partially characterized previously by our 
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group, the HSu-treated rats [94], obtained under a diet enriched in sucrose for a 

period of 9 weeks.  

The Hsu treated animals, male Wistar rats with 16 weeks at the beginning of 

the study, didn’t develop obesity, when compared to the control group, in agreement 

with previous studies [96], making this an important model to study insulin resistance 

in a lean phenotype, making it possible to study more in depth the mechanisms 

involved in insulin resistance and early development of diabetes without confounding 

factors relative to obesity. Although, other study with, also, male Wistar rats have 

reported different results; in those studies, rats were subjected to a longer exposure 

to a high sucrose diet (30% sucrose in drinking water), about 21 weeks increasing 

their body weight compared to control [97]. However, in other study, where were 

used Male C57BL/6J mice (4 weeks old), under a high sucrose diet (50% enriched 

sucrose water) for 55 weeks, animals didn’t develop obesity, comparing to control 

[98]. 

During the nine week treatment, although drinking more sucrose enriched water, the 

HSu treated animals have consumed less chow than the control group. This was 

also reported before by Yi-Chun Chou and colleagues [99], where the consumption 

of chow was reduced by 57% in the treated group, with 30% sucrose enriched water, 

leading to higher energy intake, however on a lower nutrient consumption [100]. This 

is also demonstrated in other studies where it was clear that sucrose contributes to 

satiety and suppresses subsequent food intake [101]. The lack of nutrients, probably 

contributes to the devastating consequences of high sucrose diets, like some of the 

western diets today. In fact, there is a relationship between diets enriched in sucrose 

and fructose, a product of sucrose metabolism, and the observed insulin resistance 

[98], [102], as we found in our study with a significant increase in glucose during the 
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ITT, at both 0 and 120 minutes, as well as a slower glucose excursion during a GTT, 

with glucose levels significantly increased at 30 and 60 minutes, revealing glucose 

intolerance. Significantly higher glucose values during a GTT in prediabetic subjects 

has also been observed in other studies [103], [104] as this alteration is used as a 

key feature to characterize prediabetes. In addition, several studies performed in 

lean and healthy relatives of type 2 diabetic subjects have also shown similar results 

regarding insulin resistance with high fasting glucose and insulin during a oral GTT, 

in addition to a significantly lower glucose infusion rate during an euglycemic clamp 

[16], [51].  

Furthermore, previous studies with this model [94] showed a hyperinsulinemic 

state, possibly to compensate the impaired glucose tolerance which, in turn, results 

from peripheral insulin resistance. This also was observed in similar other models, 

such as the C57BL/6J mouse, with 7 weeks of age at the beginning of the study, that 

were submitted to a high sucrose diet (30% sucrose enriched water) for 25 weeks 

[99]. This hyperinsulinemia is sufficient to counteract the glucose intolerance and 

keep fasting normal glucose levels. Studies with glucose intolerant and insulin 

resistant patients with chronic renal failure have also shown that they can enhance 

their insulin secretion sufficiently to maintain normal glucose tolerance despite 

glucose intolerance [105]. In other words, insulin resistant subjects can maintain 

normal glucose levels if the pancreas can keep higher insulin levels that are needed 

to maintain physiological serum glucose levels. However, when the pancreas begins 

to fail, insulin secretion and normal serum glucose levels cannot be maintained and 

patients become diabetic [106]. Thus, this hyperinsulinemia justified itself in this 

insulin resistant state that we have studied. Other studies have shown that high 

sucrose diets induce insulin resistance [107] and that metabolic changes are 



Mechanisms underlying peripheral resistance in a rat model of prediabetes 
2015 

	  64 

common in this diet, with hypertriglyceridemia occurring between week one and two 

and animals becoming hyperinsulinemic and insulin resistant after two weeks of 

starting the diet [108].  

Serum NEFA concentration did not present significant differences between 

HSu and control rats, in the fed state, however, in the fasted state, in the presence of 

exogenous insulin NEFA levels were decreased in the HSu treated animals. Other 

studies have shown that chronic elevation of NEFA is associated with reduced 

insulin synthesis [29]. 

Ex vivo studies performed in our laboratory evaluating insulin-stimulated 

glucose uptake in isolated epididimal adipocytes, we found that both groups of 

animals responded to the stimulatory effect of insulin on glucose uptake; however, 

we have found that insulin’s effect was different between the control and HSu treated 

groups. We found an unexpectedly high basal (non-insulin stimulated) glucose 

uptake in the control group compared to the basal in the HSu treated group. 

However the insulin-stimulated effect in the control group was much higher than that 

observed in the Hsu treated group. In view of this, our next objective was to evaluate 

glucose metabolism in HSu treated animals, namely, the expression of glucose 

transporters, as well as the expression of important proteins involved in the insulin-

mediated signaling pathway involved in glucose uptake and glucose metabolism, in 

the three main insulin sensitive target tissues, namely adipose tissue, liver and 

skeletal muscle. In our present study, we observed that GLUT1 was decreased while 

G6Pase protein content was increased, in the liver. In agreement with our results, 

previous studies have reported that diabetes causes induction of GLUT1 expression 

in the plasma membrane of rat hepatocytes and that chronic insulin treatment of 

diabetic rats reduces the GLUT1 expression [109]. Since our animal model is 
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characterized by hiperinsulinemia [94], this may reduce the expression levels of 

GLUT1 in the liver of HSu treated animals. Moreover, in our previous studies we also 

observed a significant decrease in GLUT1 expression in liver of rats treated with 

either Cyclosporin A or Sirolimus, rendering rats insulin resistant, in similarity to our 

HSu model [110]. 

Regarding GLUT2 (in liver) and GLUT4 (in adipose tissue and skeletal 

muscle), we observed no alterations in their protein levels in any of the studied 

tissues. The translocation of GLUT2 and GLUT4 to the membrane is mediated by 

insulin, which leads to increased glucose uptake. In fact, previous studies reported 

that insulin can target sugar absorption by controlling the membrane localization of 

GLUT2 [111]. Similarly, in hyperinsulinemic-euglycemic clamp experiments in 

responsive to insulin mice, insulin decreased plasma membrane expression of 

GLUT2, and concomitantly increased intracellular GLUT2 levels [111]. Moreover, 

acute insulin treatment before sugar intake prevented the translocation of GLUT2 

into the plasma membrane [111]. In addiction, insulin resistance in mice provoked a 

loss of GLUT2 trafficking [111]. Regarding GLUT4, insulin exerts systemic 

hypoglycaemic effects by stimulating the translocation of GLUT4 into the plasma 

membrane of skeletal muscle and adipose cells and decreasing liver glucose output 

[111]. In fact, we evaluated GLUT2 and GLUT4 protein levels rather than its 

intracellular localization. Thus, in upcoming studies, we will evaluate the 

internalization of these transporters versus its translocation to the plasma membrane 

in response to insulin stimulation.  

In similar studies were the effect of insulin on glucose transport, glucose transporter 

4 translocation, and intracellular signaling were measured in fat cells from lean and 

obese Zucker rats of different ages, it was found that the insulin resistance in fat 
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cells from old and obese Zucker rats can be accounted for by an impaired GLUT4 

translocation process, due to signaling defects leading to a reduced activation of PI3-

kinase and PKB, as well as an attenuated GLUT4 protein content in fat [112]. 

Insulin resistance is characterized by the alteration of the insulin-mediated 

activation of the PI3K/PKB/Akt signaling pathway [58]. Animal studies links insulin 

resistance with defects to both upstream and downstream targets of Akt/PKB [113]. 

Impaired activation of PKB/Akt in response to insulin has been then described in 

insulin-resistant human, showing that the ability of insulin to increase glucose 

transport and activate PKB/Akt is reduced in fat cells from T2DM subjects [114] and 

rodent adipocytes, showing that insulin resistance in cells from old and obese Zucker 

rats is a result of signaling defects leading to a reduced activation of PI3K and 

PKB/Akt [112]. However, in our study, we observed no signs of alterations in the 

phosphorylation/activation of PKB/Akt by insulin, possibly because we needed to 

increase the number of animals in our study. 

Although, in our model, PGC-1α showed no alterations in its protein level, it 

has been implicated in the onset of T2DM. In liver, where it promotes activation of 

gluconeogenesis and fatty acid oxidation, its expression is elevated in T2DM mouse 

models [115]. On the other hand, in humans, reduced adipose PGC-1α content and 

an association between reduced PGC-1α mRNA levels and insulin resistance were 

observed [116]. Moreover, in our previous studies PGC-1α was significantly reduced 

in the three target tissues [110]. 

FOXO1 also promotes gluconeogenesis, regulating glucose production in the 

liver. Insulin resistance leads to elevated FOXO1 activation, which upregulates 

genes involved in glucose production, increasing serum glucose levels [117].  
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Although, G6Pase, which is involved in gluconeogenesis, was increased, no 

alterations were observed in FOXO1.  

Moreover, in previous studies, it was reported that patients with IFG in fasted 

state had higher rates of gluconeogenesis [65]. Accordingly, we have observed an 

increase in G6Pase expression levels in liver from HSu-treated rats. In fact, this 

enzyme completes the final step in gluconeogenesis and therefore plays a key role 

in the homeostatic regulation of blood glucose levels. Since HSu-treated rats appear 

to be a model of insulin resistance, insulin cannot inhibit the de novo glucose 

production in the liver, leading therefore to an increase in gluconeogenesis. As a 

compensatory mechanism, the pancreas of HSu-treated animals secretes higher 

levels of insulin to reduce plasma glucose levels, which translates into a previously 

reported fasting normoglicemia. In the fed state, blood glucose levels raise, leading 

to an increased insulin secretion by the pancreas. However, since this animal model 

presents hyperinsulinemia and insulin resistance, the metabolic responses to insulin 

are altered, resulting in elevated blood glucose in the fed state, as previously 

reported [109], as well as altered glucose tolerance during a GTT.  

In T2DM, glycogen synthesis is also impaired, as the expression of GK is 

lower than normal, which contributes to hyperglicemia [118], however, in our study 

GK expression shows no impairment under this condition. 

Furthermore, regarding lipid metabolism, in our ex vivo studies which 

evaluated isoproterenol-stimulated lipolysis in isolated epididimal adipocytes, we 

found that both groups of animals responded to the stimulatory effect of 

isoproterenol on lipolysis. In fact, we observed a significant increase in isoproterenol-

stimulated lipolysis in both control and HSu rats. Moreover, the induction of lipolysis 

was largely increased in HSu rats compared to that of control animals. Contrary to 
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what we expected, we found that insulin did not inhibit lipolysis in these animals. 

Actually, visceral adipocytes appear to be more sensitive to stimulation of lipolysis by 

catecholamines and less to suppression of lipolysis by insulin. This could lead to an 

increased free fatty acid flow to the muscle and liver, contributing to an increase in 

TG content in liver and intramyocellular level, and, at the end, to the insulin 

resistance previously reported in our HSu model [94] and Zucker fatty (fa/fa) rats that 

have  metabolic abnormalities characteristic for prediabetic condition [119],[94]. 

In order to explain the lipolysis results, we evaluated the protein levels of the 

lipolysis-rate limiting enzyme, HSL, as well as proteins involved in lipogenesis. 

Regarding HSL expression, we have found no differences in protein content of this 

enzyme between the two groups of animals. Importantly, the protein expression does 

not correspond to lipolytic activity. Actually, HSL is regulated by reversible 

phosphorylation on five critical residues [120]. Thus, in our upcoming studies, we will 

measure HSL’s enzymatic activity after isoproterenol stimulation in epididimal 

adipose tissue. 

 Moreover, regarding fatty acid uptake, we have studied CD36 and no 

differences were found in its protein content. Mice lacking CD36 exhibit increased 

plasma free fatty acid and triglyceride (TG) levels and decreased glucose levels. A 

deficiency of this protein is associated with an increase of insulin sensitivity in 

muscle and induction of insulin resistance in mice liver [121]. In previous studies with 

T2DM patients, CD36 protein was upregulated in fat tissue [122].  

In this study we have also evaluated transcription factors involved in glucose 

and lipid metabolism. ChREBP is regulated by glucose and it modulates the 

conversion of glucose into fatty acids, reducing plasma glucose levels [123]. In 
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adipose tissue of HSu animals, we found a significant increase of this protein, which 

could explain the hypertriglyceridemia associated to this animal model. 

Despite previous studies showed SREBP overexpression, a transcription factor that 

activates fatty acid synthesis, in both liver and adipose tissue of insulin resistance 

and diabetic mice [124], [125] we did not found any alteration in our study.  

 PPARs have been implicated in metabolic pathways such as lipid and glucose 

homeostasis. PPARα activation leads to fatty acid oxidation, improving insulin 

sensitivity by reducing lipid accumulation in tissues [126]. PPARβ is involved in 

adipogenesis and, studies in diabetic rats, have found that its activation reduces the 

production of pro-inflammatory cytokines involved in the development of insulin 

resistance [127]. PPARγ is expressed in fat and its involved in glucose and lipid 

uptake, stimulates glucose oxidation, and decreases free fatty acid levels. Synthetic 

ligands for PPARα and γ, such as thiazolidinediones, have been used in T2DM and 

prediabetic insulin resistance patients with significantly improved HbA1c and serum 

glucose levels [128]. In this study we noticed no changes in the protein content of 

any of the PPAR isoforms studied in adipose tissue. 

Regarding lipogenesis, we studied ACC1, an isoform of ACC, that catalyzes the 

irreversible reaction of fatty acid synthesis by carboxylating acetyl CoA to produce 

malonyl-CoA [129] and it is known that starvation and diabetes decrease ACC1 

activity, and refeeding with a carbohydrate diet induces the synthesis and activity of 

ACC1 [130], however we didn’t find significant alterations in ACC1 between control 

and treated animals on our study, there was a tendency for an increase in both fat 

and liver, similar to what we found in fat cells of insulin resistant animals treated with 

either Cyclosporin A or Sirolimus [110].  
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In addition, we observed increased FAS expression levels in the liver of HSu-

treated animals, in part explaining the hypertriglyceridemia observed in the HSu 

treated animals [94]. This increase has also been found in other studies where high 

sucrose diets were used [131], [132]. Sucrose is a disaccharide that is efficiently 

hydrolyzed by sucrase in the intestinal mucosa to its constituent monosaccharides, 

fructose and glucose. It has been established that glucose stimulates fructose 

uptake in a dose-dependent manner [133] and that monosaccharides derived from 

sucrose are essentially absorbed at a similar rate to glucose:fructose mixtures [134]. 

Fructose is mainly metabolized in the liver and may be converted into trioses that 

can be used for de novo synthesis of triglycerides (TG) and cholesterol [135], [136]. 

Fructose, by providing large amounts of hepatic triose-phosphate as precursors for 

fatty acid synthesis, is highly lipogenic [102]. Therefore, it has been observed in 

several studies that hepatic de novo lipogenesis is stimulated after acute fructose 

ingestion, with fructose contributing to the synthesis of both the glycerol and the 

fatty-acyl parts of VLDL-triglycerides [137], [138]. Moreover, fructose may increase 

the expression of key lipogenic enzymes in the liver. In fact, hypertriglyceridemia has 

been long known to be associated with insulin resistance in metabolic syndrome 

[139] and other metabolic diseases, such as T1DM, T2DM and dyslipidemia.  

DGAT1 is an isoform of DGAT enzyme known to catalyse the final step of 

triglyceride synthesis in mammalian [140]. Other studies have shown that DGAT1 

deficiency enhances insulin signaling in peripheral tissues and enhances insulin 

action in white adipose tissue [141]. Despite our animal model present 

hypertriglyceridemia, we didn’t find significant differences on DGAT1 protein levels. 

Although more studies are required to clarify the biomolecular mechanisms 

regulating glucose and lipid metabolism in HSu-treated rats, our study identified 
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important new alterations in glucose and lipid metabolism that are responsible at 

least in part for the dysregulated metabolism observed in our prediabetic insulin 

resistant model. 	  
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V. CONCLUSION 

	  
This study brings new fundamental insights, regarding the development of 

insulin resistance and prediabetes and its associated comorbidities, such as the 

metabolic syndrome, [94], [88].  

Our animal model treated chronically with a high sucrose diet that mimics at 

least in part the western diet [94], [142], shows impairments in glucose tolerance, 

insulin sensivity and in the insulin mediated uptake of glucose into fat. Moreover, 

gluconeogenic and lipogenic mechanisms revealed, already, similar features of 

T2DM.  

This study is an important wake up call for the lifestyle that general population 

are gradually adopting, consuming each time more simples sugars, that are 

contained, for example in soft drinks [143], which has been proven that enhances the 

risk of develop T2DM to 26% if the average intake is one/two cans a day, or even 

more [144]. These feeding habits are some of the main causes of the uncontrolled 

increase in T2DM and associated complication, as coronary heart disease [145] and 

insulin resistance [146]. Alterations in the western diet need to be taken into 

consideration to avoid the concerning forecasted numbers [6]. Corrections of this 

lifestyle features, as decreasing sugar-sweetened beverage consumption, has been 

proven as effective in decreasing the risk to developing T2DM [143]. 
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