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Chapter 1: Literature review 

 

1.0 Background 

Diabetes mellitus is defined as a polygenic [1] and a long-lasting metabolic disease that disturbs 

the body's ability to utilize glucose molecules derived from broken down carbohydrates [2]. The 

body’s inability to utilize glucose is due to pancreatic beta (β)-cell functional impairment and/or 

insulin resistance (IR) in insulin-dependent tissues such as skeletal muscle [3, 4]. Consequently, 

blood glucose levels rise resulting in hyperglycaemia [5]. Under normal conditions, the body will 

without any restriction be able to passively and actively take in glucose molecules into cells where 

they will serve as fuel required by the body [6]. However, for active glucose transport, the cells 

such as those found in the adipose, cardiac and skeletal muscle tissue require insulin to be secreted 

into the bloodstream in order to utilize glucose from the blood [7]. Therefore, when these cells are 

under diabetic conditions where either the body fails to produce enough insulin, or the body is 

unable to use the insulin it produces or a combination of both [6]. This causes detrimental effects 

in the body and may result in type 2 diabetes mellitus (T2DM) that often lead to fatality. 

Diabetes is a prevalent non-communicable disease that is regarded as one of the foremost public 

health concerns worldwide [6]. In a study conducted by Wild and Associates, they estimate a 

possible doubling of diabetes prevalence between the year 2000 and 2030 [8]. The World Health 

Organization (WHO) also reported that in the year 2014, a global estimate of 422 million of the 

adults from the age of eighteen upwards had diabetes, and in the year 2012 alone diabetes was 

directly responsible for 1.5 million deaths [9]. Interestingly, diabetes-related deaths occur mainly 

in low and middle-income countries and South Africa is one of the middle-income countries had 
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a 9.8% total prevalence of diabetes of its entire population [10, 11]. T2DM is the most prevalent 

of all types of diabetes and, it is estimated that T2DM prevalence  will rise to 439 million by 2030 

[2]. These statistics are alarming and are an indication of the ineffectiveness of current diabetic 

therapies and that a more potent intervention is needed to halt the rising prevalence and high 

mortality of diabetes mellitus.  

The general attribute for T2DM is a hyperglycaemic condition that is preceded by IR [4], and 

T2DM is associated with lifestyle risks factors such as living a sedentary lifestyle and/or the 

consumption of an unhealthy diet [12]. A Western-style diet is rendered unhealthy because it 

incorporates excessive amounts of carbohydrates and fats in the form of refined grains, saturated 

fats and high-sweetened refined sugars [13]. Studies have shown that IR and T2DM are associated 

with diets rich in carbohydrates or saturated fats [14, 15]. Thus, Western-style diets are recognized 

as one of the major culprits for the development of diabetes [16]. Furthermore, these risk factors 

have been implicated in changes in expression of genes associated with the insulin signalling 

pathway [17]. It has been shown that in T2DM rats, the gene expression of proteins influencing 

the insulin signalling pathway is significantly altered [18]. Interestingly, findings in the literature 

show that the onset of chronic complications may well occur at least 4–7 years before clinical 

diagnosis of diabetes, which would simply mean that chronic complications occur prior to 

hyperglycaemia [19, 20]. Therefore, this suggests that T2DM may be diagnosed too late. Thus the 

particular interest in looking at a previously overlooked long-lasting condition that precedes 

T2DM, known as pre-diabetes [21, 22].   

Pre-diabetes is now recognized as one of the frontline risk factors that leads to an overt T2DM 

[22]. The WHO describes pre-diabetes as a condition of intermediate hyperglycaemia, which is 

preceded by moderate IR [22]. Globally it is anticipated that more than 470 million people will 
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suffer from pre-diabetes by the year 2030 [22]. It is determined by using specific parameters such 

as impaired fasting glucose (IFG), impaired glucose tolerance (IGT), and the glycated 

haemoglobin (HbA1c) [23]. A study conducted in our laboratory showed that the animals fed with 

high-fats high-carbohydrates diet (HFHC-D) developed pre-diabetes as shown by augmented 

glycosylated haemoglobin and moderate IR [24-26]. However, the mechanics leading to moderate 

IR have not yet been studied in this model. Thus, this study sought to investigate whether there are 

any changes in the expression of genes coded for proteins involved in the insulin signalling 

pathway during pre-diabetes using a diet-induced pre-diabetic rat model characterized with 

moderate impairment of the insulin sensitivity. 

   

1.1 Insulin  

Insulin is a hormone produced by pancreatic beta-cells in response to rising glucose levels, and its 

structure consists of two chains of amino acids connected by disulphide bridges [27]. The two 

chains of amino acids are differentiated as the A chains that compile 21 amino acids, and B chains 

that compile 30 amino acids [28]. This composition of 51 amino acids makes up the 5808 Da 

molecular weight of the protein insulin [28, 29]. Insulin is known to have multiple functions in the 

body as depicted in figure 1.  
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Figure 1: Actions of insulin (Martin, 1983). The above diagram displays the multiple functions 

of the hormone insulin, and its profound ability to determine the fate of energy-carrying molecules 

such as glucose, fats and lipids. With some undergoing oxidation and others being stored. 

However, for insulin to perform its multiple functions, it will require a functional insulin signalling 

pathway. 

 

In order to carry out its functions, the hormone insulin binds to insulin receptors of the target cell 

that then trigger signal transduction [7]. Subsequently, insulin stimulates the cell to translocate the 

glucose transporter type 4 (GLUT-4) protein into its membrane. This allows the influx of glucose 

into the cell and fall in blood glucose levels, which then inhibits the pancreatic β-cells from 

releasing more insulin through a negative feedback mechanism [30]. Insulin is also regarded as an 

anabolic hormone and consequently elevates the storage of macromolecules like amino acids, 

glucose and fatty acids [31]. Consequently, the effects of insulin promote body weight gain [29]. 

In the absence of insulin, glucose uptake decreases hence increasing mobilisation of lipids in 

adipocytes [29, 32]. Inversely, in the presence of insulin, glucose uptake increases in the tissues 
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and decreases mobilization of lipids in adipocytes [29]. However, when in excess, insulin causes 

hypoglycaemia leading to convulsions and/or coma [32]. Another profound function of insulin is 

its ability to organize the use of fuels/energy carrying substances for either storage or oxidation 

[7]. Thus, insulin is able to inhibit gluconeogenesis and glycogenolysis, stimulates glycolysis and 

glycogenesis, stimulates uptake and incorporation of amino acids into protein, inhibits protein 

degradation, stimulates lipogenesis, and suppress lipolysis [28]. For the hormone insulin to 

perform its multiple functions, it requires a fully functional insulin signalling pathway.  

 

1.2 Insulin signalling pathway 

The insulin action is facilitated through insulin receptors, which propagate its activity by means of 

three different pathways: mitogen-activated protein kinase (MAPK) pathway, Cbl-associated 

protein (CAP) pathway and phosphatidylinositol-3 kinase (PI3K) pathway [12, 33]. such as 

1.2.1 Mitogen-activated protein kinase (MAPK) pathway 

The Mitogen-activated protein kinases (MAPK) are protein kinases that undergo 

autophosphorylation of their own dual serine and threonine residues or phosphorylate those found 

on their substrates to activate or de-activate their target [33]. Mitogen-activated protein kinases 

(MAPKs) are ubiquitously expressed and are responsible for regulating critical cellular processes 

such as proliferation, stress responses, apoptosis and immune defence [34]. The activation of a 

MAPK cascade come about in a segment of consecutive phosphorylation’s. A MAPK segment 

comprises a MAP3K that activates a MAP2K, which then activate a MAPK [33, 35]. Mitogen-

activated protein kinases (MAPK) protein phosphatases (MKPs) can inactivate MAPK 

phosphorylation events by dephosphorylating phosphothreonine and phosphotyrosine residues on 
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MAPKs [36]. In mammalian cells there exist three distinguished MAPK pathways: the c-JUN N-

terminal kinase 1, 2 and 3 (JNK1/2/3), the ERK1/2, and the p38 MAPK α, β, δ, and γ pathways 

[37]. ERK1/2 is activated in response to growth factors, hormones and proinflammatory stimuli, 

while JNK 1/2/3 and p38 MAPK α, β, δ, and γ are activated by cellular and environmental stresses, 

in addition to proinflammatory stimuli [37, 38]. The inflammatory signals are known to cause IR 

by c-Jun N-terminal kinase-mediated phosphorylation of the IRS proteins. As a result, glucose 

homeostasis can become impaired [39]. 

1.2.2 Cbl-associated protein (CAP) pathway 

Literature has shown that two pathways are necessary for insulin-stimulated glucose transport; a 

PI(3)K-dependent pathway and a PI(3)K-independent pathway [40]. However, recent data suggest 

that proto-oncogene, Casitas b-lineage lymphoma (Cbl), play a role in insulin action, 

independently of the PI(3)K/Akt pathway [41]. In an adipocyte cell line, 3T3-L1, the Cbl forms a 

compound with 2 adaptor proteins, an adaptor protein with Pleckstrin homology and Src homology 

2 domains (APS) and CAP [42]. Then when induced by insulin, this complex binds to the insulin 

receptor via an interaction between an SH2 domain in APS and the tyrosyl-phosphorylated 

receptor tail [42]. Subsequently, insulin-dependent tyrosine phosphorylation occurs in Cbl, which 

in turn causes the recruitment of the CAP/Cbl complex to lipid rafts via an interaction between the 

CAP and the lipid raft protein flotillin [42, 43]. Thereafter, tyrosyl-phosphorylated Cbl recruits the 

CrkII/C3G heterodimer responsible for the activation of the small G protein TC10. The stimulation 

of TC10 delivers another signal to the glucose transporter 4 (GLUT-4) to undergo translocation 

[42, 44]. Therefore, the TC10 pathway may function in parallel with PI(3)K to stimulate fully 

GLUT4 translocation in response to insulin.  
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Figure 2: Illustration of the Insulin signalling pathway (Molly Stanley et al. 2016.): Insulin 

binds to the insulin receptor that autophosphorylates and triggers a cascade of phosphorylation 

events. Phosphorylated on its tyrosine residue, the IRS1 will further activate signalling that 

eventually leads to the translocation of glucose transporter 4 (GLUT4) to the membrane and uptake 

of glucose for energy in peripheral tissues. The diagram displays the PI3K pathway. Solid arrows 

represent activation upon insulin stimulation. Blocked arrows represent inhibition that is thought 

to lead to less activation of the signalling cascade through negative feedback (dashed blocked 

arrow).  

1.2.3 Phosphatidylinositol-3 kinase (PI3K) pathway 

The PI3K pathway depicted in figure 2 is initiated upon insulin binding to the α-subunit of the 

insulin receptor, which then causes the tyrosine residues in the intracellular β-domain of the insulin 

receptor to undergo autophosphorylation [40]. Thereafter, insulin receptor substrate (IRS) 

recognizes the activated insulin receptor with its phosphotyrosine binding domain, which 

subsequently leads to tyrosine phosphorylation and activation of IRS [40]. Once activated, IRS 
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permits the binding and activation of PI3K that then phosphorylates the membrane lipid 

phosphatidylinositol (4, 5)-bisphosphate (PIP2) to phosphatidylinositol (3, 4, 5)-triphosphate 

(PIP3). Protein kinase B (PKB, also known as Akt) is recruited to the plasma membrane and 

activated at PIP3 site in the presence of phosphoinositide-dependant protein kinase-1 (PDK1) [12]. 

The activation of Akt causes the translocation of the glucose transporter-4 (GLUT-4) to the plasma 

membrane, thereby promoting glucose uptake. The utilization of  blood glucose is accomplished 

through a process of targeted exocytosis [30]. Simultaneously, GLUT-4 endocytosis is attenuated. 

In a state of impaired insulin sensitivity, the GLUT-4 slowly recycles between the plasma 

membrane and vesicular compartments within the cell, where most of the GLUT-4 resides [45]. 

Therefore, the rate of glucose transport into muscle cells is mostly governed by the concentration 

of GLUT-4 at the cell surface and the duration for which the protein is maintained at this site [45]. 

However, the stimulation of glucose uptake by insulin is mediated by PI(3)K–dependent and –

independent pathways [46]. In addition, Akt will simultaneously phosphorylate and inactivate 

glycogen synthase kinase-3 (GSK3) [47]. This results in an increase in glucose storage as 

glycogen. Glycogen is a branched polymer of glucose kept predominantly in the liver and the 

skeletal muscle [3], which supply glucose to the bloodstream in the course of fasting periods and 

to the muscle cells during muscle contraction [48]. The process of glycogen synthesis is dependent 

on a coordinated action of several enzymes [3].  
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Figure 3: Glycogen synthesis (María M. Adeva-Andany, 2016). The diagram depicts the process 

of glycogen synthesis that is reliant on a coordinated action of several enzymes. 

Following the entry of glucose into a cell through glucose transporters, the glucose is 

phosphorylated to glucose 6-phosphate by hexokinase isoenzymes [49]. Subsequently the 

isomerization of glucose 6-phosphate into glucose 1-phosphate by phosphoglucomutase-1 [49]. 

Then, glucose 1-phosphate is converted to uridine 5ʹ-diphosphate (UDP)-glucose in a reaction 

catalysed by pyrophosphorylase catalyses [49]. Thereafter, the synthesis of glycogen is initiated 

by glycogenin through autoglycosylation that is transporting glucose from UDP-glucose to itself 

and making a short linear chain of about 10–20 glucose moieties [49]. And, the elongation of this 

initial glycogen sequence is catalysed by glycogen synthase that transfers a glycosyl moiety from 

UDP-glucose to the growing glycogen strand, providing the α-1,4-glycosidic linkages between 
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glucose residues [50]. Then we have glycogen branching enzyme (GBE) that will introduce branch 

points in the glycogen particle, by means of creating α-1,6 glycosidic bonds at regular intervals 

[49]. Therefore, any dysfunctionality in the insulin pathway can lead to metabolic complications 

such as T2DM. Hence, we sought to assess the gene expression changes that occur in the 

PI(3)K/Akt insulin signalling pathway of a prediabetic rat model in an attempt to further 

understand the prediabetic state so as to bring about new innovative means to prevent the onset of 

T2DM or even reverse it. 

 

1.3 Type 2 Diabetes mellitus  

T2DM is a complex disease that is rapidly increasing in prevalence and it is estimated that its 

prevalence will rise to 439 million by 2030 [2]. Thus, urgent intervention is needed to decrease or 

even halt the rising prevalence of T2DM. The disease is characterized by hyperglycaemia 

secondary to insulin resistance (IR) [4]. In addition, T2DM is highly associated with the twenty-

first century style of life that consist of a unhealthy high fat-glucose diet, minimal physical activity, 

shift work and chronic stress that is followed by increased fat storage, systemic IR and substantial 

elevation in serum insulin, triglyceride and free fatty acid levels [12, 51]. In T2DM conditions, the 

insulin signalling pathway is generally disturbed and proteins involved in the insulin pathway such 

as protein kinase beta/Akt, mTOR and GLUT-4 are commonly affected [4, 52]. Thus, this study is 

interested in looking into these proteins. 

1.3.1 Protein Kinase beta/Akt                                                      

The serine/threonine-specific protein kinase Akt/PKB is essential in numerous cellular processes, 

including cell growth, survival, proliferation, and metabolism [51]. According to literature, three 
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homologous isoforms have been identified and differentiated as Akt1/PKBα, Akt2/PKBβ, and 

Akt3/PKBγ [53]. Recent publications have identified discrete roles for each isoform, with 

Akt1/PKBα linked to cell survival, Akt2/PKBβ with cell-substrate metabolism, and Akt3/PKBγ 

with brain development [4, 54, 55]. Interestingly, the knockout Akt2/PKBβ mice display elevated 

glucose levels and reduced glucose transport in muscle, however, these changes are not apparent 

with deletion of the Akt1/PKBα and Akt3/ PKBγ isoforms [54]. It is evident that Akt signalling 

plays a fundamental role in insulin-stimulated glucose uptake in skeletal muscle tissue while 

inhibiting glucose release from hepatocytes. As mentioned above, insulin induces glucose uptake 

via Akt through stimulated GLUT-4 translocation to the cell membrane where GLUT-4 facilitates 

glucose uptake [54].  

It has been shown from both human and animal work that the presence of IR is associated with 

defects to both upstream and downstream targets of Akt/PKB in the form of dephosphorylation of 

protein side chains on IRSs, complete loss of IRSs from the cell surface membrane [56], reduced 

PI3K activity and impaired phosphorylation of the Akt/PKB substrate AS160 in T2DM skeletal 

muscle [57]. Furthermore, it has been shown that the depletion of the Akt2/PKBβ isoform in mice 

results in IR and diabetic-like symptoms, with Akt2/PKBβ knockout rodents also demonstrating 

hepatic insulin resistance [58]. A study conducted in humans has reported that a mutation in the 

gene encoding Akt2/PKBβ causes severe IR [54, 59]. Therefore, this establishes Akt2/PKBβ as a 

key protein in the maintenance of a normal level of sugar in the blood, given that defects in this 

important mediator would presumably result in reduced AS160-induced GLUT translocation [54]. 

Therefore, changes in AKT and GLUT-4 gene expression were examined in skeletal muscle 

harvested from a prediabetic rat model in order to determine the functionality of the insulin 

signalling pathway at a pre-diabetes level. 
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1.3.2 mTOR 

Akt also activates the mammalian target of rapamycin (mTOR). The activation of mTOR by Akt 

also promotes fatty acid uptake and synthesis [12]. The mTOR protein is nutrient sensitive and 

plays a role in mediating the effects of nutrients [60]. Nutrients such as glucose, fatty acids and 

amino acids are able to independently activate mTOR [61]. In addition, mTOR activity is 

modulated by repeated contraction (i.e. exercise) and has emerged as an important mediator of 

exercise-induced adaptation in skeletal muscle [62]. Literature suggests that changes in the 

activation of the mTOR complexes may be one mechanism to explain the altered insulin signal 

transduction in response to lipid availability [63]. The mTOR protein is subdivided into two 

distinct large multi-protein complexes that are mTORC1 and mTORC2 [64]. The present study is 

particularly interested in the mTORC1 pathway because of its association with insulin resistance 

when hyperactivated [63]. Upon activation, the mTORC1 increases phosphorylation of ribosomal 

protein S6 kinase β-1 (p70S6K) and/or eukaryotic translation initiation factor 4E-binding protein 

1 (4E-BP1) [65, 66]. In turn, p70S6K induces IR by stimulating the serine-phosphorylation of 

insulin receptor substratediabetes-1 (IRS-1) that interrupts the recruitment and triggering of PI3K 

leading to diminished insulin activity [63, 67-69]. Thus, given its role in mediating the effects of 

nutrients and the capacity for contractile activity to enhance insulin sensitivity and cell growth, 

mTOR represents an important regulator of skeletal muscle insulin action and metabolism. 

Consequently, this study investigated the changes in mTORC1 product p70S6K gene expression 

in a prediabetic state using a prediabetic rat model.   
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1.3.3 GLUT-4  

The glucose transporter type 4 (GLUT-4) is a protein that is dependent on insulin to facilitate 

glucose uptake in tissues such as the adipose and skeletal muscle. The GLUT-4  is thus a major 

mediator of glucose removal from the circulation and a key regulator of whole-body glucose 

homeostasis [70, 71]. The importance of GLUT-4 in whole-body metabolism is strongly supported 

by a variety of genetically engineered mouse models where expression of the transporter is either 

enhanced or ablated in muscle or adipose tissue or both [72]. The muscle-specific GLUT4 

knockout mice characterised with IR is one example that affirms GLUT-4 importance in the insulin 

pathway [72].  Therefore, this study also seeks to investigate the level of GLUT-4 gene expression 

during pre-diabetes with the use of a pre-diabetic rat model. 

 

1.4 Pre-diabetes  

Pre-diabetes is a chronic metabolic complication that often precedes the onset of T2DM [21, 22]. 

It can be defined as glycaemic variables that are higher than normal, but lower than diabetes 

thresholds. Furthermore, pre-diabetes is preceded by insulin resistance (IR) or pancreatic β cell 

dysfunction way before glucose changes are detectable [22]. Subsequently, pre-diabetes is 

characterized by moderate hyperglycaemia, hyperlipidaemia, and IR [73].  In the presence of IR, 

standard insulin levels in the plasma would fail to stimulate a proper insulin response in the 

peripheral target tissues and as a result the pancreatic β cell responds by producing a greater 

amount of the hormone insulin in order to overcome the high plasma glucose concentrations amid 

insulin resistant peripheral target tissues [74, 75]. The upward change in glucose concentrations 

begins to show when the β cell fails to secrete sufficient insulin to compensate for IR resulting in 
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overt hyperglycaemia detected in T2DM individuals [76, 77]. Globally it is projected that more 

than 470 million people will be burdened with pre-diabetes by the year 2030 (5).  

Pre-diabetes is determined by observing impaired fasting glucose (IFG), impaired glucose 

tolerance (IGT), and elevated glycosylated haemoglobin (HbA1c) (15). IFG is defined as fasting 

plasma glucose (FPG) of 6.1-6.9 mmol/L (110 to 125 mg/dL). IGT is defined as 2 h plasma glucose 

of 7.8-11.0 mmol/L (140-200 mg/dL) after ingestion of 75 g of oral glucose load or a combination 

of the two based on a 2 h oral glucose tolerance (OGT) test [78]. The HbA1c represents 

haemoglobin that is irreversibly glycated at one or both N-terminal valines of the β chains. The 

HbA1c level provides information about the degree of long-term blood glucose control rather than 

the exact mean blood glucose [24]. The ADA has proposed a prediabetes diagnosis range of 5.7-

6.4% of HbA1c [24].  

Pre-diabetes is recognized as the principal risk factor for the development of T2DM with several 

meta-analytic and pathophysiological studies expressing that the majority onset of T2DM is 

preceded by pre-diabetes [20-22]. A study conducted in our laboratory showed that the animals 

fed with HFHC-D developed pre-diabetes as shown by augmented HbA1c and moderate IR [24].  

Furthermore, macro/micro-vascular complications seen in overt T2DM have also been detected in 

the pre-diabetes state [69]. Macrovascular complications comprise of coronary artery disease, 

peripheral arterial disease, and stroke; and microvascular complications comprise of diabetic 

nephropathy, neuropathy, and retinopathy [46]. The macrovascular disease is caused by injury to 

the arteries [79] by the process of atherosclerosis, which cause plaque build-up on the arterial walls 

leading to the narrowing of arteries throughout the body. Atherosclerosis is thought to result from 

chronic inflammation and injury to the arterial wall in the peripheral or coronary vascular system 

[46]. Interestingly, it has been shown that the diabetic and pre-diabetic state is associated with the 
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release of inflammatory markers like plasma IL-6, TNF-α and cardiac CRP cytokines that 

ultimately leads to cardiac dysfunction [48, 55, 80]. This is further supported by Jia-liang et al. 

who showed that transiently elevated blood glucose in impaired glucose tolerance was an indicator 

of pathological oxidative stress factor in the pre-diabetic state and caused cardiac dysfunction 

associated with irregular energy metabolism and release of inflammatory factors [81]. In addition, 

it has been shown that the chances of having a macrovascular disease are upregulated even before 

glucose levels reach the diagnostic threshold for diabetes [82]. Furthermore, one-fourth of newly 

diagnosed diabetics are already shown to have overt cardiovascular disease [69, 82]. 

However, the risk of developing microvascular complications of diabetes depends on both the 

period and the severity of hyperglycaemia. But these complications as well may occur prior to 

overt T2DM, for example, some literature claim that 8% of a population diagnosed with pre-

diabetes already have microvascular complications such as retinopathy [83] and that retinopathy 

foretells subsequent risk of diabetes [84]. The aldose reductase is regarded as the possible 

pathological mechanisms leading to the progression of microvascular complications [85]. In the 

intracellular polyol pathway where aldose reductase acts as the initial enzyme, glucose is converted 

into glucose alcohol (sorbitol). Thus, high glucose levels increase the flux of sugar molecules 

through the polyol pathway, which causes sorbitol accumulation in cells [85]. Osmotic stress from 

sorbitol accumulation has been postulated as an underlying mechanism in the development of 

diabetic microvascular complications. In addition, high glucose concentrations can promote the 

nonenzymatic formation of advanced glycosylated end products (AGEs) [46]. Oxidative stress 

may also play an important role in cellular injury from hyperglycaemia. High glucose levels can 

stimulate free radical production and reactive oxygen species formation [46, 86]. Therefore, since 

diabetic complications begin prior to the onset of diabetes mellitus, it is essential that the pre-
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diabetic condition is looked at more extensively in order to prevent the common progression of 

pre-diabetes to T2DM. 

 

1.5 Justification  

Literature documents that the onset of overt T2DM is often preceded by pre-diabetes [21]. 

Therefore, it is of utmost importance to stress the necessity of having extra attention directed 

towards the investigation of the pre-diabetes condition, for “prevention is better than cure”. 

Therefore, this study was conducted based on that no work has been conducted in analysing the 

possible alterations in the expression of genes coding for proteins involved in the insulin pathway 

during the pre-diabetic state. The target genes consist of Akt, p70S6K & GLUT-4 and they were 

chosen based on literature findings mentioned above and their involvement in the insulin signalling 

pathway. Findings, therefore, will possibly reveal whether the insulin pathway experiences any 

alterations in the prediabetic model utilized and will broaden understanding of the mechanism 

leading to insulin resistance and its link with genetics in HFHC-D induced pre-diabetes. 

Furthermore, findings will assist in the quest to establish an effective strategy for pharmacological 

therapy targeting diabetes/pre-diabetes. This could be through identifying distinctive features of 

pre-diabetes and subsequently discover ways to selectively target them.  

  

1.6 Aim & Objectives 

However, the mechanics leading to the induction of pre-diabetes characterized by IR have not yet 

been studied in this model. Thus, the aim of the study was to investigate the changes in insulin 

signalling pathway of the pre-diabetes model.  
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This was achieved by: 

• Examining the OGT test following the induction of pre-diabetes with a high fat high 

carbohydrate diet.  

• Measuring the HOMA2-IR which determines insulin sensitivity.  

• Determining the level of expression for genes that code for the proteins of interest 

associated with the insulin pathway.  
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Chapter 2 (Manuscript) 

 

Prologue 

Type 2 diabetes is regarded as a global crisis by the world health organisation (WHO). However, 

it is often preceded by a prediabetic or intermediate hyperglycaemic condition. Recently published 

work conducted in our laboratory successfully developed a pre-diabetes rat model characterized 

with moderate insulin resistance (IR) through a diet high in fat and carbohydrates. But no work 

has been done with this model to disclose the mechanics that lead to pre-diabetes.  Therefore, we 

targeted the insulin pathway as the possible pathway that is disturbed in the process of developing 

pre-diabetes and subsequently T2DM. Consequently, we investigated the changes that occur in the 

insulin signalling pathway of a rat prediabetic model by measuring the genetic and protein 

expression of hormones involved in the pathway.  The manuscript has been formatted and 

submitted according to the PLOS ONE submission guidelines (appendix 3). 
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Abstract 

Pre-diabetes is a chronic metabolic complication that often precede the onset of type two diabetes 

mellitus and can be defined as glycaemic variables that are higher than normal, but lower than 

diabetes thresholds, and is preceded by insulin resistance. The extent of changes occurring in the 

expression of genes coding for proteins involved in insulin signalling pathway in a pre-diabetes 

rodent model fed with a high-fat high-carbohydrate diet (HFHC-D) has not been explored. 

Therefore, following the induction of pre-diabetes with HFHC-D, biochemical analysis was 

conducted. The enzyme-linked immunosorbent assay (ELISA) rat insulin kit was used to assess 

insulin levels and real time-quantitative Polymerase chain reaction (RT-qPCR) technique was used 

to measure the gene expression of specific proteins in the skeletal muscle that have an influence 

in the insulin pathway. The pre-diabetes group fed with HFHC-D experienced weight gain due to 

its high calorie intake and was characterized with elevated HOMA-IR index, triglycerides and 

AUC levels of the OGT curve. The results show an elevated expression of the protein kinase B/Akt 

and protein S6 kinase (p70S6) genes. Meanwhile, glucose transporter 4 (GLUT-4) gene was 

diminished. This suggest that the insulin pathway is already partially distorted in the pre-diabetes 

state due to the role of p70S6 at inhibiting the insulin pathway at the IRS-1. This is evidenced by 

the minimal expression of glucose transporter 4. Therefore, the popularization of diet intervention 

and pre-diabetes specific treatment is essential to reduce rising prevalence of type two diabetes 

mellitus.  

Keywords: Type two diabetes mellitus, pre-diabetes, insulin resistance, gene expression,  
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1.0 Introduction  

Type 2 Diabetes Mellitus (T2DM) is an intricate disease that has become pandemic and unless an 

intervention is found, incident cases are expected to continue to rise [1, 2]. The disease is 

characterized by hyperglycaemia secondary to insulin resistance (IR) [3, 4]. In addition, T2DM is 

associated with lifestyle risks factors such as living a sedentary lifestyle and the consumption of 

an unhealthy diet [5]. Furthermore, these risk factors have been implicated in changes in 

expression of genes associated with the insulin signalling pathway [6]. However, the onset of 

T2DM is often preceded by a long lasting condition known as pre-diabetes [7, 8]. Pre-diabetes is 

defined as glycaemic variables that are higher than normal, but lower than diabetes thresholds, and 

is preceded by IR [8]. A study conducted in our laboratory showed that the animals fed with a 

high-fat high-carbohydrates diet (HFHC-D) developed pre-diabetes as shown by augmented 

glycosylated haemoglobin and moderate IR [9-11].  

The insulin signalling pathway is one of the processes involved in the regulation of glucose 

homeostasis by facilitating the entry of glucose into tissues such as the skeletal muscle for either 

to be used as fuel or stored as glycogen [12-14]. This is achieved by the activation of a downstream 

target of the insulin pathway known as protein kinase B (PKB, also known as Akt) that in turn 

phosphorylates and inactivates glycogen synthase kinase-3 (GSK3), an enzyme involved in 

glycogen synthase phosphorylation and inactivation resulting in an increase in glucose storage as 

glycogen [5, 15]. Akt is also responsible for the translocation of the glucose transporter-4 (GLUT-

4) to the plasma membrane, thereby promoting glucose uptake [5]. Finally, Akt is responsible for 

the activation of the mTORC1 protein that results in protein synthesis and fatty acid synthesis [16].  

However, in T2DM the insulin pathway experience changes such as the continual activation of 

mTORC1 that stimulates S6K1, which, in turn, inhibits insulin receptor signalling at the cellular 
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membrane [17, 18]. In addition, the phosphoinositide 3-kinase (PI3K) and Akt are not activated in 

T2DM, resulting to reduced cellular glucose uptake that is characterized by a diminished activation 

of glycogen synthase, and decrease in the proportion of GP in the active phosphorylated form [12, 

19]. But, in the prediabetic state, it is not clear whether these changes already exist and/or whether 

there are alterations in gene expression coding for proteins involved in the insulin pathway. 

Therefore, we sought to investigate the changes that occur in the insulin signalling pathway and in 

gene expression of proteins involved in the insulin pathway utilizing a pre-diabetes rat model.  

 

2.0 Materials and methods  

2.1. Chemicals and reagents  

Chemicals and reagents were of analytical grade and were purchased from standard commercial 

suppliers. 

 

2.2. Animals 

Male Sprague-Dawley rats (150-250g) bred and housed in the Biomedical Research Unit (BRU) 

of the University of KwaZulu-Natal were used in the study. The animals were maintained under 

standard laboratory conditions of constant temperature (22±2 °C), CO2 content (<5000 p.m.), 

relative humidity (55±5%) and illumination (12 hr light/dark cycle, lights on at 07h00). The 

animals were allowed access to food and fluids ad libitum. All animal experimentation was 

approved by the Animal Research Ethics Committee of the University of KwaZulu-Natal (Ethics 

number: AREC/026/017M; see appendix 1). The animals were allowed to acclimatize to their new 
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environment for about 1 week while consuming standard rat chow and tap water before exposure 

to the experimental diets.  Procedures involving animals care were conducted in conformity with 

the institutional guidelines for animal care of the University of KwaZulu-Natal.  

 

2.3. Experimental diet 

A diet high in fats and carbohydrates was chosen because it resembles the current mode of life 

with high fat glucose diet. The composition of a high fat high carbohydrate diet was customized 

as follows: carbohydrates (55 % Kcal/g), fats (30 % Kcal/g), and proteins (15 % Kcal/g). Further 

description of the diet can be seen in table 1 & 2. The drinking water of the experimental animals 

was supplemented with 15% fructose and 5% powder milk. The details for the normal diet can be 

seen in table 3. 

Table 1: Composition of the high fats high carbohydrates (HFHC) diet 

Ingredient Incl(%) Mix(kg)   

Maize 38.98 390.000   

Palm Oil 20.99 210.000   

Soya Full Fat 14.99 150.000   

Wheat Gluten 6.50 65.000   

Flour 6.00 60.000   

Monodex 5.00 50.000   

Sugar – White 5.00 50.000   

Limestone 1.00 10.000   
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Dicalcium Phosphate 0.50 5.000   

Vitamin Premix 0.35 3.500   

Salt – Fine 0.30 3.000   

Amino Acid - DL 

Methionine 0.30 3.000 

  

Mineral Premix 0.10 1.000   

  100.01 1000.50   

 

Table 2: Nutritional value of 

the high fats high 

carbohydrates (HFHC) diet 

    
Nutrient Units Actual   

Dry Matter g/kg 919.93   

Metabolizable Energy MJ/kg 15.86   

Crude Protein g/kg 151.27   

AShreonine g/kg 4.51   

ASIsoluecine g/kg 5.24   

ASLysine g/kg 6.54   

ASMethionine g/kg 4.86   

ASryptophan g/kg 1.30   

ASstidine g/kg 3.30   

ASTSAA g/kg 6.79   
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ASValine g/kg 5.80   

Fat g/kg 250.46   

Carbohydrate g/kg 427.29   

Fibre g/kg 22.08   

Ash g/kg 26.31   

Avl Phosphorus g/kg 1.66   

Calcium g/kg 5.47   

Total Phosphorus g/kg 3.60   

 

 

Table 3: Composition of fats, proteins and carbohydrates of the normal diet (ND). 

Fats 15 % 

Proteins  25 % 

Carbohydrates  65 % 

  

2.4. Experimental protocol  

Male Sprague-Dawley rats (150-250g) were randomly assigned to the following diet groups (n= 4 

per group): a standard rat chow diet with normal drinking water (ND) and high-fat high-

carbohydrate diet with drinking water supplemented with 15% fructose and 5% nestle powder milk 

(HFHC-D), The experimental period was >20 weeks including diet adaptation periods. Body 

weights, food intake/calorie intake, total triglyceride concentrations, and as well as oral glucose 
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tolerance (OGT) responses were measured in the animals during the experimental period until the 

termination. The animals were sacrificed after the experimental period to remove the skeletal 

muscle for biochemical analysis and collect blood samples for plasma insulin concentration 

measurements.  

 

2.5. Oral glucose tolerance (OGT) response 

Performed to determine the glucose tolerance response of animals subjected to a chronic ingestion 

of a high-fat high-carbohydrate diet (>20 weeks), an oral glucose tolerance (OGT) test was 

conducted following carbohydrate loading. The OGT response of all animal groups was monitored 

in the animals using our established laboratory protocol (21). Briefly, after an 12 h fasting period, 

glucose levels were measured (time 0) followed by loading with a monosaccharide syrup (glucose; 

0.86 g/kg) by oral gavage using an 18-gauge gavage needle that is 38 mm long curved, with a 21/4 

mm ball end (Able Scientific, Canning Vale, Australia). To measure glucose concentration, blood 

was collected using the tail-prick method (22). Glucose concentrations were measured by a 

OneTouch select glucometer (Lifescan, Mosta, Malta, United Kingdom). Glucose concentrations 

were measured at 15, 30, 60, and 120 minutes following carbohydrate loading. 

 

2.6. Blood collection and tissue harvesting 

For blood collection, all animals were anaesthetised with Isofor (100 mg/kg)) (Safeline 

Pharmaceuticals (Pty) Ltd, Roodeport, South Africa) via a gas anaesthetic chamber (Biomedical 

Resource Unit, UKZN, Durban, South Africa) for ~2 minutes. While rats were unconscious, they 

were decapitated, and blood was collected and injected into individual heparinized and EDTA 
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containers. The blood was then centrifuged (Eppendorf centrifuge 5403, Germany) at 4°C, 503 g 

for 15 minutes. Plasma was collected and stored at -80 °C in a Bio Ultra freezer (Snijers Scientific, 

Holland) until ready for biochemical analysis. Thereafter, the skeletal muscle was removed, rinsed 

with cold normal saline solution and snap frozen in liquid nitrogen before storage in a BioUltra 

freezer (Snijers Scientific, Tilburg, Netherlands) at -80 °C for biochemical analysis. 

 

2.7. Glycogen Assay 

Glycogen analysis was performed in muscle tissues using a well-established laboratory protocol 

[20, 21]. The harvested muscle tissues were weighed and heated with potassium hydroxide (KOH) 

(30%, 2 mL) at 100 °C for 30 min. Then immediately disodium sulphite (10%, 0.194 mL) was 

added in to the mixture to stop the reaction. The mixture was then allowed to cool, and the glycogen 

precipitate was formed. The cooled mixture with precipitate was aspirated (200 µL) and mixed 

with ethanol (95%, 200 µL). The precipitated glycogen was pelleted, washed and resolubilized in 

water (1 mL). Thereafter, anthrone (0.5 g dissolve in 250 mL of sulphuric acid, 4 mL) was added 

and boiled for 10 min. After cooling the absorbance was read using the Spectrostar Nano 

spectrophotometer (BMG Labtech, Ortenburg, LGBW Germany) at 620 nm. The glycogen 

concentrations were calculated from the glycogen standard curve.  

 

2.8 HOMA2-IR index 

The homeostatic model assessment (HOMA) is an authenticated technique utilised to measure IR 

from fasting glucose and insulin [22]. The HOMA consist of two models identified as either 

HOMA1-IR or HOMA2-IR. The HOMA2-IR index was the model of choice because it was 
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updated with some physiological adjustments to a computer version yielding a more accurate index 

relative to the initial HOMA1-IR that was published by Mattews and cols. in 1985 [23]. A range 

of 0.5-1.4 is an indication of a normal HOMA-IR value. An index value that is less than 1.0 means 

that the insulin-sensitivity is at optimum. Whereas, index values above 1.9 indicate early insulin 

resistance and for index values above 2.9 indicate significant insulin resistance. Therefore, the 

study utilised the HOMA2-IR index in order to assess the insulin sensitivity in Sprague Dawley 

rats. 

 

2.9. Biochemical analysis 

2.9.1 Plasma insulin 

Plasma insulin concentrations were measured using an ultra-sensitive rat insulin ELISA kit 

(Mercodia AB, Sylveniusgatan 8A, SE-754 50 Uppsala, Sweden) according to the manufacturer’s 

instructions.  

2.9.2 Real Time quantitative PCR (RT-qPCR) 

RNA was extracted from the harvested skeletal muscle tissue using a ReliaPrep miRNA Cell and 

Tissue Miniprep System (Promega, USA). Total RNA (1 𝜇g) was reverse-transcribed into cDNA 

using a GoTaq® 2-Step RT-qPCR System as a cDNA synthesis kit (Promega, USA) following the 

supplier’s instructions.  

The ROCHE light cycler SYBR Green I master mix was used to carry out PCR amplifications on 

ROCHE light cycler 96 machine. The Primer sequence used can be found in table 4 below.  PCR 

was done using the following cycling conditions: Pre-incubation for 10 min at 95 °C, followed by 
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45 cycles of 95 °C for 15 s, 60 °C for 30s and 72 °C for 30s. The qRT-PCR results were analysed 

using the 2-ΔΔCq comparative method to compare Cq values of the treated groups to the control 

group. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) used to normalise the Cq values of 

the treated groups and control groups. To calculate the fold change, a value of 1 was assigned to 

the controls [24]. 

 

Table 4: List of primers used in the study 

Sequence name  Sequence 

AKT gene Forward: 5′-ATGGACTTCCGGTCAGGTTCA-3′  

Reverse: 5′-GCCCTTGCCCAGTAGCTTCA-3′ 

GLUT-4 Forward: 5′-ATCAACGCCCCACAGAAAGT-3′  

Reverse: 5′-CCTGCCTACCCAGCCAAGT-3′                                                                                                                

P70S6 Forward: 5′-GGAGCCTGGGAGCCCTGATGTA-3′  

Reverse: 5′-GAAGCCCTCTTTGATGCTGTCC-3′ 

GAPDH Forward: 5’-AGTGCCAGCCTCGTCTCATA-3’ 

Reserve: 5’-GATGGTGATGGGTTTCCCGT-3’ 

 

2.10. Analysis of data 

Data was expressed as means ± S.E.M. Statistical comparisons were performed with 

GraphPadInStat Software (version 5.00, GraphPad Software, Inc., San Diego, California, USA) 
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using the unpaired t-test (Mann-Whitney test) to determine statistical differences between the 

means of the two groups. A value of p< 0.05 was considered statistically significant.  

 

3.0 Results 

3.1 Calorie intake and Body weights  

The table displays the calorie intake and body weights measured in the final week for both the ND 

and HFHC-D groups. The calorie intake along with the body weight for the HFHC-D group was 

significantly higher when compared to that of the ND group (p <0.05).  

 

Table 5: Calorie intake and body weight. Values presented as mean and SEM, * = p <0.05 denotes 

comparison with ND. For body weights p < 0,0043 . 

 

 

 

 

 

 

 

 

Groups Calorie intake (kcal/g) Body Weights (g)  

ND  

106.18±1.90 426.00 ±15.57 

 

HFHC-D  

120.72±1.01* 542.30 ±12.47* 
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3.2 Oral Glucose Tolerance Test 

The OGTT was conducted at the culmination of the diet induced pre-diabetes period in ND and 

HFHC-D groups. The results display that there was no significance difference between the ND 

and HFHC-D groups during the OGT response. However, there was a significance difference in 

the Area under the curve (AUC) between the ND and HFHC-D groups. 
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Figure 1 The OGT response after induction of pre-diabetes and its AUC values. Findings 

show no significance difference between the ND and HFHCID groups during the 120-minute 

interval. However, the AUC for the HFHC-D group is about four times greater than the ND group.  

Values presented as mean and SEM (n=4, per group). 
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3.3 Skeletal muscle glycogen concentrations 

The glycogen concentration levels were measured at the terminal of diet induced pre-diabetes 

period. The results displayed that HFHC-D group had significantly higher skeletal muscle 

glycogen in comparison to ND (p < 0.05). 

 

 Fig 2. Skeletal muscle glycogen concentrations. Displays terminal muscle glycogen 

concentration of ND and HFHC-D groups. Values presented as mean and SEM (n=4, per group). 

⋆ denotes HFHC-D increased by p < 0,0066 when compared with ND. 
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3.4 HOMA2-IR Index 

The HOMA2-IR index as calculated in the ND and HFHC-D groups. The HOMA2-IR value of 

the ND group was within insulin-sensitivity range (<1.0). By comparison with the ND group, the 

HFHC-D group showed a higher HOMA2-IR value, which was above the early IR range (>1.9) 

but lower than the overt IR range (>2.9). (* = IR range > 1.9). 

 

Table 6: Displays the HOMA2-IR index calculated using the HOMA2 calculator in the ND & 

HFHC-D groups (n=4, per group).   

GROUPS GLUCOSE (mmol/l) INSULIN (pmol/L) HOMA2-IR 

 

ND 

 

  5.45 

 

42.27 

 

0.81 

 

HFHC-D 

 

5.20 

 

161.10 

 

2.40 * 
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3.5 Blood Triglycerides levels 

Triglycerides levels was measured in the blood using the Accutrend Plus instrument. In 

comparison with the ND, there is a significant increase in triglycerides levels in the HFHC-D fed 

group (p < 0.05). 

 

Table 7: The effects of HFHC-D on Triglycerides levels of Sprague Dawley rats during the pre-

diabetes induction period. Values presented as mean and SEM (n=4, per group). *=p ≤0,0040. 

GROUPS TG (mmol/l) 

ND 
1.41 ±0.24 

HFHC-D 
5.40 ±0.86 * 
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3.6 Gene expression  

The expression of the three genes of interest (GLUT-4, Akt & P70S6) was measured using a real 

time quantitative polymerase chain reaction (RT-qPCR). The results show that GLUT-4 gene 

remained relatively the same as there was no increase. However, Akt expressed a 4-fold increase 

in gene expression and P70S6 expressed a 2-fold increase in its gene expression.  
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Fig 2. The gene expression of Akt (A), P70S6K (B) and GLUT-4 (C). Bar graph representing 

the expression (2-ΔCt) of three genes of interest expressed in the skeletal muscle of diet induced 

prediabetic Sprague Dawley rats. Values presented as mean and SEM, *=p <0.05 and α=p>0.05 

denotes vs Normal diet (ND). Akt p≤ 0,0421; P70S6K p≤ 0,4982; GLUT-4 p≤ 0,384.  GAPDH 

was utilized as the housekeeping gene 

 

4.0 Discussion 

This study investigated the possible alterations in the insulin signaling pathway in a HCHF-D 

induced pre-diabetes Sprague Dawley rat model. The model has shown to display the signs and 

symptoms of pre-diabetes, which include moderate IR and glucose intolerance over time [9, 10]. 

Also, in literature pre-diabetes is known to be characterized by moderate hyperglycaemia, 

hyperlipidaemia, and IR [25].  

Pre-diabetes is also described as a combination of excess body fat and insulin resistance, thus its 

associated with unhealthy eating and weight gain/obesity [26, 27]. Unsurprisingly, the animals fed 

with the high fat high carbohydrates diet experienced a higher calorie input and thus more weight 

gain relative to normal/standard diet fed group. This weight gain is expected during pre-diabetes 

because in the prediabetic state, insulin resistant is still at a moderate level. Therefore, insulin is 

still effective due to the compensatory mechanism of the pancreatic beta cells that release more 

insulin into the blood and insulin being an anabolic hormone endorses the storage of glucose as 

glycogen and fat build up in the body [13, 28]. The outcome of this is inevitably the gain of weight.  

According to the American Diabetes Association (ADA), pre-diabetes mellitus can be diagnosed 

with a fasting plasma glucose levels of 5.6 to 6.9 mmol/L  and with plasma glucose levels of 7.8 
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to 11.0 mmol/L 2-hour postprandial, or a glycated haemoglobin (HbA1c) of 5.7 to 6.4%[29] OGT 

test has been extensively used as a diagnostic tool to screen for diabetes [30]. However, the 

utilization of OGT test as a diagnostic tool for pre-diabetes is debatable due to its poor 

reproducibility [31, 32]. Subsequently, HbA1c has been the most widely used and accepted test 

for monitoring the glycaemic control in individuals with diabetes. Recently published studies 

conducted in our laboratory using the same HFHC-D induced pre-diabetes rat model has already 

shown that increased levels of HbA1c are present in the pre-diabetic control when compared with 

the normal diet group without pre-diabetes [10, 11].  

This study has shown that the IFG values for both the ND and HFHC-D fed groups fall just below 

the diagnostic range of pre-diabetes. However, literature has shown that defective insulin secretion 

and altered insulin sensitivity are already existing when fasting plasma glucose is still within the 

normal range, <5.6 mmol/L [33, 34]. Furthermore, its documented that the OGT and IFG tests 

detect insulin resistance only after it has progressed for a while and your blood sugar levels have 

started to rise [35]. Therefore, it is suggested that other tests for insulin resistance may be able to 

detect it earlier [35]. Therefore, despite the normal IFG and OGT levels, the utilization of glucose 

over the two-hour period (figure 1) do suggest the presence of moderate IR as the AUC value for 

the HFHC-D is higher than in the ND. Furthermore, the HFHC-D fed group failed to return glucose 

levels to its initial levels (IFG levels) meanwhile the ND fed group was able to return glucose 

levels to below its initial level.  

The presence of moderate IR was further evidenced when we compared the pre-diabetes 

group/HFHC-D with the ND group as depicted in table 5, wherein the results show that a HFHC 

diet increased the plasma insulin levels and HOMA2-IR value. A HOMA2-IR value of >1,9 is 

regarded as a marker of early IR. A study in our laboratory displayed similar results as rats fed 
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with HFHC-D showed increased levels of plasma insulin and HOMA2-IR [10, 11]. According to 

literature, high insulin levels come about when the peripheral target tissues such as the skeletal 

muscle responds poorly to normal insulin concentrations, consequently the pancreatic β cell 

responds by producing more insulin to overcome the high blood glucose concentrations among IR 

peripheral target tissues [28, 36]. Consequences of high levels of insulin is strongly associated to 

metabolic complications such as heart attack and stroke [37].   

The possible cause to moderate IR is multifactorial and increased lipids levels is one factor. The 

high levels of triglycerides in the blood of the HFHC-D fed group suggest that its’ accumulation 

may be responsible for the development of moderate IR. This is because, high triglycerides levels 

in the blood may result in them accumulating in tissues such as adipose and skeletal muscle tissue. 

In literature, triglyceride accumulation in the muscle of high-fat diet-fed rats occur simultaneously 

with IR, which is affirms the hypothesis that IR is related to triglyceride accumulation in muscle 

[38]. Upon insulin stimulated glucose uptake into skeletal muscle cells, glucose is converted to 

glucose-6-phosphate by hexokinase II [39], in turn is metabolised via glycolysis, citric acid cycle 

and phosphorylation to form adenosine triphosphate (ATP) that is essential for cell metabolic 

processes [40]. Interestingly, the intermediates of the citric acid cycle are moved in the direction 

of lipid synthesis that is under insulin control in the muscle [41], which further explains the high 

triglyceride levels experienced in the HFHC-D group (table 8).  

Additionally, after the formation of glucose-6-phospahte, a cascade of events lead to the synthesis 

of glycogen (see figure 3), a metabolic process which is also influenced by insulin signalling [42]. 

The findings of this study show increased glycogen concentrations in the HFHC-D fed group 

relative to ND group. This correlates with the high insulin levels observed in the HOMA2-IR index 

table, as insulin would promote glycogen synthesis. This finding is expected during the pre-
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diabetes state as IR is still at moderate level and the pancreatic β cells haven’t be exhausted as it 

would be seen in overt T2DM [28].  

A gene is defined as a region of DNA or RNA that comprises a specific set of instructions, usually 

coding for a protein or for a function. During gene expression, the gene containing a nucleotide 

sequence determines the sequence of its mRNA product through a process of transcription. In turn, 

the mRNA sequence determines the amino acid sequence of the resulting polypeptide that make 

up a protein. Therefore, gene expression is a very critical state at which the genotype brings about 

the phenotype [43]. This is accomplished when the genetic code housed in the DNA is interpreted 

by gene expression, and the properties of the expression generates the organism's phenotype that 

is generally expressed through protein synthesis that act as functional enzymes catalyzing specific 

metabolic pathways [44]. Therefore, it can be assumed that the level of mRNA is directly 

proportional to its protein product. 

The expression of GLUT-4 gene of interest expressed minimal change relative to the control, the 

reference gene. This could indicate that during the pre-diabetes state, the synthesis of the GLUT-

4 protein remains normal. This could be explained by that during the prediabetic state, blood 

glucose levels remain below the diabetes thresholds [8], thus, the signal to upregulate GLUT-4 

synthesis has not yet been triggered. However, the translocation of GLUT-4 to the plasma 

membrane in order to promote glucose uptake is dependent on the stimulation of active Akt [45].  

The expression of Akt gene expresses a 4-fold increase in its expression. This increase may be 

interpreted as an increase in its protein expression. But, for Akt to be functional it requires an 

induction at PIP3 site in the presence of PDK1 [5]. Despite the increased synthesis of Akt protein 

suggested by the 4-fold increase in expression of its coded Akt gene, when taken together with the 

GLUT4 gene expression, the Akt results suggest that few of the Akt protein ended up being 
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activated as it would reflect by increased levels of GLUT 4. We suggest that there is partial 

disturbance in the insulin pathway probably because of the two-fold increase in the expression of 

P70S6 gene that codes for the protein P70S6. P70S6 stimulation is due to activated mTORC1 

protein and its elevation is regarded a marker for insulin insensitivity because of its negative 

feedback signal on IRS [46]. This is achieved through stimulation of the serine-phosphorylation 

of IRS-1, which in turn disturbs the recruitment and triggering of PI3K resulting to reduced insulin 

activity [18, 47].  

 

5.0 Conclusion 

The presence of high HOMA2-IR index, triglycerides, glycogen and AUC value are indications of 

pre-diabetes. We suggest that the elevated triglyceride concentration observed in the HFHC-D 

induced prediabetic rats is a contributing factor for alterations in the insulin signaling pathway. 

We suggest that during pre-diabetes, moderate alterations in the insulin signaling pathway are 

already present, due to the current findings of a two-fold increase in gene expression of the P70S6, 

which is responsible for the disturbance of the insulin pathway at the IRS-1 resulting in IR. 

 

6.0 Shortfalls and future studies 

A shortfall of this study is the absence of IRS-1 gene expression that would have further validated 

the alteration of the insulin pathway at the IRS-1. Interestingly, however, gene expression is 

regulated at both the mRNA and protein level through on and off switches and fine-tuned control 

[43]. The alteration of  gene expression can be achieved through prominent epigenetic mechanisms 
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such as DNA methylation, histone modification, and non-coding RNA-mediated pathways [48]. 

Therefore, in future studies, it would be interesting to see whether there is any presence of 

epigenetic changes in these genes of interest during the pre-diabetes stage. Also, in future, western 

blot analysis of the proteins involved in the insulin pathway can be conducted to further validate 

the current findings.  
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Chapter 3 (Synthesis) 

 

Alterations of insulin signalling pathway during the prediabetic state 

 

Pre-diabetes is a previously disregarded condition that generally propagates the development of 

T2DM when left unattended. The characterization of pre-diabetes includes the presence of 

moderate hyperglycaemia and insulin resistance (IR). The fact that some diabetic complications 

are observed 4-7 years prior a person is diagnosed with T2DM is a reason for concern. Thus, 

because pre-diabetes often precedes T2DM, more attention should be given to pre-diabetes so that 

more awareness is relayed not only amongst researchers but even to the general population.  

In our laboratory, a diet that is rich in fats and carbohydrates was able to induce a pre-diabetes 

Sprague Dawley rat model. Additionally, this was achieved along with weight gain/obesity, which 

is associated with metabolic complications such as pre-diabetes. However, the mechanistic leading 

to IR hasn’t been investigated in this model. Therefore, this study aims to investigate the changes 

in the insulin signalling pathway in diet-induced pre-diabetic Sprague Dawley rats. Therefore, the 

same high fat high carbohydrates diet (HFHC-D) was used in this study to induce pre-diabetes in 

Sprague Dawley rats for a period of 20 weeks. The OGT test was performed along with triglyceride 

concentrations prior the termination of the animal work. Thereafter biochemical analyses such as 

the ELISA, glycogen assay and PCR were performed to achieve the aim of the study.  

The findings show that a HFHC-D was able to induce pre-diabetes over the induction period of 

>20 weeks. This was supported by the higher AUC of the OGT test graph, higher plasma 

triglycerides and higher HOMA2-IR index in the HFHC-D group compared to the ND/Control 
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group. The HFHC-D fed group failed to return glucose levels to its initial levels (IFG levels) 

meanwhile the ND fed group was able to return glucose levels to below its initial level. This is as 

an indication of a poor response to the hormone insulin in the skeletal muscle tissue of the HFHC-

D group, because an ideal response to insulin would be to restore glucose levels back to its initial 

state following the oral dosage of glucose. These results suggest the presence of pre-diabetes in 

these rats. Following this prediabetic induction process, the next step was to assess the state of the 

insulin signalling pathway by analysis of gene expression of genes coded for proteins involved in 

the insulin pathway and the expression of these proteins. Real time PCR was used to measure gene 

expression and the Western blot technique was used to measure protein expression.  

The findings of the gene expression of Akt, GLUT-4 and p70S6 altogether do suggest that there 

are changes in the insulin pathway although still at a moderate level. The two-fold increase of the 

gene p70S6 that is responsible inhibiting the insulin pathway at the IRS-1 is an indication of 

impaired insulin pathway. Also, physiologically, the increase of the Akt protein is expected to be 

in proportion with the increase of the GLUT-4 protein. However, the PCR results show an 

inversely proportional relationship between Akt, and GLUT-4 as seen with the 4-fold increase in 

the Akt gene expression and normal GLUT-4 expression when there are compared to the 

ND/Control group. This is interpreted as that there is a poor activation of the Akt that leads to the 

translocation of GLUT-4 to the plasma membrane. Thus, further suggesting an impairment in the 

signalling pathway in these prediabetic rats. However, the insulin signalling pathway consists of a 

lot of other proteins that regulate other functions therefore more work is still required to elucidate 

the effects of this diet on their expression.  
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• Title page: List title, authors, and affiliations as first page of manuscript 

• Abstract 

• Introduction 

Middle 

section 
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• Materials and Methods 

• Results 

• Discussion 

• Conclusions (optional) 

Ending 

section 
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• Acknowledgments 

• References 

• Supporting information captions (if applicable) 

Other 
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• Figure captions are inserted immediately after the first paragraph in which the 

figure is cited. Figure files are uploaded separately. 
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• Tables are inserted immediately after the first paragraph in which they are 

cited. 

• Supporting information files are uploaded separately. 
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