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ABSTRACT  

Introduction 

The incidence of type 2 diabetes (T2D) is increasing at an alarming rate, 

especially in developing countries, including South Africa. In developing 

countries, changes in lifestyle, especially the increase in the consumption of a 

westernized diet, rich in fats and sugar, is associated with hyperlipidemia, obesity 

and development of T2D.  Skeletal muscle and adipose tissues are the major 

tissues involved with post-prandial peripheral glucose disposal in response to 

insulin. Insulin resistance reduces the ability to clear glucose from the circulation 

resulting in hyperinsulinemia and hyperglycemia with the development of T2D.  

High levels of plasma free fatty acids (FFAs), particulary saturated FFAs such as 

palmitate, are associated with insulin resistance in muscle and adipose tissue.  

Monounsaturated FFAs, such as oleate and essential FFAs such as omega 3 

and omega 6 are claimed to be beneficial and to improve insulin sensitivity.  

 

Aim 

This study aims to determine the in vitro effect of the free fatty acids (FFAs) 

palmitate, oleate, omega 3 and omega 6 on insulin-stimulated glucose 

metabolism in myocytes and  adipocytes.  

 

Materials and methods  

Mouse C2C12 and rat L8 cells were differentiated into myocytes and myotubules 

by serum deprivation, while mouse 3T3-L1 fibroblasts were differentiated into 

adipocytes by culturing in 3-isobutyl-1-methylxanthine (IBMX), dexamenthasone 

and insulin. Myocytes and adpipocytes were cultured in DMEM containing 5.5 

mM or 20 mM glucose supplemented with 0.75 mM of each of the respective 

FFAs (i.e. palmitate, oleate, omega 3 and omega 6) for 24 hours. Thereafter 

media was replaced with fresh media containing 0.75 mM of each of the FFAs 

with or without insulin stimulation in the last hour. 
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Glucose uptake was measured using a 2-deoxy-[3H]-D-glucose method. 

Glycogen and glucose-6-phosphate (G6P) concentrations were determined using 

commercial kits. Glucose oxidation was measured by 14CO2 release from cells 

incubated with glucose D-[14C(U)]. Cell viability and mitochondrial 

dehydrogenase activity was assessed using the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-

diphenyl tetrazolium bromide method. Quantitative real-time PCR was used to 

measure messenger RNA levels of selected genes involved in the insulin 

signaling pathway. 

 

 Results  

The different FFAs tested had varying effects in C2C12 and L8 myocytes, and 

3T3-L1 adipocytes cultured in media containing 5.5 mM or 20 mM glucose. 

Palmitate decreased both basal and insulin-stimulated glucose uptake in C2C12 

myocytes cultured in 5.5 mM and 20 mM glucose. Oleate decreased insulin 

stimulated glucose uptake in cells cultured in 5.5 mM glucose but had no effect at 

20 mM glucose. The essential FFAs had no effect on glucose uptake.  

 

In L8 myocytes, palmitate decreased both basal and insulin-stimulated glucose 

uptake at 5.5 mM glucose, while only insulin-stimulated glucose uptake was 

reduced at 20 mM glucose. Neither oleate, omega 3 nor omega 6 affected basal 

glucose uptake in cells cultured in 5.5 mM or 20 mM glucose. However, at 20 

mM glucose these three FFAs reduced insulin-stimulated glucose uptake.  

 

In contrast to myocytes, none of the FFAs affected basal or insulin-stimulated 

glucose uptake in 3T3-L1 adipocytes cultured at 5.5 mM glucose. However at 20 

mM glucose only palmitate reduced both basal and insulin-stimulated. 

 

In terms of glucose metabolism, palmitate decreased basal and insulin-stimulated 

G6P concentrations in C2C12 myocytes cultured in 5.5 mM and 20 mM glucose. 

Oleate increased basal G6P concentrations at 5.5 mM glucose, but had no effect 

at 20 mM glucose. Omega 3 increased and omega 6 decreased basal G6P 
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concentrations at both 5.5 mM and 20 mM glucose. At 5.5 mM glucose, oleate had 

no effect on insulin-stimulated G6P concentrations, while omega 3 and omega 6 

decreased G6P concentrations. At 20 mM glucose these three FFAs increased 

insulin-stimulated G6P concentrations. In L8 myocytes palmitate, oleate and 

omega 3 reduced basal G6P concentrations, while omega 6 increased basal G6P 

concentrations when cultured in 5.5 mM glucose. At 20 mM glucose palmitate and 

oleate decresed both basal and insulin-stimulated G6P concentrations, while only 

insulin-stimulated G6P concentrations were decreased by omega 3 and omega 6.  

In 3T3-L1 adipocytes basal G6P was not affected by all the FFAs at 5.5 mM 

glucose. However, insulin-stimulated G6P was reduced by palmitate and omega 3. 

All of the FFAs increased basal G6P concentrations at 20 mM glucose in 3T3-L1 

adipocytes. Only oleate decreased insulin-stimulated G6P at 20 mM glucose. 

 

In C2C12 myocytes none of the FFAs had an affect on basal or insulin-stimulated 

glycogen concentrations at 5.5 mM or 20 mM glucose. In L8 myocytes cultured in 

5.5 mM glucose palmitate, oleate and omega 3 increased basal glycogen 

concentrations. Palmitate, oleate and omega 6 decreased insulin-stimulated 

glycogen concentrations. At 20 mM glucose, oleate, omega 3 and omega 6 

increased basal glycogen concentrations while none of the FFAs had an effect 

on insulin stimuated glycogen concentration. In 3T3-L1 adipocytes cultured in 5.5 

mM glucose only omega 3 and omega 6 reduced basal glycogen concentrations. 

None of the FFAs effected glycogen concentrations at 20 mM glucose. 

 

In C2C12 myocytes cultured in 5.5 mM glucose, none of the FFAs affected basal 

glucose oxidation. Palmitate decreased and oleate inceased insulin-stimulated 

glucose oxidation. In L8 myocytes only palmitate decreased basal glucose 

oxidation. Palmitate, oleate and omega 6 reduced insulin-stimulated glucose 

oxidation at 5.5 mM glucose. In 3T3-L1 adipocytes none of the FFAs affected 

basal glucose oxidation at 5.5 mM glucose. At 20 mM glucose all of the FFAs 

reduced both basal and insulin-stimulated glucose oxidation in all three cell lines 

used. 
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In C2C12 myocytes, palmitate downregulated insulin-stimulated mRNA 

expression of Irs1, Pi3k and Glut4 although this was not statistically significant. 

 

Conclusion  

At equimolar concentrations, palmitate exerted the worse effect on basal and 

insulin-stimulated glucose uptake compared to oleate, omega 3 and omega 6 in 

all cell lines used. In terms of glucose metabolism, all the FFAs tested had a 

minimal effect on glycogen storage, while all FFAs decreased glucose oxidation 

especially at the 20 mM glucose concentration. 

 

These findings are in agreement with previous studies where FFAs compete with 

glucose for substrate oxidation. However, palmitate has additional effects on 

glucose uptake which could be related to the accumulation of lipid metabolites 

such as diacylglycerol and ceramide. In 3T3-L1 adipocytes palmitate reduced 

glucose uptake only at 20 mM glucose. This supports the hypothesis that 

adipocytes in contrast to myocytes retain their insulin sensitivity at 

normoglycemic conditions (5.5 mM glucose) but not at at hyperglycemic 

conditions (20 mM glucose).  

 

Although not statistically significant, palmitate treatment of C2C12 myocytes 

decreased the mRNA expression of genes involved in the insulin signalling 

pathway. Taken together our results confirm that saturated FFA such as 

palmitate could contribute to and exacerbate insulin resistance 
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1.1 Introduction  

 

There are two main types of diabetes, type 1 and type 2 diabetes mellitus. Type 

1 diabetes mellitus is also referred to as insulin-dependent diabetes mellitus 

(IDDM), and is due to the inability of the pancreas to secrete insulin (Skyler, 

2007). Type 2 diabetes (T2D), also called non-insulin dependent diabetes 

(NIDDM) or adult-onset diabetes, is the most common form of diabetes 

accounting for approximately 90% of cases worldwide (Nolan et al., 2006). T2D, 

a disorder of glucose and insulin metabolism is characterised by high blood 

glucose levels and reduced insulin sensitivity (Thevonod, 2008; Prashanth et al., 

2009). The World Health Organisation (WHO) classifies an individual with fasting 

plasma glucose levels of ≥7.0 mmol/l as diabetic (Davidoff, 1997; Seino et al., 

2010). T2D is a multifactorial disease that occurs primarily in adults and is 

associated with insulin resistance, dyslipidemia and obesity. However, T2D is 

becoming prevalent amongst children, particulary in obese children. It is 

essentially a lifestyle disease that can be managed by exercise and diet. Early 

detection is crucial to improve the management of T2D (Rosenbloom et al., 

2009). 

 

T2D is a major cause of morbity and mortality. An estimated 285 million adults 

are affected with T2D worldwide. Predictions are that this figure is expected to 

rise to between 366 and 439 million individuals by 2030 (Wild et al., 2004; Kumar 

and Singh, 2010, Shaw et al., 2010). Traditionally, T2D was considered a 

disease of developed nations, however, the prevalence of T2D is increasing at 

alarming rates in developing countries. In Sub-Saharan Africa the prevalence of 

T2D is estimated at 7.1 million and expected to rise to 18.6 million by 2030. 

Reasons for the high incidence of T2D in developing countries include, amongst 

the others, increased prosperity, urbanisation and a shift towards a “westernized 

lifestyle” (Wild et al., 2004). 
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1.2 Risk factors associated with type 2 diabetes 

 

A number of risk factors associated with the development of T2D have been 

identified. These include, amongst others, genetics, lifestyle, nutrition, lack of 

physical activity and obesity (Hays et al., 2008; Räisänen et al., 2008). There is a 

strong correlation between the development of metabolic syndrome and T2D. 

Insulin resistance, increased waist circumference, increased triglycerides, 

reduced  high density lipoprotein (HDL) cholesterol, increased blood pressure 

and increased fasting glucose are features of the metabolic syndrome (Imai et 

al., 2010).  

 

The development of insulin resistance is associated with diet, specifically a 

westernized, high fat diet that is rich in saturated fats and sugar (Hu, 2001). 

Insulin resistance affects the body’s ability to maintain normoglycemia resulting in 

hyperglycemia. The resultant chronic hyperglycemia and associated 

hyperlipidemia further exacerbates insulin resistance and the progression 

towards T2D (Goalstone and Draznin, 1997; Youngren, 2007; Prashanth et al., 

2009).  

 

1.3 Glucose  

 

Glucose is a simple sugar (monosaccharide) that cells use for energy. It is 

essential for normal cell function. The naturally occurring stereoisomer of glucose 

is D-glucose or dextrose (C6H12O6) (Schenck, 2006). Glucose is used as a 

biological fuel during aerobic and anaerobic respiration or fermentation. Aerobic 

respiration is the most efficient means of glucose utilization, yielding 32 

molecules of adenosine-5’-triphosphate (ATP) during the processes of glycolysis 

and oxidative phosphorylation. Anaerobic respiration yields only 2 molecules of 

ATP (Mauseth, 2009, Van der Heiden et al., 2009).  
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1.4 The glucose transporters 

 

Due to the hydrophilic nature of glucose, cell membranes are effectively 

impermeable to glucose, therefore it must be transported actively across the 

plasma membrane by specific carrier proteins referred to as the glucose 

transporter (GLUT) family of facilitative glucose transporters (Calvo et al., 2010). 

The glucose transporters or solute carrier family 2 (GLUT or SLC2) are a family 

of proteins that facilitate the transport of glucose into the cell (Gorovits and 

Charron, 2003). The transport of glucose across the plasma membrane is 

controlled by various factors, one of which is the expression of appropriate 

glucose transporters at the surface of the cell. The synthesis, post-transcriptional 

modifications and subsequent translocation of the glucose transport proteins is 

under hormonal regulation and play an essential role in glucose homeostasis 

(Brown, 2000). 

 

The glucose transporters are integral membrane proteins that contain 12 

membrane-spanning α-helices with both the amino and carboxyl termini exposed 

on the cytoplasmic side of the plasma membrane (Figure 1). Active transport of 

glucose across the plasma membrane by the relevant glucose transporter 

involves the binding of glucose to the extracellular side of the glucose 

transporter. This leads to conformational changes to the glucose transporter 

complex, whereafter the glucose is transported to the cytoplasmic side of the 

plasma membrane. Thereafter, glucose is released into the cytoplasm from the 

binding site. Once the glucose is released from the transporter, the unoccupied 

transporter changes back to its original conformation with its binding site at the 

cell surface (Kahn, 1992). It is generally accepted that five of these α-helixes 

form the hydrophilic pore through which glucose is transported (Mueckler, 1994; 

Olson and Pessin 1996). 
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Figure 1. Structure of the glucose transporter.  
The mammalian facilitated glucose transporters have 12 transmembrane spanning α-helices with 
both the amino and carboxy-terminal domains exposed on the same side of the plasma 
membrane. Figure taken from Cooper, 2000 
 

 

To date, 13 members of the glucose transport family, each with different tissue 

distribution and kinetic properties have been identified. Currently, the best 

characterized members of the GLUT family are the class I glucose transporters 

(GLUT1-4) (Khan and Pessin, 2002; Medina and Owen, 2002; Calvo et al., 

2010). Each of these members will be discussed in more detail below. 

1.4.1 Glucose transporter 1 

 

Glucose transporter 1 (GLUT1) is also called erythrocyte, brain or HepG2-type 

transporter (Calvo et al., 2010). This high affinity glucose transporter is the main 

isoform expressed in fetal tissue and is expressed in most adult tissues and cell 

types. It is the main glucose transporter involved in basal glucose uptake from 

the extracellular environment and most importantly, transports glucose across 

epithelial and endothelial barrier tissues (Calvo et al., 2010). Basal glucose 

uptake appears to be more complex than first suggested. It is regulated by 

glucose-6-phosphate (G6P) and cytoplasmic ATP concentrations (Mueckler, 
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1994, Nedachi and Kanzaki 2006). GLUT1 levels are inversely correlated with 

extracellular glucose concentrations with maximal expression during starvation 

and decreased levels observed after re-feeding (Heilig et al., 1997). 

 

Although GLUT4 is the insulin-responsive glucose transporter, studies have 

demonstrated that long-term stimulation of skeletal muscle with insulin increases 

Glut1 mRNA expression and protein levels, and the translocation of GLUT1 to 

the plasma membrane. These studies have also demonstrated that long-term 

insulin stimulation does not activate Glut4 mRNA expression (Thorell et al., 1999; 

Kanzaki and Pessin, 2001). This was supported by Koivisto et al., 1991; 

Yamamoto et al., 2000 who showed that prolonged insulin treatment increased 

Glut1 mRNA expression in L6 and 3T3-L1 cells, without affecting Glut4 mRNA 

expression. 

1.4.2 Glucose transporter 2 

 

The glucose transporter 2 (GLUT2) isoform is primarily expressed in pancreatic 

-cells, hepatocytes and in the basolateral membrane of intestinal and renal 

epithelial cells (Li et al., 2007; Nair and Wilding, 2010). GLUT2 has a low affinity 

for glucose but has high transport capacity to allow natural flux of glucose into or 

out of the cell. In combination with glucokinase, GLUT2 serves as a glucose 

sensor that responds to changes in blood glucose by increasing the rate of 

glucose uptake into the cells. Glucokinase activity is the rate limiting step for the 

uptake of glucose into cells (Mueckler, 1994; Broydell et al., 1998; Watson and 

Pessin, 2007; Bouche et al., 2004).  

1.4.3 Glucose transporter 3 

 

Glucose transporter 3 (GLUT3) is a low capacity glucose transporter that is 

responsible for glucose uptake in neurons (Gomez et al., 2010). It is expressed 

during fetal development and in adult neurons, and functions to ensure a 

constant movement of the glucose into these cells. Although GLUT3 expression 

is restricted to nervous tissue in the mouse, Glut3 mRNA and proteins have been 
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detected in human tissues such as the placenta, liver and kidney (Nualart et al., 

2009). 

1.4.4 Glucose transporter 4 

 

Glucose transporter 4 (GLUT4) is a high affinity glucose transporter 

predominantly expressed in insulin sensitive tissues such as muscle and 

adipocytes (Watson and Pessin, 2006; Karnieli and Armoni, 2008; Montel-Hagen 

et al., 2009). In the basal or unstimulated state, GLUT4 is internally sequestered, 

and its movement from intracellular storage vesicles to the cell surface and back 

is low. Studies have shown that only 4 to 10% of GLUT4 is located at the cell 

surface with more than 90% of GLUT4 stored in intracellular compartments 

during the unstimulated state (Foster, 2001). Activation of the insulin-signaling 

pathway results in translocation of GLUT4 from intracellular vesicles to the cell 

surface where it facilitates glucose uptake (Yang, 2010). Studies in transgenic 

mice have demonstrated that expression of GLUT4 is crucial for glucose 

homeostasis (Tsao et al., 1999; Treadway, 1994) and that a diabetic phenotype 

can be alleviated by increasing the expression of GLUT4 (Tozzo et al.,1997). 

Glut4 mRNA expression is downregulated during insulin deficiency such as 

streptozotocin (STZ)-induced diabetes (Olson and Knight, 2003). Furthermore, 

Glut4 gene expression is regulated in a tissue-specific manner. For example, 

Glut4 mRNA expression decreases more rapidly in adipose tissue compared to 

skeletal muscle in response to STZ-induced diabetes (Knight et al., 2003; Saini, 

2010).  

 

Apart from insulin, other stimuli have been shown to increase in the translocation 

of GLUT4 to the plasma membrane (Figure 2). These include hypoxia and 

exercise (Tortella and Pilch, 2002; Gorovits and Charron, 2003; Watson and 

Pessin, 2007). Furthermore, it has been reported that Glut4 mRNA is increased 

with exercise but decreased during insulin deficiency (Knight et al., 2003). 
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Figure 2. Pathways leading to GLUT4 translocation.  
Insulin, hypoxia and exercise increase the translocation of GLUT4 to the plasma membrane 
resulting in increased glucose uptake. Figure adapted from Klip, 2001. 

 

1.5 Glucose metabolism 

 

Glucose metabolism is a major source of energy in all living organisms. After 

entering the cell, glucose can be converted to ATP, glycogen or fatty acids (Da 

Poian et al., 2010). The fate of glucose in the cell is tightly regulated and is 

dependent on a number of factors such as the concentrations of ATP, glycogen 

and fat energy stores.  

1.5.1 Glycolysis 

 

Glycolysis is a metabolic pathway in which glucose is broken down to pyruvate in 

the cytoplasm (Figure 3). The first step of glycolysis is phosphorylation of glucose 

to glucose-6-phosphate (G6P) by hexokinase in muscle and adipocytes and 

glucokinase in the liver and pancreas (Blin, 1999; Buchakjian and Kornbluth 

2010). This is an irreversible, rate-limiting step and ensures that glucose does 

not diffuse out of the cell (Seki et al., 2005). G6P can be broken down by 
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glucose-6-phosphate dehydrogenase (G6PD) and converted to glycogen during 

glycogenesis or it can be utilized as an energy source during glycolysis (O’Boyle 

and Beamish, 1977). During glycolysis G6P is converted to fructose-6-phosphate 

(F6P) by phosphohexose, and then to fructose-1,6-biphosphate (FBP) by 

phosphofructokinase. This reaction is irreversible and is a major point of 

regulation during glycolysis. FBP is broken down into two molecules of 

phosphoenolpyruvate (PEP) during a number of reversible processes. Pyruvate 

kinase then converts PEP into pyruvate. Glycolysis is represented by the 

reaction:  

Glucose + 2 NAD+ + 2 ADP + 2Pi  2 pyruvate + 2 NADH + 2 H+ + 2 ATP + 2 H2O  

A simplified schematic diagram of the glycolytic pathway is illustrated in Figure 3.  

 

The enzyme pyruvate decarboxylase converts pyruvate to oxaloacetic acid or the 

enzyme pyruvate dehydrogenase converts pyruvate to acetyl-CoA and CO2 in 

the mitochondria. Acetyl-CoA and oxaloacetic acid enters the TCA cycle where it 

is fully oxidised to CO2 yielding 12 molecules of ATP and water. The proton 

gradient generated during this process allows more ATP generation during 

oxidative phosphorylation. Acetyl CoA can also be used as a substrate for fatty 

acid and cholesterol synthesis (Dietschy and Spady, 1984).  
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Figure 3. Illustration of glycolysis in muscle and adipose tissue. 
One molecule of glucose is converted to two molecules of pyruvate which can be utilsed in 
anaerobic respiration, the TCA cycle or fatty acid and cholesterol synthesis. Irreversible reactions 
are indicated by single arrows. The enzymes catalysing these reactions are shown in red. 
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1.6 Insulin and insulin signaling 

 

1.6.1 Insulin  
 

Insulin is an anabolic hormone that is secreted by beta cells (-cells) present in 

the pancreatic islets, in response to increased concentrations of glucose and 

amino acids after a meal (Aronoff et al., 2004). The action of insulin is vital for 

tissue development, growth, and maintenance of glucose homeostasis. Insulin 

regulates blood glucose levels by stimulating glucose uptake, utilization and 

storage in insulin-responsive tissues such as muscle and adipocytes, while 

suppressing hepatic gluconeogenesis (Bouche et al., 2004).  

 

Once inside the cell, glucose is metabolised resulting in an increase in the 

adenosine triphosphate:adenosine diphosphate (ATP:ADP) ratio. This results in 

depolarization of the cell membrane, an influx of calcium ions and exocytotic 

release of insulin from storage granules (Odegaard, 2009). The ability to secrete 

insulin depends on -cell function, -cell mass and -cell/insulin receptor 

interactions (Pessin and Saltiel, 2000; White, 2006; Prashanth et al., 2009).  

1.6.2 The insulin receptor 

 

The insulin receptor (IR) is encoded by a single gene located on the short arm of 

chromosome 19 and consists of 22 exons and 21 introns (Youngren, 2007). It is 

a heterotetrameric protein, consisting of two identical extracellular α-subunits and 

two identical transmembrane β-subunits that are linked by disulphide bonds 

(Figure 4). The binding of insulin to the α-subunits of the IR induces a 

conformational change that causes autophosphorylation of distinct tyrosine 

residues on the -subunits. Activation of the IR results in a number of intracellular 

phosphorylation events that regulate various biological pathways. Impairments in 

IR function have been implicated in insulin resistance, obesity, hyperinsulinemia, 

glucose intolerance and hyperlipidemia (Moller et al., 1996). The transcription 

factor, Forkhead box protein O1 (FOXO1) has been shown to downregulate IR 

gene expression in the presence of insulin (Puig and Tjian, 2005). 
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1.6.3 Insulin receptor substrate proteins 

 

The insulin receptor substrate (IRS) proteins are a family of proteins that are 

phosphorylated by the activated IR. Six different IRS proteins (IRS1-6) have 

been identified (Wauman et al., 2008). The IRS proteins are highly homologous 

with overlapping and differential tissue distribution and function. IRS1 is the 

major substrate of the IR, leading to stimulation of glucose transport in muscle 

and adipose tissue (Dupont et al., 2009). Lack of IRS1 is associated with 

impaired coupling of glucose sensing to insulin secretion suggesting that it is 

important in β-cell functioning. Reduced insulin stimulated IRS1 phosphorylation 

has been reported in insulin resistant models (Kido et al., 2001; Youngren, 2007).   

 

IRS2 is the main isoform expressed in the liver (Buzzi et al., 2010). It has been 

shown that activation of IRS2 boosts insulin production by the -cells of the 

pancreas. Disruption of the Irs2 gene in mice causes peripheral insulin resistance 

and dysregulated hepatic gluconeogenesis (Kido et al., 2001; White, 2006). 

 

IRS3 expression is restricted to the brain, liver, adipocytes and fibroblasts. IRS4 

is expressed mainly in embryonic tissues and muscle (Schreyer et al., 2003). The 

functions of the IRS3 to IRS6 proteins are not clear, although studies have 

reported that they are able to compensate for the lack of IRS1 and IRS2 in 

certain cases (Taniguchi et al., 2006; Chan and Lee, 2008).  

1.6.4 Insulin resistance 

 

Insulin resistance is defined as the condition where insulin-responsive tissues fail 

to respond properly to normal levels of circulating insulin (Watson and Pessin, 

2007). This can be due to the inability of insulin to bind to its receptors or post-IR, 

signaling defects (Nandi et al., 2010). Insulin resistance is characterized by 

decreased uptake of glucose in muscle and adipose tissue, and increased 

hepatic gluconeogenesis (Weigert et al., 2003; Bouzakri et al., 2006; Prasanth et 

al., 2009). Insulin resistance predisposes individuals to significant health risks in 

addition to its role in the pathogenesis of T2D (Youngren, 2007). 
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Pancreatic β-cells initially compensate for peripheral insulin resistance by 

increasing insulin secretion to maintain normal blood glucose levels. This leads 

to hyperinsulinemia, impaired glucose tolerance and ultimately the -cells 

become exhausted and lose their ability to secrete insulin (Nandi et al., 2010).  At 

this stage, end-stage T2D has developed, and can only be managed by 

exogenous insulin injections (Zmuda et al.,  2010). 

 

Insulin resistance affects the action of insulin in major target tissues such as 

muscle, adipocytes and hepatocytes, leading to increased circulating fatty acids 

and hyperglycemia. In turn, the raised concentrations of glucose and fatty acids 

in the bloodstream worsen both insulin secretion and insulin resistance 

(Goalstone and Draznin, 1997; Prashanth et al., 2009). 

 

1.6.5 Insulin signalling 

 

Insulin initiates its biological action by binding to the tyrosine kinase insulin 

receptor (IR) located in the plasma membrane of insulin-responsive tissues. 

Autophosphorylation of the IR results in the activation of a number of signalling 

cascades that regulate a number of biological processes (Figure 4).  

 

Once phosphorylated, the activated IR initiates intracellular phosphorylation 

events that include the phosphorylation of IRS1/2 and Shc, that serve as docking 

molecules for a number of other molecules. IRS1/2 recruits the 

phosphatidylinositol 3-kinases (PI3k) regulatory and catalytic subunits p85 and 

p110, respectively. Activated PI3k phosphorylates phosphoinisitol-(4,5)-

biphosphate (PI-4,5-P2) to phosphoinisitol-(3,4,5)-triphosphate to (PIP3). PIP3 

interacts with phosphoinositide dependent kinase (PDK-1), which phosphorylates 

Akt (protein kinase B) and protein kinase C-. This results in the translocation of 

GLUT4 from intracellular vesicles to the plasma membrane where it facilitates 

glucose uptake into the cell (Khan and Pessin, 2002). A number of studies using 
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chemical inhibitors of PI3k, such as Wortmannin (Wymann, 1996; Khan and 

Pessin, 2002) have confirmed the pathway of insulin-stimulated GLUT4 

translocation. 

 

In addition to GLUT4 translocation, activation of the IR initiates various other 

pathways. For example, the phosphorylation of Shc recruits the proteins Grb2 

and SOS, which in turn phosphorylate a number of proteins, ultimately activating 

mitogen-activated protein kinase (MAPK) and resulting in cell growth and protein 

synthesis (Figure 4). 

 

 

 
Figure 4.The insulin signalling pathway.  
Insulin initiates its biological action by binding to the α-subnuits of the insulin receptor resulting in 

the autophosphorylation of the -subunits and the tyrosine phosphorylation of the insulin receptor 
substrates (IRS1/2) and other intracellular substrates such as Shc. Activated IRS1/2 serves as 
docking proteins for PI3-kinase (PI3k) ultimately resulting in activation of Akt which stimulates cell 
growth, protein synthesis and glucose transport. Activation of MAPK by the insulin receptor 
results in cell growth and protein synthesis. Figure taken from Youngren, 2007.  
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1.7 Free fatty acids 

 

Free fatty acids (FFAs) particularly long chain fatty acids (LCFAs) serve a variety 

of functions and are an essential source of energy (Dutta-Roy, 2000). They play 

an important role in mammalian homeostasis, particularly in the formation of 

biological membranes, and as fuel for energy production in tissues such as the 

heart and skeletal muscle. However, high levels FFAs may also be toxic to the 

cell and cause cell injury, therefore FFAs transport needs to regulated (Glatz et 

al., 2010; Criddle, 2006). High levels of FFAs in plasma is commonly associated 

with impaired insulin-mediated glucose uptake in skeletal muscles and often 

coexist with obesity and T2D (Wang et al., 2004; Gao, 2009; Han et al., 2009).  

 

1.7.1 Saturated free fatty acids  

 

Saturated free fatty acids (SFFAs) have no double bonds between adjacent 

carbon atoms and therefore are saturated with hydrogen atoms (Marcel and 

Suzue, 1972). They have the general formula CH3(CH2)nCOO. One of the most 

common SFFAs found in plants and animals is palmitate (C16:0). Palmitate has 

been shown to adversely affect insulin signaling and promote glucose intolerance 

(Belfort et al., 2005; Piro et al., 2010). Studies have shown that replacing SFFAs 

with monounsaturated or polyunsaturated fatty acids improves insulin sensitivity 

and reduce the risk of developing T2D (Gao et al.,2009; Risérus et al.,2008; 

Montel-Hagen et al., 2009). 

 

1.7.2 Unsaturated free fatty acids 

 

Unsaturated or monounsaturated free fatty acids (UFFAs and MUFFAs, 

respectively) have one or more double bond between adjacent carbon atoms. 

This type of FFA is considered to be healthier than SFFAs (Mozaffarian et al., 

2004). MUFFAs have been shown to enhance glucose uptake resulting in an 

increase in glucose oxidation and glycogen sythesis, suggesting that a diet rich in 

MUFFAs may facilitate glucose uptake and utilization in normal and insulin 
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resistant skeletal muscle (Coll et al., 2008; Gao et al., 2009; Ragheb et al., 

2009). The most common MUFFA, oleic acid (C18:0) is commonly found in 

ground nuts and olives. Oleic acid has been reported to protect against 

cardiovascular disease and improve insulin resistance (Dimopoulos et al., 2006).  

 

1.7.3 Essential free fatty acids 

 

Essential fatty acids (EFFAs) are polyunsaturated fatty acids and are the parent 

compounds of the omega 3 (linolenic acid (C18:3)) and omega 6 (linoleic acid 

(C18:2)) FFA. They are essential in the human diet because they cannot be 

synthesized by the body and are required to maintain health. Humans can easily 

make saturated fatty acids or monounsaturated fatty acids with a double bond at 

the omega 9 position, but do not have the enzymes necessary to introduce a 

double bond at the omega 3 or omega 6 position (De Santa Olalla et al., 2009). 

 

Omega 3 has been reported to have anti-obesity effects and to protect against 

metabolic syndrome and T2D. In vitro studies have shown that omega 3 is able 

to increase glucose and lipid uptake, and -oxidation (Haag et al., 2009). Risérus 

et al., 2008 reported that both omega 3 and omega 6 improve insulin sensivity 

and reduce the risk of developing T2D. 

 

1.8 Uptake and metabolism of free fatty acids  

 

FFAs are stored as triglycerides (TGs) in adipose tissue and released into the 

circulation by lipolysis (Teusink et al., 2003). Two different lipase enzymes 

mediate the release of FFAs into the circulation. Lipoprotein lipase (LPL), on the 

surface of the endothelium, hydrolyses TGs in chylomicrons and very low density 

lipoproteins (VLDL) yielding FFAs and glycerol (Vakili and Coudilli, 2007). 

Hormone sensitive lipases (HSL), present in the cytoplasm of adipocytes, 

catalyses the release of FFAs from stored triglycerides (Sztalryd et al., 1995). 

These FFAs then enter the bloodstream where they bind to albumin and are 
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transported to target tissues to be taken up by the cells either by diffusion or by 

transport proteins in the plasma membrane (Rasmussen and Wolfe, 1999).  

 

Free fatty acids are hydrophobic molecules that easily dissociate from their blood 

transporter protein, albumin, and cross the plasma membrane by simple diffusion 

(Glatz et al., 2010). Alternatively, FFAs are taken up by cells using transport 

proteins, such as the plasma membrane fatty acid binding protein (FABPpm), 

fatty acid translocase (CD36/FAT), fatty acid transporter protein (FATP), and 

caveolin (Koonen, 2005).  

 

In the cytoplasm, FFAs are transported by a number of FABPs, such as the 

cytoplasmic fatty acid binding protein (FABPc) and fatty acid transporter 1 

(FATP1) (Binnert et al., 2000; Glatz et al., 2010). FATP1 has been identified as 

the transporter that allows rapid activation of LCFAs by acyl coenzyme A (acyl-

coA) synthetase to form FA acyl-CoAs (Thompson et al., 2009). The 

mitochondrial transmembrane protein, carnitine palmitoyltransferase I (CPTI) 

transports FA acyl-CoAs across the outer mitochondrial membrane (Sebastián et 

al., 2009) (Figure 5). This is the rate-limiting step in -oxidation CPTI also 

catalyzes the trans-esterification of acyl-CoA to acyl-carnitine. Acyl-carnitine is 

translocated through the inner mitochondrial membrane by carnitine:acyl-

carnitine translocase. CPTII, located on the matrix side of the inner mitochondrial 

membrane, catalyses the reaction with coenzyme A to release carnithine and 

produce acyl-CoA for -oxidation (Kerner and Hoppel, 2000).  
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Figure 5. Activation of long-chain fatty acids and their transport into the mitochondria for 

-oxidation.  
Acyl-CoA synthetase is located on the outer mitochondrial membrane and activates long chain 
fatty acids to form acyl-CoA. CPTI exhanges the CoA moiety with carnithine. Acyl-carnithine is 
translocated through the inner mitochondrial membrane by translocase. CPTII located on the 
matrix side of the inner mitochondrial membrane converts acyl-carnithine to acyl-CoA that is 

utilised in -oxidation. Figure adapted from Mursula 2002. 

 

1.9 Fatty acid oxidation  

 

Fatty acid oxidation or -oxidation refers to the metabolism of FFAs in the 

mitochondria to produce energy. After entering the mitochondria as acyl-CoAs, -

oxidation enzymes degrade FFAs to acetyl-CoA. Acetyl-CoA is oxidised in the 

tricarboxylic acid (TCA) or Krebs cycle to produce the reducing equivalents, 

NADH and FADH2 NADH and FADH2 will subsequently enter the mitochondrial 

respiratory or electron transport chain. Here, oxidation of the reducing 

equivalents generates an electrochemical proton gradient (μH+) across the 

inner mitochondrial membrane. The oxidation of free fatty acids yields 
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significantly more energy per carbon atom than the oxidation of carbohydrates 

(Garrett and Grisham, 2005).  

 

1.10 Relationship between fatty acid and glucose metabolism 

 

Muscle utilizes both glucose and free fatty acid as fuel sources for energy 

production (Figure 6). Glucose entering the cell is broken down into pyruvate, 

which is converted to acetyl-CoA, by the enzyme pyruvate dehydrogenase in the 

mitochondria. Free fatty acids circulating in the bloodstream are transported into 

the mitochondria where they are converted to acetyl-CoA during -oxidation. 

Acetyl-CoA is converted to energy (ATP) in the TCA cycle and during oxidative 

phosphorylation. The ability of muscle to switch from fat oxidation during fasting 

to glucose oxidation after a meal is referred to as metabolic flexibility (Corpeleijn 

et al., 2009). 

 

 

 

Figure 6. The utilisation of glucose and fatty acids as energy. 
During glycolysis glucose is broken down to pyruvate in the cytoplasm, which is converted to 

acetyl-CoA in the mitochondria. Fatty acids are converted to acetyl-CoA during -oxidation. 
Acetyl-CoA is converted to energy (ATP) in the TCA cycle and during oxidative phopshorylation. 
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During the fasting state, glucose uptake is low and plasma FFA concentrations 

are high. Therefore, during this period FFAs serve as the principal fuel source for 

energy production in muscle. After a meal, an increase in plasma glucose 

concentration stimulates insulin secretion from the -cells in the pancreas. The 

resultant hyperinsulinemia suppresses lipolysis resulting in a decrease in plasma 

FFA concentration and a subsequent decrease in the rate of FFA oxidation. 

Therefore, insulin simultaneously stimulates glucose uptake and metabolism, 

while reducing lipid metabolism in muscle cells (Abdul-Ghani and DeFronzo, 

2010). 

 

Randle et al., 1998 proposed that high levels of FFAs inhibit glucose metabolism 

due to increased FFA oxidation and inhibition of glucose oxidation (Figure 7). 

They demonstrated that FFAs compete with glucose for substrate oxidation in rat 

heart muscle. According to their hypothesis, increased FFA oxidation increases 

the mitochondrial ratio of acetyl-CoA to coenzyme A and NADH to NAD+. An 

increase in these ratios, inactivates pyruvate dehydrogenase and therefore 

glucose oxidation, resulting in an increase in citrate levels. This in turn inhibits 

glycolysis by reducing phosphofructokinase activity leading to the accumulation 

of G6P and glycogen levels.  
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Figure 7. Schematic diagram of the relationship between fatty acid and glucose oxidation.  
Increased free fatty acid uptake leads to elevated rates of FA oxidation. This increases the 
mitochondrial ratio of NADH to NAD

+ 
and acetyl-CoA to coenzyme A. An increase in these ratios, 

stimulates the activity of pyruvate dehydrogenase (PDH) kinase which in turn inactivates PDH, 
causing inhibition of glucose oxidation and increased citrate levels. This in turn downregulates 
PFK activity leading to the accumulation of glucose-6-phosphate and increased glycogen levels. 
Figure taken from Chan, 2006.  
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1.11 Relationship between fatty acid metabolism and insulin signalling  

 

Elevated concentrations of FFAs, especially in skeletal muscle, which is a major 

site of peripheral glucose uptake, has been associated with insulin resistant 

states such as obesity and T2D (Kelley and Mandarino, 2000; Koonen, 2005; 

Watt et al., 2006; Glatz, 2010). However, the underlying mechanisms are still 

unclear (Ragheb et al., 2009). Roden et al., 1996, suggested that high levels of 

FFAs reduce insulin sensitivity and inhibit insulin-mediated glucose uptake in 

skeletal muscle. They proposed that when FFA uptake exceeds oxidation 

capacity, intracellular FFA metabolites such as acyl-CoAs, diacylglycerol (DAG) 

and ceramides accumulate in the cell. These metabolites activate PKC and a 

downstream serine/threonine kinase cascade, which in turn leads to increased 

serine phosphorylation of IRS1, thereby blocking IRS1 tyrosine phosphorylation 

and inhibiting the activity of PI3k and Akt/PKB, major stimulators of GLUT4 

translocation (Cooney et al., 2004; Chavez and Summers, 2003). This inhibition 

results in impaired insulin-mediated glucose transport (Figure 8).The study by 

Corpeleijn, 2009 found similar results. These authors showed that the FFA 

metabolites acyl-CoAs,  diacylglycerol (DAG) and ceramides activate 

serine/threonine kinases, including PKC, JNK and NFκB which phosphorylate 

serine residues of IRS1. This decreases activation of downstream signaling 

molecules such as PI3k and AKT, which ultimately results in a decrease in 

GLUT4 translocation and consequently a decrease in glucose uptake into the 

cell. 

 

Excessive accumulation of intramyocellular FFAs and their metabolites is results 

in lipotoxicity which is a main contributor to the pathophysiology of insulin 

resistance and dysfunctioning of the heart and skeletal muscle (Holland, 2007). A 

number of in vitro models have been developed to aid the understanding of how 

FFAs cause insulin resistance. In C2C12 muscle cells, the SFFA palmitate has 

been shown to reduce insulin-stimulated glucose uptake and glycogen synthesis 

by inhibiting protein kinase B (Dimopoulos et al., 2006; Isharwal et al., 2009, 

Hommelberg, 2010). Similar results were observed in L6 muscle cells (Montel-
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Hagen et al., 2009, Chavez and Summers, 2003, Gao et al., 2009). Ragheb et 

al., 2009 showed that both palmitate and the MUFFA, oleate inhibit the PKC 

signaling pathway resulting in increased serine/threonine phosphorylation of 

IRS1 in C2C12 myocytes. These pathways, together with the NFκB pathway and 

the stress kinases, JNK and p38MAPK are believed to be involved in FFA-

induced insulin resistance (Roden et al., 1996; Shulman, 2000). However, the 

precise mechanism whereby FFA and their metabolites induce insulin resistance 

still needs to be elucidated.  
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Figure 8. The relationship between fatty acid metabolism and insulin signalling.  
Elevated levels of free fatty acids and increased levels of uptake results in high levels of 
intracellular fatty acids that exceed the oxidation capacity of a cell, leading to accumulation of 
fatty acid metabolites such as acyl-CoAs, diacylglycerol (DAG) and ceramides. These metabolites 
activate PKC and a downstream serine/ threonine kinase cascade, which in turn leads to 
increased serine phosphorylation of IRS1, thereby blocking IRS1 tyrosine phosphorylation and 
inhibiting the activity of PI3 kinase and AKT/PKB, major stimulators of GLUT4 translocation. 
Figure reproduced from Chan, 2006.  
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1.12 The role of insulin on glucose and fatty acid uptake and metabolism 

 

In skeletal muscle, insulin and contraction are the main physiological stimuli able 

to induce fatty acid and glucose uptake and metabolism (Bouche et al., 2004; 

Jain et al., 2009). After a meal, insulin stimulates both glucose and FFA uptake 

by simultaneously increasing translocation of GLUT4 and the FFA transporter 

proteins, CD36/FAT and/or FABPpm, and FATP1. In both cases, activation of 

PI3k is required (Watson and Pessin, 2007; Jain et al., 2009; Glatz, 2010). 

 

CD36 mRNA and protein increases rapidly, within hours, after insulin stimulation 

in human skeletal muscle (Corpeleijn et al., 2008). CD36 plays an important role 

in LCFA uptake into skeletal muscle in rodents and humans, and its 

concentration and activity is increased by exercise. However, the transport of 

LCFA by CD36 into skeletal muscle does not seem to regulate the rate of LCFA 

oxidation. The CD36 content and LCFA transport capacity have been reported to 

be increased in obese and T2D individuals and correlate with increased muscle 

triglyceride content, while fat oxidation is decreased. 

 

Recent studies have found that insulin failed to stimulate fatty acid and glucose 

transport in skeletal muscle of Akt-2 null mice, and failed to induce the 

translocation of CD36 and FATP1, as well as GLUT4, while the translocation of 

FABPpm and FATP4 was not impaired (Jain et al., 2009). These observations 

indicate that insulin stimulated GLUT4 translocation and the insulin-stimulated 

translocation of some fatty acid transporters (CD36 and FATP1) are similarly 

regulated via the PI3K-Akt2 signaling pathway (Jain et al., 2009; Abdul-Ghani 

and DeFronzo, 2010). 
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1.13 Hypothesis 

FFAs are an important energy source for the body. Despite this, a number of 

studies have demonstrated that elevated levels of free fatty acids reduce insulin 

sensitivity and glucose utilization.  

 

We hypothesized that high levels of the saturated and monounsaturated free 

fatty acids reduces insulin sensitivity and glucose disposal in C2C12 and L8 

skeletal muscle cells, but not in 3T3-L1 derived adipocytes.  

 

1.14 Aim 

To investigate basal and insulin-stimulated glucose uptake, glycogen synthesis 

and glucose oxidation in C2C12 and L8 myocytes, and 3T3-L1 adipocytes cells 

cultured with saturated, monounsaturated and essential fatty acids in low and 

high glucose culture conditions. Furthermore, we investigated the expression of 

genes involved in insulin signaling and glucose uptake in C2C12 myocytes 

cultured with the SFFA, palmitate. 
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Chapter 2 
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2.1 In vitro models 

 

Immortalized muscle cell lines can be used as experimental models for studying 

physiological and pathophysiological process relevant to clinical conditions such 

as insulin resistance and T2D (Chan et al., 2008). Muscle cell lines, C2C12 

mouse satellite/myoblast cells and L8 rat myoblast cells, and  adipocytes derived 

from 3T3-L1 cells are commonly used for glucose uptake and insulin resistance 

studies (Mann et al., 2003; Wang et al., 2004). Using cell lines is an ethical way 

of studying cell metabolism, as well as genotypic and phenotypic  responses to 

external stimuli such as FFAs and hormones at a cellular level (Hartshorne, 

2009). 

2.2 Muscle cells 

 
Muscle cell differentiation is controlled by a complex set of interactions between 

tissue restricted transcription factors, ubiquitously expressed transcription 

factors, and cell cycle regulatory proteins (Guo et al., 2003). During the process, 

the morphology and physiology of the cell may change dramatically, but the 

genetic make up usually remains the same. 

2.2.1 C2C12 cells 

 
The C2C12 muscle cell line is a subclone of a myoblast cell line derived from 

normal adult C3H mouse leg (Silberstein et al., 1986). C2C12 cells differentiate 

rapidly to form myotubules expressing muscle proteins. These cells have been 

used as in vitro models to study myogenesis and cell differentiation (Diel et al., 

2008), glucose metabolism and insulin signalling (Kumar, and Dey, 2003).  

 

When sub-culturing these cells, it is important to avoid 100% confluence, as this 

will deplete the myoblastic population in the culture (www.lonzabio.com). A 

number of studies have reported that C2C12 cells have a defective insulin 

signaling pathway (Nedachi et al., 2006). Ragheb et al., 2009 reported that 

insulin-stimulation increases glucose uptake by 50% in C2C12 cells. 



 29 

2.2.2 L8 cells 

 
In contrast to C2C12 myoblasts, L8 myoblasts originate from newborn rat 

skeletal muscle (Mau et al., 2008). After differentiation of L8 cells into 

myotubules, they express several proteins typical of skeletal muscle (López-

Solache et al., 2002). 

2.3 3T3-L1 cells 

 
3T3-L1 cells are derived from the 3T3-Swiss albino mouse through clonal 

isolation and have a fibroblast-like morphology (Rosen et al., 2000). 3T3-L1 cells 

can be differentiated into adipocytes using adipogenesis inducing media. Fully 

differentiated adipocytes have most of the biochemical and morphological 

characteristics of adipocytes, and are used as an in vitro model to study insulin 

pathways, obesity and cardiovascular diseases (Morganstein et al., 2008). 
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3.1.1 Materials 

 

The materials used in this study, together with their suppliers and product 

numbers are listed in Appendix 1.  

3.1.2 Cell lines  

 

Murine C2C12 myoblast (ATCC CRL 1722, Maryland, USA), rat L8 myoblast 

(ATCC CRL1458, Maryland, USA) and 3T3-L1 (CCL 92, Maryland, USA 1) 

mouse fibroblast originating from the American Type Culture Collection, were 

purchased from Highveld biologicals (Jhb, SA). 

3.2 Cell Culture  

3.2.1 Thawing of cells  

 

Cryopreserved cells, stored in freezing media containing Dulbecco’s Modified 

Eagle’s Medium (DMEM), 10% fetal calf serum (FCS) and 7% (v/v) dimethyl 

sulfoxide (DMSO) as cryoprotectant, were thawed by placing cells in a 37°C 

water bath. Immediately after thawing, cell suspensions were transferred from 

cryotubes to 15 ml tubes containing 10 ml of pre-warmed 37°C growth media 

(DMEM supplemented with 10% FCS). Cells were pelleted by centrifugation at 

800 g for 5 minutes. The supernatant was gently removed by aspiration and the 

cell pellet was lightly vortexed. Cells were resuspended in 5 ml growth media and 

gently mixed by pipetting. For consistency between experiments and to prevent 

depletion of specific cell line phenotypes by excessive passaging, for all assays, 

only cell sub-cultures of less than 20 passages were used. 

 

3.2.2 Counting of cells  

 

A sample of the cell suspension was stained with 0.1% (w/v) trypan blue in 

Dulbecco’s phosphate buffered saline (DPBS) and counted using a 

hemocytometer. Briefly, 50 µl trypan blue solution was added to 50 µl of the cell 

suspension and mixed. Thereafter, 10 µl of the trypan blue/cell suspension was 
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pipetted into the counting chambers of a hemocytometer (Figure 9). The cells 

were counted using the 10x magnification lens of an inverted light microscope 

(Olympus ck x31) using phase contrast. Six squares of the counting chambers 

were counted (three in each chamber), averaged, multiplied by a factor of two 

(cells were diluted 1:2 in media), and by 1 x 104 (surface area of hemocytometer) 

to determine cells/ ml.  

 

 

 

 

 

  
Figure 9. An illustration of one of the counting chambers.  
The two counting chambers (A). The number of cells in three squares were counted in each 
counting chamber (indicated by red dots) and averaged to obtain the total number of cells (B). 
 

3.2.3 Sub-culture 

 

After counting, cells were seeded in 75 cm2 flasks at a density of 2.5 x 104 

cells/ml for C2C12 and L8 cells and 2.0 x 104 cells/ml for 3T3-L1 cells. A total 

volume of 18 ml of pre-warmed growth media was added to the cells. Cells were 

A 

B 

Chamber 1 

Chamber 2 
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incubated at 37°C in 5% CO2 and humidified air for three days until they were 

approximately 70% confluent. Media was refreshed on the second day. 

3.2.4 Differentiation  

 

When cells were approximately 70% confluent, media was removed by aspiration 

and cells were rinsed with 8 ml of warm (37°C) DPBS. Cells were trypsinized by 

adding 2 ml trypsin/versene to the cell culture and incubation at 37°C in 5% CO2 

and humidified air for seven minutes to allow cells to dislodge from the flask. A 

light microscope was used to confirm that cells have dislodged. Trypsinization 

was stopped by adding 8 ml of growth media. To ensure a single cell suspension 

and minimise clumping, the cell suspension was mixed by pipetting up and down 

against the growth surface. The cells were counted as previously described in 

section 3.2.2. Cells were seeded into multi-well plates at the densities listed in 

Table 1. Cells were incubated at 37ºC in 5% CO2 and humidified air for three 

days until 80-90% confluence was reached.  

 

Table 1. Cell densities used for seeding different plate types. 

 

Cell type Plate type* Cell concentration Volume (μl) Cell density 

C2C12 and L8 cells 

96 well 2.5 x 10
4 
cells/ml 200 μl 5 x 10

3 
cells/ml 

24 well 2.5 x 10
4 
cells/ml 1000 μl 2.5 x 10

4 
cells/ml 

6 well 2.5 x 10
4 
cells/ml 3000 μl 7.5 x 10

4 
cells/ml 

3T3-L1 cells 

96 well 2.0 x 10
4 
cells/ml 200 μl 4 x 10

3 
cells/ml 

24 well 2.0 x 10
4 
cells/ml 1000 μl 2.0 x 10

4 
cells/ml 

6 well 2.0 x 10
4 
cells/ml 3000 μl 6.0 x 10

4 
cells/ml 

 

 

 

*96 well plates were used for the colourometric glucose uptake and MTT assays 
  24 well plates were used for the 2-deoxy-[3H]–D-glucose assays 
  6 well plates were used for the glucose-6-phosphate, glycogen and glucose oxidation assays, 
and RNA extraction. 
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3.2.5 Myoblast differentiation (C2C12 and L8 cells) 

 

To induce differentiation of myoblasts into myocytes, 80-90% confluent cells 

were cultured in DMEM containing 2% horse serum (HS) (growth factor poor 

media). Hourse serum lacks growth factors found in FCS, thus cell proliferation is 

arrested and the myoblasts undergo myocytic differentiation and start to form 

multinucleate myotubules. Cells were incubated at 37ºC in 5% CO2 and 

humidified air for two days until myotubules were observed by phase contrast 

microscopy (Olympus ck x31).  

 

3.2.6 Adipocyte differentiation (3T3-L1 cells) 

 

To ensure induction of the adipogenic phenotype, 3T3-L1 cells need to be 

subjected to two cell divisions in the presence of adipogenic inducing media. 

Therefore, when 3T3-L1 fibroblasts reached 80-90 % confluence, the growth 

media was replaced with adipogenic inducing media consisting of DMEM 

supplemented with 10% FCS, 0.6 µM dexamethasone, 0.1 mM IBMX and 16 µM 

insulin. Cells were incubated at 37ºC in 5% CO2 and humidified air for five days 

during which media was refreshed daily. After adipocyte induction, cells were 

cultured in adipogenesis maintenance media containing DMEM with 10% FCS 

and 16 µM insulin for a further two days. The extent of adipocyte differentiation 

was assessed by fat droplet formation and was visualized under phase contrast 

using an inverted light microscope. 

 

3.2.7 Free fatty acid treatment 

To determine the optimal concentration of FFAs that induce the maximal effect 

on glucose uptake in C2C12 myocytes and 3T3-L1 adipocytes, FFAs were tested 

at four different concentrations (Table 2). One hundred millimolar stock solutions 

of FFAs were prepared by dissolving the FFA in ethanol heated to 100°C. The 

working FFA solutions were prepared in DMEM containing 5.5 mM glucose and 

supplemented with 2% bovine serum albumin (BSA). Working solutions were 
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kept at 37°C for an hour to allow FFAs to conjugate with the BSA. The presence 

of the FFA did not affect the pH of the solution which remained between 7.4 and 

7.5. 

 

Table 2. Different concentrations of FFAs tested in the study 

 

Free fatty acid Working concentrations (mM) 

Palmitate    (FW 256.43) 1.0, 0.75, 0.5 and 0.25 

Oleate        ( FW 282.47) 1.0, 0.75, 0.5 and 0.25 

Omega 3    ( FW 278.44) 1.0, 0.75, 0.5 and 0.25 

Omega 6    ( FW 280.46) 1.0, 0.75, 0.5 and 0.25 

 

3.3 Experimental outline 

 

Myocytes and adipocytes were treated with FFAs as indicated in Figure 10. 

Three independent experiments were conducted with either 5.5 mM or 20 mM 

glucose containing media. To measure basal glucose uptake cells were cultured 

in 5.5 mM or 20 mM glucose media only (Figure 10A). Insulin-stimulated glucose 

uptake was measured by culturing cells in 5.5 mM or 20 mM glucose media 

supplemented with 1 μM insulin (Figure 10B).  

 

To assess the effect of the FFAs on glucose uptake, media containing 5.5 mM or 

20 mM glucose (Figure 10C), and low or high glucose containing 1 μM insulin 

(Figure 10D) were supplemented with 0.75 mM of palmitate, oleate, omega 3 and 

omega 6. As a solvent control, 0.1% (v/v) ethanol was added to the 5.5 mM or 20 

mM glucose containing media (Figure 10E). 
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Figure 10. Experimental outline to determine the effect of FFAs on basal and insulin 
stimulated glucose uptake. 

 

3.3.1 Experimental design 

 

Differentiated myocytes and adipocytes were pre-exposed to FFA by culturing in 

DMEM supplemented with palmitate, oleate, omega 3 and omega 6 for 24 hours. 

Thereafter, cells were glucose and serum starved by incubating with DPBS at 

37°C in 5% CO2 and humidified air for 30 minutes. After serum starvation, the 

media was replaced with DMEM (without phenol red, L-glutamine and pyruvate) 
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containing 5.5 mM or 20 mM glucose, 2% BSA and 0.75 mM of the relevant FFA. 

Cells were incubated for six hours at 37°C in 5% CO2 and humidified air. Insulin 

(1 μM) was added in the last hour (after five hours of incubation with FFA). Cells 

were returned to the incubator for the last hour of incubation Figure 11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

Figure 11. Experimental design to determine the effect of FFAs on basal and insulin 
stimulated glucose uptake. 
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3.4 Colourimetric glucose uptake assay to determine the optimal 
concentration of free fatty acids. 

 

To determine the concentration of FFAs that exerts the maximal effect on 

glucose uptake in C2C12 myocytes and 3T3-L1 adipocytes, an indirect method 

that quantifies glucose uptake by measuring the amount of glucose remaining in 

the media after incubation was used.  

 

After pre-exposure of C2C12 myocytes and 3T3-L1 adipocytes to FFAs as 

described in section 3.3, culture media was removed and cells were washed with 

warm (37°C) DPBS to remove excess glucose and media. Thereafter, cells were 

glucose and serum starved by incubating with DPBS at 37°C in 5% CO2 and 

humidified air for 30 minutes. After serum starvation, cells were cultured in 

DMEM (without phenol red, L-glutamine and pyruvate) containing 5.5 mM 

glucose and 2% BSA, with or without FFA as described in section 3.3. Cells were 

incubated at 37°C in 5% CO2 and humidified air for two hours. Thereafter, the 

concentration of glucose remaining in the media was measured by transferring 6 

µl of culture media to a new 96 well plate. The medium sample was diluted by 

adding 194 µl of deionised water, and the glucose concentration was determined 

using a commercial kit according to the manufacturer’s instructions (Biovision 

Glucose Assay kit).   

 

A standard curve was prepared by pipetting 0, 2, 4, 6, 8, and 10 µl nM/well of 

glucose standard in a 96 plate and adjusted to 50 µl using glucose reaction 

buffer. Fifty microlitres of diluted media samples were added to the 96 well plate. 

Thereafter, 50 µl of glucose reaction mix consisting of colourimetric dye, glucose 

oxidase and reaction buffer was added to the wells. The plate was incubated at 

37ºC for 30 minutes, thereafter the plate was read at an optical density of 570 

(OD570) in a BioTek® plate reader ELX 800 using Gen 5® software. Glucose 

uptake was calculated by subtracting the glucose concentration remaining in the 

media after incubation from the initial glucose concentration. To adjust for cell 

variations in cell density, a 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 



 39 

bromide (MTT) assay, as described in section 3.5, was done on the cells after 

the glucose uptake experiments.  

3.5 The MTT assay 

 

The MTT assay is a colourimetric assay based on the conversion of the 

tetrazolium salt, MTT, to formazan by mitochondrial dehydrogenases. The assay 

is commonly used to determine mitochondrial activity and cell viability. After 

exposing the cells to the relevant FFA, the media was aspirated and 200 µl of 

DMEM containing either 5.5 mM or 20 mM glucose and 2% BSA was added. As 

phenol red absorbs at the same wavelength as formazan, DMEM without phenol 

red was used for the MTT assay. Fifty microlitres of MTT in PBS was added to 

each well and the cells were incubated at 37ºC in 5% CO2 and humidified air for 

an hour. The resultant formazan product was dissolved in 200 µl DMSO and 25 

µl Sorensen’s phosphate buffer (pH 10.5). The plate was read at an OD570 in a 

BioTek® plate reader ELX 800 using Gen 5® software. 

 

3.6 The 2-deoxy-[3H]-D-glucose uptake method  

 

The determination of 2-deoxy-[3H]-D-glucose uptake involves adding 

radioactively labelled 2-deoxy-[3H]-D-glucose to cells and then measuring the 

concentration of intracellular 2-deoxy-[3H]-D-glucose (DOG) using a scintillation 

counter.  

 

To quantify glucose uptake, cells were treated as described in section 3.3, media 

was removed and cells were washed twice with 1 ml of warm DPBS. Thereafter, 

250 µl of DMEM containing 5.5 mM glucose, 2% BSA and 0.5 µCi/ml DOG was 

added to each well. Cells were incubated at 37ºC in 5% CO2 and humidified air 

for 15 minutes. After incubation, 2-deoxy-[3H]-D-glucose uptake was stopped by 

washing the cells twice with 1 ml of ice cold DPBS. Cells were lysed by adding 1 

ml of 0.3 M sodium hydroxide (NaOH)+1% sodium dodecyl sulfate (SDS) solution 

and incubated at 37°C for 45 minutes. Lysed cells were mixed into suspension by 
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pipetting up and down ten times. Five microlitres of the cell lysate was used for 

protein determination using the Bradford method as described in section 3.7.  

 

The remainder of the lysate (995 µl) was aliquoted into Eppendorf tubes and 

stored at -20°C. For scintillation analysis, the cell lysate was thawed at room 

temperature and the entire suspension was added to a scintillation vial containing 

1 ml distilled water. Thereafter, 8 ml of Ready Gel Ultima Gold was added to the 

vials and the samples were mixed by vigorous shaking until it formed a whitish 

gel. Vials were placed into a liquid scintillation analyzer (2200 CA, Parkard 

Tricarb series) and left in the analyzer overnight to allow samples to equilibrate to 

room temperature and darkness. The following day, the samples were read with 

a program for quantifying the 3H-isotope. Results were calculated using the 

counts per minute (CPM) to determine DOG uptake, and disintegrations per 

minute (DPM) to determine counter efficiency. The specific radioactivity of DOG 

and the counter efficiency were used to determine cpm/fmol. The averaged CPM 

and protein values were used to determine the fmol/mg. Results were reported 

as fmol 2-deoxy-[3H]-D-glucose /mg protein using the GraphPad radioactivity 

calculator (GraphPad software).   

 

3.7 Protein determination  

 

Protein concentrations were determined using the Bradford protein determination 

method, according to the manufacturer’s instructions. A BSA protein standard 

curve was included in the 96 well plate by adding, 5 µl of BSA standards (0.125, 

0.25, 0.5, 0.75, 1, 1.5 and 2.0 mg/ml) into the first row. Thereafter, 5 µl of 

samples prepared in section 3.6 were added to the remaining wells of the 96 well 

plate. Two hundred and fifty microlitres of Bradford reagent was then added to 

each well containing standards or samples and mixed by pipetting up and down 

twice. The plate was incubated at room temperature for ten minutes and the 

absorbance was read at OD570 in a BioTek® ELX800 plate reader. The amount of 

protein in the sample was quantified by subtracting the absorbance of the blank 
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from the standard and sample absorbance values. A standard curve was 

graphed by plotting absorbance values of the BSA standards against their 

concentrations. The protein concentrations of samples were determined from the 

BSA standard curve. Protein concentration expressed as mg/ml was used to 

normalise 2-deoxy-[3H]-D-glucose uptake results. 

 

3.8 Deproteinizing samples for the glucose-6-phosphate and glycogen 
assays 

 

As the presence of proteins and their enzymatic activities may interfere with the 

analysis of small molecules in biological samples. Samples for the G6P and 

glycogen determination assays were deproteinized using the perchloric acid 

(PCA) precipitation method. 

 

Cells were treated as described in section 3.3. Thereafter, cells were trypsinized, 

rinsed with PBS, spun down and the pellet was frozen at -80°C. The frozen pellet 

was deproteinized using the deproteinizing sample preparation kit according to 

the manufacturer’s recommendations. A volume of 250 µl of distilled water and 

50 µl of ice cold PCA was added to the cell pellet. The pellet was dissolved by 

pipetting up and down ten times. Thereafter, cells were centrifuged at 4°C for two 

minutes at 13 000 g. A total of 240 µl of supernatant was transferred to a new 

tube, 10 µl of neutralizing solution was added and mixed by pipetting up and 

down. Thereafter, samples were placed on ice for five minutes, centrifuged at 13 

000 g for two minutes and the G6P and glycogen assays were performed. 

 

3.9 The glucose-6-phosphate assay 

 

The G6P assay was done to investigate the effect of FFAs on G6P, a key 

intermediate of glucose metabolism. After cells were deproteinized, G6P 

concentrations were determined using a commercial kit according to the 

manufacturer’s instructions (Glucose-6-phosphate kit, Biovision). To estimate the 

actual G6P concentrations in the cells, a glucose standard curve was prepared 
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by pipetting 0, 2, 4, 6, 8, and 10 µl nM of G6P standard into the wells of a 96 well 

plate and adjusted to 50 µl with a G6P assay buffer. Fifty microlitres of the 

samples (section 3.8) were added into the remaining wells of the 96 well plate. 

Thereafter, 50 µl of reaction mix consisting of G6P assay buffer, G6P enzyme 

mix and G6P substrate mix was added to the wells containing the standards and 

samples. The plate was incubated at 37°C for 30 minutes, and the plate was 

read at OD450 in the BioTek® plate reader ELX 800 using Gen 5® software. 

Absorbance values were divided by 0.8 to correct for sample dilution during 

deproteinization. The concentrations of G6P in samples were determined from 

the standard curve. Results were reported as nM G6P/µl, calculated as follows: 

 nM G6P/µl = Amount of G6P in sample (nM)/total sample volume (µl) 

3.10 The glycogen assay  

 

After deproteinization as described in section 3.8, the glycogen assay was done 

to determine the effect of FFA on glycogen synthesis. Glycogen concentrations 

were determined using a commercial kit according to the manufacturer’s 

instructions (Glycogen assay kit, Biovision).  

To estimate the actual glycogen concentration, a glycogen standard curve was 

prepared by pipetting 0, 2, 4, 6, 8, and 10 µl µg of glygocen standards into the 

wells of a 96 well plate and adjusted to 50 µl with hydrolysis buffer. Fifty 

microlitres of samples were added to the remaining wells of the 96 well plate, and 

2 µl of hydrolysis enzyme mix was added to the wells containing the standards 

and samples. The plate was incubated at room temperature for 30 minutes, 

thereafter 50 µl of reaction mix consisting of development buffer, development 

enzyme mix and OxiRed probe was added to the wells containing the standards 

and samples. The plate was incubated at room temperature, protected from light, 

for 30 minutes, the plate was read at OD570 in the BioTek® plate reader ELX 800 

using Gen 5®software. Absorbance values were divided by 0.8 to correct for 

sample dilution during deproteinization. The concentrations of glycogen in 

samples were determined from the standard curve. Results were reported as μg 
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glycogen/µl which was calculated as follows: μg glycogen/µl = Amount of 

glycogen in sample (μg)/total sample volume (µl) 

 

3.11 Glucose oxidation  

 

Glucose oxidation refers to the process whereby glucose is broken down into 

CO2 and H2O with the release of energy as ATP. In this study, glucose oxidation 

was measured using the method described by Kraft and Johnson (1972), with 

slight modifications. Cells were treated as described in section 3.3. After six 

hours of incubation, media was removed and cells were washed twice with 1 ml 

of warm DPBS. Thereafter, glucose oxidation was initiated by adding 500 µl of 

DMEM containing 5.5 mM glucose and 0.5 µCi/ ml glucose D-[14C (U)] to each 

well. Few drops of 0.1 M NaOH were added to the filter paper (to ensure that 

CO2 is absorbed onto the membrane) was placed onto the bottom of individual 

lids of the 6 well plates. After closing the plates, cells were incubated for one 

hour at 37°C in 5% CO2 and humidified air. After an hour, filter paper was 

removed, placed in a scintillation vial containing 10 ml of scintillation fluid and 

mixed. Vials were placed in the scintillation counter and left overnight to 

equilibrate in the dark. The samples were read using a programme for 

quantifying 14C. Results were calculated using the counts per minute (CPM) to 

determine 14C release, and disintegrations per minute (DPM) to determine 

counter efficiency. The specific radioactivity of glucose D-[14C (U)] and the 

counter efficiency were used to determine cpm/fmole. The averaged CPM and 

protein values were used to determine the fmol/mg. Results were reported as 

fmol/mg protein using the GraphPad radioactivity calculator. 

 

3.12 RNA extraction 

 

Total RNA was extracted from C2C12 myocytes and 3T3-L1 adipocytes cultured 

in 5.5 mM glucose and 0.75 mM palmitate. One millilitre of Tri reagent was added 

to a well of a six well plate, the cells were scraped off the surface of the well, and 
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the Tri-reagent and cells mixture was transferred to the next replicate well. This 

was done to facilitate the pooling of triplicate wells. Finally, the cells were 

transferred to 2 ml Eppendorf tubes containing stainless steel beads and stored 

at -80°C. Cells were thawed, lysed and homogenised in a TissueLyser (Qiagen) 

for two minutes at 20 Hz. The lysate was centrifuged at 12 000 g for ten minutes 

at 4°C and the supernatant was transferred to a new Eppendorf tube. Thereafter, 

0.2 ml of chloroform was added to each tube, mixed intermittently for three 

minutes and centrifuged at 12 000 g for 15 minutes at 4°C. The upper aqueous 

phase was transferred to a new 1.5 ml Eppendorf tube without disturbing the 

interphase or organic phase. Thereafter, 0.5 ml of isopropanol was added and 

mixed thoroughly. For RNA precipitation, samples were incubated at -20°C 

overnight. The following day, the RNA was pelleted by centrifuging at 12 000 g 

for 20 minutes at 4°C. The supernatant was discarded, the RNA pellet was 

washed with 1 ml 75% ethanol and centrifuged at 12 000 g for 15 minutes at 4°C. 

This wash step was repeated. After the final wash, the fluid was drained from the 

Eppendorf tubes by blotting on paper towel and the pellet in the tube was allowed 

to air dry for 15 minutes. The RNA pellet was resuspended by adding 100 µl 

RNase free water, mixed by pipetting up and down ten times and then incubated 

at 55°C for ten minutes. Thereafter, RNA was cleaned up using the RNeasy Mini 

kit according to the manufacturer’s instructions.  

 

A volume of 350 µl of RLT lysis buffer was added to the RNA solution, followed 

by 250 µl of 96% ethanol and mixing by pipetting up and down. The samples 

were transferred to an RNeasy spin column in a 2 ml collection tube and 

centrifuged at 12 000 g for 15 seconds. The flow-through was discarded and 500 

µl RPE buffer was added to the RNeasy spin column, centrifuged at 12 000 g for 

15 seconds and the flow-through discarded. Thereafter, 500 µl RPE buffer was 

added to the spin column, centrifuged at 12000 g for two minutes and the flow-

through discarded. The RPE wash step was repeated. Hereafter, the RNeasy 

spin column was placed in a new 2 ml collection tube and centrifuged at 12 000 g 

for one minute to ensure that the membrane was completely dry. To elute the 



 45 

RNA, the RNeasy spin column was placed in a new 1.5 ml collection tube and 40 

µl of RNase free water was added directly to the spin column membrane. 

Samples were allowed to stand at room temperature for one minute before RNA 

was eluted by centrifugation at 12 000 g for one minute. The elution step was 

repeated to ensure that all RNA was retrieved from the spin column. Another 40 

µl RNase free water was added directly to the spin column membrane. Samples 

were allowed to stand at room temperature for one minute and RNA was eluted 

by centrifugation at 12 000 g for one minute. The two RNA eluates were pooled 

and placed on ice for RNA quantification.  

3.13 RNA quantification and purity 

 

Nucleic acids (RNA and DNA) absorb at 260 nm (A260), while proteins and other 

contaminants absorb at 280 nm (A280). Thus, the ratio of 260 nm to 280 nm is 

used to assess the purity of a sample. A ratio of two is generally accepted as 

pure for RNA. The ratio of A260 to A230 is used as a secondary measure of purity, 

and indicates contaminants that absorb at or near 230 nm.  

 

RNA concentration and purity was determined by measuring the absorbance at 

A260, A280 and A230 in a Nanodrop 1000 spectrophotometer. The 

spectrophotometer was initialised by pipetting 2 l distilled water onto the 

pedestal of the spectrophotometer, and blanked with 2 l RNase free water. 

Thereafter, 2 l sample was pipetted onto the pedestal and the absorbance 

determined. Each sample was read in triplicate. 

3.14 DNase treatment  

 

RNA samples were DNase treated to remove contaminating genomic DNA from 

RNA preparations. Samples were DNase treated using the Turbo DNase kit as 

recommended by the manufacturers. Briefly, 5 µl of 10x DNase buffer and 1.5 µl 

of DNase was added to 20 µg of RNA and RNase-free water in a total reaction 

volume of 50 µl. Samples were mixed and incubated at 37°C for 30 minutes, after 

which another 1.5 µl of DNase was added and incubated at 37°C for a further 30 
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minutes. The reaction was stopped by adding 10 µl DNase inactivation reagent 

and mixed by placing tubes on an orbital shaker for two minutes. Thereafter, the 

tubes were centrifuged at 10 000 g for 1.5 minutes and the supernatant 

transferred to a new tube. RNA concentrations were determined using a 

Nanodrop 1000 spectrophotometer.  

3.15 Reverse transcription  

 

Total RNA was reverse transcribed into cDNA using the High-Capacity cDNA kit 

according to the manufacturer’s instructions. One microgram DNase treated RNA 

sample was added to 10 l RNase-free water and placed on ice. A reaction mix 

consisting of reaction buffer, dNTPs, random primers, RNase-inhibitor (5000 

units/ml), reverse transcriptase and nuclease-free water was prepared into two 

separate tubes labelled RT plus and RT minus. The RT minus reaction mix tube 

(negative control) contained the same reaction mix as the RT plus tube, but with 

the reverse transcription enzyme replaced by water (Table 3). After adding the 

RT plus and RT minus mix components, the prepared reaction mixes were mixed 

by pipettting and the tubes centrifuged briefly. 

 

Table 3. Reaction components for the reverse transcription reaction. 

 

Component 

Volume (µl) 

Plus RT Minus RT 

1 g DNase-treated RNA in RNase-free water 10 10 

10 x RT buffer 2 2 

25 x dNTP mix 0.8 0.8 

10 x random primers 2 2 

RNase inhibitor 1 1 

Nuclease-free water 3.2 4.2 

Reverse Transcriptase 1 0 

Total volume 20 20 

 

Ten microlitres of plus or minus RT reaction mixes were added to 0.2 ml tubes 

containing RNA samples. The tube contents were mixed, briefly centrifuged and 

placed in a 2720 thermal cycler. Reactions were incubated at 25°C for 10 
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minutes, 37°C for 120 minutes, and 85°C for five seconds to inactivate the 

reverse transcriptase enzyme. Samples were stored at -20°C until gene 

expression analysis. The RT minus tube (negative control) was used to calculate 

the amount of genomic DNA contamination.  

3.15.1 Quantitative Real-time PCR to assess genomic DNA contamination 

 

To assess the extent of genomic DNA contamination in RNA samples, cDNA 

generated from plus and minus reverse transcription reactions were amplified 

with exon spanning primers that would amplify both mRNA and genomic DNA. A 

reaction mix consisting of 12.5 l SYBR Green mix, 1 l of 10 M ActB Forward 

Primer (400 nM), 1 l of 10 M ActB Reverse Primer (400 nM) and H2O to a final 

volume of 24 µl was prepared. The reaction mix was scaled up according to the 

number of test samples. The reaction mix is indicated in Table 4.  

 

Twenty four microlitres of reaction mix was aliquoted into the PCR plate, followed 

by 1 µl (50 ng) of undiluted cDNA (plus or minus RT reactions). The plate was 

sealed with adhesive film, mixed on a plate shaker for ten minutes and then 

briefly centrifuged at 3 000 g. The PCR reactions were conducted on the ABI 

7500 Sequence Detection System Instrument (Applied Biosystems) using the 

Absolute Quantification (AQ) Software (SDS V1.4). Universal cycling conditions; 

50ºC for two minutes and 95ºC for ten minutes, followed by 40 cycles of 95ºC for 

15 seconds and 60ºC for one minute were used. A dissociation curve was added 

for secondary product detection. Data was acquired during the extension step 

(60°C for one minute). After the run, default settings for the threshold cycle (Ct) 

and baseline were used and Ct values were exported to Microsoft Excel for 

analysis.  
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Table 4. Reaction mix for quantification of genomic DNA contamination 

 

Component Volume (l) Final Concentration 

2x master mix 
12.5 

 
1X 

ActB Forward primer (10 µM) 
1 
 

400 nM 

ActB Reverse Primer (10 µM) 1 400 nM 

Water 9.5 - 

cDNA 1 50 ng 

Final volume 25 - 

 

3.15.2 Gene expression analysis 

 

Quantitative real-time PCR (qRT-PCR) is one of the most sensitive and 

commonly used techniques to study gene expression. In this study Taqman®  

gene expression assays from Applied Biosystems were used. Taqman®  gene 

expression assays consists of a Taqman® probe with a FAM™ or VIC® dye label 

and minor groove binder (MGB) moiety on the 5' end, and non-fluorescent 

quencher (NFQ) dye on the 3' end.  

  

For qRT-PCR, a reaction mixture consisting of 5 l of Taqman® universal PCR 

master mix, 0.5 l of pre-developed Taqman® gene expression assays, and water 

to a final volume of 9 l was prepared (Table 5).  

 

Table 5. Reaction components for PCR reaction. 

 

Component Volume (l) Final Concentration 

2x master mix 
5 
 

1X 

Taqman Gene Expression Assay 
0.5 

 
 

Water 3.5  

cDNA 1 5 ng 

Final volume 10  
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Standard curve was prepared from Total Rat Liver RNA (Ambion). The reaction 

mix was scaled up according to the number of samples to be analysed. Nine 

microlitres of the reaction mix was aliquoted into a well of the PCR plate, followed 

by 1 µl of a 10-fold dilution series of the standard curve or test samples cDNA. A 

no template control (NTC) using water instead of cDNA was used as a negative 

control in all PCR reactions. All samples were analysed in duplicate. PCR plates 

were covered with adhesive film and briefly centrifuged. Thereafter, plates were 

placed in a shaker for 10 minutes and briefly centrifuged at 3 000 g. The PCR 

reactions were conducted on the ABI 7500 Sequence Detection System 

Instrument (Applied Biosystems) using universal cycling conditions as described 

before. Data generated on the ABI 7500 Instrument was analysed with the ABI 

Standard Quantification (AQ) software (SDS V1.4) using a Ct of 0.1 and a 

baseline of between 3 and 15 cycles. Taqman® gene expression assays, Beta 

actin (ActB) and glyceraldehyde-3-phosphate dehydrogenase (Gapdh) (Table 6) 

were used as endogenous controls to normalize mRNA levels in test samples. 

Data was normalised to the average of the two endogenous controls. The 

Taqman® gene expression assays that were used in this study are listed in Table 

6. The suffix _m represents an assay whose probe spans an exon-exon junction 

of the associated gene and therefore will not detect genomic DNA. 
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Table 6. Taqman
®
 gene expression assays that were used in the study. 

 

 
Probes 

 
Assay ID 

Insulin receptor substrate 1 (Irs1) Mm01278327_m1 

Insulin receptor substrate  2 (Irs2) Mm03038438_m1 

Phosphatidylinositol 3 Kinase (Pi3k ) Mm00803160_m1 

Glucose transporter 4 (Glut4) Mm01245502_m1 

Glycogen synthase (Gsy) Mm00523953_m1 

Beta actin (ActB) 4352339E 

Glyceraldehyde-3-phosphate 
dehydrogenase (Gapdh) 4352341E 

 

3.17 Statistical analyses  

All results are expressed as the mean ± standard deviation (SD). Statistical 

analyses of the data was done with the student t-test or one-way ANOVA where 

appropriate. Data with a p-value <0.05 was considered statistically significant. 

GraphPad Prism (version 5.02) or GraphPad Instat software version 5.02 was 

used for analyses. 
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4.1 Reporting of Results  

 

Results will be reported under the following sub-headings: 

 Differentiation of C2C12, L8 and 3T3-L1 cell lines. 

 Determination of the optimal free fatty acid concentrations in C2C12 and 

3T3-L1 cells. 

 Glucose uptake by C2C12, L8 and 3T3-L1 cells exposed to FFAs 

(palmitate, oleate, omega 3 and omega 6) in culture with media containing 

5.5 mM and 20 mM glucose.  

 Glucose-6-phosphate concentrations in C2C12, L8 and 3T3-L1 cells 

exposed to FFAs (palmitate, oleate, omega 3 and omega 6) in culture with 

media containing 5.5 mM and 20 mM glucose. 

 Glycogen concentrations in C2C12, L8 and 3T3-L1 cells exposed to FFAs 

(palmitate, oleate, omega 3 and omega 6) in culture with media containing 

5.5 mM and 20 mM glucose. 

 Glucose oxidation % in C2C12, L8 and 3T3-L1 cells exposed to FFAs 

(palmitate, oleate, omega 3 and omega 6) in culture with media containing 

5.5 mM and 20 mM glucose. 

 Summary of cell culture results. 

 mRNA expression of  Irs1, Irs2, Glut4, Pi3k and Gsy in C2C12 myocytes 

and 3T3-L1 adipocytes exposed to palmitate in media containing 5.5 mM 

glucose. 

 Summary of mRNA results. 
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4.2 Myotubule formation 

 

After two days of culture in DMEM supplemented with 10% FCS, C2C12 and L8 

cells had grown to 80-90% confluence. At this stage the 10% FCS media was 

replaced by media containing 2% HS. Two days after transferring cells to the low 

serum medium, myotubule formation was observed. Compared to C2C12 cells 

(Figure 12A and B), L8 cells (Figure 13A and B) were less efficient at forming 

myotubules. 

 

A                                                                       B 

                

Figure 12. Myotubule formation in C2C12 cells.  
A phase contrast photomicrograph of 80-90% confluent C2C12 cells (A). Spindle-shaped 
myotubules, indicated by the arrow, were formed after transferring confluent C2C12 cells to 
media supplemented with 2% HS (B).  
 

A                                                                        B 

                  

Figure 13. Myotubule formation in L8 cells. 
A phase contrast photomicrograph of 50-60% confluent L8 cells (A). Spindle-shaped myotubules, 
indicated by the arrow, were formed after transferring confluent L8 cells to media supplemented 
with 2% HS (B).  
 
 
 

Myotubules 

Myotubules 
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4.3 Adipocyte formation 

 

After three days of culture in DMEM supplemented with 10% FCS, 3T3-L1 cells 

had grown to 80-90% confluence. Adipocytic differentiation of the 3T3-L1 cells with 

visible intracellular fat accumulation was observed five days after exposure to 

adipogenic media (Figure 14A and B). 

 

A                                                                  B 

           

 

Figure 14. Adipogenesis in 3T3-L1 cells.  
A phase contrast photomicrograph of 80-90% confluent 3T3-L1 cells (A). Fat accumulating 
adipocytes, indicated by the arrow, were formed after transferring confluent 3T3-L1 cells to 
adipogenesis inducing media (B). 

 

4.4 Determining the optimal concentration of free fatty acid  

 

A colourimetric glucose assay that measures the amount of glucose taken up 

from the culture media by cells, was used to determine the concentration of FFA 

that exerted the maximal effect on glucose uptake. C2C12 myocytes and 3T3-L1 

adipocytes were cultured in 5.5 mM of glucose containing five different 

concentrations of FFAs (0, 0.25, 0.5, 0.75 and 1 mM) for two hours, and the 

effect on glucose uptake was assessed. Furthermore, the MTT assay, commonly 

used to determine mitochondrial activity and cell viability, showed that 0.75 mM 

FFA did not affect mitochondrial dehydrogenase activity when cells were 

exposed to the various FFAs for two hours. 

Adipocytes 
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4.4.1 Palmitate 

 

In C2C12 myocytes, palmitate at the highest concentration tested (1 mM) reduced 

both glucose uptake and mitochondrial activity, suggestive of possible lipid 

cytotoxicity. Palmitate at the concentration of 0.5 mM and 0.75 mM reduced 

glucose uptake without affecting mitochondrial activity. In 3T3-L1 cells addition of 

palmitate had no effect on glucose uptake or mitochondrial activity at any of the 

concentrations tested (Table 7). 

 

Table 7. The effect of palmitate on glucose uptake and mitochondrial dehydrogenase 
activity. 

 

 

Palmitate concentration 

0 mM 0.25 mM 0.5 mM 0.75 mM 1 mM 

C2C12 myocytes 

% glucose 
uptake

‡
 100.0 ± 14.1 105.5 ±1 2.0 57.1 ± 7.0** 52.1 ± 12.0* 54.6 ± 14.0* 

P value  0.67 0.006 0.01 0.03 

% formazan 
production

#
 100.0 ± 17 115.5 ± 13.4 92.2 ± 9.9 96.1 ± 14.4 38.7 ± 9.2** 

P value  0.1 0.1 0.7 0.002 

3T3-L1 adipocytes 

% glucose 
uptake‡ 100.0 ± 21.1 62.9 ± 17.4 60.8 ± 30.6 69.9 ± 24.6 67.2 ± 1.7 

P value  0.6 0.5 0.7 0.6 

%formazan 
production

#
 100.0  ± 1.9 95.7 ± 8.2 93.6 ± 26.1 87.4 ± 22.1 83.6 ± 23.9 

P value  0.2 0.5 0.1 0.1 

 

 

 

 

 

 

 

 

 

 

‡
Glucose uptake was calculated by subtracting the glucose concentration remaining in the media after incubation with 

palmitate, from the initial glucose concentration (5.5 mM glucose) and the percentage glucose uptake was calculated and 
normalised against the control without FFA 
#
Formazan production is an indicator of mitochondrial dehydrogenase activity and cell viability. The formazan 

concentration following exposure to palmitate at various concentrations was calculated and normalised against the control 
without FFA. 
Results are expressed as the average of three independent experiments ± standard deviation;*P<0.05, **P<0.005 
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4.4.2 Oleate 

 

In C2C12 myocytes, 0.5 mM and 0.75 mM oleate stimulated glucose uptake, 

however, this increase was not statistically significant. None of the 

concentrations of oleate tested affected mitochondrial activity (Table 8). Oleate 

did not affect glucose uptake in 3T3-L1 adipocytes. However, 1.0 mM oleate 

decreased mitochondrial activity in adipocytes (Table 8). 

 

Table 8. The effect of oleate on glucose uptake and mitochondrial dehydrogenase activity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Oleate concentration 

0 mM 0.25 mM 0.5 mM 0.75 mM 1.0 mM 

C2C12 myocytes 

% glucose 
uptake‡ 100.0 ± 14.1 107.5 ± 18.0 145.8 ± 45.0 142.0 ± 45.0 92.6 ± 10.0 

P value  0.6 0.3 0.3 0.1 

% formazan 
production

#
 100.0 ± 17.0 116.0 ± 8.3.0 92.2 ± 24.6 99.2 ± 14.5 91.5 ± 14.4 

P value  0.1 0.5 0.9 0.4 

3T3-L1 adipocytes 

% glucose 
uptake‡ 100.0 ± 4.1 76.6 ± 13.1 77.3 ± 4.9 78.3 ± 6.1 59.3 ±1 5.9 

P value  0.7 0.7 0.7 0.5 

% formazan 
production

#
 100.0 ± 1.9 85.7 ± 19.4 95.3 ± 5.5 97.7 ± 11.7 81.3 ± 18.5* 

P value  0.1 0.08 0.7 0.04 
‡
Glucose uptake was calculated by subtracting the glucose concentration remaining in the media after incubation with 

oleate, from the initial glucose concentration (5.5 mM glucose) and the percentage glucose uptake was calculated and 
normalised against the control without FFA (0mM) 
#
Formazan production is an indicator of mitochondrial dehydrogenase activity and cell viability. The formazan 

concentration following exposure to oleate at various concentrations was calculated and normalised against the control 
without FFA. 
Results are expressed as the average of three independent experiments ± standard deviation;*P<0.05 
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4.4.3 Omega 3 

 

Omega 3 had opposing effects on glucose uptake in C2C12 myocytes and 3T3-L1 

adipocytes. In C2C12 myocytes all concentrations of omega 3 decreased glucose 

uptake, although this was not significant. None of the concentrations tested 

affected mitochondrial dehydrogenase activity (Table 9). In 3T3-L1 myocytes, all 

concentrations of omega 3 increased glucose uptake, without affecting 

mitochondrial dehydrogenase activity (Table 9). 

  

Table 9. The effect of omega 3 on glucose uptake and mitochondrial dehydrogenase 
activity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Omega 3 concentrations 

0 mM 0.25 mM 0.5 mM 0.75 mM 1 mM 

C2C12 myocytes 

% glucose uptake‡ 100.0 ± 14.3 92.6 ± 10.0 84.5 ± 6.0 68.3 ± 25.0 79.2 ±19.0 

P value  0.5 0.1 0.2 0.3 

% formazan 
production

#
 100.0 ± 16.3 92.3 ± 11.2 99.0 ± 19.1 100.9 ± 11.7 93.3 ±9.0 

P value  0.5 0.9 0.9 0.5 

3T3-L1 adipocytes 

% glucose uptake‡ 100.0 ± 21.1 126.0 ± 5.6** 135.6 ± 9.9** 130.1 ± 21.5 141.5 ± 6.7* 

P value  0.001 0.004 0.083 0.01 

% formazan 
production

#
 100.0 ± 1.99 93.9 ± 41.6 107.0  ± 21.3 107.1 ± 41.3 103.9 ± 14.3 

  0.6 0.3 0.6 0.4 

‡
Glucose uptake was calculated by subtracting the glucose concentration remaining in the media after incubation with 

omega 3, from the initial glucose concentration (5.5 mM glucose) and the percentage glucose uptake was calculated and 
normalised against the control without FFA (0mM) 
#
Formazan production is an indicator of mitochondrial dehydrogenase activity and cell viability. The formazan 

concentration following exposure to omega 3 at various concentrations was calculated and normalised against the control 
without FFA. 
Results are expressed as the average of three independent experiments ± standard deviation;*P<0.05, **P<0.005 
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4.4.4 Omega 6 

 

As with omega 3, omega 6 had opposing effects on glucose uptake in C2C12 

myocytes and 3T3-L1 adipocytes. In C2C12 cells the 0.25 mM and 0.5 mM omega 

6 increased glucose uptake while 0.75 mM and 1.0 mM omega 6 decreased 

glucose uptake. Mitochondrial activity was reduced by 1.0 mM omega 6 only 

(Table 10). In 3T3-L1 adipocytes, omega 6 at 0.5 mM, 0.75 mM and 1.0 mM 

concentrations increased glucose uptake. Mitochondrial activity was decreased by 

0.75 mM and 1 mM omega 6 (Table 10). 

 

Table 10. The effect of omega 6 on glucose uptake and mitochondrial dehydrogenase. 
activity. 

 

 

 

 

 

 

 

 

 

 

Omega 6 concentrations 

0 mM 0.25 mM 0.5 mM 0.75 mM 1 mM 

C2C12 myocytes 

% glucose 
uptake‡ 100.0 ± 14.3 117.1 ± 9.0 123.2 ±9.0* 66.6 ± 3.0 71.4 ±3.0** 

P value  0.1 0.04 0.3 0.003 

% formazan 
production

#
 100.0 ± 16.3 111.6 ± 11.3 118.6 ± 23.2 100.2 ± 8.4 61.6 ± 8.4* 

P value  0.3 0.2 0.9 0.01 

3T3-L1 adipocytes 

% glucose 
uptake‡ 100.0 ± 21.1 

 
127.6 ± 32.8 134.2 ± 13.1* 130.4 ± 7.5** 134.1 ± 16.9* 

P value  0.2 0.01 0.003 0.02 

% formazan 
production

#
 100.0 ± 1.9 94.7 ± 34.8 91.8 ± 11.7 84.7 ± 11.8* 83.2 ± 13.8* 

P value  0.6 0.1 0.02 0.02 

‡
Glucose uptake was calculated by subtracting the glucose concentration remaining in the media after incubation with 

omega 6, from the initial glucose concentration (5.5 mM glucose) and the percentage glucose uptake was calculated and 
normalised against the control without FFA (0mM) 
#
Formazan production is an indicator of mitochondrial dehydrogenase activity and cell viability. The formazan 

concentration following exposure to omega 6 at various concentrations was calculated and normalised against the control 
without FFA. 
Results are expressed as the average of three independent experiments ± standard deviation;*P<0.05, **P<0.005 
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4.5 Selection of a single optimal concentration of free fatty acid for glucose 
uptake and metabolism experiments 

As illustrated previously (Tables 7-10), different concentrations of the FFAs, 

palmitate, oleate, omega 3 and omega 6, exerted differing effects on glucose 

uptake and mitochondrial activity in C2C12 myocytes and 3T3-L1 adipocytes. It 

was decided to use 0.75 mM for each of the FFAs as this would allow a direct 

comparison of the FFA effect and potency on glucose uptake and metabolism in 

the different cells used in the study. 
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4.6 Glucose metabolism: C2C12 and L8 myocytes, and 3T3-L1 adipocytes 

4.6.1The effect of FFAs on glucose uptake in C2C12 myocytes 

 

The 2-deoxy-[3H]-D-glucose uptake method was used to investigate the effect of 

FFA on the rate of basal and insulin-stimulated glucose uptake. Myocytes and 

adipocytes were cultured in media containing 5.5 mM or 20 mM glucose, 0.75 mM 

FFA (palmitate, oleate, omega 3 and omega 6), with or without 1 µM insulin 

stimulation, as described in section 3.3. Thereafter, cells were washed and 

exposed to media containing 5.5 mM glucose with 0.5 µCi of 2-deoxy-[3H]-D-

glucose for 15 minutes. After 15 minutes the cells were washed, lysed and 

intracellular 2-deoxy-[3H]-D-glucose was measured using a liquid scintillation 

counter. 

  

Palmitate reduced basal glucose uptake in C2C12 myocytes cultured in 5.5 mM 

(12.7 ± 3.0 fmol/mg vs. 4.5 ± 0.1 fmol/mg; p=0.03) and 20 mM (8.2 ± 1.4 fmol/mg 

vs. 5.0 ± 0.4 fmol/mg; p=0.02) glucose. Neither oleate nor the essential FFAs 

omega 3 and omega 6, significantly affected basal glucose uptake when cells were 

cultured in either 5.5 mM or 20 mM glucose (Figure 15).  

 

Palmitate reduced insulin-stimulated glucose uptake in C2C12 myocytes cultured 

in 5.5 mM (20.5 ± 3.11 fmol/mg vs. 7.2 ± 5.8 fmol/mg; p=0.02) and 20 mM (9.2 ± 

2.2 fmol/mg vs 5.3 ± 1.3 fmol/mg; p=0.05) glucose. Oleate decreased insulin-

stimulated glucose uptake in cells cultured in 5.5 mM glucose (20.5 ± 3.1 fmol/mg 

vs. 11.2 ± 2.7 fmol/mg; p=0.01), but had no affect on glucose uptake when cells 

were cultured in 20 mM glucose. The essential FFAs, omega 3 (20.5 ± 3.1 fmol/mg 

vs. 12.6 ± 3.5 fmol/mg; p=0.1) and omega 6 (20.5 ± 3.1 fmol/mg vs. 8.7 ± 3.2 

fmol/mg; p=0.08) decreased insulin-stimulated uptake, although not statistically 

significant, when cells were cultured in 5.5 mM glucose but not when cells were 

cultured in 20 mM glucose (Figure 16). 
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Figure 15. The effect of FFAs on basal glucose uptake in C2C12 myocytes.  
Myocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours. Glucose uptake was measured using the 2-deoxy-[

3
H]-D-glucose method. Results 

are expressed as the mean of three independent experiments ± SD; *P < 0.05. 
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Figure 16. The effect of FFAs on insulin-stimulated glucose uptake in C2C12 myocytes. 
Myocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours, with insulin stimulation in the last hour. Glucose uptake was measured using the 2-
deoxy-[

3
H]-D-glucose method. Results are expressed as the mean of three independent 

experiments ± SD; *P < 0.05. 
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4.6.2 The effect of FFAs on glucose uptake in L8 myocytes   

 

Palmitate reduced basal glucose uptake in L8 myocytes cultured in 5.5 mM 

glucose (4.39 ± 0.24 fmol/mg vs. 2.0 ± .0.5 fmol/mg; p=0.03), however it had no 

effect on cells cultured in 20 mM glucose. Neither oleate nor the essential FFAs 

omega 3 and omega 6, significantly affected basal glucose uptake when cells were 

cultured in either 5.5 mM or 20 mM glucose (Figure 17).  

 

Palmitate reduced insulin-stimulated glucose uptake in L8 myocytes cultured in 5.5 

mM glucose (5.3 ± 0.7 fmol/mg vs. 2.5 ± 0.6 fmol/mg; p=0.01). Neither oleate nor 

the essential FFAs omega 3 and omega 6, significantly affected insulin stimulated 

glucose uptake when myocytes were cultured in 5.5 mM glucose. However in 

myocytes cultured  in 20 mM glucose, palmitate (12.4 ± 2.1 fmol/mg vs. 2.5 ± 0.7 

fmol/mg; p= 0.001), oleate (12.4 ± 2.1 fmol/mg vs. 7.4 ± 0.6 fmol/mg; p=0.01), 

omega 3 (12.4 ± 2.1 fmol/mg vs. 8.4 ± 0.3 fmol/mg; p= 0.02) and omega 6 (12.4 ± 

2.1 fmol/mg vs. 8.7 ± 0.7 fmol/mg; p=0.04) reduced insulin-stimulated glucose 

uptake  (Figure 18). 
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Figure 17. The effect of FFAs on basal glucose uptake in L8 myocytes.  
Myocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours. Glucose uptake was measured using the 2-deoxy-[

3
H]-D-glucose method. Results 

are expressed as the mean of three independent experiments ± SD; *P < 0.05. 
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Figure 18. The effect of FFAs on insulin-stimulated glucose uptake in L8 mycocytes.  
Myocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours with insulin stimulation in the last hour. Glucose uptake was measured using the 2-
deoxy-[

3
H]-D-glucose method. Results are expressed as the mean of three independent 

experiments ± SD; *P < 0.05. 
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4.6.3 The effect of FFAs on glucose uptake in 3T3-L1 adipocytes  

 

Palmitate, oleate, omega 3 and omega 6 had no effect on basal glucose uptake in 

adipocytes cultured in 5.5 mM glucose. Similar results were observed when cells 

were cultured in 20 mM glucose except for palmitate, that reduced basal glucose 

uptake (17.8 ± 11.7 fmol/mg vs. 9.3 ± 6.4 fmol/mg; p =0.02) (Figure 19). 

 

Palmitate, oleate, omega 3 and omega 6 had no effect on insulin-stimulated 

glucose uptake in adipocytes cultured in 5.5 mM glucose, however in adipocytes 

cultured in 20 mM glucose, palmitate significantly reduced insulin-stimulated 

glucose uptake (27.6 ± 18.0 fmol/mg vs. 10.1 ± 7.1 fmol/mg; p=0.05). Neither 

oleate nor the essential FFAs, omega 3 and omega 6, significantly affected insulin-

stimulated glucose uptake (Figure 20). 
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Figure 19. The effect of FFAs on basal glucose uptake in 3T3-L1 adipocytes.   
Myocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours. Glucose uptake was measured using the 2-deoxy-[3H]-D-glucose method. Results 
are expressed as the mean of three independent experiments ± SD; *P < 0.05.  
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Figure 20. The effect of FFAs on insulin-stimulated glucose uptake in 3T3-L1 adipocytes.   
Adipocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours with insulin stimulation in the last hour. Glucose uptake was measured using the 2-
deoxy-[3H]-D-glucose method. Results are expressed as the mean of three independent 
experiments ± SD; *P < 0.05. 
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4.7 Glucose utilization in C2C12 and L8 myocytes, and in 3T3-L1 
adipocytes 

4.7.1 The effect of free fatty acids on glucose-6-phosphate levels in C2C12 
myocytes 

 

The conversion of intracellular glucose to G6P by the enzyme hexokinase is a rate 

limiting step in glycolysis. To investigate the affect of FFAs on G6P concentrations 

in the cell, myocytes and adipocytes were cultured in 5.5 mM or 20 mM glucose 

and exposed to the various FFAs (palmitate, oleate, omega 3 and omega 6) at a 

concentration of 0.75 mM with or without 1 µM insulin stimulation as described in 

section 3.3.  

 

During basal conditions, palmitate (10.1 ± 1.5 nM/μl vs. 2.9 ± 0.6 nM/μl; p=0.004) 

and omega 6 (10.1 ± 1.5 nM/μl vs. 1.9 ± 0.4 nM/μl; p=0.05) reduced G6P 

concentrations in C2C12 myocytes cultured in 5.5 mM glucose. Oleate (10.1 ± 1.5 

nM/μl vs. 15.9 ± 0.9 nM/μl; p=0.01) and omega 3 (10.1 ± 1.5 nM/μl vs. 14.7 ± 0.4 

nM/μl; p= 0.006) increased G6P concentrations in C2C12 myocytes cultured in 5.5 

mM glucose. Similar results were observed in 20 mM glucose, where palmitate 

(12.1 ± 0.4 nM/μl vs. 3.7 ± 0.2 nM/μl; p=0.03) and omega 6 (12.1 ± 0.4 nM/μl vs. 

7.6 ± 0.8 nM/μl; p =0.02) reduced G6P concentrations. However, oleate had no 

effect when myocytes were cultured in 20 mM, while omega 3 increased G6P 

concentrations (12.1 ± 0.4 nM/μl vs. 31.0 ± 1.7 nM/μl; p= 0.004) (Figure 21).  

 

During insulin-stimulated conditions, palmitate reduced G6P concentrations in 

C2C12 myocytes cultured in 5.5 mM glucose (18.0 ± 0.4 nM/μl vs. 2.9 ± 0.0 nM/μl; 

p=<.0.0001). Similarly in 20 mM glucose, palmitate reduced G6P concentrations 

(13.0 ± 2.5 nM/μl vs. 4.3 ± 0.43 nM/μl; p=0.04). Oleate did not affect G6P 

concentrations in myocytes cultured in 5.5 mM glucose, however, oleate 

significantly increased G6P concentrations in myocytes cultured in 20 mM glucose 

(13.0 ± 2.56 nM/μl vs. 46.3 ± 0.4 nM/μl; p=0.003). Omega 3 (18.0 ± 0.4 nM/μl vs. 

12.2 ± 0.9 nM/μl; p= 0.0007) and omega 6 (18.0 ± 0.4 nM/μl vs. 7.5 ± 0.4 nM/μl; p= 

0.0007) decreased G6P concentrations in myocytes cultured in 5.5 mM glucose. In 
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myocytes that were cultured in 20 mM glucose, omega 3 (13.0 ± 2.5 nM/μl vs. 32.5 

± 3.8 nM/μl; p=0.02) and omega 6 (13.0 ± 2.5 nM/μl vs. 32.0 ± 0.3 nM/μl; p =0.01) 

increased G6P concentrations (Figure 22). 
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Figure 21. The effect of FFAs on basal glucose-6-phosphate concentrations in C2C12 
myocytes.   
Myocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours. Glucose-6-phosphate concentrations were measured using the glucose-6-phosphate 
assay kit. Results are representative of three independent experiments ± SD,*P < 0.05. 
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Figure 22. The effect of FFAs on insulin-stimulated glucose-6-phosphate concentrations in 
C2C12 myocytes.  
Myocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours with insulin stimulation in the last hour. Glucose-6-phosphate concentrations were 
measured using the glucose-6-phosphate assay kit. Results are representative of three 
independent experiments ± SD,*P < 0.05. 
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4.7.2 The effect of free fatty acids on glucose-6-phosphate concentrations 
in L8 myocytes 

 

Palmitate reduced basal G6P levels, although not significantly, in L8 myocytes 

cultured in 5.5 mM glucose (17.3 ± 0.7 nM/μl vs. 8.1 ± 6.1 nM/μl; p =0.1). Oleate 

(17.3 ± 0.7 nM/μl vs. 8.1 ± 6.1 nM/μl; p= 0.02) and omega 3 (17.3 ± 0.7 nM/μl vs. 

8.3 ± 1.9 nM/μl p=0.01) also decreased G6P concentrations when cells were 

cultured in 5.5 mM glucose. Omega 6 increased G6P concentrations (17.3 ± 0.7 

nM/μl vs. 21.9 ± 0.3 nM/μl; p =0.0006) when cultured in 5.5 mM glucose. In L8 

myocytes that were cultured in 20 mM glucose, palmitate (27.2 ± 10.1 nM/μl vs. 

9.7 ± 1.1 nM/μl; p= 0.01) and oleate (27.2 ± 10.1 nM/μl vs. 9.5 ± 3.1 nM/μl; p= 

0.03) significantly reduced G6P concentrations. Omega 3 and omega 6 had no 

effect on basal G6P concentrations in L8 myocytes (Figure 23).  

 

Palmitate (47.2 ± 0.7 nM/μl vs. 3.7 ± 0.5 nM/μl; p<0.001), oleate (47.2 ± 0.7 nM/μl 

vs. 10.1 ± 0.8 nM/μl; p<0.001) and omega 3 (47.2 ± 0.7 nM/μl vs. 15.7 ± 2.3 nM/μl; 

p=0.003) reduced insulin-stimulated G6P in L8 myocytes cultured in 5.5 mM. 

However, omega 6 had no effect on G6P concentrations. In L8 myocytes cultured 

in 20 mM glucose palmitate (57.3 ± 5.3 nM/μl vs. 3.7 ± 0.5 nM/μl; p<0.0001), 

oleate (57.3 ± 5.3 nM/μl vs. 12.7 ± 0.3 nM/μl; p =0.0002), omega 3 (57.3 ± 5.3 

nM/μl vs. 12.9 ± 7 nM/μl; p =0.001) and omega 6 (57.3 ± 5.3 nM/μl vs. 13.3 ± 0.3 

nM/μl; p= 0.0002) reduced G6P concentrations (Figure 24). 
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Figure 23. The effect of FFAs on basal glucose-6-phosphate concentrations in L8 
myocytes.   
Myocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours. Glucose-6-phosphate concentrations were measured using the glucose-6-
phosphate assay kit. Results are representative of three independent experiments ± SD,*P < 
0.05. 
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Figure 24. The effect of FFAs on insulin stimulated glucose-6-phosphate concentrations in 
L8 myocytes.  
Myocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours with insulin stimulation in the last hour. Glucose-6-phosphate concentrations were 
measured measured using the glucose-6-phosphate assay kit. Results are representative of three 
independent experiments ± SD,*P < 0.05. 
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4.7.3 The effect of free fatty acids on glucose-6-phosphate concentrations 
in 3T3-L1 adipocytes 

 

Palmitate, oleate and omega 3 had no effect on basal G6P concentrations in 

adipocytes cultured in 5.5 mM glucose. Although not significant, omega 6 reduced 

G6P concentrations (47.7 ± 14.0 nM/μl vs. 15.1 ± 5.2 nM/μl; p=0.09). When 

adipocytes were cultured in 20 mM glucose, palmitate (37.3 ± 0.3 nM/μl vs. 80.7 ± 

1.37 nM/μl; p =0.001), oleate, (37.3 ± 0.3 nM/μl vs. 76.8 ± 1.3 nM/μl; p =0.001), 

omega 3 (37.3 ± 0.3 nM/μl vs. 60.8 ± 2.7 nM/μl; p=0.01) and omega 6 (37.3 ± 0.3 

nM/μl vs. 77.8 ± 9.8 nM/μl; p= 0.02) significantly increased G6P concentrations 

(Figure 25).  

 

Palmitate and oleate had no effect on insulin-stimulated G6P concentrations in 

adipocytes cultured in 5.5 mM glucose. Omega 3 (71.1 ± 9.6 nM/μl vs. 38.0 ± 0.7 

nM/μl; p=0.04) and omega 6 (71.1 ± 9.6 nM/μl vs. 42.9 ± 5.5 nM/μl; p= 0.06) 

reduced G6P concentrations, although the reduction was not significant. In 

adipocytes cultured in 20 mM glucose only oleate reduced G6P concentrations 

(87.0 ± 7.5 nM/μl vs. 53.0 ± 8.9 nM/μl; p=0.05). Palmitate, omega 3 and omega 6 

had no effect on insulin stimulated G6P concentrations (Figure 26). 
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Figure 25. The effect of FFAs on basal glucose-6-phosphate concentrations in 3T3-L1 
adipocytes. 
Adipocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours. Glucose-6-phosphate concentrations were measured using the glucose-6-
phosphate assay kit. Results are representative of three independent experiments ± SD,*P < 
0.05. 
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Figure 26. The effect of FFAs on insulin-stimulated glucose-6-phosphate concentrations in 
3T3-L1 adipocytes.  
Adipocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours with insulin stimulation in the last hour. Glucose-6-phosphate concentrations were 
measured using the glucose-6-phosphate assay kit. Results are representative of three 
independent experiments ± SD,*P < 0.05. 
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4.8 The effect of free fatty acids on glycogen content  

 

After entering the muscle cell, glucose can be converted into energy in the form of 

ATP for short term storage or it can be converted to glycogen or fat for long term 

energy storage. To determine whether FFA treatment affects glycogen synthesis, 

intracellular glycogen concentrations were measured using a commercial glycogen 

assay.  

 

Myocytes and adipocytes were cultured in media containing 5.5 mM or 20 mM 

glucose, 0.75 mM FFA (palmitate, oleate, omega 3 and omega 6), with or without 1 

µM insulin stimulation, as described in section 3.3. Cell lysates were deproteinized 

to remove proteins that may interfere with the analysis of small molecules in 

biological samples prior to performing the assay.  

 

4.8.1 The effect of free fatty acids on glycogen content in C2C12 myocytes  

None of the FFAs, palmitate, oleate, omega 3 nor omega 6, had an affect on basal 

or insulin-stimulated glycogen concentrations in C2C12 myocytes cultured in 5.5 

mM or 20 mM glucose (Figure 27and 28). 
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Figure 27. The effect of FFAs on basal glycogen content in C2C12 myocytes.  
Myocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours. Glycogen concentrations were measured using the glycogen assay kit. Results are 
representative of three independent experiments ± SD. *P <0.05. 
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Figure 28. The effect of FFAs on insulin-stimulated glycogen content in C2C12 myocytes.  
Myocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours with insulin stimulation in the last hour. Glycogen concentrations were measured 
using the glycogen assay kit. Results are representative of three independent experiments ± SD. 
*P <0.05. 
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4.8.2 The effect of free fatty acids on glycogen content in L8 myocytes  

 

Under basal conditions, palmitate (9.08 ± 1.4 μg/μl vs. 16.7 ± 2.1 μg/μl; p =0.05), 

oleate (9.08 ± 1.4 μg/μl vs. 18.3 ± 0.6 μg/μl; p=0.02) and omega 3 (9.08 ± 1.4 

μg/μl vs. 16.8 ± 0.4 μg/μl; p=0.004) significantly increased glycogen 

concentrations in L8 myocytes cultured in 5.5 mM glucose. Although not 

significant, omega 6 (9.0 ± 1.4 μg/μl vs. 14.6 ± 3.8 μg/μl; p=0.1) also increased 

glycogen concentrations in L8 myocytes cultured in 5.5 mM glucose.  

 

When myocytes were cultured in 20 mM glucose, palmitate increased glycogen 

concentrations, although not significantly (7.0 ± 0.5 μg/μl vs. 9.4 ± 0.8 μg/μl; 

p=0.08). Glycogen levels were increased after exposure to oleate (7.0 ± 0.5 μg/μl 

vs. 10.1 ± 0.1 μg/μl; p = 0.05), omega 3 (7.0 ± 0.5 μg/μl vs. 14.7 ± 0.7 μg/μl; p= 

0.007) and omega 6 (7.0 ± 0.5 μg/μl vs. 15.2 ± 0.04 μg/μl; p=0.001) (Figure 29). 

 

Under insulin-stimulated conditions, none of the FFAs affected glycogen 

concentrations when mycocytes were cultured in 5.5 mM glucose. However, when  

L8 myocytes were cultured in 20 mM glucose, glycogen concentrations was 

reduced after treatment with palmitate (15.1 ± 1.0 μg/μl vs. 8.7 ± 0.8 μg/μl; p= 

0.02), oleate (15.1 ± 1.0 μg/μl vs. 9.1 ± 0.9 μg/μl; p= 0.02), omega 3 (15.1 ± 1.0 

μg/μl vs. 8.3 ± 3.5 μg/μl; p=0.1) and omega 6 (15.1 ± 1.0 μg/μl vs. 9.0 ± 0.5 μg/μl; 

p=0.01) (Figure 30). 
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Figure 29. The effect of FFAs on basal glycogen levels in L8 myocytes.  
Myocytes were were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated 
FFAs for six hours. Glycogen concentrations were measured using the glycogen assay kit. 
Results are representative of three independent experiments ± SD. *P <0.05.  
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Figure 30. The effect of FFAs on insulin-stimulated glycogen levels in L8 myocytes.  
Myocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours with insulin stimulation in the last hour. Glycogen concentrations were measured 
using the glycogen assay kit. Results are representative of three independent experiments ± SD. 
*P <0.05. 
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4.8.3. The effect of free fatty acids on glycogen content in 3T3-L1 
adipocytes 

 

Under basal conditions at 5.5 mM glucose, palmitate and oleate had no effect on 

glycogen concentrations. Omega 3 (8.14 ± 1.09 μg/μl vs. 11.37 ± 0.09 μg/μl; 

p=0.05) and omega 6 (8.14 ± 1.09 μg/μl vs. 11.22 ± 0.01 μg/μl; p=0.1) increased 

glycogen concentrations. At 20 mM glucose none of the FFAs had an effect on 

basal glycogen concentrations (Figure 31). Under insulin-stimulated conditions, 

none of the FFAs affected glycogen concentrations when adipocytes were cultured 

in 5.5 mM or 20 mM glucose (Figure 32). 
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Figure 31. The effect of FFAs on basal glycogen content in 3T3-L1 adipocytes.  
Adipocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours. Glycogen concentrations were measured using the glycogen assay kit. Results are 
representative of three independent experiments ± SD. *P <0.05. 
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Figure 32. The effect of FFAs on insulin-stimulated glycogen content in 3T3-L1 adipocytes.   
Adipocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours with insulin stimulation in the last hour. Glycogen concentrations were measured 
using the glycogen assay kit. Results are representative of three independent experiments ± SD. 
*P <0.05. 
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4.9 The effect of free fatty acids on glucose oxidation  

 

To examine the effect of FFAs on the rate of glucose oxidation, myocytes and 

adipocytes were cultured in media containing 5.5 mM or 20 mM glucose, 0.75 mM 

FFA (palmitate, oleate, omega 3 and omega 6), with or without 1 µM insulin 

supplementation as described in section 3.3. Thereafter, cells were washed and 

exposed to media containing 5.5 mM glucose with 0.5 μCi glucose D-[14C (U)] for 

an hour. After an hour, the filter paper CO2 trap was removed from the lids of six 

well plates, placed in a scintillation vial containing 10 ml of scintillation fluid and 

analysed in a liquid scintillation counter. CO2 oxidation was reported as the 

percentage of the relevant glucose control. 

 

4.9.1 The effect of free fatty acids on glucose oxidation in C2C12 myocytes  

Palmitate, oleate, omega 3 and omega 6 had no effect on the rate of basal glucose 

oxidation in C2C12 myocytes cultured in 5.5 mM glucose. However, when these 

myocytes were cultured in 20 mM glucose, glucose oxidation was reduced after 

treatment with palmitate (100 ± 1.9% vs. 46.6 ± 0.8%; p=0.02), oleate (100 ± 1.9% 

vs. 21.0 ± 0.7%; p=0.001), omega 3 (100 ± 1.9% vs. 15.8 ± 0.2%; p=0.0007) and 

omega 6 (100 ± 1.9% vs.15.6 ± 0.5%; p =0.001) (Figure 33). 

 

Palmitate, oleate, omega 3 and omega 6 had no effect on insulin stimulated 

glucose oxidation in C2C12 myocytes cultured in 5.5 mM glucose. In myocytes that 

were cultured in 20 mM glucose, glucose oxidation was reduced after treatment 

with palmitate (100 ± 3.3% vs. 9.1 ± 0.6%; p=0.01), oleate (100 ± 3.3% vs. 9.7 ± 

0.4%; p =0.01), omega 3 (100 ± 3.3% vs. 13.3 ± 0.6%; p= 0.002) and omega 6 

(100 ± 3.3% vs. 10.1 ± 0.5%; p= 0.02) (Figure 34). 
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Figure 33. The effect of FFAs on basal glucose oxidation in C2C12 myocytes.  
Myocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours. Glucose oxidation was measured using glucose D-[

14
C (U)]. Results are 

representative of three independent experiments ± SD. *P <0.05. 
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Figure 34. The effect of FFAs on insulin-stimulated glucose oxidation in C2C12 myocytes. 
Myocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours with insulin stimulation in the last hour. Glucose oxidation was measured using 
glucose D-[

14
C (U)]. Results are representative of three independent experiments ± SD. *P <0.05. 
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4.9.2 The effect of free fatty acids on glucose oxidation in L8 myocytes  

 

Palmitate, oleate and omega 3 had no effect on glucose oxidation when L8 

myocytes were cultured in 5.5 mM glucose. Omega 6 reduced glucose oxidation 

(100.0 ± 27.2% vs. 57.5 ± 1.4%; p=0.01). In L8 myocytes cultured in 20 mM 

glucose basal glucose oxidation was reduced after treatment with palmitate, (100.0 

± 5.6% vs. 26.4 ± 2.6%; p=0.0003), oleate (100.0 ± 5.6% vs. 24.8 ± 0.3%; 

p=0.002), omega 3 (100.0 ± 5.6% vs. 22.5 ± 3.9 %; p=0.002) and omega 6 (100.0 

± 5.6% vs. 20.9 ± 1.8%; p=0.0002) (Figure  35). 

 

In L8 myocytes cultured in 5.5 mM glucose, insulin-stimulated glucose oxidation 

was decreased after treatment with palmitate (100.0 ± 26.0% vs. 46.4 ± 3.0%; 

p=0.001), oleate (100.0 ± 26.0% vs. 63.2 ± 2.8%; p<0.0001), omega 3 (100.0 ± 

26.0% vs. 60.1 ± 9.3%; p=0.005) and omega 6 (100.0 ± 26.0% vs. 49.1 ± 8.5%; 

p=0.02). Similar results were observed in 20 mM glucose. Palmitate (100.0 ± 6.8 % 

vs. 27.2 ± 3.0%; p=0.0001), oleate (100.0 ± 6.8% vs. 23.4 ± 0.01%; p=0.001), 

omega 3 (100.0 ± 6.8% vs. 22.8 ± 3.8%; p=0.001) and omega 6 (103.6 ± 6.8% vs. 

19.20 ± 3.4%; p=0.001) decreased glucose oxidation (Figure 36). 
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Figure 35. The effect of FFAs on basal glucose oxidation in L8 myocytes.   
Myocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours. Glucose oxidation was measured using glucose D-[

14
C (U)]. Results are 

representative of three independent experiments ± SD. *P <0.05. 
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Figure 36. The effect of FFAs on insulin-stimulated glucose oxidation in L8 mycocytes.  
Myocytes cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs for six 
hours with insulin stimulation in the last hour. Glucose oxidation was measured using glucose D-
[
14

C (U)]. Results are representative of three independent experiments ± SD. *P <0.05. 
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4.9.3 The effect of free fatty acids on glucose oxidation 3T3-L1 adipocytes  

 

Palmitate significantly increased basal glucose oxidation in adipocytes cultured in 

5.5 mM glucose (100.0 ± 10.0% vs. 357.2 ± 133.8%; p=0.001). Oleate, omega 3 

and omega 6 had no effect on basal glucose oxidation in adipocytes. Basal 

glucose oxidation was reduced by palmitate (100.0 ± 3.2% vs. 84.6 ± 4.6%; 

p=0.009), oleate (100.0 ± 3.2% vs. 68.7 ± 4.6%; p=0.001), omega 3 (100.0 ± 3.2% 

vs. 87.1 ± 5.0%; p=0.02) and omega 6 (100.0 ± 3.2% vs. 66.9 ± 0.5%; p=0.009) 

when cells cultured in 20 mM glucose (Figure 37). 

 

Palmitate (100.0 ± 4.2% vs. 86.1 ± 2.4%; p=0.001), oleate (100.0 ± 4.2% vs. 84.2 ± 

1.2%; p<0.0001), omega 3 (100.0 ± 4.2% vs. 76.2 ± 3.2%; p=0.04) and omega 6 

(104.7 ± 4.2% vs. 67.7 ± 6.0%; p=0.02) decreased insulin-stimulated glucose 

oxidation in adipocytes cultured in 5.5 mM glucose. Similary, insulin-stimulated 

glucose oxidation was reduced in adipocytes cultured in 20 mM glucose by 

palmitate (100.0 ± 2.8% vs. 78.0 ± 2.8%; p= 0.0004), oleate (100.0 ± 2.8% vs. 74.2 

± 2.9%; p= 0.0002), omega 3 (100.0 ± 2.8% vs. 81.3 ± 4.8%; p=0.003) and omega 

6 (100.0 ± 2.8% vs. 62.1 ± 5.9%; p=0.005) (Figure 38). 
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Figure 37. The effect of FFAs on basal glucose oxidation in 3T3-L1 adipocytes.   
Adipocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours. Glucose oxidation was measured using glucose D-[

14
C (U)]. Results are 

representative of three independent experiments ± SD. *P <0.05. 

 

 

 



 95 

A 

 

0

100

200

Control Palmitate Oleate Omega 3 Omega 6 

%
 G

lu
c
o
s
e
 o

x
id

a
ti
o
n
 

* *
**

 

B 

0

100

200

Control Palmitate Oleate Omega3 Omega 6

%
 G

lu
c
o

s
e

 o
x
id

a
ti
o

n
 

* * *
 *

 

Figure 38. The effect of FFAs on insulin-stimulated glucose oxidation in 3T3-L1 
adipocytes.  
Adipocytes were cultured in 5.5 mM (A) or 20 mM (B) glucose and exposed to the indicated FFAs 
for six hours with insulin stimulation in the last hour. Glucose oxidation was measured using 
glucose D-[

14
C (U)]. Results are representative of three independent experiments ± SD. *P <0.05. 
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Table 11. Summary of glucose uptake and metabolism. 

 

 
↑indicates an increase from relevant control, 
↓ indicates a deacrese from relevant control 
NE indicates no effect  

 

Cell line 
Palmitate Oleate Omega 3 Omega 6 

Basal Insulin Basal Insulin Basal Insulin Basal Insulin 

Glucose uptake from 5.5 mM glucose 

C2C12 ↓ ↓ NE ↓ NE NE NE NE 

L8 ↓ ↓ NE NE NE NE NE NE 

3T3-L1 NE NE NE NE NE NE NE NE 

Glucose uptake from 20 mM glucose 

C2C12 ↓ ↓ NE NE NE NE NE NE 

L8 NE ↓ NE ↓ NE ↓ NE ↓ 

3T3-L1 ↓ ↓ NE NE NE NE NE NE 

G6P from 5.5 mM glucose 

C2C12 ↓ ↓ ↑ NE ↑ ↓ ↓ ↓ 

L8 NS ↓ ↓ NE ↓ ↓ ↑ NE 

3T3-L1 NC ↓ NC NE NC ↓ NE NE 

G6P from 20 mM glucose 

C2C12 ↓ ↓ NE ↑ ↑ ↑ ↓ ↑ 

L8 ↓ ↓ ↓ ↓ NE ↓ NE ↓ 

3T3-L1 ↑ NE ↑ ↓ ↑ NE ↑ NE 

Glycogen from 5.5 mM glucose 

C2C12 NE NE NE NE NE NE NE NE 

L8 ↑ ↓ ↑ ↓ ↑ NC NC ↓ 

3T3-L1 NE NE NE NE ↑ NE ↑ NE 

Glycogen from 20 mM glucose 

C2C12 NE NE NE NE NE NE NC NE 

L8 NE NE ↑ NE ↑ NE ↑ NE 

3T3-L1 NE NE NE NE NE NE NC NE 
14CO2 from 5.5 mM glucose 

C2C12 NE ↓ NE ↑ NE NE NE NE 

L8 ↓ ↓ NE ↓ NE NE NE ↓ 

3T3-L1 ↑ ↓ NE ↓ NE NE NE ↓ 
14CO2 from 20 mM glucose 

C2C12 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ 

L8 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ 

3T3-L1 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ 
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4.10 Gene expression analysis 

4.10.1 RNA concentrations and purity  

 

RNA was extracted from C2C12 myocytes and 3T3-L1 adipocytes treated with 

palmitate using Tri reagent and purified using the RNeasy minikit as described in 

section 3.12. The ratios of absorbance 
260 nm/280 nm and 260 nm/230 nm indicate the 

quality and purity of RNA; ratios greater than 1.8 indicate good quality of RNA 

(Muyal et al., 2009). Results showed that the quality of RNA was within the 

acceptable range in C2C12 myocytes and in 3T3-L1 adipocytes. Results are 

illustrated in Table 12. 
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Table 12. RNA concentrations, total yield and purity.  

 

Sample 
Experiment 

No* ng/l
#
 

Total yield 

(g)
†
 

A260/ 
A280 

A260/ 
A230 

C2C12 myocytes 

Control 1 262.83 20.50 1.96 1.64 

Control 2 360.38 28.11 2.09 1.72 

Control 3 408.40 31.86 2.01 1.84 

Control +insulin 1 324.78 25.33 2.03 1.96 

Control +insulin 2 371.22 28.96 1.95 1.32 

Control +insulin 3 390.39 30.45 2.08 1.71 

Palmitate 1 296.46 23.12 1.92 1.49 

Palmitate 2 146.86 11.48 2.05 1.49 

Palmitate 3 346.72 27.04 2.11 2.01 

Palmitate + insulin 1 205.45 16.03 2.04 1.73 

Palmitate + insulin 2 154.10 12.02 1.98 1.57 

Palmitate + insulin 3 298.36 23.27 2.10 0.75 

3T3-L1 adipocytes 

Control 1 646.99 50.46 2.14 1.55 

Control 2 420.32 32.78 2.08 2.06 

Control 3 570.32 44.48 2.07 1.74 

Control +insulin 1 377.76 29.46 2.03 1.96 

Control +insulin 2 355.92 27.76 2.09 2.29 

Control +insulin 3 303.67 23.68 2.10 2.03 

Palmitate 1 533.69 41.62 2.14 2.23 

Palmitate 2 274.88 21.44 2.12 2.30 

Palmitate 3 432.08 33.70 2.04 2.08 

Palmitate + insulin 1 392.23 30.59 2.08 1.99 

Palmitate + insulin 2 291.58 22.74 2.10 1.98 

Palmitate + insulin 3 504.19 39.32 2.07 1.38 

 

 

4.10.2 Genomic DNA contamination 

 

To remove contaminating genomic DNA, 20 µg of RNA was DNase treated with 

the TurboDNase kit as described in section 3.13. The percentage of RNA 

recovered after DNase treatment is indicated in Table 13. The RNA recovered 

*Experiments were done in triplicate 
#
ng/l was calculated using the average of three independent Nanodrop measurements  

†
Total Yield was calculated by multiplying ng/l by the total volume of RNA obtained 
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dropped dramatically in palmitate treated C2C12 myocytes, but not in 3T3-L1 

adipocytes. More than 50% RNA was recovered after DNase treatment of 

untreated myocytes and in adipocytes. Palmitate treated cells yielded less then 

50% of RNA after DNase treatment. 

 

Table 13.  RNA concentrations obtained after DNase treatment of 20 µg of RNA.  

 

Sample 
Experiment 

No* 
µg RNA recovered after 

treatment
#
 

Percentage 

recovery
†
 

C2C12 myocytes 

Control 1 10.31 51.53 

Control 2 11.60 58.01 

Control 3 12.95 64.73 

Control +insulin 1 10.06 50.29 

Control +insulin 2 10.62 53.12 

Control +insulin 3 13.40 67.00 

Palmitate 1 7.79 38.97 

Palmitate 2 3.96 19.78 

Palmitate 3 12.17 60.84 

Palmitate + insulin 1 6.13 30.64 

Palmitate + insulin 2 4.59 22.97 

Palmitate + insulin 3 10.37 51.85 

3T3-L1 adipocytes 

Control 1 17.44 87.21 

Control 2 14.39 71.93 

Control 3 15.88 79.42 

Control +insulin 1 14.11 70.54 

Control +insulin 2 12.56 62.82 

Control +insulin 3 11.74 58.70 

Palmitate 1 17.88 89.42 

Palmitate 2 10.12 50.62 

Palmitate 3 15.41 77.03 

Palmitate + insulin 1 14.70 73.48 

Palmitate + insulin 2 10.32 51.62 

Palmitate + insulin 3 15.06 75.29 

 

 
*Experiments were done in triplicate 
#
Concentration of RNA recovered after treatment 

†
Percentage RNA recovery was calculated by dividing total RNA yield after treatment by 20 µg and multiplying by 100  
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To assess whether genomic DNA was efficiently removed by DNase treatment, 

reverse transcription reactions containing (plus RT) or without (minus RT) the 

reverse transcription enzyme were subjected to quantitative real-time PCR. Taq 

polymerase, the enzyme responsible for the polymerase chain reaction (PCR), will 

only amplify double stranded DNA, thus RNA must be reverse transcribed before 

being used as a template in PCR. Amplification in minus RT reactions represents 

genomic DNA contamination. A Ct difference of more than 10 cycles between the 

plus and minus RT reactions indicate negligible genomic DNA contamination. 

cDNA prepared from rat liver RNA (Ambion) was included as a positive control, 

while water was used as a negative control. As illustrated in Table 14, DNase 

treatment significantly reduced genomic DNA contamination.  
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Table 14. Quantitative Real Time PCR analysis of DNase treated RNA 

 

Sample Experiment No* 
Ct

#
 

(minus RT) 
Ct

$
 

(plus RT) Ct diff† 

C2C12 myocytes 

Control 1 36.53 16.79 19.74 

Control 2 >40 17.24 >23 

Control 3 >40 16.82 >23 

Control +insulin 1 37.48 16.85 20.63 

Control +insulin 2 37.63 16.13 21.50 

Control +insulin 3 >40 16.66 >23 

Palmitate 1 37.64 16.27 21.37 

Palmitate 2 36.56 16.90 19.66 

Palmitate 3 >40 16.64 >23 

Palmitate + insulin 1 39.19 15.92 23.27 

Palmitate + insulin 2 36.67 16.52 20.15 

Palmitate + insulin 3 36.67 16.52 20.15 

Ambion rat liver - 36.54 17.46 19.08 

Water - 39.52 >40 - 

3T3-L1 adipocytes 

Control 1 32.36 16.34 16.02 

Control 2 33.08 16.18 16.89 

Control 3 32.12 16.07 16.06 

Control +insulin 1 32.21 15.98 16.24 

Control +insulin 2 32.38 16.99 15.39 

Control +insulin 3 35.01 16.84 18.17 

Palmitate 1 37.42 16.72 20.70 

Palmitate 2 36.20 16.39 19.81 

Palmitate 3 35.48 16.27 19.21 

Palmitate + insulin 1 37.63 16.26 21.37 

Palmitate + insulin 2 37.35 16.36 20.98 

Palmitate + insulin 3 36.04 16.32 19.72 

Ambion rat liver - 35.76 16.25 19.52 

Water -       

 
 
*Experiments were done in triplicate 
# Ct minus RT was generated by the PCR ABI 7 500 machine 
$

 
Ct plus RT was generated by the PCR ABI 7 500 machine 

† Ct difference was calculated by subtracting Ct minus from Ct plus 
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4.10.3 PCR efficiency 

 

The slope of a standard curve is used to evaluate the performance of real time 

PCR reactions and to determine PCR efficiency. Optimal PCR efficiency is 

indicated by a slope of -3.3. Slopes between -3.1 and -3.6 are acceptable. The 

slope and R2 (correlation co-efficient) values obtained for the Taqman® gene 

expression assays used in this study was calculated using a rat cDNA standard 

curve (Table 15). The slopes for all the genes to be investigated were within the 

acceptable range.  

 

Table 15. Slope and R
2 
values of the genes investigated in the study. 

 

Gene Slope R
2
 

Insulin receptor substrate 1 (Irs1) -3.6 0.98 

Insulin receptor substrate  2 (Irs2) -3.4 0.98 

Phosphatidylinositol 3 Kinase (Pi3k ) -3.4 0.98 

Glucose transporter 4 (Glut4) -3.6 0.99 

Glycogen synthase (Gsy) -3.3 0.99 

Beta actin (ActB) -3.2 0.99 

Glyceraldehyde-3-phosphate dehydrogenase  
(Gapdh) -3.4 0.98 

 

4.10.4 The effect of palmitate treatment on gene expression 

 

The effect of palmitate treatment on the expression of Irs1, Irs2, Pi3k, Glut4 and 

Gsy mRNA in C2C12 myocytes and 3T3-L1 adipocytes, under both basal and 

insulin-stimulated conditions, was determined using quantitative real time PCR 

(qRT-PCR). The expression of the reference genes ActB and Gapdh was used to 

normalize mRNA levels. None of the Taqman® gene expression assays tested 

yielded positive results in 3T3-L1 adipocytes. Results for gene expression analysis 

in C2C12 myocytes will be discussed.  
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Treatment of C2C12 myocytes with palmitate affected the expression of genes 

similarly during basal and insulin-stimulated conditions. Palmitate treatment 

reduced Irs1 mRNA expression during basal (2.91 ± 3.38 vs. 1.29 ± 0.46; p=0.4) 

and insulin-stimulated (1.97± 1.55 vs. 0.99 ± 0.35; p= 0.3) conditions (Figure 39A). 

Irs2 mRNA expression was upregulated by palmitate during basal (1.16 ± 0.63 vs. 

1.83 ± 1.1; p=0.4) and insulin-stimulated (0.42 ± 0.1 vs. 2.3 ± 1.9; p= 0.1) 

conditions (Figure 39B). Palmitate treatment decreased Glut4 mRNA expression 

during both basal (0.39 ± 0.35 vs. 0.11 ± 0.03; p= 0.2) and insulin-stimulated (0.33 

± 0.14 vs. 0.14 ± 0.03; p= 0.07) conditions (Figure 39C). Pi3k mRNA expression 

was downregulated by palmitate during basal (1.41 ± 0.47 vs. 1.04 ± 0.1; p=0.2) 

and during insulin-stimulated (2.01 ± 1.12 vs. 0.74 ± 0.14; p=0.1) conditions 

(Figure 39D). Palmitate increased Gsy mRNA expression during basal (13.60 ± 6.2 

vs. 19.14 ±0.8; p= 0.2) and insulin-stimulated (12.42 ± 1.65 vs.14.09 ± 2.4; p= 

0.3).conditions (Figure 40E). None of these gene expression differences were 

statistically significant. A summary of the results is shown in Table 16. 

 

Table 16. Summary of results for gene expression. 
  

Genes Control Palmitate P= 
Control 

 + insulin 
Palmitate + 

nsulin P= 

Irs1 2.91 ± 3.38 1.29 ± 0.46 0.4 1.97 ± 1.55 0.99 ± 0.35 0.3 

Irs2 1.16 ± 0.63 1.83 ± 1.11 0.4 0.42 ± 0.14 2.34 ± 1.99 0.1 

Pi3k 1.42 ± 0.47 1.05 ± 0.18 0.2 2.01 ± 1.12 0.74 ± 0.14 0.1 

Glut 4 0.39 ± 0.35 0.11 ± 0.03 0.2 0.33 ± 0.14 0.14 ± 0.03 0.07 

Gsy 13.6 ± 6.24 19.14 ± 0.82 0.2 12.42 ± 1.65 14.09 ± 2.45 0.3 
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Figure 39. The effect of palmitate treatment on gene expression.   
Myocytes were cultured in 5.5 mM glucose and exposed to palmitate for six hours with or without 
insulin stimulation in the last hour. Messenger RNA levels were determined by quantitative real 
time PCR. insulin receptor substrate 1 (A), insulin receptor substrate 2 (B), glucose transporter 4 
(C), phosphatidylinositol 3 kinase (D) and glycogen synthase (E) mRNA expression were affected 
similarly during basal and insulin-stimulated culture conditions. Results are expressed as the 
average of 3 independent experiments ± SD. 
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Chapter 5 
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5.1 Effect of FFAs on myocytes and adipocytes  

 

In skeletal muscle, elevated plasma FFAs, particularly non-esterified fatty acids 

(NEFFAs), have been shown to play a direct and indirect role in the pathogenesis 

of insulin resistance, impaired glucose disposal and to be a risk factor for the 

development of T2D (Dimopoulos et al., 2006; Haag et al., 2009; Ragheb et al., 

2009; Roden et al., 1996). However, the relationship between the type of FFAs, 

insulin-stimulated glucose uptake and glucose metabolism remains unclear 

(Dresner et al., 1999; Ruddock et al., 2008). Palmitate, a SFFA, has been 

associated with insulin resistance, where as certain MUFFAs and PUFFAs (such 

as oleate, omega 3 and omega 6) are thought to ameliorate insulin resistance 

(Dimopoulos et al., 2006, Coll et al., 2008). 

  

Skeletal muscle represents 40-50% of total body mass, and accounts for 70-80% 

of post-prandial insulin-stimulated glucose disposal. Skeletal muscle is therefore 

essential to maintaining glucose homeostasis (Nedachi et al., 2006). Two 

skeletal muscle cell lines were used in this study. C2C12 cells are myoblasts 

originating from mouse satellite cells (Song et al., 1999; Gundry et al., 2009) and 

L8 cells are derived from fetal rat myoblasts. C2C12 myoblasts have been shown 

to have lower insulin sensitivity (Ragheb et al., 2009; Tortella and Pilch, 2002; 

Chavez and Summers, 2003); whereas L8 cells are thought to closely mimic the 

features and responses of normal mammalian skeletal muscle to insulin 

(Dimopoulos et al., 2006; Nedachi et al., 2009).  

 

 3T3-L1 derived adipocytes are commonly used to study the cellular mechanisms 

associated with obesity and diabetes. Adipocytes play a central role in 

maintaining lipid homeostasis and energy balance in vertebrates by storing 

triglycerides or releasing free fatty acids in response to changing energy needs 

(Wu et al., 1999; Chavez and Summers, 2003; Epps-fung et al., 1997). 
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In the present study, we assessed the basal (unstimulated) and insulin-

stimulated effect of the SFFA palmitate, the MUFFA oleate and the essential 

EFFAs omega 3 and omega 6 on glucose uptake and metabolism. 

 

5.2 Myocytic differentiation of C2C12 and L8 myoblasts  

 

Differentiation of myoblasts to myocytes and myotubules increase in vitro 

glucose uptake and utilization, thereby allowing for in vitro experiments that 

closely mimic normal muscle function. C2C12 and L8 muscle cells were 

differentiated into myocytes and myotubules by converting confluent cells to low 

serum medium for two days. Serum deprivation induces cell senescence, 

myocytic differentiation and the formation of multinucleated myotubules (Oh et 

al., 2006). Proteomic studies have demonstrated that following serum 

deprivation, proteins of the Ras-MAPK-mediated myogenic signaling pathway are 

rapidly upregulated, while signaling pathways known to inhibit myogenic 

differentiation are downregulated (Kislinger et al., 2005).  

 

 

In this study, C2C12 myoblasts were more efficient at forming multicellular 

myotubules than L8 myoblasts. The observations were similar to that observed 

by Nedachi et al., 2006. They reported that C2C12 myocytes differentiate more 

efficiently compared to L6 cells in terms of myotubular sarcomere formation. The 

rapid differentiation of C2C12 myoblasts in comparison to L8 or L6 cells can be 

ascribed to their different origins. C2C12 myoblasts were derived from mature 

murine skeletal muscle while L8 or L6 cells originate from newborn rat skeletal 

muscle (Segarini et al., 1992).  

 

Myotubule formation, a measure of contractibility and normal muscle function, 

can be used as a morphological measure of myocytic differentiation. At a 

functional level, apart from an increase in myogenic contractile proteins, levels of 

intracellular metabolic enzymes such as pyruvate kinase, creatine kinase, ATP-
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synthase, acyl-coenzyme A oxidase and 3-hydroxyacyl-coA dehydrogenase are 

increased (Kislinger et al., 2005).  

At a molecular level, myotubule formation is associated with increased Glut4 

mRNA expression and insulin-stimulated glucose utilization (Richardson and 

Pessin, 1993; Hommelberg et al., 2010). Differentiation of C2C12 myoblasts to 

myotubules increases their Glut4 mRNA expression by 3-4 fold. However, these 

levels are still substantially lower than that of normal skeletal muscle in vivo 

(Richardson and Pessin, 1993). In contrast to C2C12 myoblasts, undifferentiated 

L8 myoblasts, express high levels of Glut4 mRNA and are responsive to insulin 

stimulation regardless of their differentiation status (Oh et al., 2006).    

5.3 Adipocytic differentiation of 3T3-L1 fibroblasts 

 

Chronic exposure of 3T3-L1 fibroblasts to Dex, IBMX and insulin, change the 

fibroblastic phenotype to an adipocytic phenotype. To induce these phenotypic 

changes, 3T3-L1 fibroblasts need to undergo at least two cell divisions in a 

differentiation media containing Dex, IBMX and insulin. Thereafter, transformed 

3T3-L1 fibroblasts start to accumulate fat (adipogenesis) (Sakaue et al., 2002; 

Wu et al., 1999). In this study, five days after Dex, IBMX and insulin treatment fat 

accumulation could be microscopically observed in the cells, thereby confirming 

that the cells were successfully transformed into adipocytes.   

 

5.4 Selection of optimal free fatty acid concentrations in C2C12 myocytes 

and 3T3-L1 adipocytes 

 

An initial glucose uptake screen was used to determine the concentration of FFA 

that elicited the greatest effect on basal glucose uptake in C2C12 myocytes and 

3T3-L1 adipocytes. In C2C12 myocytes palmitate, omega 3 and omega 6 were 

shown to maximally reduce basal glucose uptake at a concentration of 0.75 mM 

without affecting mitochondrial dehydrogenase activity, as measured by the MTT 

assay. Oleate had no effect on glucose uptake in C2C12 myocytes. In 3T3-L1 
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adipocytes, palmitate and oleate had no effect, while omega 3 and omega 6 

increased glucose uptake.  

 

Epps-Fung et al., 1997 reported a maximal effect on glucose uptake after 16 

hours exposure to 0.3 mM palmitate in 3T3-L1 adipocytes. In similar studies, 

Dimopoulos et al., 2006, reported that 0.75 mM palmitate and oleate had a 

maximal effect on glucose uptake after exposing L6 myocytes to these two FFAs 

for 16 hours. These findings were confirmed by Chavez and Summers, 2003, 

who reported a maximal effect of palmitate on glucose metabolism in C2C12 

myocytes and 3T3-L1 adipocytes that were pre-exposed to palmitate for 16 hours 

followed by a further three hours exposure during the assay.  

 

For consistency, in this study, it was therefore decided to use a FFA 

concentration of 0.75 mM for all subsequent assays. In addition, using equimolar 

concentrations of FFAs allows for direct comparisons between respective FFAs. 

To maximize the effect of FFA on glucose uptake and metabolism, it was decided 

to pre-expose the C2C12 and L8 myocytes and 3T3-L1 adipocytes to the 

relevant FFA for 24 hours, followed by a further six hours of exposure on the day 

of the assay.  

 

5.5 Glucose uptake 

5.5.1. Effect of insulin stimulation on glucose uptake in C2C12 and L8 
myocytes, and 3T3-L1 adipocytes 

 

Myocytes, in contrast to myoblasts, are characterized by increased expression of 

the insulin sensitive glucose transporter GLUT4 (Nedachi et al., 2009; Ragheb et 

al., 2009). Insulin-stimulated glucose uptake involves the translocation of GLUT4 

from the cytoplasm to the plasma membrane.  

 

In comparison to L6 myocytes glucose uptake in C2C12 myocytes is less 

responsive to insulin stimulation (Nedachi et al., 2009; Nedachi and Kanzaki, 
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2006). Nedachi and Kanzaki, 2006 showed that decreased insulin sensitivity of 

C2C12 myocytes is due to decreased insulin-stimulated translocation of GLUT4 

to the plasma membrane. Futhermore, C2C12 myocytes express increased 

amounts of GLUT1 which increases basal glucose uptake that could mask 

insulin-stimulated glucose uptake, especially at high glucose concetrations. In 

addition, basal glucose uptake is autoregulated by the extracellular glucose 

concentration (Nedachi et al., 2009).  

 

In this study insulin-stimulation significantly increased glucose uptake by 61% 

when C2C12 myocytes were cultured in 5.5 mM glucose. However insulin-

stimulation had no effect at 20 mM glucose. A plausible explanation for the 

decreased insulin-stimulated glucose uptake at high glucose concentrations may 

be due to autoregulation of basal glucose uptake by GLUT1, as reported by 

Nedachi et al., 2009. 

 

In L8 myocytes and 3T3-L1 adipocytes insulin stimulation did not significantly 

increase glucose uptake. 

5.5.2 Effect of free fatty acids on glucose uptake in C2C12 and L8 myocytes  

 

Palmitate reduced basal glucose uptake in C2C12 myocytes cultured in both 5.5 

mM and 20 mM glucose, and in L8 myocytes cultured in 5.5 mM glucose only. 

From these results it appears that palmitate effects basal glucose uptake more in 

C2C12 myocytes than in L8 myocytes, which were resistant to the effects of 

palmitate at the higher 20 mM glucose concentration.  

 

Insulin-stimulated glucose uptake was adversely affected by palmitate in both 

C2C12 and L8 myocytes cultured in 5.5 mM and 20 mM glucose concentrations. 

These findings are consistent with various other studies. Ragheb et al., 2009 and 

Schmitz-Peiffer et al., 1999, reported a decrease in both basal and insulin-

stimulated glucose uptake in C2C12 cells exposed to 0.75 mM and 1.0 mM 

palmitate for 16 hours. Lennon et al., 2009 also reported a decrease in basal and 
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insulin-stimulated glucose uptake in human podocytes cultured with 0.75 mM 

palmitate for 24 hours. Powell et al., 2004 reported a decrease in both basal and 

insulin-stimulated glucose uptake in L6 myocytes cultured in 25 mM glucose and 

exposed to 0.75 mM palmitate for 16 hours. Findings in L8 myocytes is in 

agreement with Hajduch et al., 2001, who implicated intracellular ceramide 

concentrations with the inhibition of insulin-stimulated glucose uptake in L6 

myocytes. They found that ceramides did not inhibit IR, IRS1, PI3k or PDK-1 

activation but rather caused the downstream disruption of PKB activation. The 

intracellular accumulation of ceramide, a metabolite of palmitate, is thought to be 

directly involved with the inhibition of PKB and glycogen synthase kinase 3 

(GSK3). Schmitz-Peiffer et al., 1999 reported that exposure of C2C12 myocytes 

to palmitate for 18 hours increased the intracellular ceramide content two-fold. 

 

Oleate had no effect on basal glucose uptake in C2C12 and L8 myocytes 

cultured in 5.5 mM and 20 mM glucose. In contrast to these findings, other 

studies reported an increase in basal glucose uptake in C2C12 and L6 myocytes 

cultured with 0.75 mM oleate for 16 hours (Cazzolli et al., 2002; Dimopoulos et 

al., 2006; Ragheb et al., 2009).  

 

Insulin-stimulated glucose uptake was reduced in C2C12 cells cultured in 5.5 mM 

glucose media. At the higher glucose concentration of 20 mM, a similar but non-

significant trend was evident. These findings are similar to those of Ragheb et al., 

2009 and Schmitz-Peiffer et al., 1999.  

 

In L8 myocytes, insulin-stimulated glucose uptake was not affected by oleate at 

5.5 mM glucose. However, insulin-stimulated glucose uptake was reduced at the 

higher concentration of 20 mM glucose. This finding is in contrast with that of 

Gao et al., 2009 who reported that oleate, at a concentration range of 0.5 mM-

0.75 mM for six hours had no affect on insulin-stimulated glucose uptake in L6 

myocytes. Findings of this study are consistent with the Randle theory (Randle et 
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al., 1964) where the addition of FFA to high glucose concentrations affects 

glucose utilization by the cell. 

 

Omega 3 and omega 6 had no effect on both basal and insulin-stimulated 

glucose uptake in C2C12 and L8 myocytes cultured at both 5.5 mM and 20 mM 

glucose. 

 

From these results, it is clear that palmitate has a profound effect on both basal 

and insulin-stimulated glucose uptake in muscle. The association between 

palmitate and insulin resistance is well established (Dimopoulos et al., 2006; 

Ragheb et al., 2009). The interaction between extracellular glucose and lipid 

concentrations play opposing, yet well synchronised roles in normal muscle 

energy physiology. In vivo, muscle cells switch between lipid and glucose as the 

main source of energy. As postprandial glucose levels rise, insulin stimulates 

glucose uptake and metabolism, while lipolysis is inhibited and the utilization of 

FFAs as a major source of energy decreases (Bouche et al., 2004).  

5.5.3 Effect of free fatty acid on glucose uptake in adipocytes 

 

In 3T3-L1 adipocytes, FFAs had no effect on basal glucose uptake when 

adipoctes were cultured in 5.5 mM glucose but decreased glucose uptake at 20 

mM glucose. Similary, palmitate decreased insulin-stimulated glucose uptake at 

20 mM glucose only. Similar results have been reported by Epps-Fung et al., 

1997, who reported decreased glucose uptake in adipocytes that were treated 

with 25 mM glucose and 0.3 mM palmitate. The other FFAs (oleate and essential 

fatty acids, omega 3 and omega 6) had a non-significant lowering effect on 

insulin-stimulated glucose uptake when  adipocytes were cultured in 20 mM 

glucose. 
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5.6 Glucose-6-phosphate 

5.6.1 Effect of free fatty acids on glucose-6-phosphate in C2C12 and L8 
myocytes  

 

Palmitate and omega 6 reduced basal G6P concentrations in C2C12 myocytes 

cultured in 5.5 mM or 20 mM glucose. Oleate increased basal G6P 

concentrations in C2C12 myocytes cultured in 5.5 mM glucose but had no effect 

at 20 mM glucose. Omega 3 increased basal G6P concentrations at both glucose 

concentrations. Palmitate reduced insulin-stimulated G6P concentrations in 

C2C12 myocytes cultured in 5.5 mM or 20 mM glucose. Oleate increased insulin-

stimulated G6P concentrations at 20 mM glucose. Omega 3 and omega 6 

decreased G6P concentrations at 5.5 mM glucose but increased G6P 

concentrations at 20 mM glucose. 

 

In L8 myocytes, palmitate decreased basal G6P concentrations at 20 mM 

glucose. Oleate decreased G6P concentrations at both 5.5 mM and 20 mM 

glucose. Omega 3 decreased G6P concentrations at 5.5 mM while omega 6 

increased G6P concentrations at 5.5 mM glucose. Palmitate, oleate and omega 3 

decreased insulin-stimulated G6P concentrations at both 5.5 mM and 20 mM 

glucose, while omega 6 decreased G6P concentrations at 20 mM glucose. 

 

As far back as 1964 Randle demonstrated that G6P concentrations increase in 

the presence of elevated FFAs due to the inhibition of phosphofructokinase 

(PFK). Phosphorylation of glucose to G6P by hexokinase confines the movement 

of glucose from the cytoplasm to the extracellular space. This study showed that 

palmitate decreased insulin-stimulated G6P concentrations in C2C12 and L8 

myocytes cultured in 5.5 mM and 20 mM glucose. These results are 

contradictory to Randle’s theory but are similar to the findings of Roden et al., 

1996 and Krebs et al., 2000 who demonstrated lowered intracellular insulin-

stimulated G6P concentrations in humans after lipid infusion. 
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What is not clear is whether palmitate affects G6P concentrations by reducing 

glucose uptake at the transporter level or by inhibiting hexokinase activity. 

 

Oleate increased insulin-stimulated G6P concentrations in C2C12 myocytes 

cultured in 20 mM glucose while it decreased G6P concentrations in L8 myocytes 

cultured at both 5.5 mM and 20 mM glucose. This finding underlines one of the 

differences between the two cell lines, where C2C12 myocytes exposed to 

elevated FFAs accumulate G6P as suggested by Randle 1964, while in L8 

myocytes reduced G6P concentrations is consistant with the findings of Roden et 

al., 1996. 

 

The essential FFAs, omega 3 and omega 6 decreased insulin-stimulated G6P 

concentrations at 5.5 mM but increased insulin-stimulated G6P concentrations at 

20 mM glucose in C2C12 myocytes. In L8 myocytes, omega 3 decreased insulin-

stimulated G6P concentrations at 5.5 mM however, at 20 mM glucose both 

omega 3 and omega 6 decreased insulin-stimulated G6P concentrations. 

 

Decreased G6P concentrations in C2C12 cultured at 5.5 mM glucose could be 

due to increased G6P clearance by increased glycogen synthase activity or 

increase glucose metabolism. Alternatively, insulin-stimulated glucose uptake via 

GLUT4 or hexokinase activity could be affected. At 20 mM glucose the essential 

FFAs decrease G6P concentrations, suggesting substrate inhibition. Similar 

effects are observed during hyperglycemia and hyperlipidemia (Garcia-Ocana 

and Alonso, 2010). As described previously for C2C12 myocytes, the reduction in 

insulin-stimulated G6P concentrations in L8 myocytes could be due to reduced 

glucose uptake and hexokinase activity. 

5.6.2. Effect of free fatty acids on G6P in adipocytes 

 

Insulin-stimulated G6P concentrations were reduced by omega 3 in adipocytes 

cultured in 5.5 mM glucose. Oleate decreased insulin-stimulated G6P 

concentrations at 20 mM glucose. An interesting finding was that at the high 
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glucose concentration of 20 mM all FFAs increased basal G6P concentrations, 

but not during insulin-stimulation. Reduction of the intracellular accumulation of 

G6P is consistent with insulin inhibiting lipolysis and thereby increasing glucose 

metabolism. This is important as it demonstrates the relationship between insulin 

resistance and the accumulation of fat via glucose metabolites (Krebs et al., 

2000). 

5.7 Glycogen content  

5.7.1 Effect of free fatty acid on glycogen content in C2C12 and L8 
myocytes 

 

In C2C12 myocytes, none of the FFAs affected insulin-stimulated glycogen 

concentrations at 5.5 mM or 20 mM glucose. In L8 myocytes, palmitate, oleate 

and omega 6 decreased insulin-stimulated glycogen concentrations at 20 mM 

glucose. This corresponds with the decreased insulin-stimulated G6P results 

observed in L8 myocytes. 

 

In normal muscle cells during normoglycemia, insulin concentrations are low, 

glucose is used equally for glucose oxidation and glycogen synthesis. During the 

post-prandial state, plasma insulin increases in response to increasing glucose 

concentrations and glycogen synthesis predominates (Schmitz-Peiffer, 2000). In 

this study reduced glycogen concentrations were observed in L8 myocytes; this 

can be explained by reduced G6P concentrations and therefore substrate 

availability for glycogen syntheses. 

 

The discrepancy between L8 and C2C12 myocytes glycogen concentrations, can 

at least in part, be explained by differences in their glycogen synthesis 

physiology. In C2C12 myocytes the rate of glucose uptake is 10-fold higher than 

the rate of glycogen synthesis and therefore insulin stimulation and FFAs has a 

minimal effect on the glycogen synthesis (Park et al., 1998; Cazzolli, et al., 

2002). 
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5.7.2 Effect of free fatty acids on glycogen content 3T3-L1 adipocytes  

 

At both glucose concentrations none of the FFAs had an affect on insulin-

stimulated intracellular glycogen levels. In contrast to muscle, the primary 

function of adipocytes is lipid synthesis and storage. Adipocytes only contain 

small amounts of glycogen. In contrast to muscle where glycogen is stored for 

energy, in adipocytes the precise physiological role of glycogen remains unclear 

(Markan et al., 2010). 

5.8 Glucose oxidation  

5.8.1 Effect of free fatty acid on glucose oxidation in C2C12 and L8 
myocytes 

 

In C2C12 myocytes all FFA decreased insulin-stimulated glucose oxidation at 20 

mM glucose; while in L8 myocytes insulin-stimulated glucose oxidation was 

reduced at both 5.5 mM and 20 mM glucose concentrations. These findings are 

consistent with the Randle theory whereby lipid and glucose metabolites 

compete for mitochondrial oxidation (Randle, 1964; Hue and Taegtmeyer, 2009). 

Belfort et al., 2005 reported a decrease in glucose oxidation after exposure of 

human muscle to high levels of FFAs, futher supporting for these findings.  

 

5.8.2 Effect of free fatty acids on glucose oxidation in 3T3-L1 adipocytes 

 

In 3T3-L1 adipocytes, insulin-stimulated glucose oxidation was reduced by all 

FFAs at 5.5 mM and 20 mM glucose concentration. Although these decreases 

were significant, the actual fold decreases, compared to myocytes, were less. 

These results demonstrate that 3T3-L1 adipocytes, in terms of glucose uptake 

and metabolism, are not as sensitive to extracellular FFAs concentrations 

compared to myocytes, as reported by other studies (Wu et al., 2006; Gross et 

al., 2008).  

5.9The effect of palmitate on messenger RNA expression of genes involved 
in the insulin signaling pathway 
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The SFFA, palmitate decreased glucose uptake during insulin-stimulated 

conditions in C2C12 and L8 myocytes cultured in both 5.5 mM and 20 mM 

glucose. In 3T3-L1 adipocytes, palmitate decreased glucose uptake in cells 

cultured in 20 mM glucose only. Due to these findings, C2C12 myocytes exposed 

to palmitate were used to investigate messenger RNA expression of genes 

involved in the insulin signaling pathway. 

 

Palmitate treatment caused no statistically significant change in mRNA 

expression of the genes investigated. The expression of the insulin signaling 

genes was similarly regulated during basal and insulin-stimulated conditions. 

During basal conditions cells were cultured without exogenous insulin. Muscle 

cells do not secrete insulin, thus genes involved in the insulin signalling pathway 

are not expected to be regulated during basal conditions. These findings are 

consistent with others who have reported that palmitate regulates insulin-

stimulated glucose uptake post Pi3k (Schmitz-Peiffer et al., 1999). However, 

contradictory findings have been reported by Dresner et al., 1999 who showed 

that lipid infusion decreased Irs1 and Pi3k mRNA in humans.  

 

Although palmitate treatment decreased Glut4 mRNA levels during basal and 

insulin-stimulated conditions, only the reduction after insulin treatment was 

significant at a 90% confidence interval (p=0.08). Similar results were reported by 

Jové et al., 2006. These authors showed that palmitate treatment in C2C12 cells 

increased activation of protein kinase C thetha (PKC), which in turn activated 

NF leading to increased mRNA levels of the proinflammatory cytokine, tumour 

necrosis factor alpha (TNFα) and decreased Glut4 mRNA levels. These findings 

confirm reports by Griffin et al., 1999 who showed increased levels of FFAs 

induced insulin resistance by activating PKC  

 

Schmitz-Peiffer et al., 1999 showed that palmitate treatment decreased insulin-

stimulated glycogen synthesis in C2C12 cells. Results of this study failed to show 
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an affect at the level of glycogen synthase (Gsy) mRNA expression consistent 

with intracellular glycogen concentrations.  

 

The discrepancies between these results and those reported in the literature 

could be due to several reasons. It could due to different experimental models 

used. In this study the C2C12 muscle cell line was used while other studies have 

used human or animals muscle, or other in vitro muscle cell lines. Cell culture 

conditions can lead to varying results; in this study cells were pre-exposed to 

palmitate for 24 hour thereafter for six hours on the day of the assay. Different 

times of insulin stimulation could futher contribute to varying results between 

studies. In this study cells were stimulated with insulin for one hour while Dresner 

et al., 1997 use 15 minutes. Song et al., 1999 showed that insulin-stimulation of 

skeletal muscle cells increased or decreased IRS1 and IRS2 phosphorylation in 

time dependant manner over a 40 minute period.  

 

Investigation of proteins involved in the insulin signaling pathway may be 

regulated at the post-transcriptional, translation or post-translational levels. 

Several lines of evidence have suggested that phosphorylation events are the 

major form of regulation. Thus, changes in the expression or activity of these 

proteins may not be evident at the mRNA level. Several studies have provided 

support for this. Chavez et al., 2003 reported that palmitate inhibited AKT/PKB 

phosphorylation within two to four hours at a concentration of 0.25 mM. Ragheb 

et al., 2009 reported a reduction in PKB in palmitate treated cells. 

 

This study showed that insulin-stimulation down regulated Irs1, Glut4 and Pi3k 

mRNA levels, although the decrease was not statistically significant. Irs2 mRNA 

levels were increased, possibly suggesting that Irs2 activity may compesate for 

decreased Irs1 activity. This has been described previously (Yang et al., 2010). 
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5.10 Conclusion  

 

The addition of FFAs to myocytes and adipocytes, in vitro, had varying effects on 

glucose uptake and metabolism. Palmitate, a SFFA reduced insulin-stimulated 

glucose uptake at both 5.5 mM and high 20 mM glucose concentrations in 

myocytes, while only affecting glucose uptake in adipocytes at the glucose 

concentration of 20 mM. These findings support the hypothesis that adipocytes in 

contrast to myocytes retain their insulin sensitivity when exposed to palmitate at 

normoglycemic conditions (5.5 mM). Glucose utilization is reduced at 

hyperglycemic conditions which suggest that 3T3-L1 adipocytes, as with 

myocytes, autoregulate glucose uptake in response to extracellular glucose 

concentrations. 

 

In terms of basal and insulin-stimulated glucose uptake in myocytes, this study 

confirmed that, compared to oleate, omega 3 and omega 6, palmitate had the 

worse affect on glucose uptake. As the FFAs were used at equimolar 

concentrations, it is reasonable to conclude that palmitate apart from competition 

for substrate with glucose, has additional effects on insulin-stimulated glucose 

uptake. This finding is consistent with other studies that have linked the palmitate 

metabolites DAG and ceramide to insulin resistance in myocytes.  

 

In contrast to other studies reporting that UFFAs improved insulin sensitivity and 

glucose uptake in myocytes and adipocytes, this study showed that neither 

oleate, omega 3 nor omega 6 improved basal or insulin-stimulated glucose 

uptake in C2C12 myocytes. In L8 myocytes, oleate, omega 3 and omega 6 

reduced insulin-stimulated glucose uptake in 20 mM glucose. However the 

decreases were not as marked as palmitate. In 3T3-L1 adipocytes, oleate, 

omega 3 and omega 6 had no effect on glucose uptake. 

 

Palmitate decreased G6P concentrations in insulin-stimulated myocytes cultured 

at 5.5 mM and 20 mM glucose concentrations. However, palmitate had no effect 

on the insulin-stimulated G6P concentrations in 3T3-L1 adipocytes. The 



 122 

decrease in G6P concentrations induced by palmitate in myocytes, together with 

the decrease in glucose uptake is consistent with reduced glucose influx into the 

cell due to the inhibition of GLUT4 translocation to the plasma membrane or the 

rate limiting effect of hexokinase. These findings are similar to what has been 

described in diabetics. 

 

Free fatty acids exerted a minimal effect on insulin-stimulated glycogen content 

in myocytes and adipocytes. This suggests that FFAs affect glucose utilization 

(oxidation) rather than glycogen synthesis. 

 

In support of the Randle theory, whereby FFAs and glucose compete for the 

same mitochondrial substrate, all the FFAs reduced basal and insulin-stimulated 

glucose oxidation at 20 mM glucose concentration.  

 

The induction of insulin resistance in C2C12 myocytes by palmitate was 

confirmed at the molecular level, with mRNA expression of key genes involved in 

insulin signaling, (Irs1, Pi3k and Glut4).  

 

5.11 Shortcomings of the study 

 

Due to budget restrictions, mRNA expression of the genes involved in insulin 

signaling was only performed on C2C12 myocytes, treated with palmitate. This 

should be expanded to the other cell lines and FFAs in future. Although the aim 

of the study was to investigate the effect of FFAs on insulin-stimulated glucose 

uptake and metabolism, it would have been beneficial to study FFA uptake and 

metabolism using radiolabelled FFAs. This would elucidate the interaction 

between FFAs and glucose metabolism. In addition, the quantification of the 

intracellular FFAs metabolites such as DAG, and ceramide could have further 

clarify the underlining differences that saturated and unsaturated FFAs have on 

glucose metabolism.  
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5.12 Future Studies  

 

Future studies using radiolabelled FFAs would provide valuable information 

about the relationship between glucose and fat metabolism. In addition, it would 

be interesting to investigate the relationship of FFAs in combination i.e. saturated 

in combination with mono-unsaturated or poly-unsaturated FFAs in vitro. The 

study should be expanded to include an in vivo model whereby FFA 

concentrations are increased either by diet or by intravenous administration of 

specific FFAs. In terms of insulin signaling, apart from gene expression studies, 

the activation of key regulatory enzymes of the insulin stimulatory pathway such 

as IRS1/2, PI3K and GLUT4 as well as other regulators of metabolism eg. AMPK 

could be determined using a western blot method. 
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List of reagents  
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Product name 

Catalogue  

number Supplier and country 

2-deoxy-[3H]-D-glucose TRK672 AEC-Amersham, JHB, SA 

3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl 

tetrazolium bromide (MTT) M2003 Sigma, St Louise, MO, USA 

3-isobutyl-1-methylxanthine (IBMX) I5879 Sigma, St Louise, MO, USA 

Bio Rad Bradford Protein assay kit 500-0201 Bio-Rad, USA 

Biovision glucose kit K646 Biovision, USA 

Bovine serum albumin (BSA) 100-10SB Sigma, St Louise, MO, USA 

CELLBIND - 24 well plates 3337 Corning, MA, USA 

CELLBIND - 6 well plates 3335 Corning, MA, USA 

CELLBIND - 96 well plates 3300 Corning, MA, USA 

Cryotubes 430659 Corning, MA, USA 

D(U-14C) glucose NEC042x05 
50uCi 
 
 

PerkinElmar AU,USA 

Deprotenizing kit K808-200 Biovision,USA 

Dexamethasone D4902 Sigma, St Louise, MO, USA 

Dimethyl sulfoxide (DMSO) 276855-1L Sigma, St Louise, MO, USA 

Dulbecco’s Modified Eagle’s Medium 

DMEM 12-604F Lonza,  Walkersville, MD,USA 

Dulbecco’s Modified. Eagle’s 

Medium.DMEM without glucose 51442C Sigma, St Louise, MO, USA 

Dulbecco’s phosphate buffered saline 

(DPBS) 17513-F Lonza,  Walkersville, MD,USA 

Eppendorf tubes 0030123.301 Sigma, St Louise, MO, USA 

Ethanol 2875 Sigma, St Louise, MO, USA 

Ethanol absolute,200 proof for molecular E7023-500 Sigma, St louise, MO,USA 

Fetal calf serum FCS 306 Highveld biological,SA 

Flask - 75 cm 658 175 

Greiner bio-one, Frickenhausen, 

Germany 

Glucose 6 phosphate K657-100 Biovision, USA 

Glucose assay kit K 606-100 Biovision,USA 
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Glucose powder G7021 Sigma, St Louise, MO,USA 

Glycogen  assay kit K646-100 Biovision,USA 

High capacity cDNA kit Am 197 Ambion, USA 

Horse serum 308 Highveld biological,SA 

Insulin I 6634 Sigma, St Louise, MO,USA 

Isopropanol I9516 Sigma, St Louise, MO,USA 

Micro AMP optical 96-well plates reaction 

plate 15ml N801-0560 

Applied biosystems, Foster city 

USA 

Nuclease free water AM 9937 Ambion,USA 

Oleate O1383 Sigma, St Louise, MO, USA 

Omega 3(Alpha linolenic acid) L2376 Sigma, St Louise, MO, USA 

Omega 6( Linoleic acid) L1012 Sigma, St Louise, MO, USA 

Palmitate P 5585/P0500 Sigma, St Louise, MO,USA 

Pasteur pipettes 612 361 

Greiner bio-one, Frickenhausen, 

Germany 

Penicillin and streptomycin 214 Highveld biological,USA 

Ready gel Ultima Gold 6013329 Separation Scientific 

Rnase free water AM9937 Ambion,USA 

Rnase zap solution 7000 

Molecular Bioproducts,INC Sandigo 

CA 

Rneasy mini kit 74106 Qiagen, Hilden 

Scintillator vials 566740 Beckman Couter JHB,SA 

Serological pipettes - 10ml 4101 Corning, MA, USA 

Serological pipettes - 50ml 4490 Corning, MA, USA 

Serological pipettes -25ml 4251 Corning, MA, USA 

Serological pipettes -5ml 4051 Corning, MA, USA 

Sodium bicarbonate (NaHCO3 M2645 Sigma, St louise, MO,USA 

Sodium dodecyl sulfate L3771 Sigma, St louise, MO,USA 

Sodium hydroxide (NaOH)/ 109140 Merck, SA 

Taqman Gene expression master mix 4369016 

Applied biosystems, Foster city 

USA 

Tri reagent T3809 Sigma, St louise, MO,USA 
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Trypan blue T8154-20ML Sigma, St Louise, MO, USA 

Trypsin/versene 15050-065 Invitrogen, Carlsbad, CA USA 

TURBo DNA-free kit AM 1907 Ambion,USA 

Wortmannin w 1628 Sigma, St Louise, MO, USA 
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Appendix 2 

Preparation of reagents  

 

Sorenson's buffer 

The Sorenson's buffer was prepared by dissolving 0.1 M glycine (0.751 g in 100 

ml distilled water) and 0.1 M NaCl (0.584 g in 100ml), thereafter equilibrate pH to 

10.5 with NaOH (4 g in 100ml). 

 

0.3 M sodium hydroxide and 1% SDS lysis buffer 

A 0.3 M NaOH solution was prepared by dissolving (12 g in 1L distilled water) 

and  adding 1% SDS (1:10 dilution of 10% stock). 

 

FFA (Palmitate FW256.43) 
To prepare a 75 mM stock solution, 19.23 mg palmitate was dissolved in 1ml 

absolute ethanol heated to 90°C. From the stock, a 1:100 dilution was done to 

yield  

 

Oleate FFA FW282.47 

To prepare a 75 mM stock solution, 21.18 mg oleate was dissolved in 1ml 

absolute ethanol heated to 90°C. From the stock, a 1:100 dilution was done to 

yield a 0.75 mM oleate solution a 0.75 mM palmitate solution. 

  

Omega 3 (linolenic) (FW278.44) 
To prepare a 75 mM stock solution, 20.88 mg omega 3 was dissolved in 1ml 

absolute ethanol heated to 90°C. From the stock, a 1:100 dilution was done to 

yield a 0.75 mM omega 3 solution a 0.75 mM palmitate solution. 

 

Omega 6 (linoleic) FW 280.46 
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To prepare a 75 mM stock solution, 21.03 mg omega 6 was dissolved in 1ml 

absolute ethanol heated to 90°C. From the stock, a 1:100 dilution was done to 

yield a 0.75 mM omega 6 solution a 0.75 mM palmitate solution. 

 

 

 

 
 
 
 
 

 


