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Abstract  

This dissertation explores the role of intermediary lipid accumulation in the development of 

tissue specific and whole-body insulin resistance (IR). In this context, we investigated whether 

the intramyocellular lipid accumulation was sexually dimorphic, whether it differed between 

oxidative and glycolytic muscles, and how it correlated with high-fat sucrose-enriched (HFS) 

diet-induced skeletal muscle IR. To accomplish that, male and female Wistar rats were either 

fed a standard chow (SC) or a HFS diet for 8 weeks. Broadly, highly oxidative male muscles 

had impaired insulin sensitivity associated with the activation of PKCδ and θ isoforms in soleus 

(Sol, rich in type IA fibers), extensor digitorum longus (EDL, rich in type 2A fibers). In the 

highly glycolytic epitrochlearis (Epit, rich in type IIB fibers) muscles, impaired insulin 

sensitivity was associated with the upregulation of inflammatory mediators. In females, the HFS 

diet also led to a significant elevation in intramuscular DAG and TAG contents; however, 

without any alteration in ceramides levels in insulin-resistant female oxidative and glycolytic 

muscles. Moreover, a pro-inflammatory response was observed in skeletal muscles rich in type 

IIa and type IIb of female rats fed a HFS diet. Hence, based on my findings, all muscles from 

male and female rats fed the obesogenic diet developed IR, although the underlying associated 

mechanisms differed with respect to muscle fiber-type distribution in males and females. 

Obesity has also been linked to severe intrahepatic triglycerides (IHTG) accumulation and the 

pathogenesis of non-alcoholic fatty liver disease (NAFLD). Unlike the conventional high-fat 

Western diet, the ketogenic diet has recently gained popularity as an effective non-

pharmacological therapy for NAFLD. However, the underlying mechanisms are still unknown.  

In this context, we analysed the effects of a carbohydrate free ketogenic diet (KD) on livers 

from male Wistar rats. The KD indeed reduced intrahepatic glycerolipid content and PKCε 
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activity, but markedly increased liver ceramide content. The KD also enhanced the liver 

expression of key genes involved in mitochondrial biogenesis and fatty acid oxidation, 

suppressed inflammatory genes, and shifted substrate away from de novo lipogenesis. Thus, the 

KD induced anti-steatogenic and insulin-sensitizing effects in the liver.  
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Chapter 1 : Introduction 

 

Obesity is a growing public health concern across the world, and it is one of the primary causes 

of morbidity and death from non-communicable illness. The epidemiological association 

between obesity and a wide range of metabolic illnesses is well established; however, the 

underlying pathophysiological processes are only poorly understood, and effective therapeutic 

choices are limited1. Skeletal muscle and the liver have increasingly become a focus of research 

aiming at understanding the reasons for decreased insulin action in obesity and its related 

metabolic consequences such as type 2 diabetes (T2D) and non-alcoholic fatty liver disease 

(NAFLD). 

T2D is characterized by persistent hyperglycemia due to insulin resistance (IR) in peripheral 

tissues (e.g. skeletal muscle, adipose tissue, and liver) and the brain with insufficient 

compensating insulin secretion by pancreatic β-cells2–4. It is widely accepted that T2D is caused 

by a number of environmental factors such as high-calorie diets and sedentary lifestyle, which 

also promote the development of obesity5. Weight gain during adulthood, the degree of obesity, 

and the duration of obesity all independently and strongly predict the risk for developing T2D. 

In particular, fat deposition in the abdominal region aggravates insulin resistance and increases 

the risk for developing T2D6. Although obesity is not invariably associated with IR, the vast 

majority of overweight and/or obese individuals are IR. Obesity is, therefore, a major risk factor 

for the development of IR.  

While, individuals with NAFLD often display poor glucose and lipid metabolism. It has been 

reported that the production of fat as well as glucose by the liver are elevated in these 

individuals, whereas oxidization/utilization of these substrates is impaired or insufficient. In its 
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later stages, NAFLD can progress to hepatocellular carcinoma and liver failure7. Therefore, 

treating this condition in its early stages is critical to prevent further health complications and 

possible mortality. Aside from bariatric surgery, which is limited almost exclusively to patients 

in the later stages of NAFLD or severe obesity, there are no therapeutic alternatives to treat fatty 

liver thus far. As such, healthcare professionals have turned to dietary interventions in 

conjunction with regular exercise as the primary means to reduce fat accumulation in the liver.  

A growing body of evidence8,9 points towards the composition of the diet as an important factor 

that determines fat accumulation and obesity development. This alternative view of the 

physiopathology of obesity is based on the premise that the ingestion of foods with elevated 

carbohydrate content increases insulin secretion, suppresses adipose tissue lipolysis, and favours 

fat accumulation10. Thus, dietary interventions that reduce energy intake and more so 

carbohydrate content of foods could potentially promote fat mobilization and lead to 

improvement in whole-body glucose homeostasis and the reversal of metabolic disregulation11. 

In this context, the work presented in this dissertation examines how diet-induced insulin 

resistance affects glucose and fatty acid metabolism in oxidative and glycolytic skeletal muscles 

in male and female rats. It also investigates whether an intervention that reduces dietary 

carbohydrate content can serve as a therapeutic approach to treat NAFLD and improve glycemic 

control.  
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Chapter 2 : Literature Review 

 

2.1 Obesity and its association to Insulin Resistance 

Obesity is a global crisis that is characterized by an increase in body weight (in particular 

adipose tissue) at an excessive magnitude to yield significant health complications5. Obesity is 

often attributed to an imbalance between the amount of energy taken in and the amount of 

energy spent12,13. Recent data from the World Health Organization (WHO) indicates that 1.6 

billion adults globally are overweight (defined as a Body Mass Index (BMI) of 25-29.9 Kg/m2) 

and 400 million are obese (defined as a BMI of  ≥ 30 Kg/m2 )14. More importantly, obesity has 

become the most critical factor in the pathogenesis of metabolic diseases and also a major risk 

factor for the development of insulin resistance (IR)2. IR is characterized by a significant 

reduction in insulin-stimulated glucose transport and metabolism15. 

Weight gain during adulthood, degree of obesity, and duration of obesity all independently and 

strongly predict the risk for developing type 2 diabetes (T2D). The term “diabesity”, first 

described in the 1970s, refers to the strong linkage between T2D and obesity16,17. In particular, 

fat deposition in the abdominal region aggravates IR and increases the risk of developing T2D6.  

Causation of T2D has been linked to several environmental factors such as high-calorie diets 

and sedentary lifestyle, which also promote the development of obesity5. This explains why the 

rise in the numbers of people affected by T2D has essentially mirrored the escalation in the 

incidence of obesity worldwide16. Based on the CDC report from 2020, 34.2 million people in 

the USA have diabetes (i.e., approximately 10.5% of the US population). Of these, 26.8 million 

adults are diagnosed, whereas 7.3 million people remain undiagnosed18. By the year 2030, 366 



  4 

 

 

million T2D cases are projected worldwide, making it both health as well as economic 

concern19.  

T2D is characterized by persistent hyperglycemia due to impaired insulin response in peripheral 

tissues (skeletal muscle, adipose tissue, and liver) as well as the brain, and/or by the failure of 

pancreatic β-cells to secrete sufficient amounts of insulin to overcome hyperglycemia2–4. T2D 

typically occurs later on in life (i.e. middle age), although it has become common in young 

individuals as a consequence of the growing incidence of obesity in children16,20,21. Disruption 

of insulin signaling and improper systemic glycemic control in T2D is directly linked to 

impaired ability of skeletal muscle, liver, and adipose tissue to respond to insulin. This is 

because skeletal muscles account for approximately 40% and 30% of total body mass in men 

and women, respectively, which is a major site for glucose disposal. In fact, it has been 

estimated that skeletal muscle is responsible for 85% of the insulin-stimulated glucose clearance 

that takes place after a meal22,23.   

Besides skeletal muscle, the liver also plays a major role in the regulation of whole-body 

glucose homeostasis. After a meal rich in carbohydrates, nearly 60% of the glucose entering the 

portal vein is retained by the liver, whereas 15% is taken up by muscle and adipose tissue in an 

insulin-dependent manner. The remaining 25% is used to meet the energy demands of the brain 

and other tissues where insulin is not necessary for glucose uptake24,25.  Importantly, as 

glycemia increases subsequent to a meal, plasma insulin concentrations rise 3-10 fold above 

fasted conditions26. The elevated circulating insulin facilitates the uptake of glucose in skeletal 

muscle and adipose tissues where glucose is stored as glycogen and triglycerides, respectively. 

Insulin is not necessary for glucose uptake in the liver, but it is crucial to stimulate the storage of 
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glucose as glycogen inhibits glycogenolysis and gluconeogenesis in hepatocytes and suppresses 

hepatic glucose release. 

 

2.2   Insulin signaling 

Insulin signalling initiates with the binding of insulin to its receptor located on the plasma 

membrane. The insulin receptor comprises of two extracellular α-subunits and two 

transmembrane β-subunits that are linked by disulfide bonds27. Once insulin binds to its 

receptor, the α-subunit induces tyrosine autophosphorylation of the β-subunit causing a 

conformational change which then leads to tyrosine phosphorylation of insulin receptor 

substrates (IRS)3. A family of IRS proteins named IRS1-6 has been identified. These proteins 

display tissue-specific distribution and ability to engage with multiple substrates. Mammals 

express four IRS isoforms (IRS1-4), although in humans IRS3 is a pseudogene and the protein 

is absent28,29. With respect to metabolic regulation, IRS1 and IRS2 are the main isoforms 

involved in metabolic homeostasis29–31. IRS-1 has been shown to be important for insulin to 

regulate glucose metabolism in skeletal muscle, whereas IRS-2 seems crucial for insulin 

signaling and regulation of glucose metabolism in the liver32,33. IRS phosphorylation leads to the 

recruitment and activation of phosphatidylinositol-3-OH kinase (PI3K), which then 

phosphorylates the cell membrane lipid phosphatidylinositol 4,5-bisphosphate (PIP2) giving rise 

to phosphatidylinositol (3,4,5)-triphosphate (PIP3)31,34. The subsequent step involves 

recruitment and activation of PDK1, which occurs by the binding of its PH domain to PIP3 

formed at the cell membrane28,35.  In its activated state, PDK1 phosphorylates protein kinase B 

(PKB), also known as AKT or the master regulator. AKT is a serine-threonine kinase that exists 
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in three isoforms (AKT 1, 2 & 3), and it is able to influence multiple signaling networks, 

involving cellular metabolism, growth, cancer and neurodegeneration36,37. PDK1 promotes the 

phosphorylation of the Thr 308 site (AKTThr308) and partially activates it. Full AKT activation is 

attained by phosphorylation of its Ser 473 site (AKTSer473) by the mammalian target of 

rapamycin complex 2 (mTORC2)28. In its activated state, AKT covalently regulates the activity 

of the AKT substrate of 160 kDa (AS160), which releases Rab proteins and promote GLUT4 

translocation towards the plasma membrane and facilitation of glucose uptake in skeletal muscle 

and adipocytes38,39. AKT also phosphorylates and deactivates glycogen synthase kinase-3 α/β 

(GSK3α/β) on serine residues 21 and 9, respectively40,41. AKT-mediated GSK3 inhibition 

enhances the activity of protein phosphatase-1 (PP1), an essential phosphatase responsible for 

dephosphorylating serine residues (640, 644, 648 and 652) on glycogen synthase (GS). 

Dephosphorylation of GS leads to its activation and stimulation of glycogen synthesis, 

particularly in myocytes and hepatocytes40,42,43.  
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Figure 2.1: Schematic representation of insulin-mediated glycogen synthesis in skeletal 

muscle. Circulating insulin binds to its receptor on the plasma membrane leading to 

autophosphorylation of the receptor. This promotes the interaction of the insulin receptor with 

the insulin receptor substrate 1 (IRS1) which is then phosphorylated at its tyrosine residue. 

Subsequently, phosphatidylinositol 4,5-bisphosphate (PIP2) is converted to phosphatidylinositol 

(3,4,5) trisphosphate (PIP3) through phosphoinositide 3-kinase (P13K)-mediated 

phosphorylation. PIP3 activates phosphoinositide-dependent kinase-1 (PDK-1), which promotes 

the phosphorylation of AKT. In its phosphorylated/activated state, AKT phosphorylates AS160, 

causing the activation of Rab proteins and eventually the translocation of the GLUT4 vesicle 

towards the plasma membrane and enhanced glucose uptake. AKT phosphorylates glycogen 

synthase kinase 3αβ (GSK3) and inactivates the enzyme. GSK3 inactivation leads to increased 

activity of protein phosphatase-1 (PP1). Once activated, PP1 causes dephosphorylation and 

activation of glycogen synthase (GS), allowing it to actively convert glucose to glycogen.  
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2.2.1 Non-insulin dependent glucose uptake in skeletal muscle  

In the absence of insulin stimulation glucose uptake can still occur through the activation of a 

heterotrimeric protein named AMP-activated protein kinase (AMPK). AMPK consists of an α 

catalytic subunit and two regulatory subunits (β and γ) 44. Contraction in skeletal muscle leads to 

ATP depletion with a reduction of the intracellular AMP:ATP ratio. AMPK is activated when 

the AMP binds to cystathionine β-synthase sequence repeats (CBS domains) on its γ subunit. In 

addition, when AMP binds AMPK, a conformation change occurs that allows an upstream 

kinase, LKB1 to phosphorylate the α-catalytic subunit at the threonine (Thr) 172 residue and 

further enhancement of its kinase activity44. In its activated state, AMPK phosphorylates AS160 

and removes the inhibitory effect on Rab proteins allowing GLUT4 translocation to the plasma 

membrane and increased uptake of glucose45. In the absence of insulin, the ubiquitously 

expressed transporter GLUT 1 also allows the influx of glucose through the plasma membrane. 

GLUT 1 is highly expressed in various tissues such as placenta, brain, epithelial cells of the 

mammary gland, transformed cells, and fetal tissues, but in relatively small concentration in 

skeletal muscle. GLUT1 does not need to be translocated as it is already present on the plasma 

membrane and facilitates the passive transport of glucose across the membrane46. 

 

2.3 Glucose Metabolism 

2.3.1 Glycogen synthesis 

The glycogen molecule is a highly branched polysaccharide formed by α1-4 and α1-6 glycosidic 

bonds and serves as an intracellular reservoir of energy. Glycogen is mobilized during intense 

physical activity or in response to conditions of stress such as fight or flight47. In the fed state, a 
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70 kg men stores about 400 g of glycogen, which provides about 1600 kcal of readily available 

energy48. Skeletal muscle and liver are the main sites of glycogen synthesis and play a major 

role in the maintenance of whole-body glucose homeostasis. Defects in the glycogen synthesis 

in skeletal muscle and liver impair the ability of peripheral tissues to clear glucose from the 

circulation and can lead to hyperglycemia. This is supported by reports that, rates of glycogen 

synthesis drop by approximately 50% in type 2 diabetic subjects in comparison to healthy 

subjects49. Hence, the ability of skeletal muscles and liver to store glycogen is crucial for proper 

whole-body glycemic control. The binding of insulin to its receptors in myocytes promotes 

glycogen synthesis by enhancing glucose uptake and also by activating the enzymatic machinery 

that diverts glycosyl units towards the pathway that expands glycogen content. In hepatocytes, 

insulin does not affect glucose uptake because these cells contain GLUT2, which is localized to 

the membrane and serves as a high-capacity glucose transporter. However, insulin is very 

important to divert glucose towards glycogen synthesis and to suppress hepatic glucose 

production50. Glycogen synthesis is initiated by the phosphorylation of glucose by hexokinase to 

form glucose-6-phosphate (G6P). If G6P accumulates in the cell, it can inhibit hexokinase 

activity and regulate the flow of substrate through pathways that process glucose intracellularly 

such as glycogen synthesis and glycolysis51. In addition, G6P allosterically activates GS, the rate 

limiting enzyme that controls the incorporation of glucose into glycogen. Thus, besides 

regulating the insulin-mediated influx of glucose into the cell, G6P also dictates the rate of 

glycogen synthesis52,53. Importantly, as the cellular content of glycogen increases, it down-

regulates the activity of GS, imposing a limit to how much glycogen is stored in the cell54,55. 
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Figure 2.2: Role of insulin in the glycogen synthesis pathway. Upon entering skeletal muscle 

cells, glucose is phosphorylated by hexokinase. A fraction of glucose-6-phosphate can either be 

directed towards hexose biosynthesis or the pentose phosphate pathways. However, most of the 

glucose is used for energy production or incorporated into glycogen via the glycogen synthesis 

pathway. Impairment to any of the steps may lead to the development of insulin resistance. 

UDP-glucose = uridine diphosphoglucose. Image generated using BioRender. 
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2.3.2 Pyruvate dehydrogenase complex (PDC) and glucose oxidation  

When not stored as glycogen, glucose catabolism majorly contributes towards ATP production 

in the skeletal muscle56,57. Briefly, through the glycolytic pathway, glucose is converted to 

pyruvate in the cytoplasm58. Then, in the mitochondria, the pyruvate dehydrogenase complex 

(PDC) mediates the irreversible oxidative decarboxylation of cytosolic pyruvate to form acetyl-

CoA59. The structure of the PDC consists of several copies of the three main catalyst subunits, 

namely, pyruvate dehydrogenase (PDH), dihydrolipoyl transacetylase (DLATransferase), and 

dihydrolipoamide dehydrogenase (DLD), and five coenzymes forming the largest mammalian 

enzyme complex60,61. PDC is activated when PDH is phosphorylated by its kinase (PDK) or 

dephosphorylated by its phosphatase (PDP). Specifically, the action of PDK2 and PDK4 in 

skeletal muscle is known to regulate the rate of glucose oxidation, and therefore, are linked to 

impaired glucose tolerance and skeletal muscle IR62. This is supported by a study conducted by 

Pengfei Wu et al, in which gastrocnemius muscles of male Wistar rats exposed to starvation and 

diabetes had an increase in the expression of mitochondrial PDK4, which caused the complex to 

inactivate. Furthermore, it was reported that refeeding and insulin treatment increased PDK4 

mRNA levels and reversed PDC complex inactivation63. It has also been reported that acute and 

chronic exercise increase PDP content and simultaneously reduce PDK4 transcription. These are 

effects of exercise that enhance PDC activity in skeletal muscles64,65 and lead to an overall 

improvement in the rate of glucose oxidation66. More recently, Kristoffer Svensson et al. 

investigated the role of pyruvate dehydrogenase alpha 1 (Pdha1) in skeletal muscle on resting 

energy metabolism, exercise performance, and metabolic adaptations to diet. They found that, 

either under standard chow or HFS feeding conditions, ablation of PDHα did not alter energy 

expenditure, muscle contractile function, low-intensity exercise performance, muscle insulin 
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sensitivity, and body composition. However, mice lacking Pdha1 displayed impaired ability to 

perform high-intensity exercise accompanied by significantly elevated concentrations of plasma 

lactate66. These findings suggest that skeletal muscle PDC does not affect basal energy 

expenditure or chronic low-intensity exercise performance, but it is essential for optimal 

performance during high-intensity exercise.  

2.3.3 Lactate synthesis  

As shown in Figure 2.3, glycolysis occurs in the cytoplasm of cells leading to the production of 

pyruvate. In skeletal muscle cells under resting conditions, pyruvate can easily diffuse into the 

mitochondria where it is converted into acetyl-CoA. The latter is processed in the citric acid 

cycle giving rise to reducing molecules such as NADH and FADH2. These reducing molecules 

are used in the Electron Transport Chain (ETC) to generate the proton gradient that ultimately 

drives ATP synthesis. However, under anaerobic conditions, oxidative phosphorylation is 

limited and pyruvate takes a distinct path that diverts pyruvate toward lactate production. 

Lactate dehydrogenase (LDH) converts pyruvate to lactate67,68. Although lactate is not always 

used directly by the cell as an energy source, its production enables for the regeneration of 

NAD+ from NADH. NAD+ is an oxidative component that is required to keep glucose flowing 

through glycolysis69.  Lactic acid synthesis is used to provide energy in cells that cannot obtain 

all required energy through oxidative phosphorylation. The energy yield of glycolysis to lactate 

is much less (2 ATP) than through oxidation (32 ATP), but it provides for 100 times faster ATP 

generation than through oxidative phosphorylation in rapidly contracting skeletal muscle cells70–

72. As lactate accumulates, it exits the muscle and reaches other tissues such as liver, heart, and 

kidney that are able to metabolize lactate. The flow of lactate across the plasma membrane 
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occurs through proton-linked monocarboxylate transporters (MCTs), which belong to the 

SLC16 gene family. Lactate transport is driven by both a transmembrane concentration gradient 

and local proton availability. MCTs 1–4 are the most described of the 14 known MCTs, serving 

major metabolic roles in most tissues, with MCT1 and MCT4 being the most important isoforms 

in skeletal muscle73. The precise molecular mechanisms governing MCT regulation are 

unknown, but they most likely entail both transcriptional and post-transcriptional control67. In 

fact, 75-80% of circulating lactate ions are used as metabolic sources of carbon by adjacent 

muscle cells itself, where they can either be oxidized or used to synthesize glycogen68. For 

example, during moderate exercise, glycolytic muscles can produce lactate, which is quickly 

utilized by neighboring oxidative muscles74,75. This makes skeletal muscles the largest tissue in 

the body with the highest capacity to generate and utilize lactate76.  

Lactate has been recognized as an important metabolic substrate in the skeletal muscle77. 

Furthermore, it has been reported that lactate enhances the expression of genes involved in 

oxidative metabolism in skeletal muscle, particularly mitochondria-related genes78. In fact, it has 

been demonstrated that the administration of sodium bicarbonate increased blood lactate levels, 

an effect that was accompanied by elevations in the expression of mitochondrial genes79–81. 

Conversely, lowering blood lactate levels with dichloroacetic acid inhibited the expression of 

mitochondrial genes80. Lactate administration has also been shown to improve not just oxidative 

metabolism signals, but also protein synthesis. Additionally, a recent  study showed that daily 

lactate injection  (1 g/kg body weight) prevented calorie restriction induced muscle atrophy by 

activating mammalian target of rapamycin (mTOR) signalling and enhanced mitochondrial 

function in plantaris and gastrocnemius muscles82. Hence, these findings suggest that lactate 
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serves as a key intermediate in many metabolic processes involving mitochondrial biogenesis, 

regulation of muscle mass, and modulation of the redox status within and between myocytes83. 

With respect to whole-body insulin resistance, elevated plasma lactate levels have been 

negatively associated with this variable84, altough the underlying mechanism(s) is yet to be fully 

understood. In this context, hyperinsulinemic-euglycemic clamps were conducted in overnight-

fasted rats infused with or without lactate for 6h85. In lactate-infused rats, insulin-stimulated 

glucose uptake and glycolysis was suppressed in soleus (highly oxidative), but not in 

epitrochlearis (highly glycolytic) muscles. Furthermore, lactate infusion did not change the 

ability of insulin to induce phosphorylation of its receptors, although it decreased the activation 

of downstream proteins like PI3K and AKT85. Another study (conducted in 11 healthy nonobese 

and 11 insulin-resistant obese women) found that lactate can cause defective insulin regulation 

in skeletal muscle and adipose tissue86. However, because adipose tissue mass is increased in 

obesity, lactate release from the adipose tissue may have contributed to the increased plasma 

lactate seen in insulin resistance and type 2 diabetes. Thus, in obese insulin-resistant subjects, it 

appears that it is the chronically elevated adipocyte-derived lactate instead of lactate transiently 

released from skeletal muscle that contributes to the genesis of diabetes. The mechanism by 

which glucose tolerance seem to be negatively affected by chronically elevated lactate seem to 

be associated with lowering both glucose uptake and insulin responsiveness in skeletal muscles. 
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Figure 2.3: Lactic acid synthesis in skeletal muscle. Hexokinase catalyses the formation of 

glucose-6-phosphate (Glucose-6P), which is then isomerized to fructose-6-phosphate (Fructose-

6P) by phosphoglucose isomerase. Subsequently, fructose-6P is phosphorylated by 

phosphofructokinase (PFK) to form fructose-1,6-bisphosphate (Fructose-1,6-biP). Aldolase 

breaks down Fructose-1,6-biP into two distinct sugar molecules: dihydroxyacetone phosphate 

(DHAP) and glyceraldehyde-3-phosphate (GA3P). DHAP is isomerized to form a second 
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molecule of GA3P that is phosphorylated by phosphoglycerate kinase to form 3-

phosphoglycerat (3PG), in a reaction that uses NAD+ as a cofactor. 3PG rearranges to form 2-

phosphoglycerate and is dehydrated to produce phosphoenolpyruvate, which is eventually 

converted to pyruvate via pyruvate kinase enzyme. When deprived of oxygen, such as during 

contractions or during high intensity exercise, skeletal muscles convert pyruvate into lactate by 

LDH. The lactate generated is released into the circulation through specific monocarboxylate 

transporters (MCT). Image generated using BioRender. 

 

 

2.4   Skeletal muscle and its role in glucose metabolism 

Skeletal muscles are important for mobility, maintenance of posture, temperature regulation, 

soft tissue support, and regulation of whole-body energy metabolism. More importantly, skeletal 

muscle is critical for glucose clearance, accounting for more than 80% of postprandial glucose 

clearance after an oral glucose load15,87. Insulin resistance is induced by muscle desensitisation 

to insulin-stimulated glucose uptake, resulting in higher plasma blood glucose levels. 

Importantly, insulin resistance in skeletal muscles can occur decades before the onset of β-

pancreatic cell failure88. This has been supported by observations that moderate skeletal muscle 

insulin resistance has been detected in lean non-diabetic normoglycemic subjects that are at a 

high risk of developing T2D (such as children with both diabetic parents)88. In fact, both the 

amount and timing of glucose absorption into skeletal muscles are affected when the ability of 

insulin to signal is impaired in this tissue89,90. This is consistent with observations that 

postprandial glucose uptake into muscle rises linearly with time in normal healthy individuals, 

whereas a delay in insulin action and blood glucose clearance is detected in skeletal muscles of 
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individuals with insulin resistance and T2D. Thus, as the predominant location of insulin-

stimulated glucose clearance, skeletal muscle is thought to be the major driver of whole-body 

glycemic control. 

Experiments using magnetic resonance spectroscopy (MRS) have been conducted to measure 

intracellular glucose transporter GLUT4 content as well as G6P levels to assess skeletal muscle 

insulin sensitivity91,92. Specifically, the 13C MRS method was used to measure intracellular free 

glucose under hyperinsulinemic-hyperglycemic conditions93. It was reported that GLUT4 

content in skeletal muscle cells was the rate-limiting step for insulin-stimulated glucose 

transport and glycogen synthesis in skeletal muscle93. Furthermore, it was found that 

intracellular G6P level was significantly lower in skeletal muscles of T2 diabetic patients than 

non-diabetics. Similar findings were made in lean insulin resistant offspring of type 2 

diabetics94, as well as in non-diabetic obese women95. These findings provided evidence that 

impairment in transport and/or phosphorylation of glucose underlie the inability of skeletal 

muscle to properly clear blood glucose in response to insulin96 in obesity and type 2 diabetes.  

 

2.4.1 Muscle Fiber Type Differences  

Despite being referred to as a single organ, skeletal muscles are usually distinguished and 

studied on the basis of their fiber type composition97. Several categorization strategies 

distinguish fibres based on distinct myosin isoforms or physiologic characteristics. Mammalian 

skeletal muscles are made up of functional units called sarcomeres. Each sarcomere is made up 

of bundles of myofibrillar/contractile proteins, namely myosin and actin, that form muscle 

fibres. These muscle fibers can be classified on the basis of their histochemical and functional 
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characteristics98. The myosin protein complex, which is part of the molecular machinery that 

allows muscle contraction, is made up of 4 proteins (two heavy chains and two light chains) that 

are twisted around each other. Myosin Heavy Chains (MyHCs) are responsible for the power 

stroke action, which converts ATP into mechanical energy that drags the actin filament across 

the myosin filament. MyHCs are broadly classified into three categories: I, IIa, and IIb9,99,100. 

Human muscles do not express the fastest myosin heavy chain isoform (MyHCIIb), instead they 

express the MyHCIIx/d myosin heavy chain isoform, and therefore are often referred to as type 

IIx101,102. Hereon, MyHCIIx/d will be associated with histochemical characteristics of type IIB 

fibers. Muscle fibers rich in MyHC IIb are innervated by large motoneurons and display the 

fastest rate of contraction among all fiber types. However, type IIb fibers have low 

mitochondrial content, rely essentially on glycolysis for ATP generation, and fatigue quickly. 

Conversely, type I fibers are rich in MyHC I and are innervated by small motoneurons. These 

fibers display the slowest rate of contraction, are densely packed with mitochondria and highly 

oxidative, and fatigue resistant103–105. Type IIa fibers are intermediate and often referred to as 

fast-twitch oxidative because they exhibit features of both type I and type IIb fibers. Thus, type 

IIa fibers have the ability to adapt and become more specialized towards either a type I or a type 

IIb phenotype depending on the stimuli (e.g. endurance or resistant training, immobilization) 

that these fibers are exposed to106,107. 

From a metabolic perspective, type I fibres exhibit stronger insulin binding capacity, insulin 

receptor kinase activity, and autophosphorylation capacity when compared to fast twitch type II 

glycolytic fibres108,109. In this context, a relationship has been found between fibre type and 

insulin resistance107. In general, the metabolic characteristics of type IIb fibers include a reduced 

oxidative enzyme activity and an increased glycolytic enzyme activity when compared to 
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oxidative slow-twitch or oxidative fast-twitch muscle fibers110,111. Moreover, based on studies 

conducted in rodents, it has been postulated that muscle fibers follow an order of type I > type 

IIa > type IIb in regards to insulin sensitivity105,112,113. Thus, under conditions of insulin 

resistance, the reductions in oxidative enzyme activities, may be attributed to an increased 

proportion of type IIb and a decreased proportion of type I muscle fibers. This is consistent with 

observations that T2D patients have an increased number of glycolytic fibres, notably type 

IIb114,115.  

 

2.5   Obesity-induced inflammation and impaired insulin signalling in skeletal muscle. 

2.5.1 Cytokines and other inflammatory molecules 

The molecular linkages between obesity, insulin resistance, and T2D are unknown, although 

chronic low-grade inflammation in adipose tissue has been linked to impaired ability of many 

organs and tissues to respond to insulin116,117. It is currently recognized that besides serving as 

an energy storage compartment, the adipose organ also operates as a metabolic endocrine and 

paracrine tissue. In obesity, there is excessive expansion of adipose tissue mass, which is also 

often accompanied by the accumulation of fat in non-adipose tissues. Under these conditions, a 

large number of inflammatory adipokines/cytokines are produced and affect metabolism in 

various organs and tissues118. In this context, a link between chronic inflammation and skeletal 

muscle insulin resistance has been established. This is supported by the detection of elevated 

levels of inflammatory mediators in skeletal muscle, including tumor necrosis factor alfa 

(TNFα), interleukin-6 (IL-6), inducible nitric oxide synthase (iNOS), toll-like receptors (TLR), 

C-reactive protein (CRP), plasminogen activator inhibitor-1 (PAI-1), and sialic acid119. When 
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originated from skeletal muscle fibres, these inflammatory molecules are referred to as 

myokines119.  

2.5.1.1 Tumor necrosis factor-α (TNFα) 

TNFα levels have been shown to be elevated in skeletal muscle tissue and in cultured skeletal 

muscle cells from humans and animals suffering from IR and/or diabetes120,121. In rodent 

models, high fructose diet-induced insulin resistance and hypertension are linked to elevated 

TNFα levels in skeletal muscle, but not in the adipose tissue122,123. Additionally, obesity-induced 

IR is preserved in mice missing TNFα and/or its receptor124,125, and TNFα inhibition by anti-

TNFα antibodies or TNFα converting enzyme inhibitors enhances insulin sensitivity in obese or 

nonobese insulin-resistant animals125,126. TNFα-induced IR has been attributed to the ability of 

this cytokine to increase IRS-1 serine phosphorylation127, an effect that leads to impairment of 

the ability of insulin to promote IRS-1 tyrosine phosphorylation128. This is consistent with 

observations that infusion of anti-TNFα antibodies improves insulin receptor phosphorylation in 

skeletal muscle129. Bouzakri K et al. reported that TNFα inhibited AKT and AS160 signalling, 

and therefore, insulin-stimulated glucose uptake in skeletal muscle tissue127.  

2.5.1.2 Interleukin-6 (IL-6) 

IL-6 is a myokine that affects immune response and has both pro- and anti-inflammatory 

properties. IL-6 may have insulin-sensitizing properties and help improve glucose metabolism 

and its disposal130,131. Similar to TNFα, IL-6 also induces a rapid and transient IRS-1 serine 

phosphorylation, resulting in enhanced IRS-1 ubiquitination/proteasomal degradation in skeletal 

muscle tissue132. Furthermore, in rats, acute IL-6 infusion causes abnormalities in IRS-1/PI3-

kinase signal transduction and leads to impairment in insulin-stimulated skeletal muscle glucose 
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uptake133. It has been reported that elevated levels of circulating IL-6 have the ability to reduce 

insulin sensitivity and glucose transport in muscle, as well as impair hepatic insulin action and 

signalling134.  

Exercise has been shown to be effective in improving insulin sensitivity and counteracting 

dysfunctional metabolic alterations in obesity. Interestingly, exercise has also been 

demonstrated to release significant amounts of IL-6 from muscle, indicating that myocyte-

derived IL-6 release may play an important role regulating skeletal muscle glucose 

metabolism135. This is consistent with reports that in healthy adults, acute IL-6 treatment did not 

exert any deleterious effect on muscle glucose uptake or whole-body glucose clearance136. 

Suggesting there is an apparent contradiction with respect to the pro- and anti-inflammatory 

effects of IL-6. This seems to derive from the fact that most human studies are essentially acute 

and limited to a few hours, whereas obesity is a chronic condition. In fact, it’s chronic instead of 

acute exposure to IL-6 that has been associated with inhibitory changes in insulin action in 

3T3L1 adipocytes137,138. However, in liver regeneration studies, it has been shown that short- 

(1–2 days) and long-term (5–7 days) exposure to IL-6 causes protective and deleterious effects, 

respectively139. Thus, time-dependent, and tissue-specific responses to be major factors 

determining the effects of IL-6.  

2.5.1.3 Toll-like Receptor (TLR) 

In mammals, TLRs comprise a family of at least 12 membrane proteins that play an important 

role in the innate immune response to bacterial infections and microbial compounds. TLR1–7 

and TLR9 are mainly expressed in skeletal muscle cells and have been characterized; however, 

the precise molecular mechanisms responsible for insulin resistance still remain incompletely 
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understood140. TLR2 and TLR4 have been associated with diet-induced obesity, inflammation, 

insulin resistance, and diabetes141. In fact, TLR2 has been demonstrated to inhibit insulin 

receptor tyrosine phosphorylation and AKT phosphorylation in myotubules, whereas TLR4 

activation impair insulin action through pro-inflammatory kinases and ROS142. This is consistent 

with observations that muscle biopsies from 7 lean, 8 obese, and 14 T2D subjects, revealed that 

obese and T2D subjects had significantly higher Tlr4 gene expression and protein content in 

muscle than lean subjects. Moreover, TLR4 muscle protein content positively correlated with 

the severity of insulin resistance, which was also accompanied by elevated Nf-κb expression. 

The latter being a major transcription factor that promotes an inflammatory response143. In this 

context, it has also been reported that treating myotubes from lean, normal-glucose-tolerant 

subjects with palmitate increased TLR4 content and Il-6 gene expression to levels similar to 

those found in muscles from insulin-resistant subjects143. Thus, because muscular Tlr4 gene 

expression and protein content are elevated in insulin-resistant individuals and were reproduced 

by prolonged exposure to palmitate, it’s been suggested that increased Tlr4 expression/content is 

an acquired defect secondary to excess non-esterified fatty acids (NEFA) supply and or 

nutritional overload. 

2.5.2 Reactive Oxygen Species (ROS) and glucocorticoids induced insulin resistance. 

2.5.2.1 ROS 

ROS are formed by the addition of an unpaired electron to a highly reactive oxygen144 such as 

superoxide (O2-), hydrogen peroxide (H2O2), and peroxynitrite (ONOO-). Whenever ROS 

production overwhelms the antioxidant defences, oxidative stress ensues. Several lines of 

evidence suggest that oxidative stress plays a significant role in the development of obesity, 



  23 

 

 

insulin resistance, and diabetes145. This is particularly true under conditions of nutrient overload 

(e.g. HFS diet) to the mitochondria that increases proton leak in the ETC, leading to increased 

ROS production146. This is supported by rodents studies reporting that increased HFS (45% to 

60% kcal from fat) diet-induced adiposity coincided with elevated ROS production and 

reductions in glucose tolerance147–149. Oxidative stress causes cell damage and mitochondrial 

malfunction, which, in turn, leads to additional ROS production that operates in a vicious cycle 

of ROS-induced damage150,151. More recently, it has been proposed that mitochondrial failure is 

a consequence of lipotoxicity-induced oxidative stress in skeletal muscle9, rather than an early 

event in the development of IR. In this model, elevated ROS levels causes mitochondrial 

dysfunction that culminates with extra fat buildup and eventually inhibition of insulin action152–

154. In this context, interventions that shift lipid towards oxidation inside muscle cells (e.g., 

endurance exercise and calorie restriction) have the potential to attenuate oxidative in skeletal 

muscles and enhance whole-body glycemic control.  

2.5.2.1 Glucocorticoids 

Glucocorticoids are steroids that are naturally released by the adrenal cortex under the direction 

of the hypothalamic-pituitary-adrenal (HPA) axis. Cortisol secretion plays a role in tissue repair, 

immunological stability, and metabolic activities. Furthermore, during psychological and 

physiological stress or in response to fight or flight, cortisol production is increased in order to 

control whole-body glucose, lipid, and protein metabolism. However, elevations in cortisol 

levels cause a variety of negative health outcomes, ranging from depression to obesity and 

metabolic syndrome155. Glucocorticoids also derive from the conversion of cortisone into 

glucocorticoids in the muscles by the action of 11β-hydroxysteroid dehydrogenase type 1 (11β-
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HSD1) enzyme156,157. The contribution of 11β-HSD1 activity to whole-body glycemic control 

has been demonstrated by the observations that mice lacking this enzyme displayed 

improvement in glycemia and lipid profile under conditions of obesity or stress158,159.  

Glucocorticoids are known as powerful antagonists of insulin action in skeletal muscles. This is 

consistent with previous reports that glucocorticoids reduce glucose uptake in skeletal muscles 

by inhibiting GLUT4 translocation160. Also, treatment with synthetic glucocorticoid, 

dexamethasone (DEX), reduced tyrosine phosphorylation of the insulin receptor in skeletal 

muscles, as well as AKT phosphorylation in rat muscles and in murine C2C12 cells161. The 

impairment of AKT phosphorylation by DEX treatment further caused a reduction in GLUT4-

mediated glucose uptake and glycogen storage162–164. Finally, due to its proteolytic effect, 

cortisol provides amino acids that serve as gluconeogenic substrates for hepatic glucose 

production165, which may also contribute to elevate glycemia. 

 

2.6   Fat metabolism in skeletal muscle 

In addition to glucose, the body also uses fats for fuel. This is possible because dietary lipids 

previously stored as triglycerides in the adipose tissues can be hydrolyzed to release NEFAs into 

the bloodstream. These NEFAs can then be used as energy substrate in various tissues, including 

skeletal muscle and liver166,167. It has been widely accepted that skeletal muscle in lean, healthy 

individuals rely on lipid oxidation for the majority of resting energy production during fasting 

conditions168,169. Skeletal muscle has a high fractional extraction of fatty acids in the 

postabsorptive state, making it an essential location for fatty acid clearance170. Therefore, failure 

to properly regulate fatty acid delivery and disposition in skeletal muscle may result in the 

development of various obesity linked comorbidities such as insulin resistance171.  There are 



  25 

 

 

various metabolic factors that influence skeletal muscle's ability to use fatty acids. In animal 

studies, fatty acid utilization is fibre type-specific, with slow-twitch oxidative muscle fibres 

having a greater capacity for fatty acid uptake and oxidation than fast-twitch glycolytic muscle 

fibres. Malonyl-CoA, a powerful allosteric inhibitor of carnitine palmitoyl transferase I (CPT I) 

in skeletal muscle, was discovered to be elevated in obese animal models172. Other important 

variables such as distinct patterns of expression of fatty acid-binding proteins and the oxidation 

of fatty acids in the mitochondria for energy production173 have also been associated with 

obesity. Importantly, several of these same skeletal muscle features are linked to insulin 

resistance, namely reduced oxidative capacity174, higher content of glycolytic type II muscle 

fibres174, and a higher malonyl-CoA concentration172. All these features being linked to lipid 

buildup in skeletal muscle and abnormal insulin sensitivity175. 

 The role of Fatty acid transporters 

Four types of FA transporter proteins have been described: Fatty acid translocase (CD36), fatty 

acid transport protein (FATP), Fatty acid binding proteins (FABPs),  and caveolae, all 

ubiquitously expressed176. 

2.6.1   Cluster of Differentiation 36 (CD36)  

One of the major proteins involved in the transportation of FAs is the 88 kDa CD36 

(FAT/CD36) protein. CD36 are ATP-dependent transporter proteins that show specificity for 

both long-chain fatty acids (LCFAs) and very long-chain fatty acids (VLCFAs). CD36 contains 

two transmembrane domains, that anchors a single extracellular loop and aids with the binding 

of various ligands, such as, collagen, thrombospondin, anionic phospholipids and most 

importantly fatty acids177. It was originally postulated that CD36 acts as an anion transporter 
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and aided in the transport of anionic aqueous unbound fatty acids178. However, this mechanism 

is not the primary mechanism because about 50% of fatty acids are unionized at a physiological 

pH179. CD36 promotes esterification of the FAs to aid with their transport across the 

membrane180. Further, research has pointed out that CD36 proteins are present on the plasma 

membrane as well as inside the mitochondria and other intercellular compartments. This makes 

it a unique fatty acid transporter181 that may translocate from the intracellular organelles in the 

cytoplasm to the plasma membrane when triggered182–184. Often the translocation is induced by 

common physiological stimuli such as insulin or muscular contractions resembling the insulin-

mediated translocation of GLUT4185. Ibrahim et al. showed that muscle-specific FAT/CD36 

overexpression in mice led to increased fatty acid oxidation, reduced plasma triglycerides, and 

fatty acids, and elevated plasma glucose and insulin levels179,186.  

2.6.2   Fatty acid transport protein (FATP) 

Six tissue-specific isoforms of FATP (FATP1-6) have been identified. FATPs exhibit some 

tissue specificity in terms of their distribution throughout the body. FATP-1 is predominantly 

found in the adipose tissue, heart, and skeletal muscles, whereas in the liver FATP-5 is the 

major isoform187,188. FATP isoforms are present in the luminal membrane of endothelial cells 

and bind specifically with LCFAs and VLCFAs, and are often referred to as LCFA receptors 

instead of transporters189. Based on the overexpression and or knockdown studies conducted on 

diverse cell types under various metabolic demands, the effectiveness among FATPs appears to 

differ substantially190. In obese insulin-resistant, Zucker rats identified an enhanced Fatp1 gene 

overexpression, leading to increased palmitate transport and oxidation (in soleus muscle), but 

not lipid accumulation191. FATP1 has also been found to be localized in mitochondria of the 

mouse gastrocnemius and peroneus muscles192, indicating enhanced capacity to transport FA. 
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Furthermore, in FATP1 null mice, basal FA uptake in skeletal muscle remained unaltered, 

whereas insulin-stimulated FA uptake, Triglyceride (TAG) accumulation in skeletal muscle, and 

whole-body insulin resistance were significantly reduced193,194.  

2.6.3   Fatty acid-binding protein (FABP)  

Membrane-associated FABPs are located on the outer surface of the plasma membrane where 

they bind to all FAs with great affinity and assist FAs to enter cells191. FABP transports FAs via 

two different mechanisms: 1) aqueous phase diffusion through the membrane, wherein cytosolic 

FABP-FA complexes move across the plasma membrane through passive diffusion, and 2) via 

collision transfer, where the FABP-FA complex transfers FA by connecting with the plasma 

membrane195. For the collision transfer to occur, the FABP consists of an arrangement with 10 

anti-parallel beta-strands (β barrel) and 2 alpha-helices to form a secure structure that resembles 

a clam. This allows for an internal binding site to be formed that can protect and isolate the 

negatively charged fatty acid. The three-dimensional fatty acid-protein complexes are stabilized 

by electrostatic and hydrogen bond interactions of the hydrophobic fatty acid and the protein196.  

2.6.4   Caveolae 

Caveolae are one of the most dynamic plasma membrane intercellular cavities (bulb-like pits) 

that have multiple functions in various types of mammalian cells. Work from several groups has 

identified three isoforms currently known: Caveolin-1 (CAV-1), Caveolin-2 (CAV-2), and 

Caveolin-3(CAV-3)197. A simplified structure of the caveolar pit is made up of two main 

proteins (caveolins and cavins) that unite on the plasma membrane by different mechanisms. 

Caveolins are membrane proteins that are formed in the endoplasmic reticulum and are then 

passed on via the Golgi body complex to the plasma membrane. On the plasma membrane, hair-
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pin like caveolins meet other accessory proteins, such as cavins. The caveolae formed are 

typical charged intracellular vesicular structures that aid in molecular processes such as signal 

transduction via endo- and transcytosis198,199. Recently, Pohl et al. have demonstrated that 

amphipathic fatty acids are engulfed within the caveolae structure (bound to caveolin-1), 

forming a vesicle-like structure on the membrane which is then transported within the cell for 

further metabolism. However, how fatty acids are incorporated into the caveolae membrane 

remains unclear197. 

2.6.5   Fatty acid uptake into mitochondria and oxidation  

In skeletal muscle cells, the majority of FAs undergo oxidation subsequent to uptake. This is 

because these cells have limited fat storage capacity, hence activated FAs are channeled towards 

oxidation in the mitochondria. Unlike short and medium-chain FA, long-chain fatty acids 

(LCFA) are first acylated and activated in the cytoplasm before entering the mitochondria 

(Figure 2.4). The mitochondrial mechanism to import LCFA is made up of three proteins: 

carnitine palmitoyltransferase I (CPT1), carnitine: acylcarnitine translocase (CACT), and 

carnitine palmitoyltransferase II (CPT2), each of which has a unique submitochondrial location. 

Acyl-CoAs produced by the enzymatic action of Long chain acyl-CoA synthetase (LCAS) in the 

mitochondrial outer membrane is transformed to acylcarnitines in the first step, and CPT1 

catalyzes this transesterification200. Long-chain acylcarnitines produced by the process are 

subsequently translocated into the mitochondrial matrix via an exchange reaction mediated by 

CACT, an integral inner membrane protein. Further, CPT2, an enzyme associated with the inner 

leaflet of the mitochondrial inner membrane,  facilitates the conversion of acetyl-coenzyme A 

(CoA) to fatty acyl-CoA200,201.  
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Following, the entry of the fatty acyl-CoAs into the mitochondrial matrix, a major energy-

producing metabolic pathway known as β-oxidation occurs. The process essentially breaks 

down FA into acetyl-CoA molecules by the enzymatic reactions that are regulated at both 

transcriptional and post-transcriptional levels202. The production of the number of acetyl-CoA 

molecules is directly dependent on the length of the carbon chain that was oxidized. The process 

is regulated by the action of acyl-CoA dehydrogenase, enoyl-CoA hydratase, hydroxyacyl-CoA 

dehydrogenase, and ketoacyl-CoA thiolase, generating two new molecules: acetyl-CoA and 

acyl-CoA at the end of one cycle203. In addition, during the process, NADH and FADH2 are 

produced that are used by the electron transport chain to produce energy. Besides the enzymes 

mentioned, other auxiliary enzymes are required for the breakdown of unsaturated or odd-chain 

fatty acids. Odd-chain fatty acids upon oxidation result in one molecule of acetyl-CoA 

molecules and one molecule of propionyl-CoA each. Most often propionyl-CoA is metabolized 

into succinyl-CoA, which then enters the TCA cycle204. In nature, unsaturated fatty acids are 

more commonly found and require two additional auxiliary enzymes (enoyl-CoA isomerase and 

2,4-dienoyl-CoA reductase) to completely oxidize polyunsaturated fatty acyl-CoAs185,205.  
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Figure 2.4: Fatty acid oxidation in the mitochondria. Short-and medium-chain fatty acids diffuse 

passively through the plasma membrane while long-chain fatty acids use membrane transporters. 

Long-chain fatty acids are first acylated in the cytoplasm the enter the mitochondria with the 

help of carnitine palmitoyltransferases (CPT1 and CPT2) and converted to acyl-CoA. β-

oxidation of acyl-CoA takes place inside the mitochondrial matrix and is catalyzed by the 

mitochondrial trifunctional protein. At the end of each oxidation cycle, acetyl-CoA, nicotinamide 

adenine dinucleotide (NADH), and flavin adenine dinucleotide (FADH2) are formed. NADH and 

FADH2 are used to generate ATP while acetyl-CoA is used in processes such as ketogenesis and 

TCA cycle507. Image generated using BioRender. 
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2.7   Regulation of fatty acid metabolism in skeletal muscles and its link to insulin resistance 

Skeletal muscle IR has been associated with intramuscular lipid accumulation206. The original 

understanding was that an impairment in the ability of skeletal muscles to oxidize fat would lead 

to the formation and accumulation of lipid intermediates such as DAG and ceramides. This was 

supported by observations that obese individuals or individuals with T2D displayed low aerobic 

fitness and reduced number of muscle mitochondria207,208. In this context, the accumulation of 

lipid intermediates could interfere with normal insulin signaling and cause IR in the skeletal 

muscle. However, recent literature suggests that the rate of fatty acid oxidation, lipid 

accumulation, and insulin resistance are not related. For example, a study on obese Zucker rats 

revealed enhanced uptake and oxidation of fatty acids, as well as storage of triacylglycerols in 

red skeletal muscle173. Other studies have also reported that intramyocellular lipid accumulation 

and IR were not prevented in rodents fed a fat-rich diet, despite these animals exhibiting 

increased muscular mitochondrial protein content and enhanced oxidative capacity209,210. 

Interestingly, this inverse association between excess glycerolipid accumulation and IR is absent 

in endurance trained athletes and/or in conditions for efficient FA utilization. In fact, a parallel 

has been drawn between enhanced total IMCL accumulation and improved insulin sensitivity in 

individuals that perform chronic endurance exercise. This paradigm, is often referred to as the 

‘athletes paradox’211–213. Further analysis of the contradiction was conducted by Goodpaster’s 

group, that looked at the deleterious effect of individual glycerolipids as opposed to the total 

accumulation. They found that participants that exercised had an increase in TAG content while 

a reduction in their DAG and ceramides content214,215. Where insulin sensitivity was found to be 

unaltered by a reduction of DAG but improved by reduction in ceramide content216. Making 

DAG and ceramides major lipid intermediates that are associated with skeletal muscle IR. 
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 Mechanisms of DAG- and ceramides-induced insulin resistance 

2.7.1   DAG 

Bioactive lipids such as DAG and ceramides are formed during the process of TAG synthesis217. 

As shown in Figure 2.5, TAG synthesis takes place in the Endoplasmic Reticulum (ER) via the 

monoacylglycerol (MAG) pathway218. The MAG-dependent pathway is exclusively found in 

animals and it plays an important role in dietary fat absorption in the small intestine, adipose 

tissue, and the liver219,220. MAG is first acylated to DAG by MGAT enzymes (MGAT 1/2/3) and 

then DAG is finally acylated to TAG by the enzyme DGAT (DGAT 1/2)220. DGAT1 inhibitors 

reduced plasma TAG levels, improved insulin response, and helped maintaining reduced body 

weight in obese and T2D patients. However, the patients in the study complained of severe 

adverse side effects such as nausea, diarrhea, and vomiting221,222. Suggesting a crucial role of 

DGAT towards synthesis of TAG and thereby fat metabolism and storage. In this context, 

excess accumulation of glycerolipids is said to contribute towards skeletal muscle IR 

genesis215,223.  

2.8.1.1   DAG induced PKC translocation and its involvement in IR  

One of the primary downstream targets of DAG is protein kinase C and its role in impeding 

insulin signalling. The protein kinase C (PKC) family encompasses 10 isoforms that are 

classified based on their sequence homology and mechanisms of activation. Conventional PKCs 

(cPKC: α, β, and γ) are activated by Ca2+, whereas novel PKCs (nPKCs: δ, θ, ε, and η ) require 

DAG in addition to Ca2+ for complete activation224. A third group of atypical isoforms (aPKC) 

encompass PKC ζ and PKC ι/λ), which are neither dependent on DAG nor on Ca2+ for their 

activation. The conventional and novel isoforms are stimulated by G protein-coupled receptors 
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or receptor tyrosine kinases that induce hydrolysis of phosphatidylinositol 4,5-bisphosphate at 

the plasma membrane. This leads to the production of DAG and Ca2+ that trigger PKC 

translocation from the cytoplasm towards the cell membrane, leading to PKC activation. 

In skeletal muscles, PKCθ and δ are the main isoforms activated by DAG225. In its activated 

state, PKC has been demonstrated to inhibit the kinase activity of the insulin receptor (InsR)226, 

which then impairs all subsequent downstream steps of the intracellular signaling cascade 

causing IR. Indeed, in myocytes, PKCθ-induced phosphorylation of the Ser1101 residue on the 

IRS1 and impaired its tyrosine phosphorylation within the first 15 min of insulin stimulation227. 

This finding supported the idea that PKC-induced IRS1 Ser1101 phosphorylation acts as an acute 

negative feedback circuit that attenuates insulin action. Therefore, under conditions of fat 

abundance such as in obesity, the intramyocellular accumulation of DAG has been proposed to 

induce skeletal muscle IR through PKC activation228. However, the glycerolipid build-up does 

not always correlate with an increase in IR. This is the case with non-pharmacological 

approaches such as caloric restriction or exercise that enhance insulin sensitivity despite 

increasing DAG accumulation in skeletal muscles214,229. Additionally, we have recently, 

demonstrated that the HFS diet promoted DAG and ceramide buildup, PKC activation, and the 

stimulation of inflammatory pathways in a fibre type-specific manner. These findings assist to 

explain why oxidative and glycolytic muscles acquire insulin resistance in the same way, despite 

significant variations in their metabolic properties and sensitivity to dietary lipid abundance230. 

2.7.2 Ceramides  

Ceramides are biomolecules known as lipid rafts that play an important role in cell membrane 

integrity and in the distribution of receptors and signaling molecules that reside in it231. 

Ceramides are synthesized in the endoplasmic reticulum and mainly dependent on the 
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availability of long- chain saturated fatty acids that may vary in chain lengths from 14 to 30 

carbons232. 

 

Figure 2.5: Schematic representation of triglyceride synthesis pathways, occurring 

predominantly in the endoplasmic reticulum bilayer membrane. DGAT enzymes catalyze the 

formation of an ester linkage between a fatty acyl CoA and the free hydroxyl group of 

diacylglycerol to synthesise the triacylglycerols (triglycerides); end-product of the multi-step 

pathway. GPAT, glycerol-phosphate acyltransferase and MGAT, acyl CoA:monoacylglycerol 

acyltransferase. Image generated using BioRender. 

The de novo ceramides synthesis pathway is initiated by serine palmitoyl transferase (SPT) 

condensing serine and palmitoyl-CoA to produce 3-ketosphinganine. Next, the 3-

ketosphinganine is reduced to sphinganine, which is acylated to dihydroceramide by six 
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ceramide synthase (CerS) enzymes (CerS1–6). Each of these enzymes synthesizes ceramides 

with distinct acyl chain lengths, which is finalized by dihydroceramide desaturase233,234 (Figure 

2.6 & Table 2.1). In fact, numerous studies have described the distribution of mammalian CerS 

in different tissues, and demonstrated that each tissue displays a distinct profile of CerS 

expression235. In addition, ceramides may also be hydrolysed from sphingomyelin (SM) by 

sphingomyelinases (SMases, neutral SMase and acidic SMase) via the stress-activated pathway. 

The breakdown of sphingomyelin to ceramide is usually triggered by upregulation of TNFα236, 

Fas ligand237, Tlr4 activation238, or oxidative stress239,240. Indicating a strong correlation 

between accumulation of ceramides to chronic low grade inflammation241.  

2.8.2.1 Role of Ceramides in causing Insulin Resistance, Diabetes and NAFLD 

A study conducted over a period of 7-years including 1,557 adults242 found that saturated C16 

and C18 ceramides are linked to insulin resistance (when assessed by HOMA-IR), total body 

fat, and visceral adipose tissue content. Conversely, longer-chain polyunsaturated fatty acid 

ceramides C24:2, C30:10, and C32:11 were associated to better metabolic profiles242. Similarly 

increased plasma C16, C18, and C20 ceramides levels were observed in a large cohort subjects 

from Chinese origin in Singapore individuals with lower body mass index (BMI) and HOMA-

IR 243. Moreover, the C18/16 ratios were found to serve as a distinct measure for diabetes 

incidence risk244. Interestingly, this ratio fell in people who lost 5 percent or more of their body 

weight244. In type 1 diabetes patients, significant drops in blood levels of very long-chain 

ceramides (C20, C20:1, C22.1, C24, C26, C26:1) have also been linked to the onset of 

nephropathy245. 

With respect to NASH, levels of total serum and liver dihydroceramides (22:0 and 24:1) were 

significantly increased and strongly associated with whole body insulin resistance246. Additional 
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analysis also confirmed that sphingolipid species correlate with oxidative stress and liver 

inflammation246. In a prospective study of 31 children with NAFLD, Wasilewska et al. found a 

significant positive correlation between total serum concentrations of ceramides with insulin and 

HOMA-IR247. In addition, this study demonstrated that total ceramide concentrations and 

specific saturated fatty acyl subspecies of ceramides (C14, C16, C16:1, C18, and C18:1) were 

significantly higher in children with NAFLD than controls247. 

 

 

Figure 2.6: Ceramide synthases family acetylates sphinganine to dihydroceramide, which is 

eventually desaturated by dihydroceramide desaturase to form ceramides248. 

 

Table 2.1: Ceramide synthase family, their expression sites and acyl-chain length. 
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Higher levels of C18 ceramides produced by CerS1 have been associated with insulin resistance 

and inflammation in skeletal muscle249. In fact, C18 ceramides were found in increased levels in 

muscle tissue of C57BL/6N mice consuming an obesogenic diet250, whereas the global ablation 

of CerS1 increased energy expenditure, reduced adiposity, and improved insulin and glucose 

tolerance in mice. The study also found that skeletal muscle CerS5 and CerS6 are dispensable 

for obesity-associated insulin resistance in knock-out mice models250. It has also been reported 

that low density lipoproteins (LPLs) with C16:0 and C24:0 ceramides decreased glucose uptake 

in cultured myotubes by obstructing insulin signalling and reducing the translocation of the 

GLUT4 glucose transporter251. Even though the involvement of muscular ceramides obesity 

development has been reported, the underlying molecular mechanism involved in the 

pathogenesis of IR and T2D remain yet to be elucidated252,253. 

2.8   Sexual Dimorphism  

It has been well established that sex impacts the development and progression of various 

comorbidities, including metabolic disorders such as diabetes. Globally, diabetes is known to 

affect men more than women, especially middled aged men16. In this context, it is recognized 

that development of obesity, IR, and hyperglycemia are unique between sexes. These 

differences with respect to glycemic control appear to arise from distinct responses that men and 



  38 

 

 

women display to diet254. Numerous aspects of energy balance, such as carbohydrate 

metabolism, lipid utilization and storage are believed to differ between sexes255.  

Also, men and women differ substantially in regards to their body composition, especially with 

respect to site-specific adipose tissue distribution256,257. In men and women, the predominant site 

for fat storage is the subcutaneous adipose tissue. However, men have more visceral (VC) 

adiposity and less subcutaneous adipose tissue (SC) in comparison to women258. Importantly, 

multiple studies have implicated the accumulation of VC adipose tissue in the development of 

IR and diabetes259,260. This has been, at least partially, attributed to the fact that VC adipocytes 

are more prone to lipolysis and less sensitive to insulin261. Moreover, increased VC adiposity is 

known to contribute to dyslipidemia, upregulation of gluconeogenesis, and IR262. Thus, it is the 

site-specific accumulation of fat instead of total fat mass that correlates with the higher 

prevalence of diabetes and abnormalities of glucose metabolism in men than in women262.  

It has also been reported that the susceptibility to fatty acid-induced peripheral IR is decreased 

in women263. In different rodent models of glucose intolerance, IR and diabetes, males show a 

stronger phenotype than females264,265. These sex-related differences in insulin sensitivity and 

adipose tissue development and function could be due to actions of oestrogen and testosterone 

hormones. For example, a link between decreased oestrogen levels, increased adiposity 

(Subcutaneous and Visceral fat) and increased IR have been observed in aging women266. 

Similarly, hormones such as dopamine, norepinephrine and epinephrine induce lipolysis leading 

to increased circulating free fatty acids, enhanced hepatic VLDL release and glucose production, 

as well as reduced insulin clearance. However, how hormone levels and insulin action differ 
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between males and females, and how these differences account for a sex-specific regulation of 

skeletal muscle glucose and fat metabolism and function remain largely unknown.  

2.8.1 Sex differences in fiber-type composition 

Women display 27%-35% higher number of type 1 muscle fiber type in vastus lateralis muscle 

when compared to age- and weight-matched men267. In addition, greater type I fiber type content 

and capillary density in women contribute to enhanced glucose and fat oxidation. Conversely, 

men displayed relatively higher proportion of type II A and type II X in comparison to 

women268,269. Immunohistochemical studies have also suggested lower transcriptional levels of 

myosin heavy chains I (MyHCI) in men than in women270, whereas higher MyHCIIA and 

MyHCIIX mRNA expression has been reported in men than in women271. An association 

between insulin sensitivity and the amount of oxidative type I fibres has been proposed, with 

lower expression of type I fibres in the vastus lateralis muscle of insulin resistant and T2D 

subjects compared to healthy subjects272,273. Finally, the amount of type I fibres as well as 

capillary density were found to be highly correlated with insulin action during a 

hyperinsulinaemic-euglycaemic clamp in lean subjects and obese non-diabetic men274. Another 

recent study looked at age matched and weight matched men and women and confirmed higher 

type II X fibers in men than in women. But more importantly found a positive correlation 

between higher proportion of type II X fibers and the development of T2D275. A study of non-

diabetic men reported an association between type 1 fibers and insulin sensitivity during 

hyperinsulinaemic euglycaemic clamps276. To add to it, a correlation between the oxidative 

capacity of the muscle and increased cell mass (obesity) was established. It was found that in 

muscles with higher type I fibers had a higher oxidative capacity and infact had an enhanced 

tyrosine kinase activity of the insulin receptor. Suggesting that enhanced blood flow can be 
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considered a limiting factor in the pathogenesis of obesity and other metabolic 

dysfunctionalities276.   

2.8.2 Sex differences in circulating fatty acids.  

Plasma FA concentration has been reported to be significantly higher in women (median 517 vs. 

434 μmol/l) than in men277. Additionally, in healthy men and women fasted for 48 h, plasma FA 

concentration was 30% higher in women than in men278, and when the length of fasting was 

increased to 72 h, serum FA was reported to be 81% higher in women than men279. Similarly, in 

lean and obese subjects exposed to four consecutive days of isocaloric feeding, women 

displayed ~40% higher postabsorptive FA release and resting energy expenditure than men280. 

Altogether, these findings demonstrate that women have higher FA concentrations, in particular 

in the fasted state, and thereby a higher FA availability per unit of their lean body mass, as a 

result of their higher fat mass than men167.  

2.8.3. Sex differences in FA transport in skeletal muscle  

Irrespective of training status, a higher gene as well as protein expression of FAT/CD36 has 

been reported in women than men, 280. Gene expression of FABP (plasma membrane)280 and 

FATP1281 have also been reported to be higher in lean women compared to lean men. Women 

also display higher FABP (cytoplasm) mRNA expression than men282,283. However, at the 

protein level, only FAT/CD36 has been demonstrated to be higher in women than men. Thus, it 

is possible that higher FAT/CD36 protein in women increase their capacity for FA transport into 

skeletal muscles. Moreover, higher plasma FA availability284 coupled with higher amount of 

FAT/CD36 in skeletal muscle could lead to higher intramuscular triglyceride (IMTG) 

concentrations in skeletal muscle of women. However, a higher amount of type I muscle fibers 
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in women is a factor to consider  since IMTG content is reported to be 2.8-fold higher in type I 

fibers compared to type II fibers103. Notably, IMTG concentrations are often negatively 

correlated to whole-body insulin sensitivity in men, with the exception of athletes211,285. It can 

be questioned why this relationship is different in women? Tarnopolsky et al. found that IMTG 

in women is localized in a higher number of smaller lipid droplets compared to men using 

electron microscopy286. Interestingly, these smaller lipid droplets in women were found to be 

located closer to mitochondria287, a location which may increase susceptibility to oxidation. The 

phospholipid surface of lipid droplets is covered with a number of proteins involved in lipid 

metabolism and trafficking of the lipid droplets. It has been demonstrated in men and women, 

matched for age, BMI and VO2-peak/kg LBM, that skeletal muscle protein expression of 

perilipin 3 and 5 is 1.5- to 2-fold higher in women288. Perilipin 3 and 5 mediates an interaction 

between lipid droplets and mitochondria288,289. Taken together, perhaps smaller lipid droplets 

and increased expression of perilipins in women are likely to increase the lipolytic turnover of 

IMTG. However, as mentioned earlier that IMTG concentration per se is not an important 

determinant of insulin sensitivity in skeletal muscle. Instead, accumulation of lipid metabolites, 

such as DAG or ceramides, has been suggested to play a role, and it could be speculated 

whether there are sex differences in each of the glycerolipid intermediates. Studies in this area 

are scarce, and further studies are required to exclude a differential influence of lipid 

metabolites and related lipotoxicity in men and women.  

2.9   The role of the Liver in glucose and lipid homeostasis 

As blood glucose rises after a meal, b-pancreatic cells sense it and release insulin. In 

hepatocytes, insulin stimulates glycogen synthesis and inhibits gluconeogenesis and 

glycogenolysis25.  The liver receives diet-derived glucose via the portal vein at a concentration 
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that is  3-10 fold higher than the rest of the body24. Nearly 60% of diet-derived glucose is 

stored as glycogen in the liver, whereas 15% of the glucose that escapes the liver is used up by 

skeletal muscles and adipose tissues290. The remaining circulating glucose is taken up by 

organs such as the brain and other peripheral tissues (e.g., erythrocytes, kidneys, etc.) to meet 

their energy demands25. The molecular steps by which insulin stimulates glycogen synthesis in 

the liver are similar to what has been previously described in skeletal muscle (Figure 2.1). 

Conversely, under conditions of prolonged fasting and/or deprivation of dietary carbohydrates, 

gluconeogenesis and glycogenolysis are activated in the liver to produce glucose and release it 

in the circulation. Glycogenolysis is an important process that accounts for  ̴75% of the glucose 

in circulation in the absence of incoming dietary glucose24. As hepatic glycogen is depleted, 

gluconeogenesis is activated and it can start as early as just 4 to 6 hours of fasting291,292. 

Lactate, pyruvate, amino acids, and glycerol are substrates used by the liver for 

gluconeogenesis. In the fasted state and/or under prolonged exercise conditions, insulinemia is 

reduced, whereas glucagon and epinephrine are upregulated. Together, glucagon and 

epinephrine coordinate a hepatic response that maintains glycemia tightly regulated at all 

times. 

2.10   Lipid metabolism in the Liver 

2.10.1 De novo Lipogenesis (DNL) 

In hepatocytes, DNL is a critical biosynthetic pathway leading to (NAFLD)293. The DNL 

pathway is regulated in two ways: 1) transcriptionally by altering the expression of enzymes 

involved in FA synthesis and 2) through the modification of acetyl-CoA carboxylase (ACC) 

activity. The transcriptional factors sterol regulatory element binding protein 1c (SREBP1c) and 

carbohydrate response element binding protein (ChREBP) are activated under conditions of 
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increased insulin and glucose concentrations, both of which are caused by overnutrition294. 

SREBP regulates over 30 genes (e.g. Ac1, Acc, Scd1, as well as glyceraldehyde-3-phosphate 

acyltransferase and NADPH producing genes)24 that are involved in lipid metabolism and the 

physiopathology of T2D, hepatosteatosis, and atherosclerosis295. In the context of DNL, insulin 

increases SREBP1c activity by proteolytically releasing the active form of SREBP1c from the 

Golgi membrane, where the membrane-bound immature form resides. This allows SREBP1c to 

translocate to the nucleus and promote the transcription of lipogenic genes, including FAS and 

ACC. SREBP1c regulates fatty acid synthesis and energy storage in the liver, whereas the 

SREBP2 isoform is involved in the regulation of whole-body cholesterol levels296. In mice 

overexpressing nSREBP-1c, liver triglyceride and cholesterol levels increased and these mice 

displayed NAFLD297. 

In contrast to SREBP1c, ChREBP is activated by a postprandial increase in glucose delivery to 

hepatocytes. The rate of glycolysis in hepatocytes increases as a result of the rapid influx of 

glucose via GLUT2298. The activation of ChREBP appears to be triggered by a number of 

metabolites produced during glycolysis, though the exact mechanism is unknown. In this 

context, glucose-6P and fructose-2,6-bisphosphate have been proposed to regulate ChREBP 

activity in hepatocytes299. ChREBP appears to predominantly bind to glucose and trigger the 

activation of the carbohydrate response element (ChoRE) which eventually activates genes such 

as FAS, ACC, and also cytosolic liver-type pyruvate kinase (L-PK). Systemic deletion of 

ChREBP inhibits glycolysis and hepatic lipogenesis, which in turn results in glucose to be 

converted to glycogen as observed in the liver of ChREBP-null mice300. Similarly, genetic 

deletion of ChREBP or liver-specific inhibition of ChREBP lowers hepatic lipogenesis and 

steatosis in ob/ob mice301,302.  
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Figure 2.7: Glucose metabolism in the liver. In the presence of high levels of glucose and 

insulin, carbohydrate responsive element-binding protein (ChREBP) and sterol regulatory 

element-binding protein (SREBP-1c) are activated via two different pathways in the 

hepatocytes, which then promote de novo lipogenesis (DNL). DNL involves a series of steps 

in which glucose undergoes glycolysis to generate pyruvate that is utilized by various 

metabolic processes such as the Krebs (TCA) cycle. Further the fructolytic pathway feeds into 

the glycolytic pathway and allows for the production of acetyl-CoA from glucose/fructose to 

continue without regulation by insulin, and hence promote lipogenesis, and subsequent 

triglyceride (TG) synthesis from the acyl-coenzyme A (CoA) product. The TGs produced are 

packed into very low density lipoproteins(VLDLs) for export from the liver, or are stored 

within hepatocytes. Image generated using BioRender. 
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2.11   NAFLD 

Hepatic steatosis characterizes NAFLD, which is determined by histological section and 

imaging. Excessive alcohol consumption, steatogenic medical prescriptions, or congenital 

metabolic disorders are well-known for causing NAFLD303,304. However, a spectrum disease 

ranging from benign mild steatosis (macro vesicular steatosis) to fibrotic hepatic inflammation 

known as non-alcoholic steatohepatitis (NASH) can evolve to cirrhosis and hepatocellular 

carcinoma (HCC)305. Obesity and T2D are conditions that lead to elevated lipid accumulation in 

the liver and set the stage for the development of NAFLD306. This is supported by reports that 

85% individuals with pre-diabetes or T2D had NAFLD, whereas this condition was observed 

only in 30% of controls307. Furthermore, patients with T2D displayed on average 80% more 

liver fat than control subjects. A positive correlation was also found between increased waist 

circumference and elevated lipid deposition in the liver308. Highlighting the correlation between 

NAFLD and metabolic conditions like obesity.  

2.12.1   Development and progression of NAFLD  

The exact cause and progression of NAFLD are poorly understood. The theory frequently 

presented for the clinical progression of NAFLD is the ‘Multiple-hit’ theory. This theory is 

based on the idea that an energy imbalance caused by the abundance of dietary carbohydrates 

and fats leads to the IR. The latter condition then leads to an increased uptake and synthesis of 

fatty acids and their storage as TAG in the liver, resulting in steatosis309. In addition, the 

abundance of fat causes adipose tissue dysfunction an leads to an increase in the secretion of 

numerous inflammatory mediators such as TNFα, IL-6, and NF-kB310. TNFα has been shown to 

also promote serine phosphorylation of IRS-1 in the liver, which inhibits the insulin-mediated 
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tyrosine phosphorylation of IRS1310. Consequently, this leads to inhibition of all downstream 

insulin-signaling steps in hepatocytes, an effect that has been shown to be averted in TNFα-KO 

mice130. Similarly, primary hepatocytes treated with IL-6 displayed less phosphorylation of 

AKT and a 75% reduction in glycogen synthesis309. Along the same lines, activation of the NF-

kB pathway and increased hepatic expression of TLR-2, -4 and -9 contributed to NASH in 

Sprague Dawley rats311. Thus, it is the combination of these various factors that is known as the 

‘second hit’, which gradually drives the progression from macro vesicular steatosis to NASH. 

The pathogenesis includes uncontrolled apoptosis in the liver, hepatocyte inflammation, and 

fibrogenesis. Finally, hepato-fibrosis further progresses to hepatocellular carcinoma (HCC) and 

eventually liver failure312,313.  

2.11.2   Other plausible mechanisms for the pathogenesis of NAFLD 

IR inhibits the anti­lipolytic action of insulin and leads to an increased release of NEFA into the 

blood. Other sources of fats derived from hepatic DNL and abundant dietary fatty acids also 

play an important role in the pathogenesis of NAFLD314,315, although an elevation of lipogenic 

transcription factors and enzymes including SREBP-1c and FAS316 have also been reported. 

These factors further increase DNL in an already steatotic liver297,317,318. Therefore, an 

overabundance of dietary fats in combination with increased lipolysis and elevated DNL are 

believed to eventually promote hepatic inflammation and further liver damage319. 

2.12 Lipid induced insulin resistance in the Liver 

In addition to TAG, glycerolipids such as DAG and ceramides also accumulate in the liver. This 

is attributed to various factors such as high content of fat or sugar in the diet and reduced fat 

storage capacity in adipocytes, leading to elevated levels of NEFAs in the circulation320,321 
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and/or increased oxidative stress322,323. The synthesis of DAG is initiated by MAG in the 

endoplasmic reticulum or in the mitochondria. MAG is first acylated to DAG by MGAT 1/2/3, 

and then DAG is finally acylated to TAG by DGAT 1/2220. MGAT has been shown to prefer 

FAs with C18:2 and C18:3 in the sn-2 position for DAG synthesis219,324.  In patients with IR and 

NAFLD, the expression of liver MGAT is elevated325. Also, ob/ob mice fed a HFS diet had 

elevated expression of peroxisome proliferator-activated receptor (PPAR) γ, a transcription 

factor known to regulate the MGAT1 promoter in the liver. As expected, these mice displayed 

increased levels of MGAT1 expression, which is the dominant murine MGAT isoform326. 

Conversely, when fed a HF/high fructose/high cholesterol diet, Mgat1 knockdown mice had 

decreased MGAT activity, enhanced hepatic insulin signalling, reduced DAG content, improved 

whole-body insulin response, and reduced weight gain327. Similarly, MGAT2 expression is 

elevated in obese individuals suffering from NAFLD and reduced in patients that have 

undergone gastric bypass surgery328. In humans, intestine, and liver also express MGAT3, but 

its exact role in lipid-induced IR is unknown. Interestingly, all three MGAT isoforms  share  

sequence  homology  with  DGAT2 (expressed in the liver), but not DGAT1 (mainly expressed 

in adipose tissue and small intestine)219. In this context, promising results have been obtained 

with DGAT1 inhibitors with respect to maintaining whole-body glucose homeostasis and 

reducing postprandial serum TAG content in obese patients. These findings provided evidence 

for a critical role of DGAT1 in lipid synthesis and storage in humans221,222. Unfortunately, the 

effects of these inhibitors were not sustained for prolonged period of time because the patients 

complained of nausea, diarrhea, vomiting and general discomfort. Therefore, despite showing 

apparent therapeutic benefits, with respect to improved insulin sensitivity and reduced TAG 
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accumulation, DGAT1 inhibitors may not be an ideal treatment for metabolic disorders such as 

obesity, IR, dyslipidemia, and hepatic steatosis329. 

2.12.1 The link of hepatic DAG content with impaired insulin sensitivity 

There is increasing evidence correlating intrahepatic triglyceride (IHTG) accumulation with 

reduced hepatic insulin sensitivity226,330–333. Analysis of various lipid metabolites in liver 

samples from obese non-diabetic individuals revealed that only total hepatic DAG content was 

associated with IR334. Other factors such as BMI, LCFA content, markers of endoplasmic 

reticulum stress, and inflammatory cytokine content seemed to have no effect on the 

homeostasis model assessment of insulin resistance (HOMA-IR)334. This was consistent with  

other reports of a strong correlation between hepatic DAG accumulation and whole-body IR335. 

Further investigation of 5 DAG species by Luukkonen et al. revealed that 4 of them were 

involved in NAFLD pathogenesis and significantly correlated with HOMA-IR336. In fact, 

analysis of liver biopsies from 133 obese individuals revealed that hepatic cytosolic DAG 

content, not hepatic ceramide content, was increased in subjects with hepatic IR337. Moreover, a 

strong association was found between DAG accumulation and PKCε translocation to the plasma 

membrane337. These findings provide evidence for a mechanism linking hepatic glycerolipid 

accumulation to the pathogenesis of NAFLD-associated hepatic IR in humans330,338,339.  

The proposed mechanism of DAG-mediated lipid induced hepatic IR involves the activation of 

the aforementioned PKC protein. The most abundantly expressed PKC isoform in the liver is the 

epsilon (PKCε)320, which has been shown to become prominent after feeding rats a HFS diet for 

3 days. In fact, Pkce-/- mice are protected from diet-induced IR following 1 week of HFS 

feeding, despite increases in intrahepatic triglyceride (IHTG) accumulation340. Recently, 
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Petersen et al. (2016) reported that the phosphorylation of the insulin receptor on the Thr1160 

residue is critical for deactivation of the insulin signalling cascade in the liver. They used a 

threonine-to-alanine mutation at the homologous residue Thr1160 (T1160A) mutant and found 

that its activation was not altered by PKCε in vitro. Furthermore, hyperinsulinemic clamp 

studies revealed that the mutant mice also displayed enhanced insulin sensitivity, suppressed 

gluconeogenesis, and increased hepatic glycogen synthesis in comparison to wild type 

controls341 (Figure 2.8). These data support a model of hepatic IR caused by DAG-mediated 

activation of PKCε and impairment of insulin activation. Such that DAG accumulation causes 

the activation of PKCε that results in phosphorylation of the insulin receptor threonine 1160, 

which in turn leads to disruption of the insulin receptor tyrosine kinase activity. This mechanism 

for lipid-induced hepatic IR has also been reported in humans as indicated in Figure 2.8.  

Kumashiro et al. (2011) studied determinants of IR in people undergoing bariatric surgery. As 

expected, hepatic DAG content and PKCε migration to the plasma membrane were the strongest 

predictors of hepatic IR in individuals with NAFLD342. Consistent with these results, 

Luukkonen et al. (2016) and ter Horst et al. (2017) have shown that liver DAG content, specific 

lipid metabolites (species of fatty acids, ceramides, and TAGs), and increased PKCε activity are 

related to hepatic insulin sensitivity in obese individuals undergoing bariatric surgery336,339.  

Finally, Lyu et al. (2020) found that liver plasma membrane sn-1,2-DAG content increased and 

phosphorylation on insulin receptor T1160 residue were increased in individuals with hepatic IR 

and/or NAFLD330.  
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Figure 2.8: Postulated action of diacylglycerol (DAG) on Protein Kinase C epsilon (PKCε) in 

lipid-induced hepatic insulin resistance. Excessive calorie intake is a major factor in causing 

obesity and, consequently, insulin resistance. Insulin resistance causes NAFLD directly by 

increasing de novo lipogenesis and indirectly by increasing FFA flux to the liver by decreasing 

inhibition of lipolysis. As a result of all these factors, the synthesis of intrahepatic triglycerides 

(IHTG) is increased, and as a result DAG accumulation also increased. DAG further activates 

PKCε and causes it to translocate from the cytoplasm to the plasma membrane. The 

translocated PKCε phosphorylates the Threonine 1160 residue on the insulin receptor inhibits 

its tyrosine kinase activity and leads to impairment of downstream insulin signalling, reduction 

in glycogen synthesis, and upregulation of DNL and gluconeogenic genes459.  Image generated 

using BioRender. 
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2.12.2 Mechanisms linking ceramide and impaired insulin signaling 

The role of ceramides in hepatic insulin signaling has been controversial and evolving. This is 

because studies on obese non-diabetic humans have failed to show a  correlation between 

ceramide content and IR assessed by HOMA-IR334 or insulin suppression of hepatic glucose 

production339. Also, in mice fed a HFS diet for 8-12 weeks no alteration in total hepatic 

ceramide content was found253,343,344.  Similarly, in Sprague Dawley rats, 3 days of HFS feeding 

neither induce IR in the liver nor increase total hepatic ceramide content345. Finally, studies that 

have successfully reversed steatosis have shown a correlation between reduced DAG content 

and improved insulin sensitivity, but no association with ceramide content330,331,338,346,347. 

Conversely, studies in mice indicated that DGAT2 overexpression was linked to IR, increased 

total hepatic ceramides, as well as to DAG and TAG accumulation348. Wistar rats also displayed 

elevated ceramide content and hepatic DAG accumulation along with IR349. Thus, due to 

inconsistencies in studies on total hepatic ceramide content in rodent models of hepatic steatosis 

and IR, researchers turned their attention to the potential role of specific ceramide species 

instead of their total content. However, it was only recently that research has attempted to 

address the role of specific ceramides in hepatic IR350–352. In C57BL/6 mice fed a HFS diet for 

7-21 days, hepatic IR was accompanied by hepatic steatosis and varying contents of ceramide 

species between days 7 and 21353. Also in C57BL/6N mice, 14 weeks of HFS feeding resulted in 

increases of 14:0, 16:0, 18:0, 20:0, and 24:1 ceramide species that correlated with impaired 

insulin sensitivity in the liver350.  
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Initial work in the field had proposed two main mechanisms by which the action of AKT is 

impaired by ceramides: 1) increased protein phosphatase-2A (PP2A), and 2) PKCζ activation354–

357. However, when Galbo et. al (date) inhibited PP2A in rats by using cantharidin and LB1, 

they found that inhibition of PP2A resulted in an acute worsening of IR, indicating that PP2A 

activity is actually required for insulin-stimulated glycogen synthesis. Similarly, other studies 

that increased hepatic PP2A activity confirmed that this phosphatase dephosphorylates sites on 

ChREBP, such as Ser(196), Thr(666) and Ser(568), which in turn promote the transcription of the 

lipogenic enzymes genes, such as ACC and FAS358, and in fact worsened hepatic IR359.  

Alternatively, activation of CD36 via  PKCζ has been proposed as a mechanism for ceramide-

induced hepatic steatosis360. It is postulated that the upregulation of the fatty acid transporter 

promotes hepatic lipid accumulation. Alternatively links between ceramides, PKCζ activation, 

and activation of the NLRP3 inflammasome have been reported in the liver. Activation of the 

NLRP3 inflammasome has been linked to several inflammatory disorders and upregulation of 

other inflammatory markers such as ROS, TNFα and IL-8. However, the mechanism linking 

ceramides-NLRP3 are yet to be identified361. Thus, current understanding has been inconclusive 

and has failed to identify a clear molecular mechanism by which ceramides might be involved in 

the impairment of insulin action in hepatocytes.  

 

2.13   Ketogenic diet (KD) 

The KD is a dietary intervention designed to elevate and maintain blood ketone levels within 0.5 

to 3 mg/dl362–364. This is achieved by drastically reducing dietary carbohydrate and by increasing 

the fat content while maintaining appropriate levels of protein in the diet. In this context, a 
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typical KD provides 5-10% of its energy from carbohydrates (usually 20-50 g of carbohydrates 

per day), 20% from protein (~1-1.5 g/kg/day), and the remaining 70-80% of its energy content 

from fat365,366. 

There are three ketone bodies synthesised by the hepatocytes, namely β-hydroxybutyrate (βHB), 

acetoacetate (AcAc) and acetone24,367(Figure 2.9). Condensation of two acetyl-CoA molecules 

leads to the formation of AcAc, which is then released in the blood stream368,369. Further 

reduction of AcAc produces βHB, the most abundantly found ketone in the body370,371. Typical 

serum βHB levels range between 25-150 μM in a fed state and after fasting for 12-16 hours they 

rise up to 150-900 μM range372,373. Two days of fasting can elevate plasma ketone levels to 1-2 

mM, whereas prolonged starvation can result in 6-8 mM circulating βHB levels373,374. 

Interestingly, infants are known to maintain serum βHB levels of 0.5-2.5 mM with just 8-10 h of 

fasting. In adults, similar βHB levels can be achieved after 90 min of intense exercise or by 

adopting a KD373. Once AcAc and βHB reach extra hepatic tissues, they are reversed back to 

acetyl-CoA, which is processed in the TCA cycle culminating in the production of energy ( ̴ 22 

ATP molecules) 375. Acetone is a volatile product formed via decarboxylation of acetyl-CoA 

that can be eliminated from the body by breathing it out or via urination. In fact, the “fruity 

odour” in the breathe that some people experiment after consuming a KD may be attributed to 

acetone being released as a result of ketosis368,376. In addition, it should be noted that the 

threshold for entering a ketogenic state is subjective. The production of  ketone bodies is 

orchestrated by a sophisticated and well-integrated biochemical and hormonal complex and may 

vary based on how intense and prolonged the ketogenic stimulus is, sometimes reaching 

pathologic levels such as diabetic ketoacidosis364,377. 
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2.13.1   Ketone synthesis, transport, and utilization 

Ketogenesis mainly occurs in the liver and only to a small extent in other tissues in the body378. 

Ketogenesis is initiated by the condensation of two acetyl-CoA molecules via a reversible 

reaction that is catalyzed by acetoacetyl-CoA thiolase (AcAcT) to form acetoacetyl-CoA379. The 

latter condenses with another acetyl-CoA to form β-Hydroxy β-methylglutaryl-CoA (HMG-

CoA)378. Finally, AcAc is formed by cleaving off the acetyl-CoA from HMG-CoA by the lysis 

action of HMG-CoA lyase (HMGCL). Further βHB is formed by the enzymatic action of β-

hydroxybutyrate dehydrogenase (BDH1) on AcAc380. Both, βHB and a small fraction of AcAc 

are then transported out of the liver into the blood stream via the monocarboxylate transporter 

SLC16A6380,381. Similar monocarboxylate transporters (MCT1 and MCT2) exist on the surfaces 

for the brain and peripheral tissues to aid with the uptake of the ketones from the blood378,379.  

Ketone bodies are broken down in non-hepatocellular cells, especially in the heart, brain, 

and skeletal muscle via a process called ketolysis368,378. In the first step of ketolysis, βHB is 

oxidised back to AcAc by BDH1. Subsequently, 3-ketoacid coenzyme A transferase (OXCT1) 

catalyzes the donation of CoA to AcAc from succinyl-CoA to form acetoacetyl-CoA378,382. The 

absence of OXCT1 is responsible for preventing a futile cycle for the production and utilization 

of ketone bodies by the liver, making them available to be transported to other tissues in the 

body368. Finally, acetoacetyl-CoA and a free CoA are converted into two molecules of acetyl-

CoA by AcAcT. Acetyl-CoA is used in the TCA cycle to produce ATP378,382. Interestingly, the 

catalytic action of AcAcT is down regulated when AcAc levels in circulation are higher than 5 

mM, forming a feedback loop that is able to control the breakdown of ketone bodies380.  
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2.14   Whole-body effects of a KD  

The KD leads to effective weight loss and changes in body composition, making it an effective 

dietary intervention to target obesity and other related metabolic disorders. In fact, a 12-week 

study by Garbow et al. (2011) revealed that a KD attenuated weight gain and lean mass loss in 

C57BL/6J mice in comparison to chow-fed counterparts313. The KD diet used in the study 

comprised of 95.1% of calories from fat, 4.5% from protein, and negligible calories from 

carbohydrates313. Serum glucose levels were reduced and HOMA-IR and the quantitative insulin 

sensitivity check index (QUICKI) both showed lowered circulating insulin under fasted 

conditions. These findings suggested an improvement in insulin sensitivity in KD-fed 

mice383,384. 

 

Figure 2.9: The chemical structure of ketone bodies. Acetoacetate (AcAc) is produced and 

utilized during intermediary metabolism and other ketone bodies are derived from it. Acetone is 
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produced by the spontaneous decarboxylation, whereas β-Hydroxybutyrate (βHB) is produced 

via the reduction of AcAc. 

 

In mice fed the KD for a span of 80 weeks, weight loss occurred in the first 18 weeks of the 

study and then reached a plateau. However, in the end, KD-fed mice gained less weight and had 

reduced lean and fat masses. Moreover, these mice had increased energy expenditure and 

lowered insulin levels, which was indicative of improved insulin sensitivity385.  In another study,  

sedentary and exercised (resisted voluntary wheel running) Sprague Dawley rats were fed a KD 

for 6 weeks and both  groups of animals displayed lower body mass, plasma insulin, serum 

glucose, triglycerides, and total cholesterol levels386. In order to further understand the 

metabolic implications of a KD in the liver, hyperinsulinemic-euglycemic clamps were 

performed. It was found that despite being lighter and displaying increased whole-body energy 

expenditure, KD animals developed acute hepatic IR. Further investigation found that hepatic 

DAG content was also upregulated (3.5-fold) in KD fed animals, indicating the association 

between DAG accumulation causing PKCε activation followed by decreased phosphorylation of 

the insulin receptor substrate387.  However, further research is required on specific organs and 

their adaptations to the diet, in order to make conclusive recommendations regarding the 

consumption of KD. 
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Chapter 3 Objectives and Hypothesis 

Skeletal muscle, the body's biggest tissue, is essential for movement, glucose uptake, and its 

utilisation, as well as mediating the body's sensitivity to insulin. In fact, poor glucose 

metabolism and glycogen accumulation in skeletal muscle are the primary causes of the loss in 

insulin sensitivity that occurs decades before the onset of type 2 diabetes. Interestingly, ectopic 

lipid accumulation in the skeletal muscle has been linked to weakened insulin signaling, 

contributing to the reduced glucose uptake and insulin resistance in the tissue.  Therefore, in the 

context of cellular lipid overload, a number of intermediates of incomplete fatty acid oxidation 

such as diacylglycerol (DAG), ceramides, have been identified as drivers of insulin resistance. 

Conversely, some findings have shown an increased lipid accumulation in endurance trained 

athletes suggesting that there was no connection between DAG or ceramides and insulin 

resistance 285. As a result, it is currently unclear whether certain lipid species found in skeletal 

muscle cause insulin resistance. Further, skeletal muscles are made up of a variety of fibre types 

that exhibit fiber-type-specific adaptation responses to various physiological inputs. Slow-twitch 

type I fibres with many mitochondria have an oxidative metabolism, are resistant to fatigue, and 
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can be recognised by the expression of type I myosin heavy chain. In contrast, fast twitch type 

IIa, IIx/d, and IIb myofibers are characterised by the expression of fast myosin heavy chain 

isoforms, with a tendency to fatigue quickly, fewer mitochondria, and undergo glycolytic 

metabolism104. Thus, the distribution of fibre types in skeletal muscles may therefore have a 

significant influence in defining the tissue's vulnerability to insulin resistance. Furthermore, as 

most research has long been male-dominated, the role of biological sex on diet induced insulin 

resistance is unknown.  

Another organ strongly associated with glucose clearance from the blood is the liver. Therefore, 

cases with excessive hepatic glucose production and compensatory hyperinsulinemia have been 

linked to the most common chronic liver disease, non-alcoholic fatty liver disease (NAFLD).  

Under conditions of overfeeding, increased insulin fails to suppress lipolysis in the adipose 

tissues, which leads to increased hepatic delivery of non-esterified fatty acids (NEFA), the main 

substrate for synthesis of intrahepatic triglycerides (IHTG)388.  The increased insulin secretion 

stimulates re-esterification and DNL of fatty acids, which increases the IHTG content leading to 

advancement of NAFLD and pathogenesis of T2D. Recently, research has concentrated on a 

number of potential therapies due to the worrying rise in the prevalence of this disorder. 

Altering energy metabolism has been proposed as a possible treatment option. In particular, a 

very high-fat and extremely low-carbohydrate diet, known as the ketogenic diet. Essentially, the 

body becomes deprived of dietary sugar and starch, and reacts by reducing insulin secretion and 

switching to primarily burning fat for fuel. However, despite the potential benefits of KD on 

weight loss, and insulin sensitivity, the benefits of KD for liver stay controversial. There have 

been some contradictory reports suggesting KD could actually induce hepatic insulin resistance 

mediated by DAG activation of PKCε389,390. Therefore, the overall objective of this document is 
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to elucidate how manipulation of macronutrient content can alter glucose and lipid metabolism 

in oxidative and glycolytic skeletal muscles, and the liver.   

Objectives: 

1. To investigate whether the consumption of a HFS diet leads to enhanced fatty acid 

oxidation and if it affects intramyocellular content of lipid intermediates.  

2. To assess how the intramyocellular accumulation of DAG, TAG and ceramides is altered 

in oxidative and glycolytic muscles of male rats fed a high-fat sucrose enriched diet, and 

how it affects the activation of specific PKC isoforms and insulin signaling in oxidative 

and glycolytic muscles.  

3. To investigate whether the mechanisms underlying the development of skeletal muscle 

insulin resistance in rats fed a high-fat-high sucrose diet differs between males and 

females.  

4. To assess if inflammation is similarly induced in oxidative and glycolytic muscles under 

conditions of diet-induced obesity. 

5. To investigate whether the chronic consumption of high-fat diet devoid of carbohydrate 

can induces a metabolic shift that affects the liver content of DAG and ceramides, alters 

PKC activity, and maintains the ability of the liver to properly regulate whole-body 

glucose homeostasis. 

 

Hypotheses: 

1. Due to their high oxidative capacity, skeletal muscles rich in type I fibers will oxidize 

more fat and reduce the availability of substrate to form lipid intermediates. Conversely, 

skeletal muscles that are rich in type IIb/x fibers and have limited capacity to oxidate fat 
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will be more susceptible to lipotoxicity under conditions of elevated fatty acid 

abundance.  

2. Because the accumulation of intramyocellular DAG, TAG, and ceramides would be 

reduced in oxidative as compared to glycolytic muscles in diet-induced obesity, the 

activation of DAG-sensing PKCs (PKCθ/δ) would also be lower in oxidative than 

glycolytic muscles.    

3. Existing literature suggests that females display a higher number of type 1 muscle fiber 

type when compared to age- and weight-matched males. Because the amount of 

oxidative type I fibres has been associated to insulin sensitivity, we hypothesized that 

female skeletal muscles would be less susceptible to the development of insulin 

resistance than male skeletal muscles when exposed to an obesogenic diet.  

4. Because lipotoxicity is associated with inflammation in skeletal muscles, we 

hypothesized that Sol and EDL muscles that are highly oxidative would display lower 

levels of inflammatory mediators, whereas the highly glycolytic Epit muscle would 

display upregulation of inflammatory mediators.  

5. Because the KD lowers insulinemia and shifts metabolism towards fatty acid oxidation, 

we hypothesize that despite providing an abundant source of dietary fat, DAG and 

ceramides accumulation in the liver would be reduced and prevent cause a protective 

effect against insulin resistance and the development of hepatic steatosis. 
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4.1 Abstract 

This study investigated whether oxidative and glycolytic rat skeletal muscles respond differently 

to a high-fat high-sucrose (HFS) enriched diet with respect to diacylglycerol (DAG) and 

ceramides accumulation, protein kinase C (PKC) activation, glucose metabolism, and the 

expression of inflammatory genes. HFS diet (8 weeks) suppressed insulin-stimulated glycogen 

synthesis and glucose oxidation in soleus (Sol), extensor digitorum longus (EDL) and 

epitrochlearis (Epit) muscles. However, DAG and ceramides levels increased in Sol and EDL, 

but not in Epit muscles of HFS-fed rats. Additionally, membrane-bound PKCδ and PKCq 

increased in Sol and EDL, whereas in Epit muscles both PKC isoforms were reduced by HFS 

diet. In Epit muscles, HFS diet also increased the expression of tumor necrosis factor-α (TNFα) 

receptors (CD40 and FAS), toll-like receptor 4 (TLR4), and nuclear factor kappa light 

polypeptide gene enhancer in B cells (NF-kB), whereas in Sol and EDL muscles the expression 

of these inflammatory genes remained unchanged upon HFS feeding. In conclusion, HFS diet 

caused DAG and ceramides accumulation, PKC activation, and the induction of inflammatory 

pathways in a fiber type-specific manner. These findings help explain why oxidative and 

glycolytic muscles similarly develop insulin resistance, despite major differences in their 

metabolic characteristics and responsiveness to dietary lipid abundance. 

 

4.2 Introduction 

Besides encompassing a large proportion of total body mass391, skeletal muscles have the 

capacity to store up to 1 to 2% of their weight in glycogen392, accounting for the majority of 

whole-body glucose uptake and virtually the entire non-oxidative glucose metabolism23. In type 

2 diabetes (T2D) patients, the insulin-mediated glucose disposal is reduced to about 50% of the 
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values of non-diabetic control subjects. Such reduction in glucose disposal is mainly due to 

impaired skeletal muscle glycogen synthesis393. Therefore, proper regulation of whole-body 

glucose homeostasis is dependent on the preserved ability of skeletal muscles to synthesize and 

store glycogen in response to insulin.  

Several mechanisms have been proposed to explain the pathogenesis of obesity-induced insulin 

resistance in skeletal muscles. These include excessive intracellular accumulation of 

lipids89,394,395, mitochondrial dysfunction and reduced oxidative capacity396–398, elevated levels 

of inflammatory cytokines89,399, and increased oxidative stress153,154. Although all of these have 

been associated with impaired insulin signalling and glucose metabolism, no single mechanism 

seems to explain how skeletal muscles with different metabolic characteristics develop insulin 

resistance under conditions of obesity400. From the perspective of lipotoxicity, the accumulation 

of lipid intermediates like DAG and ceramides and the activation of PKC have been implicated 

in insulin resistance by triggering pathways that lead to serine phosphorylation of IRS-1, thereby 

suppressing insulin-stimulated glucose metabolism89,395. Also, the activation of proinflammatory 

pathways by elevated production of reactive oxygen species (ROS) has been proposed as a 

mechanism by which increased oxidation of non-esterified fatty acids (NEFAs) leads to insulin 

resistance in skeletal muscles154,399. However, it has been reported that PKC content and 

activation, as well as ROS production associated with NEFA oxidation in rat skeletal muscles 

display fiber type-specific patterns36,401. In fact, the amount of PKCq was 2.5 times higher in the 

white tensor fascia latae muscle compared with the red Sol muscle, with the mixed muscles 

vastus intermedius and plantaris having intermediate levels of this kinase36. It has also been 

reported that H2O2 emission rates in red Sol were much lower than in the mixed EDL and the 

white Epit muscles401. In this context, it is plausible that the mechanisms governing diet-induced 
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insulin resistance vary depending on the fiber type composition of various skeletal muscles. This 

is particularly relevant if one considers that in diet-induced obesity, insulin resistance develops 

in all muscles, despite their variability in fiber type distribution. Thus, it may be that, under 

obesogenic conditions, DAG-mediated PKC activation leads to impaired insulin signalling and 

glucose metabolism in oxidative muscles, whereas the presence of elevated circulating 

inflammatory cytokines and the ability to respond to them and to other endocrine/metabolic 

factors could be the main determinants of insulin resistance in glycolytic muscles.  

Obesity is indeed characterized by a state of low-grade inflammation in which TNFα, 

interleukin-1β (IL-1β), and interleukin-6 (IL-6)399 are chronically elevated. Furthermore, insulin 

resistance has been associated with hyperactivity of the hypothalamic-pituitary adrenal axis and 

excess circulating glucocorticoids in animal models of obesity402–404, whereas treatment of rats 

with an anti-glucocorticoid drug ameliorated HFS diet-induced skeletal muscle insulin 

resistance405. These observations provide support to the idea that circulating factors (e.g., 

inflammatory cytokines and hormones) and altered intramuscular lipid metabolism, either 

independently or in combination, determine the pathophysiology of obesity-induced skeletal 

muscle insulin resistance. To test this hypothesis, we measured insulin-stimulated glycogen 

synthesis and glucose oxidation, DAG and ceramides content, membrane-associated PKCd and 

PKCq levels, and the expression of inflammatory genes in slow- and fast-twitch skeletal 

muscles extracted from rats exposed for 8 weeks to a HFS diet. This study provides evidence 

that the accumulation of DAG and ceramides, PKCd and PKCq activation, as well as the 

expression of inflammatory genes and glucocorticoid receptor (GR) differ significantly between 

highly oxidative and highly glycolytic skeletal muscles under conditions of HFS diet-induced 
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obesity. The findings support that HFS feeding causes impairment of glucose metabolism in 

predominately slow- or fast-twitch rat muscles through distinct mechanisms.  

4.3 Materials and Methods 

Reagents – Fatty acid (FA)-free bovine serum albumin (BSA), glycogen, and palmitic acid were 

obtained from Sigma (St. Louis, MO, USA). Diolein was from Nu-check (Elysian, MN, USA). 

Human insulin (Humulin R) was purchased from Eli Lilly Inc. (Toronto, ON, Canada). The 

insulin ELISA kit was from Millipore (Billerica, MA, USA). The Corticosterone RIA kit was 

from ALPCO Diagnostics (Salem, NH, USA). The TNF-a and IL-6 ELISA kits were from 

Invitrogen (Montreal, QC, Canada). The NEFA kit was from Wako Chemicals (Richmond, VA, 

USA). N‐Acetyl-D-sphingosine was from Sigma. The RNeasy Kit was from Qiagen Inc. 

(Toronto, ON, Canada) and the DNase from Thermo Fisher (Toronto, ON, Canada). D-[U-14C] 

glucose and [1-14C] palmitic acid were from GE Healthcare Radiochemicals (Quebec City, QC, 

Canada). The reverse phase column (C18 5 µm 250 x 4.6 mm) was from Restek (Bellefonte, 

PA, USA). The subcellular protein fractionation Kit was from Thermo Fisher (Cambridge, MA, 

USA). The PKCq (cat # 13643), PKCd (cat # 9616), Na,K-ATPase (cat # 3010), and the 

GAPDH (cat # 2118) antibodies were from Cell Signalling Technology Inc. (Beverly, MA, 

USA).  

Animals – Male albino rats from the Wistar strain (Charles River Laboratories, Montreal, QC, 

Canada) weighing 200 – 250 g (initial weight) were maintained in a constant-temperature (23 

oC), with a fixed 12-h light/12-h dark cycle and fed for 8 weeks ad libitum either a standard rat 

chow (Control, 27.0 %, 13.0 %, and 60.0 % of calories provided by protein, fat, and 

carbohydrates, respectively, energy density 3.43 kcal/g) or a HFS diet (20.0 %, 60.0 %, and 20.0 

http://en.wikipedia.org/wiki/Massachusetts
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% of calories provided by protein [casein], fat [lard/soybean oil], and carbohydrates [sucrose], 

respectively, energy density 5.24 kcal/g)401. The control diet (standard rat chow, catalog # 5012) 

was purchased from TestDiet (Richmond, IN, USA). The HFS diet (catalog # D12492) was 

purchased from Research Diets Inc. (New Jersey, NJ, USA).  

Ethics approval – The protocol containing all animal procedures described in this study was 

specifically approved by the Committee on the Ethics of Animal Experiments of York 

University (York University Animal Care Committee, YUACC, permit number: 2021-03) and 

performed strictly in accordance with the YUACC guidelines. All tissue extraction procedures 

were performed under ketamine/xylazine anesthesia, and all efforts were made to minimize 

suffering401. All experiments in this study were carried out in compliance with the ARRIVE 

guidelines406. 

Determination of corticosterone, TNFα, IL-6, and NEFAs in the serum – Blood from all 

animals was collected in the fed state between 09:00 and 10:00 by saphenous vein bleeding and 

the serum was used to determine plasma corticosterone, TNFα, IL-6, and NEFAs using 

commercially available kits listed in the reagents section. All procedures were performed 

according to instructions provided by the manufacturers of the kits. 

Whole-body fat oxidation – At the end of the 8-week-diet-intervention period, all animals were 

placed in the comprehensive laboratory animal monitoring system (CLAMS) as previously 

described 407. The CLAMS from Columbus Instruments (Columbus, OH, USA) perform 

automated in vivo determinations of oxygen consumption (VO2), carbon dioxide production 

(VCO2), and respiratory exchange ratio (RER). The animals were placed in the CLAMS at 

12:00 and the first hour of data collected in the CLAMS was discarded, since it is the time 
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required for the rats to fully acclimatize to the cage environment 407. The rats were monitored 

for a 24 h period encompassing the light (07:00 – 19:00 h) and dark (19:00 – 07:00 h) cycles. 

Muscle isolation and incubation – All animals were anesthetized with a single intraperitoneal 

injection of ketamine/xylazine (90 mg and 10 mg/100 g B.W., respectively). Subsequently, Sol, 

EDL, and Epit muscles were quickly extracted. These muscles were chosen because of their 

wide range of reported fiber-type distributions with distinct mitochondrial contents and 

oxidative capacities. The percentages of type I, type IIa, and type IIb in Sol, EDL, and Epit 

muscles are 84/16/0, 3/57/40 408, and 15/20/65 409, respectively. Three sets of muscle strips (18 – 

22 mg) were mounted onto thin stainless steel wire clips to maintain optimal resting length, and 

immediately placed in plastic scintillation vials containing 2 ml of pre-gassed [30 min with 

O2:CO2-95:5 % (vol/vol)] Krebs-Ringer bicarbonate (KRB) buffer containing 4 % fat-free BSA 

and 6 mM glucose. The vials were sealed with rubber stoppers and gasification was continued 

for the entire 1h pre-incubation period. One set of muscles was then transferred to vials 

containing 2 ml of the same KRB buffer plus D-[U-14C]glucose (0.2 µCi/ml) and incubated 

under continuous gasification for one additional hour either in the absence (basal) or presence of 

insulin (100 nM) for the determination of glycogen synthesis 410. For the assessment of glucose 

oxidation, a centered isolated well containing a loosely folded piece of filter paper moistened 

with 0.2 ml of 2-phenylethylamine/methanol (1:1, vol/vol) was inserted into the flasks where the 

muscles were incubated. After the 1h incubation period, the muscles were removed, and the 

media were acidified with 0.2 ml of H2SO4 (5N). The flasks were maintained sealed at 37 °C for 

an additional 1h for collection of the 14CO2 released. Subsequently, the filter papers were 

carefully removed and transferred to scintillation vials for radioactivity counting. 
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Measurement of glycogen synthesis in isolated muscles – Glycogen synthesis was assessed by 

measuring the incorporation of D-[U-14C]glucose into glycogen as previously described 410. 

Briefly, immediately after incubation, muscle strips were quickly washed in ice-cold PBS, 

blotted on filter paper, frozen (N2), and digested in 0.5 ml of KOH 1M at 70 oC for 1h. Of the 

digested muscle solution, aliquots were taken for the determination of glycogen synthesis. 

Glycogen was precipitated overnight (-20 oC) with 100 % ethanol, resuspended in 0.5 ml of 

water, and its radioactivity was determined using a scintillation counter. 

Measurement of palmitate oxidation in isolated muscles – Palmitate oxidation was measured 

by assessing the production of 14CO2 from [1-14C] palmitic acid. The flasks where muscle strips 

were incubated contained 2 ml of KRB buffer plus 0.2 mM of cold palmitic acid previously 

complexed with FA free BSA and [1-14C] palmitic acid (0.2 µCi/ml). The muscles were 

incubated under continuous gasification for 1h and the vials had a centered isolated well 

containing a loosely folded piece of filter paper moistened with 0.2 ml of 2-

phenylethylamine/methanol (1:1, vol/vol). After the 1h-incubation period, the muscles were 

quickly removed and the media were acidified with 0.2 ml of H2SO4 (5N), and the flasks were 

maintained sealed at 37 °C for an additional 1h for collection of the 14CO2 released. 

Subsequently, the filter papers were carefully removed and transferred to scintillation vials for 

radioactivity counting 411. 

Determination of DAG and ceramides contents in Sol, EDL, and Epit muscles – The ultra-

high-pressure liquid chromatography system (UHPLC-UV, Nexera X2, Shimadzu, Kyoto, 

Japan) was used to measure total amounts of DAG in lipid samples extracted from Sol, EDL, 

and Epit muscles using the Folch’s method 412. Briefly, 150 mg of muscle tissue were 
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homogenized in 200 µl of chloroform:methanol (MeOH) [2:1 vol/vol], dried overnight under 

nitrogen gas, and resuspended in 100 µl of 2-propanol-hexane (ProHex, 5:4 vol/vol) prior to 

chromatographic analysis. Quantification was performed using the UHPLC-UV detection 

machine. Sample volumes (50 ml) were injected automatically into a reverse phase column (C18 

5 µm 250 x 4.6 mm). The chromatography conditions were set to 40 °C for 20 min using a 

gradient of MeOH and ProHex:100% of MeOH from 0 to 10 min, followed by 50% of MeOH 

and 50% of ProHex for 10 min, maintained with isocratic elution for 10 min. Diolein (0.25 

µg/µl) were also dissolved in ProHex and quantified to obtain a standard curve 413. To analyse 

total ceramide content, a small volume of the lipid extract obtained after chloroform extraction 

was transferred into new pre-weighed eppendorfs as previously described 414. The organic phase 

was hydrolyzed in 1M KOH at 90 °C for 60 min. The sphingosine liberated from ceramides was 

analyzed by means of UHPLC by mixing it with 15µl OPA reagent and allowing it to derivatize 

for 20 min at room temperature. The calibration curve was prepared using N‐Acetyl-D-

sphingosine as a standard. The samples were reconstituted in 100 ml of chloroform-methanol-

acetic acid-water (50:37.5:3.5:2 vol/vol/vol/vol) and run through a porous silica column (ARC-

18 1.8 µm 100 x 2.1 mm). Elution was conducted with heptane-isopropyl ether-acetic acid 

(60:40:3 vol/vol/vol) at a gradient from 0 to 10 % in 30 min at a flow rate of 0.8 ml/min 

followed by isocratic elution with acetonitrile: deionized distilled water (90:10, vol/vol) and a 

flow rate of 1 ml/min 240. Subsequently, the column was equilibrated with chloroform-methanol-

acetic acid-water (50:37.5:3.5:2 vol/vol/vol/vol) for 10 min at the same flow rate. 

Tissue fractionation and Western blotting analysis of PKCd and PKCq content and cellular 

localization in Sol, EDL, and Epit muscles – PKCd and PKCq protein levels were determined 
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in the cytosolic and membrane fractions by immunoblotting with each respective PKC-specific 

antibody. Muscle homogenates (50 mg) were used to attain the cytoplasmic and membrane 

protein fractions using a fractionation kit. The separated fractions were then collected, and 

respective aliquots were used to measure the protein content by the Bradford method. Samples 

were then diluted 1:1 (vol/vol) with 2x Laemmli sample buffer, heated to 95 °C for 5 min, and 

subjected to SDS-PAGE. PKCd and PKCq-specific antibodies (1:2,000 dilution) were used 

determine the subcellular localization of these proteins.  

Quantitative PCR analysis – Total RNA was isolated from skeletal muscles using the RNeasy 

kit, followed by DNase treatment in order to remove genomic DNA carry-over. Primers were 

designed using the software PrimerQuest (IDT) based on probe sequences available at the 

Affymetrix database (NetAffix Analysis Center, http://www.affymetrix.com/analysis) for each 

given gene. Real-time PCR reactions were carried out at amplification conditions as follows: 

95°C (3 min); 40 cycles of 95°C (10 s), 65 °C (15 s), 72 °C (20 s); 95 °C (15 s), 60 °C (15 s), 95 

°C (15 s). Quantitative PCR was performed using the CFX96 Real-time system from Bio-Rad. 

All genes were normalized to the control gene TBP, and values are expressed as fold increases 

relative to control. Primers sequences utilized are shown in Table 4.1. 

Table 4.1: Primer sequences used for qPCR analysis 

Gene Forward Reverse 

Fas TGGCTGTGTTCTGGACTTAAA GTATCCCTGCTCATGATGTCTAC 

Cd40 AGATTATCCCGGTCACAACAC CTGAGATGCGACTCTCTTTACC 

Tlr4 ACCTAAGGAGAGGAGGCTAAG GGTAACTGCAGCACACTACA 

Nf-κb TCCAGCTGCTATTGGATTACAC GGGACTGCGATACCTTAATGAC 
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Gr GAAGGGAACTCCAGTCAGAAC AATGTCTGGAAGCAGTAGGTAAG 

11β-Hsd1 CTCCACTTCTGCTTGGGAAT CTCAGGAGTTCCTAGTTGCTTAC 

Tbp TACAGGTGGCAGCATGAAGTGACA AACCAACAATCACCAGCAGCAGTG 

 

Statistical Analyses – Data were expressed as Mean ± SE. Statistical analyses were performed 

by using Two-way ANOVA with Tukey-Kramer multiple comparison post-hoc test or t-tests as 

indicated in the figure legends. Parametric tests selected for statistical significance were based 

on normality tests performed on the data. The GraphPad Prism software version 9.1.12 was used 

for all statistical analyses and for the preparation of all graphs. The level of significance was set 

to p<0.05. 

4.4 Results 

Body weight and NEFAs – Both groups of animals progressively increased body weight during 

the study-period, although the rate of weight gain was significantly higher in HFS-fed than 

control rats. In fact, HFS-fed rats weighed 6.6 % and 8.2 % more than controls after 4 and 8 

weeks of diet intervention, respectively (Table 4.2). Time-course analysis of circulating NEFAs 

in the fed state revealed that this parameter did not differ between control and HFS rats (Table 

4.2).  

Table 4.2: Time-course alterations in body weight and circulating NEFAs in SC and HFS-fed 

rats. 

 Duration of the study (Weeks) 

0 2 4 8 

Body 

weight (g) 

SC 231.89 ± 2.98 290.63 ± 4.02 383.26 ± 5.87 501.80 ± 11.46 

HFS 233.95 ± 3.84 298.21 ± 4.51 408.37 ± 5.94* 543.08 ± 7.43# 
NEFAs 

(mM) 

SC 0.343 ± 0.037 0.309 ± 0.017 0.376 ± 0.028 0.414 ± 0.052 

HFS 0.372 ± 0.032 0.373 ± 0.025 0.418 ± 0.036 0.483 ± 0.041 

*P<0.05 vs. SC 4 weeks; #p<0.05 vs. SC on 8 weeks. n=10 



  74 

 

 

IL -6, TNFα, and corticosterone – At week 8 of the dietary intervention, HFS-fed rats also had 

circulating IL-6, TNF-a, and corticosterone elevated by 2.75-fold (Figure 4.1 A), 4-fold (Figure 

4.1 B), and 2.8-fold (Figure 4.1 C), respectively, when compared to control SC-fed rats. 
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Figure 4.1: Circulating IL-6 (A), TNF-alpha (B), and corticosterone (C) are increased after 8 

weeks of HFS feeding in comparison SC feeding. *p<0.05 vs. SC, t-test, n=5-6.  
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Glycogen synthesis and glucose oxidation in Sol, EDL, and Epit muscles – Glycogen synthesis 

was similar in Sol and Epit muscles of control and HF-fed rats under basal conditions. In 

contrast, EDL muscles from HFS rats showed lower rates of glycogen synthesis under basal 

conditions when compared to controls. As expected, insulin-stimulated rates of glycogen 

synthesis increased by 3.68-fold in Sol (Figure 4.2 A), 1.75-fold in EDL (Figure 4.2 B), and 

1.97-fold in Epit (Figure 4.2 C) muscles of control rats; however, this variable was significantly 

reduced in all three muscles of HFS rats. In the presence of insulin, glucose oxidation was also 

increased by 1.41-fold in Sol (Figure 4.2 D), 1.57-fold in EDL (Figure 4.2 E), and 1.57-fold in 

Epit (Figure 4.2 F) muscles of SC rats, whereas in all three muscles from HFS rats, insulin-

stimulated glucose oxidation was potently suppressed. These findings indicate that Sol, EDL, 

and Epit muscles similarly developed impaired insulin-stimulated glucose metabolism upon 

HFS feeding. 

 

RER and palmitate oxidation – RER averaged 0.955 ± 0.003 and 0.824 ± 0.009 for control and 

HFS rats, respectively (Figure 4.3 A), indicating that the latter significantly increased whole-

body fat oxidation. Also, as expected, rates of palmitate oxidation in SC-fed rats were much 

higher in soleus and EDL than Epit muscles (Figure 4.3 B). In HFS-fed rats, rates of palmitate 

oxidation followed a similar pattern and significantly increased in all muscles, reaching values 

1.66-, 1.83-, and 1.59-fold higher than Sol, EDL, and Epit muscles from SC-fed rats, 

respectively (Figure 4.3 B). Thus, our findings indicate that energy substrate partitioning was 

shifted towards fatty acid oxidation in HFS-fed rats. 
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Figure 4.2: HFS diet inhibits insulin-stimulated glycogen synthesis (A, C, and E) and glucose 

oxidation (B, D, and F) in Sol, EDL, Epit rat muscles. Distinct letters denote statistical 

significance (p<0.05), Two-way ANOVA, n=5-6. 
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Figure 4.3: HFS diet increases whole-body (A) and skeletal muscle (B) fat oxidation. Strips of 

Sol, EDL, and Epit muscles from SC and HFS-fed rats were assayed for 14CO2 production 

from 14C-palmitic acid at week 8 of the study. Twenty four-hour RER was measured at week 8 

of the study. Palmitate oxidation and RER are presented as average ± SEM. Distinct letters 

denote statistical significance (p<0.05), Two-way ANOVA, n=8-11. 
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DAG and ceramides contents in Sol, EDL, and Epit muscles – In SC-fed rats, DAG content 

was highest in EDL (1.63 ± 0.23 mg/mg of tissue) followed by Sol (1.06 ± 0.12 mg/mg of tissue) 

and Epit (0.24 ± 0.03 mg/mg of tissue) muscles (Figure 4.4 A). HFS feeding significantly 

increased DAG content by 1.74- and 1.93-fold in EDL and Sol, respectively, whereas in Epit 

muscles this variable did not significantly differ between SC and HFS animals (Figure 4.4 A). In 

SC-fed rats, ceramides content was also highest in EDL (0.26 ± 0.08 mg/mg of tissue), although 

no significant differences were found between Sol (0.14 ± 0.05 mg/mg of tissue) and Epit (0.10 

± 0.03 mg/mg of tissue) muscles (Figure 4.4 B). Upon HFS feeding, ceramides content in EDL 

and Sol muscles significantly increased by 3.66- and 4.46-fold, respectively. In Epit muscles 

from HFS-fed rats, ceramides content was 2.67-fold higher than in Epit muscles from SC-fed 

rats, however, it did not reach statistical significance (Figure 4.4 B). These findings indicate that 

muscles displaying higher rates of fatty acid oxidation not only were richer in DAG and 

ceramides, but also accumulated higher amounts of these intermediary lipids upon HFS feeding. 

 



  79 

 

 

SC

Sol EDL Epit
0

100

200

300

400

500

D
A

G

(m
g

/m
g

 o
f 

ti
s
s
u

e
) HFS

Ṧ

Ṧ

Ṧ

Ṧ

Sol EDL Epit
0

25

50

75

100

125

C
e
ra

m
id

e
s

(m
g

/m
g

 o
f 

ti
s
s
u

e
)

Ṧ

Ṧ

Ṧ

Ṧ

(A)

(B)

 

Figure 4.4: DAG (A) and ceramides (B) levels increase in Sol and EDL, but not in Epit rat 

muscles after 8 weeks of feeding a HFS diet. Distinct letters denote statistical significance 

(p<0.05), Two-way ANOVA, n=5-6. 
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Figure 4.5: Higher levels of PKCδ (A) and PKCθ (B) in EDL and Epit than in Sol muscles. 

Densitometric analyses show arbitrary units (AU) for PKCδ and PKCθ levels divided by β-

actin. *p<0.05 vs. Sol, #p<0.05 vs. Sol and EDL, One-way ANOVA, n= 4-5. 

PKCd and PKCq content and localization in Sol, EDL, and Epit muscles – PKCθ is 

recognized as the dominant isoform of DAG-sensing PKCs in skeletal muscles 415. However, 

PKCd displays the highest sequence similarity (67 %) to PKCθ 416 and it has been shown to 

translocate to the membrane 417 and regulate insulin sensitivity and skeletal muscle metabolism 

418. Thus, in this study we measured levels of these two PKC isoforms in Sol, EDL, and Epit 

muscles. We found that PKCd levels were similar between EDL and Epit, whereas in Sol its 

levels were approximately half of those of EDL and Epit muscles (Figure 4.6 A). These 

differences were even bigger for PKCq, with its levels in Sol muscles being only 4 % and 6 % 

of those of EDL and Epit muscles, respectively (Figure 4.6 B). Translocation of PKCd and 

PKCq from cytosol to plasma membrane, reflecting PKC activation, was determined by 
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measuring the membrane/cytoplasm ratios of both PKC isoforms. First, the densitometric values 

of the PKC membrane and cytoplasm blots were normalized by the densitometric values of 

Na,K-ATPase and GAPDH, respectively. The normalized values for the membrane fractions 

were then divided by their respective normalized cytoplasm fractions. In HFS-fed Sol and EDL 

muscles, the membrane/cytoplasm ratios for PKCd were significantly increased by 26.9- and 

2.77-fold, respectively (Figure 4.6 A and B), whereas for PKCq, only the HFS-fed Sol muscle 

had the membrane/cytoplasm ratio significantly elevated (1.68-fold) in comparison to SC-fed 

muscles (Figure 4.6 D and E). Conversely, Epit muscles from HFS-fed rats displayed 34 % and 

24 % lower membrane/cytoplasm ratios than SC muscles for PKCd and PKCq, respectively 

(Figure 4.6C and F). These findings indicate that HFS diet increased PKC activity in Sol and 

EDL muscles and reduced the activity of this kinase in Epit muscles.  

mRNA expression of inflammatory mediators, glucocorticoid receptor (GR), and 11b-

hydrohysteroid dehydrogenase type 1 (11β-HSD1) – Quantitative PCR analysis revealed that 

the mRNA levels of Cd40 and Fas, Tlr4, and Nf-κb were not altered in Sol and EDL muscles of 

HFS rats (Figure 4.7 A and B). Only the mRNA expression of the GR was significantly 

increased (~2.5-fold) in EDL muscles of HFS rats when compared to SC-fed controls (Figure 

4.7B). However, in Epit muscles form HFS rats, the mRNA expression of Cd40, Fas, Tlr, GR, 

and 11β-HSD1 significantly increased by 1.8-fold, 2.1-fold, 2.6-fold, 2.0-fold, 3.6-fold, and 3.7-

fold, respectively (Figure 4.7 C). Thus, a clear distinct fiber-type pattern of expression for 

inflammatory markers and GR was detected upon HFS feeding. 

 



  82 

 

 

 

Figure 4.6: Distinct effects HFS diet on PKC translocation towards the membrane in Sol, EDL, 

and Epit muscles. Representative blots and densitometric analyses of PKCδ normalized by Na, 

K-ATPase, and GAPDH (A, B, and C) and PKCθ normalized by Na,K-ATPase, and GAPDH 

(D, E, and F) levels in membrane (Mem) and cytoplasmic (Cyto) cellular fractions. 
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Densitometric analyses show PKC δ and θ ratios (mem/cyto) as an index of activation. *p<0.05, 

t-test, n= 4-5. 

 

Figure 4.7: The expression of receptors for inflammatory mediators and glucocorticoids is up-

regulated in a fiber type-specific manner by HFS diet. mRNA expression of Tnf receptors (Cd40 

and Fas), Tlr4, Nf-κb, GR, and 11β-HSD1 was measured in Sol, EDL, and Epit muscles. Data 
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presented relative to SC-fed rats (dashed lines). Average ± SEM. *p<0.05 vs. control, t-test, 

n=3-4. 

4.5 Discussion 

Here, we provide evidence of a muscle fiber type-specific adaptation with regards to the 

accumulation of DAG and ceramides, PKC activation, and the expression of receptors involved 

in inflammatory cytokines and glucocorticoid signalling in response to chronic exposure to a 

high fat and sucrose enriched diet. Insulin is well known for its ability to potently stimulate 

glucose uptake and glycogen synthesis in skeletal muscles, and conditions that limit glycogen 

synthesis in this tissue are associated with hyperglycemia and other metabolic disorders 

typically found in T2D patients392. Here, we show that Sol, EDL, and Epit muscles of HFS rats 

had blunted insulin-stimulated glycogen synthesis and glucose oxidation rates, indicating that 

regardless of their fibre type distribution and capacity to oxidize fat, all muscles developed 

insulin resistance. Our original hypothesis was that, under conditions of chronic HFS feeding, 

muscles such as Sol and EDL that are rich in type I and type IIA fibers would accumulate lower 

levels of DAG and ceramides in comparison to the Epit muscle rich in type IIB fibers. This 

would occur because more fatty acids would be oxidized in type I and IIB fibers leaving fewer 

to be diverted towards the formation of DAG and ceramides. This hypothesis was consistent 

with previous reports that PKCq, considered the dominant isoform of DAG-sensing PKCs in 

skeletal muscle419,420, was more abundant in white than red rat muscles, and that insulin 

resistance was accompanied by DAG-mediated increase in PKCq only in the membrane fraction 

of white muscles 36. Indeed, we found that the total contents of PKCd and PKCq were much 

lower in Sol than in EDL and Epit muscles. However, analysis of the cytosolic and membrane 
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fractions, revealed that the translocation of both PKCd and PKCq were markedly elevated in Sol 

muscles, whereas in EDL, only PKCd translocation was increased by HFS diet. Conversely, in 

Epit muscles, translocation of both PKC isoforms was reduced. These findings were consistent 

with the fact that HFS feeding increased DAG and ceramides in Sol and EDL, but not in Epit 

muscles. Thus, contrary to our original hypothesis, high rates of fatty acid oxidation did not 

prevent DAG and ceramides accumulation and the induction of PKC translocation toward the 

membrane. Furthermore, our findings suggested that distinct mechanisms dictate insulin 

resistance under diet-induced obesity in red, white, and mixed muscles. In this context, we 

tested whether the expression of inflammatory mediators could also follow a distinct pattern 

among these muscles. Indeed, we found that even though circulating TNFα and Il-6 were 

significantly increased in HFS rats, only Epit muscles displayed an enhanced expression of 

major molecules that mediate inflammatory responses such as Cd40, Fas, Tlr4, and Nf-κb in 

these animals. Tlr4 has been reported to selectively increase sphingolipid levels within the cell, 

suggesting that ceramides may be an important mediator of insulin resistance induced by Tlr4 

signalling. In fact, in order to induce insulin resistance in mice, the proinflammatory Tlr4 has 

been shown to require the biosynthesis of ceramides421. Interestingly, in this study we found 

ceramides to be significantly elevated in Sol and EDL, but not in Epit muscles upon HFS 

feeding. Thus, it appears that in Sol and EDL muscles the intracellular accumulation of DAG 

and ceramides contributed to the development of insulin resistance in these muscles, whereas in 

Epit muscles the signalling of inflammatory cytokines such as TNFα and Il-6 through Cd40 and 

Fas, Tlr4, and Nf-κb likely played a more relevant role in HFS diet-induced insulin resistance. 
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Besides directly affecting insulin signalling and glucose metabolism in peripheral tissues, TNFα 

and Il-6 have been shown to activate the hypothalamic-pituitary-adrenal axis (HPA) and 

stimulate adrenocorticotropic hormone (ACTH) and cortisol production422. Increased levels of 

glucocorticoids lead to dysfunctional alterations in glucose and lipid metabolism161,404,423. In 

fact, animal models with genetic predispositions to obesity and T2D such as the ob/ob mouse424 

and the Zucker fatty rat403, as well as the HFS diet-induced insulin resistance rat model425 show 

HPA hyperactivity. Additionally, treatment with dexamethasone has been reported to induce 

insulin resistance in oxidative and glycolytic rat skeletal muscles161,423, and severe 

hyperglycemia has also been recently described in HF-fed rats receiving exogenous 

corticosterone426. Conversely, adrenalectomy has been shown to reverse many of the metabolic 

abnormalities found in genetic models of obesity and insulin resistance404,427 and HFS diet-

induced insulin resistance in skeletal muscles was ameliorated in rats treated with an anti-

glucocorticoid drug405. These previous observations are in line with our findings that skeletal 

muscle insulin resistance was accompanied by increased circulating corticosterone levels and 

also with upregulation of GR mRNA expression in EDL and Epit muscles in HFS-fed rats. 

Furthermore, we found that the mRNA expression of 11β-HSD1, the enzyme that catalyses the 

intracellular conversion of circulating 11-dehydrocorticosterone into corticosterone in 

rodents158, was upregulated in Epit muscles from HFS rats. Even though the mRNA expression 

of receptors for inflammatory cytokines, Nf-κb, GR, and 11β-HSD1 were unaltered in Sol and 

EDL muscles of rats fed a HFS diet, we cannot discard the possibility that elevated circulating 

TNFα, Il-6, and corticosterone may have also contributed to some extent to the development of 

insulin resistance in these muscles.   
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Altogether, our findings provide evidence that the activation of PKCd and PKCq and pathways 

by which inflammatory cytokines and glucocorticoids signal in skeletal muscles are regulated by 

HFS feeding in a muscle fiber type-specific manner. These findings could also explain why 

insulin resistance similarly develops in oxidative and glycolytic muscles of rats fed an 

obesogenic diet, despite major differences in the ability of these muscles to oxidize fat. Thus, 

the accumulation of DAG and ceramides appear to be important factors leading to PKC 

activation and disruption of insulin signalling and glucose metabolism in oxidative muscles 

under diet induced obesity conditions. However, because in highly glycolytic muscles DAG and 

ceramides were not significantly elevated and membrane-bound PKC was not altered, the 

activation of inflammatory pathways and upregulation of glucocorticoid signalling were more 

likely associated with HFS diet-induced insulin resistance in these muscles.  
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5.1 Abstract 

This study investigated the role of diacylglycerol (DAG)-mediated protein kinase C (PKC) 

activation, ceramides accumulation, and inflammation in insulin-resistant female oxidative and 

glycolytic skeletal muscles induced by an obesogenic high-fat sucrose-enriched (HFS) diet. The 

HFS diet impaired insulin-stimulated AKTThr308 phosphorylation and glycogen synthesis, 

whereas rates of fatty acid oxidation and basal lactate production were significantly elevated in 

soleus (Sol), extensor digitorum longus (EDL), and epitrochlearis (Epit) muscles. Insulin 

resistance was accompanied by increases in triacylglycerol (TAG), and DAG contents in Sol 

and EDL, whereas in Epit muscles only TAG content and markers of inflammation were 

associated with HFS diet-induced insulin resistance. Analysis of membrane/cytoplasm-bound 

PKC fractions revealed that the HFS diet promoted activation/translocation of PKCδ and θ 

isoforms in Sol, EDL, and Epit muscles. However, none of these muscles displayed alterations 

in ceramides contents in response to HFS feeding. This could be explained by a significant 

increase in Dgat2 mRNA expression in Sol, EDL, and Epit muscles, which likely diverted most 

of the intramyocellular acyl-CoAs toward TAG synthesis instead of ceramides. Overall, this 

study helps elucidate the molecular mechanisms underlying insulin resistance caused by diet-

induced obesity in female skeletal muscles with distinct fiber type compositions. 
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5.2 Introduction 

Skeletal muscles account for ~30% and 40% of body mass in women and men, respectively391. 

Given the large mass and its capacity to take up relatively high amounts of glucose from the 

circulation, the skeletal muscle compartment plays a significant role in the maintenance of 

whole-body glucose homeostasis428. Interestingly, even though women have approximately two-

third the skeletal muscle mass and twice the adipose mass of their male counterparts, impaired 

fasting glucose has been reported to be higher in men (17%) than in women (13%)429. 

Furthermore, the rate of blood glucose clearance during an intravenous glucose tolerance test 

has been reported to be 15% higher in women than men430. Even in rodent models of glucose 

intolerance, insulin resistance, and diabetes, males show a stronger phenotype than 

females264,265. These observations indicate that in addition to major body composition 

differences between males and females, sex has a profound impact on glucose and fat 

metabolism, conferring women a favourable effect on insulin sensitivity. 

At the whole-body level, insulin sensitivity is regulated by the ability of several organs and 

tissues such as liver, adipose tissue, and skeletal muscles to metabolize glucose. In this context, 

as the capacity of the adipose tissue to store fat reaches its maximum (e.g. obesity), lipotoxicity 

resultant from ectopic lipid deposition causes insulin resistance in peripheral organs89,431, 

including liver and skeletal muscle. It could be that because men have lower fat mass than 

women, the susceptibility to dysfunctional metabolic alterations caused by lipotoxicity could be 

higher in the former than the latter. Indeed, it has been reported that women are less prone to 

fatty acid-induced peripheral insulin resistance than men264. This was based on the observation 

that acutely increased levels of circulating non-esterified fatty acids (NEFA) inhibited peripheral 

tissue insulin sensitivity in men, but not in women264. However, no distinction has been reported 
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regarding the contribution of specific peripheral organs (e.g., liver, and skeletal muscle) to 

NEFA-induced insulin resistance in men versus women. 

One of the proposed mechanisms by which excess intracellular fat accumulation causes insulin 

resistance involves the accumulation of lipid intermediates such as diacylglycerol (DAG) and 

ceramides in myocytes178. According to this model, elevated levels of the bioactive signaling 

lipids DAG or ceramides, formed during the process of triacylglycerol (TAG) synthesis and 

storage in skeletal muscles, activate protein kinase C (PKC, mainly the θ and δ isoforms in 

skeletal muscles). In its activated state, PKC has been demonstrated to inhibit the kinase activity 

of the insulin receptor226, which then impairs all subsequent steps of the intracellular insulin 

signaling cascade and glucose metabolism in skeletal muscles. Similarly, it has been proposed 

that ceramides promote the activation of atypical PKC isoforms (PKCζ/λ), which also impairs 

insulin-stimulated AKT phosphorylation and its downstream signaling steps432. Recent work 

from our lab433 confirmed that male Wistar rats fed for 8 weeks an obesogenic high-fat sucrose-

enriched (HFS) diet increased DAG and ceramides contents in Sol (highly oxidative muscle rich 

in Type 1 fibers)408 and EDL (mixed muscle, rich in Type I and IIa fibers)408, whereas in Epit 

muscles (highly glycolytic, rich in Type IIa and IIb fibers)409 neither DAG nor ceramides were 

significantly elevated by the HFS diet. Moreover, whereas membrane-bound PKCδ and PKCq 

was increased in Sol and EDL, both PKC isoforms were reduced in Epit muscle from obese 

rats433. Hence, data from our previous studies provide evidence that glycerolipid and ceramide 

accumulation, as well as DAG-induced PKC activation follow a fiber type-dependent pattern 

under conditions of diet-induced obesity. Also, that distinct mechanisms drive insulin resistance 

in oxidative and glycolytic muscles from male rats fed an obesogenic diet433. Whether this is 

also the case in female skeletal muscles remains to be determined. Furthermore, it has been 
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shown that despite having 47% more TAG content, lean moderately trained women displayed 

29% higher skeletal muscle insulin sensitivity than matched men434. It could be that a higher 

capacity to store intramuscular TAG prevented DAG and ceramides accumulation in female 

skeletal muscles and consequently led to a lower induction of PKC activation. This could be one 

of the potential mechanisms underlying higher peripheral insulin sensitivity in females than 

males. To address this hypothesis, in this study we provide a detailed analysis of glycerolipid 

and ceramides content, PKC activation, as well as rates of basal and insulin-stimulated AKT 

phosphorylation, glycogen synthesis and glucose oxidation in oxidative and glycolytic muscles 

from female rats fed an obesogenic diet for 8 weeks. 

5.3 Materials and Methods 

Reagents – Fatty acid (FA)-free bovine serum albumin (BSA), glycogen, and palmitic acid were 

obtained from Sigma (St. Louis, MO, USA). Human insulin (Humulin R) was purchased from 

Eli Lilly Inc. (Toronto, Ontario, Canada). D-[U-14C] glucose was ordered from American 

Radiolabelled Chemicals (St. Louis, MO, USA) and [1-14C] palmitic acid was ordered from 

PerkinElmer, Inc. (Waltham, Massachusetts, USA). N‐Acetyl-D-sphingosine was from Sigma. 

The reverse phase column (C18 5 µm 250 x 4.6 mm) was from Restek (Bellefonte, PA, USA). 

The subcellular protein fractionation Kit was from Thermo Fisher (Cambridge, MA, USA). The 

lactate colorimetric assay kit was obtained from BioVision (San Francisco, CA, USA). The 

AKT (cat # 9272), P-AKTThr308 (cat # 9275) PKCq (cat # 13643) and PKCδ (cat # 9616) 

antibodies were from Cell Signalling Technology Inc. (Beverly, MA, USA). 

Animals – Wistar strain Female albino rats ordered from Envigo (Indianapolis, IN, USA) 

weighing 150-200g (initial weight) were maintained in a constant-temperature (23oC), with a 
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fixed (12h/12h) light and dark cycles and fed for 8 weeks ad libitum. The diet was either a 

standard rat chow (SC) providing 27.0%, 13.0%, and 60.0% of calories from protein, fat, and 

carbohydrates, respectively (energy density = 3.43 kcal/g) or a high-fat sucrose-enriched (HFS) 

diet purchased from Research Diets (catalog # D12492) providing 20.0%, 60.0%, and 20.0% of 

calories from protein, fat, and carbohydrates, respectively (energy density = 5.24 kcal/g). 

Ethics approval – The protocol containing all animal procedures described in this study was 

specifically approved by the Committee on the Ethics of Animal Experiments of York 

University (York University Animal Care Committee, YUACC, permit number: 2021-03 and 

performed strictly in accordance with the YUACC guidelines. All tissue extraction procedures 

were performed under ketamine/xylazine anesthesia (90 mg and 10 mg/100g B.W.), and all 

efforts were made to minimize suffering. All experiments in this study were carried out in 

compliance with the ARRIVE guidelines. The investigators understand the ethical principles 

under which the journal operates and that their work complies with this animal ethics checklist. 

Glucose monitoring and glucose tolerance test (GTT) – Rats were bled from the saphenous 

vein to assess glycemia and insulinemia in the fed state after 8 weeks of dietary intervention. 

Plasma glucose was determined by using the OneTouch UltraMini blood glucose monitoring 

system from LifeScan Canada Ltd (BC, Canada). Insulin measurements were conducted using 

an ELISA kit purchased from Millipore-Sigma (Burlington, MA, USA). For the GTT, the 

animals were fasted overnight and had their basal glucose measured. Subsequently, each animal 

received an intraperitoneal (i.p.) injection of 1.75 g of glucose/kg of B.W. (30% glucose 

solution in saline). Blood was then collected after 15, 30, 60, 90, and 120 min for the 

determination of serum glucose and insulin concentrations435.  
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Muscle isolation and incubation for measurement of glucose oxidation, glycogen synthesis 

and lactate production – After anesthetizing with Ketamine/Xylazine (90 mg and 10 mg/100g 

B.W.) tissue samples were immediately extracted. Muscles chosen were based on their wide 

range of reported fiber-type distributions with distinct mitochondrial contents and oxidative 

capacities. The percentages of type I, type IIa, and type IIb in Sol, EDL, and Epit muscles are 

84/16/0, 3/57/40408, and 15/20/65409, respectively. Upon extraction, muscle strips (18 – 22 mg) 

were mounted onto thin stainless steel wire clips to maintain optimal resting length, and then 

quickly added to 2 ml of pre-gassed [30 min with O2:CO2 95:5% (vol/vol)] Krebs-Ringer 

bicarbonate (KRB) buffer containing 4% fat-free BSA and 6 mM glucose in scintillation vials. 

Subsequently, the vials were sealed and continuously gasified for the entire 1h-pre-incubation 

period. Muscle strips were then transferred to vials containing 2 ml of the same KRB buffer plus 

D-[U-14C]glucose (0.2 µCi/ml) and incubated for one additional hour under continuous 

gasification either in the absence (basal) or presence of insulin (100 nM) for the determination 

of glucose oxidation, glycogen synthesis and lactate production 410. To assess glucose oxidation, 

a small eppendorf containing a loosely folded piece of filter paper moistened with 0.2 ml of 2-

phenylethylamine/methanol (1:1, vol/vol) was inserted into the scintillation vial with the 

muscles. After the 1h-incubation period, the muscles were removed to measure glycogen 

synthesis and samples (100 ml) of the incubation media were collected for lactate production. 

The remaining media were acidified with 0.2 ml of H2SO4 (5N) at 37°C for an additional 1h to 

collect 14CO2 released. Subsequently, the filter papers were carefully removed and processed for 

radioactivity counting to assess glucose oxidation. Immediately after incubation, muscle strips 

were quickly washed in ice-cold PBS, blotted on filter paper, snap frozen with liquid nitrogen 

(N2), and digested in 0.5 ml of 1mol/l KOH at 70oC for 45 min. To the digested muscle, 
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glycogen carrier was added and allowed to precipitate overnight in 100% ethanol at -20oC. Next 

morning, samples were centrifuged (5000 rpm), the supernatant was discarded, and 0.5 ml of 

water was added to each precipitate to count radioactivity and determine rates of glycogen 

synthesis. For lactate production, the media aliquots were first deproteinated using 10 kDa 

filters (centrifuged at 13,000 rpm for 15 min at 4oC) and then assayed using a colorimetric assay 

kit following manufacturer’s instructions. 

Measurement of palmitate oxidation in isolated muscles – After extraction, muscle strips were 

mounted onto thin stainless steel wire clips and then quickly added to 2 ml of pre-gassed [30 

min with O2:CO2 95:5% (vol/vol)] KRB buffer containing 4% fat-free BSA and 6 mM glucose 

in scintillation vials. Subsequently, the pre-incubated muscle strips were gasified and incubated 

in 2 ml of KRB buffer plus 0.2 mM of cold palmitic acid previously complexed with fatty acid-

free BSA and [1-14C] palmitic acid (0.2 µCi/ml) for one more hour. A tube with a loosely folded 

filter paper was moistened with 0.2 ml of 2-phenylethylamine/methanol (1:1, vol/vol) was added 

inside the scintillation vial. After the 1h-incubation period, the muscles were removed and the 

media was sealed and acidified with 0.2 ml of H2SO4 (5N), at 37 °C for an additional 1h for 

collection of the 14CO2 released. Finally, the filter papers extracted and processed for 

radioactivity counting411. 

Determination of AKT phosphorylation, total PKCδ and PKCθ contents, as well as their 

cytoplasmic and membrane fractions in Sol, EDL, and Epit muscles – Samples of Sol, EDL, 

and Epit muscles were homogenized in a buffer containing 25 mmol/l Tris-HCl and 25 mmol/l 

NaCl (pH 7.4), 1 mmol/l MgCl2, 2.7 mmol/l KCl, 1% Triton-X, and protease and phosphatase 

inhibitors (0.5 mmol/l Na3VO4, 1 mmol/l NaF, 1 mmol/l leupeptin, 1 mmol/l pepstatin, and 20 

mmol/l PMSF). Subsequently, muscle homogenates were centrifuged, and the supernatants were 
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collected and used for the determination of total protein content. For fractionation of 

cytoplasmic and membrane fractions, a protein fractionation kit from Thermo Fisher was then 

used for each muscle. The Bradford assay was used to measure protein in samples of 

fractionated muscle tissue. An aliquot of each subcellular fraction was diluted 1:1 (vol/vol) with 

2 x Laemmli sample buffer, heated to 95°C for 5 min, and subjected to SDS-PAGE. Primary 

antibodies for PKCδ and PKCθ were used in a dilution of 1:2,000. β-actin were used as loading 

control for total PKCδ and PKCθ, while Na,K-ATPase was used as a loading control for the 

membrane fractions of PKCδ and PKCθ, and GAPDH was used as loading control for 

cytoplasmic fractions of  PKCδ and PKCθ.  

Determination of TAG, DAG and ceramides contents in Sol, EDL, and Epit muscles – DAG, 

TAG and ceramides content was quantified using the ultra-high-pressure liquid chromatography 

system (UHPLC-UV, Nexera X2, Shimadzu, Kyoto, Japan) as described earlier 433. Briefly, 

lipid samples were extracted from Sol, EDL, and Epit muscles using the Folch’s method 412. 

About 100 mg of muscle tissue were homogenized in 200 µl of chloroform:methanol (MeOH) 

[2:1 vol/vol], dried overnight under nitrogen gas (N2), and resuspended in 100 µl of elution 

media of 2-propanol-hexane (ProHex, 5:4 vol/vol). 50 ml of the sample was injected 

automatically into a reverse phase column (C18 5 µm 250 x 4.6 mm). The chromatography 

conditions were set to 40°C for 20 min using a gradient of MeOH and ProHex:100% of MeOH 

from 0 to 10 min, followed by 50% of MeOH and 50% of ProHex for 10 min, maintained with 

isocratic elution for 10 min. Diolein and Triolein  (0.25 µg/µl) were used obtain a standard 

curve413. Quantification was performed using the UHPLC-UV detection machine. In order to 

analyse total ceramide content, a small volume of the lipid extract obtained after Folch’s 

extraction was transferred into new pre-weighed eppendorfs as previously described414. The 
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organic phase was hydrolyzed in 1M KOH at 90°C for 60 min. The sphingosine liberated from 

ceramides was analyzed by means of UHPLC by mixing it with 15µl OPA reagent and allowing 

it to derivatize for 20 min at room temperature. Subsequently, the samples were reconstituted in 

100 ml of chloroform-methanol-acetic acid-water (50:37.5:3.5:2 vol/vol/vol/vol) and run through 

a porous silica column (ARC-18 1.8 µm 100 x 2.1 mm). Elution was conducted with heptane-

isopropyl ether-acetic acid (60:40:3 vol/vol/vol) at a gradient from 0 to 100 % in 30 min at a 

flow rate of 0.8 ml/min followed by isocratic elution with acetonitrile: deionized distilled water 

(90:10, vol/vol) and a flow rate of 1 ml/min240. The calibration curve was prepared using 

N‐Acetyl-D-sphingosine as a standard. The column was then equilibrated with chloroform-

methanol-acetic acid-water (50:37.5:3.5:2 vol/vol/vol/vol) for 10 min at the same flow rate. Due 

to limited amount of tissue obtained from Epit muscles, two muscles from animals from the 

same treatment group were combined to be able to run all assays in duplicates. Therefore, for 

some experiments the graph data shows n=4 for Epit. For Sol and EDL, this was not the case 

because these muscles are much larger and provide enough material to run all assays without 

combining material.     

Quantitative analysis of mRNA expression changes in skeletal muscle with HFS diet – 

Primers were designed using the software PrimerQuest (IDT) and the Affymetrix database 

(NetAffx™ Analysis Center, http://www.affymetrix.com/analysis) for each given gene. RNA 

was isolated from Sol, EDL and Epit using the RNeasy kit, followed by DNase treatment to 

remove genomic DNA carry-over. RT-PCR reactions were carried out at amplification 

conditions as follows: 95oC (10 min); 40 cycles of 95oC (15 s), 60oC (60 s). Quantitative PCR 

was performed using the CFX96 Real-time system from Bio-Rad (Mississauga, ON, Canada). 
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All genes were normalized to the control gene TBP, and values are expressed as fold changes 

relative to SC. Primers sequences used are shown in Table 5.1. 

Table 5.1:Primer sequences used for qPCR analysis. 

Genes Forward Reverse 

Cd40 5’     AGATTATCCCGGTCACAACAC 5’-C TGAGATGCGACTCTCTTTACC 

Dgat1 5'-    TAGAAGAGGACGAGGTGCGAGAC GGGCTTCATGGAGTTCTGGATAGT 

Dgat2 AGACCAAATTCGGCCTTCCAGAGA TTTGCAGTCATTCCTTCCAGGAGC 

Fas AAGGCATCACCATAGCTACAGCCT TATGCTTCTCACAGTGGCCACACA 

Il-6 TGGCAACCTTAGTGCTCATT TGTCTGCTCCAGCTTGTTAC 

Nf-κb TCCAGCTGCTATTGGATTACAC GGGATGCGATACCTTAATGAC 

Tbp TACAGGTGGCAGCATGAATGACA AACCAACAATCACCAGCAGCAGTG 

Tlr4 ACCTAAGGAGAGGAGGCTAAG GGTAACTGCAGCACACTACA 

 

Statistical Analyses – Statistical analyses were performed by using two-way ANOVA with 

Holm-Bonferroni comparison post-hoc test or t-tests as indicated in the figure legends. 

Normality was evaluated using the Kolmogorov-Smirnov normality test. Data are presented as 

means ° SD. The level of significance was set to P<0.05. 

5.4 Results 

Energy intake, body weight, adiposity, and muscle weight – Despite having similar total energy 

intake during the feeding period amongst the groups, at the end of the 8-week dietary 

intervention period, the HFS-fed group gained significantly more body weight (BW) than SC-

fed rats (Table 2). HFS-fed rats also had significantly higher weight of Sol, EDL, and Epit 
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muscles in comparison to control SC rats. In addition, HFS-fed rats displayed significantly 

elevated blood glucose and insulin levels in comparison to SC-fed rats (Table 5.2).  

Table 5.2: Body weight, fat mass, muscle mass, and glycemia in female Wistar rats after 8 

weeks of either feeding a SC or a HFS diet. 

Data presented as Mean ° SD. For all variables n=9-11. *p<0.05 vs. SC (t-test). PO = 

periovarian; Sc Ing = subcutaneous inguinal. 

 

Insulin -induced phosphorylation of AKTThr308 and rates of glycogen synthesis in Sol, EDL, 

and Epit muscles – As expected, AKTThr308 phosphorylation increased robustly in Sol, EDL, 

and Epit muscles of SC-fed rats upon insulin stimulation (Figure 5.1 A-C). However, in all 

muscles from HFS rats insulin-stimulated AKTThr308 phosphorylation was significantly impaired 

(Figure 5.1 A-C). Under basal conditions, glycogen synthesis rates were similar in all three 

muscles when comparing SC- and HFS-fed rats. Also, rates of insulin-stimulated glycogen 

synthesis increased by 1.5-fold in Sol (Figure 5.1 D), 1.57-fold in EDL (Figure 5.1 E), and 1.42-

fold in Epit (Figure 5.1 F) in SC-fed rats. In contrast, all muscles from HFS-fed rats displayed a 

 SC HFS 

Food intake (kcal/rat/week) 472.45 ± 29.59 514.14 ± 42.99 

Body Weight (g) 335.75 ± 3.95 382.51 ± 17.12 * 

Sc Ing fat (g) 5.37 ± 0.63 13.02 ± 0.99 * 

PO fat (g) 5.29 ± 0.60 15.09 ± 0.93 * 

Soleus (mg) 295.54 ± 4.89 336.67 ± 12.79 * 

EDL (mg) 301.36 ± 5.68 321.56 ± 12.23 * 

Epit (mg) 106.00 ± 3.59 122.23 ± 3.12* 

Plasma Glucose (mmol/L) 6.4 ± 0.16 7.38 ± r0.34 * 

Plasma Insulin (ng/ml) 1.20 ± 0.08 2.05 ± 0.25 * 
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stunted glycogen synthesis response when stimulated with insulin (Figure 5.1 F). These findings 

clearly show that insulin signalling is defective in skeletal muscles of rats fed a HFS diet, which 

is consistent with the reduction in insulin-stimulated glycogen synthesis in oxidative and 

glycolytic muscles of these animals. 
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Figure 5.1: HFS diet causes impairment of insulin-induced AKTThr308 phosphorylation and 

glycogen synthesis in oxidative and glycolytic muscles. AKT phosphorylation (A-C) and 

glycogen synthesis (D-F) in Sol, EDL, and Epit, respectively. *p<0.05 versus SC basal, Two-

way ANOVA, n=6-11 for AKT phosphorylation and n=8-10 for glycogen synthesis. Mean ° 

SD. 
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Insulin -stimulated lactate production and glucose oxidation in Sol, EDL, and Epit muscles – 

All three muscles from rats fed a HFS diet had a higher basal rate of lactate production than SC-

fed muscles (Figure 5.2 A-C). In fact, HFS diet significantly increased basal lactate production 

by 2.88-, 2.56-, and 3.8-fold in Sol, EDL, and Epit muscles, respectively, in comparison to the 

SC diet. However, the production of lactate in response to insulin by muscles from rats fed a 

HFS diet was stunted. Similarly, in the presence of insulin, glucose oxidation was significantly 

increased by 1.43-fold in Sol (Figure 5.2 D), 1.28-fold in EDL (Figure 5.2 E), and 1.58-fold in 

Epit (Figure 5.2 F) muscles of SC rats, whereas in HFS-fed rats insulin-stimulated glucose 

oxidation was potently suppressed in all three muscles (Figure 5.2 D-F). 
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Figure 5.2: The HFS diet increases basal and insulin-stimulated lactate production and reduces 

rates of glucose oxidation in oxidative and glycolytic muscles. Basal and insulin-stimulated 



  103 

 

 

lactate production (A-C) and glucose oxidation (D-F) in Sol, EDL, and Epit muscles, 

respectively. *p<0.05 versus SC basal for panels A-C and versus all other conditions for panels 

D-F, Two-way ANOVA, n = 4 for lactate assay and n=8-10 for glucose oxidation. Mean ° SD. 

Palmitate oxidation and TAG accumulation in Sol, EDL, and Epit muscles – Rates of 

palmitate oxidation in Sol, EDL, and Epit muscles (Figure 5.3 A-C) were significantly elevated 

with a HFS diet by ~1.4-fold in all three muscles. Similarly, TAG accumulation was increased 

by 1.78-, 1.71-, and 2.56-fold in Sol, EDL, and Epit muscles, respectively by the HFS diet 

(Figure 5.3 D-F). 
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Figure 5.3: The HFS diet increases palmitate oxidation and TAG accumulation in oxidative and 

glycolytic muscles. Palmitate oxidation (A-C) and TAG accumulation (D-F) in Sol, EDL, and 

Epit muscles, respectively. *p<0.05 vs. SC, t-test, n = 5-9 for palmitate oxidation and n = 5-11 

for TAG content. Mean ° SD. 

 

DAG and ceramides contents and mRNA expression of IMCL in Sol, EDL, and Epit muscles 

– In SC-fed rats, DAG content was highest in EDL (5.63 ± 1.08 µg/mg of tissue) followed by 

Sol (2.4 ± 0.2 µg/mg of tissue) and Epit (1.3 ± 0.016 µg/mg of tissue) muscles (Figure 5.4 A-C). 

HFS feeding significantly increased DAG content by 2.33-, 2.01-, and 1.76-fold in Sol, EDL 
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and Epit, respectively. In SC-fed rats, ceramides content was also highest in EDL (0.36 ± 0.18 

µg/mg of tissue), followed by Epit (0.12±0.046 µg/mg of tissue), and the least in Sol (0.058 ± 

0.0093 µg/mg of tissue) muscles (Figure 5.4 D-F). Upon HFS feeding, ceramides content in Sol, 

EDL, and Epit muscles remained unaltered. These findings indicate that despite fiber-type 

differences, DAG accumulation increased in all three muscles, whereas the ceramide content 

was not affected by the obesogenic HFS diet. Quantitative PCR analysis revealed that the 

mRNA levels of Dgat1 in Sol, EDL, and Epit muscles did not differ between SC- and HFS-fed 

rats (Figure 5.5 G-I). However, Dgat2 mRNA levels were 4.37-fold higher in Sol, 2.61-fold 

higher in EDL, and 4.41-fold higher in Epit muscles of HFS than SC-fed rats (Figure 5.5 G-I). 

PKCθ and PKCδ content and localization in Sol, EDL, and Epit muscles – PKCθ and PKCδ 

are the most abundant isoforms of these kinases in skeletal muscle 415,416. In this context, we 

found that total PKCδ levels remained unaltered in Sol, EDL, and Epit muscles, whereas total 

PKCθ levels were significantly reduced in Sol and EDL, but not in Epit muscle from rats fed a 

HFS diet (Figure 5.6 A-C). We then determined the activation of PKCθ and PKCδ by measuring 

its content in the membrane and cytoplasmic fractions in Sol, EDL, and Epit 417,418,436. With 

chronic HFS feeding Sol membrane/cytoplasm ratios for PKCδ and PKCθ were significantly 

increased by 1.26- and 1.51-fold (Figure 5.6 A and D). In EDL muscles, HFS diet increased by 

1.8-fold the PKCθ membrane/cytoplasm ratio, whereas PKCδ remained unchanged (Figure 5.6 

B and E). Densitometric values of cytoplasm and membrane fractions from Epit PKCθ and 

PKCδ were unaltered by the HFS diet (Figure 5.6 C and F). These findings indicate that HFS 

diet increased PKCθ membrane/cytoplasm ratio in Sol and EDL, but not in Epit muscles that did 

not display a significant increase in the activity of both PKC isoforms. 
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Figure 5.4: The HFS diet increases DAG content and the mRNA expression of diacylglycerol 

Acyltransferase 2 (Dgat2) but does not affect ceramide accumulation in oxidative and glycolytic 

muscles. DAG content (A-C), ceramides (D-F), and Dgat 1 and 2 mRNA expression (G-I) in 

Sol, EDL, and Epit muscles. Dashed line refers to standard chow (SC). For panels A-F, *p<0.05 

denotes statistical significance compared to SC values. For panels G-I, *p<0.05 denotes 
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statistical significance for Dgat1 and 2 mRNA expression relative to SC as a control. n = 5-11. 

Mean ° SD. 
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Figure 5.5: The HFS diet does not alter total PKCδ and PKCθ protein levels in oxidative and 

glycolytic muscles. PKCδ and PKCθ normalized by b-actin in Sol(A), EDL(B) and Epit(C). 

*p<0.05 vs. SC (t-test), n = 6-7. Mean ° SD. 
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Figure 5.6: The HFS diet distinctly affects membrane-bound PKC levels in oxidative and 

glycolytic muscles. Representative blots and densitometric analyses of PKCδ (A-C) and PKCθ 

(D-F) levels in membrane (Mem) and cytoplasmic (Cyto) cellular fractions in Sol, EDL, and 

Epit muscles, respectively. *p<0.05 vs. SC, t-test, n=6 for Sol and EDL, n=4 and 5 for Epit. 

Mean ° SD. 
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mRNA expression of inflammatory mediators – With HFS feeding, Tlr4, Cd40, Il-6 and Fas 

expression were elevated in Sol (1.5-fold, 1.4-fold, 1.5-fold, and 1.5-fold respectively) while a 

reduction of 5% in Nf-κb expression was seen (Figure 5.7 A). In EDL muscles of HFS rats, the 

mRNA expression of Tlr4, Il-6, and Nf-κb were significantly increased when compared to SC-

fed controls (Figure 5.7 B). In Epit muscles from HFS rats, the mRNA expression of Tlr4, 

Cd40, Il-6, Nf-κb and Fas significantly increased by 4.9-fold, 4.7-fold, 4.4-fold, 3.2-fold, and 

3.9-fold, respectively (Figure 5.7 C). Thus, a clear distinct fiber-type pattern of gene expression 

for glycerolipid synthesis enzymes and inflammatory markers was induced by HFS feeding. 
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Figure 5.7: The mRNA expression of inflammatory mediators and genes regulating glycerolipid 

synthesis are altered in a fiber type-specific manner following a high-fat diet. mRNA expression 

of toll-like receptor 4 (Tlr4), Cluster of differentiation 40 (Cd40), interleukin 6 receptor (Il-6), 

nuclear factor kappa light polypeptide gene enhancer in B-cells (Nf-κb), and Fas receptor (Fas) 

in soleus (A), EDL (B), and epitrochelaris (C) muscles of HFS-fed rats. Dashed lines denote 

control levels. *p<0.05 vs. control, n=8. Mean ° SD. 
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5.5 Discussion 

The main findings of this study were that HFS diet-induced obesity led to a significant elevation 

in intramuscular DAG and TAG contents without any alteration in ceramides levels in insulin-

resistant female oxidative and glycolytic muscles. Moreover, a pro-inflammatory response was 

observed in skeletal muscles of rats fed a HFS diet, although this occurred in a fiber type-

specific pattern. In fact, muscles rich in type IIa and type IIb fibers (EDL and Epit) 408,409 

displayed a marked increase in the mRNA expression of Tlr4, Il-6, Nf-κb, and Fas, whereas in 

Sol muscles (rich in type I fibers) these markers of inflammation did not differ from SC-fed rats. 

Despite these fiber type-specific alterations in the expression of inflammatory mediators, all 

muscles from female rats fed the obesogenic HFS diet significantly enhanced their rates of fatty 

acid oxidation and displayed marked impairments in insulin-stimulated AKTThr308 

phosphorylation, glycogen synthesis, and glucose oxidation. These effects, also previously 

reported in male rats433, were accompanied by elevated glycemia and insulinemia, which are 

consistent with whole-body insulin resistance in female rats fed a HFS diet. We have also 

observed that despite similar energy intake between SC- and HFS-fed rats, adiposity was 

significantly higher in the latter than the former group of animals. The apparent disproportional 

increase in adipose tissue growth in HFS-fed rats in comparison to SC-fed rats could be at least 

partially attributed to reduced energy expenditure in HFS-fed rats. This is supported by our 

previous observations that rats fed a HFS diet for 8 weeks displayed ~30% lower ambulatory 

activity407,437,438. Moreover, we have recently provided evidence that the HFS diet causes 

whitening of the brown adipose tissue in rats439, an effect that likely attenuated diet-induced 

thermogenesis and favored adipose tissue growth in these animals. This is also consistent with 

enhanced energy efficiency we have reported in rats fed a HFS diet 437. One of the mechanisms 
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associated with skeletal muscle insulin resistance in diet-induced obesity involves the activation 

of PKC by elevated DAG levels in myocytes392. Here, we investigated the activation of the two 

most prominent PKC isoforms (PKCδ and PKCθ) in skeletal muscles419,440. We observed that 

the total levels of PKCd in all muscles studied were not affected by feeding the HFS diet; 

however, total PKCq content was significantly reduced in Sol and EDL, whereas in Epit 

muscles it remained unaltered. Importantly, analysis of the cytosolic versus membrane fractions 

revealed that in Sol and EDL female muscles the translocation of PKCq was significantly 

elevated by the HFS diet. This latter finding was similar to what we had previously reported for 

male Sol and EDL muscles in which insulin resistance was accompanied by elevated PKCd and 

PKCq translocation upon HFS feeding433. However, in female Epit both PKC isoforms were 

reduced by HFS feeding. Thus, in both males433 and females the mechanism underlying HFS 

diet-induced insulin resistance in Epit muscles appears to be independent of DAG-induced PKC 

activation. This is consistent with observations that subcellular glycerolipid distribution in 

skeletal muscle does not explain sex differences that exist in obese humans with respect to 

insulin sensitivity441. Thus, even though females have been reported to accumulate higher 

amounts of TAG than males in skeletal muscles434, it did not protect against DAG-induced PKC 

activation and the development of insulin resistance in both oxidative and glycolytic female 

muscles under conditions of HFS diet-induced obesity. In this context, both male433 and female 

Epit muscle elicited a significant pro-inflammatory response under obesogenic conditions, 

which likely played a preponderant role in driving insulin resistance in this glycolytic muscle 

chronically exposed to the HFS diet. 

Because Tlr4 has been reported to selectively increase sphingolipid levels within the cell240,421 

and the HFS diet caused a marked increase in Tlr4 expression in female EDL and Epit muscles, 
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one would expect that this would be followed by an increase in ceramides in both muscles. 

Surprisingly, despite increased Tlr4 mRNA expression, we found that ceramides remained 

unaltered by the HFS diet in all female muscles studied. This differs from our previous 

observations that in male rats Sol and EDL muscles displayed an increase in ceramides content, 

whereas in Epit it remained unaltered by feeding a HFS diet433. In this scenario, our findings 

support that DAG-induced PKC activation was a key factor in promoting insulin resistance in 

EDL and Epit muscles of female rats fed a HFS diet. Furthermore, our qPCR analysis revealed 

that the mRNA levels of Dgat2 were also elevated in Sol, EDL, and Epit muscles, whereas 

Dgat1 remained unaltered in muscles of female rats fed the HFS diet in comparison to SC-fed 

animals. DGAT catalyzes the conversion of DAG into TAG and both Dgat1 and Dgat2 mRNA 

expressions can be regulated transcriptionally, although evidence exists that the activity of these 

enzymes can also be regulated post-translationally442, but the exact mechanisms remain poorly 

understood. Thus, our finding that Dgat2 mRNA expression was elevated in all three female 

muscles could signify that the majority of the intramyocellular acyl-CoAs were directed towards 

TAG formation rather than being used for ceramide synthesis in these muscles. 

Besides DAG-induced PKC activation, it is also possible that alterations in other parameters of 

lipid metabolism not measured in this study (e.g. accumulation of muscle acylcarnitines) 441 

could explain obesity-induced muscle insulin resistance in female muscles. In this context, here 

we show that muscles from HFS-fed female rats displayed enhancement (~40%) in rates of fatty 

acid oxidation, which is lower than what we had previously reported (60-80%) for male rats of 

the same strain (Wistars) and age after 8 weeks of HFS feeding433. Thus, lower capacity to 

enhance fatty acid oxidation compared to males under conditions of dietary lipid abundance 

likely led to a metabolic shift that contributed to DAG-induced PKC activation and insulin 
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resistance. This is compatible with our findings that insulin-stimulated glucose oxidation was 

impaired, whereas basal lactate production was markedly increased in all three muscles from 

female rats fed the HFS diet. These findings are consistent with previous observations that PKC-

induced impairment of insulin signaling also causes suppression of glycogen synthesis89,395, the 

pathway essentially responsible for the entire non-oxidative glucose metabolism in skeletal 

muscles431. Under such conditions, even though insulin resistance limited glucose uptake, the 

impairment of glycogen synthesis likely led to a diversion of intramyocyte glucose toward 

lactate synthesis in rats fed a HFS diet. Interestingly, lactate has been shown to suppress 

glycolysis in rats85,443, whereas lactate-induced IRS-1Ser636 phosphorylation, which has been 

associated with impairment of insulin signaling in human skeletal muscle444. Thus, increased 

lactate production itself could be contributing to aggravating insulin resistance in skeletal 

muscles of HFS-fed rats.  It is possible that substrate competition also contributed to enhance 

lactate formation, given that fatty acid oxidation was significantly increased in all muscles from 

female rats fed the HFS diet. This would be consistent with the tenets of the metabolic 

inflexibility hypothesis445 and the Randle cycle446. However, more recent studies in muscles of 

insulin resistant HF-fed male rats and obese insulin resistant humans447 provided evidence that 

the physiopathology of muscle insulin resistance is dissociated from alterations in mitochondrial 

substrate preference. This was supported by findings that the ratio of mitochondrial pyruvate 

oxidation (VPDH) to rates of mitochondrial citrate synthase (VCS) flux did not differ between 

insulin-sensitive and insulin-resistant Sol and quadriceps rat muscles447. Importantly, these 

VPDH/VCS data were from male Sprague-Dawley rats fed a HF diet for 3 weeks, whereas in our 

study we used female Wistar rats fed a HFS diet for 8 weeks. Thus, potential metabolic 

differences regarding rat strain, length of feeding, and sex should be considered and further 
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explored with respect to the role of diet-induced obesity and insulin resistance in mitochondrial 

function in future studies. 

In summary, by looking at muscles with different fiber type compositions we were able to assess 

distinct metabolic pathways to integrate insulin signaling responses with the accumulation of 

lipid intermediates (e.g. DAG and ceramides), isoform-specific PKC activation, lactate 

production, and inflammatory markers. Thus, through a more integrative approach, our female 

rat studies allowed us to identify important meaningful pathways that lead to impairment in 

skeletal muscle metabolism and insulin sensitivity. In fact, our data from female rats provide 

evidence that DAG-induced PKC activation along with inflammation are the main drivers of 

insulin resistance in oxidative and glycolytic skeletal muscles under conditions of HFS diet-

induced obesity. This was supported by impairments in insulin-stimulated AKT phosphorylation 

and glycogen synthesis, whereas rates of fatty acid oxidation and basal lactate production were 

significantly elevated. We also found that, despite developing insulin resistance and increasing 

Tlr4 expression in response to HFS feeding, none of the muscles studied displayed alterations in 

ceramides contents. This could be explained by a significant increase in Dgat2 mRNA 

expression in all three female muscles studied. In this context, upregulation of Dgat2 likely 

diverted the majority of the intramyocellular acyl-CoAs to TAG synthesis instead of ceramides. 

These findings differ from what we had previously reported for male rats in which insulin 

resistance was accompanied by increases in both DAG and ceramides in Sol and EDL muscles. 

However, for Epit muscles,  DAG accumulation and inflammation were associated with insulin 

resistance, since in both males433 and females ceramides remained unaltered in Epit from HFS-

fed rats. Thus, regardless of sex, we identified that multiple fiber type-specific mechanisms 

determine insulin resistance in skeletal muscles. Overall, this study helps elucidate the sexual 
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dimorphism in molecular mechanisms controlling insulin resistance in the skeletal muscles 

under conditions of diet-induced obesity. 
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6.1 Abstract 

Obesity-associated insulin resistance plays a major role in the pathogenesis of nonalcoholic fatty 

liver disease (NAFLD). The accumulation of diacylglycerol (DAG), ceramides and 

inflammation are key factors that cause NAFLD. In recent years, the ketogenic diet (KD) has 

emerged as an effective non-pharmacological intervention for the treatment of NAFLD and 

other obesity-related metabolic disorders. What remains undetermined is how the KD affects 

DAG and ceramides content and insulin sensitivity in the liver. Thus, this research was designed 

to assess these variables, as well as glucose and fat metabolism and markers of inflammation in 

livers of rats exposed for 8 weeks to one of the following diets: standard chow (SC), obesogenic 

high-fat, sucrose-enriched diet (HFS), or a KD. Despite having a higher fat content than the HFS 

diet, the KD did not cause steatosis and preserved hepatic insulin signaling. The KD reduced 

DAG content and protein kinase C epsilon (PKCε) activity, but markedly increased liver 

ceramides content. However, whereas the KD increased ceramide synthase 2 (CerS2) 

expression, it suppressed CerS6 expression, an effect that promoted the production of beneficial 

very long-chain ceramides instead of harmful long-chain ceramides. The KD also enhanced the 

liver expression of key genes involved in mitochondrial biogenesis and fatty acid oxidation 

(Pgc-1a and Fgf21), suppressed inflammatory genes (Tnfa, Nf-kb, Tlr4, and Il-6), and shifted 

substrate away from de-novo lipogenesis. Thus, through multiple mechanisms the KD exerted 

anti-steatogenic and insulin-sensitizing effects in the liver, which supports the use of this dietary 

intervention to treat NAFLD. 
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6.2 Introduction 

Nonalcoholic fatty liver disease (NAFLD) is characterized by hepatic fat accumulation in the 

absence of significant alcohol intake. Obesity-associated insulin resistance plays a major role in 

the pathogenesis of NAFLD and worsens with disease progression. In fact, it is estimated that 

70% of patients with type 2 diabetes (T2D) and 90% of obese individuals display NAFLD448–450. 

Under conditions of obesity and insulin resistance, accelerated adipose tissue lipolysis, 

especially in visceral fat451, delivers an abundant supply of non-esterified fatty acids (NEFAs) to 

the liver. This effect is compounded by the release of NEFAs by subcutaneous fat as its capacity 

to store fat is exceeded390. In total, it has been estimated that ~60% of liver Triacylglycerol 

(TAG) originates from circulating NEFAs, ~26% from fatty acids produced via the activation of 

de novo lipogenesis (DNL), and ~15% arise from dietary fat sources in obese NAFLD patients 

452. Through DNL, the liver is capable of synthesizing fatty acids from acetyl-CoA arising from 

the oxidation of multiple substrates (e.g. glucose and NEFAs) in the Krebs cycle450. 

Additionally, the regular consumption of a carbohydrate-rich diet has been associated with the 

development of NAFLD453. Of particular relevance is fructose, a monosaccharide that is cleared 

by the liver from the portal vein and almost entirely diverted to the pathway of DNL, as it 

cannot be processed in the glycolytic pathway300. Two key transcription factors, sterol 

regulatory element-binding protein 1c (SREBP1c, activated by insulin and liver X receptor a) 

and carbohydrate regulatory element-binding protein (ChREBP, activated by carbohydrates)450, 

essentially regulate DNL. When activated, SREBP1c and ChREBP promote the expression of 

lipogenic genes including fatty acid synthase (FAS), acetyl-CoA carboxylase (ACC), and lipin 

1454. This helps to explain why a diet rich in carbohydrates can lead to TAG overproduction and 

the development of NAFLD.  



  120 

 

 

Importantly, the TAG synthesis pathway generates diacylglycerol (DAG) as an intermediate 

lipid390,455. DAG has been shown to activate protein kinase C (PKC), particularly the epsilon 

(PKCe) isoform that predominates in the liver390,456. In its activated state, PKC inhibits tyrosine 

kinase activity of the insulin receptor226, which then impairs all subsequent steps of the 

intracellular insulin signaling cascade causing insulin resistance. This is supported by 

observations that reduced PKCe expression protected rats from lipid-induced hepatic insulin 

resistance, despite not altering liver DAG and TAG contents457. In line with this, mice lacking 

Prkce did not develop insulin resistance after feeding on a high-fat diet, even though the content 

of fat in the liver of these animals increased458. Another class of lipids, namely ceramides, have 

also been associated with the development of hepatic steatosis and insulin resistance in 

obesity459,460. The mechanisms by which ceramides cause this effect are not well established. 

However, it appears to involve the activation of PKCζ and protein phosphatase 2A (PP2A) that 

lead to impairment of AKT translocation to the plasma membrane and 

dephosphorylation/inactivation of AKT, respectively459. Additionally, ceramides have been 

implicated in the inhibition of b-oxidation and activation of the nucleotide-binding domain, 

leucine-rich-containing family, pyrin domain containing 3 (NLRP3) inflammasome461, which 

are also associated with insulin resistance and hepatic steatosis. 

In recent years, the high-fat, carbohydrate-restricted ketogenic diet (KD) has emerged as an 

effective non-pharmacological intervention for the treatment of NAFLD and other metabolic 

disorders in obese subjects462. The KD lowers insulinemia and causes a metabolic shift in which 

fatty acid oxidation and ketone production are significantly increased462. These effects are 

compatible with an anti-steatotic effect of KD as they promote the disposal of fatty acids 
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entering the liver, limiting the availability of substrate for TAG synthesis. In fact, the induction 

of ketogenesis has been shown to prevent diet-induced fatty liver injury and hyperglycemia463. 

Additionally, because inflammation plays a key role in the physiopathology of obesity-induced 

insulin resistance and T2D, the anti-inflammatory effect of the KD464 has also been directly 

linked to reduced hepatic steatosis and improved whole-body glycemic control462. However, 

what remains undetermined is how the KD-induced metabolic shift affects the liver content of 

DAG and ceramides, as well as PKCe activity and hepatic insulin sensitivity. Importantly, the 

ability of the liver to synthesize glycogen in response to insulin in the fed state is crucial to 

curtail hepatic glucose output and to maintain proper whole-body glycemic control465. In this 

context, we hypothesize that, despite providing an abundant source of dietary fat, the KD lowers 

DAG and ceramides levels and prevents the impairment of insulin signaling caused by these 

lipids in hepatocytes. To test this hypothesis, we measured TAG content, fatty acid oxidation, 

insulin signalling, insulin-stimulated glycogen synthesis, DAG and ceramides content, total and 

membrane-associated PKCe levels, as well as the expression of SREBP1c and ChREBP and 

inflammatory genes in livers of rats exposed for 8 weeks to either an obesogenic (high-fat, 

sucrose-enriched diet) or a KD. Here, we provide evidence that the anti-steatotic and insulin 

sensitizing effects of the KD are associated with reduced DAG content, PKCe activity, and the 

expression of lipogenic and inflammatory genes, despite markedly increased hepatic 

accumulation of ceramides. 

6.3 Materials and Methods 

Reagents – Fatty acid (FA)-free bovine serum albumin (BSA), glycogen, palmitic acid, beta-

hydroxybutyrate (βHB) assay kit (cat # MAK041), and N‐Acetyl-D-sphingosine were obtained 



  122 

 

 

from Sigma (St. Louis, MO, USA). Diolein was from Nu-check (Elysian, MN, USA). Human 

insulin (Humulin R) was purchased from Eli Lilly Inc. (Toronto, ON, Canada). The insulin 

ELISA kit and Luminata Forte were from Millipore (Billerica, MA, USA). The RNeasy Kit was 

from Qiagen Inc. (Toronto, ON, Canada) and the DNase from Thermo Fisher Scientific 

(Waltham, Massachusetts, USA). D-[U-14C] glucose and [1-14C] palmitic acid were from GE 

Healthcare Radiochemicals (Quebec City, QC, Canada). The reverse phase column (C18 5µm 

250 x 4.6mm) was from Restek (Bellefonte, PA, USA). The subcellular protein fractionation Kit 

was from Thermo Fisher (Cambridge, MA, USA). The PKCε antibody (cat # 2683), AKT (cat # 

9272), P-AKT (cat # 9271), GSK3α/β (cat # 5676), P-GSK3α/β (cat # 9331) and β-actin (cat# 

4967) were purchased from Cell Signalling Technology Inc. (Beverly, MA, USA). 

Animals – Male albino rats from the Wistar strain (Envigo, Indianapolis, IN, USA) weighing 

200 – 250 g (initial weight) were maintained in a 23oC room with a fixed 12h light/12h dark 

cycle. The animals were fed for 8 weeks ad libitum one of the following diets: standard chow 

(SC, 27.0%, 13.0%, and 60.0% of calories provided by protein (casein), fat, and carbohydrates, 

respectively, energy density = 3.43 kcal/g), a high-fat, sucrose-enriched diet (HFS, 20.0%, 

60.0%, and 20.0% of calories provided by protein [casein], fat [lard/soybean oil], and 

carbohydrates [sucrose], respectively, energy density = 5.24 kcal/g) or a ketogenic diet (KD, 

20.0%, 80.0%, and 0.0% of calories provided by protein (casein), fat (lard/soybean oil), and 

carbohydrates, respectively, energy density = 6.14 kcal/g). The standard rat chow diet (cat # 

5012) was purchased from TestDiet (Richmond, IN, USA). The HFS and KD (cat # D12492 and 

D03022101, respectively) were purchased from Research Diets Inc. (New Brunswick, NJ, 

USA).  
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Ethics approval – The investigators understand the ethical principles under which the journal 

operates and that their work complies with this animal ethics checklist. The protocol containing 

all animal procedures described in this study was specifically approved by the Committee on the 

Ethics of Animal Experiments of York University (York University Animal Care Committee, 

YUACC, permit number: 2021-03 and performed strictly in accordance with the YUACC 

guidelines. All tissue extraction procedures were performed under ketamine/xylazine anesthesia 

(90 mg and 10 mg/100 g B.W., respectively), and all efforts were made to minimize suffering. 

Upon completion of tissue extraction, all animals were decapitated. All experiments in this 

study were carried out in compliance with the ARRIVE guidelines. The investigators understand 

the ethical principles under which the journal operates and that their work complies with this 

animal ethics checklist. 

Liver morphology – Morphological analysis of liver samples was performed using light 

microscopy as described previously 466. Briefly, ~50 mg of liver tissue was collected from each 

animal and fixed in 4% paraformaldehyde, 0.1 M phosphate-buffered saline (PBS), pH 7.4, for 

24h at 4oC. Following fixation, liver samples were washed three times in PBS and stored at 4°C 

in 70% ethanol. Samples were then embedded in paraffin blocks, sectioned (thickness 3 mm), 

and stained with hematoxylin and eosin. Digital images of tissue sections were captured with a 

Nikon Eclipse microscope (Nikon Canada, Mississauga, ON, Canada) under 40x magnification. 

Glucose monitoring, determination of βHB, glucose, and insulin in the plasma – Blood from 

all animals was collected in the fed state between 09:00 and 10:00 by saphenous vein bleeding. 

Plasma glucose was measured using the Contour Next one meter blood glucose monitoring 

system by Ascensia Diabetes Care US (Parsippany, NJ, USA). Insulin and βHB were measured 
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using commercially available kits listed in the reagents section. All procedures were performed 

according to instructions provided by the manufacturers of the kits.  

Incubation of liver slices and determination of glycogen synthesis and glycogen content – All 

animals were anesthetized with a single intraperitoneal injection of ketamine/xylazine (90 mg 

and 10 mg/100 g B.W., respectively). Subsequently, the liver was quickly extracted. Three sets 

of liver strips (18 – 22 mg) were immediately placed in plastic scintillation vials containing 2 ml 

of pre-gassed [30 min with O2:CO2-95:5 % (vol/vol)] Krebs-Ringer bicarbonate (KRB) buffer 

containing 4% fat-free BSA and 6 mM glucose. The vials were sealed with rubber stoppers and 

gasification was continued during the entire 1h pre-incubation period. For the determination of 

glycogen synthesis, one set of liver strips was transferred to vials containing 2 ml of the same 

KRB buffer plus D-[U-14C]glucose (0.2 µCi/ml) and incubated under continuous gasification for 

one additional hour either in the absence (basal) or presence of insulin (100 nM). Immediately 

after incubation, liver strips were quickly washed in ice-cold PBS, blotted on filter paper, frozen 

(N2), and digested in 0.5 ml of KOH 1M at 70oC for 1h. Subsequently, glycogen was 

precipitated overnight (-20oC) with 100% ethanol, resuspended in 0.5 ml of water, and its 

radioactivity was determined using a scintillation counter. For the determination of glycogen 

content, an aliquot (100 ml) of the digested liver sample was used. To the digested tissue, 10% 

(v/v) of acetic acid 17M and 500 µl of acetate buffer (pH 4.8) with amyloglucosidase (0.5 

mg/ml) were added, and the solution was incubated overnight. On the following day, the 

solution was neutralized with 1/16 (v/v) of NaOH (5N), mixed with 1 ml of ATP-TRA buffer, 

and vortexed. Lastly, 1 ml of the solution was placed in a cuvette and absorbance (λ= 340 nm) 

was determined spectrophotometrically467. 
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Measurement of palmitate oxidation – Palmitate oxidation was measured by assessing the 

production of 14CO2 from [1-14C]palmitic acid. The flasks where liver slices were incubated 

contained 2 ml of KRB buffer plus 0.2 mM of cold palmitic acid previously complexed with 

fatty acid-free BSA and [1-14C]palmitic acid (0.2 µCi/ml). The slices were incubated under 

continuous gasification for 1h and the vials had a centered isolated well containing a loosely 

folded piece of filter paper moistened with 0.2 ml of 2-phenylethylamine/methanol (1:1, 

vol/vol). After the 1h incubation-period, liver slices were quickly removed and the media were 

acidified with 0.2 ml of H2SO4 (5N), and the flasks were maintained sealed at 37°C for an 

additional 1h for collection of the 14CO2 released. Subsequently, the filter papers were carefully 

removed and transferred to scintillation vials for radioactivity counting433. 

Determination of DAG, TAG, and ceramides contents – The ultra-high-pressure liquid 

chromatography system (UHPLC-UV, Nexera X2, Shimadzu, Kyoto, Japan) was used to 

measure total amounts of DAG, TAG, and ceramides433 in lipid samples extracted using the 

Folch’s method468. Briefly, 50 mg of liver tissue was homogenized in 200 µl of 

chloroform:methanol (MeOH) [2:1 vol/vol], dried overnight under nitrogen gas, and 

resuspended in 100 µl of 2-propanol-hexane (ProHex, 5:4 vol/vol) prior to chromatographic 

analysis. Quantification was performed using the UHPLC-UV detection machine. Sample 

volumes (50µl) were injected automatically into a reverse phase column (C18 5 µm 250 x 4.6 

mm). The chromatography conditions were set to 40°C for 20 min using a gradient of MeOH 

and ProHex:100% of MeOH from 0 to 10 min, followed by 50% of MeOH and 50% of ProHex 

for 10 min, maintained with isocratic elution for 10 min. Diolein (0.25 µg/µl) and Triolein (0.25 

mg/ml) were also dissolved in ProHex and quantified to obtain a standard curve413. To analyse 

total ceramide content, a small volume of the lipid extract obtained after chloroform extraction 
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was transferred into new pre-weighed eppendorfs as previously described414. The organic phase 

was hydrolyzed in 1M KOH at 90°C for 60 min. The sphingosine liberated from ceramides was 

analyzed by means of UHPLC by mixing it with 15 µl OPA reagent and allowing it to derivatize 

for 20 min at room temperature. The calibration curve was prepared using N‐Acetyl-D-

sphingosine as a standard. The samples were reconstituted in 100 µl of chloroform-methanol-

acetic acid-water (50:37.5:3.5:2 vol/vol/vol/vol) and run through a porous silica column (ARC-

18 1.8µm 100 x 2.1mm). Elution was conducted with heptane-isopropyl ether-acetic acid 

(60:40:3 vol/vol/vol) at a gradient from 0 to 10% in 30 min at a flow rate of 0.8 ml/min followed 

by isocratic elution with acetonitrile: deionized distilled water (90:10, vol/vol) and a flow rate of 

1 ml/min240. Subsequently, the column was equilibrated with chloroform-methanol-acetic acid-

water (50:37.5:3.5:2 vol/vol/vol/vol) for 10 min at the same flow rate. 

Western blot Analysis – Liver samples were immediately washed in ice-cold PBS, snap frozen 

in liquid N2, and stored in -80°C. Approximately 20 mg of the frozen samples were 

homogenized in 350 ml of lysis buffer containing 135 mM NaCl, 1 mM MgCl2, 2.7 mM KCl, 20 

mM Tris, 1% Triton X-100, 10% Glycerol, protease inhibitor (1:100) (cOmplete ULTRA 

Tablets), and phosphatase inhibitor (1:100) (PhosStop). Sample homogenates were then 

centrifuged (16,000 g for 10 min at 4°C) and the supernatant was collected and transferred to a 

separate microtube. An aliquot was taken for determination of protein concentration, which was 

measured using the Bradford method. Finally, the samples were diluted 1:1 in 2x Laemmli 

buffer, heated at 95°C for 5 min, and subjected to SDS-PAGE. Samples were probed with 

antibodies for total AKT, P-AKT (Ser473), total GSK3aβ, P-GSK3aβ (Ser21), and b-Actin 

(loading control). The developed blots were scanned and quantified using ImageJ software by 
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National Institutes of Health and the Laboratory for Optical and Computational Instrumentation 

(LOCI, University of Wisconsin).  

 

Tissue fractionation and Western blotting analysis of PKCε content and its cellular 

localization – PKCε protein levels were determined in the cytosolic and membrane fractions by 

immunoblotting 433. Liver homogenates (50 mg) were used to obtain the cytoplasmic and 

membrane protein fractions using a subcellular protein fractionation kit from Thermo Fisher 

Scientific (Waltham, MA, USA). The separated fractions were then collected, and respective 

aliquots were used to measure the protein content by the Bradford method. Samples were then 

diluted 1:1 (vol/vol) with 2x Laemmli sample buffer, heated to 95°C for 5 min, and subjected to 

SDS-PAGE. A PKCε-specific antibody (1:2,000 dilution) was used to determine its subcellular 

localization.  

Quantitative PCR analysis – Total RNA was isolated from liver samples using the using 

TrizolTM (Thermo Fisher Scientific, Waltham, MA, USA). Primer sequences for the following 

genes: cluster of differentiation 40 (Cd40), ceramide synthases 1, 2, 4, 5, and 6 (CerS 1, 2, 4, 5, 

and 6), carbohydrate response element-binding protein (Chrebp), diacylglycerol acyltransferase 

2 (Dgat2), death receptor FAS (Fas), fatty acid synthase (Fasn), fibroblast growth factor 21 

(Fgf21), interleukin 6 (Il-6), nuclear factor kappa-beta (Nf-kb), 

phosphoenolpyruvate carboxykinase (Pepck), peroxisome proliferator-activated receptor-gamma 

co-activator-1a (PGC-1a), sterol regulatory element-binding protein-1c (Srebp-1c), TATA-box-

binding protein (Tbp), toll-like receptor 4 (Tlr4), and tumor necrosis factor a (Tnf-a) were 

designed using the software PrimerQuest (IDT) based on probe sequences available at the 

Affymetrix database (NetAffx™ Analysis Center, http://www.affymetrix.com/analysis) for each 
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given gene. Real-time PCR reactions were carried out as previously described469 and the 

amplification conditions were as follows: 95°C (10 min); 40 cycles of 95°C (15 s), 60°C (60 s) 

using the CFX96 Real-time system from Bio-Rad. All genes were normalized to the Tbp gene 

with relative differences in expression between treatment groups determined using the ΔΔCt 

method470 expressed as relative to the SC control group. Table 1 shows Primer sequences used. 

Statistical Analyses – Data were expressed as Mean ± SD. Statistical analyses were performed 

by using One-way ANOVA with Bonferroni multiple comparison post-hoc test as indicated in 

the figure legends. Parametric tests selected for statistical significance were based on normality 

tests (the D'Agostino & Pearson test and the Kolmogorov-Smirnov test) performed on the data. 

The GraphPad Prism software version 9.4.1 was used for all statistical analyses and for the 

preparation of all graphs. The level of significance was set to p<0.05. 

Table 6.1: Primer sequences for qPCR analysis. 

Genes Forward Reverse 

Cd40 AGATTATCCCGGTCACAACAC TCTGAGATGCGACTCTCTTTACC 

CerS1 CTCCGTGCTCTTCTTCGATAAT ACAAACGGTCCCTGCTTT 

CerS2 CCTAGATCTCACTGCCTCCTAT CAGAACTAGTTGCCCTTCTACTC 

CerS4 GCCTCCAGCATTGTGGATATT GAAGGGAAACAGATCACCAGTC 

CerS5 GCCATCGGAATCAGGAC GCCAGCATGTCGGATGT 

CerS6 GTTCGGAGCATTCAACGCTG CTGAGTCGTGAAGACAGAGG 

Chrebp CGACACTCACCCGCCTCTTC  TTGTTCAGCCGAATCTTGTC 

Dgat2 AGACCAAATTCGGCCTTCCAGAGA TTTGCAGTCATTCCTTCCAGGAGC 

Fas AAGGCATCACCATAGCTACAGCCT TATGCTTCTCACAGTGGCCACACA 

Fasn CCCAGTGTGACCAAGCACGCC GCGCTGGAGCACAAGGAACGC 

Fgf21 GGTACACATTGTATCCGTCCTT CAACAACCAGATGGAACTCTCTA  

Il-6 TGGCAACCTTAGTGCTCATT TGTCTGCTCCAGCTTGTTAC 

Nf-κb TCCAGCTGCTATTGGATTACAC GGGATGCGATACCTTAATGAC 
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Pepck CTCACCTCTGGCCAAGATTGGTA GTTGCAGGCCCAGTTGTTGA 

Pgc-1α ACCGTAAATCTGCGGGATGATGGA ATTCTCAAGAGCAGCGAAAGCGTC 

Srebp-1c GGACCACAGAAAGGTGGAAT GGCAGTTGATGTAGAGGCTAAG  

Tbp TACAGGTGGCAGCATGAATGACA  AACCAACAATCACCAGCAGCAGTG 

Tlr4 ACCTAAGGAGAGGAGGCTAAG GGTAACTGCAGCACACTACA 

Tnfα GGGACAGTGACCTGGACTGT TTCGGAAAGCCCATTTGAGT 

6.4 Results 

Energy intake, body weight, and adiposity – Food was provided ad libitum and the animals 

adjusted food intake to compensate for the differences in energy density of the diets. As such, 

total energy intake during the feeding period did not differ among the groups (data not shown). 

However, at the end of the 8-week dietary intervention period, the HFS-fed and KD-fed groups 

gained significantly more body weight (BW) than SC-fed rats (Figure 6.1 A). Similarly, the 

subcutaneous inguinal (Sc Ing) and epidydimal (Epid) fat masses were significantly higher in 

HFS- (2.3-fold) and KD-fed (1.3-fold) rats than SC-fed rats (Figure 6.2 B). Despite no 

significant differences in BW between HFS and KD animals, the SC Ing and Epid fat pads of 

KD-fed rats displayed significantly lower masses (~25%) than HFS-fed rats (Figure 6.1 B). 

Thus, despite providing 80% of its calories from fat, in the absence of carbohydrates the KD 

caused less adipose tissue expansion than the HFS diet that provided 60% of its calories from 

fat. 
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Figure 6.1: HFS and KD increase body weight (A), adiposity (B), βHB (C), glycemia (D), and 

insulinemia (E). However, adiposity was lower in KD- than HFS-fed rats. βHB, plasma glucose 

and insulin were measured in the fed state. Mean ° SD. *p<0.05, One-way ANOVA, n=5-8. 

Plasma levels of βHB, glucose, and insulin – In the fed state, plasma βHB levels were ~2.7- 

and 1.9-fold higher in KD-fed than SC- and HFS-fed rats, respectively (Figure 6.1 C). Plasma 

glucose did not differ among the groups (Figure 6.1 D), whereas plasma insulin was 

significantly higher (~1.71fold) in HFS-fed rats than SC-fed rats (Figure 6.1 E). The KD-fed 

also displayed higher values (~1.5-fold) of plasma insulin than SC-fed rats, although it did not 

reach statistical significance (Figure 6.1 E). 
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Liver morphology, DAG, and TAG contents, Dgat mRNA expression, and palmitate oxidation 

– Light microscopy images of hematoxylin and eosin (H&E) staining of liver sections revealed 

that the HFS diet increased lipid droplets in hepatocytes, whereas the KD did not (Figure 6.2 A). 

In fact, the TAG content in livers of HFS-fed rats was 2.21- and 1.67-fold higher than SC- and 

KD-fed rats (Figure 6.2 B). This was also accompanied by DAG levels in livers of rats fed the 

HFS diet that were ~1.5-fold higher than SC-fed rats, whereas in KD-fed animals DAG levels 

did not differ from those of SC-fed rats (Figure 6.2 C). This was in line with mRNA expression 

of hepatic acyl CoA:diacylglycerol acyltransferase 2 (Dgat2), a key enzyme in TAG synthesis, 

being ~4-fold higher in HFS- than SC-fed rats (Figure 6.2 D). Even though Dgat2 mRNA levels 

in KD-fed rats was 2.18-fold higher than SC-fed counterparts, it was still significantly lower 

(45%) than HFS animals (Figure 6.2 D). Additionally, rates of palmitate oxidation in liver tissue 

of HFS-fed and KD-fed rats were 1.94- and 2.30-fold higher than the rates detected in liver 

samples from SC-fed animals (Figure 6.2 E), respectively. 
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Figure 6.2: Contents of TAG (A and B) and DAG (C), as well as the mRNA of  Dgat2 (D) 

increase in the liver of HFS-fed rats, but not in KD-fed rats in comparison to SC. Rates of 

palmitate oxidation (E) similarly increased by HFS and KD. Panel A shows representative 

Images of hematoxylin and eosin staining of liver sections (40x magnification, 10 µm scale). 

Mean ° SD. *p<0.05, One-way ANOVA, n=5-8. 
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mRNA expression of genes involved in mitochondrial biogenesis and the regulation of 

glucose and fat metabolism in the liver – Quantitative PCR analysis revealed that the KD 

increased liver mRNA expression of Pgc1α (Figure 6.3 A), Pepck (Figure 6.3 B), and Fgf21 

(Figure 6.3 C) by 3.34-, 8.26-, and 1.64-fold, respectively, when compared to SC-fed rats 

(Figure 6.3 A-C). Conversely, the KD reduced liver Fasn mRNA expression by 66% and 78% 

in comparison to SC and HFS rats, respectively (Figure 6.3 D). Furthermore, the mRNA 

expression of Srbp1c was slightly elevated by the HFS diet in comparison to SC and KD, but it 

did not reach statistical difference. Thus, Srbp-1c mRNA remained unaltered irrespective of the 

diet (Figure 6.3 E). The HFS diet significantly elevated the mRNA expression of Chrebp by 

~3.6-fold, whereas the KD maintained Chrebp expression at the same level of SC-fed rats 

(Figure 6.3 F). These gene expression data are consistent with KD exerting an anti-steatotic 

effect by reducing lipogenesis and promoting mitochondrial biogenesis and fatty acid oxidation 

in hepatocytes.  

Content of ceramides and mRNA expression of ceramide synthases (CerS) in the liver – 

Interestingly, we found that HFS and KD markedly increased ceramides by 2.35- and 4.63-fold, 

respectively, in comparison to SC-fed rats (Figure 6.4 A). Additionally, ceramides content in the 

livers of KD-fed rats were significantly higher (~2-fold) than in HFS rats (Figure 6.4 A). Further 

analyses of mRNA expression for CerS 1, 2, 4, 5, and 6 revealed that the HFS and KD affected 

liver expressions of these enzymes in a distinct manner. In fact, the HFS diet significantly 

increase mRNA expression of CerS1 and CerS2 by ~3-fold (Figure 6.4 B) and ~43.5-fold 

(Figure 6.4 C), respectively, whereas the KD did not affect mRNA expression of CerS1 (Figure 

6.4 B), although it significantly elevated the expression of CerS2 by ~38-fold (Figure 6.4 C). 

Also, the HFS diet did not significantly affect the liver expression of CerS4 (Figure 6.4 D) and 
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CerS6 (Figure 6.5 F) when compared to the SC diet. However, the KD significantly reduced 

liver mRNA expression of CerS4 by 63% (Figure 6.4 D) and CerS6 by 70% (Figure 6.4 F) when 

compared to HFS diet. Finally, the liver expression of CerS5 did not differ among the diets 

(Figure 6.4 E). 

 

Figure 6.3: The hepatic mRNA expressions of Pgc-1α (A), Pepck (B), and Fgf21 (C) are 

increased, whereas the mRNA expression of Fasn (D) was downregulated by KD in comparison 

to SC and HFS diets. Contrary to the HFS diet, the KD maintained unaltered liver mRNA 

expressions of Srebp-1c (E) and Chrebp (F). Mean ° SD. *p<0.05 One-way ANOVA, n=7-8. 

Total PKCε content and its cellular localization in the liver – Total PKCε levels remained 

unaltered irrespective of the diet (Figure 6.5 A). Because PKC activation requires translocation 
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from the cytoplasm to the membrane471,472, we measured PKCε content in the membrane 

(Memb) and cytoplasmic (Cyto) fractions in liver. Although not statistically significant, HFS 

feeding increased the Memb:Cyto PKCε ratio by 1.37-fold, whereas the KD reduced this ratio 

by 40% in comparison to SC (Figure 6.5 B). However, livers from KD-fed rats displayed a 

significantly lower (60%) PKCε Memb:Cyto ratio than HFS rats (Figure 6.5 B). Thus, these 

data provide evidence that the KD maintained low levels of hepatic PKCε activity. 

 

Figure 6.4: HFS and KD increase ceramides content (A), but distinctly regulate the expression 

of ceramide synthase (CerS) enzymes 1 (B), 2 (C), 4 (D), 5 (E), and 6 (F) in the liver. mRNA 
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expression data presented relative to standard chow (SC)-fed rats. Mean ° SD. *p<0.05 One-

way ANOVA, n=5-8. 

 

 

Figure 6.5: HFS and KD do not affect total cellular PKCε levels (A), but the 

translocation/activity of this kinase is significantly lower in KD-fed rats (B). Representative 
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blots and densitometric analyses of levels in membrane (Memb) and cytoplasmic (Cyto) cellular 

fractions were corrected by loading controls Na, K-ATPase and GAPDH, respectively. AU = 

arbitrary units. Mean ° SD. *p<0.05, One-way ANOVA, n=4 for total protein, n=8-9 for 

fractionated protein. 
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Figure 6.6: The HFS diet caused impairment of insulin signaling and glycogen synthesis, 

whereas the KD maintained hepatic cells responsive to insulin intact. Representative blots and 

densitometric analyses for AKT (A) and GSK3ab (B) phosphorylation under basal (B) and 
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insulin (I, 100 nM)-stimulated conditions, as well as rates of glycogen synthesis (C) and total 

glycogen content (D) in incubated liver slices from SC-, HFS-, and KD-fed rats. Mean ° SD. 

*p<0.05, One-way ANOVA, n=3-6. 

 

Insulin signaling and glycogen synthesis in incubated liver samples – Insulin-stimulated AKT 

phosphorylation in livers of HFS-fed animals was impaired by ~70% in comparison to SC- and 

KD-fed animals (Figure 6.6 A). Consistent with impaired AKT phosphorylation, insulin-

stimulated GSK3αβ phosphorylation (Figure 6.6 B) and glycogen synthesis (Figure 6.6 C) were 

reduced by 70% and 47%, respectively, in livers of rats fed the HFS diet in comparison to SC-

fed animals. The KD neither affected insulin-stimulated AKT nor GSK3αβ phosphorylations 

(Figure 6.6 A and B); therefore, the ability of hepatocytes to promote glycogen synthesis in 

response to insulin was preserved in KD-fed rats (Figure 6.6 C). No significant differences were 

detected for total liver glycogen content among the three dietary interventions (Figure 6.6 D).  

mRNA expression of genes involved in inflammation – As expected, the HFS diet significantly 

elevated the liver mRNA expression of key inflammatory genes such as Tnf-a (Figure 6.7 A), 

Nf-kb (Figure 6.7 B), Tlr4 (Figure 6.7 C), and Il-6 (Figure 6.7 D) by 3.0-, 2.26-, 3.27-, and 2.38-

fold, respectively, in comparison to SC-fed rats. The mRNA expressions of Cd40 (Figure 6.7 E) 

and Fas (Figure 6.7 F) were not significantly affected by the HFS diet. When comparing the 

mRNA expression of inflammatory genes between the livers of KD-fed and SC-fed rats, no 

significant differences were detected (Figure 6.7 A-F). Thus, whereas the HFS diet exerted a 

pro-inflammatory effect, the KD and SC maintained a low hepatic inflammatory profile. 
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Figure 6.7: The HFS diet promoted inflammation, whereas the KD exerted an anti-

inflammatory effect in the liver. Tnf-α (A), Nf-κb (B), Tlr4 (C), and Il-6 (D) liver mRNA 

expressions were significantly upregulated by HFS diet in comparison to SC and KD, whereas 

Nf-κb (E) and Fas (F) mRNA expressions did not differ among the diets. Mean ° SD. *p<0.05, 

One-way ANOVA, n=6-8. 

6.5 Discussion 

The main finding of this study was that despite providing 80% of its calories from fat, the KD 

maintained low levels of liver TAG content and preserved the ability of hepatocytes to respond 

to insulin and promote glycogen synthesis. These effects were accompanied by low levels of 

hepatic DAG accumulation and Dgat2 mRNA expression, which also coincided with reduced 
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levels of membrane-bound PKCε. This latter effect of KD is consistent with low PKCε activity 

and maintenance of insulin signaling in hepatocytes457. However, we originally hypothesized 

that both DAG and ceramides would be reduced as a consequence of KD shifting metabolism 

towards fatty acid oxidation and ketone production, leaving less substrate available for the 

synthesis of these potentially deleterious lipid intermediates. Indeed, the KD significantly 

enhanced fatty acid oxidation, increased circulating βHB, and kept DAG and TAG at low levels 

in the liver. What is at odds with our original hypothesis is the fact that ceramides were 

markedly higher in KD than even the steatogenic HFS diet. This was surprising because 

elevated levels of ceramides has been associated with induction of AKT dephosphorylation via 

PP2A activation and impairment of translocation of this kinase from the cytoplasm towards the 

plasma membrane459, leading to the development of insulin resistance. Interestingly, whereas in 

livers of HFS-fed rats insulin-stimulated phosphorylation of AKT and its downstream target 

GSK3αβ were markedly impaired, in livers of KD-fed rats insulin-stimulated AKT and GSK3αβ 

phosphorylations were intact, and so was the ability of hepatocytes to promote glycogen 

synthesis in response to insulin. Therefore, the KD-induced elevation in ceramides did not 

translate into impairment of insulin signaling and regulation of glucose metabolism in 

hepatocytes. 

To further investigate why elevated ceramides did not lead to hepatic insulin resistance, we 

measured the mRNA expression of CerS 1, 2, 4, 5, and 6, which are enzymes that produce 

dihydroceramides, and determine much of the diversity in the cellular sphingolipid pool461. 

Ceramides vary in acyl-chain lengths  between C14:0 and C30:0. Long-chain (C16-18) and very 

long-chain (C20-26) ceramides exert distinct effects in the liver, with the former generally being 

harmful and the later beneficial473. In this context, increased CerS6 expression has been shown 
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to cause insulin resistance, whereas CerS6 deficiency reduced C16:0 ceramides and protected 

mice from diet-induced obesity and glucose intolerance350. In this study, we found that the livers 

of rats fed a KD had a much lower level of CerS6 mRNA expression than the steatotic and 

insulin-resistant HFS-fed rats, which is consistent with maintenance of hepatic insulin action in 

KD-fed animals. We have also found that CerS1 and CerS4 mRNA expression were 

significantly lower in KD- than HFS-fed rats, and that CerS2 was equally elevated in both 

groups of rats. Importantly, CerS2 has been reported to be the dominant isoform in the liver and 

preferentially produces very long-chain ceramides474. Moreover, mice with haploinsufficiency 

of CerS2 display reduced levels of very long-chain ceramides and increased long-chain C16:0 

ceramides in the liver, rendering the mice susceptible to steatohepatitis and insulin resistance474. 

Even though in this study we did not measure specific types of ceramides, it is plausible that the 

elevation of CerS2 expression along with a marked reduction in CerS6 expression shifted the 

production of ceramides predominately towards very long-chain ceramide species in KD-fed 

rats. In this scenario, the large increase in total ceramides in the liver of KD-fed rats ultimately 

led to a protective effective against hepatic steatosis and insulin resistance. Conversely, in HFS-

fed rats, the elevated expression of CerS1 and CerS4 along with sustained CerS5 and CerS6 

expression likely offset the increase in CerS2, leading to the accumulation of predominately 

harmful long-chain ceramides that created in these animals an environment conducive to 

steatosis and insulin resistance in the liver. Future studies are required to assess the production 

and distribution of various species of ceramides (long- and very-long chain) in the liver under 

conditions of KD feeding.  

Consistent with the reduced hepatic content of glycerolipids and maintenance of insulin 

signaling were the increases in mRNA expressions of Pgc-1a and Fgf21 in the livers of KD-fed 
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rats. This is supported by observations that PGC-1α is critical for the induction of β-oxidation 

and ketogenesis, as well as for the maintenance of insulin signaling in the liver475. In fact, mice 

deficient in liver PGC-1α displayed reduced capacity to oxidize fatty acids and subsequently 

developed steatosis476–478. Also, the administration of FGF21 to diet-induced obese and ob/ob 

mice increased fat utilization, reduced hepatic steatosis, and improved glycemic control in these 

animals479. The liver is the main source of circulating FGF21480, and the actions of this hormone 

in hepatocytes require PGC-1α481. FGF21 has been reported to enhance gluconeogenesis, fatty 

acid oxidation, and ketogenesis480, which are metabolic adaptations we did observe in KD-fed 

rats. Previous studies have also shown that feeding mice a KD induces hepatic expression and 

circulating levels of Fgf21, whereas knock-down of this hormone in the liver caused steatosis 

and reduced serum ketones in KD-fed mice482. Importantly, the KD used in this study was 

devoid of carbohydrates and the animals relied essentially on gluconeogenesis for the 

maintenance of glycemia. Indeed, KD-fed rats displayed a marked elevation in hepatic Pepck 

expression along with an increase in TCA cycle flux that shifted substrate away from DNL. The 

latter effect being in line with our findings that Fasn mRNA expression in the livers of KD-fed 

rats was significantly reduced in comparison to SC- and HFS-fed rats. Moreover, SREBP1c and 

ChREBP, the two main transcription factors that regulate DNL450, did not have their mRNA 

expressions altered by KD. In contrast, the steatotic and insulin-resistant HFS-fed rats displayed 

much higher levels of Fasn and Chrebp mRNA expression in the liver than KD-fed rats.  

The harmful effects that diet-induced obesity causes to liver function has also been, at least in 

part, attributed to the induction of systemic inflammation as fat mass expands483. In fact, 

inflammation has been linked to impairment of insulin signaling and the development of hepatic 

steatosis484. Two cytokines, TNF-a and IL-6, and other mediators of inflammation such as 
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TLR4 and NF-κB have been identified as key players in obesity-induced hepatic insulin 

resistance and NAFLD483. It has been previously reported that the KD exerts an anti-

inflammatory effect via βHB-mediated blockage of palmitate-, ceramide-, and sphingosine-

induced NLRP3 inflammasome activation in mouse bone marrow-derived macrophages464. βHB 

has also been shown to inhibit the processing of IL-1β in response to TLR4 agonism464. In KD-

fed rats, the levels of βHB in the serum were 2.7- and 1.9-fold higher than in SC- and HFS-fed 

rats, respectively. This likely contributed to prevent potential deleterious ceramide-mediated 

inflammatory effects in the livers of KD-fed rats. Indeed, this is consistent with our observations 

that the hepatic mRNA expression of Tnfa, Nf-kb, Tlr4, and Il-6 were all much lower in KD-fed 

rats than in HFS-fed counterparts. 

In summary, despite having a higher fat content than the HFS diet, the carbohydrate-free KD did 

not cause hepatic steatosis and preserved the ability of hepatocytes to promote glycogen 

synthesis in response to insulin. This was compatible with a metabolic shift that led to a 

reduction in hepatic DAG content and PKCε activity, although at odds with a marked increase 

in the liver content of ceramides caused by the KD. However, by increasing the expression of 

CerS2 and suppressing CerS6 expression, the KD likely promoted the production of potentially 

beneficial very long-chain ceramides as opposed to harmful long-chain ceramides. The KD also 

enhanced the expression of Pgc-1a, Pepck, and Fgf21, downregulated Fasn and Chrebp, and 

shifted substrate away from DNL. Finally, the KD exerted an anti-inflammatory effect by 

downregulating the expression of Tnfa, Nf-kb, Tlr4, and Il-6 in the liver. Thus, through multiple 

mechanisms the KD was able to exert an anti-steatogenic and insulin-sensitizing effect in the 

liver. 
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Chapter 7 Summary 

In this dissertation, we aimed to develop an understanding of integrated mechanisms that are 

involved in the pathophysiology of insulin resistance, concentrating on the two primary insulin 

target tissues, skeletal muscle, and the liver, specifically in the setting of diet-induced obesity.  

It is widely accepted that an impairment in the insulin mediated glucose disposal in skeletal 

muscles leads to a reduction in the uptake of glucose from the blood to be stored in the form of 

glycogen. This elevates whole-body blood glucose levels leading to insulin resistance and 

eventually T2D. However, the molecular mechanisms underlying the relationship between 

obesity and skeletal muscle insulin resistance are not completely understood. The pathogenesis 

of obesity-induced insulin resistance in skeletal muscles has been assumed to be caused by a 

number of mechanisms, including excessive intramyocellular lipid accumulation, mitochondrial 

dysfunction, increased levels of inflammatory cytokines, and increased oxidative stress. 

Moreover, it is possible that the mechanisms driving diet-induced insulin resistance differ 

depending on the fibre type composition of different skeletal muscles. Skeletal muscle is a 

heterogeneous tissue consisting of three general phenotypes, which include oxidative type I 

myofibers (type I), these are myofibers that have higher concentrations of mitochondria, greater 

oxidative phosphorylation capacity, and capillary density compared to type II fibers. While type 

II fibers are subdivided into oxidative/glycolytic type IIa myofibers (IIa), and glycolytic type IIx 

myofibers (IIx)97. Several studies have found a positive correlations between type I myofibers 

and whole-body insulin sensitivity as well as greater insulin-stimulated glucose uptake in type I 

myofibers115,272. These studies also show increased insulin-stimulated glucose uptake in type I 

myofibers compared to type II myofibers in rodent studies. Additionally, Albers et al. have 

demonstrated that human type I myofibers had superior glucose absorption, phosphorylation and 



  146 

 

 

oxidation, and glycogen production capabilities than type II myofibers485. Therefore, the first 

part of my thesis investigated if an obesogenic diet displayed a muscle fiber type-specific 

adaptation and if it was dependent on biological sex.   

For the first study, in chapter 4, we investigated the effects of chronic high fat sucrose enriched 

feeding on in skeletal muscle in male Wistar rats. We studied three muscles based on their 

oxidative capacities, Sol (highly oxidative muscle rich in Type 1 fibers) 408, EDL (mixed 

muscle, rich in Type I and IIa fibers) 408, and Epit muscles (highly glycolytic, rich in Type IIa 

and IIb fibers) 409. The HFS diet caused the animals to significantly gain weight and also have 

significantly increased whole-body fat oxidation. However, much to our surprise all muscles, 

regardless of their fiber-type developed insulin resistance under these conditions of 

overnutrition. Further, based on our hypothesis we expected that with the consumption of a HFS 

diet skeletal muscles rich in type I fibers oxidize more fat and therefore have reduced the 

availability of substrate to form lipid intermediates. Skeletal muscles that were rich in type IIb/x 

fibers have limited capacity to oxidize fat; therefore, the susceptibility of these cells to 

lipotoxicity would be increased under conditions of chronically elevated fatty acid abundance. 

However, fatty acid oxidation was enhanced regardless of fiber type distribution under a HFS 

diet and intercellular accumulation of DAG and ceramides displayed a fiber-type specific 

pattern. In relation to insulin resistance, lipotoxicity links both DAG and ceramide accumulation 

in skeletal muscle and the impairment of glycemic control486. Based on the theory, lipid 

intermediates are generated when there is an excessive inflow of FA into the skeletal muscle 

that overwhelms the use of FA via pathways such as β-oxidation and triacylglycerol synthesis. 

The DAG-induced and ceramide-induced insulin resistance involves the activation/translocation 

of protein kinase C (PKC), which, in turn, impairs the insulin signalling cascade and glucose 
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uptake and glycogen synthesis. However, there is a slight discord as to which PKC isoform is 

affected via DAG-induced insulin resistance487. Research conducted by Yu et al. and Griffin et 

al. identified PKC-theta (PKCθ) as the isoform that  was activated post DAG accumulation in 

lipid infusion experiments on Wistar rats488,489. Also, human studies conducted by Itani et al. 

identified alterations in PKC-beta II (PKCβII) and PKC-delta (PKCδ)490. Conversely another 

study, used muscle biopsies to identify a correlation between DAG accumulation and PKCθ in 

insulin sensitivity in lean, obese and obese-diabetic human subjects. Therefore, involvement of 

DAG-induced PKC activation is well established, but the specific PKC isoform is yet to be 

identified491. Our findings on the lipotoxicity hypothesis, provided novel evidence that muscles 

with high capacity to oxidize fat (Sol and EDL) accumulated more DAG, TAG, and ceramides. 

However, these muscles were as vulnerable to developing insulin resistance as the Epit muscle 

with much lower ability to oxidize fat under conditions of HFS diet-induced obesity. As 

expected, the accumulation of excess lipotoxic metabolites (DAG and ceramides) activated 

protein kinase C (PKC) in male rats. We found that the total contents of two most prominent 

PKC isoforms (PKCδ and PKCθ) were much lower in Sol than in EDL and Epit muscles. 

However, analysis of the cytosolic and membrane fractions, revealed that the translocation of 

both PKCd and PKCq were markedly elevated in Sol muscles, whereas in EDL, only PKCd 

translocation was increased by HFS diet. Conversely, in Epit muscles, translocation of both 

PKC isoforms was reduced. These findings were consistent with the fact that HFS feeding 

increased DAG and ceramides in Sol and EDL, but not in Epit muscles. Thus, obesity-induced 

insulin resistance was not necessarily determined by dysfunctional metabolic alterations in lipid 

metabolism within skeletal muscles. This is particularly relevant if one considers that even 

though skeletal muscles handle lipids in a fiber-type specific manner, insulin resistance 



  148 

 

 

manifests in all muscles. Therefore, lipotoxicity may affect insulin signalling and glucose 

metabolism in oxidative muscles, whereas in glycolytic muscles elevated circulating 

inflammatory cytokines may have been the primary determinants of insulin sensitivity. It has 

been widely accepted that there is an association between increased weight gain and increased 

inflammation. To test this hypothesis, we also measured, circulating levels of inflammatory 

cytokines and corticosterone, as well as the expression of their receptors and Nf-κb in skeletal 

muscles of rats chronically exposed to the obesogenic diet. Indeed, we found that highly 

glycolytic Epit muscle was the only one that increased the expression of inflammatory cytokines 

(Cd40, Fas, Tlr, and 11β-Hsd1) and glucocorticoid signalling in male rats fed a HFS diet. 

Interestingly none of these variables were altered in highly oxidative, Sol muscle. Suggesting 

that the Epit muscle elicited a significant pro-inflammatory response under obesogenic 

conditions, which likely played a preponderant role in driving insulin resistance in this 

glycolytic muscle chronically exposed to the HFS diet.  

Overall, as represented in Figure 7.1, our findings provide novel evidence why insulin 

resistance similarly develops in oxidative and glycolytic muscles of HFS-fed rats, despite major 

differences in their fat oxidizing capacity. Thus, while overconsumption of lipids appears to be 

an important factor that leads to disruption of insulin signalling and glucose metabolism in 

oxidative muscles  (Sol and EDL muscles), in highly glycolytic muscles it is the activation of 

inflammatory pathways and upregulation of glucocorticoid signalling that was associated to the 

induction of impaired insulin sensitivity under conditions of chronic HFS feeding in male rats. 
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Figure 7.1: Schematic summary of the effects of a high fat sucrose enriched diet on skeletal 

muscle in male rats. Image generated using BioRender. 

Several studies in rodent models have reported gender dimorphism in the development of 

obesity-associated to palatable hypercaloric and hyperlipidic diet with similar characteristics to 

diets usually consumed by humans. These studies have unanimously reported that females 

showed a greater susceptibility to weight gain as compared to men on the same diet492,493. 

However, females seemed to be more protected from obesity-associated disorders, such as 

hypertension492 and sucrose-induced insulin resistance494. These differences could be observed 

because men have lower fat mass than women, making them less susceptible to dysfunctional 

metabolic alterations caused by lipotoxicity. Indeed, it has been reported that women are less 

prone to fatty acid-induced peripheral insulin resistance than men 264. This was based on the 
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observation that acutely increased levels of circulating non-esterified fatty acids (NEFA) 

inhibited peripheral tissue insulin sensitivity in men, but not in women 264. However, based on 

our knowledge, no sex differences have been reported regarding the contribution of specific 

peripheral organs (e.g. liver and skeletal muscle) to NEFA-induced insulin resistance in men 

versus women. 

Hence, taking into account the reported role of accumulation of excess lipotoxic metabolites 

(DAG and ceramides) and pro-inflammatory markers in the development of obesity-associated 

insulin sensitivity impairment, the aim of the next study was to investigate whether there were 

gender differences found in development of high-fat sucrose enriched obesogenic diet-induced 

insulin resistance in rat skeletal muscle and if so, whether this happened in a fiber-type specific 

manner.  

Similar to the male study, in chapter 5, female rats were fed a SC and a HFS diet for a span of 8 

weeks in order to see the effects of an obesogenic diet. Despite consuming equivalent calories to 

a SC diet, female rats fed a HFS significantly gained body weight as well as an increase in their 

fat mass and muscle mass. But more importantly, the diet led to hyperglycemia and hyper 

insulinemia, effects that indicated the development of whole-body insulin resistance. This 

disparity with other published work495, probed us further to understand the effects of the diet on 

skeletal muscles. Therefore, we studied Sol, EDL, and Epit in order to have muscles with 

different fiber-types and found, the obesogenic HFS diet significantly enhanced rates of fatty 

acid oxidation and displayed marked impairments in insulin-stimulated phosphorylation of the 

master regulator, AKTThr308, as well as impaired insulin-stimulated glycogen synthesis, glucose 

oxidation and lactate production in all muscles from female rats fed the obesogenic diet. Further, 

to understand the extent of the involvement of ectopic lipid accumulation, on lipid-induced 
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insulin resistance in the skeletal muscle we measured TAG, DAG and ceramide content using 

high-pressure liquid chromatography. In female rats the HFS diet-induced obesity and led to a 

significant elevation in intramuscular TAG and DAG contents without any alteration in 

ceramides levels in insulin-resistant female oxidative and glycolytic muscles. In addition, we 

also observed that the total levels of PKCd in all muscles studied were not affected by feeding 

the HFS diet; however, total PKCq content was significantly reduced in Sol and EDL, whereas 

in the highly glycolytic, Epit muscles it remained unaltered. Importantly, analysis of the 

cytosolic versus membrane fractions revealed that in Sol and EDL female muscles the 

translocation of PKCq was significantly elevated by the HFS diet. This latter finding was similar 

to what we had previously reported for male Sol and EDL muscles in which insulin resistance 

was accompanied by elevated PKCd and PKCq translocation upon HFS feeding. However, in 

female Epit both PKC isoforms were reduced by HFS feeding. Thus, in both males and females 

the mechanism underlying HFS diet-induced insulin resistance in Epit muscles appears to be 

independent of DAG-induced PKC activation. Moreover, a pro-inflammatory response was 

observed in skeletal muscles of rats fed a HFS diet. In fact, muscles rich in type IIa and type IIb 

fibers (EDL and Epit) displayed a marked increase in the mRNA expression of Tlr4, Il-6, Nf-κb, 

and Fas, whereas in female Sol muscles (rich in type I fibers) these markers of inflammation did 

not differ from SC-fed rats. In this context, both male and female Epit muscle elicited a 

significant pro-inflammatory response under obesogenic conditions, which likely played a 

preponderant role in driving insulin resistance in this glycolytic muscle chronically exposed to 

the HFS diet. 
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Figure 7.2: Effects of a high fat sucrose enriched diet on skeletal muscle in female rats. Image 

generated using BioRender. 

Altogether, our findings provide novel evidence why insulin resistance similarly develops in 

oxidative and glycolytic muscles of HFS-fed rats, despite major differences in fat oxidative 

capacity among them. Thus, while overconsumption of lipids appears to be an important factor 

that can be lead to the disruption of insulin signalling and glucose metabolism in oxidative 

muscles (Sol and EDL muscles), in highly glycolytic muscles it is the activation of 
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inflammatory pathways and upregulation of glucocorticoid signalling that seem to be mainly 

responsible for the induction of insulin resistance under conditions of chronic HFS feeding in 

male rats. Our research on female rats shows that inflammation and DAG-induced PKC 

activation are the primary factors associated with insulin resistance in oxidative and glycolytic 

skeletal muscles in obese individuals who consume the HFS diet. However, none of the muscles 

studied displayed changes in ceramides content, despite increasing Tlr4 expression in response 

to HFS feeding. Because ceramide levels remained unaltered in Epit muscles from both males 

and females fed a H|FS diet, DAG buildup and inflammation were the factors that likely drove 

the development of insulin resistance. Thus, distinct fibre type-specific pathways, independent 

of gender, appeared to control insulin resistance in skeletal muscles. Overall, these studies help 

elucidate the sexual dimorphism in molecular mechanisms controlling insulin resistance in the 

skeletal muscles under conditions of diet-induced obesity. 

More often than not, comorbidities such as non-alcoholic fatty liver disease (NAFLD), 

atherosclerosis, type 2 diabetes (T2D) and a cluster of metabolic and cardiovascular risk factors 

coexist. Many tissues, including the liver, skeletal muscle, and adipocytes, manifest resistance to 

insulin simultaneously, but the severity of insulin resistance may differ among these various 

tissues. In addition to skeletal muscles, the liver is considered a critical modulator of whole 

body lipid and carbohydrate metabolism and hence a crucial regulator insulin sensitivity465. 

Recently, weight loss via the use of ketogenic diet (KD) has gained popularity as a means to 

reverses NAFLD and manage insulin resistance. This is particularly interesting since the KD is a 

predominantly fat rich diet that would lead to an increase in circulating NEFA, the main 

substrate for synthesis of intrahepatic triglycerides (IHTG). To explore the underlying 

mechanism, and understand metabolic adaptations in response to specific macronutrients in the 
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liver, in chapter 6, we fed male Wistar rats 3 different diets: Standard chow (SC) low fat-high 

carbohydrate diet (27% protein, 13% fat and 60% carbohydrate), typical obesogenic High fat 

sucrose enriched diet (60% fat, 20% protein, and 20% carbohydrate (100% sucrose)) and 

Ketogenic diet (KD) devoid of carbohydrates (80% fat and 20% protein).  

In chapter 6 we demonstrated that animals given a HFS diet developed obesity, insulin 

resistance and fatty livers after feeding for 8 weeks. Rats that consumed a zero-carbohydrate 

(KD) indicated significantly reduced adiposity and intrahepatic lipid accumulation. These 

animals also improved insulin sensitivity and glucose intolerance; despite being fed a diet with a 

very high fat (80%) content. Our study demonstrated that animals given ad libitum access to a 

HFS diet and KD accumulated more visceral and subcutaneous fat than animals receiving SC. 

This occurred despite both groups of animals consuming identical amounts of calories437. 

However, the consumption of the HFS diet greatly decreased insulin sensitivity and glucose 

intolerance as demonstrated by the GTT. While, the KD indicated improved blood glucose 

clearance in these rats provided additional evidence that chronic fat consumption is an effective 

tool against insulin resistance.  

As we expected fat oxidation was enhanced in HFS-fed animals and more so in rats that were 

fed an 80% fat diet (KD). Indicating that, the beneficial effects of KD on fatty livers may be the 

result downregulation of lipogenesis and/or a simultaneous upregulation of β-oxidation 

indicated by the upregulated Pgc1α expression. Pgc1α directly increased transcription of the 

Pepck the rate-controlling enzyme of gluconeogenesis496, that helps maintain blood glucose 

levels497. The KD markedly upregulated Pgc1α gene expression compared to rats fed either a SC 

diet or a HFS diet, indicating that the improvements observed in overall glucose tolerance could, 

at least partially, be attributed to reduction in gluconeogenesis.  Here, we also attempted 
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to understand the changes in their expression levels of major transcriptional regulators such as 

Carbohydrate-responsive element-binding protein (ChREBP) and Sterol regulatory element 

binding protein -1c (SREBP-1c) that induce key lipogenic enzymes to promote lipogenesis in 

the liver in response to the different diets. We found that Chrebp expression levels were 

significantly upregulated with the consumption of HFS diet in comparison to SC and KD-fed 

animals, while srbp1c gene expression remained unchanged with diet indicating that 

macronutrient changes may exert an effect on hepatic lipid metabolism.  

Hepatic steatosis is strongly associated with hepatic insulin resistance particularly when the 

former is induced by HFS feeding498. Typically, intrahepatic lipid accumulation is the product of 

DNL and esterification of FFA into triglycerides.  In addition, in our study, HFS feeding lead to 

a significant increase in the levels of intrahepatic TAG accumulation, an effect that was 

ameliorated by consuming a carbohydrate-free diet. We further investigated effects of the diet 

on intermediary lipids such as DAG and ceramides. HPLC analysis indicated a significant 

increase in the hepatic DAG content in animals fed a HFS diet but not in KD fed animals as 

compared to control animals.  

In sync with the DAG and TAG content, quantitative PCR analysis revealed that the mRNA 

levels of DGAT were also elevated for HFS-fed animals in comparison to SC-fed and KD-fed 

animals. On further investigating the mRNA gene expression of the four main mammalian 

ceramide synthesizing enzymes present in the liver (cersyn1, cersyn2, cersyn4, and cersyn6), we 

observed that with HFS feeding the liver had an elevated mRNA expression of cersyn1 in the 

liver which can play a role in the pathogenesis of insulin resistance, similar to studies comparing 

obese insulin resistant and insulin sensitive subjects. In direct contrast, mRNA levels for 

cersyn4, and cersyn6 were downregulated with KD. Deletions of which are known to alleviate 
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insulin resistance caused by a HFD. Next, we investigated the link between hepatic intracellular 

glycerolipid accumulation and hepatic insulin resistance and the activation of PKCε, which was 

the predominant PKC isoform activated in liver following high fat feeding 499,500. Multiple 

studies have suggested the involvement of PKCε in mediating lipid-induced dysregulation of 

insulin signaling and glycogen metabolism and thereby the development of hepatic insulin 

resistance Despite having similar levels of total PKCε, consistent with what literature suggests 

we observed an elevation in the PKCε translocation with HFS feeding. In response to the KD 

this effect was attenuated. In addition, HFS feeding for 8 weeks dramatically decreased AKT 

and GSK3αβ phosphorylation in the liver. In contrast, KD significantly augmented 

phosphorylation of these two proteins, suggesting improvements in hepatic insulin sensitivity in 

these animals. In addition, we also provide novel evidence that KD in fact does not alter rates of 

glycogen synthesis under basal and insulin-stimulated conditions.   

In summary, the study provides a comprehensive analysis of the effects of a carbohydrate-free 

KD in regulating hepatic fuel metabolism under conditions of diet-induced obesity. Here, we 

provide novel evidence indicating that hepatic glycogen synthesis is reduced following chronic 

HFS feeding but maintained by consuming a KD. These findings might have important 

implications for understanding the multiple mechanisms by which obesity promotes the 

development of hepatic insulin resistance and NAFLD. In addition, our data also suggest that 

reversing hepatic insulin resistance through eliminating/limiting carbohydrate might be an 

effective way of preventing the development of NAFLD and normalizing hepatic glucose and 

lipid metabolism.  
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Figure 7.3: Effects of a ketogenic diet in male rat liver. Image generated using BioRender.

   

Therefore, the overall findings from this dissertation elucidates a high fat sucrose enriched 

diet leads to development of insulin resistance in all the muscles despite their fiber-type 

differences in both male and female rats. However, the mechanisms that affect insulin 

signalling, glucose and lipid metabolism in these oxidative and glycolytic skeletal muscles are 

different. Highly oxidative muscles from male rats tend to develop insulin resistance that can be 
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associated to elevated intramyocellular accumulation of lipids such as DAG and ceramides, 

while in addition to the intermediary fatty acid accumulation, inflammation seems to be a cause 

for the impairment in insulin sensitivity in highly glycolytic muscles.  However, HFS diet-

induced obesity led to a significant elevation in intramuscular DAG and TAG contents without 

any alteration in ceramides levels in insulin-resistant female oxidative and glycolytic muscles, 

indicating sexual dimorphism. We also show that the KD improved hepatic insulin sensitivity 

and decreased DAG and TAG contents despite an increase in ceramide concentrations. The KD 

also enhanced the expression of Pgc-1α, Pepck, and Fgf21, downregulated Fasn and Chrebp, 

and shifted substrate away from DNL. Finally, similar to previously published work the KD 

exerted an anti-inflammatory effect by downregulating the expression of Tnfα, Nf-kb, Tlr4, and 

Il-6 in the liver.  All together, the factors linking insulin resistance to obesity, T2D and 

dysfunctional metabolic conditions such as NAFLD are not precisely defined yet, and rather 

propose an integrative model. 

 

Chapter 8 Limitation of the study  

For this dissertation all experiments were carefully thought through and performed with utmost 

care, however, some limitations exist.  

In Chapter 4, we attempted to identify key differences in mechanisms used by skeletal muscles 

with distinct fiber-types under the influence of a high fat, high sucrose diet. More importantly, 

we looked at how the diet altered the accumulation of lipid intermediates such as TAG, DAG, 

and ceramides, as well as cytoplasmic and membrane fractions of PKCθ/δ. Activation of PKC 

was assessed based on its translocation from the cytoplasm to the membrane. The membrane 
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and cytoplasmic PKC densities were normalized with commonly used  marker proteins (Na,K-

ATPase for the membrane fraction and GAPDH for the cytosol fraction) and then the ratio of 

marker-normalized PKC densities reported. However, these are not ideal, marker proteins for 

our project since, both Na,K-ATPase and GAPDH proteins have been shown to be regulated by 

high-fat feeding and PKC itself501–503, which may have negatively affected the results. We even 

analysed our results on PKC localization without normalizing them with Na,K-ATPase and 

GAPDH and found that the numbers did not change much. However, since we were requested 

by a reviewer for chapter 4, we normalized our PKCθ/δ/ε localization with Na,K-ATPase and 

GAPDH and have presented results similarly for chapter 5 and 6 as well.  

For chapter 4 and 5 we indicate that the intramuscular accumulation fatty acids beyond their 

storage capacity may lead to insulin desensitisation through the generation of toxic lipid 

intermediates such as DAG and ceramides. Various studies have suggested that ectopic 

accumulation of ceramides in often lead to the development of insulin resistance through 

inhibition of protein kinase B (PKB/AKT)357. This inhibition is said to take place via two 

distinct pathways: either involving the action of atypical protein kinase C (PKCζ) isoforms, and 

the second dependent on protein phosphatase-2A (PP2A). Therefore, in order to completely 

understand the extent of ceramides involvement in causing impairment in the insulin signal 

transduction, it would have been interesting to see if PKCζ was activated. This would be 

especially important for Epit muscle in male rats, where DAG and ceramide levels do not seem 

to change but the muscle develops insulin resistance. We analysed the DAG mediated PKCδ/θ 

pathway but overlooked the ceramide mediated PKCζ pathway. Although total ceramide content 

did not change with the diet, but an understanding of how the diet impacted total PKCζ content 

or if there were changes to its localization would have been interesting to note. Similarly, we 
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noted that all muscles in female rats did not have any changes in their ceramide accumulation in 

response to the HFS diet. But we did not assess levels of PKCζ. Since, it has now become clear 

that PKCδ/θ in skeletal muscle, and PKCε in liver relay DAG-induced insulin resistance in these 

tissues. We are unable to make similar claims about the implication of PKCζ in mediating the 

deleterious effects of ceramides in muscle and liver. 

In addition to the downstream protein target for total ceramides, research is now suggesting that 

the focus may need to be on the nature of ceramide species involved rather than the total 

ceramide in IMCL. Recent studies on, rodent models studies have identified C16:0 and C18:0 

ceramides as the ceramide species that is linked to the pathophysiology of hepatic insulin 

resistance350,474. Similarly, C24 ceramides synthesized by cersyn2 are known to protect against 

insulin resistance in mice liver343,351,389.  While, interestingly, Bergman et al. did not find 

significant changes in total ceramide, but found C18:0 ceramide to be associated with impaired 

insulin sensitivity in skeletal muscles of obese individuals, diabetic individuals as well as 

endurance-trained athletes249. De La Maza et al., also found a link between ceramide species 

C20:1, C22:0 and C22:1, and glucose intolerance when comparing male human subjects. They 

did not find any association between total ceramide content, and glucose intolerance504. To add 

further complication it is still unclear if there is a single or a set of ceramide species that are 

linked to development of IR343. In chapter 6, we observed that the ketogenic diet had an overall 

positive, anti-steatotic and insulin sensitizing effect on the liver. However, we saw a significant 

increase in the total ceramide content with the ketogenic diet. The separation and quantification 

of several endogenous long-chain and very-long-chain ceramide species using mass 

spectrometry post our chromatographic run could have helped us with a complete breakdown of 

the specific species that were up or down regulated. Using this analytical lipidomic technique 
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we would have been able to demonstrate exactly how the ketogenic diet may have an increased 

total ceramide content but accumulation of specific deleterious species such as C18 and C16 

may have been down regulated with the diet. However, we could not conduct mass spectrometry 

analysis in our study because the facility at York was not operational. Hence, we completed our 

study by measuring the quantitative mRNA expression of the main mammalian ceramide 

synthesizing enzymes present in the liver (cersyn1, cersyn2, cersyn4, and cersyn6).  This was an 

indirect approach that we had to take.  

Finally, the standard chow that was used in the dissertation was comprised of 27% protein, 13% 

fat and 60% carbohydrate. This diet had a slightly higher percentage of protein to the typical 

obesogenic High fat sucrose enriched diet (60% fat, 20% protein, and 20% carbohydrate (100% 

sucrose)) and the Ketogenic diet (KD) (80% fat and 20% protein) used in the study. Despite, the 

focus of the dissertation being on fat and the carbohydrate content of the diet, attention to 

standardizing protein content must be made in the future studies. Therefore a diet with 20% 

protein, 13% fat and 67% carbohydrate can then be used to address differences in different 

compositions of the diet based only on the fat and carbohydrate content.  

 

Chapter 9 Future directions 

Studies that look at subcellular localization of PKC isoforms almost exclusively use Na,K-

ATPase as the membrane fraction marker, and GAPDH as the cytosolic marker for Western blot 

analysis285,330, making it an important aspect of the analysis. However, in future, techniques 

such as Ponceau staining or Coomassie Blue can be used to visualize total protein in each lane 

and then be quantified using ImageJ software, to normalize western blots in order to minimize 
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experimental error. This can help avoid the use of marker proteins such as Na,K-ATPase and 

GAPDH, that are known to get altered by high fat diet in skeletal muscles.  

Ceramides in literature have been long known to promote insulin resistance (IR), induce 

inflammation and causing oxidative stress, ultimately altering muscle/liver function. We 

observed that under a HFS diet, male muscles accumulate ceramides in a distinct fiber-type 

manner, but female rats showed no alterations to their ceramide accumulation regardless of the 

diet. However, both male and female rats developed if insulin resistance. In chapter 6, we 

observed that with a HFS diet, ceramide accumulation was increased in liver, but interestingly 

with a ketogenic diet the ceramide accumulation was increased even more as compared to livers 

from rats fed a SC diet and a HFS diet. Hence, our overall observations from the dissertation 

point out that ceramides having a distinct characteristic and cannot be generalized with other 

lipid moieties such as DAG. In addition, the latest research in the field also suggests that even 

within a particular lipid intermediate, its localization as well as the stereo-isomer species of the 

lipid class may be important in determining its potency in impairing insulin sensitivity246,249. 

Taking this into consideration, it is not surprising that we observed skeletal muscle IR without 

an increase in total ceramide accumulation or improved insulin sensitivity in the liver but 

increased total ceramide content231 . However, the approach used by us is limited to total 

ceramide and are unable to provide data on individual ceramide species. A future study using 

electrospray ionization tandem mass spectrometry (ESI-MS/MS) can help resolve some of these 

limitations. ESI-MS/MS have been used often in the field of lipidomics in order to make the 

validation and optimization of measuring multiple metabolites simultaneously. As a step further 

on our research on the specific IMCL species related mechanisms of insulin resistance, a mixed 

approach with reverse-phase liquid chromatography followed by ESI-MS/MS technique could 
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be of interest to attain for the simultaneous measurement of multiple ceramide species in both 

muscles and liver tissue samples. Furthermore, a thorough investigation with the knockdown of 

individual CerS would be a valuable addition to the work published so far. By knocking down 

CerS2 or CerS6,  two of the most prominent ceramide-synthesizing enzymes in the liver, would 

allow us to tease out the specific role of each synthase enzyme under the HFS and KD 

conditions. |In this context, we would expect that knocking out CerS6 would lower the 

production of the deleterious C16:0-C18:0 ceramides species in the livers of HFS-fed rats. This 

would prevent the steatotic effect of the HFS diet. Conversely, the elimination of CerS6 in KD-

fed mice would prevent the antisteatotic effect of this dietary intervention. 

In addition to identifying the specific ceramide species in the impairment of the insulin-

stimulated glucose uptake, a more thorough investigation of the mechanism by which ceramide 

impairs the signalling cascade would be interesting addition to the understanding we have so far. 

Moreover, conducting experiments on localization and activation of PKC-zeta (PKC-ζ) like we 

did for PKCδ and PKCθ would help understand the mechanism used by ceramides to inhibit 

AKT and thereby the signalling cascade. Further, to establish the role of DAG and ceramide 

induced PKC activation, PKC inhibitors can be used. In fact, a phase IIa clinical trial showed 

that bryostatin-1-mediated activation of PKCε could result in improved hepatic function in the 

first 24 weeks. Effects that were reproduced by knocking out PKCε in mice that indicated 

improved glucose tolerance506. In addition, PKCθ inhibition has been associated to increased 

levels of AKT phosphorylation in other rodent models228. Therefore, we hypothesize that a 

study incorporating a commercially available PKC inhibitor such as Sotrastaurin with the HFS 

diet could help identify the role of PKC activation in inducing insulin resistance.  
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Overall, despite providing novel ideas about the molecular pathogenesis of insulin resistance in 

the dissertation, there are still multiple aspects of the research that remain unanswered and 

should be addressed in future to provide new therapeutic targets for the treatment and possible 

prevention of type 2 diabetes and other metabolic conditions. 
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Appendix A - Experimental Methods in Detail  

 

a) Lysis Buffer for Homogenization  

 

 

 

 

 

 

 

 

 

b) Laemmli Sample Buffer (2x) 

Per 1mL-950µl of 2x Laemmli sample buffer (Bio-Rad, Cat#161-0737) and 50Õl ɓ-

Mercaptoethanol stored at room temperature. Used to dilute the protein sample followed by 

boiling for 5min at 95°C.  

 

c) Preparation of Tissue Lysates  

Remove frozen tissue sample from -80°C freezer and keep on dry ice. Carefully weigh out 

desired sample (~ 25mg for liver or ~ 25mg for muscles) (avoid thawing out the rest of the 

tissue sample) and add to 250µl of lysis buffer containing both protease & phosphatase 

inhibitors. Using a homogenizer, thoroughly homogenize the sample. Next sonicate the samples 

for 3 seconds each at a pulse of 40, making sure the lysate samples are constantly on ice. 

Centrifuge the tissue lysate for 10min @ 12,000rpm (4°C). Transfer the supernatant into a fresh 

micro tube. Protein concentration is then determined using Bradford method, for which one 

aliquot needs to be removed. Another aliquot is removed to be diluted with 2x lammeli buffer (1 

to 1 v/v) for western blot analysis and the remaining lysate is stored at -80°C. The diluted 

lysates for western blot purposes is heated for 5 min at 95°C and is prepared for use. 

 

d) Buffers for Western Blotting  

¶ 10x Electrophoresis/Running Buffer (pH - 8.3) 

Concentration Reagent Molecular Weight 

135mmol/L NaCl 58.44 

1mmol/L MgCl2 203.3 

2.7mmol/L KCl 74.55 

20mmol/L Tris (pH 8) 121.14 

1% Triton - 

10% Glycerol - 

Aliquoted and stored at -20°C 

Protease (cOmplete ULTRA Tablets) and phosphatase (PhoStop) 

inhibitors added immediately prior to use 
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30.34g Tris base 

144g Glycine  

10g SDS  

Dissolve contents in 1L of ddH20 and store at room temperature. 

o 1x Running Buffer (pH- 8.3)  

      10% 10x Running buffer.  

90% ddH20  

Store at room temperature.  

 

¶ 10x Transfer Buffer (pH- 8.3)  

30.3g Tris base  

144g Glycine  

Dissolve contents in 1L of ddH20 and store at room temperature.  

o 1x Transfer Buffer (pH- 8.3)  

10% 10x Transfer buffer  

20% Methanol  

70% ddH20  

Mix solutions and store at -20°C prior to use as it has to be kept cool.  

 

¶ 10x Wash Buffer  

60.57g Tris base  

87.66g Sodium Chloride (NaCl)  

Dissolve contents in 1L of ddH20, store at room temperature.  

o 1x Wash Buffer  

10% 10x Wash buffer.  

90% ddH20  

500µl/L Tween-20  

500µl/L NP-40 

 Mix solutions and store at room temperature.  
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¶ Blocking Buffer  

3% BSA (w/v: 1.5g/50mL)  

Dissolve in 1x Wash buffer, store at 4°C. 

 

¶ Antibody (Ab) Buffer 1° Ab and 2°Ab (1:2000-1:4000 dilution) 

1°Ab - 1 part blocking buffer + 1 part wash buffer + 0.02% NaAzide (stock in ddH20) 

2°Ab - 1 part blocking buffer + 1 part wash buffer (NO NaAzide).  

 

¶ SDS Gel preparation Buffers 

o Resolving gel Tris Buffer (1.5M) (pH-8.8)  

90.86g/500mL of ddH20  

o Stacking gel Tris Buffer (0.5M) (pH-6.8)  

30.3g/500mL of ddH20  

o 10% APS Solution  

10% (w/v) Ammoniumperoxide Sulfate in ddH20 and store at -20°C 

o 10% SDS Solution  

10% (w/v) Sodium dodecylsulfate in ddH20 and store at room temperature 

e) Western Blotting  

Running samples  

1. Remove lysate samples out of -80° freezer and place on ice.  

2. Place gels into cassettes and add the cassette to tank ensuring red and black terminals of 

cassette correspond with red and black markings on the tank respectively and fill it up with 

1x running buffer.  

3. Vortex the lysates when thawed.  

4. Take out combs from gel and pipette 7µl Bio-Rad protein ladder. 

5. Add samples into each well according to Bradford values (25 mg/well/sample).  

6. Ensure positive and negative electrodes are matched (black to black, red to red)  

7. Turn on the voltage for 90V for 10min, and then turn it up to 110V for ~1.5hrs or until dye 

runs off the gel.  

8. In the meantime prepare 1x transfer buffer and place in the -20°C freezer until ready for 

transfer.  
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Transferring the Gel onto a membrane  

1. Fill glass dish with 250 ml cold 1x transfer buffer.  

2. Activate membranes in by submerging them in methanol for 30 seconds, followed by rinsing 

with ddH2O for 2min and eventually equilibrating the membranes in 1x transfer buffer. Also 

cut out equal sized filter papers and prepare the appropriate number of foam pads.  

3. Once the run has completed, remove the gels from tank and soak in transfer buffer. Gently 

detach the gels from the glass plates. Cut off the stacking gel portion of the gel. Loosen gel 

from the glass plate with scraper while keeping it emerged in the buffer. 

4. In the deep glass dish, place the black sandwich side of the cassette on the bottom and place 

two sponge pads followed by 2 filter papers on top. Roll out the air bubbles using a rolling 

pin.  

5. Cautiously place gel on top of filter paper with the ladder on the right side and roll out the 

bubbles.  

6. Now place the activated membrane on top of the gel and tease out any bubbles.  

7. Add 2 more filter papers on top of the gel and membrane and roll out any bubbles. 

8. Add one sponge pad and roll out any bubbles.  

9. Carefully close sandwich (sponge pad, 2 filter papers, gel, membrane, 2 filter papers and 

sponge pad) and place into transfer tank. With black side of the sandwich matching the back 

side of the tank and red matching the red.  

10. Place ice pack near the black side in order to keep buffer cold. Close the lid ensuring 

positive and negative electrodes are matched (black to black, red to red).  

11. Surround transfer tank with ice to keep cold or place in the cold room. Transfer can be done 

at 120 V for 2 hours or at 40V overnight. If possible, check on the temperature throughout 

transfer time to ensure no overheating. 

Probing the membranes  

1. Prepare containers with about 10 mL of 1x blocking buffer for each membrane.  

2. Once transfer has finished, remove the cassettes immediately from the transfer apparatus and 

quickly place membranes in containers with blocking buffer.  

3. Allow the membranes to sit in the blocking buffer for at least 1hr at room temperature on an 

orbital shaker.  

4. Pour out blocking buffer and add 5 mL of desired 1°Ab. 5. Incubate overnight on shaker at 

4°C or for 2 hrs at room temperature.  

5. Remove 1°Ab and replace the containers with 1x wash buffer. Wash the membranes 4x at 

15 min intervals with 10mL of wash buffer to get rid of any unbound Ab.  

6. After washing add 7 mL of 2° Ab and allow membranes to sit on orbital shaker for 1hr at 

room temperature.  

7. Remove 2°Ab and wash membranes 3x at 15 min intervals with 10mL of 1x wash buffer to 

get rid of any unbound 2°Ab. Membranes are now ready to be developed. 
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Developing the membrane  

1. For each membrane, use 3mL chemiluminescence (Millipore Immobilon Western 

Chemiluminescent HRP substrate) to the container and incubate for 3 minutes.  

2. Carefully align the membranes on the radiography cassette.  

3. In the darkroom, expose film for desired time.  

4. Place film in developer for a few seconds until signal appears. Rinse with water to stop the 

reaction, and place in fixer solution. Ensure ample fixing time. 5. Rinse with water and 

allow drying.  

 

f) Buffers for tissue incubation  

Stock solutions for Krebs Ringer Bicarbonate (KRB) Buffer Note:  

 

For 100ml of KRB buffer:  

 

 

 

 

 

 

 

 

 

 

Quantity 

Reagent/Molarity 
Concentration Reagent 

Molecular 

Weight 

0.9 g in 100 mL 0.154 M NaCl 58.44 

610 mg in 50 mL 0.154 M CaCl2 110.99 

575 mg in 50 mL 0.154 M KCl 74.55 

1.055g in 50ml 0.154 M KH2PO4  136.09 

927mg in 50ml  0.154M  MgSO4  120.30 

650mg in 50ml  0.154M  NaHCO3 * 84.01 

*Gasify NaHCO3 with carbogen (95% O2/5% CO2) for 1h after preparation. 

Stock solutions can be stored at 4°C 

Quantity 

Reagent/Molarity 
Concentration Reagent 

78.6ml 0.154 M NaCl 

2.32ml 0.11 M CaCl2 

3.08ml 0.154 M KCl 

0.768ml 0.154 M KH2PO4 

0.768ml 0.154M MgSO4 

16.1ml 0.154M NaHCO3 

100mg 5.5mM Glucose 

715mg 30mM Hepes 

Gasify with carbogen (95% O2/5% CO2) for 45 min after 

preparation. 

pH the gasified KRB buffer to 7.4 using 10N NaOH 

Then add fatty acid free BSA (Sigma Cat# A3803) to the solution at 

a concentration of 3.5% (35mg/ml). 
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For glycogen synthesis and glycogen content assays, take the required amount of KRB Buffer 

and add radiolabelled D-[ 14C] (hot) glucose at a concentration of 0.2 µCi/ml.  

Or for Palmitate oxidation assay, take the required amount of KRB Buffer and add radiolabelled 

D-[ 14C] (hot) palmitic acid at a concentration of 0.2 µCi/ml and 200 uM for cold palmitate.  

 

g) Incubation of muscle strips/liver slices for Glycogen Synthesis & Glycogen Content  

1. Fill pre-incubation scintillation vials with 2ml of KRB-BSA buffer & place in the water bath 

at 37°C.  

2. For the actual experimental scintillation vials fill basal vials with 2ml of KRB-BSA 

containing 0.2 µCi/ml D-[ 14C] glucose.  

3. Add insulin (100nM) to the remaining KRB-BSA containing D-[ 14C]glucose.  

4. Ensure that all vials are capped with rubber stoppers and continuously gasified with 

carbogen (95% O2/5% CO2) at a steady rate.  

5. Extract a slice of liver or strip if muscle weighing ~ 20mg (along the edges of the organ) 

being careful not to inflict damage to the tissue. (Make sure to keep it moist at all times with 

ice cold PBS).  

6. Gently place the slice into the pre-incubation scintillation vial and allow it to shake with 

gentle agitation in the water bath for 1h. Subsequently, the slice is transferred to a second 

vial (basal or insulin stimulated in the presence of D-[ 14C] glucose) and incubated for 

another hour.  

7. At the end of the second hour, remove the slice from the vial and immediately dip in liquid 

nitrogen to discontinue the reaction.  

8. Place the frozen slice in 500µl of 1N KOH for digestion for 30min @ 90°C.  

9. Vortex the sample and then extract 100µl for glycogen content assay and freeze at -80°C and 

the store the rest for glycogen synthesis assays at -20°C. 

 

Glycogen Synthesis Reagents  

¶ 1N KOH  

5.61g KOH make final volume to 100ml using ddH2O  

¶ 25 mg/ml Glycogen Carrier 

Add 625 mg Glycogen Carrier (Sigma Aldrich cat #G8751-5G) in 25 ml water and store at -

20°C 

 

¶ Saturated Na2SO4  

Dissolve powdered Na2So4 in ddH2O until precipitation forms. Precipitate formation is a 

sign of saturation.  
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¶ Cold Ethanol  

Place 100% Ethanol in a 50ml falcon tube. Leave in -20°C freezer.  

 

Glycogen Synthesis Assay (Incorporation of D-[14C] glucose into Glycogen) 

1. Use the 400µl extract meant for glycogen synthesis and place in a 2ml Eppendorf 

2. Add 100µl of carrier glycogen (25mg/ml) to each sample.  

3. Add 80µl of saturated Na2SO4 to each sample  

4. Add 1.2ml of cold ethanol  

5. Gently vortex each sample for 30 sec and incubate at -20°C overnight to allow precipitation.  

6. On the next day, centrifuge the samples for 20min @ 3000rpm for proper precipitation to 

occur.  

7. Discard the resultant supernatant by dabbing on to kim wipes.  

8. Dissolve the pellet in 500µl of ddH20.  

9. Extract 400µl of sample and add to 5ml of scintillation fluid (ECOLITE+ liquid scintillation 

cocktail (MP Biomedicals Cat #01882475)) for counting.  

10. Correct readings for tissue weight. 

 

Glycogen Content Reagents  

Note: Adjust volumes accordingly depending on number of samples. 

¶ Acetate Buffer (0.2M, pH 4.8)  

480µl Acetic Acid (98%)  

975mg Sodium Acetate  

Make final volume to 100ml using ddH20.  

Adjust pH to 4.8 and store at 0-4°C.  

 

¶ Amyloglucosidase Solution  

1mg Amyloglucosidase Enzyme Protein Powder  

1ml 0.2M Acetate Buffer  

 

¶ 1N KOH (pH off the scale) 5.61g KOH  

Make final volume to 100ml using ddH2O.  

 

¶ Triethanolamine (TRA) Buffer  

(0.3M TRA; 4.05mM MgSO4; 1N KOH, pH 7.5)  

5.6g Triethanolamine  

100mg MgSO4  

12ml 1N KOH  

Make final volume to 100ml using ddH2O. Store at 0-4°C  
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¶ Ammonium Sulfate (3.2M)  

4.23g (NH4)2SO4  

Make final volume to 10ml with ddH2O.  

 

¶ Hexokinase/G6PDH Suspension 500U (based on HK units ï 125U/mg of protein.  

Re-suspend the lyophilized enzyme in 2ml of 3.2M Ammonium Sulfate (~ 250U/ml).  

 

¶ ATP-TRA Buffer (1mM ATP; 0.9mM NADP; 5ug/ml HK/G6PDH) 

6mg ATP  

8mg NADP  

10ml TRA Buffer  

50µl HK/G6PDH Suspension  

Note: Solution is stable for one week at 0-4°C.  

h) Glycogen Content Assay  

1. Thaw the eppindorf with 100µl sample meant for glycogen content assay.  

2. Add 10% (v/v) of acetic acid 17.5M to digested tissue (maintains pH between 4-5, ideally 

4.8 which is optimum for hydrolysis of glycogen by amyloglucosidase.  

3. Add 500µl of acetate buffer (4.8 pH) with amyloglucosidase (0.5mg/ml).  

4. Incubate for 2h at 40°C with shaking or on bench overnight.  

5. Neutralize the solution with 1/16 (v/v) of NaOH (5N). pH should now be 7.37 @ 25°C.  

6. Centrifuge for 5min @ 3000rpm.  

7. Extract 400µl of the digested supernatant & add 1ml of ATP-TRA Buffer.  

8. Incubate for 30min on the bench.  

9. Gently vortex and extract 1ml and dispense into a plastic cuvette. 

10. Read the OD at 340nm. Note: (OD x 8.89) = umol of glucosyl units.  

11. Correct readings for tissue weight. 

 

i) Palmitate Oxidation Assay 

Complexation of Palmitic Acid 

1. Prepare 30mL of KRB Buffer (without glucose) 

2. Add 3.75g FA-free BSA (Sigma Cat# A3803) to get a 12.5% solution 

3. Heat to 50°C in water bath 

4. Take 1600mg palmitic acid (Sigma Cat# P-5585) to put into a 2mL eppendorf 

5. Dissolve palmitic acid by slowly adding 100ɛl NaOH (10N) and vortexing vigorously 

6. Add palmitic acid into preheated medium while constantly stirring otherwise it will 

precipitate/coagulate. 

7. Pour into falcon tube, protected from light 

8. Incubate in 50°C water bath for overnight while shaking at 150-200rpm 
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9. After the incubation period, filter solution to get chunks out using a 10mL syringe and sterile 

strainer 

10. pH to 7.4, measure concentration using a spectrophotometer Aliquot solution and store at -

20°C 

 

Incorporation of [1-14C] Palmitic acid into 14CO2 

1. Following extraction, weigh tissues (~20mg muscle strips or liver slices) and place into 

scintillation vial containing 2mls of KRBS Ringer buffer for the purposes of preincubation. 

2. Gasify each vial for 1 hour and incubate at 37°C to make sure the tissue remains live 

3. After 1 hour, carefully remove the muscle strip/liver slice and ass it to another scintillation 

vial with 2ml of radiolabelled buffer (3.5% BSA containing [1- 14C] palmitic acid and 200 

ɛM non-labelled palmitate). Make sure to gasify the vials at 37°C. 

4. On completion of the hour add 200ɛl (1:1, vol/vol) 2-phenylethylamine/methanol onto 

loosely folded filter paper placed inside a 1.5ml Eppendorf and add it to the vial. 

5. Gasify each scintillation vial and incubate for 1 hour at 37°C 

6. After 1 hour, add 200ɛl of H2SO4 (5N) to acidify media. Incubate for 1 hour at 37ÁC 

7. 10. Collect filter papers and transfer to corresponding scintillation vial containing 10mL of 

ECOLITE+ liquid scintillation cocktail (MP Biomedicals Cat #01882475) and place in 

scintillation counter for radioactivity counting and finally correct for tissue weight 

 

j) High Pressure Liquid Chromatography 

Lipid Extraction using Folch’s Method 

1. Take frozen tissue samples out of the -80°C freezer and measure out approx. (150 mg of Sol, 

125 mg of EDL, 100 mg of Epit and 50 mg of liver)  

2. Resuspend the above-mentioned tissues in cholorform:methanol (2:1 vol:vol)  

3. Vortex the cells for 30 s followed by 2 rounds of homogenization  

4. Spin the samples at 3000 x g for 5 min at 4°C 

5. Transfer 300 ɛl of the upper cholorform phase into a new Eppendorf tubes  

6. Allow the tubes to evaporate overnight inside the fumehood 

7. Resuspend in 100 ɛl of 2-propanol-hexane 5:4 (v/v) (PrHex) and use for HPLC analysis 

 

High Pressure Liquid Chromatography for MAG DAG TAG content 

1. Quantification was performed using UV detection in an ultra high-pressure liquid 

chromatography system (UHPLC-UV) (Nexera X2, Shimadzu, Kyoto, Japan).  

2. 50 µl sample volumes were injected automatically into a reverse phase column (C18 5µm 

250 x 4.6mm; Restek, Bellefonte, USA). The chromatography conditions were set to 40 °C 

for 20 min using a gradient of methanol (MeOH) and PrHex: 100% of MeOH from 0 min 
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until 10 min, followed by 50% of MeOH and 50% of PrHex for 10 min, maintained with 

isocratic elution for 10 min.  

3. 0.25 µg/µl Triololein, Diolein, and Monoolein (Nu-check, Elysian, USA) were also 

dissolved in PrHex and quantified to obtain a standard curve.  

 

Ceramide content:  

1. Quantification was performed using UV detection in an ultra high-pressure liquid 

chromatography system (UHPLC-UV) (Nexera X2, Shimadzu, Kyoto, Japan).  

2. 50 µl sample volume of the lipid extract obtained after chloroform extraction was transferred 

into new pre-weighed eppendorfs. The organic phase was then hydrolyzed in 1M KOH at 90 

°C for 60 min and then mixed with15µl OPA reagent for 20 min at room temperature. The 

samples were reconstituted in 100 ml of chloroform-methanol-acetic acid-water 

(50:37.5:3.5:2 vol/vol/vol/vol) and run through a porous silica column (ARC-18 1.8 µm 100 

x 2.1 mm).  Elution was conducted with heptane-isopropyl ether-acetic acid (60:40:3 

vol/vol/vol) at a gradient from 0 to 10 % in 30 min at a flow rate of 0.8 ml/min followed by 

isocratic elution with acetonitrile: deionized distilled water (90:10, vol/vol) and a flow rate 

of 1 ml/min240.  

3. The calibration curve was prepared using NAcetyl-D-sphingosine as a standard 

k) Lactate Assay 

1. Lactate Determination using the Biovision Lactate Colorimetric/Fluorimetric Assay Kit 

(Cat. # K607-100) 1. Thaw the frozen media samples to be analyzed for lactate production  

2. Rinse 10-kDa molecular weight spin filters in 2 ml Eppendorf tubes using ddH2O and 

centrifuge at 13, 000 RPM for 5 min 

3. Discard the ddH2O from the filters and allow them to dry  

4. Add 100 ɛl of the sample to the filter and spin at 13, 000 RPM for 5 min at 4ÁC  

5. Following deproteination of the sample, remove the filter and extract the sample from the 

bottom of the Eppendorf.  

6. Using the Lactate Assay Kit, mix 990 ɛl of the Lactate Assay Buffer with 10 ɛl of the 

Lactate Standard to produce the Assay Standard  

7. Load 2, 4, 6, 8 and 10 ɛl of the Assay Standard into a 96-well plate and bring total volume 

to 50 ɛl with Lactate Assay buffer.  

8. Load 2-50 ɛl of sample and bring total volume to 50ɛl with Lactate Assay Buffer 

9. Add 46 ɛl of Lactate Assay Buffer, 2 ɛl of resuspended Lactate Enzyme and 2 ɛl of the 

Lactate Probe per well  

10. Mix reaction mixes well and incubate the 96-well plate for 30 min in the dark  

11. Read the plate at 570nm in a plate reader 
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l) Measuring Circulating Insulin by ELISA  

1. Fast the animals for 14-16 hr then obtain a blood sample from the saphenous vein.  

2. Always keep blood on ice.  

3. Centrifuge the blood at for 10min @ 13,000rpm (4°C)  

4. Extract the plasma (supernatant) and place into another labeled eppendorf. Store at -80°C 

until you are ready to run the ELISA.  

5. When ready to assay, pre-warm all reagents of the EMD Millipore ELISA kit (Cat. # 

EZRMI-13K) to room temperature. 6. Dilute the provided 10X wash buffer by 10-fold.  

6. Determine the number of samples to be assayed and place any extra microtiter strips in 2-

8°C. 8. Place the microtiter strips that you will be using in a plate holder and wash 3 times 

with 300µl of diluted wash buffer.  

7. Remove buffer from wells by tapping lightly onto an absorbent surface DO NOT let the 

wells dry completely.  

8. Add 10µl of assay buffer to each blank & sample wells.  

9. Add 10µl of Matrix solution to blank, standard, and control wells.  

10. Add 10µl of 0.2, 0.5, 1, 2, 5 and 10 ng/mL insulin standards in ascending order.  

11. Add 10µl of quality control 1 & 2 into their own wells.  

12. Add 10µl of sample into the remaining wells.  

13. Add 80µl of detection antibody to all wells  

14. Seal the plate and incubate at room temperature for 2h on an orbital shaker  

15. Remove plate sealer and tap onto an absorbent surface to empty contents.  

16. Reaction Mix Assay Buffer 46µl Triglyceride Probe 2µl Enzyme Mix 2µl  

17. Wash the plate 3 times with 300µl of wash buffer by decanting after each wash.  

18. Add 100 µl of enzyme solution to each well. Seal with plate sealer and incubate for 30min at 

moderate speed on an orbital shaker.  

19. Remove the seal and decant the contents.  

20. Wash 6 times using diluted wash buffer making sure to decant contents after each wash.  

21. Add 100 µl of substrate solution to each well. Cover with plate sealer and shake for 20 min 

on orbital shaker.  

22. Add 100µl of stop solution to each well and mix well by hand. Ensure there are no bubbles 

and read using a plate reader at 450 and 590nm. Record absorbance.  

23. Calculate insulin concentrations as outlined in the manual. 

 

m) Glucose Tolerance Test  

1. Fast rodents overnight (12-16 hours)  

2. Calculate the amount of 30% glucose solution required for each rat based on their individual 

weight. Use the following formula to calculate the volume of solution required to inject each 

rodent with: {Weight of rodent in kg x (1.75 g/Kg of body weight of glucose/0.30. 
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3. Prepare the 30% glucose solution, mix D-glucose (MW=180.16) with Physiological Saline. 

Place ready made solution in a 50ml falcon tube. Then heat the solution to 37 oC in water 

bath. 

4. Bleeds will occur. These times are as follows: 

5. Time 0, Time 15 min, Time 30 min, Time 60 min, and Time 120 min.  

6. Collect basal glucose readings for all animals prior to injecting glucose. 

7. Inject rat with glucose solution into peritoneal cavity and start the timer. 

8. Collect blood after 15, 30, 60, and 120 min after glucose injection. Make sure to record 

blood glucose values immediately after each time point and graph the results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix B: Supplementary figures  

 

Figure B1: Uncropped, original western blots for figure 4.5 in chapter 4 indicating higher levels 

of PKCδ (A) and PKCθ (B) in EDL and Epit than in Sol muscles.  

 

Total PKCδ in all muscles        β-actin to normalize PKCθ in all muscles 

EDL SOL   Epit EDL SOL   Epit 
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Total PKCθ in all muscles        β-actin to normalize PKCθ in all muscles  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B2: Uncropped, original western blot images for figure 4.6 in chapter 4 indicating 

Distinct effects HFS diet on PKC translocation towards the membrane in Sol, EDL, and Epit 

muscles. Representative blots and densitometric analyses of PKCδ, Na,K-ATPase, and GAPDH 

(A–C) and PKCθ, Na,K-ATPase, and GAPDH (D–F) levels in membrane (Memb) and 

cytoplasmic (Cyto) cellular fractions. 

(A) Cytoplasmic PKCδ in Soleus muscle      Membrane PKCδ in Soleus muscle 
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(B) Cytoplasmic PKCδ in EDL muscle                     Membrane PKCδ in EDL 

muscle 
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(C) Cytoplasmic PKCδ in Epit muscle          Membrane PKCδ in Epit muscle 
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(D) Cytoplasmic PKCθ in Soleus muscle    Membrane PKCθ in Soleus muscle 
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(E) Cytoplasmic PKCθ in EDL muscle                Membrane PKCθ in EDL 

muscle 

 

 

 

 

 

 

GAPDH to normalize      Na,K-ATPase to normalize 

PKCθ in EDL cytoplasm      PKCθ in EDL membrane 
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(F) Cytoplasmic PKCθ in Epit muscle       Membrane PKCθ in Epit muscle 

 

 

 

 

 

 

GAPDH to normalize      Na,K-ATPase to normalize 

PKCθ in Epit cytoplasm      PKCθ in Epit membrane 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B3: Uncropped, original western blots for figure 5.1 in chapter 5. HFS diet causes 

impairment of insulin-induced AKTThr308 phosphorylation in oxidative and glycolytic muscles 

under basal (B) and insulin-stimulated (I) conditions. AKT phosphorylation (A-C)) in Sol, EDL, 

and Epit, respectively. *p<0.05, Two-way ANOVA, n-6-11 for AKT. Mean ± SD. 
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(A)  Phospho-AKT in Sol muscle      Total AKT in Sol muscle  

 

 

   

 

  

 

 

(B) Phospho-AKT in EDL muscle      Total AKT in EDL muscle  

 

 

   

 

  

 

 

(C) Phospho-AKT in Epit muscle      Total AKT in Epit muscle  

 

 

   

 

  

 

 

 

Figure B4: Uncropped, original western blots for figure 5.5 in chapter 5: The HFS diet does not 

alter total PKCδ and PKCθ protein levels in oxidative and glycolytic muscles. PKCδ and PKCθ 

normalized by β-actin in Sol (A), EDL (B) and Epit (C). *p<0.05 vs.SC (t-test), n=6-7. Mean ± 

SD. 
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(A) Total PKCδ in Sol muscle    Total PKCθ in Sol muscle  

 

    

 

   

 

  

 

 

β-actin to normalize for total PKCδ and PKCθ in Sol muscle 

    

   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(B) Total PKCδ in EDL muscle    Total PKCθ in EDL muscle  

    

SC                 HFS 

200 

150

0 
100

0   75 

  50 

SC                 HFS 

200 

150 

100 

  75 

  50 

  37   37 

SC                 HFS 

200 

150

0 100

0   75 

  50 

  37 

SC                 HFS SC                 HFS 



  222 

 

 

 

   

 

  

 

 

β-actin to normalize for total PKCδ and PKCθ in EDL muscle 

    

   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(C) Total PKCδ in Epit muscle    Total PKCθ in Epit muscle  
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β-actin to normalize for total PKCδ and PKCθ in Epit muscle 

    

   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure B5: Uncropped, original western blots for figure 5.6 in chapter 5: The HFS diet 

distinctly affects membrane-bound PKC levels in oxidative and glycolytic muscles. 

Representative blots and densitometric analyses of PKCδ (A-C) and PKCθ (D-F) levels in 

membrane (Mem) and cytoplasmic (Cyto) cellular fractions in Sol, EDL, and Epit muscles, 

respectively. *p<0.05, t-test, n=6 for Sol and EDL, n=4 and 5 for Epit. Mean ± SD.  
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(D) Cytoplasmic PKCθ in Soleus muscle       Membrane PKCθ in Soleus 

muscle 
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(B) Cytoplasmic PKCδ in EDL muscle               Membrane PKCδ in EDL muscle 
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(E) Cytoplasmic PKCθ in EDL muscle      Membrane PKCθ in EDL muscle 
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(C) Cytoplasmic PKCδ in Epit muscle               Membrane PKCδ in Epit muscle 
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(F) Cytoplasmic PKCθ in Epit muscle      Membrane PKCθ in Epit muscle 

 

 

  

  

 

 

 

GAPDH to normalize      Na,K-ATPase to normalize 

PKCδ and PKCθ in Epit cytoplasm    PKCδ and PKCθ in Epit membrane 

 

 

 

 

 

 

 

 

 

 

Figure B6: Uncropped, original western blots for figure 6.5 in chapter 6. HFS and KD do not 

affect total cellular PKCε levels (A), but the translocation/activity of this kinase is significantly 

lower in KD-fed rats (B). Representative blots and densitometric analyses of levels in membrane 

(Memb) and cytoplasmic (Cyto) cellular fractions were corrected by loading controls Na,K-

ATPase and GAPDH, respectively.  
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(A) Total PKCε in Liver    β-actin to normalize in PKCε Liver 

 

  

   

 

  

 

(B) Cytoplasmic PKCε in Liver    Membrane PKCε in Liver 
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Figure B7: Uncropped, original western blots for figure 6.6 from chapter 6. The HFS diet 

causes impairment of insulin signaling and glycogen synthesis, whereas the KD maintains 

hepatic cells responsive to insulin intact. Representative blots and densitometric analyses for 

AKT (A) and GSK3 αβ (B) phosphorylations under basal (B) and insulin (I, 100 nM)-stimulated 

conditions.  
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(A) & (B): PAKT and PGSK3αβ      Total AKT and GSK3 αβ 

 

 

  

   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix C: Additional Contributions  

I made the following contributions during my doctoral tenure but are not included in my 

dissertation: 

1. Sepa-Kishi DM, Jani S, Da Eira D, Ceddia RB. Cold acclimation enhances UCP1 content, 
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