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Abstract 

Conjugated linoleic acids (CLA) are dietary fatty acids commonly found in dairy and 

ruminant meats. CLA is found to be beneficial in treating the metabolic syndrome (MetS) and 

its major complication, type 2 diabetes mellitus. CLA is thought to exert its beneficial effect 

through activation of peroxisome proliferator activated receptors (PPAR) activity. Thus, CLA 

may be beneficial alone or in combination with current medications where it reduces side 

effect of conventional insulin sensitisers, such as rosiglitazone. The study was carried out via 

in vitro and in vivo approaches. For the in vitro study, the effects of CLA isomers and its 

combination with rosiglitazone on glucose production of HepG2 and H4IIE and 

gluconeogenic gene expression of HepG2 cells were examined. It was found that c9,t11-CLA 

isomer reduced glucose production in HepG2 and H4IIE cells compared to untreated control 

(p < 0.005), while, t10,c12-CLA had the opposite effect of increasing glucose production. 

c9,t11-CLA did not affect the ability of rosiglitazone in directly reducing glucose production. 

Reduction of glucose production by fenofibrate was not affected by either CLA isomer. c9, 

t11-CLA was found to decrease PEPCK expression in HepG2 cells (p < 0.05). The in vivo 

segment of the study was performed with ApoE null mice (n=29) fed Western diet for 20 

weeks, divided into 5 groups, to examine the effect of 3 mg/day 1:1 mixture of c9,t11 and 

t10,c12 isomers of CLA on lipoprotein metabolism and insulin, leptin and adiponectin. The 

administration of 1:1 CLA isomeric mixture did not alleviate dyslipidemia caused by Western 

diet; instead simultaneous administration of CLA and rosiglitazone exacerbated dyslipidemia 

in ApoE null mice, particularly total plasma cholesterol (p < 0.001) and plasma LDL (p < 

0.0001) compared with normal mice fed normal diet. While glucose, insulin and adiponectin 

level remain unchanged across groups, early administration of CLA irrespective of 

rosiglitazone led to reduction of leptin compared with mice fed only Western diet. It can be 

concluded that while c9,t11-CLA may exert benefits in MetS on the liver in vitro, the 
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administration of CLA isomeric mixture with rosiglitazone exacerbates dyslipidemia in vivo 

that may be caused by t10,c12 isomer and thus, unable to ameliorate side effects of 

rosiglitazone. 
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CHAPTER 1 

1.0 Introduction 

Metabolic syndrome (MetS) is a cluster of disorders of energy consumption, storage and 

utilization that either individually or together raises the risk for chronic diseases including 

type 2 diabetes mellitus (T2DM) and cardiovascular disease (CVD). The precise definition of 

MetS varies according to the criteria set by governing bodies such as World Health 

Organization (WHO), International Diabetes Federation (IDF) and National Cholesterol 

Education Program-Adult Treatment Panel III (NCEP ATP III). Despite variations, common 

diagnostic criteria of MetS include obesity, insulin resistance, hyperglycemia, dyslipidemia 

and hypertension1.  

The prevalence of MetS is at approximately 25% of the world’s population, estimated by 

IDF1. MetS prevalence in US hovers around one fifth of the population2,3. Moreover, 

metabolic syndrome was found to have a higher prevalence among US populations with 

Asian ancestry4. The proportion of body fat distribution in Asians differs from that of 

Caucasians and corresponds to higher adiposity despite having identical body mass indices 

with Caucasians5. Hence, MetS definition set by NCEP ATP III, IDF and WHO may be more 

applicable for Caucasians and less for Asians. Accounting for differences in body 

composition, separate criteria had been applied for the Asian definition of MetS. The Asian 

definition of obesity is modified to be BMI > 25 kg/m2 as opposed to BMI > 30 kg/m2 

defined by WHO6. The ECEP ATP III definition was modified to apply for Asian populations, 

which the waist circumference >90 cm apply for men and >80 cm for women7. In countries 

such as South Korea, China, Hong Kong, Singapore and the Philippines, the prevalence of 

MetS range from 10% to 20% according to the Caucasian definition, and 20% to 30% 

according to the Asian definition5. 
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In the Malaysian context, MetS has a surprisingly high prevalence in the population 

compared to worldwide and Asian prevalence, also being the highest in South East Asia 

above Indonesia8. Prevalence of MetS among Malaysians is close to 30% according to 

definitions set by NCEP-ATP III and IDF. Alarmingly, overall prevalence comes to a 

whopping rate of 43.4% using the new definition set by Joint Interim Statement for a 

harmonized definition of MetS9. 

Individuals with MetS are at high risk of developing T2DM (odds ratio: 5 to 8 in a 4 year 

follow up period)10. Diabetes is projected to affect approximately 400 – 600 million people 

worldwide by year 2030 with the most disease burden coming from poor and developing 

countries11,12. Although MetS is characterized by the presence of risk factors such as obesity, 

dyslipidemia, hyperglycemia, hyperinsulinemia and insulin resistance, many of these risk 

factors are asymptomatic and it can take years to actually develop frank diabetes. 

Based on the projection that the world population is going to be approximately 8.2 billion by 

year 203013, MetS is predicted to affect 2 – 3 billion people worldwide, while diabetes will be 

affecting approximately 5 to 7% of the world’s population by that year. Besides that, 

morbidity of MetS increases healthcare cost proportional to the number of components 

present in MetS, such as hyperglycemia, hypertension, low HDL, high triglycerides and 

increased waist circumference14,15. In average, cost increases by 24% for each risk factor 

present; furthermore healthcare cost doubles for patients with diabetes compared to 

prediabetics14. The syndrome is expected to present a major economic burden especially in 

lower income countries. 

Given that MetS has reached epidemic proportion and its complications has led to increase in 

T2DM, CVD and all-cause mortality, a good understanding of the disease process is essential 

to combat MetS and its complications. In order to get a closer picture about the current 
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understanding of MetS pathogenesis and the hypothesis of this study, it is better to discuss 

some essential information about insulin and its resistance as well as metabolism of 

lipoproteins. 

1.1 Insulin 

The human body utilizes glucose and lipids as main sources of energy. Glucose and lipids 

undergo processes such as glycolysis, citric acid cycle and oxidative phosphorylation to 

ultimately yield adenosine triphosphate (ATP).  

In humans, excess energy obtained after a meal is stored to meet energetic needs during 

periods of fasting. Excess glucose is stored in two forms namely; glycogen in the liver16 and 

fatty acids stored as triglycerides in adipose tissues17. A homeostatic mechanism must exist to 

ensure perpetual availability and efficient utilization of fuels during periods of satiety and 

fasting18. Energy homeostasis is regulated by hormones, which are chemical messengers that 

circulate in the blood. There are a number of hormones that governs energy homeostasis, but 

only insulin will be further discussed for the purpose of this study. 

Insulin is a peptide hormone secreted by β cells in islets of Langerhans found in pancreas. It 

is secreted in response to increased glucose availability in the bloodstream detected by β 

cells19. Briefly, increased β cells utilisation of glucose via glycolysis and oxidative 

phosphorylation leads to increase in ATP/ADP ratio. Increased ATP concentration leads to 

closure of ATP sensitive potassium channel and increase in intracellular potassium. The 

depolarization of β cell triggers opening of voltage gated calcium channel and the presence of 

calcium leads to release of insulin by exocytosis19. 

On target tissues, insulin binds to insulin receptors, the binding triggers trans-

autophosporylation of tyrosine kinase domain of the receptors, leading to activation of 
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downstream signal transduction pathways that involves insulin receptor substrates (IRS), 

phosphatitylinositol-3-kinase (PI3K), Protein kinase B (Akt) and extracellular signal 

regulated kinases (ERK)19,20. 

1.2 Insulin action in “classically” insulin sensitive organs 

Insulin is an important hormone for regulating glucose and lipid metabolism, primarily in 

liver, adipose tissues and skeletal muscle (Figure 1.1). 

 

 

 

 

Figure 1.1: The action of insulin in insulin sensitive tissues: liver, adipose tissues and 

skeletal muscles. Insulin is secreted from the pancreas and act in adipose tissue to promote 

triacylglycerol uptake and storage; in the skeletal muscle to promote glucose uptake and 

fatty acid oxidation. In the liver, insulin promotes storage of glucose in the form of 

glycogen. (taken from Lehninger Principles of Biochemistry, 6th edition, page 952.) 
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1.2.1 Insulin sensitive organ: Liver 

Insulin increases glucose uptake in the liver by upregulating liver glucokinase21,22, an enzyme 

responsible for initiating glucose into the metabolic pathway. Insulin expands glycogen stores 

through stimulation of glycogen synthesis by activation of a rate-limiting enzyme; glycogen 

synthase and inhibition of glycogen breakdown by deactivation of glycogen phosphorylase in 

hepatocytes. Moreover, insulin inhibit hepatic gluconeogenesis20. Akt activated as a result of 

insulin binding phosphorylates glycogen synthase kinase 3 (GSK3), leading to GSK3 

inactivation. Furthermore, recruitment of Protein Phosphatase 1 (PP1) downstream of PI3K 

leads to dephosphorylation of the inhibitory phosphate on glycogen synthase and activating 

phosphate on glycogen phosphorylase, leading to the net outcome of glycogen synthesis20,23. 

The inhibition of gluconeogenesis is mediated through Akt phosphorylation of transcription 

factor FoxO1. Phosphorylation of FoxO1 sequesters itself in the cytoplasm and decreases 

expression of two enzymes required for bypass reaction in glucose production: 

phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6P)24. 

1.2.2 Insulin sensitive organ: Adipose tissues 

Adipose tissue is an important organ in mediating insulin sensitivity. Excess energy is 

converted from glucose and fatty acids into triglycerides. Apart from storing excess energy in 

the form of fats, adipose tissues garnered attention as an endocrine organ that secretes 

hormones important in mediating insulin sensitivity and inflammation25,26. In adipose tissues, 

insulin leads to increased glucose and fatty acid uptake and storage (shown in Figure 1.1), 

and decreased breakdown of triglycerides. The net effect is decreased level of circulating 

plasma free fatty acids (FFA). The increased glucose uptake in adipose tissue is dependent on 

the insulin responsive glucose transporter, GLUT4, where translocation of GLUT4 to the 

plasma membrane leads to increased glucose flux into adipocytes19. Insulin is known to 
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stimulate lipogenesis and suppress lipolysis by inhibiting transcriptional activity of SREBP-

1c and FoxO1 via protein kinase S6K and Akt, respectively19,20.  

1.2.3 Skeletal muscle 

The skeletal muscle accounts for 60 – 70% of insulin stimulated glucose uptake, and thus 

represents a major glucose sink and regulator of energy balance. In skeletal muscles, the 

effects of insulin include increase in glucose and free fatty acid uptake (shown in Figure 1.1), 

glycogen synthesis and fatty acid oxidation19. The increase in glucose and free fatty acid 

uptake is achieved by increase in glucose flux via GLUT4 translocation and activation of key 

enzymes involved in glucose and fatty acid oxidation19. Under normal circumstances, insulin 

does not stimulate lipid storage in skeletal muscles. Under conditions of insulin resistance in 

T2DM, the skeletal muscle is a primarily affected organ. 

1.3 Lipoprotein metabolism 

As dyslipidemia is a hallmark of MetS27, it is imperative to have an understanding of 

cholesterol and lipoprotein metabolism (Figure 1.2). Dietary cholesterol and triglycerides are 

insoluble in the aqueous environment of the blood plasma; thus they are carried in lipoprotein 

particles. The liver and adipose tissue are two principal organs involved in the metabolism of 

lipoproteins. It is well known that excessive low density lipoproteins (LDL) predisposes to 

high risk of atherosclerosis whereas high density lipoproteins (HDL) lowers it. 

Dietary lipids including cholesterol, triglycerides and fatty acids are distributed throughout 

the body via cholesterol transport pathways as depicted in Figure 1.2. From the intestines, 

dietary lipids enter the circulation in lipoprotein particles of the lowest density called 

chylomicrons.  After much triglyceride (in chylomicrons) are taken up by peripheral tissues, 
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the liver takes up the remaining contents, known as chylomicron remnants, where free and 

esterified cholesterol are stored. This is the exogenous pathway of cholesterol transport. 

 

 

 

 

 

Cholesterol can be distributed in very low density lipoproteins (vLDL) to the peripheral 

tissues, from the liver. Uptake of triglycerides from vLDL converts them into low density 

lipoproteins (LDL) that principally contain cholesterol and cholesteryl esters. Cholesterol and 

Figure 1.2: Cholesterol transport pathway from the liver and peripheral tissues. 

Cholesterol and other dietary lipids circulate through the body via enterohepatic 

pathway involving bile salts and the gallbladder; dietary intake of lipids via exogenous 

pathway; circulation of vLDL and LDL in the endogenous pathway; and the reverse 

transport pathway mediated by HDL. ( taken from Lehninger Principles of 

Biochemistry, 6th edition, page 867). The reader is advised to refer to the main text in 

the source for details on the pathways and organs denoted by the numbers. 

Abbreviations: C: cholesterol; CE: cholesteryl ester; FFA: free fatty acids; HDL: high 

density lipoproteins; IDL: intermediate density lipoproteins; LDL: low density 

lipoproteins; vLDL: very low density lipoproteins. 
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its esters can be taken up by macrophages (which are transformed into foam cells) or taken up 

by the liver in an endocytic process that involves LDL receptors (LDLr). This is called the 

endogenous pathway of cholesterol transport. 

The reverse cholesterol transport has been reviewed28. It is carried out by high density 

lipoproteins (HDL) originated from the liver. The primary protein component in HDL is 

ApoA1. HDL is secreted from the liver or intestine as discoidal HDL, also known as pre-β 

HDL. Discoidal HDL picks up free cholesterol from peripheral cells, including foam cells, 

and converted into mature HDL particles after esterification of cholesterol. ApoA1 is able to 

activate lecithin:cholesterol acyltransferase (LCAT) to esterify free cholesterol to cholesteryl 

esters. The function of LCAT is critical in HDL metabolism29. Cholesterol contained in HDL 

can be transferred to LDL particles via cholesteryl ester transfer protein (CETP) or the liver 

mediated by hepatic lipase (HL). Cholesterol can be excreted in feces as free cholesterol or 

bile salts. Increasing evidences pointed that the rate of reverse cholesterol transport does not 

depend on the overall concentration of HDL but rather on the presence of specific HDL 

subpopulations, and this is involved in the disease process of diabetes. 

Besides the role in reducing cardiovascular risk, HDL is suggested to be beneficial in 

glycemic control although results are preliminary30. ApoE containing LDL and vLDL are 

able to pick up cholesterol from foam cells to bring cholesterol back into the circulation. 

  



22 
 

1.4 Insulin resistance 

Metabolic syndrome (MetS) has a variety of causes, the major being dietary and minor causes 

range from genetic, drugs and hormone factors1. A hallmark of MetS is insulin resistance, 

defined as the “inability of a known quantity of exogenous and endogenous insulin to 

increase glucose uptake”31. Insulin resistance is characterised by elevated blood glucose 

despite normal or augmented insulin secretion.  

As mentioned earlier, excess energy obtained in the diet is stored as glycogen and 

triglycerides, in the liver and adipose tissue respectively. In the context of saturated glycogen 

stores, excess energy is stored as lipids via de novo lipogenesis in the liver, and adipose tissue 

to a lesser extent32. Hepatic and muscular insulin resistance ensues as an adaptive mechanism 

to protect against lipotoxicity in the organs33. Further to that, excess energy is redirected to 

the adipose tissues. 

The increase in lipid store leads to either increase in adipocyte number (hyperplasia) or 

adipocyte size (hypertrophy). Hypertrophy of adipose tissue leads to necrotic death of 

adipocytes and secretion of pro-inflammatory cytokines, such as monocyte chemoattractant 

protein-1 (MCP-1)34. Macrophage comprises less than 10% of total cells in healthy adipose 

tissues, but can rise up to 50% in the inflammatory state35. Secretion of proinflammatory 

cytokines including tumour necrosis factor α (TNFα) and interleukin 6 (IL-6) interferes with 

insulin signal transduction pathway in adipocytes, leading to adipose insulin resistance. 

Adipose tissue inflammation is known to be dependent on nuclear factor kappa B (NF-κB) 

and c-Jun N-terminal kinase (JNK), as suppression of these pathways restores insulin 

sensitivity36–38. 

The insulin resistant state leads to breakdown of triglycerides (lipolysis) stored in adipose 

tissues, and release of fatty acids in the circulation. Increased concentration of plasma free 
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fatty acids leads to ectopic deposition of fats in liver and skeletal muscle, further exacerbating 

insulin resistance in these organs and their failure to increase glucose uptake in response to 

insulin. Ectopic fat deposition in the liver occurs through de novo lipogenesis39, and known 

as fatty liver or hepatic steatosis. The insulin resistant liver is glycogenolytic and 

gluconeogenic. 

Inflammation and insulin resistance culminates in a vicious positive feedback loop. Over time, 

insulin resistance in classically insulin sensitive tissues causes elevated blood glucose, a 

condition known as hyperglycemia40. The pancreatic β cells attempt to compensate for insulin 

resistance by secreting more insulin into the bloodstream (hyperinsulinemia), culminating in 

the insulin independent stage of T2DM and also inflammation of the islets40. Over time, the 

chronic inflammation leads to decreased functioning β cell mass and subsequently, the insulin 

dependent stage of diabetes40. 

1.5 Current therapeutic options for diabetes according to drug classes 

Diet and lifestyle changes for patients affected with MetS and T2DM are essential steps in 

patient management. Although diet and lifestyle changes may be as efficacious as 

medications to maintain normal physiological parameters, many patients struggle with 

compliance41. Furthermore, there is a need for social support for lifetime commitment to 

altered lifestyle42,43. 

In addition to diet and lifestyle changes, patients are often prescribed medications to manage 

T2DM. Based on the knowledge of perturbed processes in T2DM, namely reduced insulin 

secretion, enhanced gluconeogenesis and insulin resistance, several classes of drugs have 

been developed. 
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1.5.1 Biguanides 

Metformin, a member of biguanides, exerts its antidiabetic effect mainly through interfering 

with hepatic gluconeogenesis. It acts by transiently inhibiting mitochondrial complex 1 and 

leads to the accumulation of adenosine monophosphate (AMP). The increased intracellular 

concentration of AMP leads to activation of AMP activated protein kinase (AMPK) and 

inhibition of adenylate cyclase. Active AMPK augments insulin signaling by phosphorylation 

of insulin receptor and IRS-2. On the other hand, inhibition of adenylate cyclase leads to 

lowered production of cyclic AMP and reduced Protein Kinase A activity. The reduced 

phosphorylation of phosphofructokinase/fructose-2,6-bisphophatase “bisfunctional enzyme” 

leads to activation of phosphofructokinase activity and subsequently increased glycolytic flux. 

Overall, metformin brings about increased hepatic insulin sensitivity and reduced 

gluconeogenesis44. 

1.5.2 Sulfonylureas and meglitinides 

Drugs belonging to the classes of sulfonylureas and meglitinides act by increasing insulin 

secretion from pancreatic β cells through modulation of ATP sensitive potassium channels on 

those cells. These drugs lead to closure of ATP sensitive potassium channels on the β cells 

and insulin release45, similar to the process described under “Energy Homeostasis”. A notable 

side effect of sulfonylureas is hypoglycemia46. 

1.5.3 Thiazolidinediones 

A novel class of anti-diabetic drugs, known as thiazolidinediones (or glitazones) act as insulin 

sensitisers to make target tissues more responsive to insulin47. They will be discussed in 

detail in the section below, and form the focal point of this study. Generally, they bind to 
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targets known as peroxisome proliferator activated receptors gamma (PPARγ) to elicit 

transcriptional cascades in target tissues48. 

1.6 Peroxisome proliferator activated receptors (PPARs) 

The peroxisome proliferator activated receptors (PPARs) are a family of evolutionarily 

related nuclear receptors involved in the regulation of lipid and glucose metabolism in major 

metabolic organs (Figure 1.3).  

 

 

 

Three isotypes of PPARs have been identified, namely PPARα, PPARβ/δ and PPARγ. All 

PPAR isotypes are structurally related as revealed in a structural study by Cronet and 

colleagues in 200149 (Figure 1.4).  

Figure 1.3: Metabolic functions of PPAR isotypes in insulin sensitive tissues, 

liver, skeletal muscle and adipose tissue. Figure taken from Lehninger Principles 

of Biochemistry, 6th edition, page 967. 
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As nuclear receptors, PPARs contain domains common to members of the superfamily50,51. 

The domains of PPARs, from N to C-terminal, are the autonomous activation function (AF1) 

domain; the DNA binding domain; the hinge domain; and the ligand binding domain (LBD) 

that encompasses the ligand dependent activation function domain (AF2). The AF1 and LBD 

domains are particularly important, where the former interacts with transcriptional co-

activator proteins and LBD contains the ligand binding pocket51. 

For the purpose of this study, only PPARα and PPARγ will be considered. Ligand bound 

PPARs form obligate heterodimers with the retinoid X receptor (RXR) and binds to PPAR 

response element (PPARE) to promote transcription or repression of target genes (illustrated 

in Figure 1.5). Activation of either receptor is sufficient to promote transcription of PPAR 

responsive genes. Presence of ligands for both receptors showed synergistic response52.  

The ligand binding pocket of PPARα and PPARγ is a large T shaped cavity49,53. The large 

binding pocket in comparison to other nuclear receptors may explain their ability to bind to a 

wide variety of ligands54–57, ranging from physiological, pharmacological, nutritional, natural 

product and xenobiotic ligands. Although ligands belonging to the same drug family may 

Figure 1.4: Superposition of 

ligand binding domain (LBD) of 

human PPAR isotypes, PPARα 

(red), PPARβ/δ (yellow) and 

PPARγ (blue). Only the Cα trace 

is shown. The ligand, AZ 242, is 

shown in green. Note the 

structural similarity between 

PPAR isotypes. Adopted from 

Cronet et al., 200149. 
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activate a common PPAR isotype, distinct ligand-receptor complexes have unique 

conformations that give rise to unique transcriptional profiles and biological response, as 

evidenced by comparative studies between rosiglitazone, pioglitazone and troglitazone 

binding58,59. A detailed structural study of PPARγ confirmed that distinct ligands vary in their 

occupancy of the binding pocket, giving minor structural variation of the activated receptor60. 

 

PPARγ is primarily expressed in adipogenic tissues. Alternative splicing of the PPARγ 

mRNA give rise to two isoforms, PPARγ1 and PPARγ2. Expression of PPARγ1 is ubiquitous, 

while PPARγ2 is highly expressed in adipocytes61. PPARγ is required for the differentiation 

of preadipocytes into mature adipocytes62,63 and the maintenance of mature adipocytes64,65. It 

is the receptor for thiazolidinediones, commonly referred as glitazones, which are 

administered as anti-diabetics. Expression of PPARγ in the adipose tissue64,66, liver67 and 

Figure 1.5: Mechanism of activation of PPAR. Figure taken from 

Lehninger Principles of Biochemistry 6th edition, page 966. 
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skeletal muscle68,69 has been shown to be important in mediating insulin sensitivity and the 

efficacy of glitazones. 

PPARα is primarily distributed in metabolically active tissues, namely liver and skeletal 

muscle. It is the receptor for a class of hypolipidemic drugs named fibrates. Physiologically, 

PPARα is activated in response to fasting and is required for ketogenesis54,70. Activation of 

PPARα promotes fatty acid uptake and utilization, hence explaining the hypolipidemic effect 

of its ligands54. Additional benefits of PPARα activation include the upregulation of 

circulating HDL in humans70,71 and improvement of insulin sensitivity72–74. It must be noted 

that several species specific differences in PPARα biology have been documented, especially 

between humans and rodents. Most notably, human express 90% less PPARα compared to 

rodents and PPARα induction leads to liver enlargement and hepatocyte proliferation in 

rodents, but not in humans75. Hence, these differences must be taken into account when 

interpreting the PPARα literature.  

1.7 Rosiglitazone 

Rosiglitazone is a member of the thiazolidinedione (glitazone) family of drugs used as anti-

diabetics.  As a specific agonist of PPARγ76, rosiglitazone improves insulin sensitivity by 

promoting adipogenesis and hyperplastic expansion of adipose tissue.  

Despite strong potency and efficacy, long term administration of rosiglitazone led to increase 

in heart attacks, according to meta-analyses conducted by Nissen and Wolski77,78. 

Transcriptional profiling of the heart treated with rosiglitazone suggested dysregulation of 

electrophysiology and atherosclerotic plague rupture as causes for cardiovascular 

complications79. 
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Marketing of rosiglitazone changed frequently due to conflicting reports on its side effects. 

Major concerns of cardiovascular safety have led to withdrawal of rosiglitazone in UK, India, 

New Zealand and South Africa. The US Food and Drug Administration imposed sale 

restriction from November 2011 to November 2013. Currently, rosiglitazone remains freely 

available in the US after marketing restrictions were lifted80. 

Besides cardiovascular concerns, numerous side effects were documented among members of 

glitazones, including congestive heart failure, weight gain, fluid retention, bone fractures and 

oedema81. Rosiglitazone was also found to increase plasma triglycerides and LDL58,82. The 

improvement of insulin sensitivity by rosiglitazone is mainly exerted through adipose tissues, 

due to high level of PPARγ expression, coupled with full agonism of PPARγ. It came to no 

surprise that rosiglitazone has been classified as an obesogen since it promotes weight gain 

by expanding the fat store83. 

Despite the availability of several classes of drugs to manage T2DM, many problems remain 

with pharmacotherapy. Severity of problems is proportional to the number of concomitant 

medications84,85. It was found that concomitant drugs actually led to poor glycemic control 

and as many as one fourth of patients with diabetes presented contraindications for their 

medication84. The prime reason for change of medication was insufficient glycemic control or 

adverse effects85. 

The limitations of lifestyle change and medication warrants the consideration of nutritional 

intervention to prevent the onset of T2DM. Otherwise, nutritional intervention can 

supplement regimens of lifestyle change and medication. Conjugated linoleic acid (CLA) can 

potentially serve as a safe substitute. Interestingly, CLA was found to share molecular targets 

with hypolipidemic and insulin sensitising drugs. 
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1.8 Conjugated linoleic acid 

Conjugated linoleic acids (CLA) refer to positional and geometric isomers of linoleic acids 

(C18:2) containing conjugated double bonds (Figure 1.6). There are 28 possible isomers of 

conjugated linoleic acids86, of which the cis-9, trans-11 isomer is the most abundant in nature 

and accounts for 90% of dietary CLA87–90. The trans-7, cis-9 (t7,c9) is the second most 

abundant naturally occurring isomer89,91 typically constitutes 8-13% of total CLA. There has 

not been much interest in the t7,c9 isomer due to difficulty obtaining it in sufficient quantity. 

 

 

 

Dietary intake of total conjugated linoleic acid is estimated to be 150 – 200 mg daily and 

c9,t11-CLA, 140 – 190 mg per day92. The health benefits of CLA were discovered accidently 

and quite unexpectedly when Michael Pariza and colleagues were investigating cancer 

causing properties of grilled beef90. To their surprise, fatty acids in grilled beef actually 

inhibited carcinogenesis. An explosion of interest in CLA soon followed to characterise the 

health benefits of CLA. To date, several reviews have been dedicated to highlighting the 

health benefits of conjugated linoleic acids in obesity, diabetes, cancer, atherosclerosis and 

immunity89,90,93. 

Figure 1.6: Chemical structure of conjugated linoleic acid. 

Linoleic acid (C18:2) is included for comparison. Figure taken 

from Evans et al., 2002. 
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Natural sources of CLA can be found in meat and butter derived from grass fed ruminants 

which the c9,t11 isomer is the most abundant94. In ruminants, the highest concentration of 

total CLA has been found in lamb, followed by beef, noting that most studies considered the 

c9,t11 isomer only95. CLA is also present at low levels in meat of monogastric animals95. The 

level of CLA is strongly influenced by diet which such a case has been shown for cow milk96. 

CLA can be biosynthesised by microorganisms in rumen, but the bulk of CLA found in meat 

actually derived from endogeneous Δ9-desaturation of trans-vaccenic acid to c9,t11-CLA. 

The availability of trans-vaccenic acid, the precursor of CLA, comes from biohydrogenation 

by rumen microorganisms95. 

CLA can be prepared commercially by heating linoleic acid or sunflower and safflower oils 

under alkaline conditions. This preparation often results in roughly 1:1 ratio of c9,t11 and 

t10,c12 isomers, with the minor presence of other CLA isomers and other fatty acids87,89,94. 

Many studies of CLA actually consider a mixture of c9,t11 and t10,c12 isomers due to its 

widespread commercial availability whereas pure isomers are rarely considered due to high 

cost and scarcity86,89. It is known that both c9,t11 and t10,c12 isomers possess biological 

activity. 

The biological effect of CLA is isomer dependent88,97. In most studies involving animals, 

c9,t11 isomer is associated with beneficial effects in ameliorating diabetic complications such 

as decreasing white adipose inflammation98, reducing hepatic steatosis99 and raising plasma 

HDL100. On the other hand, t10,c12-CLA is associated with detrimental effects namely 

insulin resistance101,102, white adipose inflammation103, hepatic steatosis101,104–106 and 

lipoatrophy101,106,107. A study to profile blood lipids in healthy volunteers showed that t10, 

c12-CLA increases plasma LDL108. 
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Both c9,t11 and t10,c12-CLA were reported to be ligand for all PPAR isotypes and binds at 

lower affinity compared to the respective pharmacological activators109–111. Both isomers of 

CLA have been found to modulate adipocyte differentiation and fat accumulation through the 

adipogenic nuclear receptor-transcription factor PPARγ. The c9,t11 isomer is pro-

adipogenic112,113 and t10,c12 isomer, anti-adipogenic112,114. The number of functional studies 

detailing CLA activation of PPARα activation is rather scarce115,116. 

1.9 Rationale and hypothesis 

Based on current knowledge of insulin sensitisers, activation of PPARα and PPARγ remained 

a viable strategy to manage MetS and associated complications. The therapeutic effort using 

current pharmacological intervention was hampered by non-negligible side effects. Therefore, 

partial agonists of PPARs might be more appropriate. As CLA has been known to be partial 

agonists of PPARα and PPARγ, therapeutic goal could be achieved by activating the 

predominant isotype in respective insulin sensitive tissues, PPARα in the liver and PPARγ in 

the adipose by using the same substance, while ameliorating many of the side effects. There 

has been conflicting results regarding CLA benefits and adverse reactions in the literature; 

hence any isomer specific effect must be taken into account so as to clarify contradictions.  

It has been proposed that CLA may be able to increase plasma HDL level through hepatic 

PPARα activation. Both improvement of blood lipid profile, coupled with the known fact that 

CLA modulates adipogenesis through PPARγ, would be beneficial for diabetic patients. 

The specific hypotheses of this study were: 

• Specific CLA isomers might act as dual agonists for PPARα/γ and regulate 

downstream signaling/metabolic pathways that are identical or distinct from known 

pharmacological ligands of PPAR receptors 
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• CLA supplementation could be safely combined with thiazolidinedione, which are 

full agonists of PPARγ. The former was able to reduce or reverse adverse effects 

posed by the latter (such as elevated LDL) by binding competitively with the full 

agonists. It was hypothesised that this combination would lead to an improved lipid 

profile compared to singular administration of thiazolidinediones 
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Aims and Objectives 

The aim of this study was to examine whether or not CLA is a safe substitute or supplement 

for conventional insulin sensitisers that act on PPARγ. Two approaches would be utilised to 

achieve the aim of the study, namely by observing gluconeogenesis in vitro and physiological 

parameters of the blood using genetically modified mice in vivo. 

The specific objectives of my research project were: 

• To examine the effect of CLA isomers on hepatic (HepG2 & H4IIE) gluconeogenesis 

in vitro, and its dynamics with rosiglitazone. Both glucose production and expression 

of gluconeogenic genes would be examined 

• To determine the effect of CLA isomers on the basal expression of PPAR isotypes in 

hepatic cells, particularly HepG2 

• To investigate the effect of CLA in a 1:1 isomer mixture, either alone or with 

rosiglitazone, on glucose and lipid metabolism in ApoE null mice on C57BL/6 

background compared with wild type mice fed normal diet 
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CHAPTER 2 

Materials and Methods 

2.1 In vitro studies 

2.1.1 List of materials 

No. Material/Chemical/Reagent Source Catalogue no. Remark 

1 1.5 mL microcentrifuge tube Goodware MCT1500  

2 Cryovial SPL Life 

Sciences 

SPL#43022  

3 HepG2 cell line American Type 

Culture 

Collection 

ATCC® HB 

8065™ 

 

4 H4IIE American Type 

Culture 

Collection 

ATCC®CRL1548

™ 

 

5 α-MEM with L-glycine, 

without nucleosides 

Nacalai Tesque 21445-95  

6 DMEM high glucose with 

sodium pyruvate and glycine 

Nacalai Tesque 08458-45  

7 DMEM no glucose Nacalai Tesque 09891-25  

8 DMEM no glucose no 

glutamine no phenol red 

Invitrogen A14430-01  

9 Fetal bovine serum Sigma-Aldrich SIG#F7524  

10 Penicillin-Streptomycin Nacalai Tesque #26253-84  

11 Conical tubes 15 mL SPL Life 

Sciences 

Accumax 

SPL#50015 

ACT-15-B 

 

12 Conical tubes 50 mL SPL Life 

Sciences 

SPL#50050  

13 Cell culture flask T-25 SPL Life 

Sciences 

SPL#70025 Surface 

treatment and 

sterile 

packaging 

14 Cell culture flask T-75 SPL Life 

Sciences 

SPL#70075 Surface 

treatment and 

sterile 

packaging 

15 96-well plate, tissue culture 

treated 

SPL Life 

Sciences 

SPL#30096  

16 Serological pipette SPL Life 

Sciences 

SPL#91010  
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17 Phosphate buffered saline Self-prepared  Prepared as a 

10x 

concentrate 

and diluted to 

the working 

concentration 

with distilled 

water. 

18 Trypsin-EDTA Nacalai Tesque #35554-64 2.5g/l-Trypsin 

and 1mmol/l-

EDTA 

19 Ethanol RCI Labscan AR1069  

20 Dimetyl sulfoxide normal 

grade 

Nacalai Tesque 13407-45  

21 Dimetyl sulfoxide 

biotechnology grade 

Nacalai Tesque 09659-14  

22 MTT Nacalai Tesque 23547-21  

23 Dexamethasone from plant Nacalai Tesque 11107-51  

24 cis-9, trans-11-CLA Cayman 

Chemicals 

90145-50 Purity ≥98% 

25 trans-10, cis-12-CLA Cayman 

Chemicals 

90140-50 Purity ≥98% 

26 Rosiglitazone Cayman 

Chemicals 

71740-10 Purity ≥98% 

27 Forkskolin Tocris 

Bioscience 

GZ-1099  

28 GW 6471 Tocris 

Bioscience 

GZ-4618  

29 GW 9662 Tocris 

Bioscience 

GZ-1508  

30 Fenofibrate Tocris 

Bioscience 

GZ-4113  

31 Amplex Red Glucose Assay Molecular 

Probes 

A22189  

32 Qiagen RNeasy Mini Kit Qiagen 

Biotechnologies 

74104  

33 Bioline Tetro cDNA synthesis 

kit 

Bioline BLN#BIO-65042  

34 0.2 ml PCR strip tubes Axygen PCR-0208-C  

35 0.2 ml PCR strip caps Axygen PCR-2CP-RT-C  

36 KAPA SYBR Fast qPCR 

Master Mix, 2x 

KAPA 

Biosystems 

KAPA-KK4600  

37 Eco 48 Real Time PCR plate Illumina ECOPLATE  

38 Eco 48 Real Time PCR Seal Illumina ECOSEAL  

39 DEPC-treated water 1st BASE BUF-1170-200ml  

40 Isopropyl alchohol, 

biotechnology grade 

Inspiro 

Technologies 

0918-500ml  
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2.1.2 Cell culture and treatments 

Hepatic carcinoma cell lines from human, HepG2 (HB 8065™, American Type Culture 

Collection; ATCC®, USA) and rat, H4IIE (CRL1548™, ATCC®, USA) were cultured in α-

MEM (21445-95, Nacalai Tesque, Japan) supplemented with 10% fetal bovine serum 

(SIG#F7524, Sigma-Aldrich, USA) and 100 U/ml Penicillin-Streptomycin (#26253-84, 

Nacalai Tesque, Japan). The cells were grown in a 75ml flask (SPL#70075, SPL Life 

Sciences, South Korea), maintained in the incubator at 37°C, 5% CO2. The growth media 

were refreshed every 2 - 3 days. Upon reaching 80-90% confluence, the cells were passaged. 

Used culture medium was discarded. Cultured cells were washed with 2 ml of phosphate 

buffer saline (PBS) to remove dead cells and serum. The cells were then incubated for 5-10 

minutes with 2 ml of 0.5% Trypsin-EDTA (#35554-64, Nacalai Tesque, Japan). Following 

this, 8ml media was added and centrifuged at 3000rpm for 5 min at room temperature. The 

harvested cells were then rinsed with PBS and homogenized with growth media. The cells 

were counted in haemocytometer before sub-culturing or seeding experimental plates. Cells 

were re-seeded in culture flasks at ratios between 1:6 and 1:4. All experiments were carried 

out within 5-15 passages unless otherwise mentioned. 

2.1.3 Cell viability assay 

Using tissue culture treated 96-well plates (SPL#30096, SPL Life Sciences, South Korea), 

HepG2 and H4IIE were seeded at 1 × 104 cells per well and left to incubate for 24 hours at 

37°C and 5% CO2. After that, the incubated cells were washed twice and serum starved for 4 

hours in the incubator. Cells were exposed to concentrations of c9, t11- and t10, c12-CLA at 

0, 5, 15, 20, 30, 50, 70, 100 µM concentrations in serum free media for 24 hours. Cell 

viability was determined using the MTT assay117. 5 mg/mL of MTT (23547-21, Nacalai 

Tesque, Japan) dissolved in PBS was used, in which cells were incubated for 4 hours. At the 
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end of the assay, MTT solution was removed and the insoluble formazan was dissolved in 

normal grade DMSO (13407-45, Nacalai Tesque, Japan). Absorbance reading was taken at a 

wavelength of 560 nm on a spectrophotometer. 

2.1.4 In vitro glucose production assay 

The glucose production assay was based on a published protocol118. Briefly, the cells were 

seeded at 2.8 × 105 per well for HepG2 and 2.0 × 105 per well for H4IIE, in a 12-well plate 

and incubated for 48 hours. Cells were washed twice with PBS and serum starved with serum 

free α-MEM for 8 hours, then glucose starved with glucose free Dulbecco's modified Eagle's 

medium (DMEM; 09891-25, Nacalai Tesque, Japan) for 1 hour. The cells were then 

incubated in 500 μL glucose production medium, consisting of glucose and phenol red free 

Dulbecco's modified Eagle's medium (A14430-02, Invitrogen, USA) with 20 mM sodium 

lactate , 2 mM sodium pyruvate (#06977-34, Nacalai Tesque, Japan), 2 mM L-glutamine 

(#16948-04, Nacalai Tesque, Japan) and 15 mM HEPES (#17557-94, Nacalai Tesque, Japan) 

for 24 hours. Treatments were added to their final concentrations in the glucose production 

media and incubated for 24 hours. The final concentration for fatty acids (c9,t11-CLA, 

t10,c12-CLA and linoleic acid) were 20 µM and other chemicals (rosiglitazone, fenofibrate, 

GW9662) were 10 µM. 

A 50 μL of the glucose production media were assayed with the Amplex Red 

Glucose/Glucose Oxidase Assay Kit (A22189, Molecular Probes, USA). Glucose 

concentration in the glucose production media was tabulated in µM. Cells remaining in each 

plate well were lysed with NP-40119. 5 µL of lysates were used to obtain respective protein 

concentration using the Bradford assay in 96-well plate format120. The glucose concentration 

obtained from each well was normalized with respective protein concentration and presented 

as µM glucose per µg protein. 
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2.1.5 RT-qPCR 

Primers were synthesised by Integrated DNA Technologies, Singapore. Their sequences are 

presented in Table 2.1: 

Table 2.1: Sequences of primers used for RT-qPCR of HepG2 cells. 

Gene of interest Forward sequence Reverse sequence Source 

Human PPARg 5’-

CGTGGCCGCAGAT

TTGAA-3’ 

5’-

CTTCCATTACGGAGA

GATCCAC-3’ 

Tachibana, K et. al. 

(2005)121  

Human PEPCK 5’-

AAGAGACACAGT

GCCCATCC-3’ 

5’-

ACGTAGGGTGAATC

CGTCAG-3’ 

Kim, H et. al. 

(2011)122  

Human G6P 5’-

GAGACTGGCTCAA

CCTCGTC-3’ 

5’-

CCTGGTCCAGTCTCA

CAGGT-3’ 

Kim, H et. al. 

(2011)122 

36B4 5’-

CCGTGATGCCCAG

-3’GGAAGACAG 

5’-

TTAGTCGAAGAGAC-

3’CGAATCCC 

Akamine, R et. al. 

(2007)123  

 

The treatment steps for RT-qPCR were identical to those of in vitro glucose production assay, 

except that assay was done in 1 mL of glucose production media in a 6 well plate as 

adopted124. At the end of the treatment, RNA was extracted with Qiagen RNeasy Mini Kit 

(74104, Qiagen GmbH, Germany), in which 350 µL of Buffer RLT was used for each well. 

Quality of extracted RNA was measured using a Nanodrop instrument. Subsequent steps 

were performed according to manufacturer’s recommendations. cDNA was synthesised with 

the Bioline Tetro cDNA Synthesis Kit (BLN#BIO-65042, Bioline, UK) according to 



40 
 

manufacturer’s instructions. Quality of cDNA was checked with a Nanodrop instrument. 

Quantitative PCR was performed with KAPA SYBR Fast qPCR Master Mix (KAPA-

KK4600, KAPA Biosystems, USA) using Illumina Eco Real Time PCR System (EC101-

1001, Illumina, USA) according to manufacturer’s protocol. Gluconeogenesis genes, 

phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6P) were tested. 

Target gene expression was normalized against the acidic ribosomal phosphoprotein P0, also 

known as 36B4125. Result were analyzed by the comparative threshold cycle method126. 

2.1.6 Statistical analysis 

All data were processed with Prism 7 (GraphPad Software, USA) and presented as mean ± 

SEM. Statistical significance between groups was determined using one-way ANOVA 

followed by Tukey’s post-hoc tests. Cell viability data was tabulated as percentage viability 

to look for IC50. For RT-qPCR data, a fold change of more than 2 accompanied by p < 0.05 is 

considered significant. 

2.2 In vivo studies 

2.2.1 List of materials 

No. Material/Chemical/Reagent Source Catalogue no. Remarks 

1 Wild type mice Taconic  C57BL/6J 

background 

2 ApoE null mice Taconic  C57BL/6J 

background. 

Strain generated 

by Nobuyo 

Maeda. 

3 Normal diet Altromin #1324  

4 Western diet Research Diets D12079B Cholesterol 

content 0.15% 

w/w 

5 Fat free milk Self-prepared  Prepared as 5% 

w/v with sterile 

autoclaved 

water 

6 Steel gavage    

7 1:1 conjugated linoleic acid Nu-Chek-Prep UC-59-AX 95% purity. 

Prepared as 

0.015g/mL in 5% 
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fat free milk 

8 Rosiglitazone Tokyo 

Chemicals 

R0106-1g Purity ≥98%. 

Dissolved in 

dimethyl 

sulfoxide at 0.6 

mg/mL. Prior to 

injection into 

mice, diluted 1:10 

in phosphate 

buffered saline. 

9 Accu Chek Performa test strips Roche   

10 Tissue Tek O.C.T. Compound Sakura Finetek 4583  

11 Insulin ELISA kit Merck EZRMI-13K  

12 Leptin ELISA kit Merck EZMADP-

60K 

 

13 Adiponectin ELISA kit Merck EZML-82K  

14 HDL and LDL Quantitation kit BioVision K613-100  

15 Free Fatty Acid Quantitation Kit BioVision K612-100  

16 Triglyceride Quantitation Kit BioVision K622-100  

 

2.2.2 Background of Apolipoprotein E null mice 

Apolipoprotein E (ApoE) null mice are also known as ApoE knockout mice. Three strains of 

ApoE null mice are currently available, one generated by Jan Breslow127 and another by 

Nobuyo Maeda128 and another by Loius Havakes129. The ApoE null strain utilised in this 

study originated from the Maeda Laboratory. 

ApoE null mice are leaner than wild type mice due to their less efficient incorporation of 

lipids into their subcutaneous tissue and retention in the bloodstream when fed normal diet130.  

ApoE null mice become severely hypercholesterolemic irrespective of being fed normal 

chow or high fat diets127,131,132. Their total plasma cholesterol can be five to six times of wild 

type mice. Compared with wild type mice, ApoE null mice have higher level of vLDL, IDL 

and triglycerides and decreased HDL127,131.  

ApoE null mice develop atherosclerotic lesions as early as 8 weeks of age when fed Western 

diet and 10 weeks of age when fed chow diet, and develop lesions of all stages throughout the 

arterial tree132. A study conducted by Maeda group also reached similar conclusions133. When 
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fed Western type diet for seven weeks, ApoE null mice develop severe non-alchoholic 

hepatosteatitis, whereas wild type mice do not develop the condition on a Western diet134. 

2.2.3 Animal care and treatment 

Animal work was conducted at Satellite Animal Facility, Department of Pharmacology at 

University of Malaya under Institutional Animal Care and Use Committee approval number 

#2015-180908/PHAR/R/DDM. A total of 10 wild type and 45 ApoE null mice on a 

C57BL6/J background (Taconic Biosciences, USA) were purchased. All mice were eight-

week old and acclimatized for one week.  

At Week 1, mice were allocated into groups of five per cage. Wild type mice were designated 

WT. ApoE null mice were allocated into groups of ApoE, WD and ApoE, WD+CLA(e). 

After Week 12, mice were placed in groups of three to four per cage. The ApoE, WD group 

was further divided into ApoE, WD; ApoE, WD+CLA(l) and ApoE, WD+Rosi. ApoE, 

WD+CLA(e) was further divided into ApoE, WD+CLA(e) and ApoE, WD+CLA(e)+Rosi. 

The study design is illustrated in a schematic in Figure 2.1. 
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Throughout the study, body weight and food intake were monitored on a weekly basis. Blood 

glucose was measured with Accu-Chek Performa strips and glucose meter (Roche, 

Switzerland). 

2.2.4 Induction of obesity with Western Diet 

Wild type mice were fed normal diet containing 3386 kcal/kg consisting of 15% fat and 61% 

by carbohydrate in terms of calorie content (#1324, Altromin, Germany). ApoE null mice 

were fed Western diet containing 4679 kcal/kg consisting of 41% calorie by fat and 43% by 

carbohydrate (D12079B, Research Diets, USA) from Week 1. CLA stock (UC-59-AX, Nu-

Wild 

type 20 Weeks Normal Diet 

ApoE 

null 

12 Weeks WD 

12 Weeks WD+CLA  

8 Weeks WD 

8 Weeks WD+CLA 

8 Weeks WD+Rosi 

8 Weeks WD+CLA 

8 Weeks WD+CLA+ Rosi 

Figure 2.1: Schematic overview of the study design for in vivo study. Wild 

type and ApoE null mice were divided into treatment groups at Week 1 for 

12 Weeks, and further divided to receive additional treatments for another 8 

8 Weeeks. 

WT 

ApoE, WD 

ApoE, WD+CLA(l) 

ApoE, WD+Rosi 

ApoE, WD+CLA(e) 

ApoE, 

WD+CLA(e)+Rosi 
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Chek-Prep, USA) was a 1:1 mixture of isomers, prepared as a 0.1% w/v mixture in 5% fat 

free milk, and administered to CLA early treatment group (ApoE, WD+CLA(e)) and CLA 

early treatment with rosiglitazone (ApoE, WD+CLA(e)+Rosi) from the Week 1 by oral 

gavage. Each mouse receives 200 µL in oral gavage, which turns out to be 3 mg CLA per 

mouse per day.  

2.2.5 Treatment of obesity from Week 12 with CLA and rosiglitazone 

Starting from Week 12, 0.6 mg/kg rosiglitazone (R0106-1g, Tokyo Chemicals, Japan) was 

administered by intraperitoneal injection for ApoE, WD+Rosi and ApoE, WD+CLA(e)+Rosi 

groups. CLA-milk mixture was administered to the CLA late treatment group [ApoE, 

WD+CLA(l)].  

2.2.6 Oral glucose tolerance test 

Oral glucose tolerance test was performed at Week 19. A 100 mg/mL glucose solution was 

administered to each mouse at dosage of 2 g/kg body weight. Glucose reading was taken at 

intervals of 30 minutes, up to 120 minutes. 

2.2.6 Termination of animal study 

Two mice were sacrificed from WT, ApoE, WD and ApoE, WD+CLA(e) at Week 12. At the 

conclusion of the study at Week 20, all mice were sacrificed by CO2 asphyxiation. Blood 

samples were collected by intercardiac puncture and processed into serum. Livers were 

extracted, weighed and divided into three lobes, 1 lobe frozen in O.C.T. compound (4583, 

Sakura Finetek), 1 lobe frozen in liquid nitrogen and another kept in formalin. Epididymal fat, 

perirenal fat, mesenteric fat, kidney, spleen and pancreas were weighed and frozen in liquid 

nitrogen. 
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2.2.7 Serum insulin, leptin and adiponectin 

Respective hormone levels were assayed with ELISA kits for insulin (EZRMI-13K, Merck, 

Germany), leptin (EZMADP-60K, Merck, Germany) and adiponectin (EZML-82K, Merck, 

Germany). Assays were performed using manufacturer’s recommendations. 

2.2.8 Serum lipid levels 

Assays for total cholesterol, LDL and HDL were performed with HDL and LDL quantitation 

kit (K613-100, BioVision, USA). Free fatty acid (FFA) was assayed with Free Fatty Acid 

Quantitation Kit (K612-100, BioVision, USA) and total triglyceride with Triglyceride 

Quantitation Kit (K622-100, BioVision, USA). Assays were performed according to 

manufacturer’s recommendations. 

2.2.9 Statistical analysis 

All data were processed with Prism 7 (GraphPad Software, USA) and presented as mean ± 

SEM. Statistical significance between groups was determined using one-way ANOVA 

followed by Tukey’s post-hoc tests. For body weight data, statistical significance was 

determined using two-way ANOVA followed by Tukey’s post-hoc tests.  

To assess insulin resistance, homeostatic model assessment of insulin resistance (HOMA-IR) 

was calculated using blood glucose in mg/dL and insulin concentration in mU/L divided by 

405 as described previously135. Quantitative insulin sensitivity check index (QUICKI) was 

calculated by adding the logarithms of blood glucose in mg/dL and insulin in mU/L, and 

taking the reciprocal of the sum of logarithms136. Revised QUICKI (QUICKI-FFA) was 

calculated by adding the respective logarithms of blood glucose in mg/dL, insulin in mU/L 

and FFA in nmol/μL and taking the reciprocal of the sum of logarithms, as described 

previously137.  
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CHAPTER 3 

Results 

3.1 Cell viability assay 

A cell viability assay on HepG2 and H4IIE was conducted to assess cytotoxic effects of CLA 

on cells as well as to determine a suitable concentration for subsequent experiments. HepG2 

and H4IIE cells were treated with increasing concentrations of c9,t11-CLA and t10,c12-CLA 

in serum free media. Generally, cell viability decreased with increasing concentrations of 

CLA. In HepG2, the IC50 was 37±3.2 μM for c9,t11-CLA and 50±5.1 µM for t10,c12-CLA 

(Figure 3.1). For H4IIE, the IC50 was 76.6±3.0 µM for c9,t11-CLA and 71±3.3 μM for 

t10,c12-CLA (Figure 3.2). Based on the cell viability assay, 20 μM was chosen for both CLA 

isomers in subsequent assays, as this concentration showed efficacy without compromising 

cell viability. 

 

Figure 3.1: Cell viability of HepG2 treated with various concentrations of 

c9,t11- and t10,c12-CLA.  
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3.2 Effect of isomers of CLA on hepatic glucose production 

The study proceeded to test the effect of c9,t11 and t10,c12-CLA in directly inhibiting 

glucose production in vitro using hepatoma cells, HepG2 and H4IIE. As insulin has been well 

demonstrated to suppress gluconeogenesis138, 100nM of insulin was used as a positive control 

in all experiments. Also, 20 µM linoleic acid (C18:2n-6) was tested in parallel with CLA 

isomers to elucidate any molecular structure or isomer-specific effects.  

Figure 3.2: Cell viability of H4IIE treated with various concentrations of 

c9,t11- and t10,c12-CLA. 
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As shown in Figure 3.3, the HepG2 cells exposed to 100 nM insulin for 24 hours had 40% 

reduced glucose production compared to untreated control (p > 0.05%). Administration of 20 

µM of c9,t11-CLA decreased glucose production by 62.5% compared to untreated cells (p < 

0.001). Conversely, the exposure of HepG2 cells with 20 µM of t10,c12-CLA rendered no 

change in glucose production (p > 0.05%). Of note, administering both CLA isomers (10 µM 

of c9t11-CLA and 10 µM of t10c12-CLA) or 20 µM linoleic acid reduced the glucose 

production by 42.6%  (p < 0.05) and 34.2% (p > 0.05%) compared to untreated control.  

 

 

Figure 3.3: Glucose production of HepG2 when treated with fatty acids. 

Concentrations of the treatments were insulin 100 nM; c9,t11-CLA 20 

µM; t10,c12-CLA 20 µM; CLA mix consisted of c9,t11 10 µM and 

t10,c12 10 µM; linoleic acid 20 µM. * p < 0.05 vs. Untreated, *** p < 

0.005 vs. Untreated. 



49 
 

 

 

 

To further validate the results obtained from HepG2, the effect of CLA isomers on glucose 

production were tested in rat hepatoma cells, H411E. In H4IIE cells (Figure 3.4), it was 

found that administration of 100 nM insulin, 20 µM of c9,t11-CLA and 1:1 mixture of CLA 

isomers significantly reduced the glucose production by 69.9%, 80.1% and 65.7%, 

respectively, compared to control (p < 0.01). Similar to the observations in HepG2 cells, 

administration of 20 µM of t10,c12-CLA led to no change in glucose production in H4IIE 

cells (p > 0.05). The glucose production was reduced by 52.5% in 20 µM of linoleic acid 

treated cells, compared to control. Together, these results were comparable to the results 

obtained from HepG2 cells. 

  

Figure 3.4: Glucose production of H4IIE cells administered with fatty acids. 

Concentrations of the treatments were insulin 100 nM; c9,t11-CLA 20 µM; 

t10,c12-CLA 20 µM; CLA mix consisted of c9,t11 10 µM and t10,c12 10 µM; 

linoleic acid 20 µM. ** p < 0.01 vs. Untreated. 
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3.3 Effect of CLA isomers on PEPCK and G6P expression in HepG2. 

 

The rate limiting steps of hepatic glucose production are catalyzed by phosphoenolpyruvate 

carboxykinase (PEPCK) and glucose-6-phosphatase (G6P). To elucidate the effects of CLA 

isomers on hepatic glucose production is linked with the downregulation of hepatic 

gluconeogenic enzymes, the HepG2 cells exposed to CLA isomers were analysed for mRNA 

level of PEPCK and G6P and compared with untreated control (Figure 3.5). 

 

 

 

 

 

Figure 3.5: PEPCK expression of HepG2 treated with fatty acids. Concentrations of 

the treatments were insulin 100 nM; c9,t11-CLA 20 µM; t10,c12-CLA 20 µM; CLA 

mix consisted of c9,t11 10 µM and t10,c12 10 µM; linoleic acid 20 µM. * p < 0.05 

vs. Untreated. 
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The HepG2 cells exposed to 100 nM insulin underwent 82.47% reduction of PEPCK 

expression (p < 0.05, Figure 3.5) but not G6P (Figure 3.6) compared to control. Likewise, the 

reduction of gluconeogenesis in c9,t11-CLA administration was accompanied by 87.7% 

reduction in PEPCK expression (P<0.05, Figure 3.5) and 38% reduction in G6P (p > 0.05, 

Figure 3.6). Conversely, the null effect of t10,c12-CLA is accompanied by no change in 

PEPCK expression (p < 0.05, Figure 3.5) and a non-significant 2.1-fold increase in G6P 

expression (p > 0.05, Figure 3.6). Of note, the combined administration of CLA isomers led 

to 90.6% reduction in PEPCK (p < 0.05, Figure 3.5) but no change in G6P (p > 0.05, Figure 

3.6). The effect of 20 µM of linoleic acid on both PEPCK and G6P was found to be 

insignificant (p > 0.05, Figure 3.5 and 3.6).  

 

 

 

Figure 3.6: Expression of G6P in HepG2 cells treated with fatty acids. Concentrations 

of the treatments were insulin 100 nM; c9,t11-CLA 20 µM; t10,c12-CLA 20 µM; 

CLA mix consisted of c9,t11 10 µM and t10,c12 10 µM; linoleic acid 20 µM. 
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3.4 Effect of PPAR agonist or antagonist on HGP 

 

It is known that the action of insulin sensitisers to treat T2DM is dependent on the activation 

of PPARγ. CLA isomers have been shown to be agonists of PPARγ in adipocytes110,111. To 

understand whether the PPARγ activation or inhibition has any influence on the effects of 

CLA isomers on hepatic gluconeogenesis, the effect of conventional PPAR agonist or 

antagonist in the presence or absence of CLA isomers was examined. To justify the use of 

PPARγ agonist rosiglitazone, we first ensured that PPARγ is expressed in HepG2 (Figure 

3.7).  

 

 

 

 

 

Figure 3.7: Basal expression of PPARγ in HepG2. 
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The concentration of 10 µM was chosen for rosiglitazone as this concentration is able to elicit 

biologically significant effects with HepG2 cells139. The exposure of HepG2 cells to 10 µM 

rosiglitazone, a conventional PPARγ agonist led to 72.9% reduction of glucose production (p 

= 0.07 vs. Untreated, Figure 3.8). However, rosiglitazone combined with CLA isomers either 

individually or mix had mixed responses. The HGP in the combined c9,t11-CLA and 

rosiglitazone had 75% reduced compared to control (p = 0.08 vs. Untreated, Figure 3.8). 

Conversely, the presence of t10,12-CLA or CLA mix abrogated the suppressive effects of 

rosiglitazone on hepatic gluconeogenesis (p > 0.05 vs. Untreated, Figure 3.8).  

Figure 3.8: Glucose production of HepG2 treated with combinations of 

rosiglitazone.  Concentrations of the treatments were: rosiglitazone , 10 µM; 

c9,t11-CLA 20 µM; t10,c12-CLA 20 µM; CLA mix consists of c9,t11 10 µM 

and t10,c12 10 µM. * p < 0.05 
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Using H4IIE, a rat hepatic carcinoma cell line, it was found that rosiglitazone led to 70% 

reduction (Figure 3.9, p < 0.05 vs. Untreated). Identically with HepG2, administration of 

t10,c12-CLA led to no change in glucose production. Co-administration of c9,t11-CLA and 

rosiglitazone led to undetectable glucose levels, meanwhile t10,c12-CLA did not affect the 

ability of rosiglitazone to inhibit glucose production (85% reduction,; Figure 3.9, p < 0.05 vs. 

Untreated). The combination of rosiglitazone, c9,t11 and t10,c12 made no change in glucose 

production compared to untreated cells (Figure 3.9). 

 

Figure 3.9:  Glucose production of H4IIE treated with combinations of 

rosliglitazone. Concentrations of the treatments were: rosiglitazone, 10 µM; 

c9,t11-CLA 20 µM; t10,c12-CLA 20 µM; CLA mix consists of c9,t11 10 µM 

and t10,c12 10 µM. * p < 0.05 vs. Untreated. 
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Likewise, the concentration of 10 µM was chosen for PPARα agonist, fenofibrate. Generally, 

administration of fenofibrate with combinations of CLA led to reduction of glucose 

production in HepG2 cells. Single administration of fenofibrate led to 63.8% reduction 

compared to untreated control (Figure 3.10, p < 0.05). The addition of 20 µM c9,t11-CLA led 

to 73.4% reduction (Figure 3.10, p < 0.01). The combination of fenofibrate and 20 µM 

t10,c12-CLA led to 88.16% reduction (Figure 3.10, p < 0.01). Fenofibrate with CLA at 

respective isomer concentration of 10 µM led to 91.8% reduction of hepatic glucose 

production (Figure 3.10, p < 0.0001). 

  

Figure 3.10: Glucose production of HepG2 treated with combinations of 

fenofibrate and CLA. Concentrations of the treatments are: fenofibrate, 10 µM; 

c9,t11-CLA 20 µM; t10,c12-CLA 20 µM; CLA mix consists of c9,t11 10 µM 

and t10,c12 10 µM. ** p < 0.01 vs. Untreated; *** p < 0.001 vs. Untreated; 

**** p < 0.0001 vs. Untreated. 
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GW 9662 is an antagonist of PPARγ. The concentration of 10 µM was chosen based on a 

previous study140. At this concentration, it led to 70.2% reduction in hepatic gluconeogenesis, 

compared to control (p < 0.005, Figure 3.11). GW 9662 was found to further decrease HGP 

when combined with either individual CLA isomers, c9,t11 (80.9% reduction), t10,c12 (85.2% 

reduction) or CLA mix (87.4% reduction) (all were p < 0.0001, Figure 3.11).  

  

Figure 3.11: Glucose production of HepG2 treated with combinations of GW 9662 

and CLA. Concentrations of the treatments are: GW 9662, 10 µM; c9,t11-CLA 20 

µM; t10,c12-CLA 20 µM; CLA mix consists of c9,t11 10 µM and t10,c12 10 µM. 

** p < 0.01 vs. Untreated; **** p < 0.0001 vs. Untreated. 
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3.5 Effect of PPAR agonist or antagonist on PEPCK and G6P expression in CLA 

isomers treated human hepatocarcinoma cells (HepG2)  

 

 

 

 

 

The expression of PEPCK was reduced by 95.0% upon exposure to rosiglitazone alone (p < 

0.0001, Figure 3.12). The combination of c9,t11-CLA, t10,c12-CLA or CLA mix with 

rosiglitazone led to 89.8% (p < 0.0001), 92.0% (p < 0.0001) and 94.% (p < 0.0001) lowered 

expression of PEPCK, respectively (Figure 3.12).  

 

 

 

Figure 3.12: PEPCK expression of HepG2 treated with combinations involving 

rosiglitazone and CLA. Concentrations of the treatments are: rosiglitazone, 10 

µM; c9,t11-CLA 20 µM; t10,c12-CLA 20 µM; CLA mix consists of c9,t11 10 

µM and t10,c12 10 µM. **** p < 0.0005 vs. Untreated. 
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In contrast, the expression of G6P did not differ irrespective of any combinations involving 

rosiglitazone (p > 0.05, Figure 3.13).  

Figure 3.13: G6P expression of HepG2 treated with combinations involving 

rosiglitazone and CLA. Concentrations of the treatments are: rosiglitazone, 10 

µM; c9,t11-CLA 20 µM; t10,c12-CLA 20 µM; CLA mix consists of c9,t11 10 

µM and t10,c12 10 µM. 
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Figure 3.15: G6P expression of HepG2 cells treated with combinations of 

fenofibrate. . Concentrations of the treatments are: fenofibrate, 10 µM; c9,t11-

CLA 20 µM; t10,c12-CLA 20 µM; CLA mix consists of c9,t11 10 µM and 

t10,c12 10 µM.**** p <  0.0001 vs. Untreated ; #: p < 0.001 vs. Fenofibrate 

Figure 3.14: PEPCK expression of HepG2 treated with combinations 

involving fenofibrate and CLA. Concentrations of the treatments are: 

fenofibrate, 10 µM; c9,t11-CLA 20 µM; t10,c12-CLA 20 µM; CLA mix 

consists of c9,t11 10 µM and t10,c12 10 µM. * p < 0.05 vs. Untreated; *** p 

< 0.001 vs. Untreated. 
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The administration of 10 µM fenofibrate led to 58% reduction in PEPCK (Figure 3.14, p < 

0.05) and 61.3% reduction in G6P expression (Figure 3.15, p < 0.0001) compared to 

untreated control. The addition of CLA to fenofibrate treatment led to more than 90% 

reduction of PEPCK and G6P expression (Figure 3.14 and Figure 3.15). 

 

 

Figure 3.16: PEPCK expression of HepG2 treated with GW 9662 and 

combinations of CLA. Concentrations of the treatments are: GW 9662, 10 µM; 

c9,t11-CLA 20 µM; t10,c12-CLA 20 µM; CLA mix consists of c9,t11 10 µM and 

t10,c12 10 µM. **** p < 0.0001 vs Untreated 
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As shown in Figure 3.16, the administration of 10 µM GW 9662 led to near undetectable 

expression of PEPCK either in the presence or absence of CLA, compared to untreated 

control (p < 0.0001). However, the G6P mRNA level was found to be 86% downregulated 

with co-treatment of GW 9662 and t10,c12-CLA (Figure 3.17, p < 0.05). 

Information on sample quality of mRNA extraction and synthesized cDNA is shown in Table 

S1 and S2 in Supplementary Data. 

  

Figure 3.17: G6P expression in HepG2 cells treated with combinations of GW 

9662. Concentrations of the treatments are: GW 9662, 10 µM; c9,t11-CLA 20 

µM; t10,c12-CLA 20 µM; CLA mix consists of c9,t11 10 µM and t10,c12 10 µM. 

* p < 0.05 vs. Untreated. 
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In vivo results 

3.6 Animals 

Of 10 wild type and 45 ApoE null mice purchased, two animals were sacrificed from wild 

type, ApoE, WD and ApoE, WD+CLA(e) at Week 12 to check for disease progress. 

Remaining mice were further allocated into groups. Number of mice that were terminated at 

Week 20 were five from wild type, ND; five from ApoE, WD; seven from ApoE, 

WD+CLA(e); seven from ApoE, WD+CLA(l); five from ApoE, WD+Rosi and five from 

ApoE, WD+CLA(e)+Rosi. 

3.7 Body weight and energy intake 

 

 

 Figure 3.18a: Body weight of WT and ApoE mice across all treatment 

groups throughout in vivo study from Week 0 to Week 20. 
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Body weight of all mice with respect to time is shown in Figure 3.18a and body weight 

difference compared to Week 0 is shown is Figure 3.18b. The body weight of ApoE null mice 

were approximately 2 grams lower than their wild type counterparts (data not shown). At the 

end of the study, wild type mice hovered at 28.62g (Figure 3.18a). ApoE+WD mice increased 

the mean by 1.6-fold at 45.92g (Figure 3.18a). Early administration of CLA slowed body 

weight gain effective from Week 1. Administering CLA mixture from the beginning and 

treatment with rosiglitazone from Week 12 onwards [ApoE, CLA(e)+Rosi] caused a 25.9% 

reduction of body weight compared to ApoE null, WD fed mice (Figure 3.18a, p < 0.0001). 

Body weight reduction among ApoE, CLA(e) and ApoE, CLA(e)+Rosi is indicative of 

lipoatrophy caused by t10,c12-CLA.  

Figure 3.18b: Body weight gain, compared to Week 0 of study, of wild type 

and ApoE mice across all treatment groups throughout in vivo study. 
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Energy intake was divided into two phases, before Week 12 (Figure 3.19a) and after Week 12 

(Figure 3.19b). Before Week 12, energy intake differed significantly between wild type and 

ApoE, WD (p < 0.01); and between ApoE, WD and ApoE, WD+CLA(e) (p < 0.05). After 

Week 12, only ApoE, WD and ApoE, WD+CLA(e) differed in energy intake (p < 0.05).  

Figure 3.19a: Energy intake of mice before Week 12. 

Figure 3.19b: Energy intake of mice after Week 12. 
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Table 3.1: Absolute organ weights of mice sacrificed at Week 12, n = 2. 

 

Wild type, ND ApoE, WD 

ApoE, 

WD+CLA(e) 

Liver 1.064 3.108 1.850 

Epididymal 

fat 

0.231 2.374 2.031 

Perirenal fat 0 1.099 0.486 

Mesenteric 

fat 

0 1.081 0.527 

Pancreas 0.166 0.245 0.151 

Kidney 0.421 0.430 0.404 

Spleen 0.073 0.137 0.107 

 

Table 3.2: Absolute organ weights of mice sacrificed at Week 20. * p < 0.05 vs. WT, ND; 

*** p < 0.001 vs. WT, ND; *** p < 0.0001 vs. WT, ND. 

 

 

 

 

 

 

 

 

 

 Wild type, 

ND 

ApoE, WD 

ApoE, 

WD+Rosi 

ApoE, 

WD+CLA(l) 

ApoE, 

WD+CLA(e) 

ApoE, 

WD+CLA(e)+Rosi 

Liver 1.339±0.092 2.608±0.193 3.063±0.425 2.478±0.275 1.929±0.203 2.34±0.305 

Epididymal 

fat 

0.347±0.064 

2.487±0.227 

**** 

2.247±0.216 

*** 

2.442±0.207 

**** 

2.068±0.264 

*** 

1.471±0.333 

* 

Perirenal 

fat 

0.806±0.275 1.261±0.188 0.911±0.171 1.185±0.130 0.739±0.098 0.440±0.077 

Mescenteric 

fat 

0.133±0.022 0.485±0.084 0.372±0.062 0.540±0.143 0.464±0.042 0.240±0.032 

Pancreas 0.181±0.012 0.651±0.429 0.125±0.018 0.176±0.012 0.156±0.016 0.136±0.018 

Kidney 0.409±0.011 0.414±0.018 0.413±0.021 0.399±0.017 0.373±0.006 0.433±0.014 

Spleen 0.093±0.029 0.152±0.037 0.159±0.026 0.124±0.011 0.167±0.021 0.131±0.008 
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3.7 Liver weight 

Feeding WD diet to ApoE null mice led to hepatomegaly, apparent as early as Week 12 (p < 

0.01, Table 3.1); however it can be noted that the increase in liver weight was compensated 

by increased body weight. Administration of rosiglitazone (ApoE, WD+Rosi and ApoE, 

WD+CLA(e)+Rosi) led to increased liver weight compared to wild type mice fed ND (Table 

3.2) and also increased liver to body weight ratio (not shown). Administration of early CLA 

[ApoE, WD+CLA(e)] attenuated hepatomegaly caused by WD without significant change in 

body weight throughout the study, as shown on Week 12 and Week 20 (Table 3.1 and 3.2). 

3.8 Adipose weight 

The effect of feeding WD was apparent as shown by increased epididymal, perirenal and 

mesenteric fat pads as early as Week 12 (Table 3.1) and continued throughout the study up to 

Week 20 (Table 3.2). Fat pad size was attenuated by early administration of CLA as early in 

Week 12 (Table 3.1); up to Week 20 only for epididymal fat (Table 3.2). Late administration 

of CLA had no effect on reducing fat pad size (Table 3.2). The combined administration of 

early CLA and rosiglitazone had the most effect on reducing fat pad size caused by WD 

feeding (Table 3.2). 
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3.9 Fasting and random blood glucose 

 
Figure 3.20: Fasting blood glucose of WT and ApoE mice. Blood glucose 

was taken with the tail prick method at Week 0, 12 and 20 of study. 

* p < 0.05, difference detected by t-test 



68 
 

 

 

 

 

Initial fasting blood glucose level did not differ between groups (Figure 3.20). At Week 12, a 

difference was detected between wild type mice and ApoE, WD+CLA(l) mice (Figure 3.20); 

and between ApoE, WD+CLA(e) and ApoE, WD+CLA(l) mice (Figure 3.20) at the 

significance level of 0.05. No difference in fasting blood glucose at Week 20 was detected 

(Figure 3.20). In random blood glucose, (Figure 3.21), no difference was detected between 

groups at the same time point. 

  

Figure 3.21: Random blood glucose of WT and ApoE mice. Blood 

glucose was taken with the tail prick method at Week 4, 8 and 16 of study. 

* p < 0.05; ** p < 0.01, difference detected by t-test 
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3.10 Oral glucose tolerance test 

 

 

 

 

Although it was observed that ApoE, WD+CLA(e) has the greatest AUC for OGTT curve, no 

statistically significance was detected among treatment groups for oral glucose tolerance 

(Figure 3.22). 

  

Figure 3.22: Oral glucose tolerance test performed on WT and ApoE mice 

at Week 19. 
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3.11 Hormone levels 

3.11.1 Insulin 

 

 

At Week 12, feeding WD to ApoE mice, irrespective of early administration of CLA mixture, 

led to hyperinsulinemia (Figure 3.23). 

Figure 3.23: Serum insulin level at Week 12. (n = 2) 
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The condition of hyperinsulinemia among ApoE, WD mice persisted to Week 20 (Figure 

3.24). The difference between ApoE, WD and WT was a 9.1-fold increase in insulin level 

(Figure 3.24, p < 0.05). Treatment with rosiglitazone from Week 12 onwards relieved 

hyperinsulinemia caused by WD, which 62% reduction for ApoE, WD+Rosi and 41.8% 

reduction for ApoE, WD+CLA(e)+Rosi (Figure 3.24, p > 0.05). 

  

Figure 3.24: Serum insulin level at Week 20. Feeding WD led to increased 

insulin level and administration of rosiglitazone reduces it. 
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3.11.2 Adiponectin 

 

 

 

Figure 3.25: Adiponectin level at Week 12 in WT and ApoE null mice. (n = 2) 
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No difference was detected in adiponectin levels across all groups at Week 12 and Week 20 

(Figure 3.25 and Figure 3.26). 

  

Figure 3.26: Adiponectin level at Week 20 in WT and ApoE null mice. 
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3.11.3 Leptin 

 

 

 

 

Figure 3.27: Leptin level at Week 12 in WT and ApoE null mice. Feeding 

WD led to increased leptin level, while early administration of CLA 

reduces it. (n = 2) 
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At Week 12, hyperleptinemia was detected in ApoE, WD group, early administration of CLA 

mixture [ApoE, WD+CLA(e)] partially alleviated hyperleptinemia (Figure 3.27). 

Hyperleptinemia persisted in ApoE, WD mice, a 7.46-fold increase compared to wild type 

mice (Figure 3.28, p < 0.05). Administering CLA early or rosiglitazone after Week 12 (in 

ApoE, WD+CLA(e); ApoE, WD+Rosi and ApoE, WD+CLA(e)+Rosi) alleviated 

hyperleptinemia (Figure 3.28). Administration of CLA after Week 12 after obese pathology 

has developed [ApoE, WD+CLA(l)] had no effect on hyperleptinemia (Figure 3.28).  

  

Figure 3.28: Leptin level at Week 20 in WT and ApoE null mice. Feeding WD 

led to hyperleptinemia and administration of rosiglitazone and CLA led to 

reduction in various degrees. * p < 0.05 vs. WT, ND; # p < 0.05 vs. ApoE, WD 
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3.12 Lipid levels 

3.12.1 Total cholesterol 

 

 

 

 

 

Figure 3.29: Total cholesterol level at Week 12 in WT and ApoE null mice. 

Feeding WD led to increased total cholesterol and CLA administration had 

no effect.   

 



77 
 

 

 

 

 

 

 

At Week 12, feeding WD to ApoE mice, regardless of CLA treatment, led to 20-fold increase 

in total cholesterol compared to WT mice (Figure 3.29). At Week 20, feeding Western diet to 

ApoE null mice led to marked increase of 12.1-fold in total plasma cholesterol compared to 

wild type mice as expected (Figure 3.30, p < 0.01 to p < 0.001). Administering CLA early in 

the study caused a further 5.7% increase in total plasma cholesterol compared to ApoE, WD 

(Figure 3.30). Simultaneous administration of CLA and rosiglitazone led to 31% increase in 

total cholesterol compared to ApoE, WD mice (Figure 3.30). 

 

Figure 3.30: Total cholesterol at Week 20 in WT and ApoE null mice. 

Consumption of WD led to hypercholesterolemia that is not reduced by 

administration of rosiglitazone and CLA. Simultaneous administration of 

early CLA and rosiglitazone exacerbated hypercholesterolemia. 

** p < 0.01 vs. WT, ND, *** p < 0.001 vs. WT, ND 
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3.12.2 LDL cholesterol 

 

 

 

 

 

Figure 3.31: LDL level at Week 12 in WT and ApoE null mice. LDL was 

undetectable in WT mice, while feeding WD led to increased LDL. (n = 2) 
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At Week 12, ApoE null mice fed WD regardless of treatment showed increased LDL 

cholesterol (Figure 3.31). LDL was close to undetectable in WT mice both at Week 12 and 

Week 20 (Figure 3.31 and Figure 3.32). At both Week 20, all ApoE null mice fed WD has 

markedly increased LDL with significance level between p < 0.001 to p < 0.0001 compared 

to WT mice (Figure 3.32). Particularly, for ApoE, WD+CLA(e)+Rosi, the increase in LDL 

was the greatest (p < 0.0001 vs. WT, ND).  

  

Figure 3.32: LDL level at Week 20 in WT and ApoE null mice. LDL was 

undetectable in WT mice. Feeding WD led to increased LDL. 

*** p < 0.001, **** p < 0.0001 
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3.12.3 HDL cholesterol 

 

 

 

 

Figure 3.33: HDL level at Week 12 in WT and ApoE null mice. Feeding 

WD led to increased HDL. (n = 2) 
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Feeding WD to ApoE null mice led to marked increase in HDL that was detectable at Week 

12 (Figure 3.34). Over time, at Week 20, HDL level decreased by an average of 54% across 

all ApoE null mice fed WD (Figure 3.34). Particularly, ApoE fed WD and treated with early 

CLA had the lowest HDL level, which was a reduction of 81.6% (p < 0.001) compared to 

WT mice (Figure 3.34). 

  

Figure 3.34: HDL level at Week 20 in WT and ApoE null mice. At Week 

20, feeding WD led to decrease in HDL. 

* p < 0.05, *** p < 0.001 
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3.12.4 Triglycerides 

T  

 

 

Feeding WD led to marked increase in total triglycerides detectable at Week 12 (Figure 3.35). 

Figure 3.35: Total triglyceride level in WT and ApoE null mice at Week 12. 

Feeding WD led to increase in total triglyceride level. (n = 2) 
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Triglyceride level for ApoE, WD+CLA(e)+Rosi was the highest among all treatment groups, 

but none of the treatment group was found to have any statistically significant difference with 

each other at Week 20 (Figure 3.36). 

  

Figure 3.36: Total triglyceride level at Week 20 in WT and ApoE null mice.  
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3.12.5 Free fatty acids 

 

 

Feeding WD led to increase in free fatty acids, and early administration of CLA increased 

FFA further (Figure 3.37). 

 

 

Figure 3.37: Free fatty acid level in WT and ApoE null mice at Week 12. 

Generally, feeding WD led to increase in free fatty acid level. (n = 2) 
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There was no significant difference in free fatty acids (FFA) among all treatment groups at 

Week 20 (Figure 3.38). 

  

Figure 3.38: Free fatty acid level in WT and ApoE null mice at Week 20. 

Generally, feeding WD led to increase in free fatty acid level. 
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3.13 Insulin resistance indices 

 

 

 

 

Figure 3.39: Homeostatic model of insulin resistance (HOMA-IR) in WT and 

ApoE null mice at Week 20. Feeding WD and administration of CLA mixture 

either early or late led to increase in insulin resistance, whereas administration 

of rosiglitazone led to attenuated increase in insulin resistance. 

* p < 0.05; ** p < 0.01; *** p < 0.001 
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 Figure 3.40: Quantitative Insulin Sensitivity Check Index (QUICKI) of WT 

and ApoE null mice at Week 20. Feeding WD to ApoE null mice led to 

increase in insulin resistance, which is indicated by decreased QUICKI. 

Administration of rosiglitazone alone rescued QUICKI to WT level, however 

CLA has no effect in conferring improvement in insulin resistance and 

antagonised rosiglitazone. 

* p < 0.05; ** p < 0.01; *** p < 0.001; # p < 0.05 vs. ApoE, WD 
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Insulin resistance indices were tabulated as HOMA-IR (Figure 3.39), QUICKI (Figure 3.40) 

and QUICKI-FFA (Figure 3.41), respectively. QUICKI is derived using the same information 

used to calculate HOMA-IR, which is the reciprocal of the sum of the logarithm of HOMA 

and logarithm of a constant. QUICKI-FFA incorporates an additional parameter of free fatty 

acid. QUICKI-FFA is suggested to be better correlated with insulin sensitivity measured by 

euglycemic hyperinsulinemic clamp in a variety of insulin resistant states141, owing to the fact 

Figure 3.41: Revised Quantitative Insulin Sensitivity Check Index (QUICKI-

FFA) of WT and ApoE null mice at Week 20. Feeding WD to ApoE null mice led 

to increase in insulin resistance, which is indicated by decreased QUICKI-FFA. 

** p < 0.01; *** p < 0.001 
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that insulin inhibits lipolysis in adipocytes142,143 and the presence of free fatty acids leads to 

insulin resistance144. HOMA-IR, QUICKI and QUICKI-FFA showed increase in insulin 

resistance in all WD fed mice regardless of treatment compared to wild type mice. Feeding 

high fat diet in ApoE, WD led to 8.3-fold increase in HOMA-IR (Figure 3.39, p < 0.05) and 

30% decrease in QUICKI-FFA (Figure 3.40, p < 0.001). ApoE, WD+CLA(e) was the most 

insulin resistant of all groups, that has 9.4-fold increase in HOMA-IR (Figure 3.39, p < 0.001) 

and 31.7% decrease in QUICKI-FFA (Figure 3.40, p < 0.001). The increase in insulin 

resistance in ApoE, WD+CLA(l) was also notable with an increase in HOMA-IR at 7.2 fold 

(Figure 3.39, p < 0.05) and decrease in QUICKI-FFA at 26.9% (Figure 3.40, p < 0.01). 

Administration of rosiglitazone in ApoE, WD+Rosi and ApoE, WD+CLA(e)+Rosi groups 

attenuated increase in insulin resistance, albeit with an approximately 25.7% reduction in 

QUICKI-FFA (Figure 3.40). 
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CHAPTER 4 

Discussion 

As rosiglitazone has led to non-negligible side effects especially on the cardiovascular system, 

we sought to ameliorate its side effects without abandoning the usage of this potent PPARγ 

ligand. We hypothesized that side effects may be ameliorated by any of the three strategies: 

substituting rosiglitazone with alternative PPAR agonists, concurrent activation of PPAR 

isotypes or administering competitive ligands. We have chosen CLA, since they have been 

demonstrated to confer health benefits in diabetes and cardiovascular diseases. CLA are 

known to be agonists of PPARα and PPARγ that binds to their receptor with lower affinity 

than pharmacological agonists109,110. The success of ameliorating the side effects of 

rosiglitazone would probably consider a step forward in management of MetS and T2DM. 

4.1 In vitro findings 

Our findings established that c9,t11-CLA is able to act directly on liver cells to reduce 

gluconeogenesis by suppressing the PEPCK and this effect was comparable to rosiglitazone, 

a PPAR agonist. However, the exposure of t10,c12 CLA on liver cells has modulated neither 

the HGP nor the levels of gluconeogenic enzymes. Of note, t10,c12 CLA had abrogated the 

effects of rosiglitazone on HGP. Taken together, our findings suggest the isomer-specific 

effects of CLA and the possibilities of dairy food constituents interacting with PPAR 

activation or inhibition to bring about health benefits, which fall into the category of 

functional foods. Functional food is defined as “any food or food ingredient that provides 

health benefit beyond its traditional nutritional value” by the Institute of Medicine Food and 

Nutrition Board145. Unfortunately, recent clinical studies on the effect of CLA in glucose 

homeostasis has been inconsistent and beneficial effects may not be apparent in low dose and 

short term (<16 weeks), but well tolerated across subjects in terms of safety146.  
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In T2DM, the increase in hepatic gluconeogenesis is due to elevated basal gluconeogenesis147. 

Hepatic gluconeogenesis contributes to 75% of hepatic glucose output in T2DM, with the rest 

contributed by glycogenolysis and glycogen cycling148. It was established that hepatic 

gluconeogenesis is less sensitive to inhibition by insulin compared to glycogenolysis149. Basal 

gluconeogenesis is unaffected by insulin150,151. The primacy of gluconeogenesis in T2DM is 

demonstrated by the overexpression of PEPCK in animal models, which developed T2DM-

like state with selective hepatic insulin resistance152,153. Alternatively, persistent activation of 

gluconeogenic transcription factors leads to hepatic insulin resistance154. Although hepatic 

gluconeogenesis may not be the primary contributor to hyperglycemia, it is thought to 

contribute to a feedback loop that worsens insulin resistance over time. The improvement of 

metabolic profile in diabetic rats can be achieved by knocking down PEPCK155. Therefore, 

inhibition of hepatic gluconeogenesis is a viable strategy to alleviate hyperglycemia and other 

symptoms of T2DM. Since insulin is unable to reduce basal gluconeogenesis, compounds 

able to exert reduction in basal gluconeogenesis will be an area of interest, taken that CLA is 

able to reduce the activity of gluconeogenic enzymes at the transcriptional level. It is worth 

noting that the lowest concentration of CLA in Canwell et al. is equivalent to 17.8 µM, but 

significant reduction in gluconeogenesis was only observed at the equivalent of 71 µM156; 

whilst we managed to show the efficacy of CLA at 20 µM. 

Rosiglitazone is an anti-diabetic drug belonging to a class of insulin sensitisers known as 

thiazolidinediones. Administration of rosiglitazone has been shown to inhibit hepatic 

gluconeogenesis157. Our experimental results demonstrated that the reduction in the rate of 

hepatic gluconeogenesis when the cells were treated with rosiglitazone and CLA 

corresponded to the expression level of PEPCK and G6P mRNA, except for the combination 

of rosiglitazone and c9,t11-CLA. Our observation for rosiglitazone is at odds with a previous 
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observation that reported no change in PEPCK mRNA levels158. PEPCK activity is controlled 

by the abundance of PEPCK protein in the liver, as the enzyme is neither regulated by 

allosteric binding nor phosphorylation/dephosphorylation159. 

It has been reviewed that PPARγ activity has an inverted U-shaped relationship with 

gluconeogenesis160; moreover the PPARγ antagonist GW 9662 has recently been shown to 

inhibit PEPCK expression in vivo161. GW 9662 binds to PPARγ at an IC50 of 3.3 nM162, 

therefore the reduction of hepatic glucose production in the presence of GW 9662 is 

attributed to inhibition of PPARγ instead of CLA activation.  

In spite of our result that centered on the dependence of PPARγ, the long held paradigm of 

activating PPAR as the key to treating metabolic diseases is now being challenged by recent 

discoveries. Rosiglitazone has traditionally been regarded as a potent and specific agonist for 

PPARγ76, whereas CLA has been regarded as a weaker agonist with an IC50 difference 

between 940-2176 fold110. Emerging evidences are pointing to thiazolidinediones exerting 

insulin sensitising effect independent of the PPARγ pathway158,163, that is further proven by 

reports of glitazone mimetics improving insulin sensitivity despite lacking of PPAR agonist 

activity164. It is essential to take note that this PPAR independence may involve no change in 

basal PPAR receptor activity. Instead, the authors proposed that modulation of mitochondrial 

biogenesis as well as direct modulation of mitochondrial metabolism contribute to the 

pharmacology of thiazolidinediones. There are emerging evidences pointing to mitochondrial 

targets for insulin sensitizing drugs. Thiazolidinediones have been shown to target the 

pyruvate carrier complexes of the mitochondria165–167. Under a similar context, metformin has 

been identified as an inhibitor of mitochondrial glycerophosphate dehydrogenase to suppress 

gluconeogenesis168. It is suggested that these insulin sensitizing drugs, rather than acting 

through a linear pathway of activating downstream targets, instead alter the cellular energy 

state by binding to mitochondrial proteins169. The change in mitochondrial energy state led to 
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a cellular response of increasing sensitivity to insulin. Based on our observations, it will be 

useful to determine PPAR independence action of CLA. 

The c9,t11 isomer is the most abundant CLA isomer in nature. Hence, the single 

administration of c9,t11 is highly applicable to the consumption of CLA from dietary sources. 

The t10,c12 isomer is present in low natural abundance, but high amounts in artificial 

preparations of CLA mixtures sold commercially. The consumption of t10,c12-CLA in high 

amounts is relevant in CLA supplements, as these supplements are made from artificial CLA 

preparations. 

A myriad of studies have showed that actions of CLA is isomer dependent. While the c9,t11 

isomer is associated with increase of insulin sensitivity98,170–174, the sole consumption of 

t10,c12 isomer is associated with adverse effects such as insulin resistance102, lipoatrophy, 

hepatic steatosis and hyperinsulinemia101,106,175 and adipose tissue inflammation103. In vivo, 

consumption of a mixture of c9,t11- and t10,c12-CLA increased serum HDL cholesterol, but 

led to insulin resistance in Wistar rats, leading to authors’ suggestion that CLA supplement 

should be approached with caution for weight management176. Likewise, we have shown that 

combination of CLA mixture and rosiglitazone decreased insulin resistance but increased 

atherogenicity by virtue of serum non-HDL to HDL ratio in Sprague-Dawley rats177. In vitro, 

1:1 CLA has been shown to inhibit glucose uptake in cultured primary rat adipocytes178. In 

order to account for our observations, t10,c12-CLA must either inhibit the ability of c9,t11-

CLA and thiazolidinediones to bind to their mitochondrial targets, or antagonize the activity 

of PPARγ. While there are no publication describing the effect of t10,c12-CLA in modulating 

mitochondrial metabolism, evidences are emerging for t10,c12-CLA antagonism of activated 

PPARγ activity179,180. Since c9,t11- and t10,c12-CLA are equally as efficient in activating 

PPARγ 179, the outcome cannot be attributed to binding of CLA isomers to PPARγ per se, but 
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alternative pathways activated by CLA101. The pathways leading to direct suppression of 

hepatic gluconeogenesis is a subject of future investigation. 

In summary, we have demonstrated that c9,t11-CLA is able to exert an insulin-like effect 

directly on the liver to bring about reduction in hepatic gluconeogenesis, that is mediated by 

reduction in PEPCK and G6P expression. In contrast, t10,c12-CLA increases hepatic 

gluconeogenesis by increasing G6P expression at the transcriptional level. 

4.2 In vivo discussion 

After establishing that c9,t11-CLA is effective in reducing hepatic glucose production and 

mutual non-interference between c9,t11-CLA and rosiglitazone, the utility of combining both 

agents was tested in vivo. The ApoE null mouse was utilized since it is a good model for 

diabetic dyslipidemia. In humans, much cholesterol circulates in LDL rather than HDL; 

hence human beings are prone to dyslipidemia and atherosclerosis especially under 

conditions of metabolic syndrome and T2DM. In contrast, mice have higher HDL level than 

LDL in circulation, rendering them generally resistant to atherosclerosis127. ApoE null mice 

develop severe hypercholesterolemia when fed high fat or Western diet127,132. In wild type 

mice, feeding Western diet also led to increase in plasma cholesterol and triglycerides, albeit 

milder than ApoE null mice127. 

ApoE null mice are leaner than wild type mice when fed a normal diet130, due to increased 

sequestration of lipid in LDL particles and decreased efficiency in incorporating lipids into 

the subcutaneous tissue. Nevertheless, they develop obesity when fed a fat rich diet. For the 

purpose of our study, we used male mice because they were more susceptible to insulin 

resistance when fed high fat diet181. 
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The cardiovascular safety of combining rosiglitazone and CLA supplements was assessed by 

examining serum parameters. The conferral of CLA health benefits has been known to be 

isomer dependent. In a study using C57Bl/6J mice, c9,t11-CLA did not lead to insulin 

resistance, but t10,c12-CLA and 1:1 CLA mix led to insulin resistance182. In another study, 

8:2 blend of c9,t11 and t10,c12-CLA led to resolution of early atherosclerosis183, given that 

c9,t11 isomer is naturally abundant. A previous study using LDLr null mice fed high fat high 

sucrose diet found that t10,c12-CLA led to insulin resistance and slightly reduced plasma 

cholesterol184. The same group found that rosiglitazone was able to alleviate insulin 

resistance caused by t10,c12-CLA, but abrogated slight suppression of plasma cholesterol by 

t10,c12-CLA, and causes hepatomegaly181.  

Early administration of CLA mixture [WD+CLA(e), WD+CLA(e)+Rosi] led to significant 

reduction in body and adipose weight compared to WD mice, which points to lipoatrophy. In 

agreement with a previous study107, CLA administered as 1:1 mixture of isomers led to 

lipoatrophy in mice. Given that the actions of CLA is isomer specific, this CLA dependent 

lipoatrophy is mediated by the t10,c12 isomer106. In fact, the administration of t10,c12-CLA 

to cause adipocyte inflammation and apoptosis in mice is a model of lipoatrophy. However, 

CLA mixture administered in rats does not led to lipoatrophy, due to the robustness of rat 

compared to mouse185. The adverse effects of 1:1 CLA mixture is espoused in increased total 

cholesterol, increased LDL and reduced HDL in ApoE, WD+CLA(e) mice and further 

exacerbated by rosiglitazone in ApoE, WD+CLA(e)+Rosi mice, taking consideration that 

ApoE knockout led to less efficient incorporation of circulating lipids into the adipose tissue. 

Therefore, the presence of ApoE null, lipoatrophy and glitazones may represent a dangerous 

triad when dyslipidemia is concerned. 

Leptin is an adipocytokine involved in regulation of satiety. The onset of lipoatrophy led to 

low leptin levels, which was observed in CLA(e) groups. It has been shown that leptin 
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infusion in lipoatrophy could correct insulin resistance and hepatic steatosis186,187; 

transplantation of lipatrophic mice with adipose tissue lacking leptin failed to correct insulin 

resistance and hepatic steatosis188. For reference, a case report pointed that administration of 

pioglitazone has little effect on serum lipoproteins and glucose metabolism in a case 

lipoatrophic diabetes induced by juvenile dermatomyositis189. 

ApoE null mice are known to develop severe hepatosteatitis after being fed WD for seven 

weeks134, which is indicated by increased liver weight when fed WD compared to wild type. 

The inducement of hepatic steatosis has been documented previously for rosiglitazone190,191 

and also t10,c12-CLA101. T10,c12-CLA has also been shown to increase liver triglyceride 

content170. In this study, it could be observed that administration of 1:1 CLA alone led to 

slight reduction in liver weight, co-administering 1:1 CLA with rosiglitazone failed to 

alleviate hepatic steatosis caused by the latter. We reasoned that in lipoatrophy, rosiglitazone 

may act on liver PPARγ to bring about hepatic steatosis that led to exacerbated LDL levels. 

4.3 Limitations of study 

The in vivo study utilised wild type mice fed normal diet as the baseline group, whereas a 

more convincing comparison can be achieved by using ApoE null mice fed normal diet. The 

normal diet used for the study was found to contain significant amount of linolenic acid that 

may interfere with observations. At Week 12, only two mice were sacrificed per group that 

precluded any statistical comparisons at that time point. Due to financial constraints, only 1:1 

mixture of CLA isomers could be utilised for in vivo study, which made it impossible to 

single out the individual contribution of CLA isomers towards the observation.   
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4.4 Conclusions 

Notwithstanding the usage of 1:1 CLA mixture in the in vivo study, it should be noted that 

health benefits of CLA is isomer dependent. t10,c12-CLA is associated with adverse effects 

when consumed in large amounts. It has to be noted that the reduction of blood glucose with 

the combination of 1:1 CLA with rosiglitazone is achieved by the indirect pathway rather 

than via direct action on hepatocytes, but in vivo, exacerbation of atherogenic dyslipidemia 

was also observed. This observation calls for the reconsideration of combining functional 

foods and drug regiment for the treatment of metabolic syndrome and diabetes as far as 

cardiovascular safety is concerned. The usage of CLA supplementation while undergoing 

treatment with a glitazone should be treated with caution, given that t10,c12-CLA is abundant 

in artificially prepared CLA, and this isomer not only interferes with glitazones to suppress 

gluconeogenesis directly in the liver, but also indirectly by causing lipoatrophy.  

Instead of our expected amelioration of cardiovascular side effects by combining 

rosiglitazone with a mild competitive ligand, we conclude that early administration of 1:1 

CLA led to lipoatrophy; the co-administration of 1:1 CLA with rosiglitazone exacerbates 

atherogenic dyslipidemia and hepatic steatosis. 
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Supplementary Data 

Table S1: HepG2 RNA concentration after treatment. During measurement, each sample 

were measured in duplicates for each attempt on a nanodrop machine. The readings were 

average of duplicates as recorded in the laboratory notebook. 

Treatment Concentration 1 

(ng/µL) 

Concentration 2 

(ng/µL) 

Untreated 634.0000 430.2692 

Insulin 100 nM 338.4615 538.3462 

Forskolin 10 µM 244.6154 436.1923 

Rosiglitazone 10 µM 508.5385 457.1923 

Fenofibrate 10 µM 65 74.1154 

c9,t11-CLA 20 µM 317 437.2692 

t10,c12-CLA 20 µM 350.8077 457.7308 

Linoleic acid 20 µM 358.6538 439.1923 

Rosiglitazone 10 µM + c9,t11-CLA 20 

µM 

389.2692 375.6538 

Rosiglitazone 10 µM + t10,c12-CLA 20 

µM 

423.8077 402.0385 

Rosiglitazone 10 µM + c9,t11-CLA 10 

µM + t10,c12-CLA 10 µM 

255.6538 317.2692 

c9,t11-CLA 10 µM + t10,c12-CLA 10 

µM 

191.6538 313.2692 

 

Table S2: HepG2 cDNA concentration. cDNA was synthesised based on the RNA 

concentration tabulated in Table S1, and have their concentration measured on a nanodrop 

machine. Samples were measured in duplicates, and have their average taken and recorded in 

the laboratory notebook. 

Treatment Concentration 1 

(ng/µL) 

Concentration 2 

(ng/µL) 

Untreated 537.1635 513 

Insulin 100 nM 619.5673 462 

Forskolin 10 µM 534.7596 519 

Rosiglitazone 10 µM 517.9327 523 

Fenofibrate 10 µM - - 

c9,t11-CLA 20 µM 534.7596 362 

t10,c12-CLA 20 µM 517.9327 366 

Linoleic acid 20 µM 640.7692 454 

Rosiglitazone 10 µM + c9,t11-CLA 20 

µM 

656.5385 536 

Rosiglitazone 10 µM + t10,c12-CLA 20 

µM 

723.0769 530 

Rosiglitazone 10 µM + c9,t11-CLA 10 

µM + t10,c12-CLA 10 µM 

458.5577 529 

c9,t11-CLA 10 µM + t10,c12-CLA 10 

µM 

398.0769 534 
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Figure S1: RT-qPCR melting curve of HepG2 RNA. Melting curves were generated after 

each qPCR run on Illumina Eco machine. 
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Appendix 1 - Scientific principles behind the assays 

Amplex Red Glucose Assay 

In this assay, glucose oxidase reacts with glucose to form gluconolactone and hydrogen 

peroxide. In the presence of horseradish peroxidase, hydrogen peroxide reacts with Amplex 

Red to generate a red fluorescent oxidation product, resorufin. Resorufin has an absorbance 

maximum at 560 nm. Further details can be referred from manufacturer’s documentation192. 

Bradford Assay 

Bradford assay is based on non-covalent binding of Commassie Brilliant Blue G-250 to 

tertiary structures of proteins.  Briefly, the Bradford reagent contains the dye in its anionic 

form, which is brown in colour. Interaction of the dye with the protein carboxyl groups, 

amino groups and hydrophobic regions stabilizes the cationic form of the dye, which is 

coloured blue. 

100 µL of NP-40 was added to remaining HepG2 cells in a 12-well plate to obtain the 

respective protein extract. 5 µL was utilized for Bradford assay using the 96-well plate format. 

In each well, 250 µL Bradford reagent was added and mixed for 30 seconds and incubated at 

room temperature for 5 – 45 minutes. Absorbance was measured at 595 nm. 

Reverse transcription quantitative polymerase chain reaction (RT-qPCR) 

RT-qPCR is a method to detect gene expression. Briefly, extracted RNA was reverse 

transcribed with a reverse transcription kit into complementary DNA (cDNA), the kit used 

was Bioline Tetro cDNA synthesis kit (BLN#BIO-65042, Bioline, UK). This cDNA was then 

copied with DNA polymerase. The amplification product was detected using a dye, SYBR 

Green I that binds to double stranded DNA found in KAPA SYBR Fast qPCR Master Mix 
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(KAPA-KK4600, KAPA Biosystems, USA). The double stranded DNA is amplification 

product. Bound SYBR Green I emits green light at a wavelength of 520 nm. 

The thermal profile for cDNA synthesis was 

1. Incubate samples at 45°C for 30 minutes 

2. Terminate reaction at 85°C for 5 minutes, chill products by switching to 4°C. 

The thermal profile for RT-qPCR was 

1. Initial incubation at 50°C for 2 minutes 

2. Polymerase activation at 95°C for 3 minutes 

3. Double strand separation at 95°C for 3 seconds  

4. Strand elongation at 60°C for 25 seconds 

Step 3 and 4 were repeated for 40 cycles. 

The number of copies of DNA increases exponentially with each amplification cycle. The 

cycle number which amplification starts to become exponential is named the threshold cycle 

(Cq). High initial amount of cDNA gave a lower Cq. RT-qPCR result was calculated using 

the double delta T method as previously described126. 

LDL, HDL and total cholesterol assay 

The assay kit utilizes cholesterol oxidase to generate products having absorbance at 

wavelength of 570 nm. 

Triglyceride assay 

The assay kit utilizes the action of lipase and oxidation of glycerol. First, triglycerides are 

hydrolysed into free fatty acids and glycerol. The resulting glycerol was oxidized to generate 

a product having an absorbance at wavelength of 570 nm. 
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Free fatty acid assay 

The kit is based on the generation of coenzyme A derivatives of fatty acid and subsequent 

oxidation of fatty acid-coA to product products having absorbance of 570 nm. 

Insulin, leptin and adiponectin assays 

The assays to quantitate serum insulin, leptin and adiponectin are based on the principle of 

enzyme linked immunosorbent assay (ELISA). Briefly, extracted serum was placed in a pre-

coated plate and washed. Then, primary antibody conjugated to biotin was incubated with 

hormone already bound to the plate. After washing, horseradish peroxidase conjugated to 

streptavidin was incubated. The enzyme activity was monitored in the presence of substrate 

3,3’,5,5’-tetramethylbenzidine, in which a blue colour product will be formed. Acidification 

turns the product yellow. The enzyme activity is measured by the increased absorbance at 

450 nm subtracted by absorbance at 590 nm. 
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Appendix 2 – HepG2 Cell Line Data Sheet 
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Appendix 3 – H4IIE Cell Line Data Sheet 
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Appendix 4 – Amplex Red Glucose/Glucose Oxidase Assay Kit Data Sheet 
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Appendix 5 – Bioline TRIsure RNA Lysis Kit Data Sheet 



128 
 

 



129 
 

Appendix 6 – Bioline Tetro cDNA Synthesis Kit Data Sheet 
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Appendix 7 – KAPA Biosystems SYBR Fast qPCR Master Mix (2x) Data Sheet 
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Appendix 8 – Altromin 1320 M Maintenance Diet Data Sheet (Normal Diet)  
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Appendix 9 – Research Diets #D12079B Data Sheet (Western Diet) 
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Appendix 10 – Mouse Leptin ELISA Kit Data Sheet 
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Appendix 11 – Mouse Adiponectin ELISA Kit Data Sheet 
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Appendix 12 – Mouse Insulin ELISA Data Sheet 
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Appendix 13 – Biovision HDL and LDL Quantitation Kit Data Sheet 
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Appendix 14 – Biovision Free Fatty Acid Quantitation Kit Data Sheet 
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Appendix 15 – Biovision Triglyceride Quantitation Kit Data Sheet 
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