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Summary

Insulin resistance signifies an impaired biological response to insulin, and usually implies 

resistance to the effects of insulin on glucose uptake, metabolism, or storage. This defect is 

commonly observed in type 2 diabetes mellitus (T2DM) and the metabolic syndrome and is 

often found in association with other cardiovascular disease (CVD) risk factors including 

obesity, dyslipidaemia, hypertension and atherosclerosis. Altering the composition of fat in 

the diet can have a profound effect on insulin sensitivity whereby saturated fatty acids 

attenuate insulin sensitivity, while monounsaturated fatty acids can reverse this effect. The 

objective of this thesis was to examine the relationship between the n-6 polyunsaturated fatty 

acid conjugated linoleic acid (CLA) and insulin sensitivity, and its possible involvement in 

attenuating other risk factors associated with CVD. Several isoforms of CLA exist with cis-9, 

trans-W CLA (c9, til-CLA) which is the predominant dietary isoform and tram-\Q, cis-\2 

CLA (tlO, cl2-CLA) thought to have most biological activity.

In chapter three the effect of CLA supplementation on risk factors associated with 

CVD was investigated. Subjects with stable, diet-controlled T2DM were randomly allocated 

to receive 3.0g/day CLA (50:50 blend of c9, tl 1-CLA and tlO, cl2-CLA) or control (blend of 

fatty acids) for 8 wk. Fasting glucose concentrations were significantly increased (P<0.05) and 

insulin sensitivity was reduced as measured by indices derived from an oral glucose tolerance 

test namely homeostasis model assessment, oral glucose insulin sensitivity, and insulin 

sensitivity index (composite) (P=0.05). In contrast, positive effects were observed with respect 

to lipoprotein metabolism. Total HDL-cholesterol concentrations increased by 8% (P<0.05), 

which was due to a significant increase in HDL2-cholesterol concentrations (?<0.05). The 

ratio of LDL to HDL cholesterol was significantly reduced (P<0.01). In addition, CLA 

supplementation reduced fibrinogen concentrations (P<0.01), but had no effect on the 

inflammatory markers of CVD, C-reactive protein and interleukin 6.

It has emerged that the isomers of CLA exert distinct physiological effects. 

Consequently, the in vivo effects of a c9, tl 1-CLA enriched diet on metabolic and molecular 

markers of glucose homeostasis was investigated in chapter 4. Particular attention was focused 

on adipose tissue biology by investigating the effect of the isomer on the insulin signalling 

pathway, adipokine expression and transcription factors known to regulate insulin sensitivity. 

The ob/ob mouse model was employed as it represents a suitable model for obesity, insulin 

resistance and related syndromes. Feeding a diet enriched with c9, til-CLA  significantly 

reduced fasting glucose (P<0.05), insulin (P<0.05) and triacylglycerol concentrations (P<0.01) 

compared to the control diet which was enriched with linoleic acid. Key targets of the insulin 

signalling cascade were significantly increased both at the level of mRNA and protein 

expression. While the alterations in adiponectin and resistin mRNA could not explain the



improvement in insulin sensitivity, the expression of several inflammatory mediators secreted 

from adipose tissue were decreased, in particular tumour necrosis factor (TNF)-a which was 

reduced by 50% (P<0.05). This was associated with an increase in mRNA expression in 

peroxisome proliferator activated receptor y and liver X receptor (P<0.05) and a decrease in 

nuclear factor-KB DNA binding (P<0.01), a profile which would promote insulin sensitivity.

Although many factors may contribute to the development of insulin resistance, the 

insulin de-sensitising effects of TNFa are well characterised. In chapter 5 an in vitro model 

was employed to investigate whether the insulin sensitising effect of c9, tl 1-CLA observed in 

vivo could be replicated in vitro. Normal 3T3-L1 adipocytes or those made insulin resistant 

following TNFa treated were incubated with the individual isomers. Parallel experiments were 

set-up to examine acute and chronic treatment of the fatty acids. Results indicated that chronic 

treatment with c9, tll-CLA  significantly increased IRS-I and Glut4 mRNA in both normal 

and insulin resistant adipocytes. In contrast acute treatment with c9, tl I-CLA did not increase 

the expression levels of these markers. Both acute and chronic treatments with tIO, cI2-CLA 

reduced the mRNA expression levels of both proteins. Glut4 protein expression, basal glucose 

uptake and insulin-stimulated glucose uptake following chronic treatment with c9, tll-CLA 

was comparable with cells treated with the control.
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Chapter I: Introduction

Chapter One 

Introduction

1.1 INSULIN RESISTANCE

“Insulin resistance” signifies an impaired biological response to insulin, and usually implies 

resistance to the effects of insulin on glucose uptake, metabolism, or storage (Bailey, 1999; 

Kahn & Flier, 2000). Insulin resistance may exist during physiological states as occurs in 

pregnancy, puberty and in the elderly (Wallace & Matthews, 2002). Pathological states 

associated with insulin resistance include type 2 diabetes mellitus (T2DM), and as a result of a 

specific defect such as insulin receptor mutations or autoantibodies against the insulin receptor. 

Additionally insulin resistance may also occur secondary to other disorders including 

polycystic ovary syndrome, illness and cirrhosis (Wallace & Matthews, 2002). The two most 

common states associated with insulin resistance are T2DM and the metabolic syndrome. In 

association with insulin resistance, these two conditions are also linked to obesity, 

dyslipidaemia, hypertension and atherosclerosis.

Adipose tissue plays an important role in regulating glucose metabolism by releasing 

fatty acids into the circulation. In 1963 Randle et al hypothesised that the intracellular 

metabolism of fatty acids controls glucose metabolism. This mechanism was called the 

glucose-fatty acid cycle. They hypothesised that increased FFA oxidation enhances the 

generation of acetyl-CoA that leads up to increased citrate production through the Krebs cycle. 

Citrate, in association with an increase in the ATP/ADP ratio, inhibits phosphofructokinase, 

resulting in reduced glycolytic flux. As a consequence, there is an increase in the glucose 

6-phosphate content, which inhibits hexokinase II activity, leading to an increase in 

intracellular glucose content and a reduction in glucose uptake (Randle et al, 1963; Randle et 

al, 1964). Although subsequent studies using nuclear magnetic resonance showed that free 

fatty acids decrease the glucose and glucose 6-phosphate intracellular content (Roden et al, 

1996; Shulman, 2001), thereby suggesting that other mechanisms are involved in the free fatty 

acid induced insulin resistance, the realisation of the influence of fatty acids on glucose 

metabolism traces back many years.

There has been intense interest surrounding the role of additional secretory products 

from adipose tissue since the discovery of leptin secretion from adipose tissue (Zhang et al, 

1994). Many proteins have been identified and have been shown to be important in allowing 

adipose tissue to maintain a complex communication with many other organs, and to modulate 

a number of whole body processes (Guerre-Millo, 2004; Rajala & Scherer, 2003). A number 

of these secreted proteins have been shown to have potent effects on whole-body insulin
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sensitivity (Doria, 2003; Kahn & Flier, 2000), and on-going research provides fascinating 

insights into this area.

In recent years it has emerged that many non-communicable diseases e.g. 

cardiovascular disease (CVD) have an underlying inflammatory component associated with 

them, in addition to classical risk factors e.g. hyperlipidaemia and hypertension in CVD. A 

pro-inflammatory response has been found to be associated with insulin resistance both in vivo 

at a systemic level and also in governing some of the underlying molecular mechanisms in the 

pathogenesis of the condition.

Although a person’s risk towards a disease is influenced by genetic predisposition, it is 

possible to attenuate modifiable risk factors through dietary and lifestyle factors. It is well 

established that dietary therapy can modify risk towards many disease including diabetes, 

hyperlipidaemia, cancer and bone health. Dietary therapy is at the cornerstone in the treatment 

o f glycaemia in subjects with T2DM. In addition, dyslipidaemia and hypertension are 

modifiable through changes in dietary practices. The ability of dietary changes to modulate 

novel risk factors for T2DM and CVD is currently under investigation.

1.1.1 Common disease states associated with insulin resistance 

(i) Type 2 Diabetes Mellitus

Diabetes mellitus, the disease characterised by the body’s inability to metabolise glucose 

manifests as one of two types, type 1 or type 2 (Diabetes Care, Securing the Future, 2002). 

Type 1 diabetes mellitus results from insulin deficiency caused by cell-mediated autoimmune 

destruction of pancreatic p-cells, and generally develops in the young (Jun et al, 1999). T2DM 

accounts for approximately 90% of all reported cases of the disease. Here the pathogenesis of 

hyperglycaemia is rooted in a malfunction of the inter-relationship between insulin secretion 

and insulin action. Insulin resistance develops when target tissues fail to respond properly to 

normal levels of circulating insulin. Pancreatic P-cells first compensate for peripheral insulin 

resistance by increasing insulin secretion to maintain euglycaemia. Impaired glucose tolerance 

(IGT) manifests when sufficient hyperinsulinaemia cannot be sustained. An increasing 

mismatch between escalating insulin resistance and inadequate compensatory 

hyperinsulinaemia causes a progression to overt clinical T2DM (Ruan & Lodish, 2003). In 

muscle, insulin resistance is manifested by decreased glucose uptake as well and impaired 

utilisation of glucose by non-oxidative pathways, primarily glycogen formation, as well as a 

slight decrease in glucose oxidation. In liver, insulin resistance leads to impaired suppression 

of hepatic glucose production, which is fuelled by gluconeogenesis and to a lesser extent, 

glycogen breakdown (Reaven, 1995). Although T2DM predominately develops in adults it is 

becoming increasingly prevalent at a younger age (Jun et al, 1999).
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Worldwide prevalence of T2DM is reaching epidemic proportions mainly as a 

consequence of lifestyle changes and an increased incidence of obesity (Nawrocki & Scherer, 

2004). This is associated with enormous health and socio-economic burdens (Hu et al, 2001). 

It is estimated that CVD accounts for 40-50% of all deaths in people with T2DM (De Marco et 

al, 1999). Atherosclerotic CVD, including coronary artery disease (CAD), cerebrovascular 

and peripheral vascular disease are 2 to 5 times more common in people with diabetes. In 

addition, people with T2DM are 17 times more likely to develop renal disease (Diabetes Care, 

Securing the Future, 2002; Stamler et al, 1993; Manson et al, 1991). The CODE 2 study 

measured the total health-care costs for T2DM in eight European countries - Belgium, France, 

Germany, Italy, the Netherlands, Spain, Sweden and the UK (Jonsson, 1997). The total health

care cost for patients with T2DM in these eight countries amounted to €29 billion. The per 

capita cost varied from €1305 per patient in Spain to €3576 in Germany. Direct medical cost 

for patients with T2DM ranged from 1.6% of health-care expenditure in the Netherlands to 

7.4% of health-care expenditure in Italy. In Ireland approximately €350 million is spent each 

year by the Irish health services on diabetes care, of which 59% is spent on treating 

complications (Diabetes Care, Securing the Future, 2002). It is estimated globally that the 

total number of persons with diabetes will rise from 151 million in the year 2000, to 221 

million by the year 2010 and to 300 million by 2025 (Zimmet et al, 2003; Amos et al, 1997). 

This constitutes an increase in worldwide prevalence from 4.0% of the population in 1995 to 

5.4% by the year 2025 (King et al, 1998). As a result there is extensive research investigating 

the molecular mechanisms governing T2DM with the aim of identifying novel targets, both 

dietary and pharmaceutical, which may help attenuate the consequences of the disease.

(ii) Metabolic syndrome

In recent years it has become increasingly apparent that insulin resistance is also linked to 

several important risk factors for coronary heart disease (CHD), such as dyslipidaemia, 

elevated blood pressure and propensity for thrombosis (Smith et al, 1999). Reaven proposed 

the term Syndrome X to describe the associated features of the syndrome. However this 

clustering of risk factors is also referred to as the Insulin Resistance Syndrome, Reaven’s 

Syndrome, the Plurimetabolic Syndrome, the “Deadly Quartet” and the Metabolic Syndrome 

(Stears & Byrne, 2001; Bailey, 1999). Recent prospective studies have shown that the 

presence of the metabolic syndrome is associated with a 2-4 fold increased risk of developing 

cardiovascular complications (Hauner, 2005). It is also associated with increased risk of 

developing T2DM and premature death (Isomaa et al, 2001). In isolation each component of 

the cluster conveys increased CVD risk, but as a combination there is an additive or synergistic 

effect (Despres, 2003; Alberti & Zimmet, 1998). It is proposed that insulin resistance may be 

the common aetiological factor for the individual components of the syndrome (Alberti &
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Zimmet, 1998). Thus, rigorous early management of the syndrome may have a significant 

impact on the prevention of both T2DM and CVD.

Both the World Health Organisation (WHO) (Alberti & Zimmet, 1998) and the 

National Cholesterol Education Program (NCEP) Expert Panel on Detection, Evaluation and 

Treatment of High Blood Cholesterol in Adults (Adult Treatment Panel III) (2001) have 

proposed criteria for the metabolic syndrome. The criteria differ slightly, with the NCEP 

guidelines being slightly more conservative. However both sets of guidelines encompass the 

same constellation of metabolic abnormalities. Table 1.1 highlights the differences between 

the two sets of criteria.

Table 1.1: Criteria for the metabolic syndrome according to the WHO and NCEP 

guidelines’’^

WHO guidelines' NCEP guidelines^
Abdominal Obesity
Waist-to-Hip ratio
Men >0.9 NA
Women >0.85 NA

Waist girth (mm)
Men NA > 1020
Women NA >880
HDL-cholesterol (mmol/L)
Men <0.9 < 1.1
Women < 1.0 < 1.3
Triacylglycerol (mmol/L) > 1.7 > 1.7
Blood pressure (mm Hg) > 160/90 > 130/85
Fasting plasma glucose (mmol/L) See ' >6.1
Microalbuminuria
urinary albumin excretion rate (fig/min) or >20 NA
albumin.'creatinine ratio >20 NA

NA, not applicable for the criteria in question.

' Individuals should present with glucose intolerance, impaired glucose tolerance (fasting plasma glucose < 

7.0mm ol/L and 2 hr post glucose load > 7.8 mmol/L and < 1 l.lm m ol/L ) or diabetes (fasting plasma glucose 

> 7.0mmol/L and/or 2 hr post glucose load > 1 l.lm m ol/L ) and/or insulin resistance (assessed using the 

hyperinsulinaemic euglycaemic clamp), together with two or more o f  the criteria listed (Alberti & Zimmet, 

1998).

 ̂ Individuals should fulfil three or more o f  the five criteria listed (NCEP Expert Panel on Detection, 

Evaluation and Treatment o f  High Blood Cholesterol in Adults (Adult Treatment Panel III) (2001).
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Differences in the definition of the metabolic syndrome produce differences in the 

reported prevalence rates of the disorder. However a very consistent finding is that the 

prevalence of the metabolic syndrome is highly age-dependent, with increasing prevalence 

rates with increasing age (Eckel et al, 2005). Using the data from the European Group for the 

study of Insulin Resistance (EGIR) estimates that approximately 15% of Caucasians have the 

metabolic syndrome as defined by the WHO criteria (Beck-Nielson & EGIR, 1999). Villegas 

et al (2003) estimated that approximately one-fifth of Irish middle-aged men and women (50- 

69 yr) fulfilled one or both of the above criteria for the metabolic syndrome. Additionally by 

the year 2010, it is estimated that between 50 to 75 million people in the United States will 

have the Metabolic Syndrome (Das, 2002), with a current population in the United States 

estimated at approximately 297 million.

1.2 IN  VIVO MEASUREMENT OF INSULIN SENSITIVITY

The insulin resistance atherosclerosis study (IRAS) demonstrated that reduced insulin 

sensitivity, or insulin resistance, is associated with an elevation in CVD risk factors, 

subclinical atherosclerosis, and prevalent cardiovascular events (Howard, 1999). Therefore the 

potential consequences of reduced insulin sensitivity pose a serious health risk. Insulin 

resistance signifies an impaired biological response to insulin, and usually implies resistance to 

the effects of insulin on glucose uptake, oxidation to produce energy, or storage as glycogen or 

TAG (Bailey, 1999; Kahn & Flier, 2000). As previously mentioned, the worldwide prevalence 

of T2DM is approximately 5% (King et al, 1998). Additionally, it is estimated that insulin 

resistance affects approximately 20-25% of normoglycaemic individuals (Matsuda & 

DeFronzo, 1999). Therefore it is critical to be able to make an accurate assessment of insulin 

sensitivity in vivo. The euglycaemic clamp is considered to be the “gold standard” in 

measuring insulin sensitivity in vivo (DeFronzo et al, 1979; Monzillo & Hamdy, 2003; 

Wallace & Matthews, 2002). However due to the time demands of the test and the number of 

trained personal required, other techniques have been proposed as alternatives. Each technique 

has favourable attributes, but demonstrates negative aspects also. Some of the most commonly 

used techniques will be discussed below.

1.2.1 Intravenous techniques

(i) Euglycaemic hyperinsulinaemic clamp

The euglycaemic hyperinsulinaemic clamp is deemed the “gold standard’ for measuring 

insulin sensitivity (DeFronzo et al, 1979; Monzillo & Hamdy, 2003; Wallace &. Matthews, 

2002). Insulin sensitivity is assessed using clamps performed at fasting glucose concentration, 

termed euglycaemia in subjects with normal glucose tolerance (NGT) and isoglycaemia in
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subjects with diabetes. Clamps may also be performed under hyperglycaemic conditions to 

determine p-cell function, assessing both first-phase and second-phase insulin responses. Both 

insulin sensitivity and P-cell fianction may be assessed simultaneously using the 

hyperglycaemic clamp. However the technique is criticised as the prevailing glucose is higher 

than that found in normal physiology and the glucose infusion may also be a consequence of 

glucose-mediated glucose disposal and renal glycosuria, in addition to insulin-mediated 

glucose disposal (Radziuk, 2000; Bergman et al, 1985; Cagnacci et al, 2001; Wallace & 

Matthews, 2002).

During the clamp a dorsal hand vein is cannulated in a retrograde fashion and kept in a 

warming devise (65“C) to facilitate venous sampling and provide arterialised venous blood 

(Matsuda & DeFronzo, 1999; Stumvoll et al, 2000). Insulin is infused to increase glucose 

disappearance and plasma glucose concentration is maintained by a calculated rate of 

exogenous glucose infusion (Bergman et al, 1985). For the initial 40 min of the clamp there is 

a quick rise in glucose infusion rates. When a steady state is reached the exogenous glucose 

infusion rate equals the amount of glucose disposed of by all the tissues in the body and thus 

provided an estimate of overall insulin sensitivity (Ferrannini & Mari, 1998). The more 

glucose infused per unit of time, the greater the insulin sensitivity. Endogenous glucose 

release should be suppressed by the insulin infusion, so that after 30-50 min all the glucose 

metabolised is of exogenous origin.

Glucose uptake can be normalised per kg body weight, fat-free mass or resting rate of 

energy expenditure. Values can be corrected by the steady state insulin concentration to 

account for minor differences in clamp insulin levels, insulin plateau and steady state plasma 

glucose, thereby calculating the metabolic clearance rate of plasma glucose (Ferrannini «& 

Mari, 1998). The euglycaemic clamp measures whole-body insulin sensitivity (DeFronzo et 

al, 1979). However it is possible to quantify the separate contributions of peripheral tissues 

(predominantly muscle) and the liver to whole-body insulin sensitivity using a glucose tracer 

(DeFronzo et al, 1982; Matsuda & DeFronzo, 1999). This is essential in cases of insulin 

resistance or low insulin infusion rates (<2.5pmol/min/kg) to avoid erroneous results 

(Ferrannini & Mari, 1998). The clamp may also be employed with other techniques to gather 

further information on other aspects of glucose homeostasis including lipolysis and protein 

metabolism (using tracers of glycerol and amino acids) (Groop et al, 1989), muscle glycogen 

repletion (by taking muscle biopsies before and after the clamp) (Shulman et al, 1990) and 

assessing regional insulin-mediated glucose uptake (using positron emission tomography) 

(Patemostro et al, 1996).
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(ii) Intravenous glucose tolerance test

The frequently sampled intravenous glucose tolerance test (FSIGT) involves the injection of 

glucose at baseline, and the measurement of plasma insulin and glucose at 30 time points over 

a 3 hr period (Pacini & Bergman, 1986). Beard et al (1986) proposed a modified protocol 

which requires an infusion of tolbutamide 20 min after the glucose infusion begins. This is to 

ensure an adequate endogenous plasma insulin response which is critical for determining 

insulin sensitivity using mathematical modelling. This modified protocol provided better 

correlation with the clamp. In individuals with impaired P-cell response to secretagogues, for 

example in type 1 diabetes and insulin-deficient T2DM, tolbutamide is replaced with insulin to 

augment second-phase insulin secretion (Osei et al, 1992; Taniguchi et al, 1995; Saad et al, 

1994; Finewood et al, 1990; Welch et al, 1990). The recent IRAS performed a modified 

FSIGT in 1625 people, whereby an insulin injection was given rather than tolbutamide, and 12 

sampling occasions were performed over the 3 hr period (Henkin et al, 2003). The correlation 

between insulin sensitivity obtained from 30 samples and 12 samples was shown to be strong 

(Cagnacci et al, 2001). Additionally this study showed a significant association between 

insulin sensitivity and CVD risk factors.

Since insulin causes glucose to fall and glucose causes insulin to rise, mathematical 

modelling is performed to partition these effects and provide an estimate of insulin sensitivity. 

Bergman and colleagues proposed the minimal model (MINMOD) which computes estimates 

of insulin sensitivity (insulin-enhanced glucose disappearance from the extracellular fluid), 

glucose effectiveness (glucose mediated glucose disposal) and P-cell function (both first phase 

and second phase responses) for each individual profile by curve fitting techniques (Bergman 

et al, 1979; Pacini & Bergman, 1986). More recently MINMOD Millennium has been 

launched, which has updated the modelling to provide more user-friendly software, a table of 

all minimal model parameters and their error estimates. Additionally, it also allows for the 

estimation of insulin sensitivity and glucose effectiveness for almost all profiles, which was a 

limiting factor of previous software (Boston et al, 2003). The approach recommended by 

Galvin et al (1992) requires an IV glucose tolerance test at 50 min with insulin inftision. 

Insulin sensitivity is determined as the decline in glucose over a 40 min period divided by the 

area under the insulin curve, a measure of the insulin load (Howard et al, 1998).

The IVGTT is unique as it provides an estimate of both insulin-dependent and insulin- 

independent glucose uptake. Additionally insulin sensitivity and p-cell secretion may be 

assessed simultaneously. However the minimal model technique does not permit the 

determination of the individual contributions of hepatic and peripheral insulin sensitivity to 

overall whole-body insulin sensitivity (Cagnacci et al, 2001). Nevertheless glucose tracer 

studies can be performed, as described above for the clamp, to yield an estimate of endogenous 

glucose production and hepatic insulin sensitivity (Caumo & Cobelli, 1993; Radziuk, 2000).
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(iii) Insulin suppression test

The insulin suppression test is a reverse clamp in which the exogenous glucose infusion rate is 

kept constant while the plasma glucose concentration is allowed to vary (Ferrannini & Mari, 

1998). Endogenous insulin release is suppressed by a constant infusion of somatostatin, 

glucose and insulin for 150-180 min (Wallace & Matthews, 2002). The somatostatin also 

suppresses endogenous secretion of glucagon and growth hormone, and inhibits 

gluconeogenesis (Harano et al, 1977). Steady state plasma glucose (SSPG) is calculated from 

blood sampling at 10 min intervals between 150-180 min (Laws et al, 1994). Since steady 

state plasma insulin are similar for all subjects, the SSPG concentrations provides a measure of 

the ability of insulin to mediate the disposal of an infused glucose load, and so provides a 

measure of insulin impedance or resistance. Higher SSPG levels indicate greater insulin 

resistance (Bergman et al, 1985; Yeni-Komshian et al, 2000).

(iv) Insulin tolerance test

The insulin tolerance was one of the first methods developed to assess insulin sensitivity in 

vivo (Horgaard et al, 1929). The test is based on the rate of decay of plasma glucose level after 

a bolus injection of regular insulin (0.1-0.5 U/kg BW). This model assumes that the glucose 

system is a single compartment from which insulin accelerates the net disappearance of the 

substrate both by promoting its uptake into target tissues and by shutting off endogenous 

glucose production (Ferrannini & Mari, 1998). Blood samples are collected at 2 min intervals 

for 15 min, and subsequently analysed for glucose and insulin. The test is stopped by the 

administration of intravenous glucose (Wallace & Matthews, 2002). Insulin sensitivity is 

determined by calculating the rate of decline of the log transformed glucose concentrations, 

estimated by linear regression (Wallace & Matthews, 2002). The rate constant Kitt is derived 

from this, and is expressed as the percentage decline in glucose per min (Wallace & Matthews, 

2002). The faster the decline in plasma glucose concentration indicates higher insulin 

sensitivity (Ferrannini & Mari, 1998). Normal Kirr is >2.0%/min and values <1.5 are 

considered abnormal (Monzillo & Hamdy, 2003).

1.2.2 Non intravenous techniques -  fasting indices

Both the clamp and IVGTT have been criticised as they assess insulin sensitivity under non- 

physiological conditions (Breda et al, 2001). Although the oral glucose tolerance test (OGTT) 

was originally used to classify carbohydrate tolerance, it represents a simple metabolic test 

which is more physiological than either of the above techniques. The time course of plasma 

glucose and insulin responses reflect the ability of the pancreatic |3-cells to secrete insulin and 

the sensitivity of tissues to insulin. Consequently the OGTT has also been used to evaluate 

insulin sensitivity and p-cell function (Lerman et al, 2003; Stumvoll et al, 2001). Mathematical
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modelling is required to disentangle the interaction o f insulin secretion and insulin sensitivity. 

Nevertheless a plethorea of indices have been proposed from data which may be collected over 

the duration o f the OGTT.

All measures offer an advantage in terms o f ease of collection o f the samples and 

analysis o f the results. These measures are useful in epidemiological studies or longitudinal 

analysis within an individual. However, they are not the optimal choice for studying 

physiology since the OGTT does not provide a controlled stimulus (Phillips et al, 1994).

(i) Fasting insulin

It is not clear whether hyperinsulinaemia per sec contributes to the metabolic syndrome or is 

just a physiological consequence o f diminished insulin-mediated glucose uptake in muscle and 

therefore only a marker of insulin resistance (Lerman et al, 2003). Prospective studies have 

shown that high insulin concentrations are associated with an increased risk o f CVD and 

adverse changes in CVD risk factors (Despres et al, 1996; Gutt et al, 2000; Laakso, 1993). As 

a result fasting insulinaemia is often used as a surrogate marker o f insulin resistance in 

epidemiological studies (Mannucci et al, 2003).

High fasting plasma insulin (FPl) concentrations are associated with insulin resistance 

as a reduction in tissue insulin sensitivity is matched by a proportionate rise in insulin 

secretion, until the p-cells fails (Ferrannini & Balkau, 2002). A pitfall o f this concept is that 

insulin resistance is only one determinant o f FPl concentrations. Systemic plasma insulin 

concentrations are also a result of pancreatic p-cell release, plasma removal o f the hormone, 

fasting glucose concentration and degree o f obesity (Ferrannini & Balkau, 2002). Ferrannini 

& Balkau (2002) reported that insulin sensitivity assessed using the euglycaemic clamp, 

explained only 4% o f the variability in FPl concentrations using data collected from the EGIR 

study in 1308 subjects with NGT. Furthermore, elevated FPl concentrations and insulin 

sensitivity indices derived from the clamp identified partially different groups o f individuals, 

after adjustment for age, sex and body mass index (BMI). Table 1.2 illustrates the different 

phenotypes.
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Table 1.2: Different phenotypes observed using fasting plasma insulin and clamp derived 

measures of insulin sensitivity (Ferrannini & Balicau, 2002).

“Pure Insulin Resistance” “Pure Hyperinsulinaemia”
(from clamp derived measures) (from fasting plasma insulin concentrations)

> t  central fat distribution > Larger percent fat mass, but more peripheral
distribution

> t  lipolysis > i  lipolysis
> 1 endogenous glucose production > 1 endogenous glucose production
> I NEFA concentrations > 1 NEFA concentrations

> t  systolic blood pressure
> i  HDL-cholesterol concentration

> \  TAG concentrations > t  TAG concentrations

HDL, high density lipoprotein; NEFA, non-esterified fatty acids; TAG, triacylglycerol.

In addition a number o f limitations have been associated with the use of the insulin 

assay itself. These include test-to-test variability, rapid responsiveness o f insulin to changes in 

hormonal and metabolic milieu and the biological variability o f insulin arising from its short 

serum half-life and it’s known cyclicity. Insulin is secreted in pulses with a periodicity of 

10-15 min, and ultradian oscillations o f 1-3 hr. This varies in the fasting state and in IGT and 

T2DM (Chevenne et al, 1999). The newer ultra-sensitive insulin assay can discriminate 

between insulin and partially metabolised proinsulin, which is biologically inactive. However 

the repeatability characteristics of the assay did not improve dramatically, probably due to the 

above reasons (Mather et al, 2001).

(ii) Homeostasis model assessment-insulin resistance

Homeostasis model assessment-insulin resistance (HOMA-IR) comprises mathematical 

modelling o f the normal homeostasis balance o f insulin and glucose providing equations for 

the estimation o f insulin sensitivity and P-cell function, from simultaneous fasting measures of 

insulin and glucose (Matthews et al, 1985). HOMA-IR is based on the premise that circulating 

insulin and glucose levels are determined by a feedback loop between the liver and the 

pancreatic p-cell (Matthews et al, 1985). Increased levels o f HOMA-IR indicate increased 

insulin resistance, or reduced insulin sensitivity. The original model allowed the calculation of 

HOMA-IR from an empirical formula. In recent years the model has been improved following 

a greater understanding of physiology e.g. insulin secretion, glucose metabolism, renal glucose 

losses in hyperglycaemic states (Rudenski et al, 1988; Rudenski et al, 1991; Levy et al, 1998). 

This more accurate model is now available as a computer programme.

Since measurements are taken in the fasting state, HOMA-IR provides a measure of 

basal or hepatic insulin sensitivity, providing little information about peripheral insulin
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sensitivity. HOMA-IR has been shown to provide a better correlation with clamp measures of 

insulin sensitivity than fasting insulin. Additionally it is a good independent predictor of 

abnormalities associated with insulin resistance such as T2DM, risk of fatal and non-fatal 

CVD, stroke and CAD (Mannucci et al, 2003; Hanley et al, 2002; Bonora et al, 2002). A 

limitation of HOMA-IR and other indices derived solely from fasting measures is the 

assumption that hepatic and peripheral insulin sensitivity are equivalent, although they may 

differ greatly within an individual and between individuals.

(iii) Quantitative insulin sensitivity check index

QUICKl is another mathematical model derived from fasting insulin and glucose 

concentrations (Katz et al, 2000). HOMA-IR and QUICKl differ mathematically in that the 

latter uses the reciprocal of the logarithm of both plasma glucose and insulin to account for the 

skewed distribution of FPI (Katz et al, 2000). As expected, there is very good correlation 

between the two indices (Katz et al, 2000; Mather et al, 2001; Abbasi et al, 2002). Although 

some studies have shown that QUICKl offers no benefit compared to HOMA-IR, other studies 

report better correlations with the clamp and suggest that it has a higher discrimination 

capacity than HOMA-IR (Katz et al, 2000; Bastard et al, 2001; Hrebicek et al, 2002). A 

revised QUICKl has been proposed which includes fasting plasma non-esterified fatty acids 

(NEFA) concentrations in the calculations as a means for improving the validity of QUICK! in 

lean people. Revised QUICKl is calculated as l/[log fasting insulin concentration + log 

fasting glucose concentration + log fasting NEFA concentration (Perseghin et al, 2001).

1.2.3 Non Intravenous techniques - combined fasting and postprandial indices

Variation in the diagnosis of T2DM can vary as much as 15-20% depending on whether 

fasting or 2 hr glucose concentrations are used in the diagnosis (Peters et al, 1996; McCance et 

al, 1994). Subjects who have a predominant defect in hepatic insulin sensitivity, present with 

excessive hepatic glucose production which manifests as fasting hyperglycaemia. However 

subjects with a more pronounced disturbance in peripheral insulin sensitivity present with 

postprandial glucose intolerance (Matsuda & DeFronzo, 1999). There is convincing 

epidemiological evidence (DECODE Study, Rancho Bernardo Study, Paris Prospective Study, 

HOORN Study and the Honolulu Heart Program) that an exaggerated post-load glucose 

response is associated with an increased risk of atherosclerosis and CVD, even in the presence 

of normal fasting glycaemia (The DECODE study group on behalf of the European Diabetes 

Epidemiology Group, 1999; Barrett-Connor & Ferrara, 1998; Balkau et al, 1999; DeVegt et al, 

1999; Rodriguez et al, 1999; Bonora & Muggeo, 2001). Therefore it has been suggested that a 

combination of fasting and postprandial measures provides a more comprehensive assessment 

of insulin sensitivity than does either measure alone (Matsuda & DeFronzo, 1999).
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Additionally it has been reported that more complex models tend to have a better correlation 

with clamp-derived measures of insulin sensitivity compared to fasting measures alone 

(Lerman et al, 2003). Although the ingestion of dextrose in the OGTT is not equivalent to the 

ingestion of a mixed meal providing different energy substrates (i.e. protein, carbohydrate and 

fat), a strong correlation (r > 0.90) has been found between glucose peaks following mixed 

meal and an oral glucose load (Wolever et al, 1998)

(i) Insulin sensitivity index (composite)

Assessment of insulin sensitivity following an oral load reflects both suppression of hepatic 

glucose production (HPG) and glucose disposal by all the tissues in the body (Matsuda &. 

DeFronzo, 1999). Increased insulin resistance in the liver and/or in the peripheral tissues 

results in a greater rise in the mean plasma glucose concentration during the OGTT. Matsuda 

& DeFronzo (1999) hypothesised that whole-body insulin sensitivity during the OGTT is 

inversely proportional to the product of the mean plasma insulin and mean plasma glucose 

concentrations. Their model, termed insulin sensitivity index (ISI) composite, encompasses 

fasting values which represent hepatic insulin sensitivity, and the mean plasma insulin and 

glucose concentrations during the OGTT which reflects both hepatic and peripheral insulin 

sensitivity. Square root conversion was performed to correct the non-linear conversion of the 

values. The model was validated in 153 people (66 men and 87 women) with varying degrees 

of glucose tolerance (NGT = 62; IGT = 31; T2DM = 60), and BMI varying from 19.9 to 

64.5kg/m^ (Matsuda & DeFronzo, 1999).

(ii) Oral glucose insulin sensitivity index

Mari et al (2001) criticised ISI (composite) since it is based on an empirical formula, and 

HOMA-IR since the accuracy of it has not been fully demonstrated. They proposed oral 

glucose insulin sensitivity (OGIS) index, which is based on an equation that predicts glucose 

clearance during a hyperinsulinaemic euglycaemic clamp using the values of glucose and 

insulin concentrations obtained from an OGTT. The equation stems from established 

principles of glucose kinetics and insulin action but is simplified by introducing assumptions 

and determining unknown parameters, by matching the OGTT-predicted glucose clearance 

with the glucose clearance calculated from the clamp (Mari et al, 2001). The model was 

validated in a population of lean and obese subjects [104 subjects (93 males, 11 females; lean 

NGT = 15, obese NGT = 38, IGT = 13, T2DM = 38)].

The authors reported that OGIS has comparable discriminate power to the clamp in its 

ability to detect significant differences between the groups of subjects. In the subgroup with 

T2DM insulin sensitivity derived using OGIS correlated with the clamp measure of insulin 

sensitivity, whereas ISI (composite) did not. The authors suggest that the performance of
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OGIS and the empirical indices may be equivalent in some situations, but in other

circumstances the use of the model-based index OGIS is preferential (Mari et al, 2001).

1.2.4 Limitations in the use of measures derived from the OGTT

Indices derived from the OGTT show a correlation with the clamp in the region of 0.5-0.8. 

Therefore the variation of such an index can only explain between 25 to 64% of the variation 

in insulin sensitivity obtained from the clamp. The intrinsic limitation in the accuracy of the 

OGTT is due to:

■ The influence of enteric hormones and neural responses to nutrient ingestion, which 

vary in concentration and magnitude among individuals

■ The integrity of the pancreatic p-cells, such that insulin hypersecretion occurs in 

obesity while subjects with T2DM show a blunted response.

■ Glucose homeostasis in the postprandial state depends on the suppression of glucagon 

secretion and the rate of entry of ingested glucose into the circulation. This rate of 

entry is dependent on gastrointestinal motility, gastric emptying and splanchnic 

glucose uptake which also show inter-subject and intra-subject variability (Fritsche et 

al, 2000; Stumvoll et al, 2001; Radziuk, 2000; Perseghin et al, 2001; Hrebicek et al, 

2002).

As a result plasma glucose levels change continuously and variably between individuals after 

an OGTT, making strict matching of glucose stimulation among different subjects impossible 

(Stumvoll et al, 2001). During the OGTT suppression of HGP is minimal. Therefore it is 

impossible to differentiate between hepatic and peripheral insulin sensitivity using data from 

the OGTT. The OGTT has also been criticised in terms of poor reproducibility. However, 

0 and 120 min time-points have been shown to be more reproducible than the intermediate 

time-points (Dix et a/,1981; Gutt et al, 2000).

1.2.5 Synopsis of in vivo measurement of insulin sensitivity

Inherent methodological limitations mean there is no universally accepted model that defines 

insulin resistance (Lerman et al, 2003). Although the simplicity of the measures derived from 

the OGTT is an obvious advantage, their application is subject to numerous limitations. The 

choice of method to measure insulin sensitivity depends on the objectives and the facilities 

available. Table 1.3a and Table 1.3b compare the various methods of assessing insulin 

sensitivity. Regardless of the index chosen it is important to eludicate how well the measure 

correlates with the accepted standard, and also to determine whether this correlation is 

dependent on the glucose tolerance of the subjects, ethnicity, adiposity etc.
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Table 1.3a: Comparison of intravenous techniques of measuring insulin sensitivity.

Test Labour Intensity Method Calculations Advantages Disadvantages

Clamp Blood glucose 
measurements every 
3-5min, in addition to 
plasma samples over 
150-180 min'

Constant rate IV insulin 
infusion calculated as a 
dose per unit of surface 
area and variable rate 
IV glucose infusion'’^

Insulin resistance estimated 
from the ratio of the mean 
glucose infusion to the mean 
insulin concentration over 
the last 20-30 min'

Can compare subjects at 
similar glycaemia^
Good intra-subject variability' 
Useful research tool for 
studying physiology'
Can calculate hepatic and 
peripheral insulin sensitivity 
user a glucose tracer^

Time consuming, costly and labour 
intensive'
Non-physiological conditions'* 
Inter-subject variability 21% in NGT 
rising to 46% in T2DM'

IVGTT - Minimal 
Model

12-35 sampling 
occasions over 3 hr'’ ’

IV glucose bolus, IV 
insulin/ tolbutamide at 
20 min'

Analysis of results using 
computer programme'' ̂

Good validity and reliability 
across the spectrum of glucose 
tolerance when compared to 
the clamp'
Less labour intensive than 
clamp'
Usefiil research tool for 
studying physiology'

Comparisons between subjects are not 
made at the same glucose levef 
Frequent sampling during the IVGTT' 
Labour intensive data analysis with 
the minimal model, some profiles can 
be difficult to model*’ ' 
Non-physiological conditions'*

Insulin
Suppression Test

Six samples at 0, 60, 
120, 150, 160, 170, 180 
min'

Constant rate infusion 
of somatostatin, glucose 
and insulin for 150-180 
min'

SSPG calculated from the 
mean of the glucose 
concentrations over the last 
30 min'

Less labour intensive than 
IVGTT or clamp'
Useful research tool for 
studying physiology'

Time consuming'
Requirement to infuse 
pharmacological agents, as opposed to 
the clamp whereby euglycaemia can 
be attained with IV glucose and 
insulin alone^

Insulin Tolerance 
Test

9 samples over 15 min' IV bolus of insulin*’ ̂ Logarithm of glucose 
concentrations plotted 
against time. Insulin 
sensitivity estimated from 
the slope of the regression 
line'

Useful research tool for 
studying physiology' 
Short duration'

A potential problem is 
hypoglycaemia^
Hypoglycaemia triggers counter- 
regulatory hormonal responses, which 
may interfere with insulin sensitivity^ 
Supraphysiological dose of insulin^ 
Does not differentiate between 
peripheral and hepatic insulin 
resistance^

IGT, impaired glucose tolerance; IVGTT, intravenous glucose tolerance test; NGT, normal glucose tolerance; SSPG, steady state plasma glucose; T2DM, type 2 diabetes mellitus. 
‘Wallace & Matthews, 2002; ^Monzillo & Hamdy, 2003; ^Bergman et al, 1985; ‘‘Breda et al, 2001; ’Howard et al, 1998; ^Stumvoll et al, 2001; ^Matsuda & DeFronzo, 1999.



Table 1.3b (contd.): Comparison of non-intravenous techniques of measuring insulin sensitivity - Indices derived from data collected during OGTT data.

Test Labour Intensity Calculations Advantages Disadvantages

Fasting
Insulin

2 fasting samples 
(average taken)

Logarithm usually best 
transformation^’

Only requires assessment o f one parameter^ 
Useful measure in normoglycaemic individuals^

Unsuitable marker in T2DM since FPI low when p-cell 
decompensation occurs, yet subjects markedly insulin 
resistant^
Considerable overlap between insulin resistant and normal 
subjects'*’’
FPI has also been shown to correlate with P-cell function*

HOMA-IR 3 basal samples at 
5 min intervals 
(one sample often 
used)^

HOMA-IR = fasting 
glucose (mmol/L) x 
fasting insulin 
(nU/ml)]/22.5 
or use computer 
programme’ *

Better correlation with clamp than FPI
Good predictor o f abnormalities associated with IR
such as d m ’
Better discriminate power between NGT, IGT and 
T2DM than FPl"
Repeatability characteristics better than 
LOGinsulin ^

Assumes that hepatic and peripheral insulin sensitivity are 
equivalent, although they may differ greatly within an 
individuals and between individuals'''
May not be accurate in subjects with severe 
hyperglycaemia^

QUICKI 1 sampling 
occasion

QUICKI = [l/(log fasting 
insulin + log fasting 
glucose)]

Correlates well with clamp'^’ "
Repeatability characteristics better than 
LOGinsulin ^
Has been shown to have better discrimination power 
than HOMA-IR, especially in obese and diabetic 
individuals with relatively preserved p-cell function"

Limited applicability when endogenous insulin secretion 
is reduced e.g. in Type 1 diabetes, or in non-obese insulin- 
sensitive subjects and diabetic subjects with diminished 
insulin production, due to increased variability in 
determined insulin concentrations^

ISI
(composite)

5 sampling 
occasions (at 0, 30, 
60, 90 and 120 
min)

ISI = 10000/V [(fasting 
glucose X fasting insulin) 
X (g luC O S C m ean  OGTT X 

insulinmean OGTT)]

Uses both fasting and postprandial measures'"' 
Authors show a reasonably good correlation with 
clamp for whole group (r = 0.73), which was higher 
than HOMA-IR (r = 0.69)'"

More frequent sampling required compared to fasting 
measures, resulting in greater cost”
More time consuming'''
Correlation with clamp more robust in NGT and IGT, than 
DM, presumably reflecting the decline in insulin secretion 
in this group'''

OGIS 3 sampling periods 
(at 0, 10 and 180 
min). Weight and 
height also 
required'*

Analysis o f results using 
computer programme 
(freely available)

Uses both fasting and postprandial measures'* 
Authors show good correlation with clamp for whole 
group (r = 0.77), which was higher (both overall and 
in subgroups) compared to HOMA and ISI 
(composite) '*

More frequent sampling required compared to fasting 
measures, resulting in greater cost'*
Test 1 hr longer than ISI (composite) '*
Correlation with clamp lower in lean people and in 
T2DM'*

FPI, fasting plasma insulin; IGT, impaired glucose tolerance; NGT, normal glucose tolerance; T2DM, type 2 diabetes mellitus.
'Wallace & Matthews, 2002; ^Monzillo & Hamdy, 2003; ^Ferrannini & Balkau, 2002; ‘*Lerman et al, 2003; ’Hanley et al, 2002; ^Stumvoll, 2000; ’Matthews et al, 1985; *Levy et al, 
1998; ’Mannucci et al, 2003; 'Verrannini & Mari, 1998; "Hrebicek et al, 2002; ‘̂ Katz et al, 2000; ‘̂ Mather et al, 2001; ''’Matsuda & DeFronzo, 1999; '^Mannucci et al, 2000; 
‘̂ Mari et al, 2001.
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1.3 LIPOPROTEIN METABOLISM

A key feature of both T2DM and the metabolic syndrome is an abnormal lipid profile. The 

general pattern of dyslipidaemia observed in the metabolic syndrome is very similar to that 

seen in T2DM and is characterised by increased TAG, decreased high density lipoprotein 

(HDL)-cholesterol, increased small dense low density lipoprotein (LDL), and elevated NEFAs, 

all of which have been correlated with insulin resistance and an increased risk of CVD (Rett, 

1999). Total cholesterol and LDL-cholesterol are usually comparable to control subjects if 

glycaemic control is adequate (Papadakis et al, 2001). This section will provide an overview 

of lipoprotein metabolism, prior to explaining the specific defects observed in insulin resistant 

states.

Since free (unesterified) cholesterol, esterified cholesterol and TAG are hydrophobic, 

they are transported in the plasma in macromolecular complexes called lipoproteins. 

Lipoproteins are spherical particles comprised of a central core of hydrophobic neutral lipid 

(TAG and cholesterol esters) encased in a more hydrophilic shell of phospholipids, free 

cholesterol and associated proteins called apolipoproteins (apo) or apoproteins. 

Apolipoproteins serves to stabilise the lipoprotein, and also confer specificity on the 

lipoprotein complexes, allowing them to be recognised by specific receptors on cell surfaces, 

and stimulate enzyme activity. Plasma lipids and lipoproteins exist in a dynamic state and 

there is constant flux between different lipoprotein particles as well as with tissues and cells 

(Groff et al, 1995a). Table 1.4a illustrates the different classes of lipoproteins, their associated 

apolipoproteins and their key function. Table 1.4b illustrates the key functions of the 

apolifKjproteins.

Table L4a: Classes of lipoproteins, their associated apolipoproteins and key function

(Adapted from Groff et al, 1995a).

Lipoprotein Source Main Function Apolipoprotein

Chylomicrons Intestine Transport of exogenous TAG B48, A l,  All, AIV,

Chylomicron remnants Chylomicron Transport of exogenous E, Cl, c i i ,  c m .

cholesterol B48,E

VLDL Liver Transport of endogenous TAG BlOO, E, Al, Cl,

IDL (VLDL remnants) VLDL Transport of endogenous TAG CII, c m ,  BlOO, E

and cholesterol

LDL VLDL Cholesterol transport to all tissues BlOO

HDL Liver/ Intestine Reverse cholesterol transport Al, All, Cl, CII,

Reservoir of apolipoproteins c m

HDL, high density lipoprotein; IDL, intermediate density lipoprotein; LDL, low density lipoprotein; TAG, 
triacylglycerol; VLDL, very low density lipoprotein.
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Table 1.4b: Apolipoproteins and their key functions (Adapted from Groff et al, 1995a; 

Rifai et al, 2001).

Apolipoprotein Key function

Al Activator of LCAT; ligand for HDL receptor

All Enhances hepatic lipase activity

AIV Associated with the formation o f  TAG-rich lipoproteins

BlOO Ligand for LDL receptor

B48 Secretion of TAG from intestine

Cl Possible activator o f LCAT

CII activation o f extra-hepatic LPL

cm inhibition o f ApoCII

E ligand for chylomicron remnant receptor in the liver and LDL receptor.

(a) Forms a complex with LDL by covalently linking to apoBlOO to produce 

lipoprotein (a). Apo(a) associated with high risk o f premature CVD, may 

deliver cholesterol to sites o f vascular injury

CVD, cardiovascular disease; HDL, high density lipoprotein; IDL, intermediate density lipoprotein; LCAT, 
lecithinxholesterol acyltransferase; LDL, low density lipoprotein; LPL, lipoprotein lipase; TAG, 
triacylglycerol; VLDL, very low density lipoprotein.
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Lipoprotein metabolism may be divided into three inter-related and inter-dependent pathways, 

which are depicted in Fig. 1.1.

chylomicron INTESTINE

chylomicron 
remnant

LPL
B48, 

E, CII

LIVER

B48,
E

IDL
BlOO, BlOO,

E, CII LPL
E, CII

HULPL
LDLR

HDLR

Modification

Nascent
HDL/HDLj

PERIPHERAL 
TISSUES & 

ABCAi CELLS

Fig. 1.1: Overview of lipoprotein metabolism (Adapted from Kwiterovich, 2000).

ABCAI = adenosine triphosphate binding cassette transporter A l; AI = apolipoprotein AI; B48 = 
apolipoprotein 848; BlOO = apolipoprotein BlOO; Cll = apolipoprotein CII; CETP = cholesteryl ester transfer 
protein; E = apolipoprotein E; HDL = high density lipoprotein; HDLR = HDL receptor; HL = hepatic lipase; 
IDL = intermediate density lipoprotein; LCAT = lecithinxhoiesterol acyltransferase; LDL = low density 
lipoprotein; LDLR = LDL receptor; LPL = lipoprotein lipase; LRP = LDL receptor like protein; VLDL = 
very low density lipoprotein.

* Indicates exogenous lipid transport pathway 
-» Indicates endogenous lipid transport pathway 
-► Indicates reverse cholesterol transport pathway

(i) Exogenous lipid transport

This pathway describes the fate o f lipoproteins of dietary origin after they are absorbed from 

the intestine, and therefore is o f most relevance in the postprandial period. Nascent 

chylomicrons are assembled in the Golgi and comprise dietary TAG (90% by mass) and 

cholesterol. They are introduced into the circulation through the intestinal villi where they 

acquire apoC and apoE from circulating HDL. ApoCII activates lipoprotein lipase (LPL) 

attached to the luminal surfaces o f the endothelial cells. LPL rapidly hydrolyses the TAG
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yielding free fatty acids which may be used as a source of energy in muscle or stored in 

adipose tissue. Additionally, phospholipids and apoA are transferred to HDL. The 

chylomicron remnant, comprising 80-90% of the original TAG content, is recognised by 

specific hepatic remnant receptors due to the surface expression of ApoE and apoB48 on the 

lipoprotein, and is subsequently internalised by endocytosis, whereby the individual 

components may be hydrolysed.

(ii) Endogenous lipid transport

Lipoproteins of this pathway are of hepatic origin, due to the ability of hepatocytes to 

synthesise TAG from carbohydrates and fatty acids (Rifai et al, 2001). TAG-rich VLDL 

particles are synthesised and secreted by the liver for delivery to various tissues, in particular 

muscle and adipose tissue, for storage or production of energy through oxidation. This 

pathway is of particular relevance during periods of fasting. Structurally TAG is composed of 

a trihydroxy alcohol known as glycerol, to which three fatty acids are attached by ester bonds. 

The first committed step of de novo fatty acid synthesis involves the synthesis of malonyl- 

CoA, catalysed by acetyl-CoA carboxylase (ACC). Multiple enzymatic activities of fatty acid 

synthase (FAS) system catalyses the conversion of acetyl-CoA and malonyl CoA to form 

palmitate (Sul et al, 2000). Palmitate can then undergo separate elongation and/or desaturation 

to yield other fatty acid molecules. Alternatively fatty acids may be taken up fi-om plasma and 

incorporated into VLDL. Other important enzymes in endogenous TAG synthesis include 

diacylglycerol acyltransferase (DGAT) and microsomal triglyceride transfer protein (MTP). 

DGAT is a key regulatory enzyme involved in TAG assembly as it catalyses the final reaction 

in the glycerol phosphate pathway (converting diacylglycerol into triacylglycerol), which is 

considered the main pathway of TAG synthesis in mammals (Chen & Farese, 2000). MTP 

catalyses the assembly of VLDL by promoting the fusion of apolipoprotein B with TAG 

(Gibbons et al, 2004). This TAG-rich particle (55% by mass) contains apoBlOO, and small 

amounts of apoC on its surface, in addition to some cholesterol and cholesterol esters. 

Additional apoC is acquired from circulating HDL.

ApoClI present on the surface of VLDL activates LPL on endothelial cells, which 

leads to the hydrolysis of VLDL TAG and the release of fatty acids. During the hydrolysis of 

VLDL apoC are transferred back to HDL, some VLDL remnants are taken up the liver and the 

rest are converted to smaller, denser particles called intermediate density lipoproteins (IDL). 

IDL consists of several molecules of apoE and may be taken up by the liver and removed from 

the circulation, or undergo further hydrolysis by LPL or hepatic lipase (HL). During 

hydrolysis the remaining TAG is removed and all apolipoproteins except apoBlOO are 

transferred to other lipoproteins, ultimately leading to the formation of LDL. LDL may be 

removed from the plasma via LDL receptors in the liver which accounts for -75%  of the
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removal of LDL from the circulation. Alternatively LDL may be removed by extrahepatic 

tissues through scavenger receptors (e.g. in macrophages) or by non-receptor mediated 

pinocytosis (Rifai et al, 2001).

(iii) Reverse cholesterol transport

This pathway describes the transport of cholesterol from the periphery to the liver for 

excretion. Nascent HDLs secreted from the liver or intestine, consist primarily of 

phospholipids and apoAl. HDL is converted to a spherical particle through the extracellular 

addition of surface components of TAG-rich particles, such as phospholipids, certain 

apolipoproteins and cholesterol esters (Rifai et al, 2001). In addition free cholesterol is 

acquired from the cell membranes of several tissues by the action of adenosine triphosphate 

(ATP)-binding cassette transporter Al (ABCAl) (Brewer et al, 2004). Free cholesterol is 

esterified by the action of LCAT, in the presence of its cofactor apoAl, yielding a hydrophobic 

core o f cholesterol esters. Cholesterol esters may then be transferred to the liver by the 

following mechanisms:

■ Cholesterol esters are transferred from HDL to LDL by cholesteryl ester transfer 

protein (CETP), in exchange for TAG, and enter the liver through the specific LDL 

receptor pathway.

■ Cholesterol esters are selectively taken from HDL by hepatic HDL receptors, and HDL 

particles are returned to plasma for further transport.

■ Since HDL has accumulated apoE they may enter the liver through remnant receptors. 

Cholesterol is essential as it serves as a structural element in the walls of cells, and is necessary 

for the synthesis of bile acids, steroid hormones, vitamin D, and lipoproteins (Rifai et al, 

2001). Although most cells are capable of synthesising cholesterol, catabolism is very limited 

and most cells need to export cholesterol by the aforementioned processes in order to maintain 

homeostasis. Delivery of cholesterol to the liver is an important source of biliary secretion of 

cholesterol from the body (Rifai et al, 2001).

Hydrolysis of VLDL results in the production of LDL and also the conversion of HDL 

subfractions due to the accumulation of surface materials. LCAT esterifies free cholesterol, 

thereby producing the larger HDL2  from HDL3 . HDL2  contains twice as many cholesterol 

molecules per unit of apolipoproteins as does HDL3 and therefore this lipoprotein is of 

particular importance in mediating RCT (Rifai et al, 2001).

The classic concept of atherosclerosis as a disorder of lipid metabolism has gained wide 

acceptance following evidence that cholesterol-rich diets induce atherosclerosis in rabbits 

(Libby, 2003). Accumulation of LDL-cholesterol in the artery is considered a key instigating
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event in the pathogenesis of atherosclerosis, and cholesterol accumulation increases with 

elevated circulating levels of LDL (Lusis, 2000). LDL-cholesterol adheres tightly to arterial 

wall proteoglycans and diffuses passively through endothelial cell junctions (Camejo et al, 

1998). Cholesterol retention in the vessel wall seems to involve interactions between LDL- 

associated apoB and matrix glycoproteins. In addition, other apoB containing lipoproteins 

namely VLDL, IDL and lipoprotein (a) accumulate in the arterial wall and promote 

atherosclerosis (Lusis, 2000). In contrast HDL represents a crucial step in the prevention or 

reversal of atherosclerosis, by serving as an acceptor particle of cholesterol efflux from 

macrophage (Linsel-Nitschke & Tall, 2005). In this role HDL is inducing the excretion of 

cholesterol from the arterial wall cells and is facilitating reverse cholesterol transport. HDL 

also exerts an anti-inflammatory effect by suppressing the induction of cell-adhesion 

molecules by tumour necrosis factor (TNF)-a in endothelial cells (Cockerill et al, 1995). HDL 

is also proposed to exert antioxidative and anticoagulant effects, although the in vivo 

significance of these mechanisms in explaining the protective properties of HDL is yet to be 

determined.

1.3.1 Dyslipidaemia in T2DM and the metabolic syndrome

The pathogenesis of dyslipidaemia in T2DM is not fully understood. It has been suggested 

that in insulin resistant states impaired suppression of lipolysis, due to impaired suppression of 

hormone sensitive lipase or HSL, results in increased flow of NEFAs from adipose tissue to 

the liver. This increased substrate delivery stimulates increased TAG synthesis and production 

of VLDL, which compete with chylomicrons for clearance. Consequently LPL becomes 

saturated, leading to an increased half-life of TAG-rich particles. Stimulation of CETP and 

lipid exchange, results in VLDL remnants which are more cholesterol enriched and LDL 

particles and HDL particles which become enriched in TAG. These are hydrolysed by hepatic 

lipase, leading to the formation of small, dense LDL and HDL particles (Betteridge, 2000). 

Table 1.5 summaries the key lipid abnormalities which are present in both T2DM and the 

metabolic syndrome.
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Table 1.5: Fasting lipid abnormalities in T2DM and the metabolic syndrome (Adapted 

from Coppack, 1997; Betteridge, 2000, Howard, 1999).

Lipoprotein Change Consequence
Fraction
VLDL > t particle numbers due to 

increased TAG synthesis,
> Change in particle size 

towards larger, TAG-richer 
particles

> Contributes to fasting and postprandial 
hypertriglyceridaemia

> t TAG exchange for cholesterol with LDL 
and HDL particles via CETP promoting 
TAG enrichment o f these particles

LDL > number o f LDL particles
> Change in particle size with 

relative f in small, dense 
LDL due to TAG enrichment

> t  LDL oxidation and 
glycosylation

> Both glycated apoB and small, dense LDL 
are more atherogenic due to tsusceptibility 
to oxidation

> Oxidised LDL central to early mechanisms 
o f atherosclerosis, including foam cell 
formation, stimulation o f cell adhesion and 
endothelial dysfunction

> Clearance from plasma slower due to J, 
efficiency in ligand binding

HDL > J, plasma HDL and ApoA-1 
concentrations

> Change in particle size 
towards smaller TAG- 
enriched particles, resulting 
in a relative |  in HDL3 and a 
1  decrease in HDL2

> Small, dense HDL rapidly cleared from 
circulation

> ], capacity for RCT and removal of 
cholesterol from the periphery

> ], capacity to exert anti-inflammatory and 
other protective effects in endothelium

NEFA > t plasma NEFA 
concentrations

> [ suppressibility o f NEFA 
concentrations by 
postprandial insulin

> t substrate supply for VLDL production
> Proposed to be involved in the 

pathogenesis o f T2DM (Section 1.5.2)

CETP, cholesteryl ester transfer protein; HDL, high density lipoprotein; LDL, low density lipoprotein; 
NEFA, non-esterified fatty acids; RCT, reverse cholesterol transport; TAG, triacylglycerol; VLDL, very low 
density lipoprotein.

The dyslipidaemic profile observed in subjects with T2DM and/or the metabolic 

syndrome is associated with increased CVD risk. In addition postprandial hyperlipidaemia 

exists, in the form of elevated TAG. This is a consequence of excess production o f VLDL and 

defective postprandial clearance chylomicrons (Coppack, 1997). Epidemiological and 

mechanistic studies have identified that perturbations o f the postprandial state are involved in 

CVD (Stampfer et al, 1996; Karpe et al, 1994; Tushuizen et al, 2005). Identification and 

correction o f the abnormalities o f the postprandial state must form part o f the strategy for the 

prevention and management o f CVD, particularly those that are associated with diabetes 

mellitus and the metabolic syndrome.
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1.4 INFLAMMATION AND PROTHROMBOTIC RISK IN T2DM AND THE

METABOLIC SYNDROME

CVD is the leading cause of mortality in subjects with T2DM, accounting for 40-50% of all 

deaths (De Marco et al, 1999). Subjects with T2DM have a 2-10 fold increased mortality risk 

for coronary, cerebrovascular and peripheral vascular disease compared to healthy subjects 

(Stamler et al, 1993; Manson et al, 1991). Although classical risk factors, namely plasma 

lipoprotein concentrations, identify individuals at increased risk for CVD, one-half of all 

myocardial infarctions occur in persons in whom plasma lipid levels are normal (Das, 2002). 

In addition, it is estimated that the relative risk reduction achieved by lipid-lowering therapy is 

only approximately 30% (Depres, 2003).

Obesity, T2DM and atherosclerosis are now all recognised to be associated with a state 

of abnormal inflammatory response (Hotamisligil, 2003; l.inton & Fazio, 2003). 

Atherosclerosis is the main cause of CHD. It is a progressive condition characterised by 

deposition of complex lipids in the innermost layer of the arterial wall (intima), principally in 

the large and medium sized elastic and muscular arteries, and can lead to ischaemia of the 

heart, brain or extremities, resulting in infarction (Ross, 1999). In addition to the lipid 

disorder, a chronic inflammatory condition is initiated and progressed in the context of 

hypercholesterolaemia (Steinberg, 2002). Macrophages contribute to the local inflammatory 

responses through production of cytokines, free oxygen radicals, nitric oxide, proteases and 

complement factors. The uptake of modified lipoproteins by macrophages leads to the 

accumulation of cholesterol esters and formation of macrophage-derived foam cells, the 

hallmark of fatty streak, and the advancement of atherosclerotic lesion development (Linton & 

Fazio, 2003). A number of systemic markers have been proposed to identify this additional 

risk presented by the exacerbated inflammatory response.

C-reactive protein (CRP) is an unspecific acute phase reactant that serves as an 

excellent indicator of systemic inflammation (Rajala & Scherer, 2003). CRP is synthesised 

predominantly in the liver largely under the regulation of the pro-inflammatory cytokine 

interleukin (IL)-6, although TNFa and IL-I also contribute (Yudkin et al, 2000). Circulating 

levels of CRP are increased in obesity, insulin resistance, T2DM and CHD (Sonnenberg et al, 

2004; Trayhum & Wood, 2004). Conversely concentrations fall with weight loss (Trayhum & 

Wood, 2004). CRP enhances the uptake of LDL by macrophage thereby promoting foam cell 

formation, and also stimulates macrophages to express cytokines (Tracy, 2003). Measurement 

of CRP has been viewed as particularly useful in the assessment of CVD risk, as elevated CRP 

concentrations are additive to total cholesterol:HDL-cholesterol in determining future risk of 

myocardial infarction (MI) (Ridker, 1999).

Levels of adhesion molecules, namely vascular cell adhesion molecule-1 (VCAM-I), 

intracellular adhesion molecule-1 (ICAM-1) and E-selectin, are closely related to measures of
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obesity and visceral fat accumulation, abnormalities in lipid metabolism, essential 

hypertension, insulin resistance and T2DM (Sonnenberg et al, 2004). Secretion of adhesion 

molecules is stimulated by cytokines through nuclear factor-KB (NF-kB) activation 

(Sonnenberg et al, 2004). Adhesion molecules contribute to endothelial dysfunction and 

aggravates intimal-medial thickening (Sonnenberg et al, 2004).

Disturbances of the haemostatic system may favour the development of vascular 

damage and consequently a pro-thrombotic risk profile is associated with an increased risk of 

CVD. Fibrinogen has also been proposed as a novel cardiovascular risk factor to aid in 

predicting cardiovascular events (Ridker, 1999). Fibrinogen promotes a hypercoagulable state 

by increasing platelet cross-linking and aggregation, thereby enhancing clot formation. 

Increased fibrinogen concentrations relative to a given amount of thrombin, also confers 

resistance to fibrinolysis (Tracy, 2003). Alterations in serum fibrinogen, plasminogen 

activator inhibitor-1 (PAI-1), tissue-type plasminogen activator and von Willebrand factor, 

promote a pro-thrombotic risk profile, and have been shown to contribute to the increased risk 

of vascular events in subjects with insulin resistance and T2DM (Frohlich & Steiner, 2000; 

Juhan-Vague et al, 1996).

Inflammatory mediators have also been shown to directly influence insulin sensitivity. 

This will be discussed in Section 1.5.3.

1.5 ADIPOSE TISSUE AND INSULIN SENSITIVITY 

1.5.1 Adipose tissue biology

Adipose tissue comprises two tissue types, white and brown adipose tissues, which have 

distinct structural features, as well as function. Both tissues collaborate in partioning the 

energy contained in lipids between thermogenesis and metabolic functions (Cinti, 2001). 

Brown adipose tissue consists of multilocular adipocytes which are rich in mitochondria 

expressing uncoupling protein (UCP)-l, which is responsible for the thermogenic activity of 

the tissue (Cinti, 2001). In humans, brown adipose tissue is present in neonates and rapidly 

diminishes with age (Sell et al, 2004). Consequently it is thought to have less relevance in 

whole body physiology than white adipose tissue. Both brown adipose tissue and white 

adipose tissue has its own discrete vascular and nerve supply, although that in brown adipose 

tissue is richer.

White adipose tissue is unique in that it is the only tissue in the body that can 

dramatically change its mass after adulthood is reached. Consequently, fat mass may be as 

low as 2-3% in elite athletes, or may increase to 60-70% in morbid obesity. Typical fat mass 

for a male is between 9-18% body weight, and for a female between 14-28% body weight 

(Hausman et al, 2001). The cellular composition of adipose tissue can vary substantially
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depending on anatomical location and body weight (Hauner, 2005). White adipose tissue 

depots comprise unilocular adipocytes, but also stromal-vascular cells, blood vessels, lymph 

nodes and nerves {Table 1.6) (Cinti, 2001; Hausman et al, 2001). Regional differences have 

been reported to be most pronounced between omental and subcutaneous depots (Hauner, 

2005).

Table 1.6: Cellular components of human 

adipose tissue (Adapted from Hauner, 2005).

%
Mature adipocytes 50-70
Stromal ‘preadipocytes’ 20-40
Endothelial cells 1-10
Macrophages 1-30
Other cell types ?

1.5.2 The role of adipose tissue in the pathogenesis of insulin resistance

(i) Non-esterified fatty acids

Insulin resistance is a fundamental aspect of the aetiology of T2DM and the metabolic 

syndrome (Wallace & Matthews, 2002). There are at least two hypotheses proposed to explain 

how adipose tissue may influence glucose homeostasis and act as a key aetiological factor in 

the development of insulin resistance and the metabolic syndrome. Firstly excessive adipose 

tissue storage in obesity leads to increased NEFA flux to peripheral tissues (Kahn & Flier, 

2000). The distribution of body fat is critical, with central or visceral adiposity associated with 

chronic disease, even in the absence of obesity (Boyko et al, 2000). Visceral adiposity is 

deemed more atherogenic as it is more metabolically active than subcutaneous fat, and 

therefore releases more NEFAs. In addition, NEFAs released from visceral depots have direct 

access to the liver via the portal circulation, whereby it can modulate hepatic glucose 

metabolism (Fujimoto, 2000).

Both fasting and postprandial NEFA concentrations are elevated in T2DM and those at 

risk of the disease (Coppack, 1997; Bergman & Ader, 2000). Elevated plasma NEFAs 

influences key organs involved in regulating glucose homeostatis, namely the pancreas, liver 

and skeletal muscle. In skeletal muscle NEFAs impair insulin-stimulated glucose uptake e.g. a 

3 fold increase in NEFA (above basal) was shown to suppress glucose uptake by 50% in

individuals with NGT (Bergmen & Ader, 2000; Boden, 2002). Evidence gathered from animal

studies indicates that chronic exposure to high levels of NEFA in plasma impairs insulin 

secretion from the pancreatic P-cell (Bergman & Ader, 2000). Longitudinal data in humans 

indicate that elevated plasma NEFA precedes a demonstrated P-cell defect (Bergman & Ader,
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2000). Additionally in the liver, elevated NEFA’s impairs the ability of insulin to suppress 

hepatic glucose output (Kahn & Flier, 2000). While saturated NEFAs have been shown to 

have a detrimental effect, studies are inconclusive regarding the effect of monounsaturated and 

polyunsaturated NEFAs.

Elevated plasma NEFAs promotes TAG storage in the peripheral tissues, as well as 

increasing intracellular concentrations of NEFAs (Saltiel, 2001; Nawrocki & Scherer, 2004; 

Kahn & Flier, 2000). Several studies have demonstrated a significant correlation between 

intramyocellular TAG and insulin resistance in humans (Borkman et al, 1993; Szczepaniak et 

al, 1999; Krssak et al, 1999; Perseghin et al, 1999). Insulin resistance is also associated with 

high levels of TAG in liver and pancreatic islets (Frayn, 2001). This hypothesis of lipid 

accumulation in non-adipose tissues attenuating insulin sensitivity is supported by evidence 

from transgenic mouse models of lipoatrophy. These mice present with reduced or absent fat, 

a 2 fold increase in intramuscular and intrahepatic TAG, and severe insulin resistance. 

Transplantation of adipose tissue ameliorates the condition (Colombo et al, 2002). However 

there is controversy whether the observed improvement in insulin sensitivity is a function of 

the storage capacity of adipose tissue, or whether it is a consequence of the secretory products 

derived from adipose tissue influencing insulin sensitivity.

(ii) Secretory capacity of adipose tissue

A second hypothesis proposed to explain how adipose tissue may act as an aetiological factor 

in the development of insulin resistance, reflects on the secretory capacity of adipose tissue. 

Traditionally white adipose tissue was seen as a lipid-storing organ that mobilises fatty acids in 

case of increased energy demand or shortage of energy supply, in addition to providing 

thermal and mechanical insulation (Trayhum & Wood, 2004; Hauner, 2005). However it is 

now evident that white adipose tissue is a secretory organ with potent autocrine, paracrine and 

endocrine functions, allowing it to maintain a complex communication with many other 

organs, far beyond what it’s role in fuel storage would imply (Berg et al, 2002; Hauner, 2005). 

Some of these secretory factors, termed adipokines, have a direct effect on insulin sensitivity 

(Kahn & Flier, 2000). It has been suggested that due to the close spatial proximity, adipocytes 

dispersed within skeletal muscle may exert a strong influence on the surrounding muscle fibres 

through paracrine secretion of adipokines (Dietze et al, 2002). However these secretory 

products may also exert systemic effects (Hauner, 2005). This realisation raises many 

possibilities for potential links between adipose tissue and insulin resistance, independent of 

the adipocytes’ role in energy storage and release. This thesis will focus on the second 

hypothesis and Section 1.5.3 will discuss adipokines in more detail.
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1.5.3 Adipokines

The term “adipokine” had been coined to describe a protein that is synthesised by and secreted 

from adipocytes (Trayhum & Wood, 2004). To date > 100 products, covering a broad range of 

protein families as well as many fatty acids and prostaglandins, have been reported to be 

secreted from white adipose tissue (Hauner, 2005). These products exert muhiple effects at 

both local and systemic levels, thereby playing a central role in whole body homeostasis. 

Fig. 1.2 illustrates the diversity in secretory products from white adipose tissue.

Appetite and 
energy balance

e.g. leptin
Haemostasis 

e.g. PAI-1, tissue 
factor Fatty acids

Insulin sensitivity
e.g. adiponectin, resistin

Blood pressure
e.g. angiotensin II

Lipid metabolism
e.g. LPL, CETP, RBP

Angiogenesis
e.g. VEGF

Inflammation and 
acute phase response 
e.g. TNFa, IL-6, IL-8, 
IL-18, MCP-I,IL-ip

Fig. 1.2: Adipokines classified by functional role (Adapted from Trayhum & Wood, 
2004; Hauner, 2005; Doria, 2003).

CETP, cholesteryl ester transfer protein; IL, interleukin; LPL, lipoprotein lipase; MCP-1, 
monocyte chemoattractant protein 1; PAI-1, plasminogen activator inhibitor-1; RBP, retinol 
binding protein; TNFa, tumour necrosis factor a ; VEGF, vascular endothelial growth factor.
' Main source of resistin in humans is macrophage, and mRNA expression levels have been 

reported to be very low in human adipose tissue (Nawrocki & Scherer, 2004; Baneijee & Lazar, 
2003).

Since adipokines have been shown to exert such profound effects on metabolism, 

variability in adipokine secretion has been proposed to play an important role in the 

pathophysiology of insulin resistance and other components of the metabolic syndrome (Doria, 

2003; Kahn & Flier, 2000). Therefore it is critical to identify and maintain an awareness of the 

cellular composition within an adipose tissue depot, as any cell type could potentially
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contribute to the secretory function of the tissue (Hauner, 2005). Recent evidence showing 

that white adipose tissue is infiltrated by macrophages in obesity, clearly suggests that the non

adipocyte fraction may constitute a significant component of the inflammatory state within 

adipose tissue (Weisberg et al, 2003; Xu et al, 2003). In addition endothelial cells and 

sympathetic nerve fibres contribute to adipose tissue function (Hauner, 2005). However it 

should be emphasised that quantitatively fatty acids are the major secretory product of white 

adipose tissue, reflecting the role of the tissue as a fuel reserve (Trayhum & Beattie, 2001). 

The secretory products which are implicated in insulin resistance are illustrated in Fig. 1.3, and 

will be discussed in the following sections.

Insulin sensitivitv

l\>od intake ^

I.cptin

\
Adiponcctins:

Insulin resistance

lL -6, I N Fa, 
Rcsistin

Fig. 1.3: Secretory factors from adipose tissue which modulate insulin sensitivity
(Adapted from  Guerre-Milio, 2003; Guerre-Millo, 2004).

IL, interleukin; TNFa, tumour necrosis factor a.
♦— Blue arrows indicates an increase in insulin sensitivity.

Red arrows indicate a decrease in insulin sensitivity or conversely an increase in insulin resistance.
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(i) TNFa

TNFa was the first cytolcine discovered to be expressed in and secreted by white adipose tissue 

(Hotamisligil et al, 1993). Evidence suggests that there is a hierarchy of cytokines within 

white adipose tissue, so that some of the “higher order” cytokines such as TNFa may play a 

pivotal role in relation to the synthesis, secretion and activity of others (Coppack, 2001). 

TNFa is secreted as a membrane-bound precursor which is subsequently acted upon by TNFa 

converting enzyme, a matrix metalloproteinase, which cleaves off soluble TNFa comprising 

157 amino acids (Gearing et al, 1994; McDermott, 2001). Membrane-bound and soluble 

TNFa can interact with receptors, tumour necrosis factor receptor (TNFR)-l and TNFR-2. In 

humans these are known as gp60/TNFR60 and gp80/TNFR80 respectively, and in mice the 

p55 receptor and the p75 receptor respectively (Coppack, 2001). A clear consensus of the 

biological importance of each receptor remains to be resolved (Coppack, 2001).

Hotamisligil et al (1993) first reported elevated levels of TNFa in serum and adipose 

tissue in rodent models of obesity. They also demonstrated an association between elevated 

TNFa and impaired insulin action in these animals, as an infusion of a soluble TNFa-antibody 

ameliorated insulin sensitivity. Subsequently an up-regulation of the TNFa system was 

reported in obese humans with studies demonstrating increased adipose expression of TNFa 

and the two receptor subtypes, gp60/TNFR60 and gp80/TNFR80, with increased adiposity 

(Hotamisligil et al, 1995; Kern et al, 1995; Hube et al, 1999). White adipose tissue TNFa 

messanger ribonucleic acid (mRNA) is increased with weight gain and obesity and decreases 

with weight loss and improvement of insulin sensitivity (Guerre-Millo, 2003; Hotmaisligil et 

al, 1993; Moller et al, 2000). Regional differences have been observed with higher mRNA 

expression of both TNFa and it’s receptors reported in subcutaneous white adipose tissue 

compared to omental tissue (Hube et al, 1999). Several lines of evidence suggest that TNFa 

mediates its effects in an autocrine-paracrine manner rather than exerting systemic effects:

■ Normal circulating levels of the cytokine are at the limit of detection making 

quantitative analysis difficult (Kahn &. Flier, 2000)

■ TNFa concentrations are not increased in venous blood draining subcutaneous adipose 

tissue (Mohamed-Ali et al, 1997)

■ Treatment of obese and diabetic individuals with TNFa neutralising antibodies over a 

4 wk period did not improve insulin sensitivity, suggesting that systemic inhibition of 

TNFa might not effect insulin sensitivity (Ofei et al, 1996).

It was originally thought that most of the mRNA for TNFa was found within adipocytes. 

However recent evidence suggests that in humans the majority of TNFa secretion may come 

from the cells of the stromal vascular and matrix fractions, including the macrophages 

(Weisberg et al, 2003, Xu et al, 2003; Fain et al, 2004; Trayhum & Wood, 2004).
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TNFa knockout animals have lower insulin and NEFA concentrations, and increased 

insulin sensitivity compared to their wild type littermates when placed on an equivalent diet 

(Uysal et al, 1997; Ventre et al, 1997). Rodents with TNFa receptor knocked out also show 

improved insulin sensitivity compared to control animals, even when obese (Hotamisligil et al, 

1993). It has been hypothesised that the function of TNFa is to limit white adipose tissue 

expansion, and that insulin resistance and the concomitant disturbances in glucose and lipid 

metabolism is a consequence of that. In vitro TNFa has been shown to induce apotosis both in 

mature adipocytes and in preadipocytes (Prins et al, 1997), with omental preadipocytes more 

sensitive to this effect than subcutaneous preadipocytes (Niesler et al, 1998). Additionally 

TNFa blocks the differentiation of new adipocytes and induces the de-differentiation of both 

preadipocytes and mature adipocytes (Pekala et al, 1983; Torti et al, 1989; Petruschke & 

Hauner, 1993). However rodents with either TNFa or the TNFa receptor knocked out, showed 

improvements in insulin sensitivity while maintaining a similar body weight to their control 

(Uysal et al, 1997; Ventre et al, 1997). Nevertheless, the insulin de-sensitising effects of the 

TNFa are well characterised. Table 1.7 summarises these effects.

Table 1.7: Effects of TNFa in adipocytes (Adapted from Coppack, 2001).

Effect exerted by 
TNFa

Mechanism References

Increases Insulin 
resistance

[ tyrosine autophosphorylation of 
the insulin receptor 

t  serine phosphorylation of IRS-1 
i  Glut4 mRNA
t  lL-6 mRNA', |  PAI-1 mRNA'
], adiponectin mRNA and secretion'

Hotamisligil e/a/, 1994

Hotamisligil et al, 1996 
Stephens & Pekala, 1991 
Sonnenberg et al, 2004 
Guerre-Millo, 2004

Increases lipolysis t  HSL mRNA Sumidaefal, 1997
Inhibits lipogenesis i  LPL mRNA, [ FAS mRNA Feingold & Grunfeld, 1992

FAS, fatty acid synthase; Glut4, glucose transporter 4; HSL, hormone sensitive lipase; IL, interleukin; IRS, 
insulin receptor substrate; LPL, lipoprotein lipase lipase; PAI-I, plasminogen activator inhibitor-1; TNFa, 
tumour necrosis factor a.
' By influencing the expression of these adipokines, TNFa can influence insulin sensitivity in tissues 
remote from adipose tissue.

(ii) IL-6

lL-6 is secreted by activated macrophage and lymphocytes, but evidence now exists that white 

adipose tissue also secretes it (Yudkin et al, 2000). Human white adipose tissue secretion of 

IL-6 represents approx 10-30% of circulating levels (Mohamed-Ali et al, 1998), In contrast to 

TNFa, omental white adipose tissue secretes substantially more IL-6 than subcutaneous white 

adipose tissue (Coppack, 2001). Isolated fat cells secrete substantially less IL-6 than whole
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white adipose tissue, indicating that cells other than adipocytes are the major source of the 

cytokine in white adipose tissue (Hauner, 2005). lL-6 expression and secretion is induced by 

IL-1 and TTMFa (Pang et al, 1994). IL-6 in turn regulates these cytokines, by directly 

influencing TNFa, and promoting the release of IL-1 from IL-1 receptor antagonist, and 

inducing activity (Yudkin et al, 2000). IL-6 is unusual among cytokines as most function via 

autocrine-paracrine mechanisms. Instead the major effects of IL-6 take place at sites distinct 

from its origin and are consequent upon circulating concentrations (Yudkin et al, 2000). The 

biological activities of IL-6 are initiated by binding to a high-aflfinity receptor complex, 

consisting of 2 membrane glycoproteins. The 80kDa ligand binding component binds IL-6 

with low affinity, while a second 130kDa signal-transducing component, although not binding 

free lL-6, is required for affinity binding of gp80-bound IL-6. It has been suggested that 

elevated levels of IL-6 are associated with increased production of IL-6 receptors. (Mohamed- 

Ali etal, 1998).

IL-6 may play a central role in the pathophysiology of CVD, as this adipokine is 

believed to be the major regulator of the hepatic acute phase response (Yudkin et al, 2000). 

Clinical studies have shown that circulating concentrations of lL-6 are elevated in obesity 

(Hauner, 2005). Furthermore prospective studies have indicated that elevated serum 

concentrations of lL-6 are predictive for the development of both T2DM and CVD (Ridker et 

al, 2000; Spanger et al, 2003). Table 1.8 highlights some of the molecular effects of this 

cytokine.
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Table 1.8: Effects of IL-6 on insulin resistance and atherothrombotic risk.

Effect exerted by 
IL-6

Mechanism References

Induces Insulin t  expression of SOCS-3 which inhibits insulin Senn et al, 2003
Resistance receptor autophosphorylation

i glycogen synthesis following insulin stimulation Kanemaki et al.
of isolated hepatocytes 1998

1 IRS-1, Glut4 and PPARy mRNA expression in 
adipocytes

Rotter et al, 2003

], insulin-stimulated glucose uptake in skeletal 
muscle, which was associated with defects in 
insulin-stimulated IRS-1-associated PI 3-kinase 
activity

Kim et al, 2004

Promotes I fibrinogen and CRP production by the liver Woods et al, 2000
Atheroth rom botic t  aggregability of thrombocytes Yudkin et al, 2000
risk t expression of adhesion molecules by Hardardottir et al.

endothelial cells 1994
1 uptake of lipids by macrophages 
t  lipolysis 
i  HDL-cholesterol 
i  LPL

Coppack,2001

CRP, C-reactive protein; Glut4, glucose transporter 4; IL, interleukin; IRS, insulin receptor substrate; PI, 
phosphoinositide; PPAR, peroxisome proliferator-activated receptor; SOCS, suppressors o f  cytokine signalling.

However paradoxically IL-6 deficient mice developed mature-onset obesity associated 

with glucose intolerance, elevated TAG and leptin insensitivity (Wallenius et al, 2002). These 

data suggest that elevated IL-6 is not the underlying cause for metabolic disturbances in insulin 

resistance but rather, that the balance of IL-6 is important (Nawrocki & Scherer, 2004). The 

challenge will be to design interventions that attenuate the deleterious effects of IL-6 on insulin 

resistance and atherothrombotic risk, without compromising its beneficial role in the innate 

immune response (Yudkin et al, 2000).

(iii) Adiponectin

Adiponectin is a 30kDa protein secreted exclusively from adipocytes. Adiponectin is also 

called acrp30 (adipocyte complement related protein of 30kDa), adipoQ, ApMl (adipose most 

abundant gene transcript) and GBP28 (gelatin-binding protein of 28kDa) due to cloning or 

isolation by different groups (Guerre-Millo, 2004). Adiponectin consists of an N-terminal 

collagenous domain, followed by a C-terminal globular trimerisation domain. It is found in 

serum in two higher order structures, a dimer of trimers which is termed a low molecular
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weight (LMW) complex, and a larger complex of 12-18 subunits which is termed a high 

molecular weight (HMW) complex (Pajvani et al, 2003). These oligomerisations influence its 

biological activity (Miner, 2004). Pajvani et al (2004) proposed that the ratio between the two 

oligomeric forms (HMW to LMW) is important in determining insulin sensitivity, rather than 

the absolute amount of each form, and suggested that the HMW complex constitute the active 

form of adiponectin. Two murine receptors have recently been cloned, Adipo R1 and Adipo 

R2, which are expressed predominantly in muscle and liver, respectively (Yamauchi et al, 

2003; Guerre-Millo, 2004).

Adiponectin is relatively abundant in serum representing 0.05% of circulating proteins 

(Doria, 2003). Serum concentrations are 2-3 times higher in females than in males (Combs et 

al, 2003; Scherer et al, 1995). This adipokine is unique in that expression and circulating 

levels are decreased with increasing adiposity, especially in the visceral depot (Cancello et al, 

2004). It is negatively correlated with insulin resistance and T2DM, independent of body 

weight (Hauner, 2005; Rajala & Scherer, 2003). Interestingly baseline plasma levels of 

adiponectin in healthy individuals are an independent risk factor for the development of 

T2DM, and are also associated with the development of metabolic syndrome and 

atherosclerosis i.e. a negative relationship exists (Spranger et al, 2003; Hauner, 2005). 

Nutritional and therapeutic manipulations including weight loss, calorie restriction and 

thiazolidinedione (TZD) treatment, which are known to ameliorate insulin sensitivity, also 

increase adiponectin gene expression in white adipose tissue and plasma concentrations (Bruun 

et al, 2003; Combs et al, 2003; Yu et al, 2002b). Both TNFa and IL-6 are potent inhibitors of 

adiponectin expression and secretion in human white adipose tissue biopsies and cultured 

adipose cells, suggesting that TNFa and IL-6 induced insulin resistance might rely in part on 

an autocrine-paracrine inhibition of adiponectin release (Fasshauer et al, 2002; Fasshauer et al, 

2003; Bruun et al, 2003). Evidence suggests that adiponectin also regulates TNFa 

metabolism, as elevated TNFa levels have been reported in the adiponectin knockout mouse, 

and adenoviral infection of adiponectin normalises serum TNFa concentrations (Yamauchi et 

al, 2002).

Animal studies have indicated that administration of recombinant adiponectin, either 

full length or in the form of its isolated globular head, ameliorates insulin resistance in murine 

models of obesity and diabetes by decreasing gluconeogenesis in the liver and decreasing lipid 

accumulation in non-adipose tissues (Tsao et al, 2002; Berg et al, 2002). The insulin- 

sensitising effect of adiponectin is mediated, at least in part, by an increase in fatty-acid 

oxidation through activation of AMP-activated kinases (AMPK) in skeletal muscle, resulting 

in reduced accumulation of TAG (Tomas et al, 2002). The reduction in gluconeogenesis was 

due to down-regulation of glucose-6-phosphatase (G6Pase) and phosphoenolpyruvate 

(PEPCK), two key gluconeogenic enzymes, inhibition of which would lead to an attenuation in
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hepatic glucose production (Combs et al, 2001). Additionally liver AMPK has been shown to 

be activated, resulting in reduced rate of hepatic glucose production (Yamauchi et al, 2002; 

Combs et al, 2001). These glucose-lowering effects were independent of any change in insulin 

secretion, peripheral glucose uptake, glycolysis, or glycogen synthesis suggesting that the liver 

is the primary site of adiponectin bioactivity (Nawrocki & Scherer, 2004; Trujillo & Scherer, 

2005). The ability of adiponectin to suppress glucose production was reproduced in vitro in 

isolated primary hepatocytes (Rajala & Scherer, 2003).

In addition adiponectin has anti-atherogenic properties, as shown by its capacity to 

inhibit the expression of adhesion molecules on aortic endothelial cells, inhibit monocyte 

adhesion to endothelial cells, inhibit macrophage-to-foam-cell transformation in vitro and to 

suppress human aortic smooth muscle cell proliferation (Ouchi et al, 1999; Tsao et al, 2002; 

Berg et al, 2002; Arita et al, 2002). Adiponectin-null mice presented with severe insulin 

resistance and impaired glucose metabolism when fed a high-fat, high-sucrose diet. Knockouts 

mice also developed intimal thickening in response to endothelial injuiry, thus confirming the 

protective role of the protein against atherosclerosis and diet-induced insulin resistance (Maeda 

et al, 2002; Kubota et al, 2002).

(iv) Resistin

Resistin is a 12.5kDa cysteine rich protein that was identified by Steppan et al (2001) as being 

acutely up-regulated during the differentiation of preadipocyte to adipocytes. Resistin belongs 

to a family of molecules named FIZZ proteins (found in inflammatory zone). It is also known 

as adipose tissue-specific secretory factor (ADSF). In mice, resistin mRNA is predominantly 

expressed in white adipose tissue, with lower levels in brown adipose tissue and mammary 

tissues, and no detectable expression in any other tissues (Steppan et al, 2001). It is secreted 

by adipocytes, and is detectable in serum (Doria, 2003). Resistin like molecules (RELM)-a 

and P, are also expressed by adipose (RELMa) and various tissues (RELM P) and demonstrate 

29% and 37% sequence identity to resistin respectively (Blagoev et al, 2002; Miner et al, 

2004). Resistin can dimerise with itself or with RELMa, an oligerimersation which is requisite 

to biological activity (Miner, 2004).

Expression of resistin is reduced on fasting, with a parallel fall in the circulating level 

of the protein, and is increased during refeeding. Both gene expression and circulating levels 

of the molecule are markedly increased in obese, insulin resistant mice (Way et al, 2001; Le 

Lay et al, 2001) and during adipogenesis (Banerjee & Lazar, 2003). Surprisingly TNFa 

consistently decreases resistin expression, and IL-6 seems to have no effect (Banerjee & Lazar, 

2003). Although resistin was originally cloned on the criteria of its expression being reduced 

by TZDs, treatment of animals with these insulin-sensitising drugs has produced an 

inconsistent pattern regarding resistin regulation (Guerre-Millo, 2004). However it has been
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suggested that the length of treatment is critical in determining the regulation of resistin by 

TZD’s, whereby a couple weeks is successful in lowering resistin concentrations, whereas a 

couple day’s treatment is ineffective (Baneijee & Lazar, 2003).

Resistin has been shown to induce insulin resistance. Administration of recombinant 

protein to wild-type mice impaired glucose tolerance and insulin action. Correspondingly 

treatment with antibodies for resistin improved glycaemia and reversed insulin resistance 

(Steppan et al, 2001). In adipocytes, resistin has been shown to antagonise both basal and 

insulin-stimulated glucose uptake in cultured 3T3-L1 adipocytes (Steppan et al, 2001) and to 

inhibit 3T3-L1 differentiation into mature adipocytes (Kim et al, 2001). Additionally chronic 

exposure of resistin in L6 skeletal muscle cells inhibited glucose uptake (Moon et al, 2003), 

and elsewhere it inhibited C2C12 myoblast differentiation into myotubes (Miner, 2004). 

Nawrocki & Scherer (2004) demonstrated that the infusion of resistin in rats induced severe 

hepatic insulin resistance, which was entirely attributable to an increased rate of glucose 

production. They confirmed these results in mice with a genetic deletion of the resistin gene, 

further high-lighting the liver as the primary site of action for this protein. Resistin knockout 

mice display increased phosphorylation of hepatic AMPK, suggesting that resistin inhibits 

AMPK activation under normal conditions (Banerjee et al, 2004).

A human homolog of murine resistin has been identified, however its sequence and 

expression in white adipose tissue are quite different from that in rodent. The amino acid 

sequence is only 59% identical to the murine counterpart, compared to adiponectin which is 

83% identical to its murine counterpart (Steppan & Lazar, 2004; Berg et al, 2002). As a result 

it is not clear whether this protein plays a significant role in the development of insulin 

resistance in humans (Savage et al, 2001). In contrast to murine models, resistin is 

preferentially expressed in humans in macrophage and several groups have reported very low 

mRNA expression levels in adipose tissue (Patel et al, 2003; Savage et al, 2001; Nawrocki & 

Scherer, 2004; Banerjee & Lazar, 2003). Identification of the receptor, the signalling 

pathways and analysis of the phenotypes resulting from deletion or over-expression of resistin 

will help our understanding in defining the biological relevance of resistin in obesity and 

insulin resistance (Guerre-Millo, 2004).

(v) Leptin

Leptin is produced specifically by adipocytes, and is secreted and transported in the blood to 

receptors in numerous tissues (Miner, 2004). Leptin’s main site of action is the hypothalamus 

(Flier, 1998). The discovery of leptin (Zhang et al, 1994) as an essential factor involved in 

long-term regulation of food intake, body weight, energy expenditure and neuroendocrine 

function has increased our understanding of the mechanisms underlying the development of 

obesity and its complications. Either a deficiency of leptin, as occurs in the ob/ob mouse
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Strain, or its receptor, as occurs in the db/db mouse strain, results in a severe insulin resistant 

phenotype (Kahn &. Flier, 2000). This condition is rapidly ameliorated by leptin 

administration in the ob/ob mouse, even before reduction in body weight is observed. 

Furthermore the insulin-sensitising effect of leptin exceeds that seen in pair-fed animals 

(Halaas et al, 1995).

Accumulating evidence suggests that leptin improves insulin sensitivity by promoting 

fatty acid oxidation and reducing ectopic fat accumulation in non-adipose tissue (Muoio et al, 

1997; Shimabukuro et al, 1997). This effect is mediated by activation of AMPK by an early 

direct effect of leptin on certain skeletal muscles, followed by a later indirect effect of AMPK 

activation by leptin through the hypothalamic-sympathetic nervous axis (Minokoshi et al, 

2002). When activated AMPK phosphorylates Ser-221 of acetyl-CoA carboxylase (ACC) 

which suppresses the activity of the enzyme (Rutter et al, 2003). ACC catalyses the synthesis 

of malonyl-CoA (Rudderman et al, 2003). Consequently there is a decrease in the 

concentration of malonyl CoA. Malonyl-CoA is an allosteric inhibitor of carnitine 

palmitoyltransferase 1, the enzyme which regulates the rate at which long-chain fatty acyl- 

CoA are transferred from the cytosol into mitochondria where they are oxidized (Rudderman 

et al, 2003). Thus, phosphorylation of ACC by AMPK leads to inhibition of ACC activity, a 

fall in malonyl-CoA content, and a subsequent increase in fatty-acid oxidation of long-chain 

acyl-CoAs by mitochondria via dis-inhibition of carnitine palmitoyltransferase in skeletal 

muscle (Neilsen et al, 2003).

LEPTIN

I
Activation of AMPK

I
Inactivation of ACC via phosphorylation

I
Decreased malonvl-CoA concentrations

I
Dis-inhibition of carnitine palmitoyltransferase (CTP)-l

I
Increased fatty acid oxidation

t
Ketone bodies

Fig. 1.4: AMPK activation by leptin. (McGarry, 2002; Rudderman et al, 1999)
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In addition, AMPK decreases fatty acid incorporation into glycerolipids, either 

secondary to its effect on fatty acid oxidation or by virtue of tiie fact that in some tissues it 

phosphoryiates and inhibits 5«-glycerophosphate acyltransferase, the first committed enzyme in 

diacylglycerol and triglyceride synthesis (Rudderman et al, 2003).

Although recombinant leptin administration can produce profound effects on energy 

expenditure and feed intake when accompanied with the leptin-deficient state, administration 

of leptin to normal or obese hyperleptinaemic mice or humans produces unremarkable effects. 

Additionally humans with mutations of leptin or the leptin receptor present with obesity but do 

not appear to have insulin resistance, as assessed by hyperinsulinaemia, and no reports of 

T2DM have been described (Kahn & Flier, 2000). However leptin administration may offer 

potential as a new treatment to ameliorate insulin sensitivity in lipoatrophic diabetes, where 

low leptin prevails (Shimomura et al, 1999; Ebihara et al, 2002). Insulin resistance was fully 

reversed in lipoatrophic mice following a combination of physiological doses of adiponectin 

and leptin, whereas only partial restoration of insulin sensitivity was observed when either 

adipokine was given alone (Yamauchi et al, 2001). In addition, over-expression of globular 

adiponectin in transgenic mice in the background of the ob/ob mutation reverses insulin 

resistance without affecting body weight (Pajvani et al, 2003). This suggests that although 

adipokines have distinct functions, there may be synergy also (Guerre-Millo, 2004).

(vi) Other cytokines

Several other cytokines are also synthesised within white adipose tissue but their role in insulin 

sensitivity is not as well established as that of TNFa and IL-6. Adipocyte production, 

modulation and secretion of IL-8, has been described in vitro, and a relationship has been 

observed between increased IL-8 levels and obesity (Cancello et al, 2004; Straczkowski et al, 

2003). Elevated levels of IL-18 have also been reported in obese individuals, and conversely 

levels were reduced with weight loss (Esposito et al, 2002). In addition IL-17 mRNA has 

recently been described in adipocytes, although its release from adipocytes has not been 

documented yet (Trayhum & Wood, 2004). Interestingly circulating levels of the anti

inflammatory cytokine IL-10 are raised in obese women (Cancello et al, 2004). The role these 

cytokines play, if any, in modulating insulin sensitivity and glucose tolerance remains to be 

determined.

Fukuhara et al (2005) recently identified a novel adipokine which is preferentially produced 

in visceral adipose tissue, which they named visfatin. Visfatin is highly enriched in the 

visceral fat of both humans and mice, and plasma concentrations increase during the 

development of obesity. The authors indicate that visfatin exerted insulin-mimetic effects in 

cultured adipocytes, myocytes and hepatocytes, and lowered plasma glucose concentrations in
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both insulin-resistant and insulin-deficient mice. Heterozygous mice displayed modestly 

higher levels of plasma glucose relative to wild-type littermates. Visfatin represents another 

adipokine which may aid our understanding of glucose homeostasis, and potentially be a 

useful target for ameliorating insulin resistance.

Altered expression and activity of adipokines may predispose to insulin resistance and other 

components of the metabolic syndrome. It is likely that all adipokines discussed contribute to 

insulin resistance, but other factors must also exist. Research is on-going worldwide aimed at 

identifying single nucleotide polymorphisms (SNPs) of adipokines, which may predispose to 

insulin resistance. In particular several groups have identified a variety of SNPs associated 

with the adiponectin and resistin loci, but to date there is no clear consensus of an association 

with T2DM or obesity (Doria, 2003; Banerjee & Lazar, 2003).

1.6 INSULIN

In healthy individuals plasma glucose concentrations remain in a narrow range, typically 

between 4 and 7mmol/L, despite periods of feeding and fasting. This tight control is governed 

by the balance of glucose absorption from the intestine, endogenous production by the liver 

and uptake and metabolism by peripheral tissues (Saltiel & Pessin, 2002). Insulin directs 

energy metabolism during the postprandial phase, and in doing so is the only hormone 

committed to the prevention of hyperglycaemia (Bailey, 1999). Insulin is a pleiotrophic 

hormone exerting an anabolic effect (Pessin & Saltiel, 2000).

Elevated insulin concentrations in the postprandial state promotes the uptake of 

glucose in skeletal muscle and adipose tissue, and inhibits hepatic glucose production, thereby 

serving as the primary regulator of plasma glucose concentrations (Saltiel & Pessin, 2002). 

Insulin also promotes the storage of substrates in adipose tissue, liver and muscle by 

stimulating lipogenesis, glycogen and protein synthesis, and by inhibiting opposing catabolic 

effects namely, lipolysis, glycogenolysis and protein breakdown (Groff et al, 1995b). Insulin 

also activates LPL in adipose tissue resulting in increased clearance of TAG-rich lipoproteins 

from the plasma (Ruan & Lodish, 2003). In addition to its metabolic functions, insulin 

stimulates cell growth and differentiation (Le Marchand-Brustel et al, 2003; Groff et al, 

1995b). Dysregulation of insulin, either through resistance or deficiency results in a profound 

disruption of these processes, and typically manifests with elevated concentrations in fasting 

and postprandial glucose and lipid profiles (Saltiel & Pessin, 2002). Failure of adipose tissue 

to fulfil its role in energy storage, exposes other organs to high levels of plasma glucose and 

NEFA, and promotes the storage of these fuel molecules in the form of TAG in peripheral 

organs e.g. liver, muscle, pancreatic p-cell. Intramyocellular TAG accumulation is associated
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with increased insulin resistance in humans (Szczepaniak et al, 1999; Krssak et al, 1999; 

Perseghin et al, 1999). It is thought that intramyocellular TAG is not the cause of insulin 

resistance, but rather that it is a marker of other lipid intermediates present in muscle such as 

fatty acyl-Co A, ceramides or diacylglycerides, which attenuate various aspects of the insulin 

signalling cascade (Schmitz-Peiffer, 2002). Additionally insulin resistance is also associated 

with high levels of TAG in the liver and the pancreatic islets. In the liver this increased TAG 

accumulation is associated with an impaired ability of insulin to suppress endogenous glucose 

production (Kim et al, 2001b). Meanwhile TAG overload in the pancreas results in 

dysregulated insulin secretion (Shimabukuro et al, 1998). Thus, accumulation of TAG in non

adipose tissue is associated with a reduction in insulin sensitivity.
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Fig. 1.5: Regulation of metabolism by insulin. Pleitrophic efl’ects of insulin includes 
promoting the differentiation of preadipocytes to adipocytes, lipogenesis mediated by 
increased glucose and fatty acid uptake and inhibition of lipolysis (Adapted from Kahn & 
Flier, 2000).

Akt, also known as protein kinase; Glut4, glucose transporter 4; LPL, lipoprotein lipase; MARK, mitogen- 
activated protein kinase; PI3K, phosphoinositide 3-kinase; VLDL, very low density lipoprotein.
‘ Green arrows indicate a stimulatory effect.
• Red arrows indicate an inhibitory effect.
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During the fasting state, the reduction in plasma insulin concentrations together with 

the rise in the levels of the counter-regulatory hormones such as glucagon, the catecholamines 

(epinephrine/adrenaline and norepinephrine/noradrenaline) and increased sympathetic nervous 

system activity stimulates lipolysis and free fatty acid release from adipose tissue. Fatty acid 

oxidation becomes a major source of energy, and also serves as a substrate for the induction in 

gluconeogenesis. In addition hepatic glycogenolysis is initiated (Ruan &. Lodiah, 2003; Groff 

et al, 1995b). The different pathways which mediate insulin’s effects show differential 

sensitivity to varying levels of insulin. The antilipolytic effect of insulin for example requires 

much lower concentrations of insulin than stimulation of glucose transport (Kahn & Flier, 

2000). Consequently “insulin resistance” usually implies resistance to the effects of insulin on 

glucose uptake, metabolism, or storage (Bailey, 1999; Kahn & Flier, 2000).

1.6.1 Synthesis of insulin

Insulin is synthesised in and secreted from the p-cells within the islets of Langerhans in the 

pancreas. It is formed from a single amino acid chain precursor molecule called proinsulin. 

Synthesis begins with the formation of preproinsulin, which is cleaved by protease activity to 

form proinsulin. Proinsulin is packaged into vesicles in the Golgi apparatus of the cell, and in 

the maturing secretory granules it is converted by enzymes into split (32-33) proinsulin, Des 

(31,32) proinsulin and finally insulin. The insulin molecule consists of two polypeptide chains 

linked by disulphide bridges, the A chain contains 21 amino acids and the B chain contains 

30 amino acids. C-peptide also produced from proinsulin, and is secreted in equimolar 

concentrations to insulin (Weir et al, 2000).

Glucagon, which opposes the action of insulin is produced in the a  cells of the islets of 

Langerhans. Somatostatin is produced in the 5 cells of the islets of Langerhan (Weir et al, 

2000). It suppresses endogenous secretion of glucagon and growth hormone, and inhibits 

gluconeogenesis (Harano et al, 1977; Wallace & Matthews, 2002).

1.6.2 Insulin secretion

The tight regulation of normal blood glucose concentrations is largely achieved by the minute- 

to-minute regulation of insulin production by the pancreatic p-cells. Plasma glucose is the 

most important regulator of insulin secretion. Some neural stimuli e.g. sight and taste of food 

and increased blood concentrations of other fuel molecules, including amino acids and fatty 

acids, also promote insulin secretion. Glut 2, which is expressed in the p-cells, has a high Km 

and therefore high capacity. This allows the facilitated diffusion of glucose at a rate 

proportional to plasma glucose concentrations. Following glucose equilibration across the 

plasma membrane, it is phosphorylated by glucokinase, the first enzyme of the glycolytic 

pathway (Weir et al, 2000). Glucokinase acts as a “glucose sensor” coupling insulin secretion
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to the prevailing glucose level. Glycolysis produces pyruvate which subsequently enters the 

mitochondria and is a substrate for pyruvate dehydrogenase and pyruvate carboxylase. The 

TCA cycle or citric acid cycle generates reducing equivalents (red. equ.), which are transferred 

to the electron transport chain, leading to hyperpolarisation of the mitochondrial membrane 

and the generation of ATP (Newsholme et al, 2005). This production of ATP by the 

mitochondria is the main coupling factor in insulin secretion. ATP is then transferred to the 

cytosol, leading to an increase in the ratio of ATP to adenosine diphosphate (ADP) which 

consequently inhibits ATP-sensitive potassium channels. This inhibition of efflux induces 

depolarisation of the plasma membrane and consequently the voltage-gated Câ "̂  channels 

open. The increase in the intracellular/cytosolic calcium concentration and energy-dependent 

cellular events such as the activation of ATPases, triggers the translocation and exocytosis of 

insulin-containing granules (Weir et al, 2000).

More recent work has indicated an important role of amino acids in regulating insulin 

secretion. Metabolism of L-leucine generates ATP, thus causing closure of the ATP-sensitive 

potassium channels in the membrane, depolarisation and subsequent increase in intracellular 

Câ "̂  concentrations. Metabolism of L-glutamine also generates ATP (Flatt, 2003). Meanwhile 

the inward transport of positive charge carried by L-arginine, L-lysine and L-histidine, or by the 

co-transport of L-alanine with Na^ is thought to directly depolarise the p-cell membrane, 

leading to calcium influx and the stimulation of insulin secretion (Persaud & Howell, 2003). 

Fig. 1.6 summarises the meachanism by which nutrients regulate insulin secretion from the 

pancreatic P-cell.
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Fig. 1.6: Insulin secretion from the pancreatic p-cell (Adapted from McClenaghan & Flatt, 
1999).

ATP, adenosine triphosphate; [Ca^ ]̂j, intracellular calcium concentration; VDCC, voltage-dependent Ca^  ̂
channel.

In vitro the exposure of P-cells to glucose results in an immediate increase in insulin 

secretion, termed first-phase insulin secretion, followed by a decrease to basal rates. If 

exposure to glucose is prolonged, a slower second- or late-phase insulin secretion is observed, 

termed second-phase insulin secretion. Further exposure to glucose results in a reduction in 

insulin secretion, due to the desensitisation of P-cells to glucose. In non-diabetic animals and 

humans, the infusion of glucose elicits an insulin secretory response that follows the same 

diphasic pattern as seen in vitro (Fig. 1.7). First-phase insulin secretion occurs rapidly, 

resulting in a sharp peak in plasma insulin concentrations within 3 to 5 min of the start of the 

glucose infusion. This first-phase insulin secretion is completed within 10 min. Second-phase 

insulin secretion occurs gradually, beginning 10 to 20 min after the start of the glucose 

infusion, and can last for as long as exposure to glucose lasts. First-phase insulin secretion 

represents the release of mature secretory granules present close to the P-cell plasma 

membrane. Second-phase insulin secretion corresponds to the release o f stored secretory 

granules and to de novo synthesis of insulin (Weir et al, 2000). Progression from NGT to 

T2DM is characterised by a loss of first-phase insulin response and may be observed even
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before fasting glucose concentrations rise above the levels required for diagnosis (Weir et al, 

2000).
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Fig. 1.7: The diphasic pattern of glucose stimulated insulin secretion from the B-cell
(Persaud & Howell, 2003).

1.7 INSULIN SIGNALLING IN WHITE ADIPOSE TISSUE

Insulin resistance is a fundamental defect in T2DM, and aberrations in the insulin signalling 

pathways underpin this resistance. Circulating insulin rapidly reaches its target where it 

interacts with its receptor. At the molecular level, insulin signalling in white adipose tissue 

begins at the cell surface when insulin binds to its transmembrane tyrosine kinase receptor, the 

insulin receptor, resulting in autophosphorylation and activation. The activated insulin 

receptor subsequently phosphorylates selective tyrosine residues of target proteins e.g. IRS-1, 

which then serves as a docking site for downstream effector molecules including 

phosphoinositide (PI)-3 kinase. The end product, translocation of the Glut4 vesicle from an 

intracellular compartment to the plasma membrane facilitates increased glucose transport into 

the cell.

Defects in both the expression of key proteins and the transduction of the signal have 

been reported in T2DM. The individual components of the pathway will be discussed in more 

detail.

1.7.1 Insulin Receptor

The insulin receptor belongs to the family of cell-surface receptors possessing intrinsic 

tyrosine kinase activity (van Obberghen et al, 2001). The receptor is composed of two 

extracellular a-subunits and two transmembrane P-subunits linked together by disulphide 

bonds (Saltiel & Kahn, 2001). In the basal state the subunits function as allosteric enzymes in
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which the a-subunit inhibits the tyrosine activity of the P-subunit. Insulin signalling is 

initiated by binding of the ligand to the a-subunit, which transmits a signal across the plasma 

membrane that activates the intracellular tyrosine kinase domain of the P-subunit (Patti & 

Kahn, 1998). Consequently the receptor undergoes a series of intramolecular 

transphosphorylation reactions in which one P-subunit phosphorylates its adjacent partner on 

specific tyrosine residues. Phosphorylation of different tyrosine residues account for distinct 

functions including substrate binding, catalytic activity and mitogenic actions of insulin 

(Pessin et al, 1999). Phosphorylation of the tyrosine residue Y960, which is located in the 

juxtramembrane domain, is part of the recognition motif for several IRS proteins. Meanwhile 

adaptor protein with a pleckstrin homology (PH) and Src homology 2 (SH2) domain, known as 

APS, interacts with the tyrosine residue Y1158/1162 (Le Marchand-Brustel et al, 2003).

Gene knockout studies in mice have established that the insulin receptor is essential for 

survival. Insulin receptor deficient homozygous pups (IRT) appear normal at birth, but die 

within a week due to severe diabetic ketoacidosis. This is not seen in the human form of 

insulin receptor deficiency, called leprechaunism (Bruning et al, 1997; Pessin & Saltiel, 2000). 

Heterozygous mutants (IRY) show much more moderate hyperinsulinaemia and 10% of them 

develop mild diabetes (Mauvais-Jarvis et al, 2002). The structure of the insulin receptor is 

normal in T2DM. Additionally due to the excess of receptors it is thought unlikely that a 

reduced population of insulin receptors makes a major contribution to insulin resistance in 

most patients (Bailey, 1999). Although there does not appear to be a defect in the insulin 

receptor affinity, several studies have shown that the insulin receptor autophosphorylation and 

tyrosine kinase activity of the P-subunit are reduced in T2DM (Kahn, 1994; Nyomba et al, 

1990). However this is reversible and normalises as glycaemia improves (Smith et al, 1999). 

Consequently it is thought that defects in the insulin receptor are too rare in the general 

population to account for the increased incidence of insulin resistance. Instead it is thought 

that post-insulin receptor defects are the primary site leading to peripheral insulin resistance 

(Pessin & Saltiel, 2000).

Once activated, the insulin receptor phosphorylates a number of important proximal 

substrates including members of the IRS family, the Src homology collagen (She) adapter 

protein isoforms, signal-regulatory protein (SIRP) family members, GTPase-activating protein 

(GAB)-l, Casitas b-lineage lymphoma (Cbl) and APS, which mediate various aspects of 

insulin action (Saltiel & Kahn, 2001). The mitogen-activated protein kinase (MAPK) pathway 

mediates the growth-promoting function of insulin. The PI 3-kinase pathway leads to 

enhanced glucose transport, glycogen synthesis and protein synthesis. The TCIO pathway 

mediates glucose transport in a PI 3-kinase independent manner (Le Marchand-Brustel et al, 

2003). The PI 3-kinase signalling pathway has been shown to be unequivocally essential for 

insulin-stimulated Glut4 translocation (Pessin & Saltiel, 2000) and will be discussed in most
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detail. More recently attention has been drawn to the TCIO pathway and a summary of this 

pathway will be provided. Fig. 1.8 illustrates the insulin signalling pathways.
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Fig. 1.8; Insulin signalling pathways (Adapted from Saltiel & Pessin, 2001). 
Phosphorylation of proximal substrates by the insulin receptor results in the activation of 
different pathways. The P1(3)K pathway and the Cbl pathway stimulate glucose transport, 
while the MAP kinase pathway promotes growth.

Akt, also known as protein kinase B; aPKC, atypical protein kinase C; CAP, Cbl-associated protein; Cbl, 
Casitas b-lineage lymphoma; Crk, adaptor protein; IRS-1, insulin receptor substrate-1; MAP, mitogen- 
activated protein; Mek, MAPK kinase; pi 10, catalytic subunit of phosphoinositide-3 kinase; p85, regulatory 
subunit o f phosphoinositide-3 kinase; PI3K, phosphoinositide-3 kinase; PTEN, phosphatase and tesnin 
homolog gene; PTPip, protein tyrosine phosphatases P; She, Src homology collagen; SHIP2, SH2 domain- 
containing inositol-5-phosphatase-2; TCIO, lipid raft associated protein.

1.7.2 Phosphoinositide-3 kinase dependent pathway 

(i) Insulin receptor substrate

The IRS family plays a central role in insulin signalling and are considered the major substrate 

of the insulin receptor (Zick, 2004). Four members of this scaffold molecule have been 

identified in mammalian cells namely IRS-1, IRS-2, IRS-3 and IRS-4 (Sesti et al, 2001). All 

members share in common an NH2-terminal PH domain that serves to anchor the IRS proteins 

to membrane phosphoinositides, which helps to localise the IRS proteins in close proximity to 

the insulin receptor (Zick, 2004). The PH domain is flanked by a phosphotyrosine binding
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(PTB) domain, which binds IRS to the juxta-membrane region of the insulin receptor (Zick, 

2004). Both the PH and the PTB domains are highly conserved in each protein (Van 

Obberghen et al, 2001). In contrast the C-terminal region is poorly conserved. It contains a 

domain of variable length containing several tyrosine phosphorylation motifs, that are 

phosphorylated directly by the insulin receptor and serve as docking sites for SH2 domain 

containing proteins (Zick, 2004; Van Obberghen et al, 2001). The different IRS proteins 

appear to have different functions at the cellular level, probably due to differences in tissue 

distribution, subcellular localisation and intrinsic activity of the proteins (Saltiel & Kahn, 

2001). Evidence suggests that IRS-1 functions primarily in adipose tissue and skeletal muscle, 

whilst IRS-2 plays the dominant role in the liver and pancreas. IRS-3 is expressed in rodents, 

mainly in adipose tissue. However it is uncertain whether the protein is expressed in humans. 

IRS-4 is expressed in the thymus, brain, kidney and possibly pancreatic p-cells (White, 2002; 

Sesti et al, 2001). Whilst there may be some degrees of redundancy, specific phosphotyrosines 

are involved in the recruitment of certain effector, by virtue of their SH2 domains. For 

example, PI-3 kinase binds to phosphotyrosines 608 and 941, whilst the protein tyrosine 

phosphatase SHP2 binds at phosphotyrosines 1172 and 1222 which activates the MAPK 

pathway (Schmitz-Peiffer & Whitehead, 2003).

The majority of IRS-1 is found in an ill-defined fraction termed the High Speed Pellet 

(HSP) along with low-density microsomes, Glut4 vesicles and cytoskeletal elements (Clark et 

al, 1998). This HSP represents the “active pool” of lRS-1 as PI-3 kinase is recruited and 

activated specifically by IRS-1 in the HSP in response to insulin (Nave et al, 1996).

Mice with homozygous disruption of the IRS-1 gene present with generalised pre- and 

post-natal growth retardation, as well as insulin resistance in peripheral tissues and impaired 

glucose tolerance. They do not develop frank diabetes, presumably owing to pancreatic P-cell 

compensation (Araki et al, 1994; Tamemoto et al, 1994). In contrast, mice with homozygous 

disruption of the IRS-2 gene present with decreased P-cell mass and impaired insulin secretion, 

in addition to insulin resistance in both peripheral tissues and liver, leading to the development 

of diabetes (Withers et al, 1998). Interestingly mice which are heterozygous for both the 

insulin receptor and IRS-1 (IR'/^ IRS-1 ’A) develop both insulin resistance and diabetes, 

indicating that the development of diabetes may be polygenic, multihit process (Bruning et al, 

1997).

Smith et al (1999) reported that IRS-1 protein expression in adipocytes were 

approximately 30% lower in subjects with T2DM. In addition IRS-1 associated PI 3-kinase 

activity was also markedly reduced. Elsewhere IRS-2 protein expression in adipocytes from 

subjects with T2DM has been reported to be normal, but the dose-response curve for insulin 

was markedly shifted to the right for IRS-2-associated PI-3 kinase activity, indicating insulin 

resistance (Rondinone et al, 1997).
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(ii) Downstream effectors of IRS

Tyrosine phosphorylation of the IRS family members generates docking sites for several SH2- 

containing proteins, which plays a pivotal role in the metabolic and mitogenic actions of 

insulin (Saltiel & Kahn, 2001). The predominant partner seems to be the p85 regulatory 

subunit of the type 1A Pl-3 kinase (Saltiel & Pessin, 2002). lRS-1 recruits PI-3 kinase to the 

plasma membrane of cells whereby the catalytic subunit of PI-3 kinase pi 10 phosphorylates 

phosphatidlyinositol (Ptdlns) (4,5)-bisphosphate, generating Ptdlns (3,4,5)-triphosphate, which 

is known as PtdIns(3,4,5)P3. These events happen within the first minute of insulin binding to 

its receptor (Lizcano &. Alessi, 2002). Three isofoms of the pi 10 catalytic subunit have been 

identified pi lOa, pi lOp and pi 106, and these are collectively termed the class-la PI 3-kinases 

(Shepherd, 2005). Evidence suggests that pllOP is the most important isoform for insulin 

signalling (Asano et al, 2000; Roche et al, 1998). However since pllO a and plIOp gene 

knockouts both results in embryonic lethality, tissue specific knockouts or isoform specific 

inhibitors will be required to identify the precise role of each isoform (Bi et al, 1999; Bi et al, 

2002; Shepherd, 2005). The importance of PI 3-kinase as a second messenger in the insulin 

signalling pathway is evident from studies in which the pi 10 Ptdlns 3-kinase catalytic activity 

is inhibited. Use of pharmacological inhibitors such as wortmannin, the production of 

dominant-interfering mutants, or microinjection of blocking antibodies can completely inhibit 

most of the cellular responses to insulin, including insulin-induced glucose transport (Okada et 

al, 1994; Cheatham et al, 1994).

Ptdlns(3,4,5)P3 serves as an allosteric regulator of phosphoinositide-dependent kinase 

(PDK) (Alessi et al, 1997). PDK mediates the translocation of protein kinase B (PKB), also 

known as Akt, from the cytosol to the plasma membrane, whereby it is phosphorylated by 

kinases at Thr308 and Ser473. Once activated, PKB is released from the plasma membrane 

and phosphorylates other substrates (Lizcano & Alessi, 2002). The importance of PKB is 

evident as stable expression of a constitutively active, membrane-bound form in 3T3-L1 

adipocytes results in increased glucose transport and persistent localisation of Glut4 to the 

plasma membrane (Kohn et al, 1996; Kohn et al, 1998). Conversely, expression of a 

dominant-interfering PKB mutant inhibits insulin-stimulated Glut4 translocation (Cong et al, 

1997; Wang et al, 1999). Results from ribonucleic acid interference (RNAi)-based gene 

silencing indicate that the PKBP isoform, also known as Akt2, is of most significance for 

insulin-stimulated glucose transport as 70% depletion of the protein reduced glucose uptake by 

60%, whereas 95% inhibition of PKBa, which is also known as Aktl, resulted in only 10-20% 

inhibition of insulin action on glucose transport (Zhou et al, 2004). Interestingly PKBp is the 

major isoform in adipose tissue accounting for around 70% of PKB, while PKBa accounts for 

around 30% (Smith et al, 1999). In addition to stimulating glucose uptake, PKB also activates 

glycogen synthesis. PKB phosphorylates and consequently inactivates glycogen synthase
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kinase-3. A key substrate of glycogen synthase kinase-3 is glycogen synthase, the enzyme 

which catalyses the final step in glycogen synthesis, converting UDP-glucose into glycogen. 

Phosphorylation of glycogen synthase by glycogen synthase kinase-3 inhibits its action, 

thereby reducing glycogen synthesis. Therefore, inactivation of glycogen synthase kinase-3 by 

PKB results in the dephosphorylation of glycogen synthase via activation of a glycogen- 

associated form of protein phosphatase-1, and stimulation of glycogen synthesis (Lizcano & 

Alessi, 2002).

PDKl also phosphorylates and activates protein kinase C (PKC) isoforms, PKC(  ̂ and 

PKCX, which have also been proposed to play a role in regulating glucose transport (Lizcano & 

Alessi, 2002). Overexpression of a dominant-negative mutant of PKC^ or PKCX, abrogates 

insulin-stimulated glucose transport and Glut4 translocation in adipose and muscle cells 

(Kotani et al, 1998; Bandyopadhyay et al, 2000). Conversely, overexpression of constitutively 

active PKC^ in adipocytes or wild-type PKC^ in muscle in vivo enhances both basal and 

insulin-stimulated glucose transport (Kotani et al, 1998; Etgen et al, 1999). Kim et al (2003) 

reported impaired insulin stimulated PKC>, and PKCi  ̂activity in obese subjects and those with 

T2DM, which was associated with impaired glucose disposal in both populations. However 

controversy exists in defining the role of PKC in insulin signalling. PKC0 has been shown to 

induce serine phosphorylation of IRS protein in rats, thereby reducing insulin stimulation of PI 

3-kinase (Yu et al, 2002b. In addition PKC^ has been shown to phosphorylate a residue in the 

PH domain of PKB which blocks its ability to interact with PI(3,4,5)P3 (Powell et al, 2003). 

Since acute treatment of PKC by phorbol esters inhibits glucose transport and Glut4 

translocation, while chronic treatment often fails to impair insulin action, it has been suggested 

that PKC is part of normal insulin signalling (Frevert & Kahn, 1996).

In addition to the class-1 a PI 3-kinases, class-II PI 3-kinase, comprising PI-3 kinase- 

C2a, PI-3 kinase-C2p, PI-3 kinase-C2y, use PI 3-kinase as a substrate, producing 

PI(3)phosphate [PI(3)P]. Evidence has emerged that PI(3)P is sufficient to facilitate a step in 

the trafficking of Glut4 to the plasma membrane, and also that insulin causes an increase in the 

cellular levels of PI(3)P suggesting that it could play a role in insulin’s ability to stimulate 

glucose transport (Mafflicci et al, 2003). However the mechanism of how PI(3)P may 

contribute to increasing glucose transport remains to be elucidated.

Reports indicate that there is a defect in insulin stimulation of class-la PI 3-kinase in 

muscle and adipocytes from obese subjects and those with T2DM (Bjomholm et al, 2002; 

Smith, 2002; Krook et al, 2000). However, no difference in the level of expression of the 

components of class la PI 3-kinases has been found. To date no studies have examined the 

regulation of class-II PI 3-kinases in diabetes or insulin resistance (Shepherd, 2005). Both 

insulin-stimulated serine phosphorylation of PKB, and insulin-stimulated PKB activity is
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reduced by around 50% in cells from subjects with T2DM. This probably reflects impaired 

upstream signalling, as the protein expression was found to be normal (Rondinone et al, 1999).

1.7.3 Inhibition of the insulin signalling pathway

The insulin signalling cascade can be modulated in several ways ranging from insulin receptor 

association and tyrosine phosphorylation, to localisation and degradation of key components of 

the pathway. Recent studies reveal that agents that induce insulin resistance exploit 

phosphorylation-based negative feedback control mechanisms otherwise utilised by insulin 

itself to uncouple the insulin receptor from its downstream effectors and thereby terminate 

insulin signal transduction. Inhibitors of the insulin signalling cascade are discussed in turn.

(i) Protein tyrosine phosphatases

A number of protein tyrosine phosphatases (PTP) have been identified that can catalyse the 

dephosphorylation of the insulin receptor, reducing its kinase activity and thereby attenuating 

insulin action (Saltiel & Kahn, 2001). Elevated expression of PTP-IB and leucocyte antigen- 

related (LAR) have been reported in subjects with insulin resistance (Goldstein et al, 1998; 

Drake & Posner, 1998). In addition PTPIB'A mice display increased tyrosine phosphorylation 

of the insulin receptor and IRS protein in muscle, leading to improved insulin sensitivity 

(Elchebly et al, 1999). It therefore could represent an important target for insulin-sensitising 

agents.

(ii) Serine Phosphorylation of IRS proteins

In addition to tyrosine phosphorylation, both the insulin receptor and IRS proteins can undergo 

serine/threonine (Ser/Thr) phosphorylation and > than 70 putative Ser/Thr phosphorylation 

sites have been identified (Zick, 2004). Ser/Thr phosphorylation has a dual function in serving 

as either a positive or a negative modulator of insulin signalling. Phosphorylation of Ser 

residues within the PTB domain of IRS-1 by PKB in response to insulin is considered a 

positive modulator of insulin signalling. This protects IRS-1 from the action of PTPases, and 

enables them to maintain their tyrosine phosphorylated “active” conformation (Paz et al, 

1999). In addition, removal of basal Ser/Thr phosphatases reduces the ability of IRS-1 to 

undergo insulin receptor-mediated tyrosine phosphorylation, indicating that Ser/Thr 

phosphorylation is necessary (Greene & Garofalo, 2002). However, Ser/Thr phosphorylation 

of IRS proteins may inhibit insulin-stimulated tyrosine phosphorylation of IRS proteins, 

thereby attenuating the insulin signal (Saltiel & Kahn, 2001). Table 1.9 highlights the 

pleiotrophic effects explaining how IRS-1 Ser/Thr phosphorylation can attenuate insulin signal 

transduction.
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Table 1.9: Mechanisms explaining how IRS-1 Ser/Thr phosphorylation can attenuate 

insulin signal transduction.

IRS, insulin receptor substrate; Ser/Thr, serine/threonine.

Effect Reference

Inducing the dissociation of IRS proteins from the insulin Paz et al, 1997 ; Liu et
receptor al, 2001
Promoting the release of IRS proteins from intracellular Tirosh et al, 1999
complexes that maintain them in close proximity to the receptor
Inducing IRS protein degradation Pederson et al, 2001
Turning IRS proteins into inhibitors of the insulin receptor Hotamisligil et al, 1996a
kinase activity
Hindering tyrosine phosphorylation sites of IRS proteins Mothe & Van

Obberghen, 1996

Prolonged stimulation of cells with insulin induces Ser phosphorylation at Ser307, 

Ser612 and Ser632, suggesting that it could be a negative-feedback mechanism that uncouples 

the lRS-1 proteins from their upstream and downsteam effectors, thereby blocking insulin 

signal transduction under physiological conditions (Zick, 2001). Interestingly inducers of 

insulin resistance including the pro-inflammatory cytokine, TNFa, NEFA and oxidative stress 

induces phosphorylation of these same residues, thereby taking advantage of the negative- 

feedback control system. Consequently IRS-1 function is inhibited and the insulin signal 

terminated (Fig. 1.9) (Zick, 2005). Some of these effects may be mediated by activating the 

same Ser/Thr kinases as insulin, including PKC^, c-Jun N-terminal j-kinase (JNK) and 

inhibitor of kB kinase (IKKP). However the question remains whether insulin, TNFa and 

NEFA activate these kinases along the same or alternate pathways (Zick, 2004).
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Fig. 1.9: Ser/Thr-phosphoryled IRS-1 proteins as modulators of insulin action and 
insulin resistance (Zick, 2001).

FFA, non-esterified fatty acids; IKK, inhibitor o f  kB kinase; IRS, insulin receptor substrate; JNK, c-Jun 
N-terminal j-kinase; MAPK, mitogen-activated protein kinase; mTOR, mammalian target o f  rapamycin; 
PDK, phosphoinositide-dependent kinase; PKB, protein kinase B; PKC, protein kinase C; PI3K, 
phosphoinositide 3-kinase; pS, Serine/Thr phosphorylated; pY, tyrosine phosphorylated; TNF, tumour 
necrosis factor a.

The best characterised of the serine phosphorylation sites of IRS-1 is Ser307, 

equivalent to Ser312 in humans. Phosphorylation at Ser307 disrupts the interaction between 

the insulin receptor and the PTB domain of IRS-1 (Aguirre et al, 2000). The importance of 

this site emerged from studies in JNK deficient mice which exhibited enhanced insulin- 

stimulated IRS-1 tyrosine phosphorylation and diminished Ser307 phosphorylation following 

treatment with TNFa (Hirosumi et al, 2002). In addition when fed a high fat diet, mice 

showed a partial improvement in glucose tolerance in comparison with wild type mice 

(Hirosumi et al, 2002). IKKp have also been shown to phosphorylate this site in response to 

TNFa. Recently the beneficial effects of salicyclates on glucose tolerance has been shown to 

be mediated, at least in part, through attenuation of Ser307 phosphorylation via reduced IKKp 

expression and/or activation (Yuan et al, 2001). Conversely it is thought that elevated NEFA 

concentrations may exert part of their negative effect through enhanced Ser307 

phosphorylation, following activation of IKKp by PKC (Le Marchand-Brustel et al, 2003). 

Chronic hyperinsulinaemia promotes Ser307 phosphorylation in a PI-3 kinase/mammalian 

target of rapamycin (mTOR)-dependent manner (Greene et al, 2003). Additionally 

phosphorylation of this residue also occurs following relatively short-term insulin treatment in
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healthy individuals, most likely contributing to attenuation of the insulin signal, highlighting 

the feedback control mechanism of insulin (Greene et al, 2003). A mutation of Ser307 to Ala 

provided partial protection against IRS-1 degradation during chronic insulin treatment, 

suggesting that phosphorylation at this site may also serve to target IRS-1 for proteasomal 

degradation (Greene et al, 2003).

Other residues of IRS-1 which undergo serine phosphorylation are highlighted in 

Fig. 1.10.
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Fig. 1.10: Potential pathways and consequences of IRS-1 serine phosphorylation
(Adapted from Schmitz-PeiflFer et al, 2003; Le Marchand-Brustel et al, 2003).

IKK, inhibitor o f  kB kinase; IR, insulin receptor; IRS, insulin receptor substrate; JNK, c-Jun N -term inal j-  
kinase; M APK, m itogen-activated protein kinase; mTOR, mam m alian target o f  rapam ycin; PH; pleckstrin 
hom ology; PKB, protein kinase B; PKC, protein kinase C; PI3K, phosphoinositide 3-kinase; Ser, Serine/Thr 
phosphorylion; PTB, phosphotyrosine binding dom ain; TNF, tum our necrosis factor a .

(iii) Location of IRS-1

Translocation of IRS-1 may represent another potential mechanism of how the insulin signal 

may be attenuated in white adipose tissue. Increased interaction of IRS-1 with 14-3-3, a 

phosphoserine binding protein, triggers the translocation of IRS-1 into the cytosol. As 

previously mentioned, the HSP fraction represents the “active” pool of IRS-1 (Nave et al, 

1996). Additionally it has been suggested that once in the cytosol, IRS-1 is targeted for 

ubiquitination and subsequent degradation by the proteasome (Zhande et al, 2002).

52



Chapter I: Introduction

(iv) Lipid phosphatases

Insulin action can also be temporally controlled by lipid phosphatases that dephosphorylate 

Ptdlns(3,4,5)P3- Overexpression of either the SH2 domain-containing inositol-5-phosphatase 

(SHIP)-2 or PtdIns(3c)phosphate phosphatase and tesnin homolog gene (PTEN) attenuates 

insulin stimulation of Glut4 translocation, by reducing PtdIns(3,4,5)P3 levels, with SHIP2 

converting Ptdlns(3,4,5)P3 to PtdIns(3,4)P2 and PTEN converting it to PtdIns(4,5)P2 (Wada et 

al, 2001; Nakashima et al, 2000). Conversely disruption of SHIP2 genes yields mice with 

increased insulin sensitivity (Clement et al, 2001). In addition, 50% depletion of PTEN 

expression by RNAi-based gene silencing caused a 2-4 fold increase in glucose transport 

(Zhou et al, 2004).

(v) Suppressors of cytokine signalling

The SOCS proteins have also been implicated in down-regulating the insulin signal (Emanuelli 

et al, 2000). The SOCS proteins compete for crucial receptor binding sites e.g. SOCS-3 has 

been shown to bind to the Y960 residue of the insulin receptor, an important docking site for 

IRS-1. This association with the insulin receptor may inhibit the association between IRS and 

the insulin receptor, thereby reducing the phosphorylation of IRS-1 (Emanuelli et al, 2000). In 

addition SOCS-1 and SOCS-3 have been implicated in promoting the ubiquitination and 

subsequent degradation of IRS-1 by the proteosome (Rui et al, 2002). Cytokines are the 

classical regulators of SOCS proteins, thus illustrating another possible mechanism by which 

these inflammatory agents may contribute to insulin resistance (Mooney et al, 2001; Senn et 

al, 2003).

(vi) Feedback mechanism of insulin

It should be emphasised that some aspects of the signalling pathway are regulated by insulin, 

thereby providing a feedback mechanism. In addition to Ser/Thr phosphorylation of the IRS-1 

proteins, insulin can also up-regulate SOCS-1 and SOCS-3 which also impairs insulin 

signalling and increases the rate of proteosomal degradation of IRS-1 and IRS-2 (Shepherd, 

2005). Chronic insulin treatment promotes the redistribution of IRS-1 from the HSP to the 

cytosol, resulting in a reduction in insulin-stimulated tyrosine phosphorylation of IRS-1, and 

also increased ubiquitination and degradation of IRS-1 (Zhande et al, 2002). Additionally it 

has been postulated that insulin can regulate its own signalling by directly down-regulating 

PTP-IB activity and PTEN activity via stimulation of H2 O2 production, thereby promoting 

insulin signalling via PI 3-kinase (Mahadev et al, 2001).
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1.7.4 Phosphoinositide-3 kinase independent pathway

A second pathway has been identified which regulates insulin-stimulated glucose uptake. 

Evidence of an additional pathway emerged from experiments using a cell-permeable analog 

of PtdIns(3,4,5)P3. In these experiments, addition of the analog had no effect on Glut4 

translocation. However, treatment of adipocytes with wortmannin, insulin and the analog, 

resulted in enhanced glucose uptake. This indicated that there is at least one additional 

pathway which can stimulate Glut4 translocation, independent of PI 3-kinase activation (Jiang 

et al, 1998b). Thus although there is an absolute requirement for PI 3-kinase mediated 

PtdIns(3,4,5)P3 generation in insulin-stimulated glucose uptake, activation of PI 3-kinase alone 

is not sufficient. In addition exercise, hypoxia, and skeletal muscle contraction have all been 

shown to induce Glut4 translocation independently of PI 3-kinase activation (Cortright & 

Dohm, 1997; Lund et al, 1995). This alternative pathway appears to involve tyrosine 

phosphorylation of the Cbl proto-oncogene (Ribon & Saltiel, 1997).

The adaptor protein APS has an SH2 domain that interacts directly with the 

phosphorylated insulin receptor, and subsequently undergoes tyrosine phosphorylation. Upon 

phosphorylation APS recruits Cbl which is then phosphorylated. In most insulin-responsive 

cells Cbl is associated with the adapter protein, Cbl-associated protein (CAP) which binds to 

proline rich sequences in Cbl through its carboxyl-terminal SH3 domain (Ribon et al, 1998a). 

CAP also interacts with APS through its N- and C-terminal SH3 domains. Upon 

phosphorylation the Cbl-CAP complex translocates to lipid raft domains in the plasma 

membrane, mediated by the interaction of the sorbin homology (SoHo) domain of CAP with 

the protein flotillin (Baumann et al, 2000). An adapter protein Crkll is recruited to the lipid 

raft via interaction of the SH2 domain of Crkll with phospho-Cbl. Crkll also forms a 

constitutive complex with the guanyl nucleotide-exchange protein cyanidin 3-glucoside (C3G) 

(Chiang et al, 2001). Once translocated into lipid rafts C3G comes into proximity with the 

G protein TCIO, and catalyses the conversion of guanosine diphosphate (GDP)-bound TCIO to 

its guanosine triphosphate (GTP)-bound state, resulting in the activation of the protein (Chiang 

et al, 2001). TCIO is produced in adipose tissue and muscle, and is acutely activated by 

insulin upon localisation of TCIO to the lipid rafts (Saltiel & Pessin, 2002; Chiang et al, 2001). 

Mis-targeting of TCIO into non-lipid raft regions of the plasma membrane impedes the ability 

of TCIO to modulate insulin stimulated Glut4 translocation (Saltiel & Pessin, 2002). The 

precise effectors acting downstream of TCIO remain unknown (Saltiel & Pessin, 2002). 

However once activated, TCIO seems to provide a second signal to the Glut4 protein which 

functions in parallel with the activation of the PI 3-kinase pathway. This may involve the 

stabilisation of cortical actin, which seems to be important in insulin-stimulated Glut4 

translocation to the plasma membrane and glucose uptake (Saltiel & Kahn, 2001). Support for 

the importance of this pathway is also evident from results showing that the expression of a
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dominant-interfering CAP mutant completely inhibited insulin-stimulated glucose uptake and 

Glut4 translocation. This was due to a marked reduction in the localisation o f tyrosine- 

phosphorylated Cbl in the plasma membrane lipid raft domain (Pessin & Saltiel, 2000). 

Fig. 1.11 illustrates the Pl-3 kinase independent pathway.
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Fig. 1.11: PI-3 kinase independent pathway mediating glucose transport
(Saltiel & Pessin, 2002).

Akt, also known as protein kinase B; APS, adaptor protein with a PH and SH2 domain; CAP, 
Cbl-associated protein; Cbl, Casitas b-lineage lymphoma; Crk, adaptor protein; Glut4, glucose 
transporter 4; GDP, guanosine diphosphate; GTP, guanosine triphosphate; IRS-1, insulin 
receptor substrate-1; PDK, phosphoinositide-dependent kinase; PI3K, phosphoinositide-3 
kinase; P1P3, phosphatidlyinositol (3,4,5)-triphosphate; PKC, atypical protein kinase C; TCIO, 
lipid raft associated protein; Y-P, tyrosine phosphorylated.

1.7.5 Glucose transporter 4

Insulin-stimulated glucose transport is primarily mediated by the facilitative transporter Glut4. 

Glut4 is a member o f a family o f related transporters which have distinct substrate 

specificities, kinetic properties, and tissue distributions that dictate their fiinctional role. Glut4 

is different from the other members in that approximately 90% o f it is sequestered 

intracellularly, and is activated by insulin (Shepherd & Kahn, 1999). All the other members 

actively transport glucose in the absence o f insulin down a glucose-concentration gradient. 

Table 1.10 highlights some o f the characteristics o f the individual members o f the family of 

facilitative glucose transporters.
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Table 1.10: Characteristics of the family of facilitative glucose transporters (Adapted 

from Ducluzeau et al, 2002).

Name Tissue Distribution Functions

Glutl Widely expressed, abundant in red 
blood cells, endothelial cells and 
tissue culture cell lines

Basal glucose uptake in many cells 
including insulin sensitive cells, 
transport in growing cells and across 
blood brain barrier

Glut2 Limited to pancreatic p-cells, 
hepatocytes, intestine, kidney

High Km glucose transporter which 
allows high capacity transport, trans- 
epithelial transport, major transporter 
in pancreatic P-cells and the liver

Glut3 Wide distribution in humans, 
limited to brain in some species

Basal transport, uptake from cerebral 
fluid

Glut4 Largely expressed in insulin- 
responsive tissues, skeletal and 
cardiac muscle and adipose tissue

Insulin-sensitive glucose uptake, vital 
in postprandial glucose disposal

Gluts Primarily intestine, small amounts 
in adipose, muscle, brain, kidney

Absorption of fructose in intestine

Glut? Gluconeogenic tissues, 
hepatocytes

Release of glucose from 
gluconeogenesis from ER lumen

Glut8 Blastocyst, possibly other tissues Insulin-stimulated glucose uptake into 
blastocyst and possible other tissues 
lacking Glut4

GlutXl High in testes, moderate in central 
nervous system, low in insulin 
responsive tissues

? sequestered intracellularly
may play a role in regulatable glucose
uptake

ER, endoplasmic reticulum; Glut, glucose transporter.

In the basal state Glut4 slowly recycles between the plasma membrane and vesicular 

compartments within the cell, where most of the Glut4 resides (Pessin et al, 1999). Insulin 

stimulates the translocation of a pool of Glut4 to the plasma membrane through a process of 

targeted exocytosis. At the same time the rate of internalisation (endocytosis) is slightly 

attenuated. The large increase in exocytosis (10-20 fold increase) coupled with a smaller 

decrease in the rate of plasma membrane internalisation (2-3 fold decrease) results in a 

dramatic accumulation of plasma membrane localised Glut4 protein (Czech, 1995). The rate 

of glucose transport into adipose tissue and muscle cells is primarily governed by the 

concentration of Glut4 at the cell surface, and the time for which the protein is maintained at 

this site (Saltiel & Pessin, 2002).
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Glut4 appears to reside in at least two distinct but inter-related vesicular pools, both in 

terms of protein and sensitivity to insulin stimulation (Ducluzeau et al, 2002). Morphological 

analysis by immunofluorescence and subcellular fractionation, suggests that some Glut4 

vesicles in adipocytes reside in an endosomal pool that is continuously recycling between the 

plasma membrane and the cytosol (Rodnick et al, 1992). In addition Glut4 also resides in a 

compartment termed the “Glut4 storage vesicle”, or GSV, a pool which may be more 

efficiently mobilised following insulin stimulation (Rea & James, 1997). This pool appears to 

lack endosomal markers e.g. vesicle-associated membrane protein (VAMP)-3. The small 

GTP-binding proteins of the Rab family play an important role in endosomal recycling, sorting 

and exocytic movement of Glut4. Rab5 for example, facilitates endocytosis of Glut4. In the 

basal state, Rab5 is activated. However, it is inactivated during the process of insulin- 

stimulated Glut4 translocation, thereby increasing Glut4 expression at the plasma membrane. 

Rab5 becomes reactivated when insulin’s effects dissipate thereby allowing Glut4 endocytosis 

to proceed normally (Elmendorf, 2002).

Insulin-responsive aminopeptidase (IRAP) localises in GIut4 vesicles, and the C- 

terminus of Glut4 and the N-terminus of IRAP contribute to the sequestration of Glut4 (Waters 

et al, 1997). However the cytoplasmic targets of IRAP and Glut4 are unknown. One potential 

site for Glut4 tethering is the actin cytoskeleton, which undergoes considerable rearrangement 

following insulin stimulation, possibly through the activation of proteins known to regulate 

actin polymerisation, such as effectors of the Rho family of small GTPases (Tsakiridis et al, 

1999). The C-terminal of Glut4 can interact with the glycolytic enzyme aldolase. Aldolase 

can also bind to actin, and substrates of aldolase can mediate the dissociation of the Glut4- 

aldolase complex, potentially providing a negative-feedback signal for glucose transport (Kao 

etal, 1999).

Evidence suggests that target (t)-SNARE Syn4, or soluble N-ethylmaleimide-sensitive 

factor attachment protein receptor syntaxin 4, is the membrane target for the Glut4 vesicle. 

Glut4 contains a vesicle (v)-SNARE protein termed VAMP2, or vesicle-associated membrane 

protein 2, which may interact with t-SNARE Syn4 (Fig. 1.12) (Volchuk et al, 1996; Cheatham 

etal, 1996).
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Fig. 1.12: M echanisms involved in the translocation of the Glut4 vesicle (Shepherd & 
Kahn, 1999).

Glut-4, glucose transporter-4; t-SNARE, Target-soluble N-ethylmaleimide-sensitive factor attachment 
protein receptors; v-SNARE, vesicle soluble N-ethylmaleimide-sensitive factor attachment protein 
receptor.

Although these SNARE interactions are essential, neither protein is a direct target of 

insulin. Instead the SNARE accessory proteins soluble A^-ethylmaleimide-sensitive factor 

attachment protein (SNAP)-23, syntaxin 4 interacting protein (Synip) and MunclSc may be 

involved in regulating the docking and fusion o f VAMP2-containing Glut4 vesicles (Rea et al, 

1998; Thurmond et al, 1998; Min et al, 1999). Synip has been shown to interact with Syn4 

under basal conditions and to dissociate from it in response to insulin. Since Synip competes 

for VAMP2 binding, the dissociation o f Synip following insulin stimulation is thought to allow 

VAMP2 to bind Syn4, and might provide a signal for the docking o f the Glut4 vesicle 

(Fig. 1.13) (Watson & Pessin, 2001). MunclSc may mediate its effect in a similar way by 

inhibiting Glut4 vesicle fusion in the basal state, and then undergoing a conformational change 

so that interactions between Syn4 and VAMP2 are facilitated (Watson & Pessin, 2001).
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Fig. 1.13: Proposed model of Glut4 vesicle docking with the plasma membrane (Watson 
& Pessin, 2001).

Glut, glucose transporter; VAMP, vesicle-associated membrane protein; Synip, syntaxin 4 interacting 
protein; SNAP, soluble A^-ethylmaleimide-sensitive factor attachment protein; M unclSc, Mammalian unci8c.

Glut4 mRNA and protein in adipose tissue have been shown to be severely reduced in 

subjects with obesity, IGT or T2DM. In addition the ability of insulin to stimulate GIut4 

translocation is also impaired (Shepherd & Kahn, 1999). Originally this was not considered to 

be physiologically important as skeletal muscle accounts for up to 85% of glucose disposal, 

and adipose tissue accounts for less than 10% of whole-body glucose uptake (DeFronzo et al, 

1981). However tissue specific gene targeting of the Glut4 transporter provided an insight into 

the importance of adipose tissue in whole-body insulin sensitivity. Interestingly adipose tissue 

specific ablation of Glut4 caused a similar degree of insulin resistance as muscle specific Glut4 

ablation. Following adipose tissue specific ablation of Glut4, glucose uptake in skeletal 

muscle was impaired despite preserved Glut4 expression. In addition, insulin-stimulated 

suppression of hepatic glucose production was also impaired. Insulin-stimulated activation of 

PI 3-kinase was impaired in both these tissues, which could contribute to the defective insulin 

responses observed (Abel, 2001; Minokoshi et al, 2003). It was postulated that an adipokine, 

or lack thereof, was a causative factor for the insulin resistance in muscle and liver as basal and 

insulin-stimulated glucose uptake in muscle were normal from these mice ex vivo. Serum 

levels of leptin, adiponectin and TNFa were normal, therefore suggesting that an unidentified 

adipocyte-derived molecule could be mediating the effect (Minokoshi et al, 2003). 

Nevertheless these results highlight the importance of inter-tissue communication in regulating 

glucose homeostasis.
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Insulin sensitivity is determined by the ability of insulin to promote glucose uptake and 

also to utilise glucose effectively. Once transported into the cell glucose is rapidly 

phosphorylated to glucose 6-phosphate by hexokinases. Subsequently there are three major 

pathways governing glucose utilisation:

■ Oxidation to pyruvate, which may undergo further oxidation in the citric acid cycle 

(also called Krebs cycle and the tricarboxylic acid cycle), thereby generating energy. 

This occurs in virtually all living-cells in the body. Non-essential amino acids may be 

generated in the liver following the entry of acetyl Coenzyme A (derived from 

pyruvate) into the citric acid cycle.

■ Storage as the polysaccharide glycogen for rapid utilisation at a later time. This occurs 

predominantly in liver and muscle

■ Conversion to other sugars and other intermediates essential for other biosynthetic 

pathways e.g. generation of glycerol 3-phosphate used in TAG and phospholipid 

synthesis. This is the major cellular fate of glucose in adipose tissue, muscle and liver 

(Bouche et al, 2004)

The proportion of glucose entering into each of the pathways depends on physiological 

conditions. If energy is immediately required, oxidation of glucose provides a source of 

energy. When liver glycogen stores are depleted, most of the glucose carbon taken up by the 

liver is used for glycogen synthesis. Once liver glycogen is replenished, more of the ingested 

glucose and more of the lactate is used for fatty acid synthesis. With increases in the size of 

the glucose load, more glucose is stored as muscle glycogen (Kruszynske, 2003). Pertubations 

in each of the aforementioned pathways occurs in T2DM (Bouche et al, 2004).

1.7.6 EfTect of targeted deletions of components of the insulin signalling pathway

Evidence suggests that there are multiple genes which are associated with an increased risk of 

T2DM and insulin resistance. However in addition, variation due to racial background and 

modulation by environmental factors contribute to the heterogeneity and overall complexity of 

these conditions. Targeted deletions of components of the insulin signalling have yielded 

some insights into the functional relevance of individual components. Table 1.11 provides a 

summary of the phenotypes observed in selected monogenic, polygenic and tissue-specific 

murine knockout models of insulin resistance.
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Table 1.11: Monogenic, polygenic and tissue-specific murine knockout models of insulin 

resistance (Adapted from Saltial «& Kahn, 2001; Mauvais-Jarvis et al, 2002; Nandi et al, 

2004)'.

Gene Phenotype Reference

Monogenic knockout models
Insulin receptor T  Normal intrauterine growth; die of diabetic Accili et al, 1996;

ketoacidosis at 3-7 days Joshi et al, 1996
IRS-1 r Insulin resistance, IGT, growth retardation Araki et al, 1994; 

Tamemoto et al, 1994
IRS-2 r Insulin resistance, decreased P-cell 

development, T2DM
Withers et al, 1998

IRS-3 r Normal growth, NGT Fantin et al, 2000
IRS-4 r Normal growth, NGT Fantin et al, 2000
Akt2 (PKBp) T Insulin resistance in liver and muscle Cho et al, 2001
Giut 4 r Cardiac hypertrophy and/or failure, NGT but 

possible insulin resistance (evident by 
hyperinsulinaemia)

Katz et al, 1995

P85a r Increased insulin sensitivity, hypoglycaemia Terauchi et al, 1999
PTPIB T Increased insulin sensitivity, resistance to diet- 

induced obesity
Elchebly et al, 1999

SHIP2 r Increased insulin sensitivity Clement et al, 2001
Syn4 r Insulin resistance Yang et al, 2001

J NKT Increased insulin sensitivity Hirosumi et al, 2002
IKK6 Y Increased insulin sensitivity Yuan et al, 2001
Polygenic knockout models
IR/IRS-1 Y Severe muscle and liver insulin resistance, 

selective P-cell hyperplasia, development of 
T2DM in 50% of adult mice

Bruning et al, 1997

Tissue specific knockouts - Glut4 T
Adipose tissue IGT, hyperinsulinaemia, secondary insulin 

resistance in muscle and liver
Abel et al, 2001

Skeletal Muscle Reduced basal, insulin and contraction- 
stimulated glucose transport; severe insulin 
resistance; glucose intolerance, T2DM

Zisman et al, 2000

Glut, glucose transporter; IGT, impaired glucose tolerance; IKK, inhibitor of kB kinase; IR, insulin receptor; 
IRS, insulin receptor substrate; JNK, c-Jun N-terminal j-kinase; NGT, normal glucose tolerance; p85a, p85 
regulatory subunit of the phosphoinositide-3 kinase; PKB, protein kinase B; PTB-IB, protein tyrosine 
phosphatases-IB; SHIP2, SH2 domain-containing inositol-5-phosphatase-2; Syn4, syntaxin 4.

All knockout were generated in murine models.

To finalise Pessin & Saltiel (2000) observe that it is possible that there may be no 

single defect that underlies peripheral insulin resistance. They consider two options. Firstly 

that insulin resistance is a complex phenomenon in which several genetic defects combine with 

environmental stresses, such as obesity or infections, to generate the phenotype. Alternatively 

it is possible that there are no molecular defects in any signalling or effector system, but that
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several key molecules function at the lower range of normal. In combination these contribute 

to reduced signal transduction, which is insufficient to generate the full response to glucose 

(Pessin et al, 1999).

1.8 TRANSCRIPTION FACTORS AND INSULIN SENSITIVITY

Regulation of metabolic pathways involves the rapid modulation of the activity of specific 

proteins including enzymes and transporters but also, on a longer-term basis, changes in the 

quantity of the protein. This can be achieved by modulating their transcription rate through the 

action of specific transcription factors (Ferre, 2004). Peroxisome proliferator-activated 

receptor (PPAR), liver X receptor (LXR), sterol regulatory element binding protein (SREPB) 

and nuclear Factor kB (NF-kB) are all transcription factors which are involved in the 

regulation of glucose homeostasis either through direct and indirect mechanisms. Each will be 

discussed in turn below. Nuclear receptors are one of the largest groups of transcription 

factors (Francis et al, 2003).

1.8.1 Peroxisome proliferator-activated receptor

Peroxisome proliferator-activated receptor (PPAR) is a ligand-activated transcription factor 

and member of the nuclear receptor superfamily (Chinetti et al, 2003). Once bound to a 

ligand, the PPAR-ligand complex forms a heterodimer with another nuclear hormone receptor, 

retinoid X receptor (RXR), which is bound to its’ ligand, 9-cis-retinoic acid. The PPAR-RXR 

heterodimer binds to a specific DNA response elements known as PPAR response elements or 

PPRE. PPAR-RXR can modulates the transcription of target genes either through direct 

promoter-binding and transcriptional modulation, termed “transactivation”. Alternatively 

PPAR-RXR can modulate the transcription of target genes by indirect interference with other 

transcription factor pathways, leading in most cases to transcription inhibition, termed 

“transrepression” (Sewter & Vial-Puig, 2002; Chinetti et al, 2003).

Three subtypes of PPAR have been identified in amphibians, rodents, fish and humans, 

termed PPARa, PPARp (or PPAR5 in mice) and PPARy. Each receptor subtype displays 

distinct patterns of expression and overlapping but distinct biological activities (Li & Glass, 

2004). PPARa is predominantly expressed in liver, kidney, and the heart and activation o f this 

isoform induces the expression of the fatty acid transporters and enzymes including LPL, fatty 

acid acetyl-CoA synthase, acyl-CoA oxidase, and carnitine palmitolytransferase I, which 

contribute to fatty acid catabolism (Moller & Berger, 2003). PPARa is also involved in the 

regulation of oxidation. Activation of PPARa results in a decrease in serum TAG levels and 

an increase in HDL-cholesterol concentrations (Choi et al, 2004). Insulin sensitising effects 

have also been observed with PPARa ligands, most likely due to a decrease in hepatic and/or
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muscle lipid content (Moller & Berger, 2003). PPARp is expressed ubiquitously and is 

thought to modulate skin biology, lipid metabolism and energy homeostasis. The role it plays 

in atherosclerosis is unclear at present (Li & Glass, 2004). The PPARy gene gives rise to three 

isoforms, PPARyl, PPARy2 and PPARy3. Proteins produced from PPARy 1 and PPARy3 

mRNAs are identical, whereas the PPARy2 protein contains an additional 30 amino acids at 

the NH2-terminus (Kintscher & Law, 2005). Both PPARy isoforms are most highly expressed 

in adipose tissue, with PPARy2 expression specific to this tissue (Moller and Berger, 2003). 

PPARy 1 is also detectable in other insulin target tissues including the liver and heart (Smith, 

2003). PPARy is the master regulator of adipogenesis (Kintscher & Law, 2005). The 

expression of both PPARy 1 and PPARy2 are induced upon differentiation, with a marked 

induction of PPARy2 (Chawla et al, 1994). The ligand-dependent activation domain of 

PPARy2 has been reported to be 5-10 fold more effective than PPARy 1 (Wang &. Taftiri, 

2003). PPARy2 expression is increased in adipocytes from morbidly obese individuals 

compared with lean individuals, while PPARy 1 expression is similar or slightly decreased 

(Vidal-Puig et al, 1997; Hotta et al, 1998). PPARy2 expression was found to be 20 fold more 

abundant than PPARy 1 mRNA in both omental and subcutaneous fat depots of obese women 

(Giusti et al, 2003). It is thought that increased PPARy mRNA may be a consequence of the 

expansion of fat mass observed in these subjects. The PPARs are activated by natural ligands 

such as fatty acids, eicosanoids and oxidised fatty acids and by pharmacological compounds 

(Chinetti et al, 2003). The fibrates and the TZD’s are synthetic ligands for PPARa and 

PPARy, respectively (Chinetti et al, 2003).

Much attention has focused on the TZD’s as they are high affinity ligands for PPARy 

and markedly improve whole body insulin sensitivity (Sewter & Vidal-Puig, 2002). TZD’s 

differ from other anti-hyperglycaemic medication in that they enhance insulin sensitivity. In 

contrast, sulphonylureas and related insulin secretagogues increase insulin release from the 

pancreatic islets, metformin acts to reduce hepatic glucose production, a-glucosidase inhibitors 

interfers with gut glucose absorption, and insulin itself suppresses glucose production and 

augments glucose utilisation (Moller, 2001). TZD’s directly increase the expression of a 

number proteins involved in the insulin signalling cascade including IRS-2, CAP and Glut4 

(Ribon et al, 1998b; Smith et al, 2001; Young et al, 1995). TZD’s also decrease the 

expression of TNFa and increase the expression of adiponectin (Combs et al, 2002). TZD 

treatment increased insulin-stimulated glucose uptake in L6 myocytes in vitro (Ciaraldi et al, 

1990). Several potential mechanisms have been proposed to explain the insulin sensitising 

effects of the TZD’s:

■ TZD’s are thought to function by sequestering NEFAs from the circulation, thereby 

reducing the deleterious effects of NEFA on muscle, hepatic and pancreatic insulin 

sensitivity.
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■ By promoting adipocyte differentiation they lead to the formation of small insulin- 

sensitive adipocytes (Okuno et al, 1998).

■ TZD treatment has been shown to change body fat distribution from the omental to the 

subcutaneous depot (Sewter & Vidal-Puig, 2002; Adams et al, 1997).

■ In addition, activation of PPARy has been shown to inhibit the production of several 

pro-inflammatory cytokines such as TNFa, IL-ip and IL-6 through inhibition of 

NF-kB activity (i.e. transrepression), thereby offering another potential mechanism for 

the amelioration in insulin sensitivity (Jiang et al, 1998a). However evidence also 

suggests that glitazones and natural PPARy ligands exert anti-inflammatory activities 

in a PPARy-independent manner (Chinetti et al, 2003).

■ TZD’s may also reduce the risk of atherosclerosis by increasing HDL-cholesterol and 

decreasing both intima and media thickness in carotid arteries (Minamikawa et al, 

1998).

In mice PPARy knockout is embryonically lethal due to a defect in placental development 

(Barak et al, 1999). A surprising result was found in heterozygous mice, as they were 

expected to develop insulin resistance and diabetes. However when PPARyV mice were fed a 

normal diet, insulin sensitivity was similar to that of wild-type controls. When mice were fed 

a high-fat diet, wild-type mice developed insulin resistance as was expected. Meanwhile 

PPARyV mice remained insulin sensitive. Therefore it appears that a reduction in PPARy 

expression could protect against insulin resistance (Kubota et al, 1999). It has been suggested 

that the normal role of the endogenous receptor and ligands may be to attenuate insulin action, 

thereby offsetting exaggerated effects of glucose metabolism caused by unrestrained activation 

of the differentiation program induced by PPARy stimulation. Consequently by displacing an 

endogenous ligand an increase in insulin sensitivity ensues (Miles et al, 2000). Alternatively 

in the absence of a ligand, the binding of co-repressor proteins may lead to transcriptional 

repression of key glucoregulatory genes. This may lead to a reduction in insulin action with 

insulin sensitivity being restored by genetically reducing the level of PPARy or reversing the 

repression with a partially agonistic TZD (Miles et al, 2000; Sewter & Vidal-Puig, 2002). 

Nonetheless, activation of PPARy is associated with an improvement in insulin sensitivity as 

mentioned above.

1.8.2 Liver X receptor

LXRa and LXRp form obligate heterodimers with RXR and control transcription by binding to 

a direct repeat type 4 LXR response element located in the promoter of their target genes 

(Willy et al, 1995; Willy & Mangelsdorf, 1997). LXRp is ubiquitously expressed, whereas the 

expression of LXRa is predominantly restricted to liver, skeletal muscle, adipose tissue, kidney
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and the small intestine (Dalen et al, 2003). Naturally occurring oxysterols, mainly derivatives 

of cholesterol, function as high affinity ligands for LXRs (Janowski et al, 1996; Lehmann et 

al, 1997). LXR regulates the expression of a number of proteins involved in cholesterol and 

fatty acid metabolism including SREBP, FAS, LPL, CETP and phospholipid transfer protein 

(DeBose-Boyd et al, 2001; Joseph et al, 2002; Schultz et al, 2000). In macrophage and other 

peripheral cells, LXRs have been implicated in reverse transport by regulating genes involved 

in cellular cholesterol efflux including ABCAl, ABCGl and apolipoprotein E (Chawla et al, 

2001; Laffitte et al, 2001).

Recent evidence supports a role for LXR in regulating glucose homeostasis. Laffitte et 

al (2003) reported that activation of LXR in the liver led to the suppression of the 

gluconeogenic programme including down-regulation of peroxisome proliferator-activated 

receptor y coactivator-la, PEPCK and G6Pase. Inhibition of gluconeogenic genes was 

accompanied by an induction in expression of glucokinase, which promotes hepatic glucose 

utilisation. In adipose tissue, activation of LXR resulted in the transcriptional induction of 

Glut 4. Therefore activation of LXR limits hepatic glucose output and improves peripheral 

glucose uptake (Laffitte et al, 2003). In addition LXR agonists have been shown to inhibit the 

expression of key enzymes involved in glycolysis in WAT (Steffensen & Gustafsson, 2004). 

Dalen et al (2003) demonstrated that adipose tissue expression of Glut4 is directly regulated by 

both LXRa and LXRp upon ligand stimulation, but that basal expression of Glut4 is 

selectively dependent on the LXRa isoform. LXRa is down-regulated in obesity and diabetes, 

and therefore has been advocated as a novel antidiabetic drug (Garvey et al, 1991; Garvey et 

al, 1992; Dalen et al, 2003). However selective LXRa agonists will be required as 

administration of current LXR agonists increase plasma and liver TAG levels (Schultz et al, 

2000; Cao et al, 2003). Nutritional conditions do not markedly change the expression of 

hepatic LXRa (Yoshikawa et al, 2001).

1.8.3 Sterol regulatory element binding protein

SREBPs are membrane-bound transcription factors that belong to the basic helix-loop-helix 

leucine zipper family (Brown & Goldstein, 1997). There are three forms of SREBP, 

SREBP-1 a, SREBP-Ic and SREBP-2 (Yoshikawa et al, 2003). SREBP-2 regulates genes 

encoding proteins involved in cholesterol metabolism. SREPB-1 exists in two forms, -la  and - 

Ic, which are derived from the same gene through the use of alternate transcription promoters, 

resulting in different forms of exon 1 (Shimomura et al, 1997). SREBP-la is the dominant 

form in cell lines and regulates genes encoding proteins involved in both lipogenesis and 

cholesterogenesis. SREBP-Ic constitutes 90% of the SREBP-1 found in vivo and is a 

determinant of lipogenic gene transcription (Osborne, 2000; Brown & Goldstein, 1997). 

Recent in vivo studies have demonstrated that SREBP-Ic plays a crucial role in the dietary
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regulation of the majority of lipogenic genes (Yoshikawa et al, 2003). SREBP-1 is 

synthesised as a 125kDa precursor protein which is anchored in the endoplasmic reticulum 

membrane. Proteolytic release of the 68kDa mature SREBP-1 occurs in the Golgi system, and 

movement of SREBP-1 from the endoplasmic reticulum to the Golgi requires the trafficking 

protein SREPB cleavage-activating protein. Once released, mature SREPB-1 translocates to 

the nucleus where it binds to the enhancer promoter region of target genes (Osborne, 2000; 

Brown & Goldstein, 1997). Over-expression of mature SREBP-1 a in the liver is associate 

with high rates of fatty acid biosynthesis, and ablation of the SREBP-1 gene results in low 

expression of lipogenic genes (Osborne, 2000; Brown & Goldstein, 1997). Shimomura et al 

(2000) showed that insulin promotes hepatic lipogenesis via SREBP-1 c. Hepatic SREBP-1 c is 

nutritionally regulated, such that levels are induced by feeding and suppressed by fasting 

(Yoshikawa et al, 2003). Polyunsaturated fatty acids (PUFA) have been shown to inhibit the 

lipogenic pathway by competitive inhibition with physiological LXR agonists (oxysterols) for 

LXR ligand binding domain. This reduces SREBP-1 c induction by LXR’s which is a crucial 

step in lipogenesis (Clement et al, 2002). Diets rich in linoleic acid (18:2n-6) or 

eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3) were found 

to reduce both the hepatic nuclear and precursor content of mature SREBP-1. Hepatic nuclear 

SREBP-1 was reduced by 65% by linoleic acid and by 95% by EPA/DHA. Mature SREBP-1 

was reduced by 60% by linoleic acid and by 75% by EPA/DHA (Xu et al, 1999). Unlike 

PUFA saturated and monounsaturated fatty acids had no effect on the nuclear content or 

precursor content of SREBP-1 or on lipogenic gene expression (Xu et al, 1999; Worgall et al, 

1998; Osborne, 2000; Brown & Goldstein, 1997).

1.8.4 Nuclear Factor-icB

NK-kB is a heterodimeric transcription factor that plays a key role in inflammatory and 

immune responses (Karin & Delhase, 2000). In non-stimulated cells NF-kB is maintained in 

an inactive form in the cytoplasm through interaction with inhibitory proteins of NF-kB (IkBs) 

(Schmitz et al, 2001). In response to cell stimulation by pro-inflammatory cytokines including 

IL-1 and TNFa, physical and chemical stresses, viruses or bacteria, the IkB kinase (IKK) 

complex, comprising IKKa, IKKp, IKKy/NFkB essential modulator, is rapidly activated and 

phosphorylates two critical serine residues in the N-terminal regulatory domain of the IkBs 

(Karin «& Delhase, 2000; Schmitz et al, 2001). This promotes the release of the NF-kB dimer 

and IkBs are targeted for ubiquitination and proteolytic degradation (Schmitz et al, 2001). 

Released NF-kB then translocates to the nucleus, binds to its cognate DNA element and 

activates transcription of numerous target genes encoding proteins involved with immune or 

inflammatatory responses (Schmitz et al, 2001; Baldwin, 1996). These include IL-2, lL-6, 

IL-8, ICAM, VCAM and E-selectin (Baldwin, 1996). Many of these protein are elevated in
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obesity and insulin resistance, as discussed earlier. The DNA-binding form o f  NF-kB is 

dimeric, with the p50-p65 heterodimer the most frequently observed form (Schmitz et al, 

2001). In addition to regulation at the level o f  IkB, modulatory phosphorylations o f  the DNA- 

binding subunits can control several functions o f  NF-kB including DNA-binding and 

transactivation properties, as well as interactions between the transcription factor and 

regulatory proteins (Schmitz et al, 2001).

In vivo salicylate treatment, a known inhibitor o f  IKK-P, prevented fat-induced insulin 

resistance in rats (Kim et al, 2001). In addition, lipid infusion failed to reduce insulin- 

stimulated glucose uptake and IRS-1 activation in skeletal muscle o f  heterozygous IKK-P mice 

(Kim et al, 2001). These studies suggest that attenuation or lack o f  key inflammatory 

components may offer substantial protection from obesity induced insulin resistance. Ruan et 

al (2002a) showed that NF-kB is an obligatory mediator o f  the TNFa induced changes in gene 

expression which could lead to insulin resistance in 3T3-L1 adipocytes. Therefore 

components o f  the NF-kB system are potential targets for pharmaceutical interventions aimed 

at ameliorating obesity induced insulin resistance

1.9 NUTRITION AND INSULIN SENSITIVITY

In view o f  the significant health and socio-economic burdens associated with T2DM and the 

metabolic syndrome, there a need to identify effective dietary strategies which are capable o f  

attenuating the impact o f  T2DM either by reducing risk o f  the disease, or minimising it’s 

complications. Dietary manipulation has yielded positive results. Intensive lifestyle changes 

significantly improve insulin sensitivity. McAuley et al (2002) reported a 23% increase in 

insulin sensitivity following a 4 month diet and exercise intervention programe in 

normoglycaemic insulin-resistant individuals [Dietary intervention comprised <26% o f  total 

energy from fat, <6% energy from saturated fatty acids (SFA), 13% energy from 

monounsaturated fatty acids (MUFA), 7% energy from PUFA, 55% energy from carbohydrate 

and 18% energy from protein, cholesterol target <140mg/day and dietary fibre >35g/day; 

Exercise intervention comprised 5 training sessions per week for at least 20 min each at an 

intensity o f  80-90% o f  age-predicted maximum heart rate]. As little as 5% weight loss has 

been shown to significantly improve insulin action, decrease fasting blood glucose 

concentrations, decrease blood pressure, improve serum lipid concentrations, and reduce the 

need for diabetes medication (Klein et al, 2004). Data from the Diabetes Prevention Program 

indicated that lifestyle changes were nearly twice as effective as the pharaceutical agent 

metformin in the prevention o f  T2DM in subjects with IGT. Lifestyle changes resulted in a 

58% reduction in the incidence o f  T2DM, compared to a 31% reduction following treatment
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with metformin (Knowler et al, 2002). However despite the benefits associated with reducing 

adiposity, the ability to maintain this weight loss has had little success, with reports indicating 

that less than 10% of subjects are able to maintain the weight loss (Gamer, 1991; Goodrick & 

Foreyt, 1991).

Insulin sensitivity may also be influenced by diet composition. Altering the quality of 

fat or carbohydrate in the diet offers potential ways of modulating insulin sensitivity. The 

source and quality of dietary carbohydrates differentially influence insulin action such that 

higher intakes of whole-grain foods, dietary fibre, cereal and fruit fibre, and diets with a lower 

glycaemic index are associated with higher insulin sensitivity (McKeown et al, 2004). 

Altering the quality of fat in the diet may offer another potential route for improving insulin 

sensitivity through dietary therapy. This is the focus of the current post-graduate doctorate.

1.9.1 Role of fat in modulating insulin sensitivity

Several cross-sectional studies have shown that there is a positive relationship between 

saturated fat intake and hyperinsulinaemia, independent of body fat (Maron et al, 1991; Parker 

et al, 1993; Mayer et al, 1993; Feskens et al, 1994; Marshall et al, 1997). The KANWU study 

showed that at a total fat intake of <37%, isoenergetic substitution of MUFA for SFA 

improved insulin sensitivity (Vessby et al, 2001). A reduction of 12.5% in insulin sensitivity 

was observed following the high SFA diet, while insulin sensitivity increased by 8.8% 

following the high MUFA diet. In individuals with a fat intake >37%, this beneficial effect 

was not observed. Similarly Perez-Jimenez et al (2001) reported that isoenergetic substitution 

of MUFA or carbohydrates for SFA markedly improved insulin sensitivity in healthy young 

subjects. In contrast Lovejoy et al (2002) failed to see any major effect on insulin sensitivity 

when they compared MUFA, SFA and trans-fatty acid diets in healthy men and women. 

However this may be due to the small number of subjects recmited (n=25). Closer analysis 

indicated that insulin sensitivity was 24% lower in overweight individuals (BMl 25-30kg/m^) 

following the SFA diet compared to the MUFA diet. These diets were quite low in fat, 

comprising 28% total energy, which may suggest that the effects of altering dietary fat 

composition may be more easily detected without the background of a low-fat diet (Roche, 

2005).

Stefan et al (2001) showed the benefit of PUFA in an acute study in which NEFA with 

two different compositions were infused in healthy humans. Results indicated a significant 

decrease in insulin sensitivity after both infusions, as expected. However the infiision of 

NEFA with a low level of PUFA lowered insulin sensitivity approximately twice as much as 

the NEFA infusion with a high level of PUFA.

Prospective cohort studies suggest that in an elderly population, the habitual 

consumption of small amounts of fish may protect against the development of IGT and T2DM
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(Feskens et al, 1991). Animal studies have demonstrated protective effects of long-chain n-3 

PUFA, EPA (20:5n-3) and DHA (22:6n-3) on insulin sensitivity. Rats fed a high fat diet 

developed insulin resistance, while rats fed a high-fat diet which was also high in n-3 PUFA 

remained insulin sensitive. Marked effects were observed in both the liver and skeletal muscle 

(Storlien et al, 1987). In addition, Aguilera et al (2004) reported improvements in plasma 

insulin concentrations following 6 wk fish oil administration in a rat model of the metabolic 

syndrome. However human studies have provided mixed results. Both Fasching e/ a/ (1991) 

and Popp-Snijders et al (1987) reported improvements in insulin sensitivity following fish oil 

supplementation in subjects with IGT and T2DM respectively. However Brady et al (2004) 

failed to show an improvement in insulin sensitivity following fish oil supplementation in 

Indian Asian men with a background of a high dietary intake of n-6 PUFA, despite observing 

improvements in fasting and postprandial plasma TAG concentrations. In addition the 

inclusion of n-3 PUFA to either the high MUFA diet or the high SFA diet had no effect on 

insulin sensitivity in the KANWU study. Similarly insulin-mediated glucose utilisation was 

unchanged following 6 month fish oil supplementation in subjects with T2DM (Rivellese et al, 

1996).

In summary, both observational and intervention studies underlie the importance of the 

quality o f fat in the diet. However using this strategy to improve insulin sensitivity is hindered 

in view of the poor success in individuals and populations reaching nutritional targets e.g. 

reducing saturated fat to 10% total calories, and with the ever-increasing availability of snack- 

type foods on supermarket shelves. Unequivocal evidence of the benefits of long chain n-3 

PUFA remains to be established. However using natural food constituents with bioactive 

properties, with a view to forming functional foods, may represent an effective strategy to 

attenuate the clinical consequences of insulin resistance.

1.9.2 Conjugated linoleic acid

Conjugated dieonic derivatives of linoleic acid are a mixture of geometric and positional 

isomers of linoleic acid (18:2n-6) (Pariza et al, 2000). Conjugated linoleic acid (CLA) isomers 

differ from linoleic acid, in that the double bonds of CLA are separated by a single carbon- 

carbon bond, and not by a methylene group (MacDonald et al, 2000; Roche et al, 2001). 

Structurally the double bonds may be present on carbons 7 and 9, 8 and 10, 9 and 11,10 and 

12, 11 and 13, in either a cis or trans configurations (Moya-Camarena &. Belury, 1999). CLA 

is a natural food component found in the lipid fraction of ruminant meat, milk and other dairy 

products (Roche et al, 2001). Cis-9, trans-W CLA (c9, tll-CLA  or rumenic acid) is the 

predominant dietary isoform, followed by trans-1, cis-9 CLA, cis- \ 1, trans-X'i CLA and cw-8, 

transAO CLA and tram-XQ, cis-\2 CLA (tlO, cl2-CLA) (Belury, 2002: Griinari et al, 1998; 

Kramer et al, 1998; Corl et al, 2002). c9, tl 1-CLA and tlO, cl2-CLA are thought to have most
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biological activity, and most research has investigated these two isoforms. Fig. 1.14 illustrates 

the structural differences of the two isoforms compared to linoleic acid.

OOH
cis-9, trans-11 

CLA

COOH

trans-10, cis-12 
CLA

OOH
Linoleic

Acid

Fig. L14: Structure of cis-9, trans-11 CLA and trans-10, cis-12 CLA and linoleic acid

(Belury, 2002)

Dietary intakes of CLA are estimated to be in the range of 15 to 430mg/day, with c9, tl 1-CLA 

contributing approximately 85-95% total CLA content (Ens et al, 2001; Ritzenthaler et al, 

2001). Dietary sources of CLA are listed in Table 1.12.
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Table 1.12: CLA content of various foods (Data from Chin et al, 1992; Evans et al, 2002a).

Food Source g/lOOg fat Food Source g/lOOg fat

Dairy Products Meat/Poultry/Fish
Whole Milk 0.55 Lamb 0.58
Low fat milk 0.41 Fresh Ground Beef 0.43
Condensed Milk 0.70 Veal 0.27
Cultured buttermilk 0.54 Fresh Ground Turkey 0.26

Chicken 0.09
Butter 0.47 Pork 0.06

Egg Yolk 0.06
Plain Yoghurt 0.48 Salmon 0.03
Low-fat yoghurt 0.44
Custard style yoghurt 0.48 Vegetable Oils
Frozen yoghurt 0.28 Safflower Oil 0.07

Sunflower Oil 0.04
Cheddar Cheese 0.41 Peanut 0.02
Processed Cheese 0.50 Olive 0.00
Ricotta 0.56
Mozarella 0.49
Cottage 0.45
Parmesan 0.30

Ice-cream 0.36
Sour cream 0.46

Initially it was thought that c9, tll-CLA  was primarily produced during microbial 

biohydrogenation of linoleic and linolenic acids by Butyrovibrio fibrisolvens in the rumen of 

cattle and other ruminant animals (Kepler et al, 1966). However Griinari and Bauman (1999) 

reported that approximately 70% of c9, tll-CLA  in milk fat is derived from endogenous 

synthesis in the mammary gland by the action of A9 desaturase on vaccenic acid or trans-X 1 

octadecenoic acid. Vaccenic acid itself is formed by rumen metabolism of c9, tl 1-CLA, which 

then passes from the rumen to the mammary gland. The amount of CLA present in food is 

influenced by rumen microbial population, frequency of lactation, feeding regimens, animal 

breed and the season (Sebedio et al, 1999; MacDonald, 2000). CLA levels are higher in milk 

from cows fed on pasture in the summer than cows fed concentrate diets (MacDonald, 2000). 

Aged cheeses have lower amounts of CLA, while high temperatures, the addition of iron, whey 

powder or non-fat dry milk result in higher concentrations of CLA in processed cheeses 

(MacDonald, 2000). CLA in foodstuffs is stable, and is not destroyed by cooking or storage 

(Shantha et al, 1994). Herbel et al (1998) found that feeding 16g/day linoleic acid for 6 wk 

did not increase plasma CLA concentrations, despite the presence of Butyrivbrio fibrisolvens 

in the digestive tract of man. More recently however, several strains of bifidobacterium, found 

in either adult or infant intestine, have been shown to produce CLA and in particular the
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c9, til-CLA  isoform from free linoleic acid ex vivo. This may offer novel opportunities for 

producing health-promoting functional foods, with the benefits of enriched CLA and probiotic 

bacteria (Coakley et al, 2003). CLA may be biosynthesised in man by the conversion of trans 

fatty acids into CLA (Salminen et al, 1998; Adlof et al, 2000). However, it appears that in 

man the predominant source of CLA is through dietary intake (Herbel et al, 1998; Roche et al, 

2001).

Industrially CLA is produced via alkaline-catalysed isomerisation of linoleic acid. 

Synthetically prepared oils of CLA are composed of an isomeric composition that differs from 

isomers found naturally in food. Typically industrial production yields a CLA oil of 90% 

purity composed of approx 42% c9, tll-CLA , 43% tlO, cl2, with minor amounts of other 

CLA isomers (including cis-9, c/5-11 CLA, tram-9, trans-W CLA), 0.5% residual linoleate, 

5.5% oleate and 4% unidentified fatty acid) (Belury, 2002). This is designated a 50:50 

product. However the chemical method of synthesis allows a variety of ratios in the final 

mixture (Wahle et al, 2004). The high cost and/or lack of availability o f highly purified 

isomers or naturally extracted CLA oil, initially limited the investigation of the specific effects 

of different isomers. Consequently the majority of physiologically effects of CLA determined 

to date are due to synthetic mixtures of CLA isomers (Belury, 2002).

The CLA isomers in commercial products additionally differ from dietary sources of 

CLA, as they are usually present as free fatty acids whereas dietary sources of CLA isomers 

are largely in the form of triglycerides (Taylor & Zahradka, 2004). Ip et al (1995) 

demonstrated that the major outcomes for mammary gland morphogenesis and cancer risk 

were similar in rats fed CLA-enriched butter with CLA in the form of triglycerides compared 

to rats fed a commercial mixture of CLA isomers as free fatty acids. However Rahman et al 

(2001) reported elevated plasma glucose concentrations in male OLETF rats following feeding 

1% CLA in the form of FFA, whereas plasma glucose concentrations were comparable with 

the control group when CLA was provided as triglycerides. In theory providing fatty acids in 

the form of FFA or triglyceride should give similar results. However, potential differences in 

the biological activity of CLA may stem from differences in digestion, absorption and 

transport of CLA isomers present as free fatty acids versus triglyceride (Taylor &. Zahradka, 

2004). The majority of published studies have used CLA in the form of free fatty acid. 

However the provision of CLA in the form of triglyceride may be more acceptable (Sededio et 

al, 1999) in the event of functional foods being produced, as this is the natural form of the fatty 

acid.

c9, tl 1-CLA was found to comprise between 0.12 to 0.5% by weight (mean 0.25% by 

weight) of fatty acids in total serum lipids from fasted adult human blood and approximately 

0.5% by weight of total fatty acids in human adipose tissue (Jiang et al, 1999). 

Supplementation with c9, tll-CLA  or tlO, cl2-CLA increases the incorporation of these
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isomers into human plasma lipids (total lipid fraction, phospholipid fraction, TAG and 

cholesterol ester fraction) and peripheral blood mononuclear cells in a dose-dependent manner 

(Benito et al, 2001: Kelley et al, 2001; Burdge et al, 2004). Similarly serum levels of CLA are 

increased in humans consuming foodstuffs which are rich in CLA (Britton et al, 1992; Huang 

et al, 1994). White adipose tissue levels of c9, tl 1-CLA correlate with milk fat intake (Jiang et 

al, 1999).

Isomers of CLA are readily metabolised in vivo and metabolites of CLA including 

conjugated gamma linoleic acid, conjugated dihomogamma linoleic acid and conjugated 

arachionic acid have been found in plasma, liver, mammary and adipose tissue of rats (Ip et al, 

1997; Banni et al, 2002), and in adipose tissue and sera of humans (Banni et al, 1999; Lucchi 

et al, 2000; Belury, 2002). The physiological roles of such CLA metabolites remains to be 

determined.

Although initially identified as a component in fried ground beef with potential anti- 

carcinogenic properties against chemically induced tumour formation, an array of health 

benefits has subsequently been attributed to CLA. CLA is reported to decrease the initiation, 

promotion and progression of carcinogenesis in both in vitro and in vivo models of skin, 

mammary, forestomach, prostate and colon cancer (Ip et al, 1991; Liew et al, 1995; Belury et 

al, 1996). Anti-diabetic, anti-obesity, anti-atherosclerotic, lipid lowering, immunomoulatory 

and effects on bone formation have also been attributed to CLA (Kelly, 2001; Roche et al, 

2001; Belury, 2002). The effect of CLA on insulin resistance will be discussed in detail.

1.9.3 CLA and insulin resistance

Studies to date have indicated that the effect of CLA on insulin resistance and glucose 

homeostasis is variable and dependent on species and the type of isomer present. These 

studies are decribed below. A summary of the results from the animal feeding studies is 

provided in Table 1.13a and a synopsis of the phenotypes of the animal models is highlighted 

in Table 1.13b.

73



Table 1.13a: Results from animal feeding studies assessing the effect of CLA on indices of insulin sensitivity.

Reference Mode! N um ber 
per G roup

Intervention details Study period 
(d o r  wk)

Glucose
Tolerance

Fasting
Glucose

conc.

Fasting
Insulin
conc.

Houseknecht et al, 
1998

6 wk old male Zucker 
Diabetic Fatty rats

8 5% com oil + 1.5% CLA (50:50 blend)
5% com oil + 1.5% lard + 0.2% troglitazone

14 d T
T

i
i

i
U

Stangl et al, 1999 Male pigs 8 1% CLA per weight diet
(34.6% c9, tl  1-CLA, 18.4% tlO, cl2-CLA, 5.4% t9, 
tll-C L A ,2 .1 % c9 , c ll-C L A )

6 wk NA

DeLany et al, 
1999

6 wk old male AKR/J 
mice

12 High-fat diet (45% energy) 
0.25% CLA (50:50 product) 
0.5% CLA (50:50 product) 
0.75% CLA (50:50 product) 
1% CLA (50:50 product)

39 d NA
NA
NA
NA

t
i

l
l

TNS
TNS
TNS

T
Tsuboyama- 
Kasaoka et al, 
2000

8wk old female 
C57BL/6J mice

4-5 Low-fat diet (11% energy) 
1% CLA (50:50 product) 17 wk T

West et al, 2000 4 wk old male AKR/J 
mice

8 High fat diet (45% energy) 
1% CLA (50 :50 blend) 5 wk NA TNS

Ryder et al, 2001 6 week old male Zucker 
Diabetic Fatty rats

8 for Ctrl 
16 for 
CLA

High-fat diet (40% energy)
1.5% CLA (50:50 isomer blend)
1.5% CLA (90% c9, tl 1-CLA, 0.8% tlO, cl2-CLA)- 
from butter fat

14d t i i

Rahman et al, 
2001

4 wk old male OLETF 
rats

5-6 5.5% safflower oil + 1.0% CLA as triglyceride 
5.5% safflower oil + 1.0% CLA as free fatty acids 
(CLA 50:50 blend in both)

4 wk NA
NA t

Roche et al, 2002' 6 wk old male ob/ob mice 8 High fat diet (30% energy)
c9, tlO-CLA [0.43% CLA (82.3% c9, 15.6% tlO)]
tlO, C12-CLA [0.47% CLA (77.5% tlO, 17.4% c9)]

4 wk NA*
NA'

t N S '
T'

TNS'
T'

Hamura et al, 
2002

7 wk old Diabetic
C57BLKS-lepr“'’/lepr‘‘'’
mice

Not
provided

Medium fat diet
1.2% CLA as triglyceride (33.7% cis, trans/trans cis-9, 
11; 35.2% trans, cis-10, 12, 2.8% other isomers)

5 wk 
11 wk

T
T

t
i

50:50 isomer blend indicates equal quantities o f c9, tl  1-CLA and tlO, cl2-CLA
J, = decrease compared to placebo; t  = increase compared to placebo; J.NS = decreased but not statistically significant compared to placebo; t  NS = increased but not statistically 
significant compared to placebo; <-» = no statistically significant change; NA = not measured 
' non-fasting samples.



Table 1.13a (contd.): Results from animal feeding studies assessing the effect of CLA on indices of insulin sensitivity.

Reference Model Number 
per Group

Intervention details Study period 
(d or wk)

Glucose
Tolerance

Fasting
Glucose

conc.

Fasting
Insulin
conc.

Clement et al. Female C57BL/J mice 8 2.4% energy form sunflower oil
2002 0.4% c9, tl 1-CLA (92% purity) 4 wk NA

0.4% tlO, C12-CLA (96% purity) NA T
Henriksen et al. 8-9 wk female obese 5 1.5g total CLA/kg body weight
2003 Zucker rats 50:50 blend 21 d T i

c9, tl 1-CLA (76% purity)
tlO, cl2-CLA (90% purity) T i i

Nagao et al, 2003 6 wk old male ZDF rats 6 5% com oil + 1.0% CLA (50 :50 blend) 8 wk NA i I
Faulconnier et al. 17 wk old male Wistar 6 Sedentary Rats
2004 rats l% c 9 ,tl  1-CLA 6 wk NA

I% tl0 ,cl2-C L A NA
1% c9, tl 1-CLA + 1% tlO, C12-CLA NA 4-+
Trained Rats
1% c9, tl 1-CLA NA
I% tl0 ,cl2-C L A NA 4 n s
1% c9, tl 1-CLA + 1% tlO, C12-CLA NA

Choi et a/,2004 6 wk old male Sprague- 7 High fat diet (45% energy)
Dawley rats l% c 9 ,tl  1-CLA 8 wk NS 4—► i

I% tl0 ,cl2-C L A i  (at 30 min) iN S
1% CLA mix (31.3% c9, tl 1-CLA, 36.6% tlO, cl2- NS jN S
CLA, 17.3% other isomers, 14.8% other fatty acids)

Wargent et al. Female C57BI/6 ob/ob 6 (Fat reported as g CLA/kg diet)
2005 mice CLA Blend (50:50) 25g/kg 2 wk i T t

tlO, cl2-CLA (90% purity) 25g/kg i T T
c9, tl 1-CLA (90% purity) 25g/kg TNS

CLA Blend (50:50) lOg/kg 5 wk i r T
CLA Blend (50:50) 25g/kg [ NS T t
CLA Blend (50:50) lOg/kg 10 wk TNS i
CLA Blend (50:50) 25g/kg t i

50:50 isomer blend indicates equal quantities of c9, tl 1-CLA and tlO, cl2-CLA
I = decrease compared to placebo; t  = increase compared to placebo; jNS = decreased but not statistically significant compared to placebo; |  NS = increased but not statistically 
significant compared to placebo; ■«-► = no statistically significant change; NA = not measured



Table 1.13b: Animal models used in feeding studies assessing the effect of CLA on insulin sensitivity.

Animal Study Model 
was used in

Phenotype o f  animal

Rodent Models
Male Zucker Diabetic Fatty 1,2,3 Spontaneously develop diabetes at 7-12 wk due to P-cell decompensation; the development of
rats hyperglycaemia is secondary to obesity, since food restriction can prevent hyperglycaemia in this model; 

phenotype due to a mutation in the leptin receptor'^’
Female Zucker fa/fa rat model 4

10 1
Hyperlipemic, hypercholesterolemic, hyperinsulinemic, but not hyperglycaemic ’ ’

Male adult Wistar rats 5 Normal rats
Male Sprague-Dawley rats 6 Normal rats, disease resistant species*
Male OLETF rats 7 Displays hyperglycaemia secondary to mild obesity, hyperplastic pancreatic islets and insulin resistance; 

calorie restriction and exercise training are effective in causing weight reduction and in preventing the 
development o f diabetes*'’

Murine Models
Male AKR/J mice 8 ,9 Sensitive to dietary obesity^, moderate hyperglycaemia, diet-induced diabetes'^
Female C57BL/6J 10, 11 Susceptible to diet-induced obesity, diabetes and atherosclerosis if fed a high fat diet. Both CLA studies 

which used this model fed the mice low-fat diets
Male C57BL/6 ob/ob mice 12 Exhibits marked obesity, hyperphagia, transient hyperglycaemia (present at around 1 month o f age and 

subsides by around 4-5 months), hyperinsulinaemia, insulin resistance, pancreatic P-cell hypertrophy and 
hyperplasia due to deficiency o f leptin; hepatic glucose production is excessive; model for obesity, 
insulin resistance and related syndromes'*’

Female C57BL/6 ob/ob mice 13 Similar to male ob/ob mice

'Houseknecht et al, 1998; ^Ryder et al, 2001; ^Nagao et al, 2003; “'Henriksen et al, 2003; ^Faulconnier et al, 2004; *Choi et al, 2004; ’Rahman et al, 2001; *DeLany et al, 1999;
’West et al, 2000; '“Xsuboyama-Kasaoka et al, 2000; "Clement et al, 2002; '^Roche et al, 2002; '^Wargent et al, 2005; '“Sone et al, 2001; ‘̂ The Jackson Laboratory; '^Bray & York, 
1979; ’’Nagao et al, 2003; '*Ryder et al, 2001; ’’Zucker & Zucker, 1962; “̂Zucker & Zucker, 1963; ^'Zucker & Antoniades, 1972; ^^Leiter (1992).



Chapter I: Introduction

(i) Studies using rat models

The anti-diabetic effects of dietary CLA were first examined in studies with the Zucker 

Diabetic Fatty fa/fa (ZDF) rat model of obesity and T2DM. The ZDF rat exhibits an obese and 

hyperglycaemic phenotype at an early age (7-8 wk) due to a mutation in the leptin receptor. 

Feeding 1.5% CLA (50:50 product) to 6 wk old ZDF rats for 14 days normalised impaired 

glucose tolerance and attenuated fasting hyperinsulinaemia and NEFA concentrations in male 

ZDF rats (Houseknecht et al, 1998). Similar results were obtained when these rats were 

treated with troglitazone, a TZD. Although feed intakes were comparable, rats fed the control 

diet or the CLA-enriched diet weighed less than rats treated with TZD.

In a subsequent study it was found that a 1.5% CLA mixture (50:50 product) for 14 

days reduced adiposity, fasting glucose, insulin and NEFA concentrations (Ryder et al, 2001). 

In addition glucose tolerance and insulin sensitivity were improved in skeletal muscle 

following the CLA blend compared with control ZDF rats. The pair-fed rats had a glucose 

tolerance response that was intermediate between the CLA mixture and control groups. 

Therefore the lower body weight of the CLA mixture group contributed in part to their 

improved response. These effects were not observed in rats fed a diet enriched with the 

c9, tl 1-CLA isomer (91% c9, tl 1-CLA derived from butter fat). These results imply that the 

anti-diabetic effects of CLA was mediated by the tlO, cl2-CLA isomer, as no improvement in 

the parameters were observed following the c9, tl 1-CLA enriched diet. A limitation of both 

these studies is that they were of short duration (2 wk) during the growing stage of the rats. 

However Nagao et al (2003) also demonstrated improved insulin and glucose concentrations in 

male ZDF rats following a 50:50 blend of CLA contributing 1% total energy. This study was 

of 8 wk duration.

Further studies also alluded to a beneficial role of feeding the tlO, cl2-CLA isomer to 

rats. Henriksen et al (2003) utilised the female Zucker fa/fa rat model, a model for obesity and 

the early stages of diabetes, whose phenotype also stems from a mutation of the leptin 

receptor. The fa/fa Zucker rat has impaired oral glucose tolerance and is hyperinsulinaemic 

but not hyperglycaemic. A 50:50 blend of CLA isomers, and preparations enriched with either 

c9, tl 1-CLA or tlO, cl2-CLA were fed to female obese Zucker rats for 21 days. Both glucose 

and insulin responses during an OGTT were reduced in the groups fed the 50:50 isomer blend 

or the tlO, cl2-CLA enriched diet, thus signifying improved insulin sensitivity. Glucose 

response was reduced by 10% and insulin responses were reduced by 21% following the 50:50 

isomer blend. Similarly glucose response was reduced by 16% and insulin responses were 

reduced by 19% following the tlO, cl2-CLA enriched diet. In addition, insulin-mediated 

glucose transport activity was enhanced by both diets. Insulin-mediated glucose uptake was 

increased by 32% in type I soleus muscle and by 58% in type Ilb epitrochlearis muscles 

following the 50:50 isomer blend. Meanwhile glucose-uptake was increased by 36% in type I
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soleus muscle and by 48% in type lib epitrochlearis muscles following the tlO, cl2-CLA 

enriched diet. These parameters were unchanged following the c9, tll-CLA  enriched diet.

Faulconnier et al (2004) investigated the effects of CLA enriched diets (providing 1% 

c9, tll-C L A  or 1% tlO, cl2-CLA or 1% c9, tll-CLA  + 1% tlO, cl2-CLA) in adult male 

sedentary or trained Wistar rats. Exercise significantly lowered plasma insulin concentrations, 

but had no effect on plasma glucose concentrations. There was a trend towards reduced 

plasma insulin concentrations following the tlO, cl2-CLA diet. The other dietary treatments 

had no effect on plasma insulin or glucose concentrations.

17 wk old male Sprague-Dawley rats are adult rats with normal glucose tolerance, and 

have no genetic predisposition to obesity or T2DM. Following 8 wk supplementation with 1% 

c9, tll-CLA , 1% tlO, cl2-CLA or 1% CLA mix, Choi et al (2004) indicated that insulin 

resistance, measured by HOMA, was attenuated in all groups fed a CLA-enriched diet 

compared to a control diet. In addition glucose concentrations were significantly lower in the 

c9, tl 1-CLA at 7 wk, and significantly lower in the tlO, cl2-CLA at 5 wk and 7 wk. However, 

no significant differences were observed in plasma concentrations at the end of the study, at 8 

wk. However plasma insulin concentrations were reduced by 48% in the group receiving the 

c9, tl 1-CLA enriched diet.

The study by Rahman et al (2001) highlighted a difference in glucose response 

dependent upon the form of CLA being provided. 4 wk old Male OLETF rats were feed 1% 

CLA, either as triglyceride or fi'ee fatty acids, for 4 wk. Plasma glucose concentrations were 

found to be significantly increased in the group which received CLA as free fatty acids 

compared to the control group. No difference was observed in the group who received CLA as 

triglyceride.

To summarise, feeding studies in rat models of obesity and T2DM would suggest a 

positive effect of CLA in attenuating plasma glucose and insulin concentrations. A 

tlO, cl2-CLA enriched diet in particular would seem to be advantageous. Rat models with 

IGT or T2DM appear to be more responsive to CLA-induced changes, than models with 

normoglycaemia.

(ii) Studies using murine models

In contrast to improved glucose tolerance in ZDF rats and fa/fa Zucker rats, both male AKR/J 

mice and female C57BL/6J mice developed hepatomegaly as a result of fatty liver (DeLany et 

al, 1999; Tsuboyama-Kasaoka et al, 2000). DeLany et al (1999) first reported increased 

insulin resistance, due to elevated plasma insulin concentrations following a 3 hr fast, in 

AKR/J mice fed a high-fat diet (45% kcal from fat) for 5, 8 or 12 wk. Subsequently 

Tsuboyama-Kasaoka et al (2000) reported lipodystrophy (insulin resistance, hepatomegaly and 

reduction of white and brown adipose tissue) in female C57BL/6J mice fed 1% CLA (50:50
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product) as part of a low-fat diet (11% kcal from fat). CLA-fed mice had normal glucose 

concentrations during an oral glucose tolerance test but significantly elevated blood glucose 

concentrations during an insulin tolerance test. CLA-fed mice also exhibited elevated fed and 

fasting plasma insulin concentrations which were increased by 4 fold and 8 fold respectively. 

Later Tsuboyama-Kasaoka et al (2003) provided evidence that the percentage of CLA in 

dietary fat may be important, whereby feeding the same blend of isomers at a lower 

concentration lessened the negative effect observed with a high concentration of CLA. 

However, West et al (2000) indicated that plasma insulin concentrations were elevated 

(8.6 fold) in male AKR/J mice following feeding 1% CLA (50:50 blend) as part of a high fat 

diet (45% energy) for 5 wk.

Roche et al (2002) reported divergent metabolic effects of the c9, tll-C L A  isomer and 

the tlO, cl2-CLA isomer in ob/ob mice, a model of obesity and hypoleptinaemia due to a 

mutation in the ob gene. Feeding c9, tl 1-CLA for 4 wk had no effect on body weight, serum 

glucose, or insulin concentrations, although serum TAG and NEFA concentrations were 

reduced by 27% and 22% respectively, compared to controls. In contrast, feeding the 

tlO, cl2-CLA enriched diet promoted insulin resistance, with increases in both plasma glucose 

and insulin concentrations observed (1.5 fold and 7.5 fold increase respectively). 

tlO, cl2-CLA also induced profound weight loss.

Clement et al (2002) also indicated exacerbated insulin resistance in C57BL/J mice 

following a tlO, cl2-CLA enriched diet, with a 10 fold increase in plasma insulin 

concentrations, while glucose concentrations remained normal. No alteration in plasma 

glucose or insulin concentrations were observed in the group receiving the c9, tll-CLA  

enriched diet.

In contrast Hamura et al (2001) fed 1.2% CLA as triglyceride to Zucker diabetic 

C57BLKS-lepr‘̂*’/lepr‘*̂ mice. An OGTT was performed at 5 wk and at 11 wk and revealed 

that CLA had suppressed the increase in plasma glucose concentrations following the glucose 

load. Insulin concentrations during the OGTT were increased at 5 wk, but were suppressed at 

11 wk.

More recently Wargent et al (2005) observed increased plasma glucose and insulin 

concentrations and exacerbated glucose tolerance following feeding a 50:50 CLA blend or 

tlO, cl2-CLA enriched diet to female C57BI/6 ob/ob mice for 2 wk. Interestingly following 

10 wk feeding of the 50:50 blend, beneficial effects were observed on plasma glucose and 

insulin concentrations, and insulin resistance, assessed as the product of fasting plasma glucose 

and fasting plasma insulin concentrations.

The differences observed between murine models and rat models raises a critical 

question regarding the effects of CLA. Differences in responses may reflect species 

differences or differences due to metabolic state (normal glucose tolerance and impaired
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glucose tolerance compared to overt T2DM). In contrast to rats, feeding a tlO, cl2-CLA 

enriched diet to mice exacerbated insulin resistance.

Stangl et al (1999) fed 1% CLA per weight diet (providing 34.6% c9, tll-CLA ; 18.4% 

tlO, cl2-CLA, 5.4% t9, tll-CLA  and 2.1% c9, cll-CLA) to male pigs for 6 wk. No 

significant differences in plasma glucose and insulin concentrations were observed compared 

to the control group. However, a 37% increase in plasma insulin concentration was observed, 

demonstrating a metabolic response which was more similar to murine models than the rat 

models.

(iii) Studies in man

A limited number of human studies have examined the effects of CLA on insulin sensitivity. 

Table 1.14a summarises these results. The first studies in humans were completed using CLA 

preparations that contained various CLA isomers and were produced by Pharmanutrients Inc 

(Lake Bluff, IL). Later studies used more-defined CLA preparations that were comprised 

predominantly of tlO, cl2-CLA and c9, tll-C LA  isomers in a 1:1 ratio, and were 

manufactured by Natural Ltd. (Hovdebygda, Norway) and Loders Croklaan (Wormerveer, 

Netherlands). More recently isomers with greater purity are been used (>80%) which are also 

supplied by Natural Ltd. and Loders Croklaan. Table 1.14b illustrates the fatty acid 

composition and isomer content of the CLA preparations use in human intervention studies 

investigating the effect of CLA on insulin sensitivity in man.
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Table 1.14a: Results from human intervention studies assessing the effect of CLA on indices of insulin sensitivity.

Reference Model Intervention details Compliance
(% )•

Study period 
(wk)

Insulin
Sensitivity

Fasting 
Glucose cone.

Fasting 
Insulin cone.

Medina et 
al, 2000

17 healthy women 
(age 20-4 lyr)

3.0g/day (mixture o f isomers) or placebo 
(sunflower oil)

100 9 wk NA

Smedman 
& Vessby, 
2001

53 healthy subjects 
(27 men & 26 women, 
age 23-63yr

4.2g/day (50:50 isomer blend) or placebo 
(olive oil)

> 80 12 wk NA

Riserus et 
a/,2001

25 abdominally obese 
men (age 39-64yr)

4.2g/day CLA (50:50 isomer blend) or 
placebo (olive oil)

96 4 wk NA

Riserus et 
al, 2002a

60 Caucasian obese 
men with the metabolic 
syndrome (age 35-65yr)

3.4g/day CLA (50:50 isomer mixture), 
3.4g/day purified tlO, cl2-CLA  or 
placebo (olive oil)

90 12 wk 4—►

i " T
<—►

T

Noone et 
al, 2002

51 healthy men and 
women (18 males, 33 
females, mean age 21.3 
yr, SD 9.9).

3g/day CLA
(50:50 isomer mixture) or 
3.0g/day CLA 
(80:20 isomer mixture) or 
placebo (linoleic acid)

90

87

8 wk
NA

NA <—►

Kamphuis 
et al, 2003

26 male & 28 female 
overweight subjects 
(age 20-50yrs)

1.8g or 3.6g CLA (mixture o f  isomers) or 
1.8g or 3.6g placebo (oleic acid)

Not disclosed 13 wk NA

Tricon et 
al, 2004

49 healthy male 
volunteers 
(age 20-47yr)

0.59g, 1.19g, 2.38g/day c9, t l  1-CLA or 
0.63g, 1.26g,2.52g/day tlO, cl2-CLA ^

92% 8 wk per dose with 
6 wk washout 

between different 
isomers

Mean plasma 
glucose t  with 
tlO, C12-CLA

<—►

50:50 isomer blend indicates equal quantities o fc9 , tl  1-CLA and tlO, cl2-CLA; 80:20 isomer blend indicates c9, tll-C L A  and tlO, cl2-CLA present in a ratio o f 80:20 
i  = decrease compared to placebo; f  = increase compared to placebo; ♦-+ = no statistically significant change; N/A = not measured 
“ compliance assessed by capsule or fatty acid compositional analysis
’’ measured using euglycaemic hyperinsulinaemic clamp; ‘ measured using HOMA-IR; ‘‘ measured using revised Q UICKI;'  measured using insulin sensitivity index; 
cross-over design, therefore each person served as their own control and no placebo was required



Table 1.14a (contd.): Results from human intervention studies assessing the effect of CLA on indices of insulin sensitivity.

Reference Model Intervention details Compliance Study period Insulin Fasting Fasting
(% )* (wk) Sensitivity Glucose conc. Insulin conc.

Riserus et 25 Caucasian 3g/day c9, t l  1-CLA or Not disclosed 12 wk
al, 2004 abdominally obese men 

(35-65yr)
placebo (olive oil)

Whigham 15 male and female 6g/day (50:50 isomer blend) or Not disclosed 52 wk t at wk 2 but
et al, 2004 overweight subjects 

(age 18-50 yr)
placebo (high oleic sunflower oil) at all other 

time points 
(n = 9)

Eyjolfson 16 young sedentary 4g/day (50:50 isomer blend) or Unknown 8 wk T '
et al, 2004 individuals (mean age 

21.Syr, SEM 0.4)
placebo (safflower oil)

Gauilier et 157 male and female 4.5g/day CLA as free fatty acids or 88.1% 52 wk NA
al, 2004 overweight subjects 

(age 18-65 yr)
4.5g/day CLA as triglyceride 
(both 50:50 blend) or 
placebo (olive oil)

90.8%

Malpuech- 81 middle-aged. 1.5g/day c9 tl  1-CLA or Not disclosed 18 wk NA
Brugere et overweight, healthy 3.0g/day c9, tl  1-CLA or but isomers
al, 2004 men and women 1 .5g /day tl0 ,c l2 -C L A or incorporated

(age 35-65 yr) 3.0g/day tl- , cl2-CLA or
3.0g/day placebo (high oleic sunflower oil)
all as drinkable dairy product

into plasma 
phosolipids

50:50 isomer blend indicates equal quantities o f  c9, tl  1-CLA and tlO, cl2-CLA; 80:20 isomer blend indicates c9, tl  1-CLA and tlO, cl2-CLA present in a ratio o f 80:20 
I, = decrease compared to placebo; |  = increase compared to placebo; <-+ = no statistically significant change; NA = not measured 
“ compliance assessed by capsule or fatty acid compositional analysis
’’measured using euglycaemic hyperinsulinaemic clam p;' measured using HOMA-IR; ‘‘measured using revised QUICKI; 'm easured using insulin sensitivity index; 
^cross-over design, therefore each person served as their own control and no placebo was required



Table 1.14b: Fatty acid composition and isomer content of CLA preparation used in human intervention studies examining insulin sensitivity.

Medina et at, 2000 Smedman & 
Vessby, 2001

Riserus et al, 
2001

Riserus et al, 
2002a

Riserus et al, 
2002a

Noone et al, 
2002

Noone et al, 
2002

Kamphuis et 
al, 2003

Mixture of isomers 50:50 blend 50:50 blend 50:50 blend Purified tlO, cl2- 50:50 80:20 Mixture of
Isomer blend CLA blend blend isomers

Form of CLA NA NA NA FFA FFA FFA FFA 75%
% purity 65% 75.9% 77.5% 80% 75% 67.2% 58.8% TRIG
Manufacturer Pharmanutrients Natural Natural Natural Natural Loders Loders Natural
Fatty Acid (% )
cl6:0 NA 4.4 4.3 7.2 3.4 ND ND NA
cl8:0 NA 1.5 1.4 2.4 0.8 ND ND NA
cl8:l NA 14.0 13.9 13.1 11.4 22.7 28.8 NA
cl8:2n-6 NA 0.4 NA 1.3 2.0 ND ND NA

CLA isomers
c9, til-CLA 17.6 37.9 36.9 35.4 2.9 31.0 44.9
tl0,cl2-CLA 22.6 37.9 37.0 35.9 76.5 31.5 11.0 b
tI0,tl2-CLA a

-
a

- - 2.4 1.1
cll,tl3 -C L A 23.6 - ■ - - _ _

t8,cI0-CLA 16.6 - - - - - -

t9 ,tl 1-CLA &tlO, 7.7 - 1.4 - - _ _

tI2-CLA
Other isomers 11.9 - 2.2 - - _ .

Other fatty acids NA NA NA NA NA NA NA
FFA, free fatty acids; TRIG, triglyceride; SFA, saturated fatty acid; USFA, unsaturated fatty acid. NA - not given. ND - not detected.
50:50 isomer blend indicates equal quantities of c9, tl l-CLA and tlO, cl2-CLA; 80:20 isomer blend indicates c9, tl 1-CLA and tlO, cl2-CLA present in a ratio of 80:20 
Pharmanutrients, Pharmanutrients Inc , Lake Bluff, IL; Natural, Natural Lipids Ltd, Hovebygda, Norway; Loders, Loders Croklann, B.V., Wormeveer, The Netherlands 
“ combined percentage of t9, tl 1-CLA & tlO, tl2-CLA given.,
'’information not provided by author, but isomer blend comprises equal quantities of c9, tl 1-CLA and tlO, cl2-CLA along with several other isomers.



Table 1.14b (contd.): Fatty acid composition and isomer content of CLA preparation used in human intervention studies examining insulin sensitivity.

Tricon et 
at, 2004

Tricon et 
al, 2004

Riserus et 
al, 2004

Whigham et al, 
2004

Eyjolfson et al, 
2004

Gaullier et 
al, 2004

Gaullier et 
al, 2004

Malpuech- 
Brug^re et al, 

2004

Malpuech- 
Brug^re et al, 

2004
Enriched Enriched Enriched 50:50 blend 50:50 blend 50:50 blend 50:50 blend Purified c9, Purified tlO,

Isomer blend c 9 , t l l - tIO, cI2- c 9 , t l l - til-C L A C12-CLA
CLA CLA CLA

Form of CLA TRIG TRIG TRIG NA FFA FFA TRIG TRIG TRIG
% purity 80-85% 80-85% 83% 79.4% 75% 80% 76% > 80% > 80%
Manufacturer Natural Natural Natural Loders Pharmanutrients Natural Natural Natural Natural
Fatty Acid (% )
cl6:0 NA NA NA NA NA 1.3 2.7 NA NA
cl8:0 NA NA NA NA NA 2.3 2.6 NA NA
cl8 :l 5.8 1.7 5.5 NA NA 9.4 10.6 NA NA
cl8:2n-6 NA NA NA NA NA 0.7 0.9 NA NA

CLA isomers
c9, til-C L  A 79.3 10.6 83.3 37.3 35.5 39.0 38 > 8 0 > 8 0
tlO ,cI2-CLA 7.8 84.1 7.3 37.6 36.8 41.0 38 - -

tlO ,tl2-C LA - - - - - - - - -

c ll,tl3 -C L A - - - - - - - - _

t8, clO-CLA - - - - - - - - .

t9 ,t l  1-CLA & tlO , - - 1.4 1.3 - - . - -

tl2-CLA
Other isomers - - 0.66 - - 4.0 4.0 - .

Other fatty acids 7.1 5.3 NA SFA - 6.9% NA 2.3 3.3 NA NA
U SFA -9 2 .4 %

FFA, free fatty acids; TRIG, triaglyceride; SFA, saturated fatty acid; USFA, unsaturated fatty acid. NA - not given. ND - not detected.
50:50 isomer blend indicates equal quantities o f  c9, t l  1-CLA and tlO, cl2-CLA; 80:20 isomer blend indicates c9, tl  1-CLA and tlO, cl2-CLA present in a ratio o f  80:20 
Pharmanutrients, Pharmanutrients Inc , Lake Bluff, IL; Natural, Natural Lipids Ltd, Hovebygda, Norway; Loders, Loders Croklann, B.V., Wormeveer, The Netherlands 
“ combined percentage o f t9, t l  1-CLA & tlO, tl2-CLA  given,
'’information not provided by author, but isomer blend comprises equal quantities o f c9, tl  1-CLA and tlO, cl2-CLA along with several other isomers.
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The studies carried out by Medina et al (2000) and Kamphuis et al (2003) used a 

supplement which contained a variety of CLA isomers (Tonalin® capsules composition: 

tlO, cl2-CLA = cl 1, tl3-CLA > c9, tl 1-CLA > t8, clO-CLA). Medina et al (2000) conducted 

their study in a metabolic suite and gave 17 healthy women 3.0g CLA per day for 9 wk. 

Neither plasma glucose or plasma insulin concentrations were significantly altered following 

supplementation. All other human intervention studies investigating the effect of CLA on 

insulin sensitivity have been conducted on a free-living outpatient basis. Kamphuis et al 

(2003) recruited 54 overweight subjects (26 men & 28 women; age 20-50 yr), submitted them 

to a very low calorie diet for 3 wk followed by supplementation with either CLA or placebo to 

test the effect of CLA following weight loss. At the end of the 13 wk intervention neither 

plasma glucose or insulin concentrations were significantly altered.

Similar results were observed in studies in which subjects were given CLA 

supplements which consisted of a 50:50 blend of c9, tl 1-CLA and tlO, cl2-CLA. Smedman 

and Vessby (2001) gave 53 healthy subjects (27 men & 26 women; age, 23-63 yr), 4.2g per 

day of a 50:50 CLA blend. No changes in plasma insulin or glucose concentrations were 

observed. Riserus et al (2001) gave 25 abdominally obese men (age 39-64 yr) supplements 

containing the same dose and blend as Smedman and Veesby (2001). An increase was 

observed in glucose concentrations after both the CLA and placebo supplements, but no 

difference was observed between the groups. Plasma insulin concentrations also remained 

unchanged.

Noone et al (2002) investigated the effect of 3g per day of a 50:50 isomer blend and a 

80:20 isomer blend (c9, tl 1-CLA: tlO, cl2-CLA) in 51 healthy men and women (18 males, 33 

females; mean age 21.3 yr, SD 9.9 yr). Similarly no changes were observed with respect to 

plasma insulin or glucose concentrations.

Riserus et al (2002a) recruited 60 Caucasian obese men with the metabolic syndrome 

(age 35-65 yr) and treated them with 3.4g per day 50:50 CLA or purified tlO, cl2-CLA for 12 

wk. In agreement with the aforementioned studies, no effect was observed following the 50:50 

isomer blend. However, purified tlO, cl2-CLA resulted in a significant increase in insulin 

resistance and fasting plasma glucose concentrations. Insulin resistance was increased by 

19%, measured using the eugylcaemic-hyerinsulinaemic clamp, and fasting plasma glucose 

concentrations were increased by 4% compared to placebo. Significant increases were also 

observed in fasting insulin and HbAic concentrations within the tlO, cl2-CLA group 

compared to the baseline values, but these were not statistically significant compared to the 

placebo. This result is in agreement with the effects observed in mice, indicating a pro

diabetic effect of the tlO, cl2-CLA isomer.

Tricon et al (2004) investigated the effects of 3 doses of highly enriched c9, tl 1-CLA 

(0.59g, 1.19g or 2.38g/day; 79.3% c9, tl 1-CLA) or tlO, cl2-CLA (0.63g, 1.26g or 2.52g/day;
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84.1% tlO, cl2-CLA) in 49 healthy male volunteers (age 20-47 yr) for consecutive 8 wk 

periods, with a 6 wk wash-out period before crossover to the other isomer. Mean plasma 

glucose concentrations were significantly higher following supplementation with 

tlO, cl2-CLA compared to c9, tll-CLA  supplementation. CLA supplementation had no 

significant effect on plasma insulin concentration or insulin sensitivity, determined by 

HOMA-IR and revised QUICKI.

Malpuech-Brugere et a\ (2004) completed a human intervention study in 81 middle- 

aged (age 35-65 yr) overweight healthy men and women. Following a 6 wk run-in period in 

which all subjects were given 3.0g/day high oleic acid sunflower oil, volunteers were 

randomly allocated to receive 1.5g or 3.0g of either purified c9, tll-C LA  or purified 

tlO, cl2-CLA, or 3.0g high oleic acid in a drinkable dairy product for 18 wk. No differences 

were observed between the groups with respect to either plasma glucose or insulin 

concentrations at any of the time points measured (after the run-in period, wk 9, wk 14, wk 19, 

wk 23 or wk 24).

In contrast Eyjolfson et al (2004) reported an improvement in insulin sensitivity index, 

derived from data collected during an OGTT, and a decrease in fasting insulin in young 

sedentary subjects (mean age 21.5 yr, SEM 0.4 yr) given 4g/day of a 50:50 blend of CLA for 

8 wk. However the number of volunteers recruited was small (n = 18), and the authors noted 

considerable variability in the response, with some people demonstrating an improvement in 

insulin sensitivity, while others showed a reduction or no change.

Gaullier et al (2004) assessed the safety and efficacy of CLA. This study comprised a 

large cohort of 157 overweight individuals who were randomly assigned to receive a 50:50 

blend of CLA, either in the form of FFA or TRIG, or placebo for 1 yr, while consuming an ad 

libitum diet. HbAic concentrations increased in all groups compared to baseline values. 

However neither fasting insulin nor glucose concentrations were significantly different 

between the groups at the end of the supplementation period, leading the authors to conclude 

that CLA supplementation was not diabetogenic in this population of healthy subjects.

Whigham et al (2004) also assessed the safety profile of a 50:50 isomer blend, called 

Clarinol, following 1 yr supplementation in overweight men and women (age 18-65 yr). This 

was a randomised, double-blind study consisting of 3 phases in which subjects were given 

6g/day CLA or placebo. Phase I comprised a low-calorie diet (I3kcal/kg desirable weight) for 

12 wk or until 10-20% of initial body weight was lost. Phase II (wk 12-28) was a weight 

maintenance/weight-regain phase, in which subjects were fed a diet providing 25-30kcal/kg 

desirable body weight. Phase III was open label, with subjects fi'om both groups taking CLA 

from wk 28-52. Results indicated a small, but significantly higher plasma glucose 

concentration in the CLA group after 2 wk on the low-calorie diet, but these differences 

disappeared, and neither plasma glucose or insulin concentrations were different thereafter.

86



Chapter I: Introduction

Assessment of insulin resistance using HOMA-IR, indicated no differences between the 

groups throughout the study. Liver function tests, serum lipids, blood counts and general 

chemistry were also assessed. The authors concluded that CLA in the form of Clarinol is safe 

for use in obese humans for at least lyr.

More recently Riserus et al (2004) investigated the effects of c9, til-C L A  on insulin 

sensitivity in 25 Caucasian men with abdominal obesity (age 35-65 yr). Surprisingly 

c9, til-C L A  decreased insulin sensitivity by 15%, measured using the eugylcaemic- 

hyerinsulinaemic clamp. Mean insulin-mediated glucose uptake was also significantly lower 

after c9, tll-C LA  supplementation compared to the control supplement. c9, tl 1-CLA had no 

significant effect on either fasting plasma glucose or insulin concentrations. This is the first 

study demonstrating a negative effect of the predominant dietary isoform on insulin sensitivity.

However this study and a number of the other studies (Smedman & Vessby, 2001; 

Riserus et al, 2001; Riserus et al, 2002a; Riserus et al, 2004; Gaullier et al, 2004; Malpuech- 

Brugere et al, 2004) may be criticised due to their choice of placebo. In these studies olive oil 

was chosen as the control supplement. Olive oil is rich in monounsaturated fatty acids, and 

has been associated with beneficial health effects, including reducing CVD risk factors, 

preventing cancer, and modifying immune and inflammatory responses (Ozyilkan et al, 2005). 

As mentioned previously, isoenergetic substitution of MUFA for SFA improves insulin 

sensitivity (Vessby et al, 2001; Perez-Jimenez et al, 2001; Lovejoy et al, 2002). The choice of 

placebo for a fatty acid intervention is a difficult decision. It may be argued that an ideal 

placebo should have no proven intervention effects. Alternatively one may argue that a 

placebo should represent the optimum treatment available. In either case, a placebo should not 

be associated with increased risk. Olive oil may not represent the optimum placebo since it 

has been shown to improve insulin sensitivity and other CVD risk factors. Consequently a 

beneficial effect of another treatment, in this case CLA, may be masked. Alternatively an 

excessive negative association may be attributed to the treatment if it fails to yield demonstrate 

effects. In contrast, if one deems that a placebo should represent the best available option, 

olive oil represents an ideal choice. Uniform guidelines on the choice of placebo for fatty acid 

intervention trials would allow comparisons to be made across studies, and enable differences 

in outcome measures to be interpreted more effectively.

Nevertheless, evidence to date would suggest that the reported adverse effects of CLA 

in humans, murine models and pigs appear to be largely due to the presence of the 

tlO, cl2-CLA isomer. This is in contrast with the reported beneficial effects of a 50:50 blend 

of CLA isomers and the tIO, cl2-CLA isomer, in particular, in enhancing insulin sensitivity in 

rats.
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(iv) CLA and insulin resistance - potential mechanisms of action

A number of mechanisms explaining how CLA could potentially influence insulin sensitivity 

have been proposed. Firstly, studies in humans have shown that that insulin action is 

positively correlated with the degree of unsaturation and the proportion of long-chain PUFA, 

in particular arachidonic acid, in muscle phospholipids (Borkman et al, 1993; Pan et al, 1995). 

Animal feeding studies have shown that the degree of unsaturation of the fatty acids in muscle 

lipids and the proportion of arachidonic acid decreases consistently after CLA consumption 

(Tischendorf et al, 2002; Demaree et al, 2002; Alasnier et al, 2002). The desaturase enzymes 

insert double bonds at specific positions in a fatty acid chain, thereby increasing the degree of 

unsaturation of the fatty acid. A^-desaturase plays a role in the desaturation of fatty acids 

belonging to the n-9 series. Both Choi et al (2000) and Lee et al (1998) have shown that 

tlO, cl2-CLA, but not c9, tl 1-CLA attenuates the activity of hepatic A^-desaturase (or stearoyl 

Co-A desaturase). Consequently the conversion of stearic acid and palmitic acid into oleic 

acid and palmitoleic acid respectively is attenuated. A -̂ and A^-desaturases play a role in the 

desaturation process of fatty acids derived from the n-6 and n-3 series, resulting in the 

generation of long-chain PUFAs (Terpstra, 2004). Production of arachionic acid (20:4n-6) is 

derived from the n-6 series series of fatty acids. One hypothesis is that reduced insulin 

sensitivity following the consumption of tIO, cl2-CLA in mice and humans may be due to 

changes in fatty acid composition, possibly mediated by altered activity of the desaturase 

enzymes (Terpstra, 2004).

Insulin resistance is also associated with elevated concentrations of TAG in the 

peripheral tissues. Brown & McIntosh (2003) reported that the tlO, cl2-CLA isomer reduced 

insulin-stimulated glucose uptake, oxidation and incorporation into cellular lipid in human 

preadipocytes. In addition fatty acid uptake and utilisation was attenuated. This provides a 

mechanism explaining how CLA could induce weight loss in rodents. However failure to store 

TAG in adipose tissue can have negative implications in vivo, as NEFA concentrations remain 

elevated in plasma and excess TAG are deposited into peripheral tissues, thereby attenuating 

whole-body insulin sensitivity. Both Clement et al (2002) and Tsuboyama-Kasaoka et al 

(2000) reported lipodystrophy together with the accumulation of TAG in the liver following 

feeding a CLA-enriched diet to mice. To date, the lipid content of muscle tissues have not 

been examined following CLA consumption in either humans or murine models (Terpstra, 

2004). However Tischenorf et al (2002) reported a trend towards an increase in intra-muscular 

fat in pigs following a CLA enriched diet (blend of isomers), along with a trend towards 

increased plasma insulin concentrations. Conversely Henriksen et al (2003) reported that 

intramuscular fat was reduced in obese Zucker rats following CLA consumption (either a 

50:50 isomer blend or a tlO, cl2-CLA enriched diet), with a concomitant improvement in 

insulin action.
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CLA-induced insulin resistance may be related to alterations in plasma leptin 

concentrations. Studies in humans, mice and rats have all reported reductions in plasma leptin 

concentrations following CLA supplementation or feeding a CLA-enriched diet (Medina et al, 

2000; Riserus et al, 2002a; DeLany et al, 1999; Tsuboyama-Kasaoka et al, 2000; Takahashi et 

al, 2002). As discussed in Section 1.5.3, leptin is an important hormone involved in 

maintaining blood glucose concentrations. Therefore it is reasonable to consider that 

reductions o f  plasma leptin concentration following CLA could alter insulin sensitivity.

Evidence also exists that fatty acid-induced oxidative stress is closely related to CLA- 

induced insulin resistance (Riserus et al, 2002b; Riserus et al, 2004). Carantoni et al (1998) 

suggest that lipid peroxidation is an early sign o f  insulin resistance. Levels o f  8-iso

prostaglandin p2a and 15-oxo-dihydro- prostaglandin p2a which are indicators o f  non-enzymatic 

and enzymatic lipid peroxidation respectively, have been shown to be elevated following CLA 

supplementation both in healthy subjects and obese subjects with the metabolic syndrome 

(Basu et al, 2000a; Basu et al, 2000b; Riserus e t al, 2002b; Riserus et al, 2004). In addition, 

these lipid oxidation parameters returned to baseline levels 2 wk after the cessation o f  CLA 

supplementation (Basu et al, 2000a). CLA-induced cytotoxicity in cancer cell lines has been 

shown to be associated with increased lipid peroxidation (Schonberg & Krokan, 1995; O’Shea 

et al, 1999). It remains to be determined whether CLA-induced lipid peroxidation is 

proatherogenic in humans (Riserus et al, 2004).

CLA has been shown to affect gene expression and may exert such effects by 

modulating the activity o f  trancription factors. Reports have suggested that CLA represents a 

natural PPAR ligand capable o f  activating both PPARa and PPARy (Moya-Camerena &. 

Belury, 1999; Belury, 2002; Yu et al, 2002b). PPARy regulates insulin sensitivity by 

activating the transcription o f  genes which are involved in insulin signalling, glucose uptake, 

and fatty acid uptake and storage (Brown & McIntosh, 2003). Housekneckt et al (1998) 

reported that CLA stimulated PPARy-mediated reporter gene activity, and CLA has also been 

shown to modulate PPARy mRNA levels (Takahashi et al, 2002; Tsuboyama-Kasaoka et al, 

2000). Brown & McIntosh (2003) found that the tlO, cl2-CLA isomer decreased PPARy 

reporter activity and mRNA levels in human preadipocytes. They suggest that tlO, cl2-CLA  

may attenuate insulin sensitivity by antagonising PPARy signalling.

It is unlikely that changes in adiposity underlie the effect o f  CLA on insulin sensitivity. 

Mice are the most responsive to CLA and diets containing 0.5% CLA elicit between 40-80%  

reduction in body fat (Keim et al, 2003). Accumulating evidence suggests that tlO, cI2-CLA  

is responsible for the observed reductions in body fat. This may be mediated by increased 

lipolysis and fat oxidation (Parodi, 1997; McGuire et al, 1999; Parodi, 2003). However 

feeding a tlO, cl2-CLA enriched diet to mice also resulted in elevated plasma insulin and 

glucose concentrations (Roche et al, 2002; Clement et al, 2002). In addition, the effects o f
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CLA on body weight and body fat in humans are considerably less than those seen in mice 

(Terpstra, 2004).

1.10 RESEARCH OBJECTIVES

Previous work has demonstrated that CLA possesses the ability to modulate insulin sensitivity 

and risk factors associated with it. At the initiation of this post-graduate doctorate a limited 

number of human intervention studies had been conducted, and were limited to healthy 

populations, except for one study which investigated the effect of CLA supplementation in 

men with abdominal obesity. Furthermore the primary focus of many in vivo and in vitro 

experiments was to investigate the ability of CLA to modulate adiposity and lipid metabolism. 

A gap existed in determining whether CLA could modulate insulin sensitivity in subjects with 

a metabolic derangement. In addition research has indicated that both atherosclerotic CVD 

and insulin resistance have an underlying inflammatory component associated with them. The 

role of adipose tissue as a secretory organ has become evident, and several adipokines have 

been shown to modulate insulin sensitivity. The ability of CLA to modify these factors had 

not been investigated, either in a normal metabolic milieu or in an insulin resistant 

environment.

The aims of this PhD. thesis are as follows:

> To investigate the impact of CLA supplementation on risk factors associated with 

T2DM namely insulin resistance, dyslipidaemia, adiposity and inflammation, by 

conducting a human intervention study in subjects with T2DM.

> To determine the isomer specific effect of feeding a CLA-enriched diet to ob/ob mice 

on metabolic and molecular markers of glucose homeostasis, focusing in particular on 

altered adipose tissue biology.

> To validate the results in an in vitro adipocyte model.

> To investigate whether fatty acids can modulate the inflammatory, insulin de-sensitising 

effect of the pro-inflammatory cytokine, TNFa.

1.11 HYPOTHESIS

Dietary fatty acids can modulate insulin sensitivity and other risk factors related to CVD risk at 

a systemic as well as a molecular level. Different fatty acids have a differential effect.
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Chapter Two 

Materials and Methods

2.1 COLLECTION AND STORAGE OF BLOOD SAMPLES

Phlebotomy training was completed in phlebotomy department in St. James’s Hospital. Blood 

samples were obtained by venupuncture, following minimal compression with a tourniquet. 

This is required as excess compression can lead to changes in the concentration o f coagulant 

proteins in the plasma as well as platelet activation, leading to erroneous coagulation results. 

In addition, grossly haemolysed specimens are unsuitable for use in many assays including 

biochemical assays, enzyme linked-immuno-sorbent assays (ELISAs) and 

fluoroimmunometric assays. Blood collected for the future determination o f cholesterol, 

triacylglycerol (TAG), low density lipoprotein (LDL), interleukin-6 (IL)-6, insulin and C- 

peptide concentrations were collected in serum tubes (Becton &. Dickinson, Oxford, UK). 

Blood for high density lipoprotein (HDL) and very low density lipoprotein (VLDL) analysis 

was collected in EDTA-coated evacuated tubes (Becton & Dickinson, Oxford, UK). Samples 

for glucose determination were collected in tubes containing sodium fluoride, and blood for 

fibrinogen, C-reactive protein (GRP) and fatty acid analyses were collected in citrate tubes 

(Becton & Dickinson, Oxford, UK). Tubes were inverted eight to ten times to ensure that the 

coagulant was mixed throughout.

Serum samples were allowed to clot for 1 hr prior to centrifugation. Samples for 

glucose determination, insulin, C-peptide, lL-6 and lipid analysis were centrifuged 

immediately at 1400 g for 10 min, at room temperature. Blood samples collected for fatty acid 

analysis were centrifuged at 200 x g  for 20 min at room temperature to harvest platelet rich 

plasma. Citrated samples for GRP and fibrinogen determination were centrifuged after 

collection at 2000 x g  for 20 min at room temperature. Plasma was immediately harvested and 

snap frozen to preserve coagulation factor activity. All samples were immediately frozen and 

stored at -70°G until subsequent analysis

2.2 CALCULATION OF INSULIN SENSITIVITY

Volunteers who participated in the human intervention study (Chapter 3) completed an oral 

glucose tolerance test (OGTT) before and after the intervention i.e. conjugated linoleic acid 

(GLA) or placebo supplementation. On the morning o f each investigation, a fasting blood 

sample was drawn and a standard 3 hr, 75g OGTT was performed. The 75g anhydrous glucose 

equivalent (Polycal; Nutricia Clinical, Trowbridge, UK) was consumed in 300 ml water within 

5 min. Blood samples were collected at 0, 30, 60, 90, 120, and 180 min for the measurement 

o f plasma glucose and serum insulin and C-peptide concentrations.
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The postprandial data were expressed in summary form i.e. area under the postprandial 

curve (AUC), incremental area under the postprandial curve (lAUC), maximum postprandial 

concentration (Cmax), and time to maximal postprandial concentration (Tmax)- These data were 

used to investigate postprandial variations between the supplement groups. AUC was 

calculated using the trapezium rule (Matthews et al, 1990), and lAUC was calculated as the 

total incremental AUC according to Le Floch (Allison et al, 1995). In addition, a number of 

indices derived from data collected over the duration of the OGTT were utilised. Homeostasis 

model assessment-insulin resistance (HOMA-IR) was calculated as fasting glucose (mg/dl) 

multiplied by fasting insulin (^U/ml) divided by 22.5 (Matthews et al, 1985). Quantitative 

insulin sensitivity check index (QUICKl) was calculated as l/(log fasting insulin concentration 

+ log fasting glucose concentration) (Katz et al, 2000). The insulin sensitivity index (ISI) 

composite was calculated as proposed by Matsuda & De Fronzo (1999). Oral glucose insulin 

sensitivity (OGIS) was calculated using the published formula (Mari et al, 2001).

2.3 BIOCHEMICAL ASSAYS

Colorimetric analyses described in Section 2.2.2, Section 2.2.3 and Section 2.2.4 were 

performed on an ILAB 600 Clinical Chemistry Analyser (Instrumentation Laboratory, 

Warrington, UK). In addition all reagents used in these assays, including calibrators and 

control sera were supplied by Instrumentation Laboratory, Warrington, UK.

2.3.1 Quality control for colorimetric assays

Daily maintenance checks were performed. ReferrIL G Calibrator was used to calibrate the 

cholesterol, TAG and glucose assays prior to sample analysis. Normal and abnormal control 

sera (Serachem Control Level 1 and Serachem Control Level 2 respectively) spanning the 

appropriate range of analyte concentrations were used to test the performance of each assay. 

Control samples were measured in duplicate, at the beginning and the end of each batch of 

30-40 samples. Results were accepted if the quality control values were within the range 

specified by the manufacturers. Samples were analysed at the end of the study period to 

minimise inter-assay variability. In addition, for each marker both pre-intervention and post

intervention samples for each subject were analyzed within a single batch. The inter-assay 

coefficient of variation coefficient of variation (CV) for total cholesterol, TAG and glucose 

was 1.25%, 3.15% and 1%, respectively.

2.3.2 Determination of cholesterol concentration

The concentration of cholesterol in plasma and in the lipoprotein fractions was determined by 

endpoint biochromatic (deleted enzymatic) analysis using a colorimetric assay. The assay is 

based on the principle that cholesterol ester is converted to free cholesterol and fatty acids by
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the action o f cholesterol esterase. The free cholesterol is then oxidised by the action of 

cholesterol oxidase forming cholest-4-en-3-one and hydrogen peroxide. Hydrogen peroxide, 

in combination with 4-aminoantipyrine and phenol and in the presence o f peroxidase, yields 

the chromagen quinoneimine and water. Quinoneimine production is proportional to the 

cholesterol concentration in the sample, and is quantified spectrophotometrically at 510 nm, 

with a blanking wavelength o f 700 nm.

2.3.3 Determination of TAG concentration

The concentration o f TAG in plasma, in the VLDL fraction and in the TAG-poor lipoproteins 

(TPL) was measured by enzymatic, endpoint analysis using a colorimetric assay. In this assay 

TAG is hydrolysed by lipoprotein lipase forming glycerol and fatty acids. In the presence of 

adenosine triphosphate (ATP), glycerol is converted to glycerol-3-phosphate and adenosine 

diphosphate (ADR) by glycerol kinase. Glycerol-3-phosphate is then oxidised by 

glycerophosphate oxidase to form dihydroxyacetone phosphate and hydrogen peroxide. 

Hydrogen peroxide reacts with 4-aminoantipyrine and phenol in the presence o f peroxidase, 

yielding quinoneimine and water. Quinoneimine production is proportional to the 

concentration of TAG in the sample, and is quantified spectrophotometrically at 510 nm, with 

a blanking wavelength of 700 nm.

2.3.4 Determination of glucose concentration

Plasma glucose was determined by endpoint, bichromatic analysis with coupled hexokinase 

methodology using a colorimetric assay. In the presence o f ATP, glucose is converted to 

glucose-6-phosphate by the action o f hexokinase. Glucose-6-phosphate dehydrogenase 

converts glucose-6-phosphate and nicotinamide adenine dinucleotide (NAD)+ to 

6-phosphogluconate and the reduced form o f nicotinamide adenine, NADH. Although 

hexokinase catalyses the phosphorylation o f hexoses other than glucose, the glucose-6- 

phosphate dehydrogenase is specific for glucose-6-phosphate, and therefore glucose. The 

increased absorbance due to the conversion o f NAD"^ to NADH is directly proportional to the 

glucose present in the sample. Absorbance is measured at a primary wavelength o f 340 nm 

and a blanking wavelength of 375 nm.

2.4 LIPOPROTEIN ISOLATION 

2.4.1 LDL isolation and analysis

LDL was isolated using a LDL Precipitation Reagent (Randox, Antrim, Ireland). The reagent 

contains heparin, which causes LDL to be precipitated at its isolelectric point (pH 5.04). LDL 

precipitating reagent was added to fresh serum (1 ml/100 1̂ serum) vortexed, and incubated at 

room temperature for 10 min. Samples were then centrifuged for 15 min at 2500 x g. After
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centrifugation, HDL and VLDL remain in the supernatant while LDL forms a pellet at the 

bottom of the tube. The supernatant was removed and stored at -20“C until cholesterol 

analysis was preformed (Section 2.2.2). The concentration of plasma LDL-cholesterol was 

calculated as the difference between the total cholesterol concentration of the plasma sample 

and the cholesterol concentration of the supernatant. An imunolip control sample (Immuno 

Ag, Vienna, Austria) was precipitated with every batch of samples and analysed to ensure that 

the LDL precipitation was successful. Results were only accepted when the control value was 

within two standard deviations of the manufacturers expected LDL-cholesterol concentration.

2.4.2 HDL isolation and analysis

Plasma total HDL and HDL3 were isolated using the Quantolip HDL (HDL2/HDL3) 

Cholesterol Precipitation Reagents (Immuno Ag, Vienna, Austria). These reagents contain 

polyethylene glycol (PEG) of different concentration and pH, dissolved in 0.1 M phosphate 

buffer, and 0.9g/L sodium azide. These PEG solutions enable the selective precipitation of the 

different lipoprotein fractions. Reagent A precipitates the VLDL and LDL fractions, leaving 

HDL in the supernatant. Reagent B precipitates the HDL2 subclass in addition to the VLDL 

and LDL fractions, leaving only the HDL3 subfraction in the supernatant. The precipation 

reagents were added to fresh plasma samples in a ratio of 2:L The mixtures were vortexed, 

incubated at room temperature for 10 min, and centrifuged for 15 min at 2500 x g. The 

supernatants were removed and frozen at -20°C for subsequent analysis. An immunolip 

control sample (Immuno Ag, Vienna, Austria) was precipitated with every batch of samples 

and assayed to ensure that the precipitation step was successful. Results were only accepted 

when the control value was within two standard deviations of the manufacturers expected 

HDL-cholesterol concentration.

The supernatant from the HDL fractions were assayed for cholesterol as described in 

Section 2.2.2. The concentration of cholesterol in the HDL2 sub-fraction was determined by 

calculating the difference between total HDL-cholesterol and HDLa-cholesterol.

2.4.3 VLDL isolation and analysis

VLDL was isolated using ultracentrifugation techniques (Noone et al, 2002). Two stock 

solutions were prepared:

1. Stock solution of density = 1.34 g/ml (153 g/L NaCl, 354 g/L KBr)

2. Stock solution of density = 1.005 g/ml (0.15 M NaCl). This second stock solution was 

used to prepare a density solution = 1 . 0 2  g/ml according to the following calculation:
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(A x  1.005)+ (B x  1.34) = (A + B )X
A = volume o f  saline (d = 1.005 g/ml) 

B =  volume o f  stock solution 

X = desired density o f  solution

VLDL was isolated at a density o f 1.02 g/ml. The density o f plasma was adjusted to 1.02 g/ml 

by the addition o f an appropriate quantity o f density solution (d=1.34 g/ml) to plasma using the 

following equation:

A = volume o f  serum

B = volume o f  stock solution (d = 1.34 g/ml)

Y = density o f  serum (1.006 g/ml)

Z = density o f  salt solution i.e. 1.34 g/ml 

X = desired density o f  solution

(A X Y) + (B X Z) = (A + B) X

1.6 ml plasma was carefully overlaid with 1.6 ml o f saline solution o f density 1.02g/ml and 

centrifuged at 250,000 x g  for 3 hr at 4°C. The supernatant, which contains the VLDL fraction, 

was removed within 0.5 ml using a glass Pasteur pipette. The infranatant containing TPL was 

mixed to ensure a homogenous solution. Both supernatant and infranatant were stored at -70°C 

until subsequent analysis. Cholesterol and TAG concentration were determined in both VLDL 

and TPL fractions, according to the methods described in Section 2.2.2 and Section 2.2.3. 

VLDL apolipoprotein B (apo B) was analysed as described in Section 2.4.

2.5 DETERMINATION OF APOLIPOPROTEIN B

ApoB analysis was preformed using an Apolipoprotein B Assay Kit (Wako, Neuss, Germany) 

on the ILAB 600 Clinical Chemistry Analyser (Instrumentation Laboratory, Warrington, UK). 

This assay is based on turbimetric immunoassay methodology. When a sample contains apoB, 

antigen-antibody complexes form yielding an insoluble aggregate that causes increased 

turbidity. The degree o f turbidity is directly proportional to the apo B concentration in the 

sample, and is quantified by measuring the increase in absorbance at 700 nm.

An apolipoprotein calibrator (Wako, Neuss, Germany) was used to calibrate the assay. 

Normal and abnormal controls (Control serum, Wako, Neuss, Germany) were used to verify 

that the assay was performing satisfactorily. Sample analysis was performed in duplicate. The 

inter-assay CV for apoB was 2.26%.

2.6 DETERMINATION OF FIBRINOGEN

Quantitative determination o f fibrinogen was performed using an automated clotting assay 

(Fibriquik, Organon Teknika Corporation, NC, USA) using a Coag-A-Mate MTX (Organon 

Teknika Corporation, NC, USA). The assay is based on the principle that when thrombin is
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added to a sample of plasma, fibrinogen is converted enzymatically to fibrin. Fibrin, in turn, 

undergoes polymerisation to form a fibrin network. When activated by thrombin. Factor XIII 

catalyses the formation of stabilising cross links to produce a visible clot. The elapsed time 

from the addition of thrombin to the formation of a clot is inversely proportional to fibrinogen 

level.

Verify Reference Plasma (Bio Merieux, NC, USA) was used to calibrate the assay 

prior to sample analysis. Two sets of coagulation reference plasma, a normal and an abnormal 

control sera (Universal Coagulation Reference Plasma and Abnormal Coagulation Reference 

Plasma, respectively, Pacific Haemostasis, Fischer Diagnostics, Middleton, VA, USA) were 

used to test assay performance. Duplicate measurements were recorded and readings 

averaged. The inter-assay CV for fibrinogen was 3.25%.

2.7 DETERMINATION OF INSULIN AND C-PEPTIDE

Serum insulin and C-peptide concentrations were measured using solid phase, two-site 

fluoroimmunometric assays (AutoDELFIA Insulin kit and AutoDELFIA C-Peptide kit 

respectively, Wallac Gy, Turku, Finland) on a 1235 AutoDELFIA automatic immunoassay 

system (Wallac Gy, Turku, Finland). The assays are based on a direct sandwich technique in 

which two monoclonal antibodies are directed against separate antigenic determinants of the 

protein under investigation i.e. either the insulin or the C-peptide molecule. Samples are 

simultaneously reacted with immobilised monoclonal antibodies directed against the protein of 

interest and with europium-labelled monoclonal antibodies directed against a different specific 

antigenic sites on the insulin or C-peptide molecule. Enhancement solution dissociates 

europium ions from the europium-labelled monoclonal antibody into solution, where they form 

highly fluorescent chelates with components of the enhancement solution. The fluorescence in 

each well is measured, the concentration being directly proportional to the concentration of 

insulin/C-peptide in the sample.

2.8 DETERMINATION OF IL-6 AND CRP

Both plasma IL-6 and CRP were measured using human, high sensitivity, solid phase 

sandwich ELISA test kits (Biosource, Camarillo, CA, USA and BioCheck Inc, Burlingame, 

CA, USA respectively). These kits provide a monoclonal capture antibody directed against a 

distinct antigenic determinant on the target of interest, pre-coated onto the wells of microtitre 

strips (capture antibody). Specific conditions and details of each assay are outlined in Table 

2.1. Samples, controls and standard were pipetted into the wellls and incubated, in order to 

allow the antigen to bind to the immobilised antibody on each site. During a second 

incubation, a biotinylated detection monoclonal antibody specific for the target of interest was
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added to the wells. This antibody binds to the immobilised antigen captured during the first 

incubation. Excess second antibody was removed by washing and streptavidin conjugated to 

horseradish-peroxidase (HRP) was added to the wells. This binds to the biotinylated antibody 

to complete the four-member sandwich for IL-6. In the case of the CRP assay the detection 

antibody is conjugated to HRP and is added in parallel with the sample. After further wash 

steps to remove unbound enzyme, stabilised chromagen (tetramethylbenzidine, TMB, Sigma- 

Aldrich, Poole, Dorset, UK) was added to each well. The reaction was stopped by the addition 

o f stop solution. The intensity o f the colour produced is measured spectrophotometrically at 

450 nm and is directly proportional to the concentration of the antigen present in the original 

specimen.

A standard curve was constructed by plotting the absorbance values, or optical density 

(OD) o f the standards versus standard concentrations. All samples were run in duplicate and 

readings averaged. Concentrations o f IL-6 and CRP for each sample were extrapolated from 

the appropriate standard curve. Samples with a concentration greater than the standard curve 

were diluted and re-assayed to obtain a precise concentration. Control wells containing 

substrate and stop solution alone were included.

Table 2.1: Details of IL-6 and CRP ELISAs

STEP IL-6 ' C R P^

Sample

- Incubation

100 [J.1 sample, control or standard 
per well

3hr at 37°C

10 1̂ 1 sample, control or standard 
+ 100 |xl CRP enzyme conjugate 
reagent per well 
45 min at RT

Wash Step 4 X wash buffer NA
Detection antibody 

- Incubation
100 |o.l/well 
45 min at 37°C

NA

Wash Step 6 X wash buffer NA
Streptavidin-HRP 

- Incubation
100 (ll/well
45 min at RT protected from light

NA

Wash Step 6 X wash buffer 5 X distilled water
TMB

- Incubation
100 nl/well
30 min at RT protected from light

100^1,
20min at RT protected from light

Stop solution 100 (Al/well (provided in the kit) 100 ^l/well IN HCl
NA, not applicable for the assay; HRP, horseradish-peroxidase; RT, room temperature; TMB, 
tetramethylbenzidine.
' Biosource, Camarillo, CA, USA 
 ̂BioCheck Inc, Burlingame, CA, USA
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2.9 FATTY ACID COMPOSITION ANALYSIS

2.9.1 Extraction of total lipids

Total plasma lipids were isolated as described by Noone et al (2002). Blood was collected in 

citrate tubes and immediately centrifuged at 200 x g  for 20 min. Platelet rich plasma was 

harvested and transferred into a 10 ml conical polypropylene centrifuge tube and centrifuged at 

670 X g for 15 min yielding platelet poor plasma and a platelet pellet. 400 |j,l of platelet poor 

plasma was transferred to a 16 x 100 mm boroscillate glass tube. Lipid extraction was 

achieved by the addition of 2.5 ml cholorform:methanol (v/v 2:1) with 0.01% w/v butylated 

hydroxy toluene (BHT; Sigma-Aldrich, Poole, Dorset, UK). Samples were vortexed for 1 min 

and then centrifuged for 10 min at 2500 rpm to separate the aqueous and organic phases. The 

infranatant containing the organic phase was removed using a glass pasteur pipette and 

transferred to a 12 x 75 mm boroscillate glass tube. A further lipid extraction of the sample 

was performed by the addition of 2 ml cholorform with 0.01% w/v BHT to the remaining 

plasma, vortexing for 30 sec and centrifuging for 5 min at 2500 rpm. The infranatant was 

removed and pooled with the first extract, and evaporated to dryness in a vortex evaporator 

(AGB Scientific Ltd., Dublin, Ireland). The dried samples were flushed with nitrogen (N2 ), 

sealed to prevent lipid oxidation and stored at -20°C.

2.9.2 Transmethylation of lipid extracts

Methyl esters were prepared by adding 0.5 ml 0.01 M NaOH in dry methanol according to the 

method of Jiang et al (1999). Samples were vortexed for 30 sec, flushed with N2 , sealed with a 

small marble, and incubated at for 15 min at 60“C. 0.5 ml of 14% boron trifluoride methanol 

(Sigma-Aldrich, Poole, Dorset, UK) was added to the mixture. Samples were vortexed for 30 

sec, flushed with N2, sealed with a marble and incubated a further 15 min at 60“C. Methyl 

esters were extracted by the addition of 0.5 ml hexane to samples and vortexing for 1 min. The 

supernatant was removed using a glass pasteur pipette and transferred to a 12 x 75 ml 

boroscillate glass tube. This extraction procedure was repeated twice to ensure maximum 

extraction. Pooled extracts were dried in the vortex evaporator, flushed with N 2 and stored at 

-20°C.

2.9.3 Gas chromatographic analysis of total plasma lipids

The fatty acid methyl ester (FAME) composition of total plasma lipids were identified using a 

Shimadzu GC-14A Gas Lipid Chromatograph (Mason Technologies, Dublin, Ireland), which 

was fitted with a Shimadzu C16-A integrator and a CP Si 1 88 fused column (50 m x 0.22 mm, 

0.2 |xm file thickness; Chrompack Ltd., Middleburg, Netherlands). The CP-Sil 88 colum 

contains a highly substituted cyanopropyl phase that has been stabilised. The extremely high
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polarity of this column offers maximum resolution in separations where the boiling point and 

polarity of the analytes are nearly equal, for example during the separation of positional and 

geometric isomers. Analytical conditions were as follows:

Carrier gas:

Oxygen free nitrogen 0.4 kg/cm^

Column gas:

Oxygen free nitrogen 0.8 kg/cm^

Hydrogen 0.6 kg/cm^

Dry air 0.5 kg/cm^

Temperature Programme:

Column initial temperature: 180°C 

Increase by 5°C/min for 3 min to 195°C 

Hold at 195°Cfor 40 min 

Increase by 2°C/min for 12.5 min to 220°C 

Hold at 220°C for 20 min

Samples were reconstituted in 50 |al of hexane and 8 jil was injected onto the column. The 

FAMEs were identified with a flame ionisation detector. Peak identification was performed by 

comparison of retention times against a FAME standard which was spiked with a known 

concentration of transmethylated isomers of conjugated linoleic acid, ds-9, trans-U CLA 

(c9, tll-CLA ) and trans-]0, c/5-12 CLA (tlO, cl2-CLA). The standard was run on a daily 

basis. Fatty acid compositions were calculated as a percentage of the total fatty acids.

2.10 CELL CULTURE 

2.10.1 3T3-L1 cellline

The 3T3-L1 murine unipotent preadipocyte cell line was purchased from the European 

Collection of Animal Cell Cultures (ECACC, Salisbury, UK). The cell line LI is a continuous 

substrain of the 3T3 cell line (Swiss albino) developed through clonal isolation. 3T3-Lls 

propagated under normal conditions have a fibroblastic phenotype. Differentiation to an 

adipocyte phenotype is hallmarked by the accumulation of lipid and expression of adipose 

specific fatty acid-binding protein. Differentiation is induced by treating the cells with:

1. Dexamethasone, which stimulates the glucocorticoid receptor pathway,

2. Isobutyl-1-methylxanthine (IBMX), a cAMP-phosphodiesterase inhibitor which is 

used to stimulate the camp-dependent protein kinase pathway, and

3. Insulin

Upon treatment 3T3Lls adopt a rounded phenotype a rounded phenotype and within 4-5 days 

begin to accumulate lipids intracellularly in the form of lipid droplets. The acquisition of 

insulin responsiveness occurs at day 6-8. The 3T3-LI cell line represents the first and best 

characterised model of adipogenesis (Green & Kehinde, 1975).
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2.10.2 3T3-L1 sub-culture

3T3-Lls were routinely sub-cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) which 

was high in glucose (Cambrex, Belgium) supplemented with 10% foetal bovine serum (FBS; 

Invitrogen Corporation, Paisley, UK), 50 mg streptomycin/ml and 50 |xg penicillin/ml 

(Cambrex, Belgium) (Haruta et al, 1995). The same batch of FBS was utilised in all of the in 

vitro work, thereby minimising the effect of variation with respect to the content and 

composition of growth factors, nutrients and antibiotics noticeable between commercial sera. 

Cells were cultured in 150 mm petri dishes (Greiner Bio-One, Frickenhausen, Germany), at 

37°C, 8% CO2 and 92% air in a humidified incubator (Thermo Forma Steri-Cycle incubator, 

Thermo Electron Corporation, OH, USA) (Fawcett et al, 2004).

2.10.3 Cryopreservation and revival of cells

In order to obtain a healthy viable stock of 3T3-Lls, a cell bank was prepared. This ensured 

that all experiments were performed on cells from the same passage. Cells were grown to 

approximately 40% confluency, washed twice with sterile phosphate buffered saline (PBS), 

and removed from the plate using 0.25 typsin (without ethylene diamine tetra-acetic acid, 

EDTA) (Cambrex, Belgium). All cells were pooled and then split 1:2-4. When sufficient 

plates were prepared, cells were allowed to grow to approximately 70% confluency. Cells 

were removed from the plates using 0.25X trypsin (without EDTA) centrifuged for 5 min at 

900 X g, and the pellets were resuspended in cryopreservation solution [90% FBS, 10% 

dimethyl sulfoxide (DMSO; Sigma-Aldrich, Poole, Dorset UK)]. 1 ml aliquots of the cell 

suspension were immediately transferred into sterile cyrotubes (Nunc plasticware. Life 

Technologies, Roskilde, Denmark), slowly frozen to -80°C for overnight storage, and 

subsequently transferred to liquid nitrogen for long-term storage.

To revive cells, cryotubes were quickly thawed to minimise damage to the cell 

membranes. Under sterile conditions, the cells were added to pre-warmed media, and split into 

four 150 mm cell culture plates (Greiner Bio-One, Frickenhausen, Germany). Following 1 wk 

of culture, these fibroblasts reached approximately 70% confluency.

2.10.4 Fibroblast to adipocyte differentiation

When the fibroblasts had reached approximately 70% confluency, they were stimulated to 

induce differentiation to adipocyte. Cells were incubated with primary differentiation media 

[DMEM, 10% FBS, 50 mg streptomycin/ml and 50 ĵ g penicillin/ml, 0.6 fiM insulin (Sigma- 

Aldrich, Poole, Dorset, UK), 0.25 |xM dexamethasone (Sigma-Aldrich, Poole, Dorset, UK) and 

517 nM IBMX (Sigma-Aldrich, Poole, Dorset, UK)] for 4 days. This was replaced with a 

secondary differentiation media (DMEM, 10% FBS) for a further 3 days, according to a
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protocol established by Metabolex Inc., Hayward, CA, USA, which is a modified version of 

Haruta et al (1995). Under routine culture conditions, both fibroblasts and adipocytes adhere 

to the plastic surface of the culture plate. Following addition of the differentiation media, 

fibroblasts stop proliferating.

2.10.5 Cell enumeration and viability assessment

Cell viability and yield were assessed prior to experiment set-up using 0.1% w/v ethidium 

bromide/acridine orange (EB/AO) (Lee et al, 1975). Cells were counted on a Neubaeur 

haemocytometer using a modification of the protocol of Hudson and Hay (1976). Under 

ultraviolet (UV) light, viable cells fluoresce green while nonviable cells stain red/orange. 

Following enumerations cells were resuspended at a concentration of 0.25 x 10* adipocytes/ml 

media.

2.10.6 Preparation of fatty acids

CLA isomers, c9, tl 1-CLA and tlO, cl2-CLA were obtained from Cayman Chemical, MI, 

USA. Linoleic acid was obtained from Sigma-Aldrich (Poole, Dorset, UK). At the start of the 

in vitro experiments a stock of fatty acids was prepared in sterile DMSO. 100 mM of the fatty 

acids were prepared in sterile DMSO, aliquoted, and stored at -20“C until use. Cells were 

treated with 50 jxM linoleic acid, c9, tl 1-CLA or tlO, cl2-CLA as described in Section 2.9.7. 

A dose of 50 |^M fatty acids was chosen as previous in vitro work in 3T3-Lls have used this 

concentration of CLA isomers (Evans et al, 2002b) without reporting toxicological effects. 

Linoleic acid was included in the experiments as a control for CLA as it is the unconjugated 

form of the fatty acid. In all experiments cells which were treated with DMSO alone were 

included. For all treatments, the final concentration of DMSO in the culture medium was 

<0 . 1%.

2.10.7 Experimental design

Following differentiation adipocytes were gently washed twice with PBS and detached from 

the plates using 0.5X trypsin (without EDTA, Cambrex, Belgium). When cells began to 

detach, trypsin was inactivated using fresh media. Non-adherent cells were removed following 

8-10 washes with media. Following centrifugation, the pellets were re-suspended in pre

warmed fresh media. Cells were counted as described in Section 2.9.5 and seeded at the 

appropriate concentration.

Experiments were performed in normal adipocytes and adipocytes made insulin- 

resistant following treatment with recombinant murine tumour necrosis factor a (TNFa; R&D 

Systems, MN, USA). Stock solutions of TNFa were prepared at a concentration of 1 fxg/ml in 

sterile PBS containing 0.1% bovine serum albumin (BSA, Sigma-Aldrich, Poole, Dorset, UK).
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Aliquots were frozen at -20°C until required. Adipocytes were allowed to settle for 24 hr after 

replating. Mature adipocytes were then incubated for 3 days in the presence o f 3 ng/ml TNFa, 

with fresh media changes each day. This TNFa treatment has previously been shown to 

significantly reduce the rate of insulin-stimulated glucose uptake by approximately 60% 

without inducing morphological changes in mature adipocytes (Sartipy & Loskutoff, 2003a). 

Adipocytes treated in parallel but without TNFa were considered normal adipocytes.

Fatty acids were added in parallel with the differentiation media to test whether chronic 

treatment with the fatty acids is effective in altering the metabolic and molecular markers. In 

addition fatty acids were added following full differentiation of the cells to an adipocyte 

phenotype, to test whether acute treatment of fatty acids is effective. Fig. 2.1 provides an 

illustration of the cell culture experimental conditions.

10

Time (days)

14 15 16 17 18

Acute T reatment
+  Fatty A cids

- Fatty A cids

Chronic Treatment
+ Fatty A cids

- Fatty A cids

Proflleration/ 
fibroblasts grown to 

confluency

Differentiation of 
fibroblasts to mature 

adipocytes

Cells replated 
for assay

+ TNFa (3ng/ml)

TNFa

+ TNFa (3ng/ml)

-TNFa

+ TNFa (3ng/mi)

-TNFa

+ TNFa (3ng/ml)

-TNFa

S  00

Media changed daily and fresh fatty 
acids and TNFa added where 

appropriate

Fig. 2.1: Outline of cell culture experiments
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2.11 M YCOPLASM A DETECTION ASSAY

Mycoplasmas are the smallest and simplest prokaryotes, and can cause a wide variety o f  

disease including acute respiratory diseases, genitourinary tract and joint disease and 

autoimmune disorders (Zeng et al, 2004). They depend on their hosts for many nutrients due 

to their limited biosynthetic capabilities. Mycoplasmas have been shown to be potent 

modifiers o f  biological response by activating macrophages and other immune cells. This 

stimulated release o f  pro-inflammatory cytokines is mediated in part by nuclear factor-KB 

(NF-kB) (Zeng et al, 2004; Rawadi et al, 1999). Mycoplasmas are recognised as common 

contaminants in cell lines in continuous culture but their presence may go undetected for 

months thereby causing erroneous results.

3T3-Lls were tested for mycoplasma contamination using the MycoAlert Mycoplasma 

Detection Assay (Cambrex, UK). Viable mycoplasma are lysed and specific mycoplasmal 

enzymes enzymes react with MycoAlert™ substrate catalysing the conversion o f  ADP to ATP. 

The level o f  ATP in a sample is measured, via a bioluminescent reaction, both before and after 

the addition o f  the MycoAlert™ substrate. In the presence o f ATP, oxygen and magnesium, 

luciferin is catalysed by luciferase to form oxyluciferin, adenosine monophosphate, 

pyrophosphate, CO2 and light. The emitted light intensity is linearly related to the ATP 

concentration and is measured using a luminometer. The ratio o f  ATP following substrate 

addition:ATP prior to substrate addition is calculated. A value greater than 1 indicates 

mycoplasma infection.

Cells were grown for 2 passages in the absence o f  antibiotics to prevent masking o f  

potential mycoplamsa contamination. Cell culture supernatant was centrifuged for 5 min at 

200 x g  to pellet any cells. 100 îl o f  culture supernatant was added to 100 |o,l MycoAlert™  

Reagent, incubated for 5 min and luminescence measured (measurement A) on a Wallac 1420 

Multi-Label Counter (Perkin Elmer, MA, USA). 100 |j.l MycoAlert™ Substrate was added to 

each sample, and incubated for a further 10 min before luminescence was measured again 

(measurement B). The ratio o f  B;A was calculated. A positive and negative control was 

included with each experiment to ensure the assay was valid.

Cells were tested at regular intervals and results indicated no contamination with 

mycoplasma as detailed in Table 2.2.

Table 2,2: Results o f the M ycoAlert™  assay for 3T3-L1 fibroblasts

Date o f M ycoAlert™  Testing MycoAlert^''^ Ratio Conclusions
Oct 2004 0.7841 Negative
December 2004 0.6759 Negative
Feb 2005 0.9405 Negative
April 2005 0.5916 Negative
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2.12 MTS VIABILITY ASSAY

The viability o f  cells that received medium alone, 50 fxM fatty acids, or an equivalent volume 

o f  DMSO was quantified spectrophotometrically using an MTS-based in vitro toxicology 

assay kit (Promega, Madison, WI, USA). The MTS system contains a novel tetrazolium 

compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H- 

tetrazolium) which is incorporated into the mitochondria o f  living cells and phenazine 

ethosulfate, an electron coupling reagent, which combines with MTS to form a stable solution. 

Solutions o f  MTS dissolved in phenol red-free cell culture medium are yellowish. However, in 

metabolically active cells mitochondrial dehydrogenases bioreduce the MTS tetrazolium 

compound yielding a soluble coloured formazan product. The number o f  viable cells is 

directly proportional to the quantity o f  formazan product, measured at 490 nm.

Fibroblasts were grown to confluency as described in section 2.9.2. Cells were 

removed from the 150 mm plates using 0.25X trypsin (without EDTA) resuspended in media 

and 100 |il was added to each well o f  a 96-well microtitre plate. Cells were allowed to settle 

for 24 hr, checked for confluency, and then differentiated into adipocytes as described in 

Section 2.9.4. Fatty acid and TNFa treatments were performed as outlined in Section 2.9.7. 

Control cells were left untreated. Wells containing medium alone were included as blanks. At 

the end o f  the experimental protocol, i.e. day 18 on the outline o f  cell experiment (Fig. 2.1), 20 

}il o f  MTS reagent was added to each well and the plate was incubated for 1 hr at 37“C in a 

humidified, 5% CO2 atmosphere. Absorbance was measured at 490 nm, with a reference 

wavelength o f  650 nm. The OD o f  the blank was subtracted from the sample values to account 

for spontaneous absorbance which occurs in culture media incubated with the MTS reagent. 

Cytotoxicity was expressed as a percentage o f  untreated control cells.

2.13 OIL RED O STAINING

The Oil Red O (ORO; Sigma-Aldrich, Poole, Dorset, UK) stain is used for the demonstration 

o f  neutral fat, mainly TAG. It is a physical method o f staining fat as the dye is more soluble in 

the lipoid substances than in the hydroalcoholic dye solvents (Lillie & Ashbum, 1943). Using 

ORO neutral lipids are stained with an orange/red tint (Koopman et al, 2001). ORO is used to 

test for differentiation o f  fibroblasts to mature adipocytes, since the differentiation process 

involves the accumulation o f lipids intracellularly in the form o f  lipid droplets (Brown et al, 

2001a).

In order to confirm that the fibroblasts and fibroblasts treated with fatty acids 

differentiated into mature adipocytes, ORO staining was performed. In addition it is 

recognised that treatment with TNFa can induce the de-differentiation o f  mature adipocytes 

(Coppack, 2001). Therefore, it was investigated whether treatment o f  3 ng/ml TNFa for 3 

days had any impact on the differentation status o f  the cells.
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Fibroblasts were grown to confluency, removed from the 150 mm culture plate 

using 0.25X trypsin (without EDTA) and resuspended in media. Cells were replated in 

24-well plates for future quantification and 6-well plates for future micrographs. Cells were 

allowed to settle for 24 hr, checked for confluency and then were differentiated to adipocytes 

as described in Section 2.9.4. Fatty acid and TNFa treatments were performed as outlined in 

Section 2.9.7. Control cells were left untreated. To test that the untreated and fatty acid- 

treated fibroblasts differentiated into mature adipocytes, ORO staining was performed on day 

15 (Fig. 2.1). The effect of TNFa treatment was assessed on day 18 (Fig. 2.1).

Cells were washed with PBS and fixed with neutral buffered formalin (Sigma- 

Aldrich, Poole, Dorset, UK) for 1 hr. An ORO stock solution was prepared by dissolving 

ORO stain (Sigma-Aldrich, Poole, Dorset, UK) in isopropanol (0.5% solution), and then 

diluting to 60% in distilled water. The solution was allowed to stand for 20 min, and was 

subsequently filtered through Whatman 3mm filter paper (Whatman International Ltd., 

Maidstone, UK) to remove the precipitate. The formalin was removed from the cells and ORO 

stain was added to the cells for 1 hr. Cells were washed 5 times with distilled water. 

Adipocytes grown in the 6-well plates were maintained in water to prevent lipid droplets 

exploding, and micrographs were taken using an Olympus CKX41 (Olympus Corporation, 

Japan). In order to quantify the staining, adipocytes grown in the 24-welI plates were allowed 

to dry for 30 min. Ceils were then dissolved in 250 ,̂1 isopropanol, and 100 )xl solution was 

transferred to a 96-well microtitre plate. Absorbance was measured at 490 nm. After 

micrographs were recorded, cells grown in the 6-well plates were dissolved in isopropanol as 

above. Absorbance values were comparable to cells grown in 24-well plates.

2.14 RNA EXTRACTION AND ANALYSIS

An animal experiment was performed in the Nutrigenomics Research Group to investigate the 

isomer specific effects of c9, tll-CLA  and tlO, cl2-CLA on lipid and glucose metabolism. 

Sixteen 6 wk old male ob/ob mice were randomly allocated to receive a high-fat diet 

supplemented with c9, tl l-CLA, tlO, cl2-CLA or linoleic acid for 6 wk. Plasma was collected 

for biochemical analysis, and adipose tissue and liver were collected for gene expression and 

protein analysis. The animal feeding study was completed by Dr. Enda Noone, Nutrition 

Laboratory, Department of Clinical Medicine, Trinity College Dublin. Analysis of the tissue 

samples forms the basis of the research in Chapter 4 of this thesis.

2.14.1 RNA extraction

Total ribonucleic acid (RNA) was isolated from adipose tissue and cultured cells using TRI 

Reagent® (Molecular Research Centre Inc., OH, USA). TRI Reagent® consists of a 

monophasic solution of phenol and guanidine thiocyanate and represents an improved version
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of the single-step method of Chomczynski & Sacchi (1987). TRI Reagent® maintains the 

integrity of RNA by inhibiting ribonuclease (RNase) activity, while disrupting cells and 

dissolving cell components.

Cells:

Cells were washed twice with sterile PBS to remove non-adherent cells. Cells were lysed 

directly in 6-well plates by adding 1 ml TRI Reagent® per well, followed by repetitive 

scraping and pipetting using a sterile pasteur pipette.

Tissue:

50 mg sections of adipose tissue and 20 mg of liver were homogenised in 1ml TRI Reagent® 

for approximately 30 sec at room temperature using a T18 basic Ultra Turrax® homogeniser 

(IKA® Works Inc, NC, USA).

Homogenates from cells, adipose tissue and liver were subsequently transferred to 

ribonuclease (RNase)-free microfuge tubes and incubated at room temperature for 5 min to 

allow complete dissociation of nucleoprotein complexes. Following incubation, an additional 

centrifugation step was performed in tissue samples by centrifuging the homogenate at 

12,000 X g  for 10 min at 4°C. The resulting pellet contains extracellular membranes, 

polysaccharides and high molecular weight deoxyribonucleic acid (DNA). In adipose tissue 

samples an excess of fat collects as a top layer. The clear supernatant which contains RNA, 

was transferred to a fresh microtube. All other steps of the RNA extraction were equivalent 

for both tissue and cell samples. Samples were supplemented with 0.2 ml of chloroform. The 

tubes were shaken vigorously for 15 sec, incubated at room temperature for 15 min, and 

centrifuged at 12,000 x g for 15 min at 4“C to separate the aqueous and organic phases. RNA 

was precipitated from the aqueous phase by incubating with 0.5 ml 100% isopropanol for 

10 min at room temperature. After centrifugation at 12,000 x g  for 10 min at 4°C, the RNA 

pellet was washed with 1ml 75% ethanol in RNase free water (Sigma-Aldrich, Poole, Dorset, 

UK). The RNA was air-dried for 5-10 min, resuspended in 20-50 jil RNAse-free water, and 

solubilised by heating at 55-60°C for 10 min. The samples were snap frozen and stored at 

-80°C until further analysis.

2.14.2 Quantitation of RNA

The quantity and purity of the eluted RNA was determined spectrophotometrically by 

measuring absorbance at 230 nm, 260 nm and 280 nm (EppendorfF Biophotometer, Hamburg, 

Germany) in a UVette® (Eppendorff AG, Hamburg, Germany). RNase-free water was used as
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the diluent control. An OD260/280 less than 1.6 implies partially dissolved RNA samples, 1.7- 

2.0 indicates good purity while an OD260/280 o f greater than 2 implies purity. An OD260/230 

greater than 2 indicates no residual guanidinium contamination.

2.14.3 RNA agarose gel electrophoresis

RNA integrity was assessed electroporetically using a formaldehyde denaturing agarose gel. 

The gel was prepared by dissolving 1.2 g agarose in 87 ml RNase-free water in a microwave 

oven. 10 ml MOPS [3-(N-morpholino) propanesulfonic acid] running buffer, pH 7.0 [0.2 M 

MOPS, 10 mM EDTA (pH 8), 10 mM sodium acetate (pH 7)] and 3 ml o f 37% (w/v) 

formaldehyde were added when the agarose solution had cooled to approximately 55°C. 

Following mixing, the gel was poured and allowed to set in a fume hood for 1 hr prior to 

electrophoresis.

The volume o f each sample required to yield approximately 1 |xg total RNA was 

calculated. This volume to added to 5 times the volume o f mastermix (1 ,̂1 lOX MOPS 

running buffer, 5 |xl formamide, 2 fil 37% (w/v) formaldehyde, 1 jaI ethidium bromide 

(400 (ig/ml in RNase free water water) and 1 fil RNA loading dye [50% glycerol, ImM EDTA 

(pH 8.0), 0.1% bromophenol blue, 0.1% xylene cyanol FF]. Samples were incubated at 65°C 

for 10 min, vortexed, centrifuged briefly and stored on ice until loading. Residual 

formaldehyde was removed from the wells of the gel by pre-running the gel for 10 min at 

constant voltage (70V). The samples were loaded and the gel was run until the bromophenol 

blue tracing dye had run three-quarters o f the length o f the gel. RNA was visualised using a 

UV trans-illuminator (Kodak Image Station 440 CF, Perkin Elmer, MA, USA). Intact RNA is 

represented by two clear bands representing 18S and 28S RNA, respectively as illustrated in 

Fig. 2.2.

Cell treatment

DMSO dimethyl sulfoxide 
LA linoleic acid
c9 c 9 ,t ll-C L A
tlO tlO ,cl2-C L A
nil untreated cells

Fig. 2.2: Representative gel illustrating RNA bands obtained during experiments
performed in Chapter 5.

DMSO LA c9 tlO nil
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2.15 REAL-TIME REVERSE TRANSCRIPTION TAQMAN® PCR

Real-time reverse transcription Polymerase Chain Reaction (PCR) allows for sensitive 

detection and quantification of PCR amplification while the reaction is occurring. Data is 

collected throughout the PCR process and reactions are characterised by the time when 

amplification of a target is first detected, rather than the amount of target accumulated at the 

final phase end of the PCR reaction.

TaqMan® chemistry uses a fiuorogenic probe to enable the detection of a specific PCR 

product. When the probe is intact, the proximity of the reporter dye (attached to the 5’ end of 

the probe) and quencher dye (attached to the 3’ end of the probe) results in suppression of 

reporter fluorescence. During the PCR reaction, if the target of interest is present, the probe 

specifically anneals between the forward and reverse primer sites. Taq DNA Polymerase 

cleaves the probe if it is hybridised to the target, displacing the probe and separating the 

reporter and quencher dyes, thus increasing the flouresence of the reporter dye (Livak et al, 

1995; Holland et al, 1991). This process continues during every amplification cycle. An 

increase in fluorescence signal emitted is detected only if the target sequence is complimentary 

to the probe and amplified during PCR hence non-specific amplification is not detected. 

Accumulation of PCR product is detected directly by examining the increase in fiuorescence 

emitted by the reporter dye. Thus, samples that contain fewer starting copies of the target gene 

require a greater number of amplification cycles to generate a detectable signal.

In order to account for small differences in the amount of template added to each 

reaction, target gene levels were normalised to an endogenous control. Glyceraldehyde-3- 

phosphate dehydrogenase (GAPDH) was used as the reference/housekeeping gene in both 

tissue and cell experiments. Relative quantification was used to analyse changes in gene 

expression in a given sample. Standard curves for both the target and endogenous reference 

were generated from pooled RNA from the experimental set of samples. The Ct is the 

fractional cycle number at which fiuorescence signal exceeds a fixed threshold level in the 

exponential phase of amplification (Higuchi et al, 1991) and was plotted against log standard 

cDNA concentration (ng). For each sample the amount of target and endogenous control gene 

expression were extrapolated from the appropriate standard curve using the Ct readings for 

each sample. The target amount was then divided by the endogenous reference (GAPDH) 

amount to obtain the normalised target value. Each of the normalised target values were 

divided by the experiment’s control normalised value (animals fed linoleic enriched diet in 

Chapter 4, cells treated with DMSO in Chapter 5) to generate relative expression levels.

2.15.1 Preparation of RNA prior to reverse transcription

To eliminate any possible contamination of the RNA by genomic DNA, all RNA samples were 

treated with DNase I amplification grade, (GIBCO BRL, Life Technologies™, Gaitherburg,
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MD, USA). 1 ng o f  total RNA was incubated with 1 p.1 o f  lOX DNase I Reaction buffer [200 

mM Tris-HCL (pH 8.4), 20 mM M gC ^, 500 mM KCL], and 1 |il o f  DNase I, Amp Grade (1 

U/nl), made up to a final volume o f  10 fil with RNase-free water. This reaction was incubated 

at room temperature for 15 min. DNase I was then inactivated by adding 1 |j,l 25 mM EDTA 

and heating samples at 65°C for 10 min.

2.15.2 Reverse transcription: synthesis of first strand cDNA

DNase-treated RNA was reverse transcribed in a 25 jil reaction. Firstly, 500ng random 

primers (Prom ega Corporation, Madison, US) were added to 1 (j,g o f  DNase-treated RNA and 

samples heated to 70°C for 5 min to melt secondary structure within the template. Samples 

were immediately placed on ice to prevent secondary structure reforming. IX RT buffer [50 

mM Tris-HCL, 75 mM KCL, 3 mM M gCl2, 10 mM dithiothreitol (DTT)], 10 mM 

deoxynucleotides (dNTPs) and 200U o f  M oloney-M urine Leukaemia Virus Reverse 

Transcriptase (M-M LV RT; Promega Corporation, M adison, W l, USA) were added to each 

sample. Samples were gently mixed and incubated for 60 min at 37“C followed by 70°C for 10 

min to inactivate the enzyme. Reactions in which M-MLV RT was om itted served as a 

negative control. Samples were diluted with RNase-free water to give a final concentration o f 

10 ng/)j,I. Additional RNA was prepared simultaneously and 1:4 dilutions performed to create 

a standard curve (ranging from 80 ng/|xl to 0.3125 ng/jxl) for the Taqm an PCR analysis. 2 ^1 o f 

both samples and standard curve samples were used in subsequent RT-PCR reactions. All 

samples were stored at -20°C.

2.15.3 Real-time TaqMan® PCR

RNA expression was quantified by real-time Taqman (RT-PCR) using an ABI 7700 Sequence 

Detection System (Applied Biosystems, W arrington, UK). Each 25 |xl reaction contained 

20 ng cDNA, forward and reverse primers, probe and a mastermix solution containing dNTPs, 

reaction buffer and Taq polymerase. For gene expression analysis outlined in Chapter 4, 2X 

TaqM an® Universal PCR M astermix (Applied Biosystems, W arrington, UK) was used. In the 

cell culture experiments (Chapter 5) JumpStart™  Taq ReadyMix (Sigma, Poole, Dorset, UK) 

was employed as it produced similar results to TaqM an® Universal PCR M astermix and was 

more cost effective. The majority o f  target genes were investigated using pre-developed 

prim er and probe kits (Taqman® Gene Expression Assays, Applied Biosystems, Warrington, 

UK). When pre-developed primer and probe kits were unavailable for the target o f  interest, 

custom made primer and probe sequences were developed. W hereas the Taqm an® gene 

expression assay kits provide a pre-optimised primer/probe mix for the detection and 

quantification o f specific genetic sequences, optimisation o f custom made primers and probes 

was performed on an individual assay basis. Reactions in which cDNA was omitted served as
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a no template control, and cDNA in which the M-MLV RT was omitted served as a no 

amplication control. All reactions were performed in duplicate. PCR reaction thermal cycle 

conditions are illustrated below:

Table 2.3: PCR reaction thermal cycle conditions

TaqMan® Universal PCR Mastermix JumpStart™ Taq ReadyMix

50°C for 2 min 50°C for 2 min

Initial denaturation 95°Cfor lOmin 94°C for 2 min

40 cycles:

Denaturation 95°C for 15 sec 94°C for 15 sec

Annealing 60°C for 1 min 60°C for 1 min

Extension NA 72°C for Imin

Hold 4°C 4°C

NA, not applicable for the assay

2.16 PREPARATION OF PROTEIN EXTRACTS FOR WESTERN BLOTTING

For all protein extractions, either from white adipose tissue or 3T3-Lls, all buffers were 

prepared immediately prior to use and were kept ice-cold. In addition, all steps were carried 

out on ice. Adipose tissue was homogenised using a T18 basic Ultra Turrax® homogeniser 

(IKA® Works Inc, NC, USA).

2.16.1 Isolation of total protein extract from white adipose tissue

Total protein was isolated from adipose tissue using the lysis buffer (50 mM Tris-HCL 

(pH 8.0), 300 mM NaCl, 5 mM EDTA, 5 mM EGTA, 2 mM DTT, 50 mM B-glycerol 

phosphate, 50 mM NaF, ImM NaV04, 0.5% Triton X-100, ImM phenylmethylsulfonyl 

fluoride (PMSF), 10 fig/ml leupeptin, and 14 ^g/ml aprotinin) as previously described 

(Takemori et al, 2002). 0.3-0.5 g adipose tissue was homogenised in 2 ml lysis buffer. The 

homogenate was allowed to sit on ice for 30 min at 4°C, with regular vortexing, followed by 

centrifugation at 12,000 x g  for 30 min at 4°C to remove insoluble material. The supernatant 

was collected as the total protein fraction, vortexed and stored at -20°C for future protein 

estimation.

2.16.2 Isolation of plasma membrane extract from white adipose tissue

The plasma membrane fraction o f white adipose tissue was prepared from the pooled fat of 

two animals according to dietary intervention to gather 300 mg o f tissue. Tissues were
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homogenised for 30 sec in 3 ml buffer (10 M Tris-HCl, 1 M EDTA, 250 mM sucrose, 0.1 mM 

PMSF, pH 7.4) followed by centrifugation at 3000 x at 4°C for 15 min, as previously 

described (de Carvalho Papa et al, 2002). Fat cakes were discarded, and the infranatant (a 

fat-free extract) was centrifuged at 12000 x g  for 15 min at 4°C. The pellet was resuspended as 

the plasma membrane fraction in 1 ml buffer, vortexed and stored at -20°C for future protein 

estimation.

2.16.3 Isolation of membrane and cytosolic and nuclear fractions from adipose tissue

All buffers were prepared (as described by Osborn et al, 1989) immediately prior to use and 

were kept ice-cold. The cytosolic and membrane fraction of adipose tissue was isolated by 

swelling on ice for 20 min, homogenising the sample in 3 ml ice-cold buffer (10 mM Hepes 

pH7.9, 1.5 mM MgCb, 10 mM KCl, 0.5 mM PMSF, 0.5 mM DTT and 0.5% v/v Nonidet P- 

40), lysing on ice for a further 20 min, and centrifuging at 9,300 x g for 10 min at 4°C. The 

supernatant was collected as the cytosolic and membrane fraction.

To prepare the nuclear extract, the pellet was resuspended in 15 |xl buffer (20 mM 

Hepes pH7.9, 1.5 mM MgCb, 420 mM NaCl, 0.2 mM EDTA, 25% glycerol, 0.5 mM PMSF), 

samples were incubated on ice for 60 min with repeated vortexing, followed by centrifugation 

at 9,300 x g  for 10 min at 4°C. The supernatant, containing the nuclear fraction was mixed 

with 75 |xl buffer (10 mM Hepes pH7.9, 50 mM KCl, 0.2 mM EDTA, 20% glycerol, 

0.5 mmol/L DTT, 0.5 mmol/L PMSF), and stored at -20°C for future protein estimation.

2.16.4 Isolation of total cell lysates from 3T3-Lls

3T3-Lls were cultured with and without fatty acids in the presence or absence of recombinant 

murine TNFa as described in Section 2.9.7. After this incubation period, cell culture 

supernatants were removed and cell monolayers were washed twice with sterile ice-cold PBS 

to stop the reaction. 1.5 ml of lysis buffer (20 mM Tris (pH7.5), 1 mM EDTA, 140 mM NaCl, 

1% Nonidet P-40, 50 units/ml aprotinin, 1 mM Na3V0 4 , 1 mM PMSF and 50 mM NaF) was 

added directly to each well and cells were lysed by repetitive scraping and pipetting. Lysates 

were transferred into microfuge tubes, incubated on ice for 30 min with regular vortexing, 

followed by centrifugation at 9300 x g  for 10 min at 4°C to remove insoluble material 

(Yoshizaki et al, 2004). Supernatants were removed, transferred to fresh microfuge tubes, 

vortexed and stored at -20°C for future protein estimation.

2.16.5 Determination of protein concentrations using the Modified Lovt'ry Assay

The protein concentration in total protein extracts, plasma membrane extracts and total cell 

lysates was determined according to the Modified Lowry technique. This assay is based on the 

principle that when a protein is reacted with alkaline cupric sulphate in the presence of tartrate.
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a tetradentate copper complex forms, yielding a pale blue colour. Following incubation with 

Folin phenol reagent it is believed that electrons transfer from the tetradentate copper complex 

to the Folin phenol reagent, resulting in a deeper blue colour formation, which intensifies 

during the incubation period (Lowry et al, 1951; Legler et al, 1985).

Total protein samples were diluted 1:20 in distilled water. Plasma membrane fractions 

and total cell lysates were diluted 1:15 in distilled water. A standard curve was prepared from 

a stock solution o f protein standard [Img BSA (Sigma, Poole, Dorset, UK) per ml distilled 

water] ranging from 0 ^g/ml to 250 fig/ml. 300 (il o f each standard and sample was incubated 

with 900 |xl o f buffer [Buffer = 100 volume Reagent A (2% w/v Na2C0 3 , 0.4% w/v NaOH, 

0.6% w/v K/Na Tartrate, 1% w/v SDS) + 1 volume Reagent B (4% w/v CUSO4.5 H2O)]. 

Samples were mixed thoroughly and incubated at room temperature for 10 min. 90 (a1 Folin 

phenol Reagent was added (1:3 dilution in distilled water) and colour was allowed to develop 

for 45 min. The absorbance o f the protein-solutions was measured at 660 nm. Duplicate 

measurements were recorded and readings averaged. A standard curve was constructed using 

the BSA samples, from which the concentration o f protein in the samples was determined.

2.16.6 Determination of protein concentrations using the Bradford Assay 

Determination o f the protein concentration o f the membrane and cytosolic fraction and the 

nuclear fraction was performed according to the method originally described by Bradford 

(1976) using the Bio-Rad Protein Assay dye reagent concentrate (Bio-Rad Laboratories Inc., 

CA, USA). In the acidic environment o f the reagent, protein binds to the Coomassie dye, 

resulting in a spectral shift from the reddish/brown colour o f the dye to the blue form of the 

dye. The difference between the two forms o f the dye is greatest at 595 nm, and can be 

measured spectrophotometrically.

For nuclear extracts, samples were diluted 1:80 in Buffer (10 mM Hepes pH7.9, 

50 mM KCl, 0.2 mM EDTA, 20% glycerol, 0.5 mM DTT, 0.5 mM PMSF). For cytosolic and 

membrane fractions, samples were diluted 1:160 in PBS. Standards were prepared from a 

stock solution of protein standard (1 mg BSA/ml; Sigma-Aldrich) and ranged from 0 ng/ml to 

15 |xg/ml in buffer for nuclear samples and in PBS for cytosolic and membrane samples. 

800 |xl o f each standard or sample was incubated with 200 1̂ o f Bio-Rad dye. Colour was 

allowed to develop for 10 min and absorbance was measured at 590 nm. Duplicate 

measurements were recorded and readings averaged. The concentration o f protein in the 

samples was then calculated from the standard curve generated with the BSA samples.

2.16.7 Preparation of samples for gel electrophoresis and Western blotting

Depending on the protein fraction and the antigen under investigation, between 10-250 jig of 

protein was acetone precipitated in 5 volumes o f ice-cold acetone overnight at -20°C. Samples
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were then centrifuged at 13,400 x g  for 5 min, the acetone aspirated and the pellet allowed air- 

dry. The pellet was resuspended in 20 p,l of sample buffer (62.5 mM Tris-HCL pH 6.8, 

10% v/v glycerol, 2% w/v SDS, 5% v/v p-mercaptoethanol, 0.05% w/v bromophenol blue) and 

boiled at 100°C for 5 min, thereby reducing the disulphide bonds and denaturing the protein. 

The samples were centrifuged briefly and frozen at -20°C until SDS-PAGE electrophoresis 

was performed.

2.17 PRINCIPLE OF IMMUNOBLOTTING

Western Blotting, or immunoblotting combines the resolution of gel electrophoresis with the 

specificity of immunochemical detection. The proteins are first separated by electrophoresis 

through SDS-polyacrylamide gels, and then transferred electophoretically from the gel to a 

membrane (usually nitrocellulose or polyvinylidene fluoride, PVDF). The specificity of the 

subsequent antibody-antigen interaction enables a single protein to be identified in the midst of 

a complex mixture of proteins. A suitable secondary antibody, which is conjugated to an 

enzyme e.g. HRP, binds to the primary antibody. An appropriate substrate is then added to the 

enzyme, and together they produce a detectable product, the intensity of which correlates with 

the abundance of the antigen on the blotting membrane. Molecular weight markers are 

included on each gel to aid in the identification of the detected proteins and to confirm the 

sensitivity o f the antibody.

2.17.1 SDS polyacrylamide gel electrophoresis (SDS PAGE)

Proteins were separated using a 6% or a 10% acrylamide resolving gel. The 6% resolving gel 

was used for the future determination of 1RS-I(ser307) due to the high molecular weight of 

this protein (detected at 170kDa). Other proteins under investigation were separated using a 

10% resolving gel. The resolving gel was cast between two glass plates and allowed to set, 

prior to casting the stacking gel, as described below:

■ Resolving gel:

6%: 2.0 ml 30% acrylamide, bisacrylamide mix (BDH, Sigma-Aldrich, Poole, Dorset, 

UK), 2.5 ml 1.5 M Tris (pH 8.8), 5.3 ml distilled water, 100 |xl 10% ammonium 

persulphate, 100 |i,l 10% SDS and 30 |xl TEMED

10%: 4.0 ml 30% acrylamide, bisacrylamide mix (BDH, Poole, UK), 2.5 ml 1.5 M 

Tris (pH 8.8), 3.3 ml distilled water, 100 |il 10% ammonium persulphate, 100 |j.l 10% 

SDS and 30 nl TEMED

■ Stacking gel'. 0.325 ml 30% acryamide, bisacrylamide mix, 0.625 ml 0.5 M Tris (pH 

6.8), 1.525 ml distilled water, 25 nl 10% ammonium persulphate, 25 (a1 10% SDS and 

15^1 TEMED
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Electrode running buffer (25 mM Tris Base, 200 mM glycine, 0.5% w/v SDS) was added to 

the upper and lower reservoirs. Following standard (Precision Plus ProteinT”̂  Standards Dual 

Colour, Bio-Rad Laboratories Inc., CA, USA) and sample loading, electrophoresis was carried 

out at 30 mA per gel for ~30mins until the migration dye front was approximately 5 cm from 

the gel base. The electrophoresed proteins were then ready for transfer.

2.17.2 Western blotting

The semi-dry method for transfer of electrophoresed proteins to immobilizing membranes as 

described by Towbin et al (1979), was preformed using a semi-dry blot system (Sigma- 

Aldrich, Poole, Dorset, UK). Biotrace^'^ polyvinylidene fluoride (PVDF) transfer membrane 

(0.45 |im, Pall Life Sciences/Pall Corporation, FL, USA) was soaked in 100% methanol for 1 

min and then in transfer buffer (25 mM Tris Base, 192 mM glycine, 20% v/v methanol, 0.05% 

w/v SDS) on a rotating platform for at least 30 min prior to use. The blot sandwich was 

prepared as follows: cathode, 2 sheets of Whatman 3mm filter paper (Whatman International 

Ltd., Maidstone, UK) pre-soaked in transfer buffer, PVDF membrane, gel, another 2 sheets of 

pre-soaked filter paper and finally the anode. Care was taken to ensure the absence of air 

bubbles and to note the orientation of the gel. Electrophoresis transfer was performed at 

225 mA for 1 hr 15 min.

2.17.3 Detection of antigens

After transfer, the blot sandwich was carefully opened, and the membrane removed with a 

forceps. The choice of block buffer (used to suppress non-specific absorption of antibodies), 

wash buffer and secondary antibody depends on the antigen under investigation and the choice 

of antibody. Table 2.4 and Table 2.5 outline the conditions used to detect the antigens 

investigated in experiments outlined in Chapter 4 and Chapter 5. All incubations and wash 

steps were performed on a roller to ensure thorough mixing.

Antigens were detected by incubating the membrane in a 1:1 solution of 

luminol/enhancer solution: stable peroxide solution (Supersignal® West Pico

Chemiluminescent Substrate, Pierce, IL, USA) for 5 min at room temperature. 

Chemiluminescence involves oxidation of luminol in the presence of HRP and hydrogen 

peroxidase to form an excited state product (3-aminophthalate), resulting in light emission at 

425 nm as it decays to the ground state. The enhancer increases the intensity of the light 

emission and reduces background light emission due to oxidation of luminol by peroxide or 

other oxidants. This system allows multiple exposures to be performed to obtain the best 

image. Following the 5 min incubation, excess reagent was drained from the membrane, 

which was then placed between two sheets of transparent acetate in an autoradiography 

cassette (Sigma, Poole, Dorset, UK) before being exposed to Fugi RX film (Amersham
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Bioscience, Buckinghamshire, England) for 2 min -  overnight, depending on the exposure 

required. The films were developed using an AGFA CURIX 60, Type 9462/100/140 (AGFA- 

Gevaert, AG Munich, Germany).

T ab le  2.4a: Detection o f the  insulin recep to r and  G lu t 4 by W estern  b lotting

A ntibody

S T E P

Insulin  recep to r

(IRS-1 antibody, Cell 

Signalling Technology, 

Beverly, MA, USA)'

G lu t 4

(Chemicon International, Inc, 

Temecula, CA, USA)

Block - solution 

- incubation

5% w/v Marvel non-fat dried 

milk in TBS/Tween 20 (0.1%)

1 hr at RT

10% w/v Marvel non-fat dried milk 

in TBS/Tween 20 (0.1%)

1 hr at RT

Wash Step 6 x 5  min with TBS/Tween 20 (0.1%)

Primary antibody

- dilution

- incubation

1:1000 dilution in 5% w/v 

BSA-TBS/Tween 20 (0.1%)

1 hr at RT, overnight at 4°C,

2 hr at RT the following day

1:5000 dilution for adipose tissue 

plasma membrane, and 1:1000 

dilution for total cell lysates in 5% 

w/v Marvel-TBS/Tween 20 (0.1%) 

Overnight at 4°C, 30 min at RT the 

following day

Wash Step 6 x 5  min with TBS/Tween 20 (0.1%)

Secondary Antibody

- dilution

- incubation

1:2000 dilution in 10% w/v 

Marvel-TBS/Tween 20 (0.1%)

1 hr at RT

1:2000 dilution in 10% w/v 

Marvel-TBS/Tween 20 (0.1%)

1 hr at RT

Wash Step 1 0 x 5  min with TBS/Tween 20 (0.1%)

RT, room temperature; TBS, Tris buffered saline.
‘ Band between 78 and 120kDa represents the insulin receptor as described by Rui et al, 2001 
 ̂ polyclonal goat anti-rabbit immunoglobulin G-peroxidase-conjugated immunoglobulins (Sigma-Aldrich, 

Poole, Dorset, UK)
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Table 2.4b: D etection o f 1R S-I(ser307), iK B a and  IK K a  by W estern  blotting

A ntibody

STEP

IR S -l(ser307)

Upstate, Lake Placid, NY, USA

iK Ba

(C -2 I),5 c-37I 

(Santa Cruz Biotechnology, Inc, 

CA, USA)

p 65-N F kB

(C20) 5C-372 

(Santa Cruz Biotechnology, Inc, CA, 

USA)

Block - solution 

- incubation

5% Marvel in TBS/Tween (0.05%) 

containing 1% BSA 

45 min at RT

10% w/v Marvel non-fat dried milk 

in PBS/Tween 20 (0.05%)

1 hr at RT

10% w/v Marvel non-fat dried milk in 

PBS/Tween 20 (0.05%)

1 hr at RT

Wash step 1 X Imin with distilled water 6 x 5  min with PBS/Tween 20 (0.05%)

Primary antibody

- dilution

- incubation

1:250 dilution in 5% Marvel in 

TBS/Tween (0.05%) containing 1% BSA 

1 hr at RT, overnight at 4°C, 2 hr at RT 

the following day

1:1000 dilution in 5% w/v BSA- 

PBS/Tween 20 (0.05%) 

overnight at 4“C

1:1000 dilution in 5% w/v Marvel- 

PBS/Tween 20 (0.05%) 

overnight at 4°C

Wash step 2 x 5  min with distilled water 6 x 5  min with PBS/Tween 20 (0.05%)

Secondary Antibody'

- dilution

- incubation

1:1000 dilution in 5% Marvel in 

TBS/Tween (0.05%) containing 1% BSA 

1 hr at RT

1:1000 dilution in 10% w/v Marvel- 

PBS/Tween 20 (0.05%)

1 hr at RT

1:1000 dilution in 5% w/v Marvel- 

PBS/Tween 20 (0.05%)

1 hr at RT

Wash step 2 x 5  min with distilled water, 5 x 5  min 

with TBS/Tween (0.01%), 5 x 5  min with 

distilled water

1 0 x 5  min with PBS/Tween 20 (0.05%)

PBS, phosphate buffered saline; RT, room temperature; TBS, Tris buffered saline.
‘ polyclonal goat anti-rabbit immunoglobulin G-peroxidase-conjugated immunoglobulins (Sigma-Aldrich, Poole, Dorset, UK)
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2.17.4 Reuse of Western blots

Before probing for a different protein, the blot was initially washed in TBS/Tween 20 (0.1%) 

or PBS/Tween 20 (0.05%) for 3 x 10 min, followed by incubation at 50°C for 30 min in 

stripping buffer (31.25 mM Tris (pH 6.8), 100 niM p-mercaptoethanol, 2% w/v SDS). After 

re-washing the blot for a further 6 x 5min in TBS/Tween 20 (0.1%), it was ready to use again 

commencing with the blocking stage in the Western blot protocol.

2.17.5 Quantification of protein bands

Quantification o f protein bands was performed using GeneSnap Acquisition and GeneTools 

Analysis Software (GeneGenesis Gel Documentation and Analysis System, Syngene). 

Molecular weight estimation was confirmed by the inclusion o f a suitable standard (Precision 

Plus Protein '̂^^ Standards Dual Colour, Bio-Rad Laboratories Inc.). In some blots a positive 

control was also included. Results were expressed as arbitrary units, normalised to controls 

and expressed as fold change relative to control.

2.18 ELECTROPHORETIC MOBILITY SHIFT ASSAY

The electrophoretic mobility shift assay (EMSA) detects the interaction o f DNA binding 

proteins e.g. NF-kB with their cognate DNA recognition sequences (e.g. kB enhancer 

elements) in a qualitative and quantative manner. In summary, the purified nuclear proteins 

are incubated with a ^^P-radiolabelled DNA probe, in this case specific for NF-kB, followed by 

separation o f the complexes from the free probe through a non-denaturing PAGE. The DNA- 

protein bound complexes migrate at a slower rate than the free DNA molecules and can be 

easily detected (Revzin, 1989). The gels are transferred to sturdy blotting paper by drying. 

Exposure o f the dried gel to X-Ray film at -70°C, allows for detection o f the DNA-protein 

complexes by autoradiography.

2.18.1 Detection of antigens

Nuclear extracts fi'om adipose tissue were prepared as outlined in Section 2.15.3 and the 

protein concentration in each sample determined using the Bradford assay as described in 

Section 2.15.6. 4 |xg o f nuclear protein was incubated for 30 min at room temperature with 

10,000 cpm [^^P]-labelled oligonucleotide probe (Perkin-Elmer Life Sciences, Inc., MA, 

USA), 2 |j.g Poly dl-dC (Amersham-Pharmacia, UK), 100 mM Tris (pH 7.5), 500 mM NaCl, 

40% glycerol (w/v), 5 mM EDTA, 5 mM DTT, 1 mg/ml nuclease-free BSA and sterile water 

to make up a final volume o f 20 .̂I. The binding reaction was arrested by the addition o f one 

tenth o f a volume o f gel loading dye (0.25% Bromophenol blue, 30% glycerol in sterile water) 

prior to loading the samples onto the gel for electrophoresis. The probes used in the EMSA
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contained the consensus binding sequence for NF-kB 5 ’-AGT TGA GGG GAC TTT CCC 

AGG C -3’, which had been previously labelled with p P ]  ATP by T4 polynucleoide kinase 

(Promega, Madison, WI, USA). DNA-protein complexes were resolved on a non-denaturing 

4%  (v/v) polyacrylamide gels comprising 3.125 ml Acrylamide mix (40%, Accugel 29:1 

National Diagnostics, Atlanta, Georgia, US), 2.5 ml lOX Tris borate buffer (TBE buffer: 0.6 M 

Tris Base, 0.87 M Boric acid, 20 mM EDTA), 0,05 g Ammonium persulphate (nuclease free), 

15 ^l TEM ED, 0.5 mM DTT and 19.4 ml distilled water, and allowed to run for approximately 

W * hr at 140 V in 0.5X Tris borate buffer. The gels were transferred with appropriate 

precautions to a piece o f  firm blotting paper and wrapped in cling film, dried in an automatic 

drier for approximately 30 min at 80°C and exposed to Fuji RX film (Amersham Bioscience, 

Buckinghamshire, England) in autoradiography cassettes (Kodak, UK) with intensifying 

screens for 24-48 hr at -70“C. Films were developed as for W estern blots (Section 2.16.5) but 

with appropriate care.

2.19 IMMUNOHISTOCHEMISTRY

Immunohistochemistry (IHC) combines anatom ical, immunological and biochemical 

techniques to allow the identification o f  specific tissue/cell components by means o f  specific 

antigen-antibody reaction tagged to a visible label. By using IHC, it is possible to visualise the 

distribution and localisation o f  specific cellular components (Marrack, 1934). The steps 

involved are similar to immunoblotting protocol, encompassing blocking non-specific sites, 

incubating with primary antibody, followed by incubating with secondary antibody. 

Additional steps which are specific for IHC are detailed below.

2.19.1 Detection of antigens

Tissues sections were prepared in the Histopathology Department o f  St Jam es’s Hospital by 

fixing the tissue in neutral buffered formalin, embedding them in paraffin, and sectioning at 

5 |im  onto poly-L-lysine-coated slides. Section were stained with hematoxylin and eosin for 

histology. For immunohistochemistry, sections were deparaffinised and hydrated through 

xylene and alcohol as follows: 3 xylene washes for 5 min each, 100% methanol for 3 min, 90% 

methanol for 3 min, 70% methanol for 3 min, 50%  methanol for 3 min, 30%  methanol for 3 

min. Antigen unmasking was performed by heating the sections at 95“C for 20 min in 10 mM 

sodium citrate buffer (pH 6.0), and allowing to cool for 30 min. Sections were washed twice 

with distilled water before incubating with normal blocking serum (10%  block in PBS, 0.05% 

Tween 20, for 1 hr at room temperature) from which the secondary antibody was raised, to 

reduce non-specific background staining. Sections were then incubated overnight at 4°C in a 

humid chamber with a rat primary antibody to M AC-3 (BD Pharmingen, CA, USA) diluted 

1:10 in block serum. Sections were washed three tim es in PBS containing 0.05%  Tween 20
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for 2 min each, prior to incubation with 20 fj.g/ml fluorescein isothiocyanate-conjugated 

antibody against rat IgG (Molecular Probes, Leiden, Netherlands) for 30 min at room 

temperature. Slides were washed a further three times with PBS containing Tween 20 for 2 

min each. Nuclear stain (Hoechst stain, Molecular Probes Europe, Leiden, Netherlands) 

diluted 1:10,000 in PBS was added for 3 min, slides washed once and subsequently mounted 

with DakoCytomation fluorescent mounting medium (DakoCytomation, CA, USA) and a 

coverslip applied.

2.20 GLUCOSE UPTAKE ASSAY

Measuring glucose uptake provides the most relevant end point for assessing insulin 

sensitivity. 2-deoxyglucose (2-DOG) is an analogue o f  glucose and is commonly used in 

uptake studies as it is rapidly phosphorylated following uptake thereby preventing saturation o f  

the transporter, Glut4. However, unlike glucose it is not further metabolised (Shepherd et al, 

1995).

Fibroblasts were grown to confluency as described in Section 2.9.2. Cells were 

removed from the 150 mm plates using 0.25X trypsin (without EDTA) resuspended in media 

and 100 ,̂1 added to each well o f  a 96-well Cytostar-T™ scintillating microplate (Amersham 

Biosciences, Buckinghamshire, UK). Cells were allowed to settle for 24 hr, checked for 

confluency, and then differentiated into adipocytes as described in Section 2.9.4. Fatty acid 

and TNFa treatments were performed as outlined in Section 2.9.7. Wells containing 

undifferentiated fibroblasts were included as controls. Cells were grown overnight in serum- 

free DMEM containing 0.5% (w/v) BSA. This was removed and cells were washed with 200 

^l buffer (50 mM HEPES (pH 7.4), 120 mM NaCl, 1.85 mM CaCb, 1.3 mM MgS04  and 4.8 

mM KCL). Cells were cultured for 5 hr in buffer to ensure glucose depletion. Insulin (0.1 nM, 

1 nM, 10 nM; Sigma-Aldrich, Poole, Dorset, UK) was added to the appropriate wells and the 

cells cultured for a further 20 min. This was followed by the addition o f  10 |il (0.1 |iCi) 2- 

DOG (Amersham Biosciences, Buckinghamshire, UK) for 10 min. The reaction was stopped 

by disposing o f  the buffer, and replacing it with PBS. Glucose uptake was monitored as an 

increase in scintillation counts, using a Wallac MicroBeta™ plate counter (Perkin Elmer, MA, 

USA).

119



Chapter 3: CLA supplementation in T2DM

Chapter Three

Conjugated linoleic acid supplementation, insulin sensitivity and lipoprotein 

metabolism in subjects with Type 2 Diabetes Mellitus

Part of this work has been published in the American Journal o f  Clinical Nutrition: 

Moloney et al, (2004), 80, 887-895.

3.1 ABSTRACT

Background: Some animal studies have suggested that conjugated linoleic acid (CLA)

supplementation may have therapeutic potential with respect to insulin sensitivity and lipid 

metabolism which are important cardiovascular disease (CVD) risk factors associated with 

type 2 diabetes mellitus (T2DM).

Objective; To investigate the effect of CLA supplementation on markers of glucose and 

insulin metabolism, lipoprotein metabolism, and inflammatory markers of CVD in subjects 

with T2DM.

Design: The study was a randomised, double-blinded, placebo-controlled trial. 32 subjects 

with stable, diet-controlled T2DM received 3.0g/day CLA (50:50 blend of cis-9, trans-X 1 CLA 

and transAO, c/5-12 CLA) or control for 8 wk. A 3 hr 75g oral glucose tolerance test was 

performed, and fasting plasma lipid concentrations and inflammatory markers were measured 

before and after the intervention.

Results: CLA supplementation significantly increased fasting glucose concentrations (6.3%; 

P<0.05) and reduced insulin sensitivity as measured by homeostasis model assessment, oral 

glucose insulin sensitivity, and insulin sensitivity index (composite) (P=0.05). Total HDL- 

cholesterol concentrations increased by 8% (P<0.05), which was due to a significant increase 

in HDL2-cholesterol concentrations (P<0.05). The ratio of LDL to HDL cholesterol was 

significantly reduced (P<0.01). CLA supplementation reduced fibrinogen concentrations 

(P<0.01), but had no effect on the inflammatory markers of CVD (C-reactive protein and 

interleukin 6).

Conclusions: CLA supplementation did not improve insulin and glucose metabolism.

Whereas CLA had positive effects on HDL metabolism and fibrinogen, a therapeutic nutrient 

should not be associated with potentially adverse effects on other clinical markers of T2DM.
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3.2 INTRODUCTION

In parallel with the global epidemic o f type 2 diabetes mellitus (T2DM) are significant health 

and socioeconomic burdens (Hu e( al, 2001). Thus, there is a need to identify effective dietary 

strategies to attenuate the impact o f T2DM, which is a heterogeneous disease characterised by 

target-tissue insulin resistance that cannot be overcome by B-cell hypersecretion (Steppan et al, 

2001). The World Health Organization (WHO) defined the clustering o f metabolic 

abnormalities associated with T2DM as the metabolic syndrome. Features include impaired 

insulin sensitivity, glucose intolerance, or diabetes mellitus coupled with 2 metabolic 

derangements including obesity, insulin resistance, hypertension, dyslipidaemia [increased 

plasma triacylglycerol (TAG) and low high density lipoprotein (HDL)-cholesterol 

concentrations] and microalbuminuria (Alberti & Zimmet, 1998). Low-grade inflammation, 

also a feature o f T2DM (Das, 2002) has been implicated in the development o f atherosclerosis 

(Leinonen et al, 2003). Cardiovascular disease (CVD) is the leading cause o f morbidity and 

mortality among subjects with T2DM, as a result o f the presence o f several primary risk 

factors for CVD in this patient population (Erkelens, 2001).

Although little can be done to avert a genetic predisposition to T2DM, attenuation of 

the effect o f modifiable risk factors through dietary and lifestyle factors is important. 

Conjugated linoleic acid (CLA) has received attention as a potential therapeutic nutrient with 

respect to insulin resistance and hyperlipidaemia (Roche et al, 2002), which are key 

characteristics o f T2DM. The term CLA refers to the positional and geometric isomers of 

linoleic acid with a conjugated double-bond system (Gavino et al, 2000). Animal feeding 

studies have shown that CLA reduces body fat, increases lean body mass (Park et al, 1997, 

West et al, 1998, DeLany et al, 1999), improves plasma lipid metabolism, and inhibits the 

progression and promotes the regression o f atherosclerosis (Wilson et al, 2000, Kritchevsky et 

al, 2000, Toomey et al, 2003). There are relatively few human intervention studies, and the 

results o f those few are mixed. Most o f the evidence regarding body composition suggests that 

CLA supplementation does not reduce body weight or body fat or increase lean body mass in 

humans (Larsen et al, 2003). Small, non-significant reductions in low density lipoprotein 

(LDL)-cholesterol (Blankson et al, 2000, Noone et al, 2002) and conflicting effects regarding 

HDL cholesterol (Blankson et al, 2000, Benito et al, 2001, Mougios et al, 2001) have been 

observed following CLA supplementation in humans. A recent study indicated that trans-XO, 

cis-\2  CLA (tlO, cl2-CLA) supplementation had negative effects on insulin resistance and 

biomarkers o f oxidative stress and inflammation in obese men who had signs o f the metabolic 

syndrome (Riserus et al, 2002a, Riserus et al, 2002b). In contrast, Noone et al (2002) reported 

that a supplement combining cis-9, trans-\\ (c9, tll-C L A ) and tlO, cl2-CLA improved 

plasma TAG concentrations and very low density lipoprotein (VLDL) metabolism, without 

exerting adverse effects on insulin and glucose metabolism in healthy subjects. These
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conflicting results may reflect differences in study duration, cohort composition, study settings, 

and most important, supplement composition. CLA is a heterogeneous compound, and distinct 

isomer-specific effects have been identified (Roche et al, 2002, Noone et al, 2001). c9, tl 1- 

CLA and tlO, cl2-CLA are thought to have most biological activity, and most research has 

investigated these two isoforms. Research has shown that c9, tll-CLA  and tlO, cl2-CLA, 

have contrasting metabolic and molecular effects. Feeding a c9, tll-CLA  enriched diet 

improved lipid and glucose metabolism, whereas feeding a tlO, cl2-CLA enriched diet 

promoted insulin resistance and dyslipidaemia in ob/ob mice (Roche et al, 2002, Noone et al, 

2001).

The objective of the present study was to determine the effect of CLA 

supplementation, providing equal proportions of c9, tll-CLA  and tlO, cl2-CLA, in subjects 

with stable, diet-controlled T2DM. To date no study has investigated the metabolic effects of 

CLA supplementation in these patients. Several key aspects of the metabolic syndrome, 

including insulin and glucose metabolism, lipoprotein metabolism, and markers of coagulation 

and inflammation, were measured to ascertain the effect of CLA in persons with diet- 

controlled T2DM.
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3.3 SUBJECTS AND METHODS

This study was approved by the Joint Ethics Committee of St James’s Hospital and the 

Federated Dublin Voluntary Hospitals, Ireland. The purpose, nature, and potential risks of the 

study were explained before written informed consent was obtained from each volunteer. 

Sample size was estimated by the ability to detect a 20-30% change in TAG concentrations, 

assuming a type I error of 0.05 and a power of 0.9. 32 subjects with type 2 diabetes who 

attended the Diabetic Day Care Centre at St James’s Hospital in Dublin and whose diabetes 

was controlled by diet therapy alone completed the trial. All subjects had stable metabolic 

control with a glycated haemoglobin (HbAic) concentration of 6.83 ±0.18 mmol/L and a mean 

fasting blood glucose concentration of 7.33 ± 0.24 mmol/L. None of the subjects were 

receiving pharmacological treatment for glycaemic control or lipid-lowering purposes. 

Hypertension was present in approximately one-half of the subjects. However, only subjects 

whose blood pressure was under stable control participated in the study. There was no 

difference in the prevalence of hypertension between the two groups. In addition, there was no 

documentation of macrovascular disease in the medical notes of any participant. Blood 

screening samples indicated that the liver and kidney profiles and haemoglobin concentrations 

were within the routine acceptable ranges for St. James’s Hospital. All subjects had stable 

body weight. All were following healthy eating guidelines as recommended by the American 

Diabetes Association (American Diabetes Association, 2002). The study subjects did not 

consume fatty acid supplements or other dietary products known to affect metabolic markers 

ofT2DM.

3.3.1 Study design

This randomised, double-blinded, placebo-controlled study was conducted on a free-living, 

outpatient basis. Subjects received 3.0g CLA/day (6 x 0.5 g capsules comprising a 50:50 

isomer blend of c9, tl I-CLA and tIO, cI2-CLA) or placebo (6 x 0.5 g capsules comprising a 

blend of palm oil and soya bean oil) for 8 wk. The placebo was designed to contain a blend of 

fatty acids that was representative of a habitual western diet (Gregory et al, 1990, Wallace et 

al, 2002). The fatty acid compositions of the CLA supplement and the placebo are shown in 

Table 3.1. All supplements were supplied by Loders Croklann (Wormeveer, Netherlands). 

Each volunteer received his or her capsules in 2 batches, at baseline and after wk 4. A capsule 

count was completed midway and at the end of the supplementary period. All participants 

were asked to maintain their usual dietary and lifestyle habits. The effect of changes in diet, 

weight, and physical activity was explained to the subjects. There was no change in prescribed 

medication i.e. anti-hypertensives throughout the trial.
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Table 3.1: Fatty acid composition of the CLA supplement and the control 

supplement.

Ingredient

Supplement

Control CLA

% by wt o f  total fatty acids

Fatty acid composition (%)

16:0 38.52 4.82

18:0 4.70 2.28

18:1 34.84 10.17

18:2n-6 17.89 1.73

Saturated Fatty Acids 44.97 8.16

CLA isomers (%)

Total CLA 0.06 73.83

c /5-9 , trans- \ 1 CLA 0.06 35.62

trans-10, cis-12 CLA undetectable 38.21

ND, not detectable.

Supplements were given as free fatty acid. Supplement details provided by 

Consultus Laboratories, Cork, Ireland.
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Screening of subjects --------- ► Approximately 60
^  ineligible subjects

32 eligible subjects who 
gave voluntary consent

Randomisation o f subjects

CLA group Control group
n=16 n=16

3g CLA/day 3g placebo/day

 ♦
Week 0 1 2 3 4 5

Week 0
■ Antropometric measurements
■ Fasting blood sample
■ OGTT
■ Dietary assessment
■ Batch supplements given ▼

Week 4
■ Capsule count
■ Batch supplements given

Fig. 3.1 Study Design
OGTT, oral glucose tolerance test.

3.3.2 Dietary assessment

Mean daily dietary intake was assessed by using two 4-day food records, one completed 

immediately before the study and the other completed at the end of the supplementation period 

(Korhonen et al, 2003). Dietary information was recorded in the food diary used in the North- 

South Food Consumption Survey, 2001 (Harrington et al, 2001). A detailed description o f the 

ingredients or food brand, food preparation and cooking method was gained. Household 

measures, standard food portions, and a photographic food atlas were used to quantify food 

and fluid portion sizes (Harrington et al, 2001). This dietary information was analysed for 

macronutrient composition with the use o f NETWISP software (version 2.0; Tinuviel 

Software, Warrington, UK), which was modified to include the composition o f frequently

6 7 8

W eeks
■ Antropometric measurements
■ Fasting blood sample
■ OGTT
■ Dietary assessment
■ Capsule count
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consum ed foods that were not part o f  the database. This additional information w as obtained 

from the nutrient information panel supplied by the manufacturers.

3.3.3 C linical investigations

Subjects attended the Metabolic Unit, Department o f  Endocrinology, St James’s Hospital, for 

blood sampling after a 12 hr overnight fast before and after intervention (wk 0  and wk 8 ). 

Subjects abstained from strenuous exercise and alcohol intake for 24 hr before the examination  

and refrained from smoking on the morning o f  the examination. Medications e.g. anti

hypertensives were not taken until the clinical investigations were com plete. On the morning 

o f  each investigation, a fasting blood sample was drawn and a standard 3 hr, 75g oral glucose 

tolerance test (OGTT) was performed. The 75g anhydrous glucose equivalent (Polycal; 

Nutricia Clinical, Trowbridge, UK) was consumed in 300 ml water within 5 min. Blood  

sam ples were collected at 0, 30, 60, 90, 120, and 180 min for the measurement o f  plasma 

glucose and serum insulin and C-peptide concentrations.

3 .3 .4  C ollection  o f  blood sam ples

Blood for the future measurement o f  cholesterol, TAG, low density lipoprotein (LDL), 

interleukin (IL)-6 , insulin, and C-peptide concentrations was collected in serum tubes (Becton  

Dickinson, Oxford, UK). Blood for HDL and VLDL analysis was collected in EDTA-coated  

evacuated tubes (Becton Dickinson, Oxford, UK). Samples for glucose analysis were 

collected in tubes containing sodium fluoride, and blood for fibrinogen, C-reactive protein 

(CRP), and fatty acid analyses was collected in tubes containing citrate (Becton Dickinson, 

Oxford, UK). Serum samples were allowed to clot for 1 hr. Samples for lipid, glucose, 

insulin, C-peptide, and lL -6  analyses were centrifuged immediately at 1400 x g  for 10 min at 

room temperature. Citrated samples for CRP and fibrinogen measurements were collected and 

then centrifuged at 2000 x g  for 20 min at room temperature. Blood samples collected for fatty 

acid analysis were centrifuged at 2 0 0  x g  for 2 0  min at room temperature to harvest the platelet 

rich plasma. All o f  the samples listed above were frozen immediately and stored at -70°C until 

subsequent analysis.

3 .3 .5  B iochem ical analysis

Plasma samples were analysed for cholesterol and TAG concentrations using enzymatic 

colorimetric assays on an ILAB 600 clinical chemistry analyser (Instrumentation Laboratory, 

Warrington, UK) as described in Section 2.2.2 and Section 2.2.3, respectively. Total HDL-, 

HDL3-, and HDL2-cholesterol concentrations were determined after precipitation with 

Quantolip total HDL Precipitation Reagent and Quantolip HDL3 Precipitation Reagent (both: 

Immuno A g, Vienna, Austria) as described in Section 2.3.2. LDL-cholesterol concentrations
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were measured after precipitation of LDL using Randox Precipitation Reagent (Randox, 

Antrim, Ireland) as outlined in Section 2.3.1. VLDL was isolated using ultracentriftjgation 

techniques as described in Section 2.3.3. TAG-poor lipoprotein (TPL) was also harvested. 

VLDL, TPL, LDL, and HDL lipid compositions were determined using colorimetric assays as 

described in Section 2.3.2 and Section 2.3.3. VLDL apolipoprotein B (apoB) was measured 

using a turbidimetric assay (Instrumentation Laboratory, Warrington, UK) on the ILAB 600 

clinical chemistry analyser, as detailed in Section 2.4. Plasma glucose concentrations were 

measured using enzymatic determination based on the glucose hexokinase principle 

(BioMerieux, Marcy-l’Etoile, France) (Section 2.2.4). Serum insulin and C-peptide 

concentrations were measured by solid-phase, two-site fluoroimmunometric assays 

(AutoDELFIA Insulin kit and AutoDELFIA C-Peptide kit, respectively; Wallac Oy, Turku, 

Finland) on a 1235 AutoDELFIA automatic immunoassay system (Wallac Oy, Turku, Finland) 

(Section 2.6). HbAic was assessed using a fully automated HPLC analyser (Menarini-Arkray 

HA 8140; Arkray KDK, Kyoto, Japan) in the Haematology laboratory in St. James’s Hospital. 

IL-6 and CRP assays were performed using human high-sensitivity immunoassay test kits 

(Biosource, Camarillo, CA, USA and BioCheck Inc, Burlingame, CA, USA respectively) 

according to each manufacturer’s instructions (Section 2.7). Fibrinogen clotting activity was 

measured by using an automated clotting assay as described in Section 2.5.

For each marker, both pre-intervention and post-intervention samples for each subject 

were analysed within a single batch. The inter-assay coefficient of variation (CV) for total 

cholesterol and triacylglycerol was L25% and 3.15%, respectively. The inter-assay CV for 

fibrinogen was 3.25%. Insulin, C-peptide, HbAic, glucose, and microalbumin concentrations 

were analysed in the laboratory of St James’s Hospital and were acceptable according to the 

routine internal and external standards applied.

3.3.6 Fatty acid compositional analysis

Protocol compliance was verified by conducting a capsule count and by measurement of 

plasma fatty acid composition with the use of gas liquid chromatography. Total plasma lipids 

were isolated using the method of Folch et al (1957), as described in Section 2.8.1. Methyl 

esters of total plasma lipid were prepared by adding 0.5 ml of 0.01 M NaOH in dry methanol 

and then adding 0.5 ml boron trifluoride as outlined in Section 2.8.2. Total plasma lipid fatty 

acid composition was determined by using a Shimadzu GC-I4A Gas Liquid Chromatograph 

(Mason Technologies, Dublin, Ireland) fitted with a Shimadzu C-I6A integrator (Mason 

Technologies) and a CP Sil 88 fused silica column (50 m x 0.22 mm, 0.2 )am file thickness; 

Chrompack Ltd, Middelburg, Netherlands). Plasma fatty acids were identified according to 

their retention times in comparison with a fatty acid methyl ester standard (Sigma-Aldrich, 

Poole, Dorset, UK) spiked with known concentrations of transmethylated c9, tll-CLA  and
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tlO, cl2-CLA isomers (Cayman Chemical, MI, USA). Plasma fatty acid composition was 

calculated as a percentage of total fatty acids (Section 2.8.3).

3.3.7 Anthropometric measurements

Body weight was measured on an electronic balance, measuring to the nearest 0.1kg, with 

subjects wearing light clothing but no shoes. Height was assessed using a stadiometer that 

measured to the nearest O.I cm. Waist girth was measured at the minimum circumference 

between the iliac crest and the rib cage. Hip girth was measured at the maximum width over 

the greater trochanters. Waist-to-hip ratio (WHR) was calculated from these measurements. 

Bioelectric impedance analysis was measured in subjects in the erect position using a body fat 

analyser (TBF-300; Tanita Corporation, Arlington Heights, IL, USA). Percentage body fat 

was calculated using the manufacturer’s programmed equations. Appendix I provides a more 

detailed description o f the methodology employed to record the anthropometric measures.

3.3.8 Data preparation and statistical analysis

All statistical analysis was conducted by using Data Desk software (version 6.0, Data 

Description Inc, Ithaca, NY, USA). Results are presented as mean ± SEM. When necessary, 

values were transformed to give a normal Gaussian distribution. The postprandial data were 

expressed in summary form i.e. area under the postprandial curve (AUC), incremental area 

under the postprandial curve (lAUC), maximum postprandial concentration (Cmax), and time to 

maximal postprandial concentration (Tmax). These data were used to investigate postprandial 

variations between the supplement groups. AUC was calculated using the trapezium rule 

(Matthews et al, 1990), and lAUC was calculated as the total incremental AUC according to 

Le Floch (Allison et al, 1995). Homeostasis model assessment-insulin resistance (HOMA-IR) 

was calculated as fasting glucose (mg/dl) multiplied by fasting insulin (|.iU/ml) divided by 22.5 

(Matthews et al, 1985). Quantitative insulin sensitivity check index (QUICKI) was calculated 

as l/(log fasting insulin concentration + log fasting glucose concentration) (Katz et al, 2000). 

The insulin sensitivity index (ISI) composite was calculated as proposed by Matsuda & De 

Fronzo (1999). Oral glucose insulin sensitivity (OGIS) was calculated using the published 

formula (Mari et al, 2001).

Analysis o f covariance (ANCOVA), after control for the baseline value o f the outcome 

variable, was used to identify significant changes in biochemical values after the 

supplementation period (ANCOVA 1). Baseline microalbumin and cholesterol concentrations 

were also controlled for (in addition to the baseline value o f the control variable) because wk 0 

(baseline) values differed between the groups (ANCOVA 2). ANCOVA 1 and ANCOVA 2 

did not detect different statistical effects. ANCOVA 2 is reported in the results section. 3-way
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analysis o f variance (ANOVA) with subject, treatment, and time as independent variables and 

a treatment-by-time interaction was used to identify significant changes in plasma fatty acid 

composition. Repeated-measures ANOVA with a treatment-by-time interaction was used to 

investigate significant differences in postprandial responses between the study groups. Post 

hoc statistical analysis was conducted by using Scheffe’s test. A P value < 0.05 was 

considered statistically significant.
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3.4 RESULTS

3.4.1 Subject characteristics and anthropometric measurement details

Baseline characteristics of the 2 study groups are summarized in Table 3.2a. There was no 

difference between the groups at baseline regarding mean age, weight, body mass index (BMI; 

kg/m^), waist circumference, hip circumference, WHR, percentage body fat or duration of 

diabetes. There was no difference in any of the anthropometric measurements after either the 

CLA or control supplements (Table 3.2b).

Table 3.2a; Baseline characteristics of the study population by treatment 

group. Values represent mean ± SEM. There were no significant differences 

between the groups (1-way ANOVA).

Control group 

(n=16)

CLA group 

(n=16)

Age (y) 58.1 ±2.7 63.8 ± 2.2

Weight (kg) 88.2 ±3.8 84.4 ±3.1

BMI (kg/m^) 30.7 ± 1.2 29.1 ± 1.0

Waist circumference (cm) 101.1 ±2.6 102.7 ±2.5

Hip circumference (cm) 110.0 ±2.8 108.2 ± 1.9

WHR 0.92 ± 0.02 0.95 ± 0.02

Percentage Body Fat 33.2 ±2.3 32.9 ± 2.5

Duration of Diabetes (months) 32.9 ±7.4 34.5 ±5.7
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Table 3.2b: Mean anthropometric measurements before and after CLA supplementation 

or placebo for 8 wk. Values represent mean ± SEM. There were no significant differences 

between the groups at wk 0 or following 8 wk supplementation (ANCOVA or 3-way 

ANOVA).

Control group CLA group

(n= 16) (n==16)

WkO Wk8 WkO Wk8

Weight (kg) 88.2 ±3.8 87.8 ±3.7 84.4 ±3.1 84.1 ±3.2

BMI (kg/m^) 30.7 ± 1.2 30.6 ± 1.2 29.1 ± 1.0 29.0± 1.0

Waist circumference (cm) 101.1 ±2.6 100.9 ±2.4 102.7 ±2.5 102.0 ±2.4

Hip circumference (cm) II0 .0±2 .8 110.4 ±2.8 108.2 ± 1.9 108.1 ±2.1

WHR 0.92 ± 0.02 0.92 ± 0.02 0.95 ± 0.02 0.94 ±0.01

Percentage Body Fat 33.2 ±2.3 34.4 ± 2.3 32.9 ±2.5 30.7 ±2.8

3.4,2 Study compliance

Study compliance was assessed by conducting a capsule count, completing dietary assessments 

and by determining total plasma fatty acid composition. The subjects consumed 96.16% of the 

prescribed supplements. Compliance did not differ significantly between the study groups: 

96.33% and 95.83% of supplements were used by the control and CLA groups, respectively. 

Dietary analysis, based on two 4-day food records, one completed before and the other 

completed after the intervention, showed that mean daily energy, macronutrient, dietary fibre, 

cholesterol and alcohol intake did not differ significantly after CLA or placebo 

supplementation. In addition, the percentage contribution of macronutrients to total energy 

and food energy did not differ after either supplement. Mean daily nutrient intakes did not 

differ significantly between groups before or after intervention. Appendix II, at the end of this 

chapter, tabulates these results. The fatty acid compositions of total plasma lipids are shown in 

Table 3.3. Total plasma c9, til-CLA  concentrations increased by 89% after CLA 

supplementation (P<0.001). The tIO, cl2-CLA isomer was undetectable in most samples and 

was not affected by CLA supplementation. Plasma linoleic acid (I8:2n-6) concentrations 

increased significantly within the CLA group (P<0.01) and a-linoleic acid (I8:3n-3) 

concentrations increased significantly within the control group (P<0.01), but statistical 

differences were not observed between the groups.
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Table 3.3: Fatty acid composition of total plasma lipids before and after CLA 

supplementation or placebo for 8 wk. Values represent mean ± SEM. Significant 

difference within the group after 8 wk supplementation (3-way ANOVA) f  P<0.01. 

Significant difference between groups after 8 wk supplementation (treatment x time 

interaction) (3-way ANOVA) J P<0.001.

Fatty Acid Control group CLA group

(n= 16) (n==16)

WkO Wk8 WkO Wk8

% byw t o f total fatty acids

16:0 24.80 ±0.55 25.52 ±0.58 25.75 ± 0.57 26.3 ± 0.50

16:1 2.16 ±0.22 1.79±0.13 2.174 ±0.22 2.24 ±0.19

18:0 9.96 ± 0.40 10.97 ±0.55 10.3 ±0.40 10.78 ±0.40

18:1 18.58 ±0.85 17.66 ±0.80 18.46 ±0.88 19.66 ±0.96

18:2n-6 20.73 ± 0.72 21.26 ±0.91 19.21 ±0.74 21.90± 1.18t

18:3n-6 0.26 ± 0.02 0.23 ±0.01 0.20 ± 0.02 0.24 ±0.01

18:3n-3 0.49 ± 0.08 0.57 ±0.1 t 0.44 ± 0.06 0.32 ± 0.05

CLA 0.28 ± 0.04 0.32 ± 0.05 0.37 ± 0.06 0.7 ± 0.08 J

20:2 0.27 ± 0.02 0.29 ± 0.02 0.30 ±0.01 0.29 ± 0.02

20:3n-6 2.52 ±0.15 2.59 ± 0.24 2.31 ±0.25 2.30 ±0.14

20:4n-6 8.58 ±0.37 9.06 ± 0.53 9.36 ±0.56 8.66 ± 0.46

20:5n-3 1.30±0.16 1.24 ±0.24 1.67 ±0.32 1.18±0.14

22:4n-6 0.41 ± 0.03 0.43 ± 0.06 0.70 ±0.18 0.40 ± 0.03

22:6n-3 2.94 ± 0.25 2.47 ± 0.23 3.15 ±0.29 3.16 ±0.26

3.4.3 Insulin and glucose metabolism

The effect of CLA supplementation on a range of measures of insulin sensitivity and 

glycaemic control is shown in Table 3.4a. Fasting glucose concentrations were significantly 

increased after CLA supplementation (?<0.05). HOMA-IR was also significantly higher after 

CLA supplementation than after control supplementation (P=0.05). Both OGIS and the ISI 

(composite) were significantly lower after CLA supplementation than after control 

supplementation (P=0.05 and P<0.05, respectively). HOMA-2 IR or HOMA-2 % insulin 

sensitivity, the QUICKI measure of insulin sensitivity, HbAic and microalbumin 

concentrations were not significantly altered by CLA supplementation.
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Table 3.4a: Measurements of insulin sensitivity and glycaemic control before and after 

CLA supplementation or placebo for 8 wk. Values represent mean ± SEM. Significant 

difference between groups after 8 wk of supplementation (ANCOVA) ** P<0.05, * P=0.05. 

' Significant difference between the groups at baseline (Wk 0).

Control group CLA group

(n= 16) (n==16)

WkO WkS WkO Wk8

Fasting Glucose (mmol/L) 7.33 ± 0.40 7.09 ±0.35 7.34 ± 0.27 7.8 ±0.28**

Fasting Insulin (pmol/L) 54.94 ±5.10 50.68 ± 7.60 52.13 ±7.90 57.87 ±8.86

HOMA-IR 3.00 ±0.35 2.59 ± 0.42 2.81 ±0.42 3.35 ±0.54 *

HOMA 2'

IR 1.29 ±0.12 1.33 ±0.15 1.22 ±0.17 0.82 ±0.21

% insulin sensitivity 88.5 ±8.21 92.25 ± 12.33 106.6 ± 13.55 100.59 ± 15.02

QUICKI 0.33 ± 0.005 0.36 ± 0.025 0.34 ± 0.007 0.33 ± 0.007

ISl (composite) 3.98 ± 0.40 6.26 ± 1.89 4.58 ±0.64 4.11 ±0.54 **

OGIS 353.63 ± 19.0 362.40 ± 16.41 341.08 ± 15.89 329.84 ± 16.38 *

HbAic 6.73 ±0.12 6.59 ±0.18 6.93 ± 0.33 6.63 ±0.16

Microalbumin
1 j j ______________ • _

3.22 ± 0.77 3.32 ± 0.72 1.61 ±0.31' 1.49 ±0.21

' derived from the updated version o f  the model. This is available as a computer model (see Wallace et al, 2004).

The postprandial glucose, insulin, and C-peptide concentrations in response to the 

OGTT are shown in Fig. 3.2. Repeated-measures ANOVA showed that plasma glucose, 

serum insulin and C-peptide concentrations increased significantly (P<0.001) during the 

OGTT. Both before and after the intervention, postprandial glucose concentrations were 

significantly higher in the CLA group (?<0.01), whereas postprandial C-peptide concentrations 

were significantly higher in the control group (?<0.01). Fasting glucose concentrations were 

significantly higher after CLA supplementation than after control supplementation (?<0.05). 

Postprandial glucose concentrations were not significantly changed by either supplement. In 

addition, neither supplement had a significant effect on fasting or postprandial insulin or 

C-peptide concentrations. Summary variables, AUC, lAUC, Tmax, Cmax, of the postprandial 

glucose, insulin and C-peptide responses after the OGTT were not significantly altered by 

CLA or control supplementation (Table 3.4b).

133



0 30 60 90
Time (min)

120 180

Fig. 3.1a: Mean (± SEM) plasma glucose concentrations in response to the adm inistration of 75 g anhydrous glucose before and after 

CLA supplementation (3 g/d) o r placebo for 8 wk: control group (week 0, ■; week 8, A), CLA group (week 0, • ;  week 8, ^ ). By repeated- 

measures ANOVA, there was a significant time effect for glucose (P<0.001) and a treatment-by-time effect for plasma glucose (P<0.01). Fasting 

plasma glucose concentrations were significantly higher after CLA supplementation, P<0.05 (ANCOVA).
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Fig. 3.2b: Mean (± SEM) serum insulin concentrations in response to the administration of 75 g anhydrous glucose before and after CLA 

supplementation (3 g/d) or placebo for 8 wk: control group (week 0, ■; week 8, A), CLA group (week 0, • ;  week 8, ^). By repeated- 

measures ANOVA, there was a significant time effect for insulin (P<0.001).
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Fig. 3.1c: Mean (± SEM) serum C-peptide concentrations in response to the administration of 75 g anhydrous glucose before and after 

CLA supplementation (3 g/d) or placebo for 8 wk: control group (week 0, ■; week 8, A), CLA group (week 0, • ;  week 8, ^). By repeated- 

measures ANOVA, there was a significant time effect for C-peptide (P < 0.001) and a treatment-by-time effect for serum C-peptide (P < 0.01).
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Table 3.4b: Summary variables (AUC, iAUC, Cmax» Tmax) of the postprandial glucose, 

insulin and C-peptide responses before and after CLA supplementation or placebo for 8

wk. Values represent mean ± SEM. There were no significant differences between the groups at 

wk 0 or following 8 wk supplementation (ANCOVA or 3-way ANOVA).

Glucose

Control group CLA group

(n=16) (n==16)

Wk 0 Wk8 Wk 0 Wk 8

AUC (mmol/L-min) 35.56 ± 1.94 34.70 ± 1.82 38.56 ± 1.86 39.55 ±2.18

! IAUC mmol/L-min) 13.58 ± 0.94 13.43 ± 1.05 16.55 ± 1.30 16.15 ± 1.47

. Cmax (mmol/L) 14.79 ± 0.62 14.84 ±0.70 16.09± 0.76 16.25 ±0.80

1 T m a x  (min) 71.25 ± 3.75 75.00 ±4.74 76.88 ± 4.72 78.75 ± 4.64

Insulin

Control group CLA group

(n= 16) (n==16)

WkO Wk8 WkO Wk8

AUC (pmol/L-min) 700.70 ± 133.06 692.75 ± 125.35 579.26 ±72.51 619.15 ±89.46

IAUC (pmol/L-min) 535.90 ± 122.35 540.70 ± 108.28 422.88 ± 53.47 445.55 ± 66.96

C m a x  (pmol/L) 366.68 ± 67.70 372.23 ± 75.01 288.31 ±35.96 337.05 ± 55.67

T m a x  (min) 90.0 ± 7.25 80.63 ± 6.55 89.28 ± 10.55 97.5 ± 10.06

C-peptide

Control group CLA group

(n= 16) (n==16)

WkO Wk8 WkO Wk8

AUC (pmol/L-min) 7118.05 ±708.37 6473.64 ±522.67 6373.33 ±438.55 6113.16±413.07

IAUC (pmol/L-min) 4374.89 ± 567.77 3916.66 ±338.66 3903.25 ±281.87 3686.51 ±285.88

C m a x  (pmol/L) 3119.68 ±322.81 2753.51 ±288.45 2748.40 ± 191.25 2734.89 ± 225.75

T m a x  (min) 110.63 ±6.55 99.38 ±3.59 120.0 ±8.22 114.38 ±7.85
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3.4.4 Lipoprotein metabolism

Fasting serum and lipoprotein lipid concentrations before and after CLA or placebo 

supplementation are shown in Table 3.5a. There was no significant effect of either CLA or 

control supplementation on total or LDL-cholesterol concentrations. Total HDL-cholesterol 

concentrations were significantly increased after CLA supplementation (P<0.05). The 7.9% 

increase in total HDL-cholesterol concentration was due to a significant increase in HDL2- 

cholesterol concentrations after CLA supplementation (P<0.05). LDL:HDL cholesterol was 

significantly reduced after CLA supplementation (P<0.01). Serum TAG, VLDL-TAG and 

VLDL-cholesterol concentrations were not significantly altered by either supplement. VLDL 

apoB concentrations were significantly higher after CLA supplementation than after control 

supplementation (P<0.05).

Table 3.5a: Mean fasting plasma and lipoprotein cholesterol and TAG concentrations 

before and after CLA supplementation or placebo for 8 wk. Values represent mean ± SEM. 

Significant difference within the group after 8 wk supplementation (3-way ANOVA) * P<0.05, 

** P<0.01. Significant difference between groups after 8 wk supplementation (ANCOVA) 

X P<0.05. ' Significant difference between the groups at baseline (Wk 0).

Control group CLA group

(n= 16) (n== 16)

WkO W k8 WkO W k8

Plasma cholesterol (mmol/L) 4.73 ± 0.26 4.78 ± 0.23 5 .16±0 .17‘ 5.06 ±0.14

Cholesterol (mmol/L)

LDL 3.10 ±0.22 3.18 ±0.20 3.63 ±0.18 3.31 ±0.19

Total HDL 1.50±0.10 1.54 ±0.08 1.44 ±0.07 1.55 ±0.08 *

HDL2 0.23 ± 0.03 0.25 ± 0.03 0.23 ± 0.04 0.34 ± 0.05 *

HDL3 1.26 ±0.08 1.29 ±0.07 1.21 ±0.05 1.21 ±0.05

HDL2:HDL3 0.20 ± 0.03 0.21 ±0.03 0.19 ±0.03 0.28 ± 0.05

LDL:HDL 2.15±0.17 2.13 ±0.16 2.63 ±0.21 2.26 ± 0.21 **

Plasma TAG (mmol/L) 1.60±0.16 1.51 ±0.18 1.62±0.12 1.64 ±0.13

VLDL TAG (mmol/L) 0.66 ± 0.08 0.56 ±0.07 0.76 ± 0.09 0.78 ±0 .7

VLDL cholesterol (mmol/L) 0.28 ± 0.05 0.24 ± 0.03 0.30 ± 0.04 0.33 ± 0.04

VLDL apoB (|Ag/ml) 43.91 ±6.36 39.93 ± 5.0 42.03 ± 3.57 49.09 ± 4.64 t
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The ratio of VLDL TAG:VLDL apoB reflects the the proportion of TAG being carried 

by apoB. Results in Table 3.5b indicate that neither supplement altered this ratio. In addition 

there was no effect on VLDL ChohVLDL TAG indicating that the relative proportion of each 

component was unchanged.

In the fasting state the majority of TAG are of endogenous, or hepatic origin and are 

transported as VLDL. In the postprandial state most TAG are of dietary origin, and are 

transported as chylomicrons. In T2DM, chylomicrons may be present in plasma following an 

overnight fast due to dyslipidaemia, and therefore VLDL is sometimes referred to as TAG-rich 

lipoprotein (TRL). The lipoprotein fractions which contain only a small amount of TAG i.e. 

HDL and LDL are referred to as TAG-poor lipoprotein (TPL). Excessive enrichment of HDL 

and LDL with TAG and subsequent hydrolysis by hepatic lipase leads to the formation of 

small, dense LDL and HDL particles, which are associated with increased risk of CVD 

(Betteridge, 2000). Neither TPL-TAG nor TPL-cholesterol concentrations were significantly 

altered by the CLA or placebo supplements (Table 3.5b).

In addition plasma TAG:HDL-cholesterol and total cholesterohHDl-cholesterol have 

been proposed as indicators of CVD risk. The percentage of individuals having small, dense 

LDL is increased by at least 2 fold in T2DM, even in the absence of dyslipidaemia (Siegel et 

al, 1996). Consequently, Boizel et al (2000) proposed the ratio of plasma TAGiHDL- 

cholesterol as an indicator of LDL particle size in subjects with T2DM and normal HDL 

cholesterol level. They suggested a ratio > 1.33 to distinguish the small, dense LDL particle. 

Data from the Framingham study indicates that as the ratio of total cholesteroLTotal HDL- 

cholesterol increases, so does the risk of CHD, conjestive heart failure and intermittent 

claudication (Kannel, 1987; Kannel, 1994). Total cholesterol:HDL-cholesterol determines the 

initial risk of CHD events at any serum total or HDL cholesterol, thereby reflecting the 

importance of the balance of the lipoprotein fractions in serum. In populations with low CHD 

incidences, average values of total cholesterol/HDL-cholesterol are below 4.0 (Kannel, 1987). 

An optimum ratio of approximately 3.5 has been proposed (Kannel, 1997). As illustrated in 

Table 3.5b, the values obtained for both these ratio’s is below these proposals, indicating that 

this population is a quite healthy despite a diabetic profile. Neither ratio was significantly 

altered by either the CLA or placebo supplement.
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Table 3.5b: TAG-poor lipoprotein cholesterol and triacylglycerol concentrations and 

lipoprotein ratios before and after CLA supplementation or placebo for 8 wk. Values 

represent mean ± SEM. There were no significant differences between the groups at wk 0 or 

following 8 wk supplementation (ANCOVA or 3-way ANOVA).

Control group CLA group

(n=16) (n=16)

WkO Wk8 WkO WkS

VLDL TAG: VLDL apo B 0.016 ±0.001 0.014 ±0.001 0.018 ±0.001 0.016 ±0.001

VLDL ChohVLDL TAG 0.40 ± 0.02 0.41±0.19 0.40 ± 0.02 0.43 ± 0.02

TPL triglyceride (mmol) 0.59 ±0.07 0.55 ± 0.05 0.50 ± 0.03 0.49 ± 0.02

TPL cholesterol (mmol) 4.09±0.18 4.19 ±0.23 4.34 ±0.18 4.50 ±0.19

Plasma TAG:Total HDL 1.19±0.17 1.11 ±0.21 1.19±0.13 1.14±0.14

Plasma cholesterol:Total HDL 3.12±0.14 3.12±0.17 3.60 ± 0.20 3.40 ±0.22

3.3.5 Markers of inflammation and coagulation

The effect of the CLA and control supplements on inflammation and coagulation was also 

determined, and results are shown in Table 3.6. Plasma fibrinogen concentrations were 

significantly lower after CLA supplementation than after control supplementation (P<0.01). 

Serum IL-6 and plasma CRP concentrations were not altered by either CLA or control 

supplements.

Table 3.6: Measurements of coagulation and inflammation before and after CLA

supplementation or placebo for 8 wk. Values represent mean ± SEM. Significant difference 

between groups after 8 wk supplementation (ANCOVA) f  P<0.01.

Control group CLA group
(n= 16) (n==16)

WkO WkS WkO WkS

Fibrinogen (mg/dl) 315.11 ±7.34 317.36 ±5.56 310.15 ±5.84 294.30 ± 5.87 t

lL-6 (pg/mL) 3.05 ± 1.64 2.94 ± 1.49 5.18 ±2.43 6.20 ±3.86

CRP (mg/L) 2.91 ±0.74 2.97 ±0.78 2.94 ± 0.68 2.50 ±0.72
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3.5 DISCUSSION

This study determined the effect of CLA supplementation on several key CVD risk factors in a 

group of healthy subjects with well-controlled T2DM that was treated by diet therapy alone. 

In view of the increased risk of CVD associated with diabetes, it is important to investigate the 

ability of nutritional therapies to attenuate the effect of modifiable risk factors associated with 

CVD in this high-risk patient group. Glucose tolerance and insulin sensitivity are central to 

T2DM, and therefore an OGTT was performed, and a number of fasting and postprandial 

indices were investigated. CLA supplementation did not improve fasting glucose 

concentrations. HOMA-IR is a common measure of insulin resistance, derived from fasting 

insulin and glucose concentrations. In our study, CLA supplementation had an adverse effect 

on insulin resistance, increasing HOMA-IR by 19%. However neither HOMA-2 IR or 

HOMA-2 % insulin sensitivity were significantly altered following CLA supplementation. 

HOMA-2 is an updated version of the original HOMA model, as it has been modified 

following a greater understanding of physiology e.g. insulin secretion, glucose metabolism, 

renal glucose losses in hyperglycaemic states (Rudenski et al, 1988; Rudenski et al, 1991; 

Levy et al, 1998). Therefore it should represent a better measure of insulin sensitivity. 

Postprandial plasma glucose concentration has been cited as an independent risk factor for 

CVD in persons with T2DM (Bonora & Muggeo, 2001). Hepatic and peripheral insulin 

sensitivities differ considerably within subjects, and a combination of fasting and postprandial 

measures provides a more comprehensive measure of insulin sensitivity than does either 

measure alone (Matsuda & De Fronzo, 1999). Postprandial glucose and insulin concentrations 

did not increase significantly after CLA supplementation, but the ISI (composite), a measure of 

insulin sensitivity which is derived from both fasting and postprandial measures, decreased 

significantly after CLA supplementation. In addition, OGIS, which is also based on both 

fasting and postprandial data, was significantly reduced by CLA supplementation. It has been 

proposed that OGIS represents a better index of insulin sensitivity because it has a more 

physiologic basis than the empirical formulas (Mari et al, 2001). Moreover, OGIS strongly 

correlates with the hyperinsulinemic-euglycaemic glucose clamp measures of insulin 

sensitivity in diabetic subjects, whereas HOMA-IR and ISI (composite) may not (Mari et al, 

2001).

This study investigated the effect of a CLA supplement that provides equal proportions 

of the c9, tl 1 and tlO, cl2-CLA isomers, the composition of which reflects most commercially 

available CLA supplements. It is interesting that this supplement did not adversely affect 

insulin and glucose metabolism in healthy subjects (Noone et al, 2002). Other groups have 

shown that feeding a blend of CLA isomers induced marked lipodystrophic insulin resistance 

and glucose intolerance in the C57BL/6J mouse model of diabetes (Tsuboyama-Kasaoka et al, 

2000). In contrast, another group showed that feeding a 50:50 blend of c9, til-CLA  and
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tlO, cl2-CLA  reduced glucose and insulin concentrations in male ZDF rats (Houseknecht et al, 

1998, Ryder et al, 2001). Recent studies reflect the diverse isomer-specific metabolic and 

molecular effects of CLA. Roche et al (2002) reported that feeding a tlO, cl2-CLA rich diet 

induced a profound prodiabetic effect, whereas feeding the c9, tl 1-CLA isomer improved lipid 

and glucose metabolism in ob/ob mice (Roche et al, 2002, Noone et al, 2001). Riserus et al 

(2002a) showed that tlO, cl2-CLA supplementation had a negative effect on insulin resistance 

in obese men with signs of the metabolic syndrome. The discrepancy between studies clearly 

reflects that the effect of CLA supplementation is isomer-specific and dependent on the 

diabetic risk o f the experimental model. In the case of subjects with T2DM, a CLA blend 

containing equal quantities o f c9, tll-C L A  and tlO, c l2  CLA does not improve insulin and 

glucose metabolism.

However it should be noted that the HbAic concentration did not increase following 

CLA supplementation. Rather there was a small decrease (4%) in the value. Glycated 

haemoglobin (GHb) is a measure o f integrated glycaemic control in the preceding 2-3 months, 

with extra weighting for the preceding month i.e. the blood glucose levels in the 1 month 

before sampling contribute about 50% of the GHb value, whereas blood glucose 

concentrations 3-4 months previously contributes only about 10% (Pickup, 2003). Since there 

are wide day-to-day intra-individual variation in fasting blood glucose, HbAic may represent a 

better measure of glycaemic control following a treatment intervention. Serum proteins, 

mostly albumin, are also glycated in diabetes. Ideally therefore fructosamine could be 

measured as this assesses glycated serum protein, thereby providing an index o f glycaemic 

control over the preceding 2-3 weeks (the lifetime o f albumin). The fructosamine test is the 

generic name for the measurement o f all serum glycated proteins, although the bulk is albumin. 

Since the average half-life of serum proteins is 17 days, fructosamine measures glycaemic 

control over a shorter period than GHb i.e. approximately 2-3 weeks compared to 2-3 months. 

Like GHb, it is a weighted measure of preceding control. Although this assay is not typically 

implemented used in clinical practice, it is a useful when information about control is required 

over a shorter period (Pickup, 2003) and could help to confirm or refute whether there is true 

insulin resistance following CLA supplementation. However future studies should 

preferentially use the euglycaemic clamp if insulin sensitivity is being assessed.

CLA supplementation had a positive effect on HDL-cholesterol concentrations in 

this study. It has been reported that for each increase of 0.03 mmol/L in HDL-cholesterol 

concentration, there is a 2-3% reduction in coronary heart disease (CHD) risk (NIH Consensus 

Statement, 1993). Thus, the increase in HDL-cholesterol after CLA supplementation could 

represent a 7.3-11% reduction in CHD risk. The increased HDL2-cholesterol concentrations 

could promote reverse cholesterol transport (RCT) (Tall et al, 2000). Since RCT is impaired 

in persons with T2DM (Autran et al, 2000), the potential ability o f CLA to restore RCT would
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be favourable. CLA supplementation reduced LDL-cholesterol concentrations by 8.8%, albeit 

not significantly, but that reduction contributed to a greater reduction (14.5%) in LDL:HDL 

cholesterol. The Helsinki Heart Study showed that LDL:HDL cholesterol was the single best 

predictor of cardiac events (Rader et al, 2003). Therefore, the effect of CLA supplementation 

on LDLiHDL cholesterol in T2DM may be of clinical benefit.

The lack of effect on CLA on TAG metabolism contrasts with Noone et al (2002). It is 

possible that this patient cohort may be resistant to CLA induced improvements in TAG 

metabolism, an effect that may be linked to the adverse effects of CLA on glucose and insulin 

metabolism. VLDL apoB concentrations increased after CLA supplementation. Smedman & 

Vessby (2001) also showed an increase in plasma apoB concentrations after CLA 

supplementation. Increased intrahepatic lipid substrate delivery (TAG and cholesterol) is a 

critical factor regulating hepatic VLDL apoB secretion. However, neither TAG nor cholesterol 

concentrations were significantly altered after CLA supplementation. Increased VLDL apoB 

concentrations are associated with insulin resistance (Ginsberg et al, 2005; Cummings et al, 

1995). Therefore, the increase in VLDL apoB concentrations in this study may be related to 

the increase in insulin resistance.

Elevated plasma concentrations of fibrinogen, CRP, and lL-6 are associated with 

increased risk of CHD and the severity of atherosclerosis (Yudkin et al, 1999). Both low- 

grade inflammation (Das, 2002) and a pro-thrombotic risk profile have been reported in 

persons with T2DM (Frohlich & Steiner, 2000). CLA supplementation reduced plasma 

fibrinogen concentrations, which has a key role in coagulation (Norris, 2003). CRP 

concentrations showed a non-significant reduction (15%) after CLA supplementation. A 

previous study showed that CLA supplementation had no effect on markers of blood 

coagulation and platelet function in a small group of healthy women who were given a CLA 

supplement containing a mixture of 10 CLA isomers for 63 days (Benito et al, 2001). This 

isomeric blend is in contrast to our supplement. CRP concentrations were significantly 

increased in obese men with signs of the metabolic syndrome (Riserus, et al, 2002b). The 

latter result may reflect the isomer-specific effect of tlO, cl2-CLA. CRP stimulates tissue 

factor production which is the main stimulus for initiating coagulation (Yudkin et al, 1999). 

Therefore the reduction in plasma fibrinogen and CRP concentrations observed in this study 

may indicate that CLA could attenuate thrombosis. This warrants further investigation.

Baseline plasma concentrations of c9,111-CLA and the percentage increase after CLA 

supplementation are comparable to those in previous supplementation studies (Noone et al, 

2002, Jiang et al, 1999, Britton et al, 1992). In contrast, the tlO, cl2-CLA isomer was 

undetectable in most samples and was not affected by CLA supplementation, despite the fact 

that the supplement provided equal quantities of c9, til-CLA and tlO, cl2-CLA. The 

difficulty in detecting the tlO, cl2-CLA isomer has been documented previously (Noone et al.
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2002). Two hypotheses for this observation have been suggested. First, the tlO, cl2-CLA 

may be more easily oxidized because of its structure, and this would allow it to bypass a 

number of rate-limiting steps in the peroxisomal B-oxidation pathway (Martin et al, 2000). 

Alternatively, Sebedio et al (1997) showed that the tlO, cl2-CLA isomer is metabolised into 

20:4 A5,8,12,14 and 20:3 A8,12,14 via desaturation and elongation pathways. Consequently, 

tlO, cl2-CLA may not be efficiently incorporated into plasma lipids.

In conclusion, CLA supplementation did not improve plasma insulin and glucose 

concentrations in persons with T2DM. Whereas we did show an increase in HDL-cholesterol 

concentrations and a decrease in fibrinogen concentrations following CLA supplementation, 

the relative importance of one CVD risk factor over another is unknown. Compliance was 

ensured, given the significant increase in c9, tl 1-CLA in total plasma lipid fraction, which was 

comparable with previously reported data (Noone et al, 2002, Jiang et al, 1999). Any truly 

effective dietary strategy would improve CVD risk factors without any negative effect on other 

components of the metabolic syndrome.
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3.6 APPENDICES

3.6.1 Appendix I: Dietary assessment information

Table 3.7: Mean daily nutrient intakes estimated, using a 4-day food diary, before and after 

CLA supplementation or placebo for 8 wk. Values represent mean ± SEM. There were no 

significant differences between the groups at baseline or following 8 wk supplementation 

(ANCOVA or 3-way ANOVA).

Control group CLA group

(n=16) (n=16)

WkO Wk8 WkO Wk8

Energy (MJ) 8.11 ±0.53 8.02 ± 0.60 8.38 ±0.55 8.25 ± 0.62

Protein (g) 98.3 ± 6.6 92.1 ±7.2 102.4 ±4.8 99.9 ±5.8

% total energy 20.7 ±0.8 19.8 ± 1.0 21.3± 1.0 21.3 ± 1.2

% food energy 21.91 ±0.79 21.27± 1.21 22.95 ± 1.07 23.46 ± 1.22

Carbohydrate (g) 225.7 ± 10.2 219.0 ± 11.6 223.7 ± 16.2 226.4 ± 14.9

% total energy 48.3 ± 1.9 47.8 ±2.1 45.2 ± 1.7 47.3 ± 1.7

% food energy 50.98 ± 1.51 50.86 ± 1.78 48.7 ± 1.43 51.81 ± 1.25

Total Fat (g) 62.9 ±5.6 63.83 ±9.0 65.0 ±5.5 57.2 ±6.0

% total energy 28.9 ± 1.4 29.7 ± 2.4 29.5 ± 1.6 25.8 ± 1.3

% food energy 30.68 ± 1.47 31.34 ±2.32 31.68 ± 1.45 28.31 ± 1.21

Alcohol (g) 17.9 ±7.4 20.6 ± 9.3 22.8 ±7.4 28.6 ±8.3

% total energy 5.5 ± 1.9 6.0 ±2.4 7.1 ±2.0 8.8 ± 2.2

Saturated Fat (g) 20.3 ±2.1 20.6 ±3.2 22.2 ± 2.4 17.5 ± 1.8

% total energy 9.31 ±0.66 9.54 ± 0.95 10.01 ±0.85 7.89 ± 0.42

% food energy 9.89 ± 0.69 10.16 ±0.97 10.74 ±0.85 8.70 ± 0.47

Monounsaturated Fat (g) 18.5 ±2.2 19.0 ±3.9 19.1 ±2.1 15.8± 1.8

% total energy 8.32 ±0.58 8.60 ± 1.14 8.63 ± 0.78 7.14 ±0.47

% food energy 8.95 ± 0.75 9.12± 1.16 9.23 ± 0.74 7.87 ±0.50

Polyunsaturated Fat (g) 10.3 ± 1.0 10.1 ± 1.3 11.3± 1.2 11.4 ±2.0

% total energy 4.76 ± 0.35 4.76 ± 0.43 5.18 ±0.42 5.02 ±0.64

% food energy 5.03 ± 0.34 4.99 ± 0.40 5.55 ± 0.43 5.50 ±0.67

Sugars (g) 74.6 ± 5.5 71.3 ±5.8 80.2 ± 10.2 81.2 ±8.3

Starch (g) 150.0 ±9.0 146.8 ±8.5 142.4 ±9.7 143.8 ±9.9

Dietary Fibre (g) 21.9± 1.4 20.7 ± 1.4 23.7 ±2.3 23.5 ± 1.5

Cholesterol (mg) 265.4 ±36.5 246.3 ± 27.7 287.3 ± 30.7 259.7 ± 19.7
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3.6.2 Appendix II: Detailed description of the methodology employed to record the 

anthropometric measurements

All anthropometric measures were taken with subjects wearing light clothing. Shoes and belts 

were removed, and pockets emptied prior to any measurements being performed. In addition, 

all subjects were asked to clear their bladder. To minimise variability, all measures were taken 

by the same investigator throughout the study.

I. Body weight was measured on an electronic balance recording to the nearest 0.1 kg, 

after a subject held his breath shortly after normal expiration. Two measurements were 

performed, with the mean value recorded as body weight.

II. Height was assessed using a wall-mounted stadiometer measuring to the nearest 0.1 cm. 

Subjects were asked to stand upright with their heels, buttocks, and occiput touching the 

backboard of the stadiometer. The measurement was taken with the subjects’s head in 

the Frankfurt plane which is the line passing through the tragion and the lowest point of 

the eye socket. Subjects were asked to relax their shoulders and inhale. Two 

measurements were recorded, the mean of which was taken as height.

Body mass index (BMl) was calculated as weight (kg)/height^ (m^)-

III. Waist circumference was measured at the minimum circumference between 

the iliac crest and the rib cage, as illustrated. Measurements were 

taken using a non-stretch tape measure, at the end of normal 

expiration, ensuring the tape was taut, without compressing the skin.

All measures were made directly on the skin. Duplicate measures 

were performed recording the nearest 0.1 cm, and the mean value calculated.

IV. Hip circumference was measured at the maximum width over the 

greater trochanters, without compressing the skin. The measure 

was recorded to the nearest 0.1 cm.

Waist-to-hip-ratio (WHR) was calculated as waist (cm)/hip (cm) (Taylor et al, 1998).

V. Bioelectric impedance analysis was measured in the erect position using a body fat 

analyser TBF-300 (Tanita Corporation, Illinois, USA). Bioelectric impedance measures 

the opposition of body cells and tissues to the flow of electric current (Ellis et al, 1999). 

Impedance is measured as a voltage drop between electrodes and occurs in fat tissue and 

bone. In contrast, lean tissues and fluids containing electrolytes conduct the current. An
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additional opposition or reactance occurs due to the capacitance of cell membranes, 

tissue interfaces and non-ionic substances, which is accounted for in the prediction 

equations (Zarowitz & Pilla, 1989; Ellis et al, 1999). Height, weight, age and gender are 

included in a number of multiple regression relationships to predict body composition 

compartments such as fat-free mass and lean body mass. A measure of body fat is 

calculated as the difference between body weight and the derived estimate for fat-free 

mass (Ellis et al, 1999).

Factors known to affect the measurement of bioelectric impedance including 

hydration status, consumption of food and beverages, ambient air and skin temperature, 

recent physical activity, and conductance of the examining table (Ellis et al, 1999) were 

minimised where possible. Duplicate measures were taken, and the mean value 

recorded. Percent body fat was calculated using the manufacturers pre-programmed 

equations.
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3.6.3 Appendix III: Assessment of pancreatic p-cell function

Glucose homeostasis is determined primarily by a fine balance between P-cell secretory 

function and insulin action in target tissues. The observed reduction in insulin sensitivity in 

subjects with T2DM following supplementation with CLA may have been a consequence of 

attenuated insulin secretion from the p-cells of the pancreas, resulting in insufficient insulin to 

mount the expected physiological response. The IVGTT and the hyperglycaemic clamp 

represent the gold standard for the measurement of p-cell function, as both first-phase and 

second-phase insulin secretion may be determined. However, a number of surrogate measures 

of P-ceil function have been proposed derived from data collected during the OGTT. The 

HOMA index is probably the best known and validated measure of P-cell function, and has 

been shown to discriminate subjects across the range of glucose tolerances, from 

normoglycaemia to impaired glucose tolerance to T2DM (Hermans et al, 1999). Additionally, 

the insulinogenic index correlates well with the measure of first-phase insulin secretion 

obtained after IV glucose infusion, in subjects with NGT or IGT (Vague & Nguten, 2001). 

Both of the HOMA index of P-cell function and the insulinogenic index were employed to 

determine whether supplementation with a 50:50 blend of c9, tl 1-CLA and tlO, cl2-CLA had 

any influence on P-cell function.

Table 3.8: Measurements of p-cell function before and after CLA supplementation or 

placebo for 8 wk. Values represent mean ± SEM. There were no significant differences 

between the groups at baseline or following 8 wk supplementation (ANCOVA or 3-way 

ANOVA).

Control group CLA group

(n= 16) (n= 16)

WkO Wk8 WkO Wk8

P -cell function HOMA ' 58.60 ± 10.36 58.60 ± 11.38 48.62 ± 8.22 47.52 ±7.80

P -cell function HOMA-2 ^ 57.14 ±7.81 64.09 ± 8.26 49.99 ±6.18 47.81 ± 5.96

Insulinogenic index ^ 5.2 ± 1.0 5.22 ±0.80 4.62 ± 0.87 4.04 ± 0.83

' calculated as [20 x (fasting insulin/fasting glucose - 3.5)] (Albareda et al, 2000).

 ̂calculated from the updated computer model, available as a computer model (see Wallace et al, 2004).

 ̂calculated as [(insulin 30 min - fasting insulin)/(glucose 30 min - fasting glucose)] (Albareda et al, 2000).

There were no significant differences between the groups at baseline or following 8 wk 

supplementation. This suggests that the insulin resistance was a consequence of an impaired 

response of target tissues to insulin rather that a reduction in insulin secretion from the 

pancreas. Ideally this result should be confirmed using one of the gold standard methods for 

the assessment of P-cell secretion.
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Chapter Four

Anti-diabetic effects of c/5-9, irans-W  conjugated linoleic acid may be 

mediated via anti-inflammatory effects in adipose tissue

4.1 ABSTRACT

Background: Some animal studies have suggested that conjugated linoleic acid (CLA)

supplementation may have therapeutic potential with respect to insulin sensitivity and lipid 

metabolism. Evidence has emerged that the trans-lO, c/s-12 CLA (tlO, cl2-CLA) isomer is 

pro-diabetic. However there is little information regarding the metabolic or molecular effects 

o f the c/s-9, trans-J 1 CLA (c9, tl 1-CLA) isomer.

Objective: To determine the in vivo isomer specific effects o f c9, tl 1-CLA on metabolic and 

molecular markers o f glucose homeostasis, focusing in particular on altered adipose tissue 

biology, by investigating the effect o f the isomer on the insulin signalling pathway, adipokine 

expression and transcription factors known to regulate them.

Design: Sixteen 6-wk old male ob/ob mice were randomly allocated to receive a high-fat diet 

supplying 30% energy supplemented with c9, tl 1-CLA, tlO, cl2-CLA or linoleic acid for 

6 wk. All investigations were completed in the fasting state. Plasma was collected for 

biochemical analysis. Tissue samples were collected for gene expression and protein analysis.

Results: Feeding a diet enriched with c9, tl 1-CLA significantly reduced fasting glucose 

(P<0.05), insulin (P<0.05) and triacylglycerol concentrations (P<0.01). Insulin receptor 

substrate-1, glucose transporter (Glut)-l and Glut4 mRNA, key targets involved in glucose 

uptake in adipose tissue, were increased by 1.4-, 1.4- and 1.6-fold respectively, although 

statistical significance was not attained. Protein expression of the insulin receptor increased by 

23% (P<0.05), while the expression o f Glut4 at the plasma membrane increased by 17% 

compared to the control diet (P<0.05). The mRNA expression of several inflammatory 

mediators was decreased, in particular tumour necrosis factor (TNF)-a (P<0.05). This was 

associated with a down-regulation in nuclear factor-KB (NF- kB) p65 expression in adipose 

tissue (P<0.01) and NF-kB DNA binding (P<0.01).

Conclusions: This study demonstrated a favourable effect o f c9, tl 1-CLA on insulin

sensitivity and dyslipidaemia in ob/ob mice. These metabolic effects may be ascribed to a 

reduction in inflammatory mediators, in particular TNFa. Increased expression o f peroxisome 

proliferator activated receptor y and liver X receptor and a reduction in the NF-kB complex
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may offer insight into a potential mechanism for the insulin sensitising effect. Nevertheless, 

the isomer specific effect of CLA supplementation on insulin sensitivity and lipoprotein 

metabolism in man requires investigation.
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4.2 INTRODUCTION

Insulin resistance is a fundamental defect in type 2 diabetes mellitus (T2DM) and the 

metabolic syndrome, and aberrations in the insulin signalling pathways underpin this 

resistance. Circulating insulin rapidly reaches its target where it interacts with its receptor. 

Under normal conditions, insulin binds to the extracellular a  subunits of the insulin receptor 

which leads to intracellular autophosphorylation of the P subunits of the receptor (Patti & 

Kahn, 1998). Subsequent tyrosine phosphorylation of the insulin receptor substrate (IRS) 

family of proteins leads to the phosphorylation and activation of the phosphoinositide- 

dependent protein kinase, which phosphorylates and activates downstream serine/threonine 

kinases, protein kinase C (PKC) and protein kinase B (Saltiel & Kahn, 2001; Lizcano & 

Alessi, 2002; Brown & McIntosh, 2003). This cascade results in the translocation of the 

insulin-stimulated glucose transporter (Glut)-4, to the plasma membrane where it facilitates 

intracellular flux of glucose, thereby reducing circulating glucose concentrations (Brown & 

McIntosh, 2003)

Since skeletal muscle accounts for up to 85% of glucose uptake and adipose tissue 

accounts for less than 10%, it was originally thought that adipose tissue did not play a 

physiologically significant role in maintaining glucose homeostasis (DeFronzo et al, 1981). 

However, tissue specific gene targeting of Glut4 provided an insight into the importance of 

adipose tissue in maintaining whole-body insulin sensitivity. Interestingly adipose tissue 

specific ablation of Glut4 caused a similar degree of insulin resistance as muscle specific Glut4 

ablation. Glucose uptake was impaired in skeletal muscle despite preserved Glut4 expression. 

In addition, insulin-stimulated suppression of hepatic glucose production was also impaired 

(Abel, 2001; Minokoshi et al, 2003). It was postulated that an adipokine, or lack thereof, was 

a causative factor for the insulin resistance in muscle and liver as basal and insulin-stimulated 

glucose uptake in muscle were normal from these mice ex vivo (Minokoshi et al, 2003).

It is now well established that that adipose tissue is far more than a lipid-storing organ 

(Trayhum & Wood, 2004; Hauner, 2005). White adipose tissue is a secretory organ with 

potent autocrine, paracrine and endocrine functions, allowing it to maintain a complex 

communication with many other organs, and modulate a variety of biological and 

physiological processes, including insulin sensitivity (Berg et al, 2002; Hauner, 2005). As part 

of the myriad of secretory products, a significant body of research suggests that adipose tissue 

synthesises and secretes a number of insulin de-sensitising inflammatory molecules that 

predispose to insulin resistance (Weisberg et al, 2003; Xu et al, 2003). Increased expression 

of tumour necrosis factor (TNF)-a, interleukin (IL)-6 and resistin are associated with obesity 

and insulin resistance states (Hotamisligil et al, 1993; Hauner, 2005; Ridker et al, 2000; 

Steppan et al, 2001). In contrast, adiponectin which is known to have insulin sensitising
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effects is reduced in T2DM and with increasing adiposity, especially in the visceral depot 

(Cancello et al, 2004; Hauner, 2005). Thus, altered expression and activity of adipokines may 

predispose to insulin resistance and consequently other components of the metabolic syndrome 

(Doria, 2003).

Regulation of metabolic pathways involves the rapid modulation of the activity of 

specific proteins including enzymes and transporters but also, on a longer-term basis, changes 

in the quantity of the protein. This can be achieved by modulating their transcription rate 

through the action of specific transcription factors (Ferre, 2004). A number of transcription 

factors have been identified which modulate insulin sensitivity by controlling the expression of 

genes which directly or indirectly influence insulin sensitivity. The key transcription factors 

related to insulin sensitivity are peroxisome proliferator activated receptor (PPAR)-y, PPARa, 

liver X receptor (LXR) and nuclear factor-KB (NF-kB).

The thiazolidinediones (TZDs) are high affinity pharmacological ligands for PPARy 

(Sewter & Vidal-Puig, 2002). They markedly improve whole body insulin sensitivity by 

increasing the expression of Glut4 and adiponectin (Young et al, 1995;Combs et al, 2002). 

PPARy activation via TZD’s also sequesters non-esterified fatty acids (NEFAs) from the 

circulation, thereby reducing the deleterious effects on muscle, hepatic and pancreatic insulin 

sensitivity (Sewter & Vidal-Puig, 2002; Jiang et al, 1998a). TZDs may also reduce the risk of 

atherosclerosis by increasing HDL-cholesterol, decreasing the intima and media thickness in 

carotid arteries, and inhibiting the production of several pro-inflammatory cytokines such as 

TNFa, IL-1 p and IL-6 (Minamikawa et al, 1998). PPARa ligands induce the expression of the 

fatty acid transporters and enzymes, which contribute to fatty acid catabolism, thereby 

lowering triacylglycerol (TAG) concentrations (Moller & Berger, 2003; Choi et al, 2004). 

PPARa ligands may indirectly exert insulin-sensitising effects by reducing hepatic or muscle 

lipid content (Moller & Berger, 2003). LXR was originally reported to modulate cholesterol 

and fatty acid metabolism (DeBose-Boyd et al, 2001; Joseph et al, 2002; Schultz et al, 2000). 

However recent reports indicate that activation of LXR in the liver leads to the suppression of 

key gluconeogenic enzymes and the induction of glucokinase which promotes hepatic glucose 

utilisation (Laffitte et al, 2003). In adipose tissue, activation of LXR inhibits glycolysis, and 

LXRa activation in particular, enhances transcriptional induction of Glut4 (Dalen et al, 2003; 

LafTitte et al, 2003; Steflfensen & Gustafsson, 2004). LXR also induces the expression of 

sterol regulatory element binding protein (SREPB)-lc, a membrane-bound transcription factors 

which activate genes involved in lipogenesis (Clarke, 2001). In contrast activation of NK-kB 

induces insulin resistance by up-regulating the production of a host of inflammatory markers 

and mediators, including C-reactive protein, plasminogen activated inhibitor (PAI)-l, IL-6, 

TNFa and IL-ip. These proteins exert paracrine and systemic effects on key organs which 

regulate glucose homeostasis, and consequently reduce insulin sensitivity (Cai et al, 2005).
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Systemic inhibition o f inhibitor of kB kinase (IKK)-P attenuates NK-kB activity, and has been 

shown to improve insuHn sensitivity in rodents and to improve glycaemia, insulin sensitivity 

and hyperlipidaemia in subjects with T2DM (Yuan et al, 2001; Hundal et al, 2002).

Evidence to date has indicated divergent effects o f conjugated linoleic acid (CLA) on 

glucose and insulin metabolism. However, it is becoming increasingly obvious that the 

physiological effects o f CLA on risk factors relevant to the metabolic syndrome are isomer 

specific. Initial reports demonstrated enhanced insulin sensitivity and glucose tolerance in 

Zucker Diabetic fa/fa rats following a CLA enriched diet providing equal quantities o f c/5-9, 

trans-\\ CLA (c9, tll-C L A ) and tram -\0 , cis-\2  CLA (tlO, cl2-CLA) (designated a 50:50 

blend) (Houseknecht et al, 1998; Ryder et al, 2001). In contrast, a 50:50 blend induced insulin 

resistance and hyperlipidaemia in C57BL/6J mice (Tsuboyama-Kasaoka et al, 2000). More 

recently both animal and human studies have indicated that the pro-diabetic effects o f CLA 

may be attributable to the tlO, cl2-CLA isomer (Roche et al, 2002; Riserus et al, 2002a). 

However there is a paucity o f information regarding the effects o f c9, tl 1-CLA on metabolic 

and molecular markers o f insulin sensitivity. The objective of the present study was to focus 

on the potential anti-diabetic actions of the c9, tl 1-CLA isomer in vivo. A previous study in 

our group showed that feeding a c9, tl 1-CLA enriched diet to ob/ob mice had no effect on 

glucose or insulin metabolism, despite improvements in both TAG and NEFA concentrations 

(Roche et al, 2002). This current study differs as investigations were completed in the fasted 

state as opposed to the fed state as was the case in the previous study. In addition a further 

objective o f the present study was to investigate whether there were alterations in molecular 

markers o f insulin sensitivity and inflammation in adipose tissue o f ob/ob mice, the model 

chosen for the study.

Ob/ob mice are characterised by marked obesity, hyperphagia, transient 

hyperglycaemia and markedly elevated plasma insulin concentrations associated with 

pancreatic p-cell hypertrophy and hyperplasia. Hepatic glucose production is excessive (Bray 

& York, 1979; Herberg & Coleman, 1977). In addition hepatic lipogenesis is increased, which 

contributes to hepatic steatosis (Yahagi et al, 2004). This phenotype is a consequence o f an 

inherited deficiency o f the appetite-suppressing hormone, leptin. The ob/ob model therefore 

represents a suitable model for obesity, insulin resistance and related syndromes. The in vivo 

model is preferential to a cell culture system as whole body glucose tolerance and insulin 

sensitivity may be investigated. Since a number of organs, primarily adipose tissue, skeletal 

muscle, liver and pancreatic P-cells, are involved in maintaining glucose homeostatis, the in 

vivo model is more physiologically relevant.

A limited number o f studies have examined the in vivo effect of CLA on inflammatory 

mediators in murine models of insulin resistance or T2DM. In these studies the serum 

concentrations and mRNA expression o f TNFa was investigated, as it is well established that
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TNFa secretion from adipose tissue plays a crucial role in insulin resistance in T2DM 

(Hotamisligil et al, 1994). Both Tsuboyama-Kasaoka et al (2000) and Ohashi et al (2004) 

reported that the TNFa messenger ribonucleic acid (mRNA) was increased in murine white 

adipose tissue following a CLA-enriched diet providing a 50:50 blend of c9, tll-CLA  and 

tie , cl2-CLA. In both studies insulin sensitivity was attenuated, and there was an excessive 

accumulation of TAG in the liver. Choi et al (2004) reported raised serum TNFa 

concentrations in Sprague-Dawley rats following a tlO, cI2-CLA enriched diet, however it was 

not associated with increased insulin resistance or raised serum glucose levels. Wargent et al 

(2005) reported that feeding a CLA enriched diet (50:50 blend) for 10 wk had no effect on 

plasma TNFa concentration in female ob/ob mice. In contrast Roche et al (2002) reported that 

TNFa mRNA levels were decreased in white adipose tissue following feeding a c9, tl I-CLA 

enriched diet to male ob/ob mice; no alteration was observed in insulin sensitivity although 

TAG and NEFA concentrations were reduced. The ability of CLA consumption to modulate 

the expression of other cytokines which have been shown to influence insulin sensitivity e.g. 

IL-6, has not been investigated within the context of an insulin resistant milieu. In addition, 

there is little information regarding the effect of CLA on the insulin signalling pathway, 

adipokines, or transcription factors known to regulate them. An investigation of these 

parameters is a key focus of this current study.
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4.3 RESEARCH DESIGN AND METHODS 

4.3.1 Animal experiment and intervention details

This study was conducted at the BioResources Unit at Trinity College, Dublin, Ireland 

according to good animal welfare protocols that comply with European legislation governing 

the use of animals in research. The mice were exposed to a 12 hr light/12 hr dark cycle and 

maintained at a constant temperature of 22°C. Sixteen 6-wk old male ob/ob mice, purchased 

from Harlan UK were randomly assigned to receive a high-fat diet enriched with c9, tl 1-CLA, 

tlO, cl2-CLA or linoleic acid for 6 wk. Feed consumption and mouse weight were measured 

weekly. The diets were prepared by Unilever Ltd (Vlaardingen, Netherlands) as previously 

described (Roche et al, 2002). Each diet contained 131g fat/kg (30% energy) and provided 

equal amounts of saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) and 

polyunsaturated fatty acids (PUFA). The PUFA fraction of the control diet contained linoleic 

acid as free fatty acids and the CLA-enriched diets contained an equivalent amount of the CLA 

isomers as free fatty acids (Table 4.1). The CLA was supplied by Looders Croklaan 

(Wormerveer, Netherlands). In this study the investigations were completed in the fasted state. 

Food was removed at 6pm and the animals were sacrificed the following morning between 

8-10 am. The mice were euthanised and blood collected by cardiac puncture. White adipose 

tissue and liver were also harvested.

Table 4.1: The fatty acid composition (w/w®/o) of the control (linoleic acid), cis-9 trans-\\ 

CLA (c9, t l  1-CLA) and trans-lQ c/s-12 CLA (tlO, cl2-CLA) enriched diets.

Control 

(linoleic acid)

c9, t l  1-CLA tlO, C12-CLA

SFA 40.4 39.0 40.4

MUFA 32.6 34.1 32.6

PUFA 26.7 26.6 26.7

Free fatty acid composition of the PUFA fraction

Linoleic acid (18:2n-6) 6.65 0.27 0.32

Cis-9, trans- \ 1 CLA - 4.43 1.03

Trans-10, cis-12 CLA - 0.84 4.59

Other CLA isomers - O.Il 0.30

MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; SFA, saturated 
fatty acids.
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4.3.2 Sample preparation and handling

Blood was centrifuged, serum was harvested and stored at -20“C. Serum glucose (Glucose 

PAP, BioMerieux SA, Lyon, France), TAG (TAG PAP, BioMerieux SA, Lyon, France), 

cholesterol (Cholesterol PAP, BioMerieux SA, Lyon, France) and NEFA (NEFA, Randox 

Laboratories, Antrim, Ireland) concentrations were determined using enzymatic colorimetric 

assays on a Technicon RA-XT analyser (Bayer, Dublin, Ireland) as previously described 

Noone et al (2002). Serum insulin concentrations were measured using a Rat Insulin ELISA 

kit (Crystal Chem Inc., Chicago, IL, USA) (Roche et al, 2002).

Tissue samples for future gene expression analysis were immediately immersed in 

RNALater (Ambion, Cambridgeshire, UK) and stored at -70°C. Tissue samples for protein 

analysis were snap frozen in liquid N 2, and stored at -70°C.

4.3.3 mRNA expression analysis

Total RNA was extracted from adipose tissue and liver as described in Section 2.13.1, and 

quantified spectrophotometrically (Section 2.13.2). The integrity o f  the RNA was assessed by 

RNA gel electrophoresis (Section 2.13.3). RNA was deoxyribonuclease (DNase) treated and 

subsequently first strand complementary deoxyribonucleic acid (cDNA) was synthesised by 

reverse transcription (Sections 2.14.1 and 2.14.2). Gene expression was quantified by real

time RT-PCR on an ABI 7700 Sequence Detection System (Perkin-Elmer Applied 

Biosystems, Warrington, UK) (Section 2.14.3). Custom made oligonucleotide primers and 

TaqMan probes were designed using Primer express (version 1.0 Perkin-Elmer Applied 

Biosystems, Warrington, UK). The sequences o f  these primers and probes are presented in 

Table 4.2. The remaining target genes were investigated using pre-developed primer and 

probe kits (Perkin-Elmer Applied Biosystems, Warrington, UK). 2X TaqMan® Universal 

PCR Mastermix (Applied Biosystems, Warrington, UK) was used in the polymerase chain 

reaction (PCR). After PCR, standard curves were constructed and the fractional cycle number 

o f  each o f  the unknown samples was used to calculate the amount o f  target gene relative to the 

standard (Section 2.14). Target gene mRNA expression was normalised to the internal control 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and expressed relative to the control 

group i.e. animals fed the diet enriched with linoleic acid.

156



Chapter 4: Experiments in ob/ob mice

Table 4.2: Sequences of primers and probes for Taqman® PCR

Target Gene Oligonucleotides (5’ —» 3’) Final Cone 
(nM)

SREBPla F: CGGTTTTGAACGACATCGAA 
R; TCAAATAGGCCAGGGAAGTCA 
P; ACATGCTTCAGCTCATCAACAACCAAGACA

F500
R500
P200

SREBPlc F: GCCATGGATTGCACATTTGA 
R: TCAAATAGGCCAGGGAAGTCA 
P: ACATGCTTCAGCTCATCAACAACCAAGACA

F500
R500
P400

aP2 F: CACCGCAGACGACAGGAAG 
R: GCACCTGCACCAGGG 
P: TGAAGAGCATCAAACCCTAGATGGCGG

F 150 
R 150 
P 175

PPARyl F: AACCACTGATATTCAGGACATTTTTAAA 
R: AGAGGTCCACAGAGCTGATTCC 
P: AGAGATGCCATTCTGGCCCACCAACTT

F500
R250
P200

PPARy2 F: GCCTATGAGCACTTCACAAG 
R: ATGTCAAAGGAATGCGAGTG 
P: CCATCACGGAGAGGTCCACAGAGC

F500
R500
P250

IRS-2 F: GCGAGTACATCAACATTGACTT 
R: GACTACTAGCTGAGAGCAGTGA 
P: ACCCGTCTGTCTCCGCCTGCC

F250 
R50 
P 175

LPL F: CCG GGA GAT GGA GAG CAA A 
R: CGG TCA AAC TCT GGA GCC AA 
P: CCT GCT CCT GGT GGT CCT GGG A

F500 
R250 
P 125

FAS F: TGC GCC CCA CGC A
R: GAA TGA TGG TGC AGC TGG ACT
P: AGG CTG TCC TGA AGC GAG GCG TG

F500 
R500 
P 150

UCP-3 F: CCC TGC ACT ACC CAA CCT TG 
R: GCT TGC CTG GCA ATC TTT TG 
P: CGC ACA GCT TCC TCC CTG AAC TGA A

F500
R250
P250

DGAT F: CGT GGG CGA CGG CTA CT
R: GAT AAT TGC TGA AAC CAC TGT CTG A
P: CTG AGG TGC CAT CGT CTG CAA GAT TCT

F500 
R500 
P 175

ABCAl F: CTA ATG AGG CTT CCT TCT GTC TGT C
R: TGA GCC TGA CTT CTG TCG GA
P: TGT GTC AAC CTG AAC AAG CTG GAA CCC

F500
R500
P400

MTP F: GAT CAT CAT TGG AGC CCT AGT CA
R: CAA GTC CTC CCA GGA TCA GC
P: CTT CCA CCA CTG CCT TGA GCT TGC AG

F500 
R500 
P 175

F, R and P indicate forward primer, reverse primer and probe, respectively 
Final concentration o f forward primer (F), reverse primer (R) and probe (P).
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4.3.4 Protein analysis

Different protein fractions were isolated from white adipose tissue using specific lysis buffers 

as described in Sections 2.15.1 to 2.15.4. All work was done on ice using ice-cold buffers. 

The plasma membrane fraction was prepared from the pooled fat of two animals according to 

dietary intervention to gather a sufficient amount of extract. Protein concentrations were 

determined using the Modified Lowry or BCA assays (Section 2.15.6 and Section 2.15.7), 

using BSA as a standard. Equal quantities of protein from each sample were acetone 

precipitated overnight (Section 2.15.8). Samples were used for Western blot analysis and 

nuclear extracts were also used in the electrophoretic mobility shift assay.

4.3.5 Western blotting

Proteins were separated by electrophoresis through SDS-polyacrylamide gels (Section 2.16.1). 

The quantity of protein loaded (between 10-250 fig) was determined by protein fraction and 

the antigen under investigation. Western blotting was performed as outlined in Section 2.16.2. 

Blots were probed for Glut4 (Chemicon International, Temecula, CA, USA), IRS-1 (Cell 

Signalling Technology, Beverly, MA, USA), Phospho-IRS-1 (Ser307), (Upstate, Lake Placid, 

NY, USA), iKBa (C-21, 5C-371 , Santa Cruz Biotechnology, CA, USA) and NF-kB p65 

(C20, 5C-372, Santa Cruz Biotechnology, CA, USA). A detailed protocol outlining the specific 

steps for each antibody is provided in Table 2.4a and Table 2.4b in Section 2.16.3. Samples 

treated with thiazolidinedione (TZD) were included as a positive control in some experiments. 

An appropriate molecular weight marker was run concurrently to aid protein identification. 

Immunoreactive bands were visualized using an enhanced chemiluminescence reaction 

(Supersignal® West Pico Chemiluminescent Substrate, Pierce, IL, USA) (Section 2.16.3).

4.3.6 Electrophoretic mobility shift assay (EMSA)

4 |ig white adipose tissue nuclear extracts were incubated with ^^P-labelled oligonucleotide 

probe containing the consensus sequence for NF-kB (Perkin-Elmer Life Sciences, Inc., MA, 

USA) (Section 2.17.1). DNA-protein complexes were resolved on a nondenaturing 4% (v/v) 

polyacrylamide gels, gels were dried, exposed to film overnight and developed using an AGFA 

X-ray processor.

4.3.7 Quantification of protein bands

Quantification of Western blotting and EMSA autoradiographic bands was performed using 

GeneSnap Acquisition and GeneTools Analysis Software (GeneGenesis Gel Documentation 

and Analysis System, Syngene) (Section 2.16.5). Results are expressed as arbitrary units.
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4.3.8 Data preparation and statistical analysis

Results are expressed as mean ± SEM for the number o f observations indicated. All statistical 

analysis was performed using Data Desk (version 6.0, Data Description Inc, NY, USA). The 

distribution of the data for each variable was assessed. When necessary, values were 

transformed to give a normal Gaussian distribution. 1-way analysis o f variance (ANOVA) 

was employed to investigate differences between treatments. If ANOVA highlighted inter

group differences, post-hoc statistical analysis was performed using the Scheffe test to identify 

individual differences. A statistical probability o f P<0.05 was considered statistically 

significant.
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4.4 RESULTS

4.4.1 Biochemical analysis

Table 4.3 presents the effect of the dietary interventions on markers of the metabolic 

syndrome. Results indicate that feeding a diet enriched with the c9, tl 1-CLA isomer improved 

several markers of the metabolic syndrome compared to the linoleic acid enriched diet, 

whereas the tlO, cl2-CLA enriched diet had no effect. The c9, tll-CLA  diet significantly 

reduced fasting serum glucose (P<0.05), insulin (P<0.05) and TAG (P<0.01) concentrations, 

compared to the control diet. In contrast, mice fed a diet enriched with tlO, cl2-CLA had 

significantly higher glucose concentrations (P=0.05), were more hyperinsulinaemic (P<0.01) 

and hypertriacylglycerolaemic (P<0.01) compared to those fed the c9, tl 1-CLA diet. Neither 

of the CLA rich diets had a significant effect on serum NEFA or cholesterol concentrations. 

The mice who received the tlO, cl2-CI.A enriched diet had significantly lower body weight 

compared to the mice fed the control and c9, tl 1-CLA diets (P<0.001). The change in body 

weight was largely accounted for by loss of adipose tissue. The epididymal fat pad weight was 

significantly lower after the tlO, cl2-CLA enriched diet compared to the control and 

c9, tl 1-CLA enriched diets (P<0.001). There was no significant difference between the groups 

in the amount of feed consumed throughout the dietary intervention period (data not shown).

Table 4.3: Effect of the control (linoleic acid), c9, tll-C L A  and tlO, cl2-CLA enriched 

diets on fasting serum glucose, insulin and lipid concentrations, and body weight. Values

represent group means ± SEM. Significantly different to the control diet * P<0.05; ** P<0.01. 

Significantly different to c9, tll-CLA  diet P<0.05; t  P<0.01. Significantly different to 

control and c9, tl 1-CLA diets § P<0.001.

Control c9, tll-C L A tlO, C12-CLA

(n = 6) (n = 5) (n = 5)

Glucose (mmol/1) 12.06 ±0.61 10.76 ±0.71 * 12.24 ± 0.89 t

Insulin (ng/ml) 1.16±0.32 0.65 ±0.21 * 1.82 ± 0.42 J

TAG (mmol/1) 1.11 ±0.07 0.95 ±0.04 ** 1.26±0.06J

NEFA (mmol/1) 0.74 ±0.04 0.65 ±0.12 0.71 ±0.10

Cholesterol (mmol/1) 6.46 ±0.32 6.98 ±0.17 7.17±0.18

Body weight (g) 47.59±2.08 46.72±1.34 40.48±1.98 §

Epididymal fat pad weight (g) 2.29 ±0.19 2.27 ±0.21 1.79 ± 0.19 §
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Since the tlO, cl2-CLA dietary treatment Fiad a profound effect on adipose tissue mass by 

inducing lipoatrophy, the effect of this fatty acid isomer was not investigated further as any 

change could be due to gross tissue changes rather than a specific effect of the fatty acid 

intervention. Furthermore, a number of studies have indicated that tlO, cl2-CLA exerts a 

pro-diabetic effect (Roche et al, 2002; Riserus et al, 2002a)

4.4.2 Gene expression analysis

(i) Molecular markers of insulin sensitivity in white adipose tissue

Adipose tissue is a key organ involved in systemic insulin sensitivity, and therefore the isomer 

specific effects of c9, tll-CLA  on the expression of several genes involved in regulating 

insulin sensitivity and glucose homeostasis were investigated (Fig. 4.1a and Fig. 4.1b). IRS-1 

expression was increased (1.4 fold) following the c9, tll-CLA  enriched diet, although this 

change did not reach statistical significance (P=0.08). In contrast, the c9, tll-CLA  diet 

marginally lowered the expression of lRS-2 (17% reduction). Glutl and Glut4 expression 

were also increased (1.4 fold and 1.6 fold, respectively) but neither reached statistical 

significance. The most remarkable effect of c9, tl 1-CLA on adipokine mRNA expression was 

evident for TNFa which was significantly reduced by almost 50% (P<0.05). Other 

inflammatory markers, lL-6 and monocyte chemoattractant protein (MCP)-l were also down- 

regulated by c9, tll-CLA  (52% and 31% respectively) but did not reach statistical 

significance. IL-10, a cytokine with anti-inflammatory properties was up-regulated (1.2 fold) 

but did not reach statistical significance. The c9, tl 1-CLA diet had no effect on the expression 

of macrophage inflammatory protein (MlP)-la. Adiponectin/Acrp30 mRNA expression was 

significantly reduced by c9, tl 1-CLA as compared to the control diet (42% reduction, P<0.05). 

Feeding a c9, tll-CLA  enriched diet had no statistically significant effect on resistin mRNA 

expression despite a 1.42 fold increase in expression.
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2.5

□  Control ■  c9, t1 1 -CLA

5

2

IRS-1 IRS-2 Glut1 Glut4

Fig. 4.1a: mRNA expression of key proteins involved in the insulin signalling cascade in 

white adipose tissue following a control (linoleic acid) or c9, tll-C L A  enriched diet.

Target gene mRNA levels were normalised to GAPDH and expressed relative to the control 

group. Values represent group means ± SEM with n=5 in the control group and n=6 in the 

CLA group. There were no statistical differences detected.

Fig. 4.1b: mRNA expression of adipokines in white adipose tissue following a control 

(linoleic acid) or c9, tll-C L A  enriched diet. Target gene mRNA levels were normalised to 

GAPDH and expressed relative to the control group. Values represent group means ± SEM 

with n=5 in the control group and n=6 in the CLA group. Significantly different from the 

control diet (linoleic acid) * P<0.05.

□  Control BcQ, t11-CLA
2

TNFa IL-6 IL-10 MCP-1 MIP-1a Acrp-30 Resistin
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Examination of transcription factors (Fig. 4.2) revealed that LXR was significantly increased 

following the c9, tll-CLA  enriched diet (1.85 fold increase, P<0.05). SREBP-lc mRNA 

expression was increased 1.4 fold following c9, tll-CLA  (P=0.055). White adipose tissue 

PPAR72 mRNA expression was increased 1.5 fold, and aP2 mRNA, a PPARy responsive 

gene, was increased 1.2 fold following the c9, tll-CLA  enriched diet, but neither reached 

statistical significance. No effect was observed with respect to either PPARyl or SREBPlc 

mRNA.

□  Control B cQ , t11-CLA

2.5
*  *

LXR SREBP-1C SREBP-1a PPARy2 PPARyl aP2

Fig. 4.2: mRNA expression of transcription factors in white adipose tissue which

regulate insulin sensitivity and lipid metabolism following a control (linoleic acid) or 

c9, tll-C L A  enriched diet. Target gene mRNA levels were normalised to GAPDH and 

expressed relative to the control group. Values represent group means ± SEM with n=5 in the 

control group and n=6 in the CLA group. Significantly different from the control diet (linoleic 

acid) * P<0.05.
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(ii) Molecular markers of glucose homeostatis in liver

The liver is a key organ in regulating whole body glucose metabolism, as it is involved in both 

de novo gluconeogenesis and glycogen synthesis. Fig. 4.3 displays the effect of feeding a 

c9, tll-C L A  enriched diet on the expression of genes involved in regulating glucose 

homeostatis in liver. IRS-1 mRNA was significantly increased (1.4 fold, P<0.05), while the 

expression of the IRS-2 isoform was increased 1.2 fold, but this did not reach statistical 

significance. Results show a significant decrease in the expression of glucose-6-phosphatase 

(G6Pase) following the c9, tll-CLA  enriched diet (43% reduction, P<0.05). TNFa mRNA 

expression was significantly increased (1.8 fold, ?<0.05).

□  Control ■  c9, t1 1 -CLA 

2.5 * * *

IRS-1 IRS-2 G 6Pase TNFa

Fig. 4.3: mRNA expression of molecular markers of glucose homeostasis in the liver 

following a control (linoleic acid) or c9, tll-C LA  enriched diet. Target gene mRNA levels 

were normalised to GAPDH and expressed relative to the control group. Values represent 

group means ± SEM with n=5 in the control group and n=6 in the CLA group. Significantly 

different from the control diet (linoleic acid) * P<0.05.
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Feeding a c9, tll-C L A  enriched diet had no effect on the level o f expression o f the 

transcription factors LXR, SREBP-lc or PPARa in the liver (Fig. 4.4).

□  Control Ic9, t11-CLA
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LXR SREBP-1C PPARa

Fig. 4.4: mRNA expression of transcription factors in liver which regulate insulin

sensitivity and lipid metabolism following a control (linoleic acid) o r c9, tl l-C L A  

enriched diet. Target gene mRNA levels were normalised to GAPDH and expressed relative 

to the control group. Values represent group means ± SEM with n=5 in the control group and 

n=6 in the CLA group. There were no statistical differences detected.
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(iii) Molecular markers of lipid metabolism in white adipose tissue

A number of genes involved in the regulation of fatty acid metabolism were also investigated 

(Fig. 4.5). Feeding a c9, tll-CLA  enriched diet resulted in a significant reduction in the 

expression of lipoprotein lipase (LPL) (27% reduction, P<0.05). Both fatty acid synthase 

(FAS) and diacylglycerol acyltransferase (DGAT) were increased (1.5 fold and 1.32 fold, 

respectively), but neither reached statistical significance. In contrast uncoupling protein 

(UCP)-3 expression was significantly increased (3.6 fold, P<0.01).

□  Control Ic9, t11-CLA
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Fig. 4.5: mRNA expression of molecular markers of fatty acid metabolism in white

adipose tissue following a control (linoleic acid) or c9, tll-C LA  enriched diet. Target gene 

mRNA levels were normalised to GAPDH and expressed relative to the control group. Values 

represent group means ± SEM with n=5 in the control group and n=6 in the CLA group. 

Significantly different from the control diet (linoleic acid) * P<0.05, ** P<0.01.
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(iv) Molecular markers of lipid metabolism in liver

Feeding a c9, tll-CLA  enriched diet had a significant impact on several key genes which 

regulate hepatic lipid metabolism (Fig. 4.6). The expression of adenosine triphosphate- 

binging cassette (ABC)-Al, was significantly lower following the c9, tl 1-CLA diet (?<0.05 

for ABCAl (60% reduction). In addition, the expression of DGAT, FAS and microsomal 

triglyceride transfer protein (MTP), key proteins which regulate TAG synthesis, were 

significantly lower following the c9, tll-CLA diet [P<0.05 for DGAT (46% reduction); 

P<0.05 for FAS (21% reduction); ?<0.01 for MTP (72% reduction)]. LPL mRNA was 

significantly increased (2.5 fold, P < 0.01).

□  Control Ic9, t l  1-CLA
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Fig. 4.6: mRNA expression on molecular m arkers of fatty acid metabolism in liver

following a control (linoleic acid) or c9, tll-C L A  enriched diet. Target gene mRNA levels 

were normalised to GAPDH and expressed relative to the control group. Values represent 

group means ± SEM with n=5 in the control group and n=6 in the CLA group. Significantly 

different from the control diet (linoleic acid) * P<0.05, ** P<0.01.
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4.4.3 Expression of proteins involved in the insulin signalling cascade in white adipose 

tissue

Key targets involved in glucose uptake into adipose tissue - the insulin receptor, IRS-1 and 

Glut4, were investigated to determine whether feeding a c9, tl 1-CLA enriched diet altered the 

expression of these proteins. Fig 4.7 shows that feeding a diet enriched with c9, tl 1-CLA 

increased the expression of the insulin receptor in the membrane and cytosolic fraction by 23% 

compared to the control diet (P<0.05). In samples treated with TZD which served as a positive 

control, expression o f the insulin receptor increased by 29.5%.

90 kDa

Control CLA TZD

* *

I I I
control CLA TZD

Fig. 4.7: Insulin Receptor expression in membrane and cytosolic extracts from control 

(linoleic acid), c9, t l  1-CLA (CLA) dietary treatments and thiazolidinedione (TZD) 

treated samples (n=5 in the control and CLA groups and n=2 in the TZD group).

Representative blots are displayed. Histogram from densitometric analysis expressed as 

arbitrary units are means ± SEM. Significantly different from control (linoleic acid) * P<0.05.
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GIut4 expression was measured in the plasma membrane fraction. Results indicate a 17% 

increase in expression following the c9, til-CLA  enriched diet compared to the control diet 

(P<0.05). In the samples treated with TZD, Glut4 expression increased by 15% (Fig. 4.8).

Control

C ontrol

Fig. 4.8: Glut4 expression in plasma membrane extracts (pooled samples) from control 

(linoleic acid), c9, tll-C LA  (CLA) dietary treatments and thiazolidinedione (TZD) 

treated samples (n=3 for the control and CLA groups and n=2 for the TZD group).

Representative blots are displayed. Histogram from densitometric analysis expressed as 

arbitrary units are means ± SEM. Significantly different from control (linoleic acid) 

* P<0.05.
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IRS-1 Serine (Ser)307 is recognised as a molecular marker of insulin resistance. Feeding a 

c9, tll-C L A  enriched diet had no effect on the expression o f phosphoIRS-1 (ser307) in the 

total protein fraction (Fig. 4.9).
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Fig. 4.9; IRS-1 Ser (307) expression in total protein fraction from control (linoleic acid), 

and c9, tl l-C L A  (CLA) dietary treatm ents (n=4 per group). Representative blots are 

displayed. Histogram from densitometric analysis expressed as arbitrary units are means ± 

SEM. There were no statistical differences detected.

4.4.4 NF-kB p65 and IkBo expression, and NF-KB:DNA-binding in w hite adipose tissue

Given the marked reduction in TNFa mRNA expression following the c9, tl 1-CLA treatment, 

the effect o f the c9, tl I-CLA diet on several components o f the NF-kB expression complex 

was investigated (Fig. 4.10a-d). The c9, tll-C L A  enriched diet down-regulated nuclear 

NF-kB p65 expression in adipose tissue (15% reduction, P<0.01). Cytosolic NF-kB p65 

expression was also decreased (24%) and this tended towards statistical significance 

(P=0.0682). IkBu expression was decreased in both nuclear and cytosolic fractions from white 

adipose tissue (10% and 9% respectively, ?<0.001 for both). Furthermore, EMSA showed that 

the c9, tll-C L A  diet reduced white adipose tissue NF-kB DNA binding (23% reduction, 

P<0.01) (Fig 4.11).
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(A) Nuclear NFKBp65 expression
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(B) Cytosolic NFKBp65 expression
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(C) Nuclear iKBa expression
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Fig. 4.10: NF-kB p65 and IicBa expression in nuclear and cytosolic extracts from white 

adipose tissue following a linoleic acid (control) or c9, tll-C LA  enriched diet (n=3 per 

group). (A) Nuclear NF-kB p65 expression, (B) Cytosolic NF-kB p65 expression, 

(C) Nuclear IkBq expression, (D) Cytosolic IkBu expression. Representative blots are 

displayed. Histograms from densitometric analysis expressed as arbitrary units are means ± 

SEM. Significantly different from control (linoleic acid) t  P<0.001, ** P<0.01.
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N F-kB

Control CLA

Control CLA

Fig. 4.11: N uclear NF-kB:DNA  binding in white adipose tissue following a linoleic acid 

(control) o r c9, tl l-C L A  enriched diet (n=3 per group). Representative blot is displayed. 

Histograms from densitometric analysis expressed as arbitrary units are means ± SEM. 

Significantly different from control (linoleic acid) ** P<0.01.
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4.5 DISCUSSION

This study demonstrated that feeding a c9, tl 1-CLA enriched diet significantly reduced plasma 

insulin, glucose and TAG concentrations in the well characterised ob/ob mouse model that 

displays an obese and diabetic phenotype. Plasma insulin and glucose concentrations were 

reduced by almost 44% and 11%, respectively. lRS-1, Glutl and Glut4 mRNA, key targets 

involved in glucose uptake in adipose tissue were increased by 1.4 fold, 1.4 fold and 1.6 fold, 

respectively. In addition, key proteins involved in insulin signalling were significantly 

increased: the expression of the insulin receptor in the membrane and cytosolic fraction was 

increased by 23%, and the expression of Glut4 at the plasma membrane was increased by 17%, 

when compared to the control diet. This was comparable with the positive controls, animals 

treated with the pharmacological agent TZD, whereby the expression of the insulin receptor 

increased by 29.5% and Glut4 expression at the plasma membrane increased by 15%. This 

increased expression of the insulin receptor, lRS-1, Glutl and Glut 4 is likely to promote 

glucose uptake and storage in cells, thereby contributing to the lower circulating glucose and 

insulin concentrations observed in the biochemical assays. The improvement in insulin 

sensitivity following the c9, tl l-CLA enriched diet cannot be ascribed to reduced adiposity, as 

neither body weight or epidymal fat pad mass were different compared to the control group.

One of the primary objectives of the present study was to investigate if altered 

expression of adipokines might explain the molecular basis of the favourable effect of 

c9, tl 1-CLA on insulin sensitivity. This study showed that c9, tl 1-CLA did not mediate its 

effect via altered adiponectin or resistin expression. Resistin has been shown to induce insulin 

resistance. Both gene expression and circulating levels of resistin are markedly increased in 

obese, insulin resistant mice (Way et al, 2001; Le Lay et al, 2001). Administration of 

recombinant protein to wild-type mice impaired glucose tolerance and insulin action, while 

treatment with antibodies for resistin improved glycaemia and reversed insulin resistance 

(Steppan et al, 2001). In contrast, adiponectin is a potent insulin enhancer and has been found 

to ameliorate insulin resistance in murine models of obesity and diabetes. Adiponectin 

promotes insulin sensitivity by decreasing gluconeogenesis in the liver and decreasing lipid 

accumulation in non-adipose tissues (Guerre-Millo, 2004). The insulin sensitising effect of 

c9, tl 1-CLA in this study cannot be ascribed to altered adiponectin or resistin expression, since 

the attenuation of adiponection (42% reduction, P<0.05) and the rise in resistin expression 

(1.42 fold) would be associated with an increase in insulin resistance.

Some recent studies have investigated the impact of CLA on adipokines. In line with 

the results of this study, Ohashi et al (2004) and Wargent et al (2005) reported that feeding a 

CLA enriched diet (50:50 blend) decreased plasma adiponectin concentrations and expression 

levels in white adipose tissue, in both normoglycaemic mice or those with a metabolic 

abnormality (ob/ob, mildly obese and diabetic KK and morbidly obese and diabetic KKAy).
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Warren et al (2003) identified an isomer specific effect and reported that tlO, cl2-CLA but not 

c9, tll-C LA  reduced the level of adiponectin mRNA in white adipose tissue of lean 

C57/BL6N mice. In contrast Nagao et al (2003) fed 1% CLA (50:50 blend) to Zucker diabetic 

(fa/fa) rats and reported elevated plasma adiponectin concentrations and increased expression 

in white adipose tissue. This was associated with improvements in plasma insulin and glucose 

concentrations in agreement with other CLA feeding studies in Zucker rats (Houseknecht et al, 

1998; Ryder et al, 2001; Henriksen et al, 2003). This may indicate a species difference. 

Ohashi et al (2004) reported that CLA feeding significantly decreased plasma resisitin 

concentrations in both KK and KKAy mice. However, plasma leptin and adiponectin 

concentrations were also reduced and an induction in insulin resistance was observed.

It may be ruled out that the improvement in insulin sensitivity was mediated by altered 

leptin concentrations, since this study was carried out in mice which carry an inherited 

deficiency of the ob gene. Other studies have reported a reduction in both plasma leptin 

concentrations and expression levels in white adipose tissue following a CLA enriched diet, 

which was associated with an attenuation in insulin sensitivity in most cases (Ohashi et al, 

2004; Clement et al, 2002; Rahman et al, 2001; DeLany et al, 1999; Tsuboyama-Kasaoka et 

al, 2000), although not all (Ryder et al, 2001; Faulconnier et al, 2004). The reduction in leptin 

concentration is thought to be associated with the tlO, cl2-CLA induced reduction in adiposity 

(Clement et al, 2002: Ryder et al, 2001). Both Medina et al (2000) and Riserus et al (2002a) 

reported decreased leptin concentrations in humans following CLA supplementation, in the 

latter case this was associated with a reduction in sagittal abdominal diameter and percentage 

body fat.

Adipokine expression of inflammatory mediators may provide an insight into a 

potential mechanism of the insulin sensitising effect of c9, tl 1-CLA. Gene expression analysis 

in white adipose tissue demonstrated an attenuation in the expression of pro-inflammatory 

mediators, with approximately 50% reduction in both TNFa and IL-6 mRNA and a 1.2-fold 

increase in mRNA of the anti-inflammatory cytokine IL-10. In addition, a 30% reduction in 

MCP-I expression was observed after the c9, tll-CLA  enriched diet. MCP-I is a key 

modulator of atherogenesis by inducing chemotaxis of monocytes to the atherosclerotic intima, 

whereby they differentiate into macrophages and exacerbate the progression of atherosclerosis 

(Boisvert, 2004; Linton & Fazio, 2003). Adipose tissue comprises not only mature adipocytes 

but also endothelial cells, sympathetic nerve fibres and poorly-identified cells present in the 

stromal-vascular fraction, all of which may contribute to adipose tissue function (Hauner, 

2005). Several studies have suggested that adipose tissue is the source of pro-inflammatory 

molecules that mediate obesity-induced insulin resistance. Nevertheless, adipocytes produce 

relatively lower cytokine levels compared to the classical inflammatory cells. Recent reports 

demonstrating that obesity is associated with progressive infiltration of monocytes and
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macrophages into adipose tissue and that adipose tissue macrophages are the source of 

inflammatory pathways that are activated within adipose tissue of obese individuals, clearly 

suggests that the non-adipocyte fraction may mediate a significant component of the 

inflammatory state within adipose tissue (Trayhum & Wood, 2004; Weisberg et al, 2003; Xu 

et al, 2003). Expression analysis of macrophage and non-macrophage cell populations isolated 

from adipose tissue indicates that adipose tissue macrophages are responsible for almost all 

adipose tissue TNFa expression and significant amounts of inducible nitric oxide synthase 

(iNOS) and IL-6 expression. Table 4.4 summarises some recent data regarding the cellular 

origin of factors released from adipose tissue

Table 4.4: Cellular origin of adipokines secreted from human adipose tissue (Hauner, 2005)

Adipocytes Stromal Cells Macrophages
IL-6 + + ++
TNFa + + ++
PAI-1 + + ?
MCP-1 (+) + ++
MIP-la (+) + ++
MIF + + ++

(+), Data not yet completely clear; +, clear evidence, ++, very strong evidence.
MCP-1, monocyte chemoattractant protein 1; M IP-la, macrophage inflammatory 

protein la ; MIF, macrophage inhibitory factor; PAI-1, piasminogne activator inhibitor-1.

A recent paper by Charriere et al (2003) demonstrates the close relationship between 

the adipocyte and macrophage lineages. Injection of the well-established 3T3-L1 preadipocyte 

cell line into the peritoneum of nude mice resulted in the induction of a number of highly 

specific macrophage-surface markers, indicating that these cells effectively trans-differentiate 

into macrophages in vivo. A key question is what actually triggers the inflammatory responses 

in adipose tissue. Wellen & Hotamisligil (2003) suggest that obesity-induced inflammatory 

changes in adipose tissue is initiated by adipocytes that secrete low levels of TNF-a, which in 

turn stimulates pre-adipocyte and endothelial cells to secrete MCP-1, increase adipokine 

expression and NEFA release to further advance a pro-inflammatory and pro-oxidative state, 

ultimately leading to impaired adipocyte function and insulin resistance. This is illustrated in 

Fig. 4.12.
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Fig. 4.12: Consequences of macrophage infiltration into adipose tissue (Wellen & 
Hotamisligil, 2003).

FFA, free fatty acid; IL, interleukin, JNK, c-Jun N-terminal j-kinase; MCP-1, monocyte chemoattractant 
protein 1; NF-kB, Nuclear factor-KB; TNFa, tumour necrosis facror-a; VEGF, vascular endothelial 
growth factor.

Adipose tissue TNFa mRNA expression was halved following the c9, tll-CLA  diet. 

The insulin de-sensitising effects of TNFa are well characterised. TNFa increases insulin 

resistance by inhibiting tyrosine autophosphorylation of insulin receptor, decreasing Glut4 

mRNA, altering the expression of other adipokines e.g. increasing IL-6 and PAI-1, decreasing 

adiponectin, all of which impede insulin signalling (Hotamisligil et al, 1994; Stephens & 

Pekala, 1991; Sonnenberg et al, 2004; Guerre-Millo, 2004). TNFa is also known to induce 

serine phosphorylation of IRS-1 at residue 307, which disrupts the interaction between the 

insulin receptor and the phosphotyrosine binding domain of IRS-1, thereby inhibiting 

propagation of the insulin signal (Aguirre et al, 2000). Ruan et al (2002a) showed that NF-kB 

is an obligatory mediator of the TNFa induced changes in gene expression that could lead to 

insulin resistance in 3T3-L1 adipocytes. Blocking NF-kB activation by expressing a dominant 

inhibitor of NF-kB (Ixfia-DN) abolished the suppression of most of the genes normally 

suppressed by TNFa, and blocked induction of 60-70% of the genes normally induced by 

TNFa. Under basal conditions, NF-kB is inhibited by inhibitor of kB (IkB) and remains 

within the cytoplasm. Pro-inflammaory stimuli results in activation of IkB kinase (IKK) 

which subsequently catalyses the phosphorylation of IkB, leading to its degradation. This 

liberates NF-kB to translocate into the cell nucleus and stimulate the transcription of
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inflammatory mediators including IL-2, IL-6, IL-8, intercellular adhesion molecule, vascular 

cell adhesion molecule and E-selectin (Baldwin, 1996; Shoelson et al, 2003).

Reports from the turn of the last century describe the experimental use of high doses 

(5-7.5g/day) of salicylates to treat diabetes mellitus (Shoelson et al, 2003). However it is only 

recently that Yuan et al (2001) established that high-dose aspirin exerts its insulin sensitising 

effects through inhibition of the pro-inflammatory pathway IKK/NF-kB. Heterozygous gene 

deletion (IKKB^^ ) or salicylates treatment protected against the insulin-resistant effects of lipid 

infusion in rats (Kim et al, 2001). In addition, a 50% decrease in the IKKp gene in normal and 

in ob/ob mice led to reductions in blood glucose levels and improved insulin sensitivity (Yuan 

et al, 2001). More specifically salicyclates attenuate phosphorylation of IRS-1 at Ser(307) 

through reduced IKKp expression/activation which promotes a positive effect on glucose 

tolerance (Yuan et al, 2001). Other groups have proposed that IKK-P is central to the interplay 

between dietary fatty acids and insulin resistance (Zick, 2003). Elevated lipids lead to an 

increase in metabolites such as diacylglycerol and ceramide, which are both potent activators 

of PKC0 and PKC^, both known to activate IKKp.

Hence, it may be possible to reduce the impact of metabolic stressors either by altering 

dietary fatty acid composition and/or using nutrient based anti-inflammatory strategies to 

improve insulin sensitivity and impede progression towards the metabolic syndrome and 

T2DM. The results of this study demonstrate that adipose tissue TNFa mRNA expression was 

halved following the c9, tll-CLA  diet, and this was coupled with important immuno- 

regulatory changes on several components of the NF-kB expression complex, namely marked 

down-regulated of NF-kB p65 (in the nuclear fraction) and a non-significant reduction of 

cytosolic NF-kB p65. Additionally white adipose tissue NF-kB:DNA binding was 

significantly reduced. However, despite the attenuation in inflammatory stressors, feeding a 

c9, tl 1-CLA enriched diet did not reduce the phosphorylation at IRS-1 at Ser(307) contrary to 

the hypothesis. Elevations in TNFa are known to increase phosphorylation at this site, so a 

reduction in Ser phosphorylation would be expected with a reduction in TNFa. Nevertheless, 

it would be worthwhile to investigate the impact of c9, tll-CLA  on IRS-1 Ser(307) 

phosphorylation in the fed state, when insulin stimulates glucose uptake, rather than in the 

background quiescent state which is currently being investigated.

Other key transcription factors regulating insulin sensitivity were also investigated. 

Results indicated that the expression of LXR and SREBP-Ic in white adipose tissue were 

significantly increased (1.85 fold and 1.4 fold, respectively) while white adipose tissue 

PPARy2 was non-significantly increased (1.5 fold). No effect was observed with respect to 

either PPARyl (15% increase) or SREBPlc mRNA (3.7% increase). The increase in 

expression of LXR may have contributed to the induction of Glut4 observed. LXR may also
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inhibit glycolysis in white adipose tissue although this was not investigated in this study. This 

is the first study to examine the effect o f CLA on the two different isoforms o f  PPARy, 

PPARyl and PPARy2. Although neither reached statistical significance, it is noteworthy that 

c9, til-C L A  increased the expression o f  PPARy2 (1.5 fold) while PPARyl was increased by 

only 15%. PPARy2 has been shown to be the more potent adipogenic isoform and TZDs can 

increase adipocyte differentiation through enhanced expression o f  PPARy2 (Chawla et al, 

1994; Sewter & Vidal-Puig, 2002). Both PPARy2 and SREBP-lc are influenced/regulated 

more by nutritional state than the alternative isoform (Medina-Gomez et al, 2005).

Reports have suggested that CLA represents a natural PPARy ligand (Moya-Camerena 

&. Belury, 1999; Belury, 2002; Yu et al, 2002c). However, conflicting information has 

emerged regarding the effect o f  CLA and individual isomers on PPARy activation and 

expression levels (Houseknecht et al, 1998; Clement et al, 2002; Choi et al, 2004; Brown & 

McIntosh, 2003; Takahashi et al, 2002; Ryder et al, 2001). Additionally although activation of  

PPARy is associated with enhanced insulin sensitivity, this was not observed in all studies 

(Clement et al, 2002; Choi et al, 2004). Differences cannot be attributed to isomer specific 

effects. Nevertheless, it is possible that the effect o f  CLA on PPARy activity and expression 

may vary across species (Wargent et al, 2005).

The effect o f  CLA on hepatic LXR activation has been assessed, whereby tlO, c l2 -  

CLA and c9, til-C L A  are equally efficient in inhibiting LXR activation following in vitro 

transcription assays in COS-1 cells (Clement et al, 2002). However information is lacking 

regarding the effect o f  CLA on LXR activation in white adipose tissue and subsequently on 

influencing insulin sensitivity.

It is important to note that the transcription factors do not work in isolation, but rather 

can influence the activity o f each other. PPARy agonist, 15-deoxy-A'^’ prostaglandin J2 has 

been shown to antagonise the activity o f  NF-kB, by inhibiting IKK complex activity, thereby 

preventing IkBk degradation. It has also been shown to reduce NF-kB binding by alkylating 

p50/p65 dimers (Delerive et al, 2001). Joseph et al (2003) suggested that inhibition o f  the 

inflammatory mediators iNOS and cyclooxygenase-2 genes by LXR agonists is accomplished 

through antagonism o f  NF-kB, downstream o f  NF-kB;DNA binding. This trans-repression o f  

NF-kB is thought to underlie the anti-inflammatory actions o f  these nuclear receptors. 

Interestingly, the expression o f  both PPARy and LXR was increased in this study, while 

nuclear NF-kB p65 and NF-kB DNA binding were markedly down-regulated. However, in 

order to elucidate whether c9, tl 1-CLA activates LXR or PPARy and thereby down-regulates 

the NF-kB system, cells would need to be transfected with a LXR- or PPARy-expression 

vector, luciferase activity quantified and a NF-kB;DNA binding assay performed. The activity 

o f  NF-kB target genes could then be investigated to assess for functionality.
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Hepatic insulin resistance is an important pathophysiological feature of T2DM and the 

metabolic syndrome. Insulin signalling in the liver functions to activate glycogen synthesis for 

energy storage and to suppress hepatic glucose output by inhibiting phosphoenol pyruvate 

carboxykinase (PEPCK) and G6Pase (Ide et al, 2004). Fasting hyperglycaemia in T2DM is 

believed mainly to be a consequence of an increase in gluconeogenesis (Valverde et al, 2003). 

Therefore an improvement in glucose and insulin homeostasis may also be a consequence of a 

reduction in hepatic gluconeogenesis. In insulin-resistant and hyperinsulinaemic states, there 

are usually simultaneous reductions in both IRS-1 and IRS-2 in the liver (Anai et al, 1998). 

Both IRS-1 and IRS-2 expression were increased following the c9, tll-CLA  enriched diet. 

lRS-1 and IRS-2 have complementary roles in the control of hepatic metabolism and can 

compensate for each other (Taniguchi et al, 2005). However recent work has suggested that 

IRS-1 is more closely linked to glucose homeostasis by regulating the expression of 

gluconeogenic enzymes, while IRS-2 may be more closely linked to hepatic lipid metabolism, 

by limiting the upregulation of lipogenic enzymes and preventing hepatic steatosis. In 

association with the significant increase in hepatic IRS-1 expression a significant decrease was 

observed in hepatic G6Pase mRNA expression following the CLA-enriched diet. G6Pase 

catalyses the hydrolysis of the terminal step in the gluconeogenic and glycogenolytic pathways 

allowing the release of glucose into the bloodstream. TNFa has been shown to suppress 

G6Pase expression in vitro and in vivo (Metzger et al, 1997). This tissue specific increase in 

TNFa mRNA following the c9, tl 1-CLA enriched diet may have contributed to the decrease in 

G6Pase expression. Further investigation is required to confirm or refute this hypothesis. 

Additionally other enzymes involved in gluconeogenesis including PEPCK and fructose-1, 

6-bisphosphatase, and transcription factors which regulate de novo glucose synthesis e.g. 

Foxol and peroxisome proliferator-activated receptor-y coactivator-1 (Barthel & Schmoll, 

2003) could also be investigated.

A dyslipidaemic profile is associated with insulin resistance. Therefore, systemic lipid 

parameters and key genes which regulate lipid metabolism were investigated. This study 

showed that feeding the c9, tl 1-CLA significantly reduced fasting serum TAG concentrations. 

This isomer specific effect agrees with a previous study wherein c9, tll-CLA  significantly 

reduced postprandial serum TAG concentrations (Roche et al, 2002). The reduction in serum 

TAG concentrations was associated with significant down-regulation of hepatic DGAT, MTP 

and FAS mRNA expressions, key determinants of hepatic lipogenesis. FAS catalyses the 

conversion of acetyl-CoA and malonyl CoA to form palmitate (Sul et al, 2000). DGAT 

catalyses the final reaction in the glycerol phosphate pathway, which is considered the main 

pathway of TAG synthesis in mammals, converting diacylglycerol into TAG (Chen & Farese, 

2000). MTP catalyses the assembly of VLDL by promoting the fusion of apolipoprotein B 

with TAG (Gibbons et al, 2004). Therefore, reduced expression of these genes would
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contribute to lower fasting TAG concentrations following the c9, tll-CLA  diet. PPARy 

agonist drugs are associated with fatty liver which is possibly due to an increase in TAG 

synthesis and/or increase in fatty acid uptake mediated by an increase in hepatic LPL. LPL 

expression was also significantly increased following the c9, tll-CLA  enriched diet. In white 

adipose tissue LPL hydrolyses TAG-rich lipoproteins resulting in the formation of 

chylomicron remnants, VLDL remnants, intermediate density lipoproteins and LDL. Fatty 

acids are used as an energy source in muscle or are stored in adipose tissue as TAG. The 

reason for the induction in hepatic LPL following the c9, tl 1-CLA enriched diet is unknown. 

It is unlikely that hepatic steatosis was induced as plasma TAG concentrations were reduced, 

important lipogeneic enzymes in the liver were down-regulated and additionally neither body 

weight nor epidymal fat pad mass changed. ABCAl mRNA was significantly decreased 

following the c9, tl 1-CLA enriched diet. ABCAl promotes the efflux of cellular cholesterol 

to lipid-poor ApoAl and therefore plays a key role in HDL synthesis (Brewer et al, 2004). 

Macrophage and other peripheral tissues also express ABCAl (Joyce et al, 2003). Since 

plasma HDL concentrations were not investigated in this study it is impossible to determine 

whether the down-regulation in hepatic ABCAl exerted a negative consequence on HDL 

synthesis or whether other tissues exerted a compensatory effect. However, the previous study 

in subjects with T2DM (Chapter 3) indicated that total HDL- and HDL2-cholesterol 

concentrations increased following CLA supplementation (Moloney et al, 2004).

The transcription factors PPARa and SREBP-lc regulate hepatic lipoprotein 

metabolism. Hepatic PPARa and SREBP-lc expressions are nutritionally regulated, such that 

PPARa level is induced by fasting and suppressed by refeeding, whereas the reverse is true for 

SREBP-lc. In the fasted state hepatic PPARa induces fatty acids oxidation to form acetyl- 

CoA and subsequently ketone bodies. In the re-fed state, lipogenesis is induced through an 

increased in expression of SREPB-1. It has been suggested that PUFA could contribute to this 

reciprocal energy regulation by PPARa and SREBP-lc through activation of PPARa ligands 

and direct inhibition of SREBP-lc (Yoshikawa et al, 2003). In contrast to a previous study 

(Roche et al, 2002) hepatic SREBP-lc mRNA expression was not reduced by c9, tll-CLA. 

This apparent discrepancy probably reflects that different nutritional states of the animals in 

the studies i.e. fasting in the current study, while non-fasting in the former study. LXR a key 

regulator of SREBP-lc is not subject to nutritional regulation (Yoshikawa et al, 2001). 

Hepatic LXR mRNA was not altered by the c9, tl 1-CLA enriched diet. Surprisingly PPARa 

expression was not affected by c9, tl 1-CLA consumption. It has been suggested that CLA is a 

more potent ligand PPARa than PPARy (Clement et al, 2002) with the c9, tl 1-CLA isomer 

more efficient at activating PPARa than tlO, cl2-CLA (Moya-Camarena & Belury, 1999; 

Clement et al, 2002).
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Feeding c9, tll-CLA  slightly increased the expression of FAS and DGAT in white 

adipose tissue, although neither reached statistical significance. Ideally other insulin markers 

of lipid metabolism, including acetyl CoA carboxylase and hormone sensitive lipase could be 

measured in future experiments. SREPB-1 induces the expression of lipogenic genes and was 

significantly increased, which probably explains the increase in FAS and DGAT mRNAs. In 

contrast, LPL mRNA was significantly reduced. Potentially this could lead to a reduction in 

HDL concentrations due to reduced availability of substrates including phospholipids and 

apolipoproteins. However, as mentioned previously HDL concentrations were not determined 

in this study. Studies in rodents have demonstrated that CLA inhibits the progression and 

promotes the regression of atherosclerosis (Kritchevsky et al, 2000, Toomey et al, 2003). 

Nevertheless the literature indicates that CLA exerts differential effects on lipid profiles in 

animal models, depending on the feeding regimen used and/or the animal model employed 

(Wilson et al, 2000; Khosla & Fungwe, 2001). c9, tl 1-CLA has been shown to increase HDL- 

cholesterol, decrease TAG, and increase HDL-cholesterol:LDL-cholesterol, indicating a 

potential for an attenuation in atherogenesis (Gavino et al, 2000; Valeille et al, 2004; Akahoshi 

et al, 2003; Roche et al, 2002).

It should be noted that in view of the large number of genes measured, further 

statistical analysis could be performed prior to publication of the data e.g. by completing a 

Bonferroni adjustment, which allocates the error rate among several hypothesis tests or 

confidence intervals so that the total error rate is only as large as the specified alpha level. 

This minimises the possibility of making a Type 1 error i.e. rejecting the null hypothesis when 

the null hypothesis is true.

This is not the first study to report lipoatrophy following a tlO, cl2-CLA enriched diet. 

Atrophic adipose tissue observed after starvation, in cachexia or in lipodystrophy, contain 

small and poorly developed adipocytes that exert profound alterations in adipose gene 

expression and adipokine release into serum (Nawrocki & Scherer, 2004). In addition, 

metabolic abnormalities may develop as a consequence of fatty acid storage in peripheral 

tissues, which is associated with whole-body insulin resistance (Rajala & Schere, 2003). 

Tsuboyama-Kasaoka et al (2000) reported lipodystrophy, comprising ablation of brown 

adipose tissue, a marked reduction in white adipose tissue, marked hepatomegaly, and marked 

insulin resistance, in female C57BL/6J mice fed 1% CLA (50:50 product) as part of a low-fat 

diet (11% kcal from fat) for 17 wk. Clement et al (2002) reported that the tlO, cl2-CLA 

isomer was responsible for this phenotype. In addition, several studies have indicated 

hepatomegaly as a result of fatty liver (DeLany et al, 1999; Clement et al, 2002; Tsuboyama- 

Kasaoka et al, 2000; Ohashi et al, 2004). The anti-obesity effects of CLA are attributed to the 

tlO, cl2-CLA isomer and may be ascribed to increased energy expenditure, increased fat 

oxidation, decreased lipogenesis and a reduction in adipocyte size (Wang & Jones, 2004;
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Roche et al, 2002). tlO, cl2-CLA has also been shown to induce apotosis (Evans et al, 2000). 

Consequently, the effect of the tlO, cl2-CLA isomer was not explored in-depth since any 

change observed could be due to gross tissue changes rather than a specific effect of the fatty 

acid intervention. Additionally in view of the negative effects associated with the isomer, it is 

unlikely to be employed as a therapeutic nutrient.

In conclusion, this study demonstrated a favourable effect of c9, tl 1-CLA on insulin 

sensitivity in ob/ob mice. An improvement was also observed in the lipid profile. These 

metabolic effects may be ascribed to a reduction in inflammatory mediators, in particular 

TOFa. Increased expression of PPARy and LXR and a reduction in the NF-kB complex may 

offer an insight into a potential mechanism for the insulin sensitising effect. Nevertheless, the 

isomer specific effect of CLA supplementation on insulin sensitivity and lipoprotein 

metabolism in man requires in-depth investigation.
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Chapter Five

The effects of cis-9, trans-\ \  conjugated linoleic acid and 

/ra/f5-10, cis-\2  conjugated linoleic acid on insulin sensitivity in normal 

and insulin resistant 3T3-L1 adipocytes

5.1 ABSTRACT

Background: The different isomers of conjugated linoleic acid (CLA) exert distinct

physiological effects. Evidence has emerged that /ra«5-10, cis-\2 CLA (tlO, cl2-CLA) is pro

diabetic. However, the previous study in ob/ob mice (chapter 4), indicated that feeding a cis-9, 

trans-\ 1 CLA (c9, tl 1-CLA) enriched diet resulted in improvements in plasma insulin, glucose 

and TAG concentrations. Key targets of the insulin signalling cascade, namely the insulin 

receptor, insulin receptor substrate (IRS)-l and glucose transporter (Glut)-4 were also 

increased.

Objective: To investigate whether the insulin sensitising effect of c9, tll-CLA  observed in 

vivo (chapter 4) may be replicated in an in vitro model. To discern whether the improvement 

in insulin sensitivity was a direct effect of the particular fatty acid isomer on adipose tissue 

biology, rather than being secondary to a fatty acid/dietary intervention.

Design: 3T3-Lls were incubated with 50 )j,M of linoleic acid, c9, tl 1-CLA, tlO, cl2-CLA, or 

an equivalent volume of dimethyl sulfoxide (DMSO) which served as the vehicle control. 

Fatty acids were added in parallel with the differentiation media to test whether chronic 

treatment with the fatty acids is effective. In addition fatty acids were added following 

differentiation to an adipocyte phenotype to test whether acute treatment is effective. 

Investigations were performed in normal adipocytes and adipocytes which were made insulin 

resistant following treatment with the pro-inflammatory cytokine, tumour necrosis factor 

(TNF)-a. Gene expression analysis, protein analysis and a glucose uptake assay were 

performed.

Results: Chronic treatment with c9, tll-CLA  in 3T3-L1 adipocytes resulted in a significant 

increase in lRS-1 and Glut4 mRNA in both normal adipocytes (IRS-1: P<0.001 compared to 

cells treated with tIO, cl2-CLA, Glut4: P<0.001 compared to cells treated with DMSO, linoleic 

acid or tlO, cl2-CLA) and cells which had been made insulin resistant following treatment 

with TNFa (IRS-I: P<0.05 compared to cells treated with linoleic acid, Glut4: ?<0.05 

compared to cells treated with DMSO). In contrast, acute treatment with c9, tl I-CLA did not 

modulate the expression levels of these markers. However, Glut4 protein expression, basal
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glucose uptake and insulin-stimulated glucose uptake following chronic treatment with c9, tl 1- 

CLA was comparable with cells treated with the vehicle control.

Conclusions: The lack of effect of c9, tll-CLA  on glucose uptake despite an increase in 

expression in both IRS-1 and Glut4 may indicate a failure to translate the increase in gene 

expression into functional proteins, or attenuated protein activity by post-translational 

modification. Differences exist between in vivo and in vitro models. Investigation of the 

impact of c9, tll-CLA  on insulin sensitivity and indeed on whole body metabolism in 

physiological and pathological situations remains to be of critical importance.
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5.2 INTRODUCTION

Insulin resistance occurs when target tissues fail to respond appropriately to physiological 

concentrations of insulin (Werner et al, 2004). A major metabolic consequence of insulin 

resistance is hyperglycaemia, which leads to type 2 diabetes mellitus (T2DM) when the 

pancreatic p-cells are no longer able secrete an adequate supply of insulin to maintain 

normoglycaemia (Ruan & Lodish, 2003). Genetics plays a role in the pathogenesis of T2DM, 

but cannot account for the worldwide epidemic of T2DM which we are currently experiencing. 

Obesity, poor diet and a sedentary lifestyle directly promote insulin resistance, while exercise 

and weight loss reverse it (Mokdad et al, 2003). Recent findings have suggested potential 

roles for pro-inflammatory cytokines, adipokines and non-esterified fatty acids (NEFAs) as 

possible mediators of insulin resistance (Doria, 2003; Kahn & Flier, 2000; Hauner, 2005).

The insulin de-sensitising effects of the pleiotrophic cytokine tumour necrosis factor 

(TNF)-a are well characterised. Although other factors may contribute to the development of 

insulin resistance, TNFa initiated autocrine and paracrine pathways in adipose tissue mediate a 

reduction in insulin sensitivity (Ruan & Lodish, 2003). Both TNFa mRNA and protein are 

elevated in adipose tissue of obese rodents (Hotamisligil et al, 1994; Hotamisligil et al, 1996; 

Hofmann et al, 1994; Hamann et al, 1995; Ruan & Lodish, 2003). TNFa knockout animals 

have lower insulin and NEFA concentrations, and increased insulin sensitivity compared to 

their wild type littermates when placed on an equivalent diet (Uysal et al, 1997; Ventre et al, 

1997). Additionally, rodents with TNFa receptor knocked out also show better insulin 

sensitivity even when obese (Coppack, 2001). TNFa inhibits insulin-induced glucose uptake 

by targeting several components of the insulin signalling cascade. It has been shown to inhibit 

tyrosine phosphorylation of the insulin receptor in a variety of cell types, including murine and 

human adipocytes, fibroblasts and hepatoma cells, and also in muscle and adipose tissue 

(Hotamisligil et al, 1994; Hotamisligil et al, 1996; Feinstein et al, 1993; Kroder et al, 1996). 

Increased serine phosphorylation of insulin receptor substrate (IRS)-l by TNFa inhibits 

tyrosine phosphorylation of the protein due to a disruption of the interaction between the 

insulin receptor and the phosphotyrosine binding domain of IRS-1 (Aguirre et al, 2000; 

Hotamisligil et al, 1996). Additionally serine phosphorylation of IRS-1 promotes proteasome- 

mediated degradation (Pederson et al, 2001). TNFa also reduces transcription of the insulin 

receptor, IRS-1 and glucose transporter (Glut)-4 (Stephens & Pekala, 1991; Stephens & Pekala, 

1992). By altering the expression of other adipocyte secretory products, namely increasing the 

expression of NEFAs, interleukin-6, plasminogen activated inhibitor-1, and decreasing the 

expression of adiponectin, TNFa further impedes insulin signalling through systemic 

mechanisms (Sonnenberg et al, 2004 Guerre-Millo, 2004). Furthermore, TNFa has been 

shown to increase plasma triacylglycerol (TAG) and very low density lipoprotein 

concentrations, as well as stimulate lipolysis (Peraldi & Spiegelman, 1998; Lang et al, 1992).
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There is substantial evidence that altering dietary fatty acid composition may play a 

role in the development and progression of insulin resistance. Several lines of evidence 

suggest that diets rich in saturated fatty acids de-sensitises peripheral tissue responsiveness to 

insulin, whereas some polyunsaturated fatty acids may counteract this effect (Roche, 2005; 

Feskens et al, 1994; Vessby et al, 2001). The previous in vivo study in ob/ob mice (chapter 4) 

demonstrated an improvement in plasma insulin, glucose and TAG concentrations following a 

cis-9, trans-11 conjugated linoleic acid (c9, tl 1-CLA) enriched diet. Key targets of the insulin 

signalling cascade (insulin receptor, IRS-1 and Glut4) were also increased. This metabolic 

effect may be ascribed, at least partially, to a reduction in inflammatory mediators, in 

particular T>JFa, the expression of which was reduced by 50% in white adipose tissue. This 

was coupled with an increased expression of peroxisome proliferator activated receptor 

(PPAR)-y2, liver X receptor (LXR) and a reduction in the nuclear factor-KB (NF-kB) complex. 

This data supports a role for c9, tl 1-CLA in improving insulin resistance through anti

inflammatory pathways, in a murine model of obesity and insulin resistance. The current set 

of experiments will investigate whether the insulin sensitising effect of c9, tl 1-CLA observed 

in ob/ob mice may be replicated in an in vitro model. Investigations will be performed in 

normal adipocytes and adipocytes which have been made insulin resistant following treatment 

with TNFa. Another aim of this work is to discern whether the improvement in insulin 

sensitivity was a direct effect of the particular fatty acid isomer on adipose tissue biology, 

rather than being secondary to a fatty acid/dietary intervention.

The well-characterised murine 3T3-L1 adipocyte cell line was the model of choice for 

these experiments. Human preadipocytes can be induced to differentiate into adipocytes in 

primary culture, enabling adipocyte biology in man to be investigated (Hauner et al, 2001). 

More recently a human fat cell line has become available (Rodriguez et al, 2004). However, 

since humans and rodents may potentially respond differently to stimuli as a consequence of 

different physiology, this follow-up work was also performed in a murine model. The 3T3-L1 

cell line offers a number of advantages as an adipocyte cell line. 3T3-L1 cells are 

morphologically similar to fibroblastic preadipose cells found in the stroma of adipose tissue, 

and once differentiated, they exhibit virtually all of the characteristics associated with 

adipocytes present within adipose tissue (Cowherd et al, 1999; Novikoff et al, 1980). The 

formation and appearance of developing fat droplets also minic live tissue (Green & Kehinde, 

1975). 3T3-L1 also express many of the same genes as adipocytes in vivo, such as TNFa, 

angiotensinogen and adipsin (Cowherd et al, 1999). When injected into mice, 3T3-L1 

preadipocytes differentiate and form fat pads which are indistinguishable from normal adipose 

tissue (Green & Kehinde, 1979). Therefore, they represent an invaluable model to aid our 

understanding of adipocyte cell biology.
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5.3 MATERIALS AND METHODS 

5.3.1 Cell culture and experimental design

3T3-Lls were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)-25mM glucose 

containing 10% foetal bovine serum (FBS) and penicillin/streptomycin as described in Section 

2.9.2. When fibroblasts were approximately 70% confluent, differentiation was initiated by 

culturing the cells in the presence o f 0.6 |iM insulin, 2.5 |iM dexamethasone and 517 ^M 

isobutyl-1-methylxanthine (IBMX) for 4 days. This media was then replaced with DMEM- 

25mM glucose containing 10% FBS for a further 3 days (Section 2.9.4). 3T3-Lls were 

incubated with 50 )o,M of linoleic acid, c9, tl 1-CLA, tlO, cl2-CLA or an equivalent volume of 

dimethyl sulfoxide (DMSO) which served as the vehicle control. A dose o f 50 jxM fatty acids 

was chosen as previous in vitro work in 3T3-Lls have used this concentration o f CLA isomers 

(Evans et al, 2002b) without reporting toxicological effects. For all treatments, the final 

concentration of DMSO in the culture medium was <0.1%. Both DMSO and linoleic acid 

were purchased from Sigma-Aldrich (Poole, Dorset, UK) and the CLA isomers were 

purchased from Cayman Chemical (Ml, USA). Fatty acids were added in parallel with the 

differentiation media to test whether chronic treatment with the fatty acids is effective. In 

addition fatty acids were added following differentiation to test whether acute treatment is 

effective. Fresh fatty acids were added with each media change. For all treatments, the final 

concentration o f DMSO in the culture medium was <0.1%. Insulin resistance was induced in 

adipocytes by incubating the differentiated adipocytes for 3 days in the presence o f 3 ng/ml 

TN Fa (R&D Systems, Minneapolis, MN), with fresh media changes each day. This TNFa 

treatment has previously been shown to significantly reduce the rate o f insulin-stimulated 

glucose uptake, by approximately 60%, without inducing morphological changes in mature 

adipocytes (Sartipy & Loskutoff, 2003a). Adipocytes treated in parallel but without TNFa 

were considered normal adipocytes. Figure 5.1 illustrates an outline o f the cell culture 

experimental conditions.
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Fig. 5.1: Outline of cell culture experiments

5.3.2 Oil Red O staining

Fibroblasts were grown to approximately 70% confluency, replated in 96-well microtitre 

plates, and differentiated to adipocyte as outlined in Section 2.9.4. Cells were treated with 

fatty acid and TNFa as required. Oil Red O (ORO) staining was performed on day 15 to test 

that the untreated and fatty acid-treated fibroblasts differentiated into mature adipocytes 

(Fig. 5.1). The effect of TNFa treatment was assessed on day 18 (Fig. 5.1). Cells were fixed 

with formalin and stained with ORO stain as outlined in Section 2.12. Micrographs were 

taken. Cells were dissolved in isopropanol prior to quanification at 490 nm. Control cells, 

labelled nil, were left untreated. 4 independent experiments were conducted.
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5.3.3 MTS assay

Fibroblasts were grown to approximately 70% confluency, replated in 96-well microtitre 

plates, and differentiated as outlined in Section 2.9.4. An MTS assay was employed at the end 

o f the experimental protocol i.e. day 18, in order to determine if the concentrations o f fatty 

acids and TNFa used in the experiments affect cellular viability (Section 2.11). 6 independent 

experiments were conducted. Results are expressed as a % viability o f control cells.

5.3.4 mRNA expression analysis

1 X 10  ̂ mature adipocytes were plated and cultured with fatty acid as detailed in Fig. 5.1. To 

allow examination o f fatty acids on gene expression in normal and insulin resistant adipocytes, 

cells were cultured in the presence and absence o f TNFa as required. Total RNA was 

extracted from cells as outlined in Section 2.13.1 and quantified spectrophotometrically 

(Section 2.13.2). The integrity o f the ribonucleic acid (RNA) was assessed by RNA gel 

electrophoresis (Section 2.13.3). RNA was deoxyribonuclease (DNase) treated and 

subsequently reverse transcribed to synthesise complementary deoxyribonucleic acid (cDNA) 

(Sections 2.14.1 and 2.14.2). Gene expression was quantified by real-time reverse 

transcription polymerase chain reaction (RT-PCR) on an ABI 7700 Sequence Detection 

System (Perkin-Elmer Applied Biosystems, Warrington, UK) (Section 2.14.3). lRS-1 and 

Glut4 were investigated using pre-developed primer and probe kits (Perkin-Elmer Applied 

Biosystems, Warrington, UK). Primers and probes for PPARyl, PPARy2 and glyceraldehyde- 

3-phosphate dehydrogenase (GAPDH) were custom made. The sequences o f custom made 

primers and probes are presented in Table 5.1. JumpStart™ Taq ReadyMix (Sigma-Aldrich, 

Poole, Dorset, UK) was used in the polymerase chain reaction (PCR). After PCR, standard 

curves were constructed and the fractional cycle number o f each o f the unknown samples was 

used to calculate the amount o f target gene relative to the standard (Section 2.14). Target gene 

mRNA expression was normalised to the internal control GAPDH and expressed relative to the 

vehicle control group i.e. cells which received an acute or chronic treatment o f DMSO, in the 

presence or absence of TNFa as appropriate. (DMSO). 6 independent experiments were 

conducted.
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T able 5.1: Sequences o f  prim ers and probes for T aqm an®  PC R

Target Gene Oligonucleotides (5’ -+  3 ’) Final Cone (nM)
GAPDH F: ATGTGTCCGTCGTGGATC F 250

R: TCAGATGCCTGCTTCACC R 5 0
P: ATGTCATCATACTTGGCAGGTT P 175

PPARyl F: AACCACTGATATTCAGGACATTTTTAAA F 500
R: AGAGGTCCACAGAGCTGATTCC R 250
P: AGAGATGCCATTCTGGCCCACCAACTT P 200

PPARy2 F: GCCTATGAGCACTTCACAAG F 500
R: ATGTCAAAGGAATGCGAGTG R 500
P: CCATCACGGAGAGGTCCACAGAGC P 250

F, R and P indicate forward primer, reverse primer and probe, respectively 
Final concentration o f  forward primer (F), reverse primer (R) and probe (P).

5.3.5 Protein  analysis and W estern  b lotting

1 x 1 0 ^  mature adipocytes were plated and cultured with fatty acid as detailed in Fig. 5.1. To 

allow  examination o f  fatty acids on gene expression in normal and insulin resistant adipocytes, 

cells were cultured in the presence and absence o f  TNFa as required. Cells were washed, and 

total cell lysates was prepared as outlined in Section 2.15.5. Protein concentrations were 

assessed using the M odified Lowry assay (Section 2.15.6), and equal concentrations o f  

samples were acetone precipitated overnight (Section 2.15.8). Proteins were separated by 

electrophoresis through SDS-polyacrylamide gels (Section 2.16.1) and Western blotting was 

performed as outlined in Section 2.16.2. 250}ig o f  protein was loaded and blots were probed 

for Glut4 (Chemicon International, CA, U SA ) and IkBo (C -21), s c -2>1 \,  Santa Cruz 

Biotechnology, CA, USA). Immunoreactive bands were visualized using an enhanced 

chem ilum inescence reaction (Supersignal® West Pico Chemiluminescent Substrate, Pierce, 

IL, U SA ) (2.16.3). Quantification o f  Western blotting autoradiographic bands was performed 

using GeneSnap Acquisition and G eneTools Analysis Software (G eneG enesis Gel 

Documentation and Analysis System, Syngene). The position o f  the bands was confirmed by 

the inclusion o f  suitable molecular weight markers during the experiment. Results are 

expressed as arbitrary units. Four independent experiments were conducted.

5.3.6 G lucose uptake assay

Fibroblasts were grown to confluency as described in Section 2.9.2 and replated in 

Cytostar-T™  scintillating microplates (Amersham Biosciences, Buckinghamshire, UK). Cells 

were differentiated into adipocytes as described in Section 2.9.4, and fatty acid and TNFa 

treatments were performed as outlined in Section 2.9.7. Cells were grown overnight in serum-
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free DMEM containing 0.5% (w/v) bovine serum albumin (BSA). This was removed and cells 

were washed with 200 |il buffer and cultured for 5 hr to ensure glucose depletion as described 

in Section 2.18. Insulin (0.1 nM, 1 nM, 10 nM) was added to the appropriate wells and the 

cells cultured for a further 20 min. This was followed by the addition o f  10 |il (0.1 nCi) 

2-DOG (Amersham Biosciences, Buckinghamshire, UK) for 10 min. Glucose uptake was 

monitored as an increase in scintillation counts, using a W allac M icroBeta™  1450 liquid 

scintillation counter (Perkin Elmer, MA, USA). 4 independent experiments were conducted. 

Undifferentiated fibroblasts were included as a negative control.

5.3.7 Investigation of the effect of TNFa in vivo

In a previous study performed in the Nutrition Group four male C57/BL6 mice received an 

intraperitoneal injection (75 ag/kg) o f  murine recombinant TNFa. Two control mice received 

an intraperitoneal injection o f  an equal volume o f  saline. Adipose tissue was available to 

perform RNA extractions, and subsequent gene expression analysis as outlined in Section 

4.3.3.

5.3.8 Data preparation and statistical analysis

Statistical analysis was performed using Data Desk 6.0 (Data Description Inc., NY, USA). 

The distribution o f  the data was assessed and variables were transformed as necessary to give 

the data a normal Gaussian distribution. M ultiple comparisons were performed by 1-way 

analysis o f  variance (ANOVA). If  ANOVA highlighted inter-group differences, post-hoc 

statistical analysis was performed using the Scheffe test to identify individual differences. A 

statistical probability o f P<0.05 was considered statistically significant.
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5.4 RESULTS 

5.4.1 MTS assay

Fig 5.2 shows the effect of the fatty acids and TNFa treatment on cellular viability. Treatment 

with 50 |xM fatty acid or an equivalent volume of DMSO had no significant effect on cellular 

viability.
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Fig. 5.2: MTS Assay in normal adipocytes. 3T3-Lls were treated with vehicle control 

(DMSO) or 50 îM fatty acids as described. Results are expressed as a percentage of untreated 

control cells (nil=100%). Values represent mean ± SEM of 6 independent experiments. 

There were no statistical differences detected. DMSO, dimethyl sulfoxide; LA, linoleic acid; 

c9, c9, tl 1-CLA; tlO, tlO, cl2-CLA.
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The addition of TNFa significantly lowered the viability of all cells treated with fatty acid or 

DMSO compared to the untreated control cells (Fig 5.3): P<0.001 for linoleic acid and DMSO 

added to the differentiation media, both c9, tll-CLA  treatments, both tlO, cl2-CLA 

treatments; ?<0.01 for linoleic acid added after differentiation; P<0.05 for DMSO added after 

differentiation. There was no statistical difference in the viability of control cells treated in the 

presence or absence of TNFa, although percentage viability was reduced by 13%. Comparing 

treatments that were cultured in the presence of TNFa, indicated that cells cultured with 

tlO, cl2-CLA (added to the differentiation media), had significantly lower viability than 

control cells (?<0.001), cells treated with DMSO (added after differentiation) and cells treated 

with linoleic acid (added after differentiation) (P<0.01 and P<0.05, respectively).
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Fig. 5.3: MTS assay in insulin resistant adipocytes. 3T3-Lls were treated with vehicle 

control (DMSO), 50 }iM fatty acids and TNFa (3 ng/ml for 3 days) as described. Results are 

expressed as a percentage of untreated control cells (nil=100%). Values represent mean ± 

SEM of 6 independent experiments. Significantly different from untreated control cell 

t  P<0.001, J P<0.01, * P<0.05. Significantly different from treated control cells 

OOOOOO P<0.001, cells treated with DMSO added after differentiation oooo P<0.01, cells treated 

with linoleic acid after differentiation oo P<0.05. DMSO, dimethyl sulfoxide; LA, linoleic 

acid; c9, c9, tl 1-CLA; tlO, tlO, cl2-CLA.
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5.4.2 Oil Red O staining

Fig. 5.4 depicts absorbance values of the cells following ORO staining. Results show that the 

quantity of lipid in fibroblasts is significantly lower than in differentiated adipocytes, and 

differentiated adipocyte treated with 50 jxM fatty acid or an equivalent volume of DMSO 

(P<0.001 for untreated adipocytes, DMSO, linoleic acid and c9, tll-CLA , P<0.01 for 

tlO, cl2-CLA). Neither fatty acid nor vehicle control treatments had any effect on the 

differentiation of the fibroblast to mature adipocyte. Micrographs of the cells are displayed in 

Fig 5.5.
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Fig. 5.4: ORO staining at the end of tlie differentiation period (day 15). 3T3-Lls were 

treated with vehicle control (DMSO) or 50 nM fatty acids and differentiated as described. 

Results represent mean ± SEM of 4 independent experiments. Significantly different from 

fibroblast ^ P<0.001, * P<0.01. DMSO, dimethyl sulfoxide; LA, linoleic acid; 

c9, c9, tl 1-CLA; tlO, tlO, cl2-CLA.
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Fig. 5.5: Oil Red O staining a t the end o f the differentiation period (day 15). DMSO and 

fatty acids added in parallel with the differentiation media. Magnification lOX and 40X.
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As mentioned previously, TNFa can induce the de-diflferentiation of adipocytes. Therefore 

ORO staining was repeated at the end of the experimental period to check the differentiation 

status o f the cells. Fig. 5.6 depicts absorbance values o f the cells following Oil red O staining 

at day 18. The absorbance values for the fibroblast group were significantly lower than all 

other treatments (P<0.001). In addition, cells which were treated with tlO, cl2-CLA, 

displayed significant differences to the other treatments. Cells cultured with tlO, cl2-CLA 

(added after differentiation) either in the presence or the absence of TNFa had significantly 

lower absorbance values than untreated control cells (P<0.01 and ?<0.05, respectively). When 

tlO, cl2-CLA was added to the differentiation media (in the absence o f TNFa), absorbance 

values were significantly lower compared to the untreated control cells i.e. cells labelled nil in 

the absence o f TNFa (P<0.001), DMSO and linoleic acid treatments (both added after 

differentiation, in the absence o f TNFa) (?<0.01) and control cells in the presence o f TNFa 

(P<0.05). When tIO, cl2-CLA was added to the differentiation media, and cells were 

subsequently treated with TNFa, absorbance values were significantly lower compared to all 

other treatments: P<0.001 compared to both nil treatments, all c9, tl 1-CLA treatments, linoleic 

acid (added after differentiation, in the absence o f TNFa) and DMSO (added after 

differentiation, both in the presence and the absence of TNFa) and DMSO added during 

differentiation (in the absence o f TNFa); P<0.05 compared to DMSO (added during 

differentiation, in the presence of TNFa), linoleic acid (added after differentiation, in the 

presence o f TNFa; added during differentiation, both in the presence ^nd absence of TNFa. 

Micrographs of the cells are displayed in Fig. 5 .7a and Fig. 5 .7b.
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Fig. 5.5: ORO staining a t the end of the experim ent (day 18). 3T3-Lls were treated with vehicle control (DMSO), fatty acids, and TNFa as described. Results represent 

mean and SEM of 4 independent experiments. Fibroblast significantly different to all treatments § P<0.001. Significantly different to nil (in the absence o f TNFa) 

treatment oooo P<0.01, oo P<0.05. Significantly different to all c9, tl 1-CLA treatments, both nil treatments, linoleic acid (added after differentiation, in the absence o f TNFa)

and DMSO (added after differentiation, both in the presence and the absence o f TNFa) and DMSO added during differentiation (in the absence o f TNFa) t  PO.OOl. 

Significantly different to DMSO (added during differentiation, with TNFa), linoleic acid (added after differentiation, with TNFa; added after differentiation, both with and

without TNFa) t  P<0.05. Significantly different to nil (without TNFa) **♦ P<0.01. Significantly different to DMSO and linoleic acid (both added after differentiation, 

without TNFa) ** P<0.01. Significantly different to nil (with TNFa) * P<0.05. DMSO, dimethyl sulfoxide; LA, linoleic acid; c9, c9, t l  1-CLA; tlO, tlO, cl2-CLA.
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Fig. 5.7a: Oil Red O staining a t the end of the experim ent (day 18). DMSO and fatty acids 
added in parallel with the differentiation media and cultured in the presence or the absence of 
TNFa. Magnification 40X.
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Fig. 5.7b: Oil Red O staining at the end of the experiment (day 18). DMSO and fatty acids 
added after differentiation to adipocyte and cultured in the presence or the absence o f TNFa. 

Magnification 40X.
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5.4.3 Gene expression analysis

Prior to commencing the gene expression woric, it was necessary to choose a suitable 

endogenous control to normalise the target genes to. Both GAPDH and 36B4 were tested. 

Since GAPDH was custom made, a magnesium curve was performed to optimise the

performance of the primer/probe set. Since 36B4 was purchased pre-designed (Taqman®

Gene Expression Assays, Applied Biosystems, Warrington, UK) it was already optimised and 

so it was not necessary to complete this step. Results in Fig. 5.8 show that the variability in 

the data was low for both targets. In addition, the presence of TNFa at a concentration of

3 ng/ml for 3 days had no effect on the expression of either gene. A decision was made to use

GAPDH as the housekeeping or normalising gene in future experiments due its higher 

abundance in the extracts.
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Fig. 5.8: Expression of normalising genes in extracts from 3T3-Lls. Values represent 

mean ± SEM of 6 independent experiments. There were no statistical differences detected.

The effect o f  fatty acid treatment on mRNA expression in 3T3-Lls

Gene expression was investigated in 3T3-L1 adipocytes to test whether 50 nM c9, tll-C L A  

had any impact on the expression of key proteins involved in the insulin signalling cascade. 

Fatty acids were added in parallel with the differentiation media to test whether chronic 

treatment with the fatty acids is effective. In addition fatty acids were added after 

differentiation to an adipocyte phenotype to test whether acute treatment is effective.
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(i) Glut4 and IRS-1 mRNA following chronic treatment with fatty acids

Fig. 5.9 shows the effect of chronic treatment of linoleic acid, c9, tl 1-CLA and tlO, cl2-CLA 

on Glut4 and IRS-1 expression in normal adipocytes. Treatment of adipocytes with 

c9, tl 1-CLA resulted in significantly higher expression of Glut4 compared to DMSO, linoleic 

acid and tlO, cl2-CLA (1.5 fold increase compared to DMSO, P<0.001 for all). 50 |xM tlO, 

cl2-CLA resulted in significantly lower expression of Glut4 compared to all other treatments 

(P<0.001 for all). In addition, 50 |j,M tlO, cl2-CLA resulted in significantly lower expression 

of IRS-1 compared to all other treatments (P<0.001 compared to c9, tll-CLA ; P<0.01 

compared to DMSO and linoleic acid). c9, tl 1-CLA resulted in a 1.26 fold increase in IRS-1 

expression, which showed a trend towards significance compared to the vehicle control, 

DMSO (P=0.06).
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Fig. 5.9: Effect of chronic treatment of linoleic acid, c9, tll-C LA  and tlO, cl2-CLA on 

Glut4 and IRS-1 mRNA expression in normal 3T3-L1 adipocytes. Target gene mRNA 

levels were normalised to GAPDH and expressed relative to DMSO. Values represent group

means ± SEM of 6 independent experiments. For Glut4, ^ P<0.001 compared to DMSO, 

linoleic acid and tlO, cl2-CLA, { P<0.001 compared to DMSO, linoleic acid and c9, tl I-CLA. 

For IRS-1, t  P<0.001 compared to c9, tll-CLA , * P<0.01 compared to DMSO and linoleic 

acid.
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Fig. 5.10 shows the effect of linoieic acid, c9, tl 1-CLA and tlO, cl2-CLA on Glut4 and IRS-1 

mRNA expression in adipocytes made insulin resistant by treating with 3 ng/ml TNFa for 

3 days. Treatment of adipocytes with 50 jxM c9, tll-CLA  resulted in significantly higher 

expression of Glut4 compared to the vehicle control (DMSO) (1.46 fold increase, P<0.05). 

There was a trend towards a statistically significant difference in Glut4 expression between c9, 

tll-C L A  and tlO, cl2-CLA treatments (P=0.077). Examining IRS-1 mRNA indicated that 

treatment with 50 )xM c9, tl 1-CLA resulted in a 1.3 fold increase in expression compared to 

DMSO controls, which was statistically significant compared to cells treated with linoieic acid 

(?<0.05).
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Fig. 5.10: Effect of chronic treatment of linoieic acid, c9, tll-C LA  and tlO, cl2-CLA on 

Glut4 and IRS-1 mRNA expression in insulin resistant 3T3-L1 adipocytes. Target gene 

mRNA levels were normalised to GAPDH and expressed relative to DMSO. Values represent

group means ± SEM of 6 independent experiments. For Glut4, P<0.05 compared to DMSO. 

For lRS-1, * P<0.05 compared to linoieic acid.
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Data was expressed to examine the effect of TNFa treatment on adipocyte Glut4 expression, 

and to determine whether fatty acids could modulate the insulin de-sensitising effect of TNFa 

(Fig. 5.11). The presence of TNFa resulted in 89% reduction in Glut4 mRNA (P<0.001 

comparing untreated and treated DMSO controls). All treatments cultured with 3 ng/ml TNFa 

for 3 days had significantly lower Glut4 expression than untreated DMSO control, untreated 

linoleic acid and untreated c9, tl 1-CLA samples (P<0.001 for treated DMSO, linoleic acid and 

tlO, cl2-CLA compared to cells treated in the absence of TNFa; P<0.001 for treated 

c9, tl 1-CLA compared to untreated DMSO and c9, tl 1-CLA, P<0.01 compared to untreated 

linoleic acid). In addition, the expression of Glut4 was significantly lower in cells treated with 

tlO, cl2-CLA (in the absence of TNFa) compared to untreated DMSO controls, untreated 

linoleic and untreated c9, tl 1-CLA samples (P<0.001 for all treatments). Expression of Glut4 

following treatment with tlO, cl2-CLA was similar to samples treated with TNFa (Fig. 5.11), 

whereas untreated DMSO controls, untreated linoleic acid and untreated c9, tl 1-CLA samples 

exhibited approximately 10 fold higher Glut4 expression than samples treated with TNFa. 

However the down-regulation of Glut4 expression following treatment with TNFa was not as 

great in samples cultured in the presence of tlO, cl2-CLA and TNFa as that observed in other 

treatment (26% reduction compared to 89-96% reduction observed with other treatments).
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Fig. 5.11: Effect of chronic treatm ent of linoleic acid, c9, tll-C L A  and tlO, cl2-CLA on 

Glut4 mRNA expression in normal and insulin resistant 3T3-L1 adipocytes. Target gene 

mRNA levels were normalised to GAPDH and expressed relative to DMSO. Values represent 

group means ± SEM of 6 independent experiments, t  ?<0.001 compared to DMSO and 

c9, tll-CLA  (both in the absence of TNFa), J P<0.001 compared to linoleic acid (in the 

absence of TNFa), ** P<0.01 compared to linoleic acid (in the absence of TNFa).

In addition data was expressed to examine the effect of TNFa treatment on adipocyte IRS-1 

expression, and to determine whether fatty acids could modulate the insulin de-sensitising 

effect of TNFa (Fig. 5.12). The presence of TNFa resulted in 58% reduction in IRS-1 mRNA 

(P<0.001 comparing untreated and treated DMSO controls). All treatments cultured with 

3 ng/ml TNFa for 3 days had significantly lower IRS-1 expression than untreated c9, tl 1-CLA 

cells (P<0.001). In addition, samples treated with DMSO, linoleic acid or tlO, cl2-CLA, in the 

presence of TNFa, had significantly lower IRS-1 mRNA compared to untreated DMSO 

samples and untreated linoleic samples (P<0.001). However, in contrast samples treated with 

c9, tl 1-CLA and TNFa did not reach statistical significance compared to untreated DMSO and 

linoleic acid samples (P=0.077, and P=0.068 respectively). Samples cultured with linoleic 

acid and in the presence of TNFa also had significantly lower expression of IRS-1 compared to

Glut 4

204



Chapters: Experiments in 3T3-L1 adipocytes

untreated tlO, cl2-CLA samples (P<0.01), and samples cultured with c9, tl 1-CLA and TNFa 

(P<0.05). Of note is that the expression of IRS-1 following treatment with tlO, cl2-CLA (in 

the absence of TNFa is similar to the samples treated with TNFa (1.4 fold higher expression 

compared to untreated samples versus approximately 2 fold higher expression in untreated 

DMSO controls, untreated linoleic acid and untreated c9, tl 1-CLA, Fig 5.12). However 

similar to Glut4 expression, the down-regulation of IRS-1 expression following treatment with 

TNFa was not as great in samples cultured with in the presence of tlO, cI2-CLA and TNFa as 

that observed in other treatment (33% reduction compared to 58-69% reduction observed with 

other treatments).
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Fig. 5.12: Effect of chronic treatment of linoleic acid, c9, t l 1-CLA and tlO, cl2-CLA on 

lRS-1 mRNA expression in normal and insulin resistant 3T3-L1 adipocytes. Target gene 

mRNA levels were normalised to GAPDH and expressed relative to DMSO. Values represent

group means ± SEM of 6 independent experiments, t  ?<0.001 compared to c9, tl 1-CLA (in 

the absence of TNFa), J P<0.001 compared to DMSO and linoleic acid (both in the absence of 

TTMFa), ** P<0.01 compared to tlO, cl2-CLA (in the absence of TNFa), * P<0.05 compared 

to linoleic acid (in the presence of TNFa).
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(ii) Glut4 and IRS-1 mRNA following acute treatment with fatty acids

Fig. 5.13 shows the effect of acute treatment of linoleic acid, c9, tl 1-CLA and tlO, cl2-CLA 

on Glut4 and IRS-1 mRNA expression in normal adipocytes. Treatment of adipocytes with 

50 i^M tlO, cl2-CLA resulted in significantly lower expression of both Glut4 and IRS-1 

compared to all other treatments (P<0.001 for all). Acute treatment of c9, tl 1-CLA had no 

effect on either Glut4 or lRS-1 expression.
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Fig. 5.13: Effect of acute treatment of linoleic acid, c9, tll-C LA  and tlO, cl2-CLA on 

Glut4 and IRS-1 mRNA expression in normal 3T3-L1 adipocytes. Target gene mRNA 

levels were normalised to GAPDH and expressed relative to DMSO. Values represent group 

means ± SEM of 6 independent experiments. For Glut4, t  P<0.001 compared to DMSO, 

linoleic acid and c9, tl 1-CLA. For IRS-1, * P<0.001 compared to DMSO, linoleic acid and 

c9, tll-CLA.
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Fig. 5.14 shows the effect of linoleic acid, c9, tl 1-CLA and tlO, cl2-CLA on Glut4 and IRS-1 

mRNA expression in adipocytes made insulin resistant by treating with 3ng/ml TNFa for 

3 days. Treatment of adipocytes with 50|xM tlO, cl2-CLA resulted in significantly lower 

expression of Glut4 compared to all other treatments (P<0.01 compared to DMSO and c9, tl 1- 

CLA; P<0.05 compared to linoleic acid). In addition, 50 |j,M tlO, cl2-CLA resulted in 

significantly lower expression of lRS-1 compared to all other treatments (P<0.001 for all). 

c9, tl 1-CLA had no effect on either Glut4 or lRS-1 expression in insulin resistant adipocytes.
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Fig. 5.14: Effect of acute treatm ent of linoleic acid, c9,tll-CLA  and tlO,cl2-CLA on 

G!ut4 and IRS-1 mRNA expression in insulin resistant 3T3-L1 adipocytes. Target gene 

mRNA levels were normalised to GAPDH and expressed relative to DMSO. Values represent

group means and SEM of 6 independent experiments. For Glut4, P<0.01 compared to 

DMSO and c9, tl 1-CLA, * P<0.05 for linoleic acid. For lRS-1, * P<0.05 compared to DMSO, 

linoleic and c9, tl 1-CLA.
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Chapters: Experiments in 3T3-L1 adipocytes

Data was expressed to examine tiie effect of TNFa treatment on adipocyte Glut4 expression, 

and to determine whether fatty acids could modulate the insulin de-sensitising effect of TNFa 

(Fig. 5.15). The presence of TNFa resulted in 91% reduction in Glut4 mRNA (P<0.001 

comparing untreated and treated DMSO controls). All treatments cultured with TNFa had 

significantly lower Glut4 expression than untreated DMSO control, untreated linoleic acid and 

untreated c9, tll-CLA  samples (P<0.001 for all). In addition, the expression of Glut4 was 

significantly lower in cells treated with tlO, cl2-CLA (in the absence of TNFa) compared to 

untreated DMSO controls, untreated linoleic acid and untreated c9, tl 1-CLA (P<0.001 for all). 

Glut4 expression following treatment with tlO, cl2-CLA, was only approximately 2 fold 

higher than samples treated with TNFa, whereas untreated DMSO controls, untreated linoleic 

acid and untreated c9, tll-CLA samples exhibited approximately 10 fold higher Glut4 

expression than samples treated with TNFa. However the down-regulation in Glut4 

expression following treatment with TNFa was not as great in samples cultured in the presence 

of tlO, cl2-CLA and TNFa as that observed in other treatments (74% reduction compared to 

92% reduction observed with other treatments).
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Fig. 5.15: Effect of acute treatm ent of linoleic acid, c9, tl l-C L A  and tlO, cl2-C LA  on 

GIut4 mRNA expression in norm al and insulin resistant 3T3-L1 adipocytes. Target gene 

mRNA levels were normalised to GAPDH and expressed relative to DMSO. Values represent

group means ± SEM of 6 independent experiments. ^ P<0.001 compared to DMSO, linoleic 

acid and c9, tl 1-CLA (all in the absence o f TNFa).

In addition data was expressed to examine the effect of TNFa treatment on adipocyte IRS-1 

expression, and to determine whether fatty acids could modulate the insulin de-sensitising 

effect o f TNFa (Fig. 5.16). The presence of TNFa resulted in 61% reduction in IRS-1 mRNA 

(P<0.01 comparing untreated and treated DMSO controls). All treatments cultured with TNFa 

had significantly lower IRS-1 expression than untreated DMSO control, untreated linoleic and 

untreated c9, tl 1-CLA cells (P<0.001 for DMSO, linoleic acid and c9, tl  1-CLA compared to 

untreated linoleic acid and untreated c9, tll-C L A ; P <0.01 compared to untreated DMSO; 

P <0.001 for tlO, cl2-CLA compared to untreated DMSO, untreated linoleic acid, untreated 

c9, tl 1-CLA and untreated tlO, cl2-CLA). Cells treated with tlO, cl2-CLA (in the presence of
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Chapter 5: Experiments in 3T3-L1 adipocytes

TNFa) had significantly lower expression o f IRS-1 compared to c9, tl 1-CLA treated samples 

(also in the presence of TNFa) (P<0.05). In addition, a trend was observed towards a 

statistically lower expression o f IRS-1 in samples treated with tlO, cl2-CLA (in the presence 

o f TNFa) compared to linoleic acid (P=0.057) and DMSO (P=0.076) (both also in the presence 

o f TNFa). lRS-1 expression following treatment with tlO, cl2-CLA (in the absence o f TNFa) 

is very similar to samples treated with TNFa (1.2 fold increase compared to 2.75 fold increase 

with DMSO, linoleic acid and c9, tll-C L A  samples treated with TNFa). However the 

negative impact o f TNFa on IRS-1 expression was not as great in samples cultured in the 

presence o f tIO, cl2-CLA and TNFa as that observed in other treatments (49% reduction 

compared to 60-68% reduction observed with other treatments).
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Fig. 5.16: Effect of acute treatm ent of linoleic acid, c9, tl l-C L A  and tlO, cl2-C LA  on 

IRS-1 mRNA expression in norm al and insulin resistant 3T3-L1 adipocytes. Target gene 

mRNA levels were normalised to GAPDH and expressed relative to DMSO. Values represent 

group means ± SEM o f 6 independent experiments, t  P<0.001 compared to linoleic acid and 

c9, tl 1-CLA (both in the absence o f TNFa), t P<0-01 compared to DMSO (in the absence of 

TNFa), § P<0.01 compared to DMSO, linoleic acid, c9, tl 1-CLA and tlO, cl2-CLA (all in the 

absence o f TNFa), * P<0.05 compared to c9, tl 1-CLA (in the presence of TNFa).
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Chapter 5: Experiments in 3T3-L1 adipocytes

(iii) PPARyl and PPARy2 mRNA following chronic treatment with fatty acids

Fig. 5.17 shows the effect of linoleic acid, c9, tl 1-CLA and tlO, cl2-CLA on PPARyl and 

PPARy2 mRNA expression in normal adipocytes. Treatment of adipocytes with 50 |xM 

tlO, cl2-CLA resulted in significantly lower expression of PPARyl compared to all other 

treatments (P<0.001 for all). In addition 50 (aM tlO, cl2-CLA resulted in significantly lower 

expression of PPARy2 compared to all other treatments (P<0.01 compared to DMSO and 

c9, tl 1-CLA; P<0.05 compared to linoleic acid). c9, tl 1-CLA resulted in a 1.15 fold and 1.18 

fold increase in PPARyl and PPARy2 expression respectively, but neither reached statistical 

significance. Interestingly although PPARyl mRNA was slightly increased following linoleic 

acid treatment (1.18 fold increase), PPARy2 mRNA expression was decreased by 8% 

compared to DMSO control group. Neither reached statistical significance.
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Fig. 5.17: Effect of chronic treatment of linoleic acid, c9, tll-C LA  and tlO,cl2-CLA on 

PPARyl and PPARy2 mRNA expression in normal 3T3-L1 adipocytes. Target gene 

mRNA levels were normalised to GAPDH and expressed relative to DMSO. Values represent 

group means ± SEM of 6 independent experiments. For PPARyl, t  P<0.001 compared to 

DMSO, linoleic acid and c9, tll-CLA. For PPARy2, ** P<0.01 compared to DMSO and 

c9, tl 1-CLA, * P<0.05 compared to linoleic acid.
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Fig. 5.18 shows the effect of linoieic acid, c9, tll-CLA  and tlO, cl2-CLA on PPARyl and 

PPARy2 mRNA expression in adipocytes made insulin resistant following treatment with 

3 ng/ml TNFa for 3 days. Treatment of adipocytes with 50 |iM c9, tll-CLA  resulted in a 

1.46 fold increase in PPARyl expression, which was statistically significant compared to 

DMSO (P<0.01). With respect to PPARy2 expression, 50|iM tlO, cl2-CLA resulted in a 

2 fold increase in expression (compared to DMSO). This was statistically significant 

compared to all treatments (P<0.001 compared to DMSO and linoieic acid treatments; P<0.01 

compared to c9, tll-CLA). c9, tll-CLA  resulted in a 1.3 fold increase in PPARy2 

expression, which tended towards statistical significance compared to vehicle control (DMSO, 

P=0.092) and linoieic acid (P = 0.07).
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Fig. 5.18: Effect of chronic treatm ent of linoieic acid, c9,tll-C LA  and tlO,cl2-CLA on 

PPARyl and PPARy2 mRNA expression in insulin resistant 3T3-L1 adipocytes. Target 

gene mRNA levels were normalised to GAPDH and expressed relative to DMSO. Values 

represent group means ± SEM of 6 independent experiments. For PPARyl, ** P<0.01 

compared to DMSO. For PPARy2, t  P<0.001 compared to DMSO and linoieic, ** P<0.01 

compared to c9, tl 1 -CLA.
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Data was expressed to examine the effect of TNFa treatment on adipocyte PPARyl 

expression, and to determine whether fatty acids could modulate the insulin de-sensitising 

effect of TNFa (Fig. 5.19). The presence of TNFa resulted in 45% reduction in PPARyl 

mRNA (P<0.001 comparing untreated and treated DMSO controls). Cells cultured with 

tlO, cl2-CLA (in the absence of TNFa) and cells cultured with DMSO (in the presence of 

TNFa) had significantly lower expression of PPARyl compared to cells treated with DMSO, 

linoleic acid and c9, tl 1-CLA (cultured in the absence of TNFa) (P<0.001 for all) and cells 

cultured with c9, tl 1-CLA (in the presence of TNFa) (P<0.01). Additionally, cells cultured 

with linoleic acid (in the presence of TNFa) had significantly lower expression than linoleic 

acid and c9, tl 1-CLA (both in the absence of TNFa, P<0.01) and cells treated with DMSO (in 

the absence of TNFa, P<0.05). Of note is that the expression of PPARyl following treatment 

with tlO, cl2-CLA is comparable to cells treated with DMSO (in the presence of TNFa). 

Interestingly, the expression of PPARyl increased in samples cultured with tlO, cl2-CLA and 

TNFa compared to untreated tlO, cl2-CLA samples (1.43 fold increase). All other treatments 

demonstrated a down-regulation of PPARyl following TNFa treatment of similar magnitude 

(29-44% decrease).
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Fig. 5.19: Effect of chronic trea tm ent of linoleic acid, c9, tl l-C L A  and tlO, cl2-C LA  on 

PPA R yl mRNA expression in norm al and insulin resistant 3T3-L1 adipocytes. Target 

gene mRNA levels were normalised to GAPDH and expressed relative to DMSO. Values 

represent group means ± SEM of 6 independent experiments. § P<0.001 compared to DMSO, 

linoleic acid and c9, tll-C L A  (all in the absence o f TNFa), t  P<0.05 compared to c9, tl 1-CLA 

(in the presence o f TNFa), ** P<0.01 compared to linoleic acid and c9, tl 1-CLA (both in the 

absence o f TNFa), * P<0.05 compared to DMSO (in the absence o f TNFa).

In addition data was expressed to examine the effect o f TNFa treatment on adipocyte PPARy2 

expression, and to determine whether fatty acids could modulate the insulin de-sensitising 

effect o f TNFa (Fig. 5.20). The presence o f TNFa resulted in 58% reduction in PPARy2 

mRNA (P<0.001 comparing untreated and treated DMSO controls). Cells cultured with 

DMSO, linoleic acid or c9, tll-C L A  (in the presence of TNFa) had significantly lower 

expression of PPARy2 compared to untreated cells: P<0.001 for DMSO and linoleic acid 

(cultured in the presence o f TNFa) compared to DMSO, linoleic acid and c9, tll-C L A  

(cultured in the absence o f TNFa); P<0.01 for c9, tl 1-CLA (cultured in the presence o f TNFa) 

compared to c9, tl 1-CLA cultured in the absence of TNFa, and P < 0.05 compared to DMSO
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(cultured in the absence of TNFa). There was a trend towards higher expression of PPARy2 in 

samples treated with c9, tl 1-CLA compared to samples treated with tlO, cl2-CLA (both in the 

absence of TNFa) (P=0.062). Of note is that the expression of PPARy2 following treatment 

with tlO, cl2-CLA is quiet similar to the samples treated with TNFa (Fig 5.20). Interestingly, 

the expression of PPARy2 increased in samples cultured with tlO, cl2-CLA and TNFa 

compared to untreated tlO, cl2-CLA samples (1.65 fold). All other treatments demonstrated a 

down-regulation of PPARy2 following TNFa treatment of similar magnitude (53-58% 

decrease). Samples treated with tlO, cl2-CLA and TNFa had significantly higher expression 

of PPARy2 compared to samples treated with DMSO or linoleic acid (both in the presence of 

TNFa)(P<0.01).
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Fig. 5.20: Effect of chronic treatm ent of linoleic acid, c9, t l  1-CLA and tlO, cl2-CLA on 

PPARy2 mRNA expression in normal and insulin resistant 3T3-L1 adipocytes. Target 

gene mRNA levels were normalised to GAPDH and expressed relative to DMSO. Values 

represent group means ± SEM of 6 independent experiments, f  P<0.001 compared to DMSO, 

linoleic and c9, tl 1-CLA (all in the absence of TNFa), ** P<0.01 compared to c9, tl 1-CLA (in 

the absence of TNFa), * P<0.05 compared to DMSO (in the absence of TNFa), J P<0.01 

compared to DMSO and linoleic acid (both in the presence of TNFa).
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(iv) In vivo effect of TNFa administration on the expression of genes regulating insulin 

sensitivity and glucose homeostasis in white adipose tissue

Intraperitoneal injection of mice with recombinant TNFa (75 )J.g/kg) had a significant impact 

on gene expression in white adipose tissue (Fig. 5.21). As expected, there was massive 

induction of TNFa in the mice that received the TNFa injection (15 fold) compared to 

controls. Although statistical analysis was not performed due to the small number of samples 

(n=2 in the control group, n=4 in the group who received the TNFa injection) results show a 

60% decrease in IRS-1 mRNA, and a 30% decrease in IRS-2 mRNA following the TNFa load. 

Glutl and Glut4 expression were decreased by 30% and 60% respectively. In addition, 

PPARyl and PPARy2 mRNA were reduced by 70% and 90%, respectively.

Control
+TNFa

(0 O)

TNFa IRS-1 IRS-2 Glutl Glut4 PPARyl PPARy2

Fig. 5,21: In vivo effect of TNFa administration on the expression of genes regulating 

insulin sensitivity and glucose homeostasis in white adipose tissue. mRNA levels are 

normalised to GAPDH and expressed relative to the control group. Values represent group 

means ± SEM with n=2 in the control group and n=4 in the TNFa group. Statistical analysis 

was not performed due to the small sample size.
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Chapter 5: Experiments in 3T3-L1 adipocytes

5.4.4 Western Blotting

(i) Glut4 protein expression following chronic treatment of fatty acids

Glut4 expression was investigated in total cell lysates of 3T3-Ll’s to determine whether fatty 

acids could alter the expression of the protein. Results indicated no difference in the level of 

expression of Glut4 following DMSO, linoleic acid, c9, tlO-CLA or tlO, cl2-CLA treatment in 

normal adipocytes (Fig. 5.22).
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Fig. 5.22: Glut4 protein expression in normal adipocytes. Total cell lysates from control 

(DMSO), linoleic acid (LA), c9, tl 1-CLA (c9) and tlO, cl2-CLA (tlO) treated samples (n=4 

per treatment). Representative blots are displayed. Histograms from densitometric analysis 

expressed as arbitrary units are means ± SEM. No significant differences were observed.

Additionally, it was investigated whether fatty acids can modulate the inflammatory, insulin 

de-sensitising effect of the pro-inflammatory cytokine, TNFa. No fatty acid treatment effect 

was observed in insulin resistant adipocytes (Fig. 5.23).
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Fig. 5.23: Glut4 protein expression in insulin resistant adipocytes. Total cell lysates from 

control (DMSO), linoleic acid (LA), c9, tl 1-CLA (c9) and tlO, cl2-CLA (tlO) treated samples 

(n=4 per treatment). Insulin resistance was induced in adipocytes by incubating the 

differentiated adipocytes for 3 days in the presence of 3 ng/ml TNFa. Representative blots are 

displayed. Histograms from densitometric analysis expressed as arbitrary units are means ± 

SEM. No significant differences were observed.
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All data was combined to examine the effect of TNFa treatment on adipocyte Glut4 expression 

i.e. combining all samples treated in the presence or the absence of TNFa. Treatment of 

adipocytes with 3 ng/ml TNFa for 3 days resulted in a 48% reduction in the expression of the 

protein (P<0.05 comparing treated and untreated DMSO samples). No fatty acid treatment 

effect was observed (Fig. 5.24).
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Fig. 5.24: Glut4 protein expression in normal and insulin resistant adipocytes. Total cell 

lysates from control (DMSO), linoleic acid (LA), c9, tll-CLA  (c9) and tlO, cl2-CLA (tlO) 

treated samples, in the presence or absence of 3 ng/ml TNFa for 3 days (n=4 per treatment). 

Representative blots are displayed. Histograms from densitometric analysis expressed as 

arbitrary units are means ± SEM. No significant diflFerences were observed.
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(ii) IkBo expression following chronic treatment of fatty acids

IkBo expression was also examined in total cell lysates following 50(iM fatty acid treatment. 

In normal adipocytes, there was no difference in the expression o f IxBa following the different 

treatments (Fig. 5.25).
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Fig. 5,25: iKBa expression in norma! adipocytes. Total cell lysates from control (DMSO), 

linoleic acid (LA), c9, tll-C L A  (c9) and tlO, cl2-CLA (tlO) treated samples (n=4 per 

treatment). Representative blots are displayed. Histograms from densitometric analysis 

expressed as arbitrary units are means ± SEM. No significant differences were observed.

In insulin adipocytes, a trend was observed towards higher expression o f IkBo following 

c9, tl 1-CLA treatment (1.8 fold increase in expression, P=0.085) (Fig. 5.26).
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Fig. 5.26: iKBa expression in insulin resistant adipocytes. Total cell lysates from control 

(DMSO), linoleic acid (LA), c9, tll-C L A  (c9) and tlO, cl2-CLA (tlO) treated samples (n=4 

per treatment). Insulin resistance was induced in adipocytes by incubating the differentiated 

adipocytes for 3 days in the presence o f 3 ng/ml TNFa. Representative blots are displayed. 

Histograms from densitometric analysis expressed as arbitrary units are means ± SEM. A 

trend was observed towards higher expression of Ixfia following c9, tll-C L A  treatment 

(P=0.085).

All data was combined to examine the effect o f TNFa treatment on adipocyte iKBa expression 

i.e. combining all samples treated in the presence or the absence o f TNFa. Treatment of
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adipocytes with 3ng/ml TNFa for 3 days resulted in a 55% reduction in the expression of the 

protein (P<0.05, comparing treated and untreated DMSO samples). All samples cultured in 

the absence of TNFa had significantly higher expression of iKBa compared to adipocytes 

cultured in the presence of DMSO and TNFa (P<0.001 for linoleic acid, c9, tll-CLA  and 

tlO, cl2-CLA; P<0.01 for DMSO). In addition, adipocytes cultured with c9, tll-CLA  or 

linoleic acid (in the presence of TNFa) had significantly higher IicBa expression than 

adipocytes cultured in the presence of DMSO and TNFa (?<0.01 for both) (Fig. 5.27).
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Fig. 5.27: iKBa expression in normal and insulin resistant adipocytes. Total cell lysates 

from control (DMSO), linoleic acid (LA), c9, tll-CLA  (c9) and tlO, cl2-CLA (tlO) treated 

samples, in the presence or absence of 3 ng/ml TNFa for 3 days (n=4 per treatment). 

Representative blots are displayed. Histograms from densitometric analysis expressed as 

arbitrary units are means ± SEM. Significantly different from DMSO control (in the presence 

of TNFa) t  P<0.001, * ?<0.01.
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5.4.5 Glucose uptake assay

A glucose uptake assay was performed in normal adipocytes and adipocytes made insulin 

resistant following TNFa treatment (3 ng/ml for 3 days). These results are displayed in 

Fig. 5.28 and Fig. 5.29 respectively. Basal glucose uptake refers to glucose uptake in the 

absence of an insulin stimulus. Initially data was assessed to determine whether statistical 

differences existed between groups treated with the same dose o f insulin. There was a trend 

towards higher glucose uptake in cells cultured with c9, tll-C L A  and 0.1 nM insulin compared 

to cells treated with DMSO and an equivalent concentration of insulin (P=0.0847). No other 

group differences were detected. Glucose uptake was significantly higher in all cells cultured 

with either DMSO or c9, tl 1-CLA compared to fibroblasts (P<0.001).

Data was combined to determine whether there were differences depending on the dose 

o f insulin administered. Insulin treatment resulted in a dose-responsive increase in glucose 

uptake in all cells compared to glucose uptake under basal conditions. The specific differences 

detected are outlined. Glucose uptake was significantly higher in both groups o f adipocytes 

treated with 0.1 nM insulin compared to basal glucose uptake (P<0.001 for cells cultured with 

c9, tll-C L A  plus O.lnM insulin compared to basal glucose uptake in cells cultured with 

DMSO or c9, tl 1-CLA; P<0.01 for cells cultured with DMSO and O.lnM insulin compared to 

basal glucose uptake in cells treated with DMSO and P<0.05 compared to basal glucose uptake 

in cells treated with c9, tl 1-CLA.). Treatment o f cells (either DMSO or c9, tl 1-CLA) with 

either 1 nM or 10 nM insulin resulted in significantly higher glucose uptake compared to basal 

glucose uptake in cells treated with c9, tll-C L A  or DMSO (P<0.001 for all) and glucose 

uptake in cells treated with DMSO and 0.1 nM insulin (P<0.001 for all). Treatment o f cells 

with 10 nM insulin and either DMSO or c9, tl 1-CLA resulted in significantly higher glucose 

uptake compared to cells treated with c9, tll-C L A  plus O.lnM insulin (P<0.01 for cells 

cultured with DMSO and 10 nM insulin, P<0.05 for cells cultured with c9, tll-C L A  and 

10 nM insulin). Glucose uptake following treatment with 1.0 nM insulin and either DMSO or 

c9, tll-C L A  was not significantly higher than glucose uptake in cells cultured with 

c9, tl 1-CLA and 0.1 nM insulin.
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Fig. 5.28: Glucose uptake in normal adipocytes cultured with c9, t l  1-CLA or DMSO 

(chronic treatment). Values represent group means ± SEM of 4 independent experiments, 

t  P<0.001 compared to all other treatments. % ?<0.001 compared to DMSO and c9, tll-CLA  

(no insulin), DMSO (O.lnM insulin). ** P<0.01 compared c9, tll-CLA  (O.lnM insulin). 

* P<0.05 compared c9, tll-CLA  (O.lnM insulin). |  P<0.001 compared to DMSO and 

c9, tl 1-CLA (no insulin). §§ P<0.01 compared to DMSO (no insulin). § P<0.05 compared to 

c9, tl 1-CLA (no insulin).
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Results o f the glucose uptake assay in insulin resistant adipocytes is displayed in Fig. 5.29. In 

insulin resistant cells there was a trend towards higher basal glucose uptake and glucose uptake 

after 1.0 nM insulin in cells treated with DMSO compared to cells cultured with c9, tl  1-CLA 

(P=0.0535 and P=0.0893, respectively). No group differences were observed following 0.1 nM 

or lOnM insulin. Glucose uptake was significantly higher in cells treated with DMSO or 

c9, tll-C L A  and 10 nM insulin, and cells treated with c9, tll-C L A  and O.lnM insulin 

compared to glucose uptake in fibroblasts.

Data was combined to determine whether there were differences depending on the dose 

o f insulin administered. Glucose uptake was significantly higher in cells cultured with DMSO 

or c9, tll-C L A  and 10 nM insulin compared to basal glucose uptake in cells treated with 

DMSO or c9, tll-C L A  (P<0.001 for both), glucose uptake in cells treated with DMSO and 

0.1 nM insulin (?<0.01) or LO nM insulin (P<0.01), and glucose uptake in cells treated with 

c9, tll-C L A  and l.OnM insulin (?<0.001). Glucose uptake did not differ significantly 

between cells treated with c9, tll-C L A  and 0.1 nM insulin and cells treated with 10 nM 

insulin.
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Fig. 5.29: Glucose uptake in insulin resistant adipocytes cultured with c9, tl l-C L A  or 

DMSO (chronic treatm ent). Values represent group means ± SEM of 4 independent 

experiments, t  P<0.001 compared to fibroblast. *** P<0.001 compared to DMSO (no 

insulin), c9, tll-C L A  (no insulin) and c9, tll-C L A  (l.OnM insulin). |  P<0.01 compared to 

DMSO (O.lnM insulin) and DMSO (InM  insulin).
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5.5 DISCUSSION

In this study two experimental conditions were examined. Firstly fatty acids were added in 

parallel with the differentiation media to test whether chronic treatment with the fatty acids is 

effective in altering the metabolic and molecular markers. In addition fatty acids were added 

following full differentiation of the cells to an adipocyte phenotype, to test whether acute 

treatment of fatty acids is effective. Experiments were performed in normal adipocytes, and 

adipocytes made insulin resistant cells following treatment with recombinant murine TNFa. 

Several groups have shown that TNFa treatment causes insulin resistance in 3T3-L1 

adipocytes and specifically down-regulates many adipocyte-abundant genes that are critical for 

insulin responsiveness (Ruan et al, 2002b; Hotamisligil, 2003; Ruan et al, 2003). The results 

of the present study show a significant down-regulation of both IRS-1 and Glut4 mRNA 

following TNFa administration. In both experimental conditions TNFa treatment in vehicle 

control cells lowered expression levels to a similar extent: IRS-1 and Glut4 were lowered by 

58% and 89% respectively following chronic fatty acid treatment, and by 61% and 91% 

respectively following acute fatty acid treatment. This was comparable with the 60% 

reduction in both IRS-1 expression and Glut4 expression observed in vivo following 

administration of recombinant TNFa to mice. Although other studies have investigated the 

impact of CLA on TNFa gene expression and plasma concentrations in animals models of 

insulin resistance (Tsuboyama-Kasaoka et al, 2000; Ohashi et al, 2004; Choi et al, 2004; 

Wargent et al, 2005; Roche et al; 2002), this is the first study to examine the direct effects of 

CLA on markers of insulin sensitivity in an in vitro TNFa induced insulin resistant state.

The timing of fatty acid treatment had an important effect on the mRNA expression of 

both IRS-1 and Glut4. Examination of the c9, tl 1-CLA isomer was of particular interest as 

feeding this isomer to ob/ob mice resulted in a significant reduction in plasma glucose, insulin 

and TAG concentrations (chapter 4). Results from gene expression analysis indicated a 

potential positive effect of c9, til-CLA  in murine adipocytes. Chronic treatment with 

c9, tl I-CLA in both normal adipocytes and in insulin resistant adipocytes resulted in increased 

expression of both IRS-1 and Glut4 mRNA. In normal adipocytes Glut4 expression was 

significantly increased compared to both linoleic acid, tIO, cI2-CLA and DMSO treated 

samples. IRS-1 mRNA expression was significantly higher compared to samples treated with 

tlO, cl2-CLA and there was a trend towards higher mRNA expression compared to samples 

treated with DMSO. In insulin resistant adipocytes, Glut4 expression was significantly 

increased compared to DMSO and IRS-1 expression was significantly higher compared to 

linoleic acid. Thus the mRNA expression of two key components of the insulin signalling 

cascade are up-regulated in both normal and insulin resistant adipocytes. Data from normal 

and insulin resistant adipocytes was merged to examine the effect of the fatty acids following
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TNFa treatment. Although c9, tl 1-CLA increased the expression of IRS-1 and Glut4 in the 

insulin resistant state, the positive effect of c9, tl 1-CLA was not sufficient to exert a 

significant rescuing effect from the down-regulation in expression caused by TNFa treatment. 

Acute treatment of 3T3-Lls with c9, tl 1-CLA did not significantly alter the expression of IRS- 

1 or Glut4 mRNA in either normal adipocytes or those which are insulin resistant, indicating 

that long-term treatment with c9, tl 1-CLA is necessary to induce a positive effect. 

Alternatively a priming effect may be required prior to treatment with TNFa. We may assume 

that the altered expression levels are independent of an effect on differentiation as studies have 

indicated that c9, tl 1-CLA does not alter differentiation of adipocytes (Brown et al, 2001a; 

Brown et al, 2001b; Brown et al, 2004). In support of this, c9, tl 1-CLA had no effect on lipid 

accumulation (as observed after ORO staining) either at the end of the differentiation period or 

at the end of the experimental period (in the presence or absence of TNFa treatment). 

Additionally cytotoxicity was judged to be negligible at a concentration of 50 uM (evidence 

from MTS data).

Cell treated with linoleic acid served as fatty acid controls to determine if the effects of 

CLA are unique to its geometric structure or a generic effect of unsaturated fatty acids (Evans 

et al, 2000). Of interest is that the expression of IRS-1 or Glut4 was not significantly higher 

than the vehicle control or the 9, tl 1-CLA isomer following chronic treatment in normal or 

insulin resistant adipocytes (Fig. 5.9 and Fig 5.10), which may suggest a specific effect of 

c9, tl 1 -CLA on these markers rather than a generic fatty acid effect.

Evidence has emerged that the tlO, cl2-CLA isomer is pro-diabetic (Roche et al, 2002; 

Riserus et al, 2002a), and the isomer specific effects of tlO, cl2-CLA were also apparent in 

this study. Following chronic treatment of tlO, cl2-CLA in normal adipocytes, IRS-1 

expression was significantly lower than all other treatments, and Glut4 expression was 

significantly lower compared to cells treated with c9, tl 1-CLA. Both normal adipocytes and 

insulin resistant adipocytes, which received an acute treatment of tlO, cl2-CLA exhibited 

lower expression levels of IRS-1 and Glut4. When data from normal and insulin resistant 

adipocytes was merged, the negative effect of acute or chronic treatment of tlO, cl2-CLA in 

normal adipocytes was more pronounced as the expression levels of IRS-1 and Glut4 were 

similar to what was observed following TNFa treatment in other cells. Interestingly however, 

chronic treatment of tlO, cl2-CLA in insulin resistant adipocytes resulted in expression levels 

of IRS-1 and Glut4 which were comparable to the vehicle control.

Both tlO, cl2-CLA and TNFa exerted a negative effect on both IRS-1 and Glut4 

expression. Striking similarities have been reported between the effects of TNFa and 

tlO, cl2-CLA in murine and human adipocytes. In vitro TNFa has been shown to induce 

apotosis both in mature adipocytes and in preadipocytes (Prins et al, 1997), with omental
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preadipocytes more sensitive to this effect than subcutaneous preadipocytes (Niesler et al, 

1998). TNFa also blocks the differentiation o f new' adipocytes and induces the de- 

differentiation of both preadipocytes and mature adipocytes (Pekala et al, 1983; Torti et al, 

1989; Petruschke & Hauner, 1993). This may be mediated by repression of PFARy gene 

expression (Xing et al, 1997). TNFa also increases lipolysis (Sumida et al, 1997) and inhibits 

lipogenesis (Feingold &. Grunfeld, 1992), thereby increasing plasma NEFA concentrations. 

Consequently it has been hypothesised that TNFa functions to limit white adipose tissue 

expansion, and that insulin resistance and the concomitant disturbances in glucose and lipid 

metabolism is a consequence of that. ORO staining was performed at the end of the 

experimental period to check whether TNFa induced de-differentiation of the adipocytes. Our 

results indicate that although lipid accumulation was reduced following TNFa treatment, this 

was only significantly different to the control group when cells were also cultured in the 

presence of tlO, cl2-CLA. Cell viability was not reduced in control cells cultured with TNFa, 

in the absence of either vehicle control or fatty acid. However, treatment with TNFa and 

DMSO or any fatty acid (either for acute or chronic treatment) significantly lowered cell 

viability compared to untreated control cells.

Both animal feeding studies and in vitro work in 3T3-L1 preadipocytes and in human 

primary cultures of differentiating preadipocytes, have provided evidence that tIO, cl2-CLA is 

responsible for the observed reductions in body fat and attenuation in the accumulation of 

TAG associated with CLA intervention (Keim, 2003; Evans et al, 2002a; Evans et al, 2000; 

Brown et al, 2001a; Brown et al, 2001b). Results from ORO staining were in agreement with 

this observation. At the end of the differentiation period absorbance values were lower 

following treatment with tlO, cl2-CLA, indicating reduced lipid accumulation, although this 

was not statistically significant. However at the end of the 18-day experimental period, 

adipocytes which were treated with tlO, cl2-CLA had significantly lower lipid accumulation 

compared to the other treatments. The addition of TNFa reduced lipid accumulation further. 

Several potential mechanisms of action have been proposed to explain how tlO, cl2-CLA 

decreases TAG content in adipocytes, many of which overlap with those previously mentioned 

for TNFa (Pariza et al, 2000) including reduced lipoprotein lipase activity (Park et al, 1999; 

Lin et al, 2001), reduced glucose and fatty acid uptake and de novo lipogenesis (Brown et al, 

2003), reduced stearoyl Co-A desaturase (SCD)-l expression and activity (Choi et al, 2000), 

increased lipolysis (Park et al, 1999), increased fatty acid oxidation (Evans et al, 2002b), 

interference with the preadipocyte differentiation programme (Brown et al, 2001b; Evans et al, 

2000; Kang et al, 2003) and induced apotosis (Evans et al, 2000). These are isomer specific 

effects associated with the tlO, cl2-CLA isomer but not with c9, tll-CLA. As indicated 

previously lipid accumulation was not reduced after either acute or chronic treatment with
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c9, tl 1-CLA in normal adipocytes or in insulin resistant adipocytes. Inhibition of glucose and 

lipid uptake into the adipocyte by tlO, cl2-CLA and subsequent elevated plasma NEFA 

concentrations and lipid accumulation in non-adipose tissue has been proposed as a potential 

mechanism to explain how tlO, cl2-CLA mediates a reduction in whole-body insulin 

sensitivity (Brown & McIntosh, 2003). Treatment with tlO, cl2-CLA had no effect on cell 

viability in normal adipocytes. However chronic treatment with tlO, cl2-CLA in the presence 

of TNFa significantly lowed cell viability compared to some treatments.

Since the positive effect of c9, tl 1-CLA was only observed following chronic 

treatment of fatty acids, further investigations were only performed in this sub-section of 

experiments. PPARy was of interest since it is a key transcription factor which influences 

insulin sensitivity. The expression of both PPARyl and PPARy2 was examined as they 

encode for two different protein, with PPARy2 producing a protein with an additional 

30 amino acids at the NH2-terminus compared to PPARyl (Kintscher & Law, 2005). PPARy2 

is the more potent adipogenic isoform (Chawla et al, 1994), and the ligand-dependent 

activation domain of PPARy2 has been reported to be 5-10 fold more efficient than PPARyl 

(Wang & Tafuri, 2003). Previous reports have indicated that treatment with TNFa attenuates 

the expression of PPARy (Xing et al, 1997; Ruan et al, 2002a; Ruan et al, 2002b), with most 

reports focusing on the examination of the PPARy2 isoform (Kudo et al, 2004; Rosenbaum & 

Greenberg, 1998; Zhang et al, 1996; Ajuwon & Spurlock, 2005). In vivo we showed that 

TNFa reduced PPARyl expression by 70%, and PPARy2 expression by 90%. In vitro, TNFa 

treatment down-regulated the expression of both PPARyl and PPARy2 by 45% and 58%, 

respectively. c9, tl 1-CLA had minimal effect on the expression of both isoforms in normal 

adipocytes, with an 18% increase in PPARyl mRNA and a 15% increase in PPARy2 mRNA 

levels compared to vehicle control cells. In insulin resistant adipocytes the expression of 

PPARyl mRNA was 46% higher and PPARy2 mRNA was 30% higher compared to DMSO 

vehicle control cells. However statistical significance was only reached in insulin resistant 

adipocytes. This increased expression of PPARy, albeit small, may have contributed to the up- 

regulation of IRS-1 and Glut4 mRNA.

It has been suggested that down-regulation of PPARy expression and/or activity by 

tlO, cl2-CLA decreases both lipogenesis and adipogenesis (Brown & McIntosh, 2003; 

Granlund et al, 2003; Kang et al, 2003) by down-regulating PPARy responsive/target genes 

including fatty acid binding protein (aP2), acyl-CoA binding protein, LPL and Glut4 (Brown 

& McIntosh, 2003; Brown et al, 2003; Granlund et al, 2003). In normal adipocytes both 

PPARyl and PPARy2 expression was significantly lower following tlO, cl2-CLA treatment 

compared to all other treatments, and this was coupled with reduced expression of IRS-1 and 

Glut4. Of interest is the altered expression profile in insulin resistant adipocytes, in which the 

expression of both PPARy isoforms was significantly higher, with that of PPARy2 being
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especially pronounced. In addition the negative effects of TNFa on PPARy2 expression were 

reversed by tlO, cl2-CLA. The reason for this is unclear, but it may explain at least in part, 

the increase in expression of lRS-1 and Glut4 observed in these cells. Other experiments have 

shown a decrease in PPARy expression following tlO, cl2-CLA, but the effect of this isomer 

has not been investigated in an insulin resistant state in vitro. The increase in IRS-1 and Glut4 

mRNA may represent gene specific effects as lipid accumulation was significantly lower in 

cells cultured with both tlO, cl2-CLA and TNFa, perhaps indicating that other lipogenic and 

adipogenic genes were not up-regulated simultaneously or translated into a functional protein.

There is conflicting evidence regarding the influence of CLA on PPARy2 expression 

based on the specific type and amount of isomer used and the tissue site of action. Future 

studies measuring the impact of specific CLA isomers on PPARy 1 and PPARy2 activity and 

down-stream effectors in preadipocytes and mature adipocytes will provide greater insight into 

CLA’s potential mechanism of action (Brown et al, 2001a; Brown et al, 2003).

On the basis of the improvement in inflammatory markers in the previous set of 

experiments outlined in chapter 4, the protein expression of the inhibitory subunit of nuclear 

factor-KB (NF-kB) termed inhibitor of kB (IicBa) was investigated. In unstimulated cells, 

NK-kB is maintained in an inactive form in the cytoplasm through interaction with IkB 

(Schmitz et al, 2001). TNFa activates the IkB kinase (IKK) complex leading to 

phosphorylation and subsequent ubiquitination and proteolytic degradation of IkBu (Schmitz 

et al, 2001). This releases the NF-kB dimer which then translocates to the nucleus, binds to its 

cognate DNA element and activates the transcription of numerous target genes encoding 

proteins involved with immune or inflammatatory responses (Schmitz et al, 2001; Baldwin, 

1996). Thus, IkBu is critical to attenuate NK-kB signalling. A fatty acid modulating effect 

was observed, in particular in insulin resistant adipocytes. Additionally, protein expression of 

licBa was slightly higher following treatment with c9, tl 1-CLA compared to linoleic acid in 

both normal and insulin resistant adipocytes.

Glut4 protein expression was examined in total cell lysates. TNFa treatment lowered 

Glut4 protein expression by half. However no fatty acid treatment effect was observed either 

in normal or in insulin resistant adipocytes. Analysis of Glut4 protein expression was 

examined in this fraction due to the large number of treatments being performed. 

Translocation of the Glut4 vesicle to the plasma membrane is necessary for glucose uptake. 

However isolation of the plasma membrane fraction requires subcellular fractionation and 

ultracentrifugation steps to be performed (Tamori et al, 1998). Alternatively translocation of 

Glut4 to the plasma membrane may be assessed using the plasma membrane lawn assay 

(Tamori et al, 1998). As a consequence our result informs us that the balance between the 

production and degradation of Glut4 is the same i.e. there is no net difference between the fatty
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acid treatments. However we are limited as we know nothing regarding the distribution of the 

Glut4 vesicle which may be different between the treatment groups. It is noteworthy that both 

mRNA and protein expression were measured in the total cellular fraction. While an increase 

in Glut4 mRNA was observed relative to the other treatments in both normal and insulin 

resistant adipocytes, there was no difference between any o f the treatments with respect to 

protein expression. The abundance o f a gene is determined by the transcriptional rate and 

mRNA stability or degradation. However there are a number o f post-transcriptional 

mechanisms including mRNA processing and transport which determine whether mRNA is 

actively translated to produce a protein. Studies examining Glutl have shown that regulatory 

elements in the 5’ untranslated region (UTR) o f the mRNA interacts with certain proteins to 

control translational efficiency, while those in the 3’ UTR bind specific cytosolic proteins and 

mediate post-transcriptional regulation o f Glutl gene expression. It has been suggested that 

such mechanisms may occur throughout the Glut family (Hesketh et al, 1998). The reason 

why Glut4 protein expression did not increase despite an increase in Glut4 mRNA following 

c9, tl 1-CLA is unknown at present, but presumably is due to one or more post-transcriptional 

modifications.

Measuring glucose uptake in cells provides the most relevant end point for assessing 

insulin sensitivity. Consequently a glucose uptake assay was performed to determine whether 

c9, tl 1-CLA improves glucose uptake relative to the vehicle control. Glucose uptake 

increased with increasing concentrations o f insulin, with a 5 fold increase observed comparing 

basal glucose uptake and glucose uptake following 10 nM insulin treatment, indicating that the 

cells were responsive to insulin. Cells treated with TNFa were less insulin responsive, with 

glucose uptake following 0.1 nM insulin or 1 nm insulin comparable to basal glucose uptake, 

thus highlighting the insulin de-sensitising effect o f this pro-inflammatory cytokine. Glucose 

uptake was not significantly higher following treatment with c9, tl 1-CLA compared to the 

vehicle control. There are several potential reasons for this. Nutrients and pharmacological 

treatments may increase the expression o f various genes. However if this gene is not translated 

into a protein which has a functional effect, there is no net outcome effect/measure. By this 

rational, although treatment with c9, tl 1-CLA increased both lRS-1 and Glut4 expression in 

normal and insulin resistant adipocytes, it is possible that this increase in mRNA did produce a 

functional protein. As discussed above there was no difference in Glut4 protein expression 

between the treatments despite the fact that mRNA was higher in both normal and insulin 

resistant adipocytes following c9, tl 1-CLA treatment. In addition down-regulation o f the 

insulin-signalling cascade via post-translational mechanisms is evident from several studies. 

Protein tyrosine phosphatases inhibits insulin receptor phosphorylation (Saltiel & Kahn, 2001), 

Ser/Thr phosphorylation of lRS-1 disrupts the interaction of IRS-1 with the insulin receptor 

(Aguirre et al, 2000; Hotamisligil et al, 1996) and furthermore may promote proteasome-
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mediated degradation of IRS-1 (Pederson et al, 2001). The suppressors of cytokine signalling 

compete for crucial receptor binding sites (Emanuelli et al, 2000) and additionally have been 

implicated in promoting the ubiquitination and subsequent degradation of IRS-1 by the 

proteosome (Rui et al, 2002). Lipid phosphatases may dephosphorylate phosphatidlyinositol 

(3,4,5)-triphosphate thereby inhibiting the insulin signal and attenuating insulin stimulated 

Glut4 translocation to the plasma membrane. A combination of these mechanisms may have 

prevented increased glucose uptake following treatment with c9, tll-CLA . Alternatively 

although feeding a c9, tl 1-CLA enriched diet to ob/ob mice significantly lowered both plasma 

insulin and glucose concentrations (chapter 4), the lack of stimulatory effect of c9, tl 1-CLA on 

glucose uptake in 3T3-LI adipocytes may simply reflect the differences observed between in 

vivo and in vitro situations. Cells may exert different responses to stimuli when they are 

cultured in isolation to than when they are present in more physiological conditions (Morik, 

1991). Alternatively since white adipose tissue depots comprises not only unilocular 

adipocytes, but also stromal-vascular cells, blood vessels, lymph nodes and nerves (Cinti, 

2001; Hausman et al, 2001), the impact of c9, tl 1-CLA on these cell types may have been 

responsible for the improvement in insulin sensitivity observed in vivo. A limiting factor on 

commencement of the present study was access to a radiation suite to perform the glucose 

uptake assay. Future in vitro work should firstly involve performing a dose response curve to 

determine if c9, tl 1-CLA can increase glucose uptake across different fatty acid concentrations 

in both normal and insulin resistant adipocytes. Additionally time course data should be 

performed as a lag could exist before c9, tl 1-CLA improves glucose uptake i.e. glucose uptake 

was measured in this study following 20 min culture with various doses of insulin, however 

this length of time could be extended or shortened.

Previous work has focused on investigating mechanisms to understand how 

tlO, cl2-CLA attenuates lipid accumulation in adipocytes as outlined above. Consequently 

there is little information regarding the effect of c9, tl 1-CLA on insulin sensitivity in vivo or in 

vitro. Results from Brown et al (2004) failed to see an increase in basal glucose uptake in 

human stromal vascular cells following 3 days treatment with c9, tl 1-CLA. Indeed following 

100 nM insulin, glucose uptake was significantly lower than vehicle controls treated with the 

same dose of insulin. Nevertheless gene expression analysis revealed increased mRNA 

expression levels of PPARyl, PPARy2, Glut4 and adiponectin in stromal vascular cells 

following 9 days treatment with c9, tl 1-CLA, although statistical significance is not reported. 

At 3 days when the glucose uptake was performed the expression of these genes was 

comparable with the vehicle control. Unfortunately glucose uptake was not performed at day 

9. Glucose uptake was also measured in human adipocytes following fatty acid treatment for
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12 days during differentiation. Results indicated that glucose uptake was corhparable 

following treatment with c9, tl 1-CLA or linoleic acid (Brown et al, 2003).

In vitro studies use a number of agents as a vehicle to deliver fatty acids including 

DMSO, ethanol and BSA. In vivo fatty acids are transported bound to albumin (Evans et al, 

2000). Consequently delivery of fatty acids using BSA has been claimed to be more 

physiological than use of an organic solvent (Evans et al, 2000). The method of choice in our 

laboratory is DMSO, which has also been used as the vehicle to deliver fatty acids in other 

experiments in 3T3-L1 adipocytes (Brodie et al, 1999; Kang et al, 2003). Some groups 

supplement culture media with antioxidants e.g. a-tocopherol when performing in vitro work 

to prevent fatty acid peroxidation. An advantage of DMSO is that it functions as an 

antioxidant itself (Xing & Remick, 2005).

It is important to note that fatty acids may exert their effects through direct 

mechanisms or indirectly through the action of a fatty acid metabolite e.g. an eicosanoid 

created through the arachidonic acid cascade. Future work therefore should also examine the 

fatty acid composition of cells and cell culture media to determine the incorporation of 

c9, tl 1-CLA into the cell membranes and lipid fractions.

In conclusion, chronic treatment with c9, tl 1-CLA in 3T3-L1 adipocytes resulted in a 

significant increase in IRS-1 and Glut4 mRNA in both normal adipocytes and those which had 

been made insulin resistant following treatment with the pro-inflammatory cytokine TNFa. In 

contrast acute treatment with c9, tll-CLA  did not modulate the expression levels of these 

markers. Basal and insulin-stimulated glucose uptake following chronic treatment with 

c9, tl 1-CLA was comparable with the vehicle control. This may indicate a failure to translate 

the increase in gene expression into functional proteins, or attenuation in protein activity by 

post-translational modification. Nevertheless feeding a c9, tll-CLA  enriched diet to ob/ob 

mice improved plasma glucose and insulin concentrations (chapter 4). Differences in response 

to stimuli between in vivo and in vitro models are evident. Investigation of the impact of 

c9, tl 1-CLA on insulin sensitivity and indeed on whole body metabolism in humans in both 

physiological and pathological situations remains to be of critical importance.
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Chapter Six 

General Discussion

Dietary fatty acids play an inherent role in the development of obesity, the metabolic syndrome 

and type 2 diabetes mellitus (T2DM). Since dietary fats are an enriched source o f energy, 

excess can induce obesity and subsequent insulin resistance. In addition, nutrient derived 

metabolic stressors including a diet high in saturated fatty acids (SFA) induces insulin 

resistance by inhibiting insulin signalling (Le Marchand-Brustel et al, 2003). Insulin 

sensitivity may be modulated by altering the composition of the diet. Isoenergetic substitution 

o f monounsaturated fatty acids (MUFA) for SFA has been shown to improve insulin 

sensitivity in man (Vessby et al, 2001; Perez-Jimenez et al, 2001). However in view of the 

limited success o f individuals reaching nutrition targets for dietary fat composition, the use of 

natural food constituents with bioactive properties with a view to forming functional foods 

represents an attractive strategy to attenuate the clinical consequences o f insulin resistance. 

Conjugated linoleic acid (CLA) offers potential as such an option. A human intervention study, 

examination o f samples following a murine feeding study and in vitro investigations were 

employed to examine the relationship between CLA and insulin sensitivity and the possible 

contribution as a therapeutic mediator in reducing the risk of other cardiovascular disease 

(CVD) risk factors. Particular attention was focused on white adipose tissue as tissue specific 

gene targeting o f the glucose transporter (Glut)-4 has revealed the importance o f this tissue in 

whole-body insulin sensitivity. In addition several adipokines secreted from adipose tissue 

have been shown to exert paracrine and systemic affects and thereby modulate insulin 

sensitivity.

There is substantial evidence that the isomers o f CLA exert distinct physiological 

effects. The trans-\Q, c m - 12 CLA (tlO, cl2-CLA) isomer is responsible for the reduction in 

body fat in animal feeding studies. However evidence has emerged that this isomer also exerts 

a pro-diabetic effect in both humans and mice (Roche et al, 2002; Riserus et al, 2002a). 

Consequently chapter 5 was designed to examine the effect o f the individual isomers with 

particular interest in determining whether cis-9, trans-W  CLA (c9, til-C L A ) had any 

beneficial effect on key markers in the insulin signalling pathway. To achieve this an in vitro 

model was employed whereby the effects of culturing murine 3T3-L1 adipocytes in the 

presence o f exogenous fatty acid was investigated. 3T3-L1 cells are morphologically similar 

to fibroblastic preadipose cells found in the stroma o f adipose tissue, and once differentiated 

they exhibit virtually all of the characteristics associated with adipocytes present within 

adipose tissue (Cowherd et al, 1999; Novikoff et al, 1980). However, a limitation of all in 

vitro investigations is that conditions, although tightly controlled, are often unphysiological in
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nature. Therefore in vitro observations may not necessarily represent the in vivo situation 

(Morik, 1991). Nevertheless the use of a cell line permits a focused examination of the effects 

of a treatment in a homogenous population of cells. Insulin resistant adipocytes were formed 

following treatment with tumour necrosis factor-a (TNFa) and were examined in parallel with 

normal adipocytes to determine whether the effect of the fatty acids differed according to the 

metabolic environment. Two culturing conditions were designed: fatty acids were added when 

differentiation of the fibroblasts to adipocyte was induced to determine whether chronic 

treatment was effective; in addition, fatty acids were added after differentiation to an adipocyte 

phenotype to test whether acute treatment was effective. Differentiation of fibroblast to 

adipocyte involves the uptake of glucose and fatty acids and the accumulation of 

triacylglycerol (TAG). Consequently differentiation of fibroblasts to adipocytes was checked 

by Oil Red O staining to determine if the observed effects may be a consequence of altered or 

impaired differentiation. Cells were cultured with 50 jxM fatty acids prepared in dimethyl 

sulfoxide and fresh fatty acids were added each time the media was changed. Petridou et al 

(2003) reported that the CLA content of the total serum lipid fraction was approximately 50.4 

Umol/L, with almost equal concentrations of c9, tl 1-CLA and trans-9, trans-] 1 CLA, and a 

lesser quantity of tlO, cl2-CLA. Thus although the individual isomer doses used in the in vitro 

experiments is supraphysiological, they are comparable with the total CLA content in the lipid 

fraction of fasting plasma. This same concentration has been used in other in vitro studies both 

in the same cell model and in other cell cultures.

The results in this chapter demonstrated that c9, tl 1-CLA increased the expression of 

Glut4 and lRS-1 both in normal and insulin resistant adipocytes. Analysis of cells treated with 

tlO, cl2-CLA concurred with the previous reports of a negative effect of the isomer, with a 

reduction in mRNA expression of both Glut4 and insulin receptor substrate (IRS)-l observed 

following both acute and chronic treatments. In contrast linoleic acid which is the non

conjugated form of CLA had no effect on the mRNA expression of either protein when 

compared to the vehicle control. Despite these findings there was no difference between the 

treatments regarding the protein expression of Glut4. This is of interest as despite alterations 

in mRNA abundance, the expression of protein was comparable. Characterisation of the post- 

transcriptional regulation of Glut4 by the individual fatty acids, and in particular the isomers of 

CLA, warrants investigation as they would appear to have differential effects. Future work 

should also examine translocation of the Glut4 vesicle to the plasma membrane, as this step is 

critical to facilitate glucose uptake. This study investigated the effect of the fatty acids in the 

basal state. In addition future experiments should be performed following insulin stimulation 

when the expression of Glut4 at the plasma membrane dramatically alters due to a small 

decrease in internalisation of the transporter and a massive induction in exocytosis from 

intracellular depots. This net effect facilitates increased glucose uptake. The effect of fatty
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acid treatment may differ in the basal state and following insulin stimulation. A glucose 

uptake assay was performed as part of this set of experiments. c9, tl 1-CLA had no additive 

effect compared to the vehicle control at the fatty acid concentration and time-point chosen. 

However these conditions may need to be fiirther optimised and a time course performed to 

determine whether a lag-efFect exists. Ideally a dose-response study should be performed to 

establish the optimum concentration of fatty acids in this system. A glucose uptake assay 

should be employed for determining this as measuring glucose uptake in cells is the most 

relevant end point for assessing insulin sensitivity in vitro. Future work should also examine 

the fatty acid composition of the cells and cell culture media to determine the incorporation of 

the fatty acids and their metabolites into the cell membranes and lipid fractions.

In contrast, a beneficial effect of c9, tll-CLA  was observed in vivo as outlined in 

chapter four. Plasma glucose, insulin and TAG concentrations were significantly reduced 

following feeding a c9, tl 1-CLA enriched diet to ob/ob mice. IRS-1, Glutl and Glut4 mRNA, 

were increased, although statistical significance was not attained. Nevertheless the protein 

expression of the insulin receptor and Glut4 were significantly increased compared to the 

control diet. The difference in study outcomes between the chapter four and chapter five may 

simply highlight diversity between in vivo and in vitro situations. However in comparison to 

the homeogenous population of cells in vitro, adipose tissue comprises not only mature 

adipocytes but also endothelial cells, sympathetic nerve fibres and poorly-identified cells 

present in the stromal-vascular fraction, all of which may contribute to adipose tissue function 

(Hauner, 2005). Reports have demonstrated that obesity is associated with progressive 

infiltration of monocytes and macrophages into adipose tissue. In addition adipose tissue 

macrophages are the source of inflammatory pathways that are activated within adipose tissue 

of obese individuals. This clearly suggests that the non-adipocyte fraction may mediate a 

significant component of the inflammatory state within adipose tissue (Trayhum & Wood, 

2004; Weisberg et al, 2003; Xu et al, 2003). Indeed the mRNA expression of several 

inflammatory mediators was decreased following the c9, tl 1-CLA enriched diet including the 

mRNA for interleukin-6, monocyte chemoattractant protein-1, macrophage inflammatory 

protein-la, with statistical significance achieved for the 50% reduction in TNF-a mRNA. This 

attenuation in the mRNA expression levels of inflammatory mediators was associated with a 

down-regulation in nuclear factor-KB (NF-kB) p65 expression in adipose tissue and 

NF-kB:DNA binding. Additionally in chapter five, treatment of normal and insulin resistant 

cells with c9, tll-CLA  and to a lesser extent linoleic acid increased the expression of the 

inhibitor of NF-kB, IkB o. These results indicate that it may be possible to reduce the impact 

of metabolic stressors by nutrient based anti-inflammatory strategies and thereby ameliorate 

insulin sensitivity.
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Preliminary work has commenced examining the presence o f macrophage in sections 

o f white adipose tissue from the ob/ob feeding study. The details o f the assay are outlined in 

Section 2.18. It will be intriguing to investigate whether the attenuation o f inflammatory 

mediator expression and the associated improvement in insulin sensitivity could be due to 

reduced infiltration o f macrophage into adipose tissue in mice fed the c9, tll-C L A  enriched 

diet.

■■

(A) (B)

(C) (D)

Fig. 5.1: Preliminary work investigating the presence of macrophage in adipose tissue.

(A) hematoxylin and eosin staining, (B) nuclear staining using Hoechst stain, (C) detection of 

activated macropahge using MAC-3 antibody, (D) co-localisation o f Hoechst staining and 

MAC-3 antibody.

Future work could utilise laser-capture microdissection to isolate the macrophages from 

adipose tissue thereby allowing the examination o f cell specific effects.

The original hypothesis was that serine phosphorylation at site 307 o f IRS-1 would be 

reduced following the c9, tl 1-CLA enriched diet due to the down-regulation in TNFa mRNA, 

and the observed improvement in insulin sensitivity. Although no effect was observed, other 

factors uncouple IRS-mediated downstream signals and/or promote IRS degradation including 

the suppressors o f cytokine signalling and 14-3-3, a phosphoserine binding protein. In 

addition phosphorylation of a number of other serine residues on IRS-1 e.g. 612 and 632, 

impedes the transduction o f the insulin signal. Potentially the favourable effect o f c9, tl 1-CLA 

on insulin sensitivity involved modulation o f one or more of these processes and this deserves
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investigation. Alternatively some of the effects may be mediated by up-regulation of the 

phosphoinositide 3-kinase independent pathway. This was beyond the scope of the current set 

of experiments.

This in vivo investigation was completed in the fasting state. Pertubations in the 

postprandial state also exist in T2DM. A previous study indicated that c9, tll-CLA  had no 

effect on plasma glucose or insulin concentrations when investigations were completed in the 

fed state (Roche et al, 2002). Future work should examine insulin sensitivity by assessing 

plasma glucose excursions following a more controlled stimulus by means of both glucose 

tolerance tests and insulin tolerance tests.

In chapter three the effect of CLA supplementation on CVD risk factors was 

investigated in subjects with diet-controlled T2DM. Volunteers consumed 3g CLA per day 

during the dietary intervention study representing approximately 1.5% total energy. This 

compared well with the animal feeding study in which CLA contributed approximately 1.6% 

of total energy of the diet. However the isomer blends in the studies differed. Ideally an 

enriched source of the c9, tl 1-CLA isomer would have been utilised in the human intervention 

study as was the case in the animal feeding study. Unfortunately this was not available. 

Instead a blend comprising equal quantities of c9, tll-CLA  and tlO, cl2-CLA was given. 

Nevertheless the work is important and yielded interesting results. Other human intervention 

studies utilising a similar blend of isomers reported that plasma glucose and insulin 

concentrations and insulin sensitivity were unaltered by the supplement. In some cases 

positive effects were reported with respect to lipid metabolism and body composition. This 

study represents the first report of the effects of CLA in subjects with T2DM and it is also the 

first to demonstrate a negative effect of a 50:50 blend of isomers on insulin sensitivity. While 

positive effects were observed with respect to both high density lipoprotein concentrations and 

fibrinogen concentrations, a therapeutic nutrient should not be associated with potentially 

adverse effects on other clinical markers of T2DM.

These results have important implications. At present there is a plethorea of CLA 

supplements available for purchase in health food shops and on the internet, comprising a 

similar blend of isomers to the supplement used in the intervention trial. The accompanying 

promotional literature claims a variety of health benefits. Cardiovascular disease is 

characterised by many risk factors. Since the relative merit of one risk factor over another is 

unknown, any negative effect of a potential therapeutic nutrient must be investigated. The 

difference observed in the human intervention study compared to other studies may reflect 

differences in the metabolic status of the volunteers i.e. T2DM compared to normal glucose 

tolerance or the metabolic syndrome. It is tempting to assume that this negative effect was a 

consequence of the tlO, cl2-CLA isomer. However this is impossible to confirm without 

performing studies using purified isomers. In view of the recent human intervention study
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indicating that c9, tl 1-CLA reduced insulin sensitivity in Caucasian men with abdominal 

obesity (Riserus et al, 2004), the isomer specific effect of CLA supplementation on insulin 

sensitivity and other CVD risk factors in man requires in-depth investigation. Currently there 

are attempts to enrich the amount of c9, tl 1-CLA in foods by altering cattle feeding and also 

through the potential development of functional foods using probiotic bacteria. Animal studies 

provide an indication of a potential effect and allow for more in-depth analysis due to the 

availability of samples. However, differences between species exist so one may not assume 

that the results obtained from murine and rodent studies are always identical to the effects 

observed in man.

In conclusion, this series of experiments has yielded many results. Although positive 

effects on insulin sensitivity were observed in the murine ob/ob model and on lipid metabolism 

in subjects with T2DM, negative effects were also seen. CLA may not represent the ideal in 

terms of a therapeutic nutrient, but results support the hypothesis that the composition of the 

diet has a dramatic impact on metabolic processes. These experiments demonstrate the ability 

of different fatty acids to exert distinct effects. Linoleic acid, c9, tl 1-CLA and tlO, cl2-CLA 

are all 18-carbon fatty acids and differ only by the position and geometry of their double 

bonds. Yet in spite of this, distinct metabolic and molecular effects were observed. Fatty 

acids may exert their effects through multiple mechanisms either by exerting a direct effect or 

through the production of fatty acid derived metabolites. In addition to modulating gene 

expression and post-transcriptional processes, alterations in the composition of membrane 

phospholipids and lipid rafts can alter downstream signalling events. Of particular interest is 

the ability of fatty acids to modulate inflammatory processes as an increased number of 

diseases are shown to have an underlying inflammatory component associated with them. 

However the challenge exists to ensure that any therapy, either nutrient or pharmacological, 

does not increase the risk of other diseases while attenuating risk factors associated with 

another. Down-regulation of inflammatory pathways for example should not compromise 

immune function and defence mechanisms. Therefore it is critical to consider the safety and 

efficacy of potential therapeutic nutrients on whole body metabolism in both physiological and 

pathological situations and to examine the underlying mechanisms involved to ensure that 

consumers are protected.
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