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Abstract

The current epidemic of obesity poses a substantial threat to public health

worldwide. Obesity is associated with many deleterious health conditions, including

type 2 diabetes, hypertension, dyslipidaemia, respiratory conditions, arthritis, and some

forms of cancer. Moreover, the rising prevalence of obesity has been accompanied by a

substantial increase in the cost of treating these conditions. 

Obesity results from a complex interaction between behavioural, environmental,

and genetic factors. While the recent increase in the prevalence of obesity is largely due

to behavioural factors (for example, physical inactivity); it has also been observed that

genetic factors make a large contribution to individual susceptibility. In fact, studies

indicate that as much as 50 - 80% of the variation in measures of obesity can be

attributed to the effects of genes. Furthermore, closer examination of this genetic

component using segregation analysis has indicated the presence of common genes for

obesity, with large effects on the phenotype. However, these putative major genes for

obesity have not yet been identified. 

The aim of this thesis was to investigate the role of three distinct genetic loci in

obesity and related cardiovascular factors, including type 2 diabetes and dyslipidaemia. 

The aim of the first investigation was to test whether a common polymorphism

(Pro12Ala) in the gene encoding peroxisome proliferator-activated receptor gamma 2

(PPAR-γ2) was associated with obesity and other cardiovascular risk factors in a large

group of Caucasian subjects. PPAR-γ2 is an adipogenic transcription factor, which also

regulates insulin sensitivity in adipose tissue. No association was observed between the

Pro12Ala polymorphism and obesity in Caucasians, but obese subjects carrying the Ala

allele displayed an altered blood lipid profile compared with obese Pro/Pro subjects. 
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As the Pro12Ala polymorphism may exacerbate the risk of cardiovascular

disease by modifying blood lipid profile in obesity, this relationship was examined

further in a separate population. The aim of the second investigation was to determine

whether the Pro12Ala polymorphism was associated with obesity, dyslipidaemia,

diabetes and carotid intima-medial wall thickening in a population at high risk of

developing cardiovascular disease. Australian Aboriginal people display high rates of

mortality from cardiovascular disease, and it is possible that their increased

susceptibility is due to genetic factors. However, the results from the Aboriginal

population confirmed the results of the first study: there was no intrinsic association

between the Pro12Ala variant and obesity. In addition, the Ala allele was not associated

with deleterious changes in blood lipid profile, as it was in Caucasians. 

The aim of the third investigation was to confirm the presence of a quantitative

trait locus (QTL) for obesity on chromosome 20q13. Highly polymorphic genetic

markers in this region were tested for linkage and association with several measures of

obesity in a Caucasian population. None of the measures of obesity were linked to or

associated with markers spanning 20q13, suggesting that this chromosomal region does

not contain a major locus for obesity in this Caucasian population. 

In the fourth investigation, the 5' sequence of Agouti Signalling Protein (ASIP)

was identified. ASIP is a candidate gene for obesity, as it is expressed at high levels in

adipocytes, and may participate in several obesity-related processes. Three new exons

and two alternative promoters were identified for the ASIP gene. These results may lead

to greater understanding of the role of ASIP in obesity and adipocyte metabolism; and

may also be used to direct further research into genetic variation within this candidate

gene.
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In conclusion, extensive study of two established candidate genetic loci revealed

no association with measures of obesity. Therefore, it is likely that loci other than these

make significant contributions to obesity in humans. Further investigation of novel

candidate genes, such as ASIP, may allow the identification of novel genetic

polymorphisms and new pathways important for the genetic basis of obesity. 
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Chapter One

Introduction: “The Genetics of Obesity”

Abstract

The current epidemic of obesity afflicts more than 300 million people

worldwide, and poses a significant public health problem. Obesity is associated

with hypertension, dyslipidaemia and type 2 diabetes, and is an independent risk

factor for cardiovascular disease. Although the current epidemic of obesity reflects

recent changes in diet and physical activity, it is well established that individual

susceptibility to obesity is largely determined by genetic factors. While some of the

genes responsible for cases of severe obesity have been identified, the genes that

contribute to common forms of human obesity remain unknown. 

Two main approaches have been used to identify susceptibility genes for

obesity: the candidate gene approach and the positional cloning approach. In

humans, the balance between energy intake and energy expenditure (energy

homeostasis) is very highly regulated; and it is possible that dysfunction in any one

of a number of candidate genes can disrupt this balance, leading to obesity.

Consequently, candidate genes have been extensively studied for polymorphisms

that may be associated with obesity. A separate approach, positional cloning,

makes no a priori assumptions regarding the function of these putative gene(s), and

has been used to identify regions of the human genome which exert a large

influence on obesity phenotypes. Both of these approaches have been used in this

thesis to study candidate genes for obesity and its related metabolic phenotypes.  
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1.1 Obesity

1.1.1 Definition and measures of obesity

Obesity is defined as a condition of excess adiposity, to an extent that is

detrimental to the health of the individual. Obesity arises from a net excess of energy

intake relative to energy expenditure; and the excess energy is stored as triglycerides in

adipose tissue. 

Obesity is commonly measured by the body mass index (BMI), which is

calculated as weight in kilograms divided by (height in metres)2. The BMI is used as a

measure of relative fatness, by removing the dependency of weight upon height (Keys et

al. 1972). The main advantages of the BMI as a measure of obesity are its convenience

and its strong positive correlation with other, more exact measures, such as fat mass

(Borecki et al. 1991). “Overweight” and “obesity” are indicated by a BMI greater than

25 kg/m2 and 30 kg/m2, respectively (Table 1.1). It must be recognised, however, that a

high BMI indicates “heaviness” rather than “fatness”; and therefore it is possible for

individuals with the same BMI to differ greatly in their actual degree of adiposity.

Waist circumference and waist-to-hip ratio (WHR) are other common measures

of obesity, but reflect the distribution of adipose tissue rather than overall adiposity.

High values of waist circumference or WHR indicate an abdominal pattern of fat

distribution. While an exact definition of obesity based on waist circumference has not

yet been agreed upon, it has been observed that the risk of metabolic complications

associated with obesity is increased at waist circumferences > 94 cm in men and > 80

cm in women (Han et al, 1995). This risk is “substantially increased” at waist

circumferences > 102 cm in men and > 88 cm in women. For the WHR, abdominal

obesity is indicated by a WHR > 0.95 in men and > 0.80 in women (Lean et al. 1995).
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Both waist circumference and WHR are easily measured, and when combined with the

BMI, they can provide an accurate description of the degree and distribution of

adiposity.  

Table 1.1 WHO classification of obesity based on BMI

Classification BMI (kg/m2)

Underweight < 18.50

Normal range 18.50 – 24.99

Overweight ≥ 25.00

Preobese 25.00 – 29.99

Obese class I (moderate) 30.00 – 34.99

Obese class II (severe) 35.00 – 39.99

Obese class III (very severe) ≥ 40.00

(Source: WHO Technical Report #894, 2000).

As its name suggests, percentage body fat is the most accurate measure of total

adiposity. Percentage body fat can be determined by a variety of methods, including

skinfold measurements of subcutaneous fat, underwater weighing, bioimpedance and

dual emission x-ray absorbance. Despite its greater accuracy as a measure of obesity,

precise measurement of percentage body fat is laborious and may require expensive

equipment. For these reasons, it is less frequently used as a measure of obesity in large,

population-based studies. 
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1.1.2 Prevalence of obesity

It is estimated that obesity currently afflicts 8.2% of the world’s population, or

300 million people worldwide (World Health Organization 2000). In Australia, the

proportion of the population classified as obese has more than doubled since 1980

(Figure 1.1). At present, 17.1% of men and 18.9% of women are obese (BMI ≥ 30

kg/m2), and two-thirds of all men and nearly half of all women can be classified as

overweight (BMI ≥ 25 kg/m2) (Eckersley 2001). These estimates are likely to be

conservative, though, as they are based upon self-reported measures of weight and

height (Rowland 1990). 

This problem is not confined to Australian adults, as many Australian children

and adolescents are now overweight or obese. Between 1985 and 1995, the measured

prevalence of overweight in Australian children aged 7 - 15 years has increased from

9.3% to 15.3% in boys, and from 10.6% to 16.0% in girls (Magarey et al. 2001). Over

the same period, the prevalence of obesity increased dramatically, from 1.4% to 4.7% in

boys, and from 1.2% to 5.5% in girls.

An alarming increase in the prevalence of obesity has also been observed in

other countries. In the United States, 19.8% of adults are now obese, a 61% increase

since 1991 (Mokdad et al. 2001). Based on prevalence data between 1960 and 1991, it

has been estimated that the entire US population will be overweight (described as a BMI

> 27.8 kg/m2 for men and > 27.3 kg/m2 for women) by the year 2230 (Foreyt &

Goodrick 1995). In Britain, the prevalence of obesity doubled between 1980 and 1991

(Prentice & Jebb 1995). Obesity is also becoming more prevalent in developing

countries (Popkin & Doak 1998). 
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Figure 1.1 Prevalence of obesity and overweight in Australia 1980 - 2000.

(Source: Eckersley 2001)
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increasing body-mass index in all age groups and for all categories of causes of death”

(Calle et al. 1999, pp1101-1103). The lowest risk of death was found in subjects with a

BMI between 20.5 and 24.9 kg/m2. In women, the WHR is a strong predictor of total

mortality, independently of BMI and other factors such as smoking (Lapidus et al. 1984,

Folsom et al. 1993).

The high mortality associated with obesity is largely due to its powerful

relationship with cardiovascular disease (Eckel 1998), the most common cause of death

in Western countries (Breslow 1997, Tonkin & Bennett 1999). Although a greater

prevalence of cardiovascular disease is generally observed in individuals with a high

BMI, the strength of this relationship is usually diminished when other risk factors are

taken into account. In contrast, the distribution of fat (as measured by WHR) is

independently related to the risk of cardiovascular disease, particularly in older subjects

(Larsson et al. 1984, Gillum et al. 1987, Prineas et al. 1993, Rimm et al. 1995). Adipose

tissue distribution is strongly associated with several cardiovascular risk factors,

including glucose intolerance, hyperinsulinaemia, hypertension, dyslipidaemia and

diabetes (Kissebah et al. 1982, Krotkiewski et al. 1983, Hartz et al. 1984, Ohlson et al.

1985). 

1.1.3.1 The metabolic syndrome

Multiple cardiovascular risk factors (hypertension, dyslipidaemia, obesity, and

insulin resistance) often coincide within an individual. The clustering of these

phenotypes has been referred to as the “metabolic syndrome” (Table 1.2) (Alberti &

Zimmet 1998). The term “Syndrome X” (Reaven 1993) has also been used to describe

this group of phenotypes, but it must be emphasised that this term does not necessarily
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include obesity. For the purposes of this review, the term “metabolic syndrome” will be

used. 

Table 1.2 WHO definition of the metabolic syndrome

An individual can be diagnosed with the metabolic syndrome if they have:  

Type 2 diabetes or impaired glucose tolerance

As well as two of the following criteria: 

(1) Hypertension: defined as antihypertensive treatment and/or blood pressure > 160/90 mm Hg;

(2) Dyslipidaemia: defined as elevated plasma triglyceride (≥ 1.7 mmol/l) and/or low HDL-

cholesterol concentrations (< 0.9 mmol/l in men, < 1.0 mmol/l in women); 

(3) Obesity: defined as high BMI (> 30 kg/m2) and/or high WHR (> 0.90 in men, > 0.85 in

women) 

(4) Microalbuminuria: defined as overnight urinary albumin excretion rate ≥ 20µg/min.

An individual with normal glucose tolerance has the metabolic syndrome if he/she fulfils two of the

criteria in addition to being insulin resistant (defined as the lowest quartile of insulin sensitivity). 

(Source: Alberti & Zimmett 1998)

Insulin resistance: Insulin resistance is the primary defect of the metabolic

syndrome. The normal actions of insulin are to stimulate the uptake of glucose (by

tissues such as skeletal muscle and fat), and to inhibit the production and release of

glucose by the liver. Insulin also prevents the breakdown of triglycerides to free fatty

acids (FFAs) in adipose tissue; a process called lipolysis. However, in individuals with

obesity (especially abdominal obesity), insulin’s ability to exert these effects is
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impaired, a phenomenon termed insulin resistance. Insulin resistance contributes to the

development of cardiovascular risk factors, including dyslipidaemia, hypertension, type

2 diabetes, and impaired fibrinolysis (Figure 1.2).

While the specific stimulus that initiates insulin resistance in obese individuals is

unknown, the liberation of free fatty acids (FFAs) from enlarged adipose depots and a

resultant increase in hepatic FFA flux have been proposed as important causal factors.

This increased hepatic FFA flux may account for much of the insulin-resistant

phenotype that arises in obese individuals (see below). 

The specific origin of the hepatic FFA flux is controversial. Visceral depots

(including omental and mesenteric depots) have been implicated in hepatic FFA flux

and insulin resistance, as they drain into the portal vein and then directly to the liver.

This hypothesis, often referred to as the Portal Theory (Arner 1997), has been a popular

explanation for the association between obesity (especially abdominal obesity) and

insulin resistance. One important argument in favour of the Portal Theory is that it takes

the particular metabolic characteristics of visceral adipocytes into account. Visceral

adipose tissue is often used for the rapid mobilization of energy: visceral adipocytes are

more resistant to the anti-lipolytic effects of insulin, and are more sensitive to lipolytic

stimuli such as noradrenaline, compared to adipocytes from other depots (Kissebah &

Krakower 1994). In cases of abdominal obesity, though, the insulin resistance in

visceral adipocytes is exacerbated, as they are unable to accumulate any more

triglyceride. Consequently, insulin resistance in visceral adipose tissue leads to a net

increase in lipolysis and hepatic FFA flux.

However, the contribution of upper-body subcutaneous adipose stores to the

development of insulin resistance should also be acknowledged (Frayn 2000). Upper-

body subcutaneous fat is the major fat depot in lean and obese humans of both sexes,
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and has been implicated as the source of excess FFAs in subjects with upper-body

obesity using the euglycaemia hyperinsulinaemic clamp technique (Jensen 2002).

Regardless of their origin, the elevated level of FFAs in the portal circulation

provokes severe consequences in the obese, insulin-resistant state. Firstly, the increased

FFA flux to the liver stimulates gluconeogenesis (Boden 1997). FFAs also impair

glucose uptake and oxidation in muscle, thereby lowering peripheral insulin sensitivity

(Randle et al. 1968). Furthermore, the elevated glucose and FFA levels stimulate

pancreatic insulin secretion, resulting in hyperinsulinaemia. In individuals predisposed

to type 2 diabetes, the ability of pancreatic �-cells to secrete insulin is compromised,

leading to an incomplete suppression of hepatic glucose production and hyperglycaemia

(Saltiel 2001).

Dyslipidaemia: The dyslipidaemia commonly observed in the metabolic

syndrome is characterised by hypertriglyceridaemia, low levels of HDL-cholesterol and

small, dense LDL-cholesterol particles (Goldberg 2001). This phenotype can also be

attributed to the increased FFA flux to the liver, as the higher levels of FFAs stimulate

the hepatic secretion of apolipoprotein B (apoB), the major component of VLDL- and

LDL-cholesterol particles (Lewis et al. 1995). Moreover, both VLDL-cholesterol

assembly and secretion are normally inhibited by insulin, but this inhibition may be

partially removed as a consequence of insulin resistance (Malmström et al. 1997).  
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Figure 1.2 Pathogenesis of the metabolic syndrome (see text)
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The rest of the dyslipidaemic phenotype in the metabolic syndrome results from

the increase in triglyceride-rich VLDL-cholesterol particles (Ginsberg 2001). In plasma,

the triglycerides from VLDL-cholesterol are exchanged for the cholesterol esters from

HDL-cholesterol, a process mediated by cholesterol ester transfer protein (CETP). This

loss of cholesterol esters from HDL reduces the observed concentration of this fraction

in plasma. In a similar manner, CETP also controls the exchange of triglyceride from

VLDL-cholesterol for the cholesterol esters from LDL-cholesterol. This process results

in small, dense LDL-cholesterol particles.

This lipid profile is highly atherogenic (Austin et al. 1988). Firstly, the

cholesterol-enriched VLDL-cholesterol particles are able to deliver more cholesterol

esters to the site of an atherosclerotic lesion. Secondly, the anti-atherogenic actions of

HDL-cholesterol (such as reverse cholesterol transport) are reduced, due to the lower

plasma HDL concentrations. Lastly, the small, dense LDL-cholesterol particles are

more prone to oxidation, and may penetrate the arterial wall more easily, to deposit their

cholesterol (Ginsberg 2001).  

Hypertension: The risk of cardiovascular disease in subjects with the metabolic

syndrome is often exacerbated by the presence of hypertension. Insulin normally

stimulates vasodilatation in skeletal muscle, but this response is attenuated in obese,

insulin-resistant individuals (Laakso et al. 1990). Endothelial function is also further

impaired by the elevated FFA concentrations (Steinberg et al. 1997). In addition,

sympathetic nervous system activity is increased in obesity, as a compensatory

mechanism to increase energy expenditure. The increased sympathetic activity

contributes to vasoconstriction and an increase in cardiac output (Reaven et al. 1996).

Further, both hyperinsulinaemia and increased sympathetic nervous system activity are

known to stimulate sodium reabsorption, contributing to a volume-dependent
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hypertension (Baum 1987). 

Clotting: Subjects with the metabolic syndrome also display a low thrombolytic

capacity, which may contribute to the increased incidence of cardiovascular disease.

Both BMI and insulin levels display a positive association with levels of plasminogen

activator-inhibitor (PAI-1), an atherogenic factor that reduces the thrombolytic actions

of tissue-type plasminogen activator (Vague et al. 1986). High levels of PAI-1 are

independently associated with myocardial infarction (Hamsten et al. 1987).

Interestingly, visceral adipose tissue is a major source of PAI-1 (Alessi et al. 1997), and

VLDL-cholesterol has been shown to have direct stimulatory effects on the promoter of

the PAI-1 gene (Eriksson et al. 1998). 

1.1.3.2 Other consequences of obesity

Obesity is also associated with an increased risk of death from cancer. A

prospective study of 750,000 American adults (Garfinkel 1985) found that men and

women who were 40% or more overweight had higher cancer mortality ratios (1.33 and

1.55 in men and women, respectively) compared to adults of normal weight. Higher

mortality ratios were observed for colorectal and prostate cancers in overweight men;

while overweight women had higher mortality ratios for endometrial, gallbladder,

cervical, ovarian and breast cancers. In a separate study (Michaud et al. 2001), a 72%

increase in the risk of pancreatic cancer was observed in adults with a BMI > 30 kg/m2,

compared to adults with a BMI < 23 kg/m2, after adjustment for other known risk

factors.

Obesity is associated with many other serious health problems. Gallstones,

impaired respiratory function, gout and arthritis are more common in overweight and
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obese individuals (Pi-Sunyer 1993, Kopelman 2000). Although obese people do not

generally exhibit higher levels of psychopathology than non-obese people, they often

experience body image disparagement and are subjected to widespread prejudice and

discrimination (Stunkard & Wadden 1992).

In addition to its detrimental effects on the individual, obesity also imposes a

huge financial burden on society. In the United States in 1995, the total cost attributable

to obesity (including the cost of lost production due to worker absenteeism and

premature death) was US$99.2 billion; and US$51.64 billion of this amount was in

direct medical costs (Wolf & Colditz 1998). This figure represented 5.7% of total U.S.

health expenditure in 1995. In Australia, the most recent figures available estimated the

total cost of obesity at AUD$736 million for the year 1989 - 90, with AUD$464 million

of this in direct costs (Australian Institute of Health and Welfare 1997). 

1.1.4 Causes of obesity

Due to the increasing prevalence and severe consequences of obesity, a

substantial research effort has been dedicated to understanding its causes. Whether

obesity results from a large number of small factors or a small number of large ones can

be inferred by examining the distribution of measures of obesity within a population.

While a large number of small effects would be expected to produce a single normal

distribution for measures of obesity, it has been observed instead that this distribution is

positively skewed. Indeed, the distribution of many measures of obesity is best described

as a mixture of two or three underlying component distributions (Sharma et al. 1984,

Price et al. 1989). This observation alone suggests the presence of a megaphenic effect:

a single environmental or genetic factor with a large effect on the phenotype (Morton et
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al. 1977). 

Figure 1.3 Typical distribution and components for a measure of obesity

The observed distribution of many measures of obesity is positively skewed, and can be

described as the sum of two or more underlying normal component distributions.  
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1.1.4.1 Environmental factors

The environment in developed countries is conducive to obesity (Poston &

Foreyt 1999), as the recent increase in its prevalence has followed the adoption of a

modern diet and pattern of physical activity. This trend can be readily discerned in

populations that are making the transition from a hunter-gatherer lifestyle to a modern

one: for example, in Australian Aboriginal people, the prevalence of obesity, insulin

resistance, and diabetes is related to the degree of ‘Westernization’ (O’Dea 1991). A

short reversion to a traditional lifestyle by these people led to improved glucose

tolerance, weight loss, and a fall in plasma insulin and triglyceride levels (O’Dea 1984). 

As defined earlier, obesity results from an excess of energy intake relative to

energy expenditure. Therefore, any increase in the prevalence of obesity must reflect

either an increase in energy intake or a decrease in energy expenditure at the population

level. However, dietary surveys indicate that total energy intake may have actually

decreased as the prevalence of obesity has risen. In the United States, the prevalence of

overweight (BMI ≥ 27.8 kg/m2 for men and BMI ≥ 27.3 kg/m2 for women) increased by

31% between 1977 and 1987 despite a 4% decline in reported calorie intake (Heini &

Weinsier 1997). While the prevalence of obesity in the UK has increased dramatically

since 1970, average energy intake over the same period has decreased by 20% (Prentice

& Jebb 1995). One explanation for this apparent paradox is that food intake is often

under-reported, especially by people who are overweight or weight-conscious (Johnson

et al. 1994, de Vries et al. 1994, Briefel et al. 1995). This problem may be self-

perpetuating, as an increase in obesity, regardless of the underlying cause, may prompt

additional under-reporting as even more people become concerned about their weight. 
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It appears far more likely that a substantial decline in energy expenditure has

occurred in recent years. Labour-saving devices and mass transportation are common in

Western societies, reducing the level of incidental activity of the entire population.

Central heating in colder climates abrogates the need for thermoregulation; and leisure

time is frequently occupied by television, the internet and computer games, activities

which require very little energy expenditure. 

In addition, few adults participate in regular physical activity. In 1999 - 2000,

only 55% of adult Australians participated in any sport or physical activity, a decline

from 59% reported in 1998 - 1999 (Australian Bureau of Statistics 2000). In 2001, 27%

of US adults reported that they did not engage in any physical activity whatsoever, and

another 28.2% were not regularly active (Mokdad et al. 2001). In the UK, one-third of

adults surveyed had not undertaken four 20-minute periods of moderate physical

activity in the previous month (Prentice & Jebb 1995). These figures suggest that

obesity may be a natural consequence of the physical inactivity that is a feature of

modern society. 

1.1.4.2 Genetic factors

Although the recent increase in the prevalence in obesity can largely be blamed

on the modern environment, there is abundant evidence to indicate that genetic factors

are at least as important. Firstly, genes can cause obesity. This point is well illustrated

by the rare occurrence of several Mendelian syndromes that are characterised by either

obesity or abnormalities of fat distribution (Table 1.3). Secondly, studies in twins,

adoptees and extended families have concluded that common genetic factors account for
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at least half of the variation in measures of obesity (Maes et al. 1997). 
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Table 1.3 Mendelian syndromes with obesity as a clinical feature 

Syndrome Inheritance Chromosomal Location(s)

Achondroplasia Dominant 4p16.3

Albright hereditary osteodystrophy Dominant 20q13.2-q13.3, 15q

Alstrom syndrome Recessive 2p13-p12

Angelman syndrome with obesity Dominant 15q11-q13

Anisomastia Dominant 16q13

Bardet-Biedl syndromes (BBS1-6) Recessive 11q13, 16q21, 3p13-p12,

15q22.3-23, 2q31, 20p12

Berardinelli-Seip congenital lipodystrophies 1 & 2 Recessive 9q34, 11q13

Borjeson-Forssman-Lehmann syndrome X-linked Xq26.3

Carbohydrate-deficient glycoprotein syndrome Type 1a Recessive 16p13.3-p13.2

Choroideremia with deafness X-linked Xq21.1-21.2

Cohen syndrome Recessive 8q22-q23

Fanconi-Bickel syndrome Recessive 3q26.1-26.3

Familial partial lipodystrophy Dunnigan Dominant 1q21.2-q21.3

Insulin resistance syndrome Dominant 19p13.3-p13.2

Isolated growth hormone deficiency Recessive 7p15-p14

Mehmo syndrome X-linked Xp22.13-21.1

Mental retardation X-linked syndromes X-linked Xp11.3-q22.1, Xq26-q27

Posterior polymorphous corneal dystrophy Dominant 20q11

Prader-Willi syndrome Dominant 15q11-q13

Prader-Willi-like syndrome Dominant 6q1

Simpson-Golabi-Behmel syndromes 1 & 2 X-linked Xq26, Xp22

Thyroid hormone-resistance syndrome Dominant 3p24.3

Ulnar-mammary syndrome Dominant 12q24.1

Wilson-Turner syndrome X-linked Xp21.1-q22

(Source: Rankinen et al. 2002)
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These genetic factors are not likely to be recent changes in the human gene pool,

however, as it has not changed significantly in the last 10,000 years (Eaton et al. 1988).

Rather, the environment that shaped human evolution is markedly different from the

environment of the present day. Therefore, there is discordance between our primitive

genes and the man-made environment. 

The concept of discordance explains why genetic factors are likely to be so

important for the development of obesity. In the feast-or-famine conditions of our

ancestors, a genetic trait that predisposed to an increased ability to store energy (a

“thrifty” genotype – Neel 1962) would have conferred a survival advantage. However,

when humans are confronted with the current environment (characterised by reduced

energy expenditure and an uninterrupted supply of food), such a trait would predispose

to obesity and diabetes. 

Twin studies: The strongest evidence for a genetic contribution to obesity

comes from studies of twins. The degree of genetic determination (also called the

broad-sense heritability) in twins can be estimated by calculating how much less alike

dizygotic (DZ) twins are than monozygotic (MZ) twins (Falconer 1989). The broad-

sense heritability is given as twice the difference in correlations between pairs of MZ

and DZ twins, 2 (rMZ – rDZ). Using this method, a high degree of genetic determination

is observed for BMI in twins, with most estimates in the range 0.50 – 0.90 (Stunkard et

al. 1986a, Maes et al. 1997). When the effects of shared environment are removed, in

cases of twins reared apart, the heritability of BMI remains within the same range

(Stunkard et al. 1990). Similarly, other measures of obesity, such as skinfold

thicknesses, also provide strong evidence for a genetic component in twins (Börjeson

1976). In MZ twins subjected to either overfeeding or exercise training, it was observed

that genetic factors explained most of the changes in body weight and fat mass
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(Bouchard et al. 1990, Bouchard et al. 1994).

Adoption studies: Studies in adoptees concur that genetic factors exert a strong

influence on obesity. Adoption studies can be used to compare the contribution of genes

with that of the shared familial environment. Such studies have highlighted the

contribution of genetic factors in obesity by observing that adoptees resemble their

biological parents far more than their adoptive ones (Stunkard et al. 1986b, Price et al.

1987, Sørensen et al. 1989). 

Family studies: Further support for the existence of a strong genetic component

for obesity has been obtained from family studies. These studies utilise parent-offspring

and sibling relationships to estimate the heritability of measures of obesity. While the

estimates for the heritability of BMI are somewhat lower that those obtained in twin

studies, they concur that a substantial proportion of the variation in measures of obesity

can be attributed to genetic factors (Tambs et al. 1991, Kniuman et al. 1996, Maes et al.

1997). Estimates for the heritability of BMI in family studies are in the range 0.20 –

0.80, with most estimates around 0.40 – 0.50. This is supported by studies of other

measures of obesity within families, such as skinfold thicknesses (Comuzzie et al.

1994).  

Segregation analysis: Now that it is been established that genes make a

substantial contribution to obesity, it becomes desirable to attempt to reveal the

existence of a major gene or genes with large effects on the phenotype (Ginsburg &

Livshits 1999). Further, once significant evidence of a major genetic effect is obtained,

segregation analysis can also be used to test specific hypotheses regarding the mode of

inheritance and allele frequency of putative major genes. 

Several segregation analyses of the BMI have independently concluded that the

genetic contribution to obesity is comprised of both a major gene effect and a polygenic
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component (Price et al. 1990, Province et al. 1990, Moll et al. 1991, Borecki et al. 1993,

Ginsburg et al. 1998, Rice et al. 1999, Feitosa et al. 2000a, Colilla et al. 2000). This

finding has also been observed for other measures of obesity, such as fat mass (Rice et

al. 1993a, Comuzzie et al. 1995), WHR (Feitosa et al. 2000b), and other anthropometric

measures (Zonta et al. 1987). Typically, the major gene effect accounts for 20 - 50% of

the phenotypic variance, while another 20 – 40% can be attributed to the effects of

polygenes. The remainder of the phenotypic variance is due to environmental factors. 

Although it is generally agreed that there is a major genetic effect in obesity,

there is some disagreement concerning the mode of inheritance of this putative major

gene. While most studies have concluded that the major gene displays a recessive mode

of inheritance (Price et al. 1990, Province et al. 1991, Moll et al. 1991, Borecki et al.

1993), others provide evidence to suggest that it is segregating in a codominant manner

(Cheng et al. 1998, Rice et al. 1999, Colilla et al. 2000). Some studies have found that

the major gene for obesity does not conform to Mendelian inheritance at all (Lecompte

et al. 1997, Feitosa et al. 2000a). 

Of note, most studies of the major gene effect conclude that the putative obesity-

predisposing allele is likely to be quite common (Table 1.4). For BMI, estimates for the

allele frequency of the ‘high’ BMI allele are in the range 0.14 – 0.30, with most

estimates between 0.21 and 0.27 (for example, Price et al. 1990, Colilla et al. 2000). For

fat mass, the major allele is likely be of frequency 0.25 – 0.30; while the distribution of

percentage body fat was best explained by a major allele of frequency 0.35 (Rice et al.

1993a, Comuzzie et al. 1995). Although these results are not entirely consistent, they

serve to emphasise that the putative major allele for obesity is common, and 4 – 12% of

the population will be within the upper component of the distribution.  
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Table 1.4 Results from segregation analyses of obesity phenotypes

Phenotype Reference Major gene effect Inheritance Allele frequency

Anthropometric

measures

Zonta et al. (1987) Yes Dominant -

BMI Price et al. (1990) Yes Recessive 0.21

BMI Province et al. (1990) Yes Recessive 0.24*

BMI Moll et al. (1991) Yes Recessive 0.25*

Fat mass Rice et al. (1993)a Yes Recessive 0.30*

% body fat Rice et al. (1993)a Yes Recessive 0.35*

BMI Rice et al. (1993)b No - - †

BMI Borecki et al. (1993) Yes Recessive 0.24*

Fat mass Comuzzie et al. (1995) Yes Recessive 0.25

BMI Hasstedt et al. (1997) Two, moderate

and extreme

Both recessive 0.42 (moderate)

0.28 (severe)

Fat mass Lecompte et al. (1997) No - -

BMI Cheng et al. (1998) Yes Codominant 0.24

Fat mass Borecki et al. (1998)a Two, moderate

and extreme

Recessive 0.47 (moderate)

0.19 (extreme)

BMI Borecki et al. (1998)b Yes Recessive 0.30

BMI Rice et al. (1999) Yes Codominant 0.14

BMI Feitosa et al. (2000)a Yes Not determined 0.25

Waist Feitosa et al. (2000)b No - - 

WHR Feitosa et al. (2000)b Yes Additive 0.55

BMI Colilla et al. (2000) Yes Codominant 0.24 – 0.25

* An estimate based on the proportion of individuals in the upper part of the phenotypic distribution. 

† Major gene hypothesis was later accepted after adjustment for genotype-specific age and sex effects

(see Borecki et al. 1993).
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Two studies have found evidence for two major recessive loci controlling

obesity (Hasstedt et al. 1997, Borecki et al. 1998a). Results from both of these studies

suggested the presence of both an ‘extreme’ locus and a ‘moderate’ locus for obesity,

and very similar results were obtained for different measures of obesity (BMI and fat

mass). The putative allele frequencies were high (0.19 – 0.28 for the extreme locus, 0.42

– 0.47 for the moderate locus), further emphasising that major genes for obesity are

likely to be quite common. 

There are several reasons for the discrepancies observed between segregation

analyses. Firstly, segregation analyses do not always use the same statistical models,

and often the data transformation, covariates and interaction terms included will differ

between studies. It is often the case that the major gene model can only be accepted

after allowing for both sex- and genotype-specific effects (Borecki et al. 1993,

Comuzzie et al. 1995). Secondly, the differences between studies may be due to ethnic

heterogeneity, as the frequency of the major gene for obesity may actually differ

between populations. Thirdly, as the identity of the major gene is unknown, it is

possible that interactions with a specific environmental factor (such as diet composition

or cigarette smoking) may occur, modifying the penetrance of the disease. Further,

segregation analysis may be complicated by genetic factors such as the presence of

epistasis (gene-gene interactions) and the presence of phenocopies (obese individuals

whose obesity is caused by factors other than the major genetic effect). Finally,

inconsistencies between studies may result from attempting to describe the inheritance

of a complex phenotype (the BMI is affected by fat mass, fat-free mass, and height -

which are themselves complex phenotypes) with a relatively simple mode of

inheritance. 
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To summarise, most segregation analyses concur that the observed distribution

of measures of obesity in populations is best explained by the effects of a major gene, as

well as polygenic and environmental effects. This major gene may account for 20 –

50% of the variation in measures of obesity, with another 20 – 40% explained by a

polygenic component. This result has been observed in several different populations,

and for different measures of obesity. In addition, the putative major gene for obesity

may exert pleitropic effects on other traits such as systolic blood pressure (Cheng et al.

1998), energy expenditure (Feitosa et al. 2000a), fasting insulin levels (Hong et al.

2000), diabetes and hypertension (Carmelli et al. 1994), providing a possible

explanation for the clustering of these phenotypes in the metabolic syndrome. 

Although there is abundant evidence to support the hypothetical existence of

major genes for obesity, a common allele with a large effect on obesity phenotypes has

yet to be identified (Froguel & Boutin 2001). The remainder of this chapter will

describe strategies used to identify major genes for obesity. 
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1.2 Candidate genes for obesity

Candidate genes for obesity are “those whose dysfunction might reasonably be

expected to result in obesity by virtue of their having putative or established effects on

energy intake, energy expenditure or nutrient partitioning” (Barsh et al. 2000). In order

to appreciate the large number of candidate genes, it is now necessary to review the

current understanding of the physiological processes that regulate body weight, a

process known as energy homeostasis.  

1.2.1 Energy homeostasis

 For long-term weight maintenance, it is crucial for energy intake and energy

expenditure to be very closely matched: “Over the course of a decade, the weight of an

average adult tends to increase slightly. Approximately 10 million kilocalories are

consumed over this time. To account for the modest change in weight that is generally

observed (assuming the excess weight is deposited as adipose tissue), food intake must

precisely match energy output within 0.17% per decade” (Weigle 1994, in Friedman

2000).

Energy homeostasis is regulated by the central nervous system (CNS). The CNS

is informed of both energy intake and the current level of energy storage, so that an

appropriate physiological response can be initiated to maintain body weight. For

example, starvation elicits compensatory responses (such as hunger and reduced energy

expenditure) which are directed at returning energy stores to their previous level. The

concept of energy homeostasis explains why sustained weight loss is very difficult for

humans.  



Chapter One: Introduction

26

1.2.2 CNS control of energy homeostasis

1.2.2.1 Adiposity signals

Kennedy (1953) hypothesised that circulating metabolites produced in

proportion to the amount of stored fat could inhibit feeding by a central mechanism.

Insulin and leptin are two of these ‘adiposity signals’ (Schwartz et al. 2000). 

Insulin: The pancreatic hormone insulin circulates in plasma in response to food

intake, and its levels are elevated in obesity (Bagdade et al. 1967). Insulin enters the

CNS via a saturable receptor-mediated process (Baura et al. 1993), and binds to

receptors in hypothalamic nuclei involved in the regulation of food intake (Baskin et al.

1988). In baboons, the chronic infusion of insulin into the CNS reduces food intake and

body weight (Woods et al. 1979). Thus, insulin satisfies of all the requirements for an

adiposity signal. 

Leptin: Another adiposity signal was discovered by the study of a recessive

obesity syndrome in mice, called obese (ob). Ob/ob mice display hyperphagia, severe

early-onset obesity, diabetes, hyperglycaemia, thermoregulatory defects and infertility

(Bray & York 1979). Using parabiosis experiments (where the circulation of an ob/ob

mouse was joined with that of a normal mouse), Coleman (1978) observed that

hyperphagia and weight gain were attenuated in the ob/ob mouse, and correctly inferred

that it was deficient in a circulating “satiety factor”. 

The gene containing the ob mutation was cloned by Zhang et al. (1994), and was

found to encode a secreted protein, which was called leptin (from the Greek word

leptos, which means thin). Ob/ob mice are deficient in leptin, which is normally

produced in adipose tissue in proportion to the amount of stored triglyceride (Maffei et

al. 1995). Treatment of ob/ob mice with leptin reduced body weight, body fat, food
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intake and serum concentrations of insulin and glucose (Pelleymounter et al. 1995,

Halaas et al. 1995, Campfield et al. 1995). Leptin treatment also increased energy

expenditure and restored normal reproductive function to ob/ob mice (Chehab et al.

1996). In wild-type mice, leptin administration inhibits appetite, increases energy

expenditure and reduces body weight (Halaas et al. 1997). 

Leptin’s role as an adiposity signal is highly conserved between mice and

humans. Cases of human leptin deficiency (due to homozygosity for loss-of-function

mutations in the leptin gene) have been described (Montague et al. 1997, Strobel et al.

1998) and are characterized by a syndrome of hyperphagia, severe obesity and infertility

very similar to that of the ob/ob mouse. As in mice, this phenotype can be normalised

by leptin treatment (Farooqi et al. 1999). Humans with heterozygous leptin deficiency

have lower serum leptin concentrations and an increased prevalence of obesity (Farooqi

et al. 2001). 

However, leptin deficiency is not a common cause of human obesity, as

mutations in the leptin gene are rare (Maffei et al. 1996, Considine et al. 1996a). Rather,

human obesity is associated with a high level of leptin mRNA expression in adipocytes

and high serum leptin concentrations (Considine et al. 1996b), suggesting that obesity

may instead result from resistance to leptin’s effects. This situation may be due to an

impaired mechanism for leptin uptake into the CNS in obese humans (Schwartz et al.

1996a).    

1.2.2.2 Receptors for adiposity signals

Insulin receptors: Insulin’s effects to reduce food intake and body weight are

mediated by insulin receptors, which are widely distributed throughout the CNS. Insulin
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receptors are particularly abundant in the olfactory bulb, cerebral cortex, hippocampus,

preoptic area, hypothalamus, amygdala and septum (Havrankova et al. 1978). Within

the hypothalamus, insulin binding is highly concentrated in the dorsmedial

hypothalamus (DMH), arcuate (ARC) and paraventricular (PVN) nuclei (Corp et al.

1986), which are involved in the control of feeding behaviour (Figure 1.4). Insulin

receptors in the CNS are required for the maintenance of energy homeostasis, as mice

with a neural-specific insulin receptor knockout (NIRKO) display increased food intake

and adiposity (Brüning et al. 2000).

Leptin receptors: The existence of leptin receptors was suggested by the study

of another recessive rodent model of obesity, called diabetes (db). Db/db mice display

the same phenotype of hyperphagia, obesity, diabetes, and infertility as ob/ob mice; but

when db/db mice and ob/ob mice were joined by parabiosis, the ob/ob mouse lost

weight and died of starvation (Coleman 1978). This experiment indicated that the db/db

mouse produced leptin but was unable to respond to it, suggesting a receptor defect.

This conclusion was supported by the observation that treatment of db/db mice with

leptin did not reduce food intake or body weight as it did in ob/ob mice (Halaas et al.

1995, Campfield et al. 1995).
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Figure 1.4 Coronal section of the brain at the level of the midtuberal region,

showing discrete hypothalamic nuclei involved in the regulation of

feeding behaviour

Adapted from Saper (1990). Abbreviations: 3V, third ventricle; PVN, paraventricular nucleus;

ZI, zona incerta; LHA, lateral hypothalamic area; DMH, dorsomedial hypothalamus; VMH, ventromedial

hypothalamus; ARC, arcuate nucleus; ME, median eminence. 
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Following these experiments, the gene encoding the leptin receptor (Ob-R) was

cloned (Tartaglia et al. 1995). Ob-R encodes five different isoforms of the leptin

receptor (Ob-Ra, -Rb, -Rc, -Rd and –Re), each with a different cytoplasmic domain. Of

all of the leptin receptor isoforms, Ob-Rb is likely to be the main signalling form, as it

has the longest cytoplasmic domain and is abnormally spliced in db/db mice (Lee et al.

1996). Within the hypothalamus, the distribution of leptin receptors overlaps

considerably with binding sites for insulin: Ob-Rb is expressed at high levels in the

ARC, DMH and PVN, as well as within the ventromedial hypothalamus (VMH) and

lateral hypothalamic area (LHA) (Mercer et al. 1996a, Schwartz et al. 1996b, Fei et al.

1997, Håkansson et al. 1998). 

As in the db/db mouse, homozygosity for loss-of-function mutations in the

leptin receptor gene results in a phenotype of severe obesity, hyperphagia and

hypogonadism in humans (Clément et al. 1998). However, genetic studies have

concluded that leptin receptor defects are not a common cause of human obesity

(Considine et al. 1996c, Echwald et al. 1997, Matsuoka et al. 1997).    

1.2.2.3 The arcuate nucleus

Neuroanatomical evidence implicates the arcuate nucleus as the predominant site

of insulin and leptin signalling in the hypothalamus. The ARC is located directly above

the median eminence, one of the only sites in the CNS located outside the blood-brain

barrier. Consequently, the median eminence is a major site for the exchange of large

molecules between the CNS and the circulation. The ARC is particularly important for

the regulation of feeding behaviour, as its destruction (along with the neighbouring

VMH) results in a syndrome of hyperphagia and obesity in rodents (Elmquist et al.
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for growth hormone secretagogues (Willesen et al. 1999). 

In the ARC, adiposity signals produce rapid neuromodulatory effects in glucose-

responsive neurons. In these neurons, the oxidation of glucose releases adenosine

triphosphate (ATP), which stimulates a reduction in the membrane potential via an

ATP-sensitive potassium (K+
ATP) channel (Dunn-Meynell et al. 1998). Glucose-

responsive neurons of the ARC and adjacent VMH are also depolarised by both insulin

and leptin (Spanswick et al. 1997, Spanswick et al. 2000). Long-chain fatty acids, such

as oleic acid, may also inhibit food intake through a central mechanism involving K+
ATP

channels (Obici et al. 2002). These results indicate that glucose-responsive neurons of

the ARC are capable of sensing both the level of adiposity and the nutritional state, so

that an appropr onse can be initiated to maintain energy homeostasis. 
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er, there is growing evidence for considerable cross-talk between insulin

alling pathways in these neurons (Figure 1.5). In rats lacking leptin

ate glucose-responsive neurons are also refractory to treatment with

ick et al. 2000). Similarly, female mice lacking the insulin receptor

S-2) gene display impaired leptin signalling, as well as increased food

posity (Burks et al. 2000). More recently, leptin has been shown to

2-associated phosphatidylinositol-3-OH kinase (PI(3)K) in the

a molecule normally involved in insulin signalling (Niswender et al.

rmore, leptin-mediated inhibition of feeding was prevented by

l blockade of PI(3)K. The mechanisms underlying insulin and leptin

e hypothalamus are a very active area of investigation at present, and are

important new candidate genes for obesity.
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Figure 1.5 Leptin and insulin signalling in ARC neurons of the hypothalamus

(1) Glucose-responsive neurons of the ARC are also sensitive to the adiposity signals insulin

and leptin (Spanswick et al. 1997, Spanswick et al. 2000). These stimuli trigger a

depolarisation, which is mediated by ATP-sensitive potassium (K+
ATP) channels. Arcuate

glucose responsive neurons may also respond to fatty acids, such as oleic acid, in this

manner (Obici et al. 2002). Other groups of arcuate neurons are inhibited by adiposity

signals (Glaum et al. 1996). 

(2) Insulin receptors catalyse the phosphorylation of proteins including insulin receptor

substrates (IR-S’s), subsequently activating the MAP kinase pathway and gene transcription.

PTP-1B prevents further signalling by the insulin receptor, and knockout of PTP-1B in mice
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prevents diet-induced obesity (Elchebly et al. 1999). 

(3) The activation of leptin receptors stimulates Janus Kinases (JAK), which phosphorylate

tyrosine residues on the leptin receptor. These tyrosine residues recruit specific signalling

molecules such as STAT3 (Vaisse et al. 1996) and SHP2 (Bjørbæk et al. 2001), which in

turn affect gene transcription. One of the genes transcribed in response to leptin receptor

stimulation is suppressor of cytoking signalling-3 (SOCS-3), which prevents further leptin

signalling by inactivating JAK (Bjørbæk et al. 1998). Leptin signalling may also be

inhibited by the protein inhibitor of activated STAT3 (PIAS3), which binds specifically to

STAT3 and reduces its ability to activate transcription (Chung et al. 1997). 

(4) In arcuate glucose-responsive neurons, insulin and leptin signalling pathways may converge

at PI(3)K, as inhibition of PI(3)K with either LY294002 or wartmannin prevented leptin-

induceed anorexia (Niswender et al. 2001). 

Other abbreviations: ERK, extracellular signal-regulated kinase; MAPK, mitogen-activated

protein kinase. 

Leptin signal transduction in the ARC has also been the focus of much

investigation, with the aim of elucidating the mechanisms responsible for leptin

resistance in obese humans. It is known that resistance to leptin results from the

defective uptake of leptin into the CNS, as well as impaired leptin signalling (El-

Haschimi et al. 2000). One of the genes activated by leptin signalling, suppressor of

cytokine signalling-3 (SOCS-3), has a negative feedback action on the leptin receptor

(Bjørbæk et al. 1998). SOCS-3 may be involved in leptin resistance, and has also been

shown to inhibit the response to insulin (Emanuelli et al. 2000). Although the

mechanisms responsible for leptin resistance in obesity have not yet been fully

determined, it is plausible that a genetic susceptibility to obesity could involve defects

in leptin signal transduction in the CNS. 

1.2.2.4 Downstream signalling in arcuate neurons

    

In the ARC, adiposity signals inhibit appetite and increase energy expenditure

by stimulating catabolic pathways, while at the same time inhibiting anabolic ones.
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The neurotransmitters involved in each of these pathways are therefore important

candidate genes for obesity, as dysfunction downstream of adiposity signals can have

marked effects on energy homeostasis. 

Neuropeptide Y: Neuropeptide Y (NPY) is a potent anabolic neurotransmitter

that is inhibited by adiposity signals. NPY has a powerful ability to stimulate appetite

(Clark et al. 1984) and reduce thermogenesis (Billington et al. 1991); and chronic

intracerebroventricular (icv) administration of NPY in rats leads to weight gain

(Zarjevski et al. 1993). NPY is co-expressed with leptin receptors in arcuate neurons

(Mercer et al. 1996b), and NPY mRNA expression in the ARC is increased in

conditions of leptin deficiency or defective leptin signalling (ob/ob and db/db mice)

(Wilding et al. 1993, Chua et al. 1991). Fasting also increases the expression of NPY

mRNA in the ARC (Brady et al. 1990), and this increase can be prevented by pre-

treatment with either insulin (Schwartz et al. 1992) or leptin (Stephens et al. 1995). 

Thus, NPY is one mediator of the adaptive response to starvation (increase in

appetite and decrease in energy expenditure), which is precipitated by falling levels of

adiposity signals. However, deletion of the Npy gene in ob/ob mice did not completely

normalise their syndrome of obesity (Erikson et al. 1996), suggesting that NPY-

independent downstream pathways were also involved in energy homeostasis. 

Pro-opiomelanocortin: Pro-opiomelanocortin (POMC) is a prohormone

specifically expressed in the arcuate nucleus, which is cleaved to produce several

products with effects on appetite, stress, reproduction, and pigmentation. Products of

POMC include alpha-melanocyte-stimulating hormone (α-MSH), adrenocorticotrophic

hormone (ACTH) and β-endorphin. POMC is co-expressed with leptin receptors in the

arcuate nucleus (Cheung et al. 1997), but unlike NPY, arcuate POMC mRNA

expression is reduced by starvation (Bergendahl et al. 1992). The expression of POMC



Chapter One: Introduction

35

mRNA is reduced in the hypothalami of ob/ob mice (Thornton et al. 1997), and is

increased by leptin treatment (Schwartz et al. 1997, Mizuno et al. 1998). Therefore,

POMC is an example of a catabolic effector, one which is normally stimulated by

adiposity signals to inhibit appetite and increase energy expenditure. 

POMC deficiency in both mice and humans is characterised by severe obesity,

ACTH deficiency and altered pigmentation due to a lack of POMC cleavage products

(Krude et al. 1998, Yaswen et al. 1999). A similar syndrome of obesity is observed

when genetic defects occur in two of the enzymes which process POMC,

carboxypeptidase E (CPE) and prohormone convertase 1 (PCSK1) (Naggert et al. 1995,

Jackson et al. 1998). Of all of the POMC cleavage products, α-MSH is responsible for

most of the effects on energy homeostasis, as treatment of Pomc-null mice with an α-

MSH analogue led to substantial weight loss (Yaswen et al. 1999).  

Cocaine- and amphetamine-regulated transcript (CART): As its name

suggests, CART was identified in the brains of rats after cocaine and amphetamine

administration (Douglass et al. 1995). CART is co-expressed with POMC in arcuate

neurons (Vrang et al. 1999). Like POMC, CART expression is reduced by starvation,

and is present at very low levels in rodents with deficiencies in leptin or leptin receptors

(Kristensen et al. 1998). Although the icv administration of CART inhibits both normal

and starvation-induced feeding, injection of CART into discrete hypothalamic nuclei

has also been observed to have the opposite effect (Abbott et al. 2001). Thus, the

specific role of CART in the control of feeding behaviour is unclear at present. This

conclusion is supported by genetic studies in humans, which suggest that variation in

the CART gene is not a common cause of obesity (Challis et al. 2000). 

Nevertheless, arcuate POMC/CART neurons are likely to be involved in leptin’s

stimulatory effects on energy expenditure. Leptin administration increases energy
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expenditure via sympathetic nerve activity, stimulating thermogenesis in brown adipose

tissue (Haynes et al. 1997). Brown adipose tissue is responsible for adaptive

thermogenesis, which occurs in response to cold exposure or overfeeding (see later

section). Arcuate leptin-sensitive POMC/CART neurons project to sympathetic

preganglionic neurons in the spinal cord, which innervate brown adipose tissue (Elias et

al. 1998), suggesting that leptin’s effects on energy expenditure involve this pathway. 

To summarise, adiposity signals are produced in the periphery in proportion to

the amount of body fat, and act on the CNS to inhibit feeding. When starvation occurs,

the CNS detects a fall in the levels of adiposity signals, and initiates compensatory

responses (increased appetite and energy expenditure) aimed at returning adiposity to its

previous level. This mechanism of energy homeostasis involves the adiposity signals

insulin and leptin, which are detected in the hypothalamus and stimulate catabolic

pathways (involving POMC and CART). At the same time, anabolic pathways

involving NPY are inhibited by adiposity signals. While loss-of-function mutations in

the genes encoding leptin, the leptin receptor, POMC, and prohormone convertase 1 can

cause severe obesity in humans, they are quite rare, and are unlikely to make a large

contribution to the development of obesity at the population level. 

The pathways downstream of the arcuate nucleus have also been the focus of

intense investigation (Figures 1.6 and 1.7). Arcuate POMC/CART neurons project to

many areas other than the spinal cord: they also innervate the hypothalamic

paraventricular nucleus (PVN) and lateral hypothalamic area (LHA), which are

involved in the regulation of feeding behaviour. These two nuclei also receive dense

projections from NPY-ergic neurons of the arcuate nucleus. 
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Figure 1.6 Inhibition of hypothalamic NPY-ergic pathways by adiposity signals 

Neuropeptide Y (NPY) is a potent anabolic signal in the hypothalamus: it stimulates appetite and

reduces energy expenditure, and chronic administration leads to weight gain. The expression of NPY

mRNA in the arcuate nucleus (ARC) is normally inhibited by adiposity signals. However, when levels of

adiposity signals decline during starvation, arcuate NPY expression is increased. Similarly, defects in the

genes encoding leptin or its receptor lead to increased arcuate NPY expression. Both the paraventricular

nucleus (PVN) and the lateral hypothalamic area (LHA) receive dense NPY-ergic projections from the

arcuate nucleus, and contain high concentrations of Y1 and Y5 receptors for NPY. (Other abbreviations

are as for Figure 1.4). 
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Figure 1.7 Melanocortinergic signalling in arcuate neurons 

Adiposity signals stimulate the expression of POMC and CART in a group of neurons in the

arcuate nucleus (ARC). These POMC/CART neurons project to other areas of the hypothalamus,

including the paraventricular nucleus (PVN) and the lateral hypothalamic area (LHA). Both the PVN and

LHA contain high levels of melanocortin-4 receptor (MC4-R) expression. 

POMC is cleaved intracellularly to produce several products, including alpha-melanocyte-

stimulating hormone (α-MSH). α-MSH is an agonist at the MC4-R, leading to suppression of feeding.

Either pharmacological antagonism or genetic ablation of MC4-R’s results in increased feeding and
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obesity.  Arcuate POMC/CART neurons also project to sympathetic preganglionic neurons of the spinal

cord, where they stimulate energy expenditure by activation of the sympathetic nervous system. 

 

Consequently, both the PVN and the LHA contain high densities of receptors for

NPY and α-MSH. The effects of NPY on feeding and energy expenditure are mediated

by Y1 and Y5 receptors, although other NPY receptor subtypes may also be involved

(Figure 1.6) (Gerald et al. 1996, O’Shea et al. 1997, Pedrazzini 1998, Marsh et al.

1998). α-MSH stimulates the melanocortin-4 receptor (MC4-R), which is highly

expressed in the PVN and LHA (Mountjoy et al. 1994) (Figure 1.7).

  

1.2.2.5 Melanocortin receptors

Melanocortin-4 receptors: The melanocortin-4 receptor (MC4-R) was

implicated in obesity by studies of another rodent obesity syndrome, called lethal yellow

(Ay). In mice, heterozygosity for Ay, an allele of the agouti locus (a), leads to a

phenotype of adult-onset obesity, diabetes, increased linear growth and yellow

pigmentation (Bray & York 1979). In mice, the protein product of the agouti locus

normally controls post-natal hair pigmentation, as it is an antagonist of α-MSH at the

melanocortin-1 receptor in melanocytes (Bultman et al. 1992, Miller et al. 1993).

However, the lethal yellow mutation causes the ectopic expression of agouti protein in

all tissues, whereupon it also antagonises α-MSH at the hypothalamic MC4-R (Lu et al.

1994). This model was supported by experiments demonstrating that pharmacological

blockade of melanocortin-4 receptors stimulated feeding (Fan et al. 1997) and prevented

the weight-reducing effects of leptin (Seeley et al. 1997). In rats, antagonism of

melanocortin-4 receptors also increases intra-abdominal fat and insulin resistance (Obici
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et al. 2001). 

Knockout of the Mc4-r gene in mice recapitulated the obesity phenotype of Ay/a

mice without the effects on pigmentation (Huszar et al. 1997). The obesity syndrome in

these mice is caused by a metabolic defect as well as hyperphagia: mutant mice gain

more weight than their wild-type littermates when fed the same amount of food (Ste.

Marie et al. 2000). It appears that mice lacking melanocortin-4 receptors are unable to

compensate for a high-fat diet by increasing their levels of thermogenesis or locomotor

activity, as wild-type mice can (Butler et al. 2001). Thus, either pharmacological

antagonism or genetic ablation of melanocortin-4 receptors in mice promotes a ‘thrifty’

response: one that is characterised by an inability to match energy intake and energy

expenditure, resulting in the accumulation of adipose tissue. 

In humans, heterozygosity for loss-of-function mutations in the MC4-R gene is

associated with hyperphagia, increased growth and severe obesity (Yeo et al. 1998,

Vaisse et al. 1998, Sina et al. 1999, Gu et al. 1999, Farooqi et al. 2000, Mergen et al.

2001). Although MC4-R mutations are by far the most common genetic cause of obesity

yet discovered, they may only be responsible for about 4% of severe obesity cases

(Hinney et al. 1999, Vaisse et al. 2000).

Melanocortin-3 receptors: Another hypothalamic melanocortin receptor, the

melanocortin-3 receptor (MC3-R) is also involved in energy homeostasis. Like the

MC4-R, the MC3-R is also expressed in nuclei involved in food intake, albeit with a

more restricted distribution (Roselli-Rehfuss et al. 1993). The MC3-R is expressed by

both NPY- and POMC/CART-containing neurons, and is thought to play a presynaptic

role in these neurons (Bagnol et al. 1999). Mc3-r knockout mice display increased

adiposity, despite eating less than wild-type mice (Chen et al. 2000). They also display a

reduced lean body mass, and expend less energy in locomotor behaviour than their wild-
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type littermates (Butler et al. 2000). The subtle differences in phenotype between Mc3-r

and Mc4-r knockout mice suggest that these two receptors fulfil slightly different roles

in the regulation of energy intake and expenditure. 

Common variants in the MC3-R gene are not associated with obesity or diabetes

in humans (Li et al. 2000, Hani et al. 2001). A rare mutation in MC3-R has been

recently identified in an obese proband, but other family members who did not harbour

this mutation were also obese (Lee et al. 2002). At this time, there is no evidence to

indicate that variation in the MC3-R gene is related to obesity in humans. 

Agouti-related protein: Another key component of the hypothalamic

melanocortin system was identified by the discovery of cDNA clones with similarity to

agouti (Shutter et al. 1997, Ollmann et al. 1997). Agouti-related protein (AGRP) is

expressed at high levels in the hypothalamus, where it is an endogenous antagonist for

α-MSH at melanocortin-3 and melanocortin-4 receptors (Fong et al. 1997). AGRP is

specifically co-expressed with NPY in neurons of the arcuate nucleus (Hahn et al.

1998). Like NPY, the expression of AGRP mRNA in the ARC is dramatically increased

in ob/ob mice (Ollmann et al. 1997), and is reduced by leptin treatment (Wilson et al.

1999) (Figure 1.8). Ectopic expression of AGRP in transgenic mice recapitulates the

phenotype of obesity, diabetes, and increased linear growth observed in Ay/a and Mc4-r-

knockout mice (Graham et al. 1997). Although AGRP is clearly involved in energy

homeostasis, there is no conclusive evidence to support a role for mutations in the

AGRP gene in human obesity (Dubern et al. 2001, Mayfield et al. 2001).
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Figure 1.8 Antagonism of melanocortinergic pathways by agouti-related protein

(AGRP)

NPY-ergic neurons of the ARC produce an endogenous antagonist of melanocortin-4 receptors,

called agouti-related protein (AGRP). Like NPY, AGRP expression in the arcuate nucleus is decreased by

adiposity signals, and is increased in starvation or rodent models of leptin deficiency. 
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1.2.2.6 The paraventricular nucleus 

The paraventricular nucleus (PVN) is involved in the regulation of energy

homeostasis, as its destruction in rats leads to a syndrome of hyperphagia and obesity

(Weingarten et al. 1985). The PVN regulates energy homeostasis by influencing

anterior pituitary hormone secretion, affecting stress, growth and reproduction. This

control is accomplished by projections from PVN neurons to the median eminence and

posterior pituitary, while a separate group of PVN neurons project to the autonomic

centres of the brainstem and spinal cord. In humans, disruption of normal PVN

formation (by translocation of the SIM1 gene) is associated with severe obesity due to

excessive food intake (Holder et al. 2000).

The PVN receives dense innervation from POMC/CART and NPY/AGRP

neurons of the arcuate nucleus (Sawchenko et al. 1982, Kiss et al. 1984, Bai et al. 1985),

and PVN neurons are responsive to both NPY and melanocortinergic stimulation.

Injection of NPY into the PVN elicits powerful stimulatory effects on appetite and

triglyceride storage in adipose tissue; while thermogenesis is inhibited (Stanley &

Leibowitz 1985, Billington et al. 1994). Both α-MSH and AGRP exert their strongest

effects on energy homeostasis when injected into the PVN (Kim et al. 2000). 

Corticotropin-releasing hormone: Some of the effects of NPY and

melanocortins on energy homeostasis are due to the actions of corticotropin-releasing

hormone (CRH). CRH-synthesising neurons of the paraventricular nucleus receive

dense projections from arcuate NPY/AGRP and POMC/CART neurons (Liposits et al.

1988). 

In response to stress, CRH normally activates the hypothalamo-pituitary-adrenal

axis, leading to pituitary ACTH release and adrenal glucocorticoid secretion. The
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hypothalamo-pituitary-adrenal axis can influence energy homeostasis, as its chronic

activation (Cushing’s Syndrome) is associated with severe obesity. Starvation (which is

signalled by falling leptin levels) is a stressor that stimulates CRH synthesis in the PVN

and activation of the hypothalamo-pituitary-adrenal axis (Huang et al. 1998) (Figure

1.9). This response can be prevented by leptin treatment (Ahima et al. 1996). Combined,

these observations suggest that adiposity signals normally inhibit CRH-mediated stress

responses; and this inhibition is removed during starvation, when levels of adiposity

signals decline. 

In rats, the central administration of CRH mimics the effects of stress, increasing

motor activity and arousal, while acutely reducing food intake (Arase et al. 1988).

Further, chronic administration of CRH results in substantial weight loss. It is unlikely

that CRH makes a large contribution to energy homeostasis in unstressed animals,

though, as mice deficient in CRH display normal food intake and body weight (Muglia

et al. 1995). Therefore, genetic variation in the CRH gene may affect stress responses

rather than adiposity in humans. 

Other components of the CRH system may be better candidates as obesity genes.

A CRH-related peptide, called urocortin, has been found to have more potent anorectic

effects in rats than CRH (Vaughan et al. 1995, Spina et al. 1996). Injection of urocortin

into the PVN also decreases energy expenditure (Currie et al. 2001). Although urocortin

may be involved in energy homeostasis, common genetic variation in the urocortin gene

is not associated with human obesity (Delplanque et al. 2002). 

The effects of CRH and urocortin on energy homeostasis are mediated by two

receptors, called CRHR1 and CRHR2; and their distribution and ligand specificity

suggests that CRHR2 is the predominant receptor subtype involved in the control of

feeding behaviour (Vaughan et al. 1995, Chalmers et al. 1995). Knockout of the Crhr2
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gene in mice reduced urocortin-mediated suppression of feeding (Coste et al. 2000).

Two new urocortin-related peptides (urocortin II and III) with high-affinity for CRHR2

have also been recently discovered (Reyes et al. 2001, Lewis et al. 2001). This situation

is further complicated by the observation that CRH-binding protein (CRH-BP) binds

CRH with an affinity equal to or greater than each of the CRH receptors (Orth & Mount

1987), and mice lacking the Crh-bp gene have significantly reduced body weight

compared to wild-type mice (Karolyi et al. 1999). Genetic variation in the genes

encoding the urocortins II and III, CRHR2, and CRH-BP may contribute to human

obesity, but none have been investigated yet as candidate genes.

Other neuroendocrine responses: The neuroendocrine response to starvation

also involves the suppression of growth and reproduction. Fasting provokes a decrease

in pro-thyrotropin-releasing hormone (pro-TRH) synthesis in order to conserve energy,

a response which can be prevented by leptin treatment (Légrádi et al. 1997). Both α-

MSH and NPY/AGRP terminals make connections with pro-TRH-containing neurons

of the PVN (Fekete et al. 2000) and exert antagonistic effects on the promoter of the

gene encoding pro-TRH (Nillni et al. 2000, Harris et al. 2001, Fekete et al. 2001).

Fasting also suppresses the release of leutenizing hormone from the anterior pituitary,

by inhibiting PVN neurons containing gonadotropin-releasing hormone. This effect is

also leptin-dependent (Nagatani et al. 1998). These neuroendocrine responses to fasting

may explain why defects in the genes encoding leptin or its receptor are so rarely

observed in human obesity: they provoke a severe endocrine response, chronically

impairing growth and reproduction as well as causing severe obesity. 
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Figure 1.9 Response to starvation in neurons of the paraventricular nucleus

Starvation (which is characterised by a decline in adiposity signals) provokes an adaptive

response: stimulation of the hypothalamo-pitiuitary-adrenal axis, suppression of metabolic rate, and

inhibition of normal reproductive function. This response can be prevented in starving rodents by pre-

treatment with leptin (Ahima et al. 1996). 
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The PVN is also a major source of projections to the autonomic centres of the

brainstem and spinal cord, including parasympathetic and sympathetic preganglionic

neurons. These projections are likely to be responsible for leptin’s effects on energy

expenditure and thermogenesis, some of which involve brown adipose tissue (Haynes et

al. 1997). 

 

1.2.2.7 The lateral hypothalamic area 

The lateral hypothalamic area (LHA) has long been known as a ‘feeding centre’,

as bilateral destruction of this nucleus in rats results in a complete cessation of feeding

behaviour (Anand & Brobeck 1951). Acute electrical stimulation of the LHA in rats

increases feeding (Smith 1956, Morgane 1961), while chronic stimulation leads to

obesity (Steinbaum & Miller 1965). Neurons of the LHA make diffuse monosynaptic

connections with many other areas of the brain and spinal cord, and it is through these

connections that they may control some of aspects of feeding behaviour related to

motivation and arousal. Consequently, several candidate genes for obesity are

specifically expressed in neurons of the lateral hypothalamus. 

Like the PVN, the lateral hypothalamus receives dense projections from leptin-

responsive POMC/CART and NPY/AGRP neurons of the arcuate nucleus (Elias et al.

1999). Neurons of the LHA express melanocortin-4 receptors (Mountjoy et al. 1994)

and NPY-Y5 receptors (Gerald et al. 1996). Thus it is likely that signals from arcuate

NPY- and melanocortinergic projections are integrated in a similar manner as observed

in the paraventricular nucleus. Arcuate NPY/AGRP and POMC/CART neurons

innervate two distinct groups of LHA neurons: one group contains melanin-

concentrating hormone, and another contains the orexins. 
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Melanin-concentrating hormone: Melanin-concentrating hormone (MCH) is

an orexigenic (appetite-stimulating) peptide expressed specifically within the LHA and

adjacent zona incerta (Bittencourt et al. 1992). PCR differential display demonstrated

that MCH mRNA was overexpressed in the hypothalami of ob/ob mice, suggesting a

role in energy homeostasis (Qu et al. 1996). Furthermore, fasting increased the

expression of MCH mRNA in the LHA, and icv injections of MCH stimulated food

intake in rodents (Qu et al. 1996, Rossi et al. 1997). However, the involvement of MCH

in energy homeostasis is diminished by the observation that low icv doses actually

produce inhibitory effects on appetite (Presse et al. 1996), and chronic administration of

MCH does not lead to obesity.

On the other hand, genetic studies in mice support a role for MCH in energy

homeostasis. Knockout of the Mch gene reduced appetite and increased metabolic rate,

resulting in lower body weight (Shimada et al. 1998); while overexpression of MCH

mRNA in the LHA increased food intake and body weight on a high-fat diet, leading to

insulin resistance (Ludwig et al. 2001). 

MCH-expressing neurons of the LHA project to many areas of the brain and

spinal cord, including the nucleus tractus solitarius, the dorsal motor nucleus of the

vagus nerve, the PVN, the periaqueduatal grey, parabrachial nucleus, and reticular

formation (Bittencourt et al. 1992). MCH neurons also form non-specific afferent

projections to the cerebral cortex. The pattern of MCH projections suggests a role for

this peptide in general cortical arousal, reward and memory, all of which may be linked

to eating behaviours. MCH is therefore a good candidate gene for obesity, as it appears

to contribute to feeding behaviour, obesity and insulin resistance independently of

endocrine functions such as stress and reproduction.
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Figure 1.10 Response to starvation in neurons of the lateral hypothalamus

Arcuate POMC/CART and NPY/AGRP neurons innervate two discrete groups of neurons in the

lateral hypothalamic area (LHA): a group containing melanin-concentrating hormone (MCH), and a

group containing the orexins A and B. Starvation (characterised by low adiposity signals) stimulates

arcuate NPY/AGRP neurons and inhibits POMC/CART pathways. These stimuli may increase the

expression of MCH and orexins within the LHA, leading to an increase in appetite and arousal, while

reducing sympathetic nervous system activity and metabolic rate.  

ME

LHA

PVN

DMH

3V

ZI

ARC

MC4-R

⇓ α-MSH

⇓ Insulin
⇓ Leptin
⇓ Glucose
⇓ Fatty Acids?

⇓ POMC/CART

VMH

⇑ NPY
⇑ AGRP

STARVATION

NPY-Y1R
NPY-Y5R

Increased expression of
MCH and orexins:

⇑ appetite and arousal

Reduced
sympathetic
nerve activity
and metabolic

rate



Chapter One: Introduction

50

Two receptors for MCH (MCHR1 and MCHR2) have been recently identified

(Chambers et al. 1999, Saito et al. 1999, An et al. 2001, Sailer et al. 2001, Mori M. et al.

2001). In human brain, MCHR1 has a much more widespread pattern of distribution

compared to that of MCHR2 (Sailer et al. 2001). While different functions have not yet

been ascribed to each of these receptors, it was found that knockout of the Mch1r gene

in mice reduced the amount of adipose tissue, while increasing lean body mass (Marsh

et al. 2002). Mch1r-null mice also displayed increased physical activity and metabolic

rate, rendering them less susceptible to diet-induced obesity than wild-type mice.

Interestingly, MCH1 receptors are also expressed in human adipose tissue, and

treatment of adipocytes with MCH stimulates the expression and secretion of leptin

(Bradley et al. 2000). The specific role of MCH receptors 1 and 2 in human obesity is

not yet known, but they are attractive candidate genes due to their specific effects on

metabolic rate and body composition.

Orexins: Leptin-sensitive neurons of the ARC also innervate another group of

lateral hypothalamic neurons, which contain the orexins A and B. Both of the orexins

were discovered by directional PCR subtraction, which was used to find mRNA species

selectively expressed in the hypothalamus (Gautvik et al. 1996, de Lecea et al. 1998).

As their name suggests, orexins stimulate food intake in rats when administered

intracerebroventricularly, and their expression is increased upon fasting (Sakurai et al.

1998).

Orexin-containing neurons form a distinct group from MCH-containing neurons

in the lateral hypothalamus (Broberger et al. 1998, Peyron et al. 1998), and they project

to many areas of the CNS, including the olfactory bulb, cerebral cortex, locus coeruleus,

hypothalamus, thalamus, brainstem and spinal cord. The widespread distribution of

orexin-containing fibres and of the orexin receptors suggests that they may be
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influential in processes such as thermoregulation, anterior pituitary function, blood

pressure regulation, motivation and arousal. 

Consistent with the neuroanatomical evidence, the intracerebroventricular

administration of orexins in rats increases heart rate, blood pressure and sympathetic

nerve activity as well as appetite (Date et al. 1999). Transgenic mice lacking orexin

neurons develop late-onset obesity due to reduced physical activity, despite having a

lower appetite than wild-type littermates (Hara et al. 2001). However, genetic ablation

of either orexins or orexin neurons also results in narcolepsy (Chemelli et al. 1999),

suggesting that orexins or their receptors may not be good candidate genes for obesity. 

The lateral hypothalamus is responsible for many of the non-endocrine-related

aspects of energy homeostasis. Due to the widespread projections of MCH- and orexin-

expressing neurons, these recently-discovered signalling molecules can influence

cognition, emotion, autonomic function and arousal as well as feeding behaviour.

Whether variation in the genes encoding MCH, orexins, or their receptors predisposes to

obesity in humans has yet to be determined.

1.2.2.8 Other CNS candidate genes 

Beacon: The beacon gene encodes a novel hypothalamic protein, which was

isolated from Psammomys obesus, a polygenic rodent model of obesity and type 2

diabetes (Collier et al. 2000). In P.Obesus, levels of beacon mRNA were positively

correlated with adiposity, and icv administration of an N-terminal portion of beacon

dose-dependently increased food intake and body weight. Beacon’s effects are likely to

involve NPY, as icv administration of beacon increased the expression of NPY mRNA

in the hypothalamus. Although the human beacon gene has been identified, it has not
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yet been demonstrated to contribute to energy homeostasis. 

Serotinin 2C receptor: The serotonin 2C receptor (5HT2CR) is a therapeutic

target of appetite suppressants, and therefore a potential obesity gene. 5HT2C receptors

are expressed in the PVN, LHA, ARC and DMH (Wright et al. 1995), and ablation of

the 5ht2cr gene in mice leads to adult-onset obesity and a predisposition to diabetes on a

high-fat diet (Tecott et al. 1995, Nonogaki et al. 1998). The weight gain in these mice

was entirely due to hyperphagia, as the obesity was prevented by pair-feeding with

wild-type mice. Young 5HT2CR-knockout mice displayed normal responses to leptin,

which suggested that the mechanisms involved in the serotonergic regulation of feeding

were independent of leptin. However, the case for 5HT2C receptor mutations as a cause

of human obesity is greatly diminished by the observation that 5HT2CR-knockout mice

are also prone to premature death from spontaneous epileptic seizures.

 

1.2.2.9 Satiety factors

Other peripheral hormones as well as adiposity signals influence energy intake.

Satiety factors are released from the gastrointestinal tract in response to mechanical and

chemical stimuli generated during the digestion of food. Like adiposity signals, satiety

factors are transmitted to the CNS and inhibit feeding, but are involved in the short-term

control of feeding behaviour (meal termination) rather than the long-term control of

energy homeostasis. Nevertheless, satiety factors are potential candidate genes for

obesity. Satiety factors include cholecystokinin (CCK), glucagon-like peptide-1 (GLP-

1), and gastrin-releasing peptide (GRP) (Figure 1.11). 
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Figure 1.11 Satiety factors

The adiposity signals insulin and leptin regulate energy homeostasis via hypothalamic pathways.

In contrast, satiety factors are released following meal ingestion, and are involved in the short-term

regulation of feeding behaviour. Satiety factors include cholecystokinin (CCK), glucagon-like peptide-1

(GLP-1) and gastrin-releasing peptide (GRP), and they act on nuclei in the hypothalamus and brainstem

(nucleus tractus solitarius, parabrachial nucleus) to inhibit feeding. At the same time, food intake inhibits

the release of ghrelin from the stomach. Ghrelin is a growth hormone secretagogue that stimulates feeding

and may be involved in meal initiation. Like leptin and insulin, ghrelin acts on hypothalamic receptors

and may exert long-term effects on energy homeostasis. (Diagram adapted from Havel 2001).     
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Cholecystokinin: Cholecystokinin (CCK) is a hormone released from endocrine

cells of the small intestine in response to feeding, whereupon it stimulates gallbladder

contraction and pancreatic secretions. More importantly, CCK inhibits feeding when

administered to both rodents (Gibbs et al. 1973) and humans (Kissileff et al. 1981). The

anorectic effects of CCK are attenuated by vagotomy (Smith et al. 1981).

CCK regulates the size of individual meals by interacting with adiposity signals

in nuclei of the brainstem. Both leptin and insulin display synergistic relationships with

CCK to inhibit total food intake (Matson et al. 1997, Figlewicz et al. 1995) and reduce

body weight in rats (Matson et al. 2000). The interaction between CCK and adiposity

signals is thought to occur in two brainstem nuclei: the parabrachial nucleus and the

nucleus tractus solitarius, which form connections with several hypothalamic nuclei,

including the arcuate nucleus and ventromedial hypothalamus (Fulwiler et al. 1985). In

this way, adiposity signals may determine meal size by enhancing the response to CCK,

in order to maintain energy homeostasis. 

Obesity is unlikely to be due to a genetic deficiency of CCK, however, as there

are many other determinants of food intake. Although acute CCK administration

powerfully inhibits feeding in rats, chronic CCK administration does not affect total

food intake or body weight, due to a compensatory increase in feeding frequency

(Crawley & Beinfeld 1983, West et al. 1984). 

The satiating effects of peripheral CCK are mediated by CCKA receptors, one of

the two CCK receptor subtypes present on vagal afferent fibres (Moran et al. 1992).

Chronic pharmacological antagonism of CCKA receptors increases total food intake

(Miesner et al. 1992); and rats lacking CCKA receptors (Otsuka Long-Evans Tokushima

Fatty) are obese and diabetic (Funakoshi et al. 1995; Moran et al. 1998). 

The CCKA receptor gene may therefore be considered as a candidate gene for
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obesity and diabetes in humans. A case of defective splicing of the CCKA receptor gene

in humans has been described in an obese proband who suffered from gallstones (Miller

et al. 1995). No mutations were identified in the coding region of the CCKA receptor

gene, however, and the specific cause of the abnormality in this subject was not

determined. The effect of polymorphism within the CCKA receptor gene on obesity has

yet to be investigated in large, population-based studies.

Glucagon-like peptide-1: Glucagon-like peptide-1 (GLP-1) is secreted from

the ileum in response to food intake, whereupon it stimulates insulin secretion and

inhibits gastric motility (Drucker 2001). Intracerebroventricular administration of GLP-

1 also inhibits feeding in rats (Turton et al. 1996); while intravenous administration of

GLP-1 enhances satiety and reduces food intake in humans (Flint et al. 1998). The

effects of GLP-1 on feeding are likely to occur in the paraventricular nucleus, as this

region specifically displays c-fos activation following central GLP-1 administration

(Turton et al. 1996). However, a role for GLP-1 in human obesity is unlikely, as

disruption of GLP-1 signalling in mice (through deletion of its receptor, GLP-1R) did

not affect overall food intake or body weight (Scrocchi et al. 1996). 

Gastrin-releasing peptide: Gastrin-releasing peptide (GRP) is another satiety

factor released from intestinal mucosa and pancreas. GRP is the mammalian homologue

of a peptide called bombesin, which was first identified in frogs, and is a potent

inhibitor of appetite (Gibbs et al. 1979). GRP enhances glucose-stimulated insulin

secretion, and increases the secretion of gastrointestinal hormones such as gastrin,

neurotensin and CCK (Wood et al. 1983). More importantly, intravenous administration

of GRP in humans produces satiety and inhibits food intake (Gutzwiller et al. 1994).

However, these effects are unlikely to result in weight loss, as chronic GRP

administration did not affect long-term food intake in baboons (Figlewicz et al. 1985).
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The effects of GRP on food intake are mediated by GRP receptors. GRP

receptors are expressed at high levels in the hypothalamus, in areas including the PVN

and LHA (Wada et al. 1991). While GRP receptor-deficient transgenic mice display no

gross phenotypic abnormalities compared to wild-type mice (Hampton et al. 1998),

genetic ablation of a related receptor, called bombesin receptor subtype-3 (BRS-3),

caused mice to develop a mild obesity, hyperphagia, insulin resistance and hypertension

(Ohki-Hamazaki et al. 1997). GRP has a low affinity for BRS-3, suggesting that an

endogenous BRS-3 ligand could be a potential candidate gene for obesity. 

Ghrelin: Although not a satiety factor, the newly discovered peptide ghrelin is

released from the stomach (Kojima et al. 1999) and is a possible candidate gene for

obesity. In contrast to satiety factors, ghrelin release is increased after fasting and is

reduced upon feeding (Tschöp et al. 2000). Ghrelin is a growth hormone (GH)

secretagogue, stimulating the release of GH from the pituitary by acting upon GH

secretagogue receptors. Ghrelin immunoreactivity and GH secretagogue receptors have

been detected in the arcuate nucleus of the hypothalamus (Kojima et al. 1999, Willesen

et al. 1999). 

Both peripheral and central administration of ghrelin stimulate feeding in rats

(Wren et al. 2000, Nakazato et al. 2001). Chronic ghrelin treatment increases adiposity

and body weight, due to a reduction in the oxidation of fat (Tschöp et al. 2000,

Nakazato et al. 2001). In humans, intravenous ghrelin increases appetite and food intake

(Wren et al. 2001).

Ghrelin is a potential obesity gene as it appears to antagonise adiposity signals

through their signalling pathways in the hypothalamus. Ghrelin prevents leptin’s

inhibitory effects on feeding; and like leptin, its effects are mediated by both NPY and

AGRP (Nakazato et al. 2001). Further evidence for an antagonistic role between ghrelin
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and adiposity signals is provided by the observation that fasting ghrelin levels are

decreased in obese humans, and are negatively correlated with levels of leptin and

insulin (Tschöp et al. 2001). A role for ghrelin in meal initiation has been proposed, as

levels in plasma increase dramatically before meals and fall afterwards (Cummings et

al. 2001). While the functional significance of variation in the ghrelin gene has not yet

been described in humans, a common mutation (Arg51Gln) has been identified in obese

subjects, but was absent in a group of lean controls (Ukkola et al. 2001). 

In summary, satiety factors are not likely to be candidate genes for obesity, as

their inhibitory effects on food intake are acute, and compensatory mechanisms exist to

maintain energy homeostasis in the long term. However, disruption of specific receptor

subtypes (such as the CCKA receptor or BRS-3) in rodents has been shown to cause

obesity and insulin resistance, so the case for these genes as candidates for obesity may

be somewhat stronger. The role of ghrelin in human obesity has yet to be determined,

but it is a promising obesity-related gene due to its effects on nutrient partitioning and

meal initiation in humans.  
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1.2.3 Candidate genes in adipose tissue

Candidate genes expressed in adipose tissue may also affect energy homeostasis

and contribute to the pathogenesis of obesity. These candidate genes can be classified

into five distinct categories:

(1) Genes involved in lipolysis: Adipose tissue stores energy as triglycerides, and this

energy can be mobilized by lipolysis when required. As obesity is characterised by a

net accumulation of energy in adipose tissue, genes involved in the regulation of

lipolysis may contribute to obesity. 

(2) Genes involved in adaptive thermogenesis: Adipose tissue can also be used as a

source of heat energy in response to cold exposure or overfeeding, a process called

adaptive thermogenesis. A defect in adaptive thermogenesis may predispose to

positive energy balance and obesity. 

(3) Genes involved in adipocyte differentiation: Obesity is characterised by an increase

in the number of adipocytes (hyperplasia) as well as their size (hypertrophy).

Dysregulation of adipocyte differentiation may contribute to the development of

obesity in susceptible individuals. 

(4) Secreted factors from adipocytes: The discovery of leptin has led to the

identification of other important secretory products from adipose tissue. The role of

these secreted factors in obesity and insulin resistance will be discussed. 

(5) Other genes
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1.2.3.1 Classification of adipose tissue

Adipose tissue can be classified into two types, each with a unique appearance

and specialised function. White adipose tissue (WAT) is the major organ for energy

storage in the body; it has a unilocular appearance and is well vascularised. WAT stores

energy as triglycerides, which can be broken down by lipolysis to meet energy

requirements. Genetic ablation of WAT in transgenic mice revealed that it is also

important for the maintenance of normal reproductive function and insulin sensitivity

(Moitra et al. 1998). 

In comparison, brown adipose tissue (BAT) has a multilocular appearance. The

primary function of BAT is adaptive thermogenesis, and consistent with this role, it

receives dense sympathetic innervation and is rich in mitochondria. BAT is particularly

abundant in rodents and hibernating mammals, and contributes significantly to energy

homeostasis in these animals. Transgenic mice lacking BAT are unable to maintain

energy homeostasis, and as a result are extremely obese, hyperphagic and insulin

resistant (Lowell et al. 1993). In humans, however, the role of BAT in energy

homeostasis is less clear: it is obvious in neonates and children, but exhibits a diffuse

distribution within depots of WAT in adults (Heaton 1972, Krief et al. 1993). 

 

1.2.3.2 Lipolysis

Lipolysis is the process by which triglycerides are hydrolysed to yield glycerol

and fatty acids, in order to mobilise energy stores (Figure 1.12). Hormones regulate

lipolysis: it is stimulated by catecholamines, and inhibited by insulin. The rate-limiting

step of lipolysis is catalysed by hormone-sensitive lipase (HSL), which translocates



Chapter One: Introduction

from the cytoplasm to the surface of the lipid droplet following lipolytic activation

(Egan et al. 1992). 

As described earlier, obesity is associated with increased lipolysis (due to

resistance to insulin’s anti-lipolytic effects) and increased FFA concentrations in the

portal circulation. However, when expressed per unit of fat mass, the response to

lipolytic stimuli is markedly reduced in obesity (Hellström et al. 1996, Bougnères et al.

1997). A defect in lipolysis (catecholamine resistance) is consistent with the net

accumulation of triglycerides in obesity. Furthermore, the response to lipolytic stimuli

displays a significant genetic component (Arner 2001). Therefore, the genes encoding

factors involved in lipolysis may be impor
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Figure 1.12 Regulation of lipolysis in adipose tissue

Lipolysis (the breakdown of triglyceride to yield fatty acids and glycerol) is stimulated by the

sympathetic nervous system. Local catecholamine release stimulates β-adrenoceptors (β−AR) on

adipocytes, which are coupled to a stimulatory G-protein (Gs) and activate adenylate cyclase (AC).

Following stimulation, cAMP is released, which stimulates protein kinase A (PKA). In turn, activated

PKA phosphorylates the perilipins, phosphoproteins that normally coat the lipid droplet (1). Upon

phosphorylation, perilipins translocate to the cytoplasm, allowing hormone-sensitive lipase (HSL)

through to access the triglyceride (TG) (2). HSL is also phosphorylated by PKA, and subsequently drives

the breakdown of TG into fatty acids (FA) and glycerol. 
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The β2-adrenergic receptor has been studied as a candidate gene for obesity, as

resistance to catecholamine-stimulated lipolysis in adipose tissue is likely to involve β2-

adrenoceptors (Lönnquist et al. 1992, Reynisdottir et al. 1994). Also, treatment of obese

animals with β2-adrenoceptor-selective agonists increases lean body mass at the expense

of adipose tissue (Yang & McElligott 1989).

Several polymorphisms of functional importance have been identified in the

human β2-adrenoceptor gene (β2AR) (Green et al. 1993). While an initial report (Large

et al. 1997) indicated that women homozygous for a Gln27Glu polymorphism were

much more prone to obesity, this finding was not consistently observed in subsequent

investigations (Ishigama-Shigemoto et al. 1999, Meirhaeghe et al. 1999, Kortner et al.

1999). Although functional variation in β2-adrenoceptors could be a common cause of

obesity in humans by affecting sensitivity to lipolytic stimuli, the relationship between

polymorphisms in the β2AR gene and obesity is not clear at present. 

Perilipins: During lipolysis, protein kinase A phosphorylates the perilipins,

phosphoproteins that normally coat the surface of the lipid droplet in adipocytes

(Blanchette-Mackie et al. 1995). Under basal conditions, perilipins prevent HSL from

accessing the lipid droplet; but this barrier is removed by phosphorylation (Clifford et

al. 2000). While the gene encoding perilipins has not yet been studied as a candidate for

obesity in humans, deletion of the Plin gene in mice increased basal HSL activity and

reduced both the size and triglyceride content of adipose tissue (Martinez-Botas et al.

2000). Mice lacking perilipins also had increased lean body mass and metabolic rate,

and were resistant to diet-induced obesity (Tansey et al. 2001). 

Hormone-sensitive lipase: Alternatively, the reduced response to lipolytic

stimuli and accumulation of adipose tissue observed in obese humans may be due to an

intrinsic reduction in hormone-sensitive lipase activity. Consistent with this view, HSL
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mRNA expression, protein levels and activity were all reduced in subcutaneous adipose

tissue taken from obese subjects (Large et al. 1999). Multi-allelic markers within introns

of the HSL gene have been associated with obesity and type 2 diabetes (Magré et al.

1998, Klannemark et al. 1998), but no common variations in coding or promoter regions

have been identified. 

In conclusion, a reduced sensitivity to lipolytic stimuli may lead to the net

accumulation of triglyceride in adipose tissue of obese humans. The response to

lipolytic stimuli displays a genetic component, and may be determined by common

variation in the genes encoding the β2-adrenoceptor, the perilipins, and hormone-

sensitive lipase. While these genes require further investigation for obesity-related

variation, they are attractive candidate genes due to their specific effects on adipocyte

triglyceride content.

1.2.3.3 Adaptive thermogenesis

Candidate genes involved in adaptive thermogenesis may also contribute to the

pathogenesis of obesity. Adaptive thermogenesis refers to the process by which energy

is released (in the form of heat) in response to stimuli such as cold exposure or

overfeeding. This process occurs in brown adipose tissue (BAT). Adaptive

thermogenesis can be used to expend energy in order to maintain energy homeostasis,

and rodents with either hypothalamic lesion-induced or genetic obesity (ob/ob, db/db or

Ay/a) display reduced thermogenesis in BAT (Himms-Hagen 1990). BAT is innervated

by sympathetic neurons which are connected with several groups of leptin-sensitive

hypothalamic neurons, including those containing POMC/CART, orexins, and MCH

(Oldfield et al. 2002).
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Like lipolysis, adaptive thermogenesis in BAT is stimulated by catecholamine

release. This activates β3-adrenoceptors, which are relatively specific for this tissue

(Arch et al. 1984, Emorine et al. 1989). Compared to other β-adrenoceptors, β3-

adrenoceptors have a lower affinity for noradrenaline and are relatively resistant to

desensitization and downregulation (Giacobino et al. 1995). These pharmacological

properties suggest that β3-adrenoceptors may only be activated in response to prolonged

intense sympathetic stimulation, such as occurs during cold exposure or chronic

overfeeding. In mice, β3-adrenoceptor-selective agonists increase energy expenditure;

and disruption of the β3-adrenoceptor gene results in hyperphagia and mild obesity,

which is increased by a high-fat diet (Susulic et al. 1995, Revelli et al. 1997). 

Adaptive thermogenesis in BAT also involves the cAMP-PKA signalling

cascade and HSL-mediated lipolysis. The fatty acids generated from this pathway are

used to generate heat via uncoupling protein-1 (UCP-1). In BAT, oxidative

phosphorylation (the combustion of fuel) generates a proton gradient across the inner

mitochondrial membrane. This gradient is used to drive the synthesis of ATP from

ADP, so that the reactions of fuel combustion and ATP production are ‘coupled’. UCP-

1 uncouples these two reactions by allowing regulated proton leaks across the

mitochondrial membrane, so that energy is released as heat (Lowell & Spiegelman

2000). Chronic β3-adrenoceptor and PKA activation, as occurs during cold exposure,

induces the expression of UCP-1 mRNA, a response regulated by the cold-induced

transcriptional co-activator PGC-1 (Puigserver et al. 1998).

Although it is unclear whether adaptive thermogenesis in BAT makes a

significant contribution to overall energy expenditure in humans, genes involved in

adaptive thermogenesis (β3-adrenoceptor, UCP-1 and PGC-1) have all been studied as

candidate genes for obesity. Even if adaptive thermogenesis only represents a small
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portion of total energy expenditure, it deserves consideration as a cause of obesity in

humans, as a small defect in energy expenditure could lead to a slow weight gain

throughout life.

β3-adrenoceptors: Of all of the candidate genes for obesity, the β3-

adrenoceptor gene (β3AR) has been the focus of the most genetic research. It is

generally proposed that a β3-adrenoceptor defect could contribute to obesity via two

mechanisms: a reduction in adaptive thermogenesis in BAT, as well as resistance to

lipolysis in WAT (Arner 1995).

Three initial reports studied a common Trp64Arg polymorphism in the β3-

adrenoceptor gene, and found that it was associated with an earlier age of onset of type

2 diabetes (Walston et al. 1995), as well as abdominal obesity, glucose intolerance

(Widén et al. 1995), and an increased propensity to weight gain (Clément et al. 1995).

Many studies have attempted to reproduce these results, but have reported no

associations between this variant and obesity (Gagnon et al. 1996, Ghosh et al. 1999,

Lowe et al. 2001). Discrepant results have also been reported for two meta-analyses of

the Trp64Arg polymorphism (Allison et al. 1998, Fujisawa et al. 1998). 

The most accommodating view of the role of the β3-adrenoceptor Trp64Arg

variant is that it may make a small contribution to obesity. However, it is important to

emphasise that mice with a total absence of β3-adrenoceptors are only mildly obese

(Susulic et al. 1995), and the Trp64Arg variant does not completely abrogate β3-

adrenoceptor function (Candelore et al. 1996, Piétri-Rouxel et al. 1997, Hoffstedt et al.

1999). 

Uncoupling proteins: It is unlikely that UCP-1 is involved in human obesity, as

mice deficient in UCP-1 are sensitive to cold exposure (indicating a defect in

thermoregulation) but display normal appetite and adiposity (Enerbäck et al. 1997).
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However, the subsequent discovery of UCP-1 homologues suggested that other

uncoupling proteins could compensate for UCP-1 deficiency. 

UCP-2 is expressed in many tissues and is also able to uncouple mitochondrial

respiration (Fleury et al. 1997). In rats, UCP-2 mRNA expression in BAT, heart and

skeletal muscle is increased in response to cold exposure (Boss et al. 1997a), and is

upregulated in WAT in response to a high-fat diet (Fleury et al. 1997). However, the

contribution of UCP-2 to adaptive thermogenesis (and therefore obesity) is uncertain, as

Ucp-2-deficient mice are of normal weight and have intact responses to cold exposure

and a high-fat diet (Arsenijevic et al. 2000). In humans, a common polymorphism in the

UCP2 promoter has been shown to influence mRNA stability in adipose tissue, and may

influence obesity via effects on energy expenditure (Esterbauer et al. 2001).

A third member of this class of proteins, UCP3, has also been identified. In

humans, UCP3 mRNA is expressed at high levels in skeletal muscle; and in rodents,

UCP3 is also expressed in brown adipose tissue (Boss et al. 1997b, Vidal-Puig et al.

1997a, Gong et al. 1997). In starving rats, UCP3 mRNA expression is increased in

skeletal muscle and decreased in BAT, suggesting that UCP3 is not necessarily

involved in adaptive thermogenesis (Gong et al. 1997). Rather, the increase in UCP3

mRNA in skeletal muscle is thought to reflect the increased utilization of free fatty acids

as an energy source during starvation (Weigle et al. 1998), and may be a mechanism to

prevent lipotoxicity in this tissue (Boss et al. 2000). 

Regardless, UCP3 expression in skeletal muscle may influence metabolic rate

and obesity by increasing fatty acid oxidation. Transgenic mice overexpressing UCP3 in

skeletal muscle have less adipose tissue and a lower body weight than wild-type mice,

due to increased energy expenditure (Clapham et al. 2000). Mice overexpressing UCP3

also display hyperphagia, suggesting that UCP3 may be a critical determinant of energy
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homeostasis, and therefore a good candidate gene for obesity. 

PGC-1: The PGC-1 gene has been recently studied for allelic association with

phenotypes of obesity and diabetes. PGC-1 is an important factor in adaptive

thermogenesis, as it controls the transcription of uncoupling proteins (Puigserver et al.

1998). In addition, PGC-1 induces the expression of the insulin-sensitive glucose

transporter GLUT4 in skeletal muscle (Michael et al. 2001), indicating that it may also

regulate glucose uptake in this tissue. A Gly482Ser polymorphism in the human PGC-1

gene is more commonly observed in Type II diabetic subjects than in controls (Ek et al.

2001); and haplotype combinations of the PGC-1 gene are associated with measures of

obesity in women, but not in men (Esterbauer et al. 2002). The functional effects of

these common polymorphisms have not yet been determined. 

FOXC2: By controlling the expression of several genes related to adaptive

thermogenesis, the human winged helix / forkhead transcription factor FOXC2 may also

be a candidate gene for obesity. FOXC2 is exclusively expressed in WAT in humans,

and in BAT and WAT in mice (Cederberg et al. 2001). Overexpression of FOXC2 in

WAT of transgenic mice induced the expression of β3-adrenoceptors, UCP-1 and PGC-

1 in this tissue, giving it a BAT-like appearance. Compared to wild-type mice, oxygen

consumption in transgenic mice was increased, while WAT mass was reduced.

Transgenic mice were also resistant to diet-induced obesity, suggesting that FOXC2

prevented obesity by promoting a decline in metabolic efficiency (via adaptive

thermogenesis). Thus, FOXC2 has been proposed as an “anti-thrifty” gene, one which

defends against an increase in adipose tissue mass despite increases in caloric

consumption. Although the FOXC2 gene has not yet been studied for sequence variation

in humans, it represents an excellent candidate gene for obesity as a ‘master’ regulator

of caloric efficiency. 
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In summary, experiments in mice have demonstrated that adaptive

thermogenesis in BAT makes a significant contribution to energy homeostasis, and

dysregulation of this process results in obesity. In humans, however, the contribution of

BAT to energy expenditure is less clear, and therefore genes involved in adaptive

thermogenesis may not represent good candidate genes for obesity. On the other hand,

genes such as UCP-3, PGC-1, and FOXC2 are capable of influencing energy

expenditure in tissues other than BAT; and are also involved in other obesity-related

processes such as glucose uptake in skeletal muscle (PGC-1) and expansion of WAT

(FOXC2). Therefore, these genes may be highly relevant for the study of obesity in

humans. 

1.2.3.4 Adipocyte differentiation

The expanded mass of adipose tissue in obesity is not only due to an increase in

the size of adipocytes (hypertrophy), but also an increase in their number (hyperplasia)

(Spiegelman & Flier 1996). The hyperplasia of adipose tissue in obesity is made

possible by the presence of adipocyte precursors, called preadipocytes, within depots of

WAT in human adults. Accordingly, the factors involved in the differentiation of

adipocytes have been considered as candidate genes for obesity.

 Preadipocytes are derived from adipoblasts, cells which are themselves derived

from mesenchymal stem cells (Figure 1.12). The process by which mesenchymal stem

cells become adipoblasts is called lineage determination; while the conversion of

adipoblasts to preadipocytes is a process called commitment. These earlier phases will

not be discussed here. Following commitment, preadipocytes are held in cell cycle

arrest until terminal differentiation (Koutnikova & Auwerx 2001). It is this final phase,
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during which preadipocytes accumulate lipids and adopt the mature adipocyte

phenotype, which may be dysregulated in obesity-prone individuals. 

Much of the study of adipocyte differentiation has been conducted in

preadipocyte cell lines, such as the mouse cell line 3T3-L1. Treatment of these cells

with various hormones (dexamethasone, insulin, and methylisobutylxanthine) and

serum stimulates the differentiation of preadipocytes into mature, lipid-filled

adipocytes. The process of adipocyte differentiation is controlled by a series of

interactions between several transcription factors, including the CCAAT/enhancer

binding proteins (C/EBP’s), peroxisome proliferator-activated receptor gamma (PPAR-

γ), and the adipocyte determination and differentiation factor 1 (ADD1; also known as

steroid response element binding protein 1c). This model of adipocyte differentiation

has been termed the ‘cascade’ model (Yeh et al. 1995). 

CCAAT/enhancer-binding proteins: The CCAAT/enhancer-binding proteins

(C/EBP) alpha (α), beta (β) and delta (δ) are basic leucine zipper transcription factors

which play crucial roles in adipocyte differentiation. C/EBPβ and δ are expressed very

early in adipocyte differentiation, as they are induced by cAMP (the production of

cAMP is stimulated by methylisobutlyxanthine) and dexamethasone, respectively (Cao

et al. 1991). In the absence of hormonal stimulation, the entire programme of adipocyte

differentiation can be induced in 3T3-L1 cells by retroviral expression of C/EBPβ, and

to a lesser extent, C/EBPδ (Yeh et al. 1995). The importance of C/EBPβ and δ in

adipocyte differentiation is well illustrated by knockout of these genes in mice: a

deficiency of either of these genes reduced adipocyte differentiation; while knockout of

both C/EBPβ and δ severely impaired adipocyte differentiation and lipid accumulation

(Tanaka et al. 1997). 

During adipocyte differentiation, C/EBPα expression is induced by both
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C/EBPβ and δ (Yeh et al. 1995). C/EBPα is active during the later stages of

differentiation (terminal differentiation) and involved with the adoption of the mature

adipocyte phenotype. Forced retroviral expression of C/EBPα in preadipocytes induces

differentiation in the absence of hormonal stimulation (Lin & Lane 1992, Freytag et al.

1994). C/EBPα regulates the expression of genes such as the fatty-acid-binding-protein

aP2, steroyl-CoA desaturase, and leptin (Christy et al. 1989, Hwang et al. 1996).

Although mice with a deletion of the c/ebpα gene posess adipocytes, they are

accumulate lipid (Wang et al. 1995). A role for C/EBPα in the induction 

sensitivity in adipocytes was suggested by the observation that C/EBPα

adipocytes were completely refractory to insulin-stimulated glucose uptake 

1999).   

The C/EBP family of transcription factors have not yet been studied as

genes for obesity. This can probably be attributed to the severe phenotype o

C/EBPβ- and δ-deficient mice, and the essential role that these two early ind

in adipocyte differentiation. However, C/EBPα remains an attractive candida

obesity and the associated metabolic syndrome due to its ability to re

transcription of genes such as leptin, as well as its role in the induction 

sensitivity in adipocytes. 

Peroxisome proliferator-activated receptor gamma: P

proliferator-activated receptor gamma (PPAR-γ) is a ligand-activated tra

factor and key regulator of adipocyte differentiation. PPAR-γ is a member of t

receptor superfamily, which also includes receptors for thyroid and steroid 

Retroviral expression of PPAR-γ in fibroblasts stimulates differentiation into 

(Tontonoz et al. 1994a); and when co-expressed with C/EBPα, PPAR-γ can e

adipocyte differentiation in cultured myoblasts (Hu et al. 1995). 
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Figure 1.13 The cascade model of adipocyte differentiation

Refer to text for a description of the cascade model of adipogenesis. Abbreviations: INS, insulin;

DMX, dexamethasone; MIX, methylisobutylxanthine; CBP, cAMP response element-binding protein;

HMGIC, high mobility group I protein, type C; cAMP, 5’, 3’ cyclic AMP; ADD1/SREBP1c, adipocyte

determination and differentiation-dependent factor 1; FAS, fatty acid synthase; LPL, lipoprotein lipase;

FFAs, free fatty acids; C/EBP, CCAAT/enhancer-binding protein; PPAR-γ, peroxisome proliferator-

activated receptor gamma; aP2, adipocyte lipid binding protein; PEPCK, phosphoenolpyruvate

carboxykinase; SCD, steroyl coA-desaturase; GLUT4, insulin-stimulated glucose transporter; IR, insulin

receptor. 
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PPAR-γ is absolutely required for adipocyte differentiation. Although PPAR-γ-

deficient mice die before birth (as PPAR-γ is also required for placental function),

transgenic rescue of a tetraploid mutant embryo and subsequent birth of a PPAR-γ-null

mouse revealed a complete absence of adipose tissue (Barak et al. 1999). In the cascade

model of adipocyte differentiation (Figure 1.13), PPAR-γ lies downstream of C/EBPα,

as PPAR-γ can promote adipocyte differentiation in the absence of C/EBPα, but the

converse is not possible (Wu et al. 1999, Rosen et al. 2002). Also, the promoter of one

of the PPAR-γ isoforms, PPAR-γ2, contains a C/EBP binding site (Saladin et al. 1999).

However, PPAR-γ can also increase the expression of C/EBPα during differentiation

(Wu et al. 1999), suggesting considerable cross-talk between these two adipogenic

transcription factors. 

PPAR-γ is the target of the thiazolidinediones, therapeutic agents that increase

insulin sensitivity in adipocytes (Lehmann et al. 1995, Forman et al. 1995). These anti-

diabetic effects are thought to result from PPAR-γ’s ability to promote adipocyte

differentiation, as smaller adipocytes are more sensitive to the antilipolytic effects of

insulin (Spiegelman 1998). 

Due to its importance in both adipocyte differentiation and insulin sensitivity,

PPAR-γ is an excellent candidate gene for obesity and associated insulin resistance. A

Pro115Gln mutation in the PPARG gene (which prevented phosphorylation at an

adjacent serine residue) was associated with severe obesity (Ristow et al. 1998).

Retroviral expression of this variant in fibroblasts increased adipocyte differentiation

and lipid accumulation relative to wild-type PPAR-γ. This mutant allele is extremely

rare, however, as it has not been detected in several subsequent studies (Evans et al.

2000, Clément et al. 2000, Terrett et al. 2000).
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Loss-of-function mutations in PPAR-γ have also been described in humans.

Three cases of severe insulin resistance, caused by heterozygosity for either of the two

dominant-negative mutations Pro467Leu or Val290Met, were described by Barroso et

al. (1999). Affected subjects also displayed hypertension and elevated levels of

triglycerides. In each case, though, both the amount and distribution of adipose tissue

were normal, suggesting that PPAR-γ is not absolutely required for adipose tissue

development as it is in mice. Another rare mutation, Arg425Cys, has been recently

identified in a woman with diabetes, hypertriglyceridaemia and partial lipodystrophy (a

loss of fat from the face and extremities) (Agarwal & Garg 2002). 

The hypothesis that common variation in PPAR-γ2 could affect obesity and

related cardiovascular risk factors is investigated in Chapters Two and Three of this

thesis. 

Adipocyte determination and differentiation-dependent factor 1:

Adipocyte determination and differentiation-dependent factor 1 (ADD1, also called

steroid response element binding protein 1c: SREBP-1c) is a basic helix-loop-helix

leucine zipper transcription factor involved in lipid and cholesterol metabolism. ADD1

is expressed at high levels in BAT, liver and WAT, and is induced during adipocyte

differentiation (Tontonoz et al. 1993). By itself, ADD1 is not a potent inducer of

adipocyte differentiation (Kim & Spiegelman 1996); rather, it displays a synergistic

relationship with PPAR-γ. ADD1 activates PPAR-γ in two ways: by generating its

ligands (Kim et al. 1998), and by direct stimulatory actions on the PPAR-γ1 and -γ3

promoters (Fajas et al. 1999). 

Recently, ADD1 has been implicated in obesity and insulin resistance in

humans. The expression of ADD1 mRNA in adipocytes is induced by insulin treatment,

and is reduced in adipose tissue taken from obese and type 2 diabetic subjects (Sewter et
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al. 2002). Although it is possible that the expression of ADD1 in these states is

downregulated as a mechanism to limit the expansion of adipose tissue, transgenic mice

overexpressing ADD1 in adipose tissue display a marked reduction in the size of WAT

depots, as well as insulin resistance and a fatty liver (Shimomura et al. 1998). At the

present time, it has not been established whether variation in the gene encoding ADD1

contributes to obesity, insulin resistance or lipodystrophy in humans. 

Other adipogenic factors: Several novel adipogenic factors have been recently

identified, but have not yet been studied as candidate genes for obesity. Members of the

high mobility group I (HMGI) family are involved in adipocyte differentiation, by

potentiating the adipogenic effects of C/EBPβ (Mellilo et al. 2001). In mice, disruption

of the gene encoding one of these factors, Hmgic, protects against the proliferation of

adipose tissue that occurs during a high-fat diet (Anand & Chada 2001). Similarly,

heterozygosity for null mutations in CBP, a transcriptional co-activator associated with

both C/EBP’s and PPAR-γ, reduces the amount of WAT, improves insulin sensitivity

and protects against high-fat diet-induced obesity in mice (Yamauchi et al. 2002).

Finally, a novel family of adipogenic nuclear factors, called lipins, has been identified in

a mouse model of lipodystrophy, and may be required for normal adipose tissue

development (Péterfy et al. 2001).  
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1.2.3.5 Secreted products of adipocytes

Since the discovery of leptin, the adipocyte has been recognised as a dynamic

source of endocrine and paracrine molecules rather than a cell whose sole function was

the passive storage of energy. Adipocytes are now known to secrete many factors that

can influence appetite, energy expenditure, nutrient partitioning and insulin sensitivity

in other tissues (Havel 2002). In addition to leptin and PAI-1, adipocytes also produce

tumor necrosis factor alpha, interleukin-6, adiponectin, resistin, acylation-stimulating

protein, and the human homologue of the agouti gene (called agouti signalling protein).

These secreted products of adipocytes play diverse roles in energy homeostasis and may

be considered as candidate genes for obesity. 

Tumor necrosis factor alpha (TNF-α): Levels of both TNF-α mRNA and

protein are elevated in adipocytes of obese rodents (Hotamisligil et al. 1993) and

humans (Kern et al. 1995). TNF-α antagonises insulin signalling in adipocytes at two

levels: it decreases insulin-stimulated autophosphorylation of the insulin receptor, and

reduces the phosphorylation of IRS-1 (Hotamisligil et al. 1994, Hotamisligil et al.

1996). Insulin-stimulated glucose uptake in obese rats is improved by

immunoneutralization of TNF-α (Hotamisligil et al. 1993), suggesting that TNF-α may

be responsible for the insulin resistance that is frequently associated with obesity. This

has been demonstrated in transgenic mice lacking TNF-α (Uysal et al. 1997). 

In obesity, the increases in TNF-α expression and insulin resistance are likely to

be mechanisms directed at limiting the further expansion of adipose tissue. TNF-α

treatment causes de-differentiation of cultured adipocytes (Torti et al. 1985, Prins et al.

1997) through a loss of adipogenic factors including C/EBP, lipoprotein lipase, and the

insulin-stimulated glucose transporter GLUT4 (Ron et al. 1992, Hauner et al. 1995). At
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the same time, TNF-α stimulates lipolysis and induces the expression of preadipocyte

genes (Gasic et al. 1999, Ruan et al. 2002). Thus, it is plausible that a genetic deficiency

of TNF-α could lead to adipose tissue accumulation, while overproduction may cause

insulin resistance at the expense of adipose tissue mass. 

A common polymorphism that influences transcriptional activation has been

identified in the promoter of TNFA, the gene encoding TNF-α (Wilson et al. 1997).

Initial reports indicated that individuals with the ‘high producer’ genotype (called TNF-

2) were more obese and insulin resistant than wild-type subjects (Fernández-Real et al.

1997, Herrmann et al. 1998). However, these results were not observed in a number of

subsequent studies (Day et al. 1998, Walston et al. 1999, Rasmussen et al. 2000, Lee et

al. 2000). Although a genotype predisposing to increased TNF-α production could

conceivably contribute to insulin resistance, it seems likely that this situation would

cause a concomitant decrease in the mass of adipose tissue, due to increases in lipolysis

and de-differentiation. Therefore, it is unlikely that variation in the TNFA gene is a

common cause of obesity.   

Interleukin-6: The cytokine interleukin-6 (IL-6) is also expressed in adipocytes

in proportion to adiposity (Mohamed-Ali et al. 1997, Fried et al. 1998). Like TNF-

α, IL-6 increases lipolysis and inhibits lipoprotein lipase activity in adipose tissue

(Greenberg et al. 1992), suggesting anti-obesity effects. A role for IL-6 in obesity was

further suggested by IL-6-deficient mice, which display maturity-onset obesity,

hyperphagia and leptin resistance (Wallenius et al. 2002). 

Although adipose tissue is an important source of IL-6, accounting for 15 - 35%

of total production (Mohamed-Ali et al. 1997), it is likely that its effects on energy

homeostasis are due to central actions. Both IL-6 and its receptor are expressed at high

levels in the DMH, VMH and MPO in rats (Schöbitz et al. 1993). Also, energy
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expenditure is increased by intracerebroventricular, but not intraperitoneal, injection of

IL-6 in rats (Wallenius et al. 2002). Regardless, the IL-6 gene has not yet been

investigated as a candidate gene for obesity in humans. 

Adiponectin: Adiponectin (also known as Acrp30, AdipoQ and apM1) is the

most abundant gene transcript in adipose tissue (Scherer et al. 1995, Hu et al. 1996,

Maeda et al. 1996, Arita et al. 1999). Like TNF-α and IL-6, adiponectin is an adipocyte-

derived cytokine (‘adipocytokine’), with systemic effects on energy homeostasis. In

contrast to the other adipocytokines, both the expression of adiponectin mRNA in

adipose tissue and its concentration in serum are reduced in obese mice and humans (Hu

et al. 1996, Arita et al. 1999). Adiponectin levels are also lowered in subjects with type

2 diabetes (Hotta et al. 2000, Weyer et al. 2001a) and coronary artery disease (Ouchi et

al. 1999), suggesting that low adiponectin levels may be an important indicator of the

metabolic syndrome.  

Adiponectin is a hormonal signal from adipose tissue that influences nutrient

partitioning and insulin sensitivity in other tissues. Acute treatment of mice with

adiponectin decreases plasma FFA concentrations by promoting an increase in their

oxidation in skeletal muscle (Fruebis et al. 2001). In this manner, chronic adiponectin

treatment decreases the triglyceride content of liver and skeletal muscle, improving

insulin sensitivity and reducing the body weight of mice on a high-fat diet (Yamauchi et

al. 2001a). In vitro, adiponectin has also been demonstrated to have anti-atherogenic

effects: treatment of human aortic endothelial cells with physiological concentrations of

adiponectin inhibited TNF-α-induced monocyte adhesion and expression of adhesion

molecules (Ouchi et al. 1999). Therefore, adiponectin is not only a good candidate gene

for obesity, but may contribute to the related phenotypes of insulin resistance and

atherosclerosis in subjects with the metabolic syndrome.  
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This hypothesis has been recently investigated (Hara et al. 2002). While

variation in the adiponectin gene was associated with type 2 diabetes, no association

with BMI was reported. Further studies are required, but it may be the case that

adiponectin determines peripheral insulin sensitivity rather than total adiposity in

humans. 

Resistin: Resistin is another signalling molecule secreted from adipose tissue

that may influence insulin sensitivity in other tissues (Steppan et al. 2001). Resistin was

the result of a search for genes that were inhibited in adipocytes following treatment

with PPAR-γ agonists, the thiazolidinediones. Serum resistin levels were increased in

genetically obese (ob/ob and db/db) mice, as well as mice on a high-fat diet.

Furthermore, immunoneutralization of resistin improved insulin sensitivity and

glycaemic control in these animals. 

However, the role of resistin in obesity and type 2 diabetes is controversial at

present, as results conflicting with the initial study of Steppan et al. (2001) have been

observed in mice (Way et al. 2001) and humans (Savage et al. 2001). This lack of clear

evidence is supported by genetic studies: variation in the resistin gene is not associated

with type 2 diabetes or obesity (Sentinelli et al. 2002, Osawa et al. 2002).

 Acylation-stimulating protein: Acylation stimulating protein (ASP) may be an

important candidate gene for obesity, as it stimulates the translocation of glucose

transporters to the plasma membrane and is a potent inducer of triglyceride synthesis in

adipose tissue (Cianflone et al. 1989). ASP is the product of an interaction between

complement factors B, D (adipsin) and the third complement component (C3) (Baldo et

al. 1993). ASP also inhibits both basal and noradrenaline-stimulated lipolysis in adipose

tissue (Van Harmelen et al. 1999), therefore it is conceivable that ASP overproduction

in humans may contribute to obesity.
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Plasma ASP levels are elevated in obesity (Maslowska et al. 1999), and female

mice deficient in C3 (and therefore ASP) display lower body weight, adiposity, and

leptin levels compared to wild-type mice (Murray et al. 2000). Despite their lower

adiposity, ASP-deficient mice display increased food intake, indicating that they are less

efficient at storing energy in adipose tissue. This is probably a consequence of the

reduced leptin levels resulting from the reduced adipose mass. Rare cases of C3 / ASP

deficiency have been described in humans, but they are associated with recurrent

systemic infections such as meningitis and pneumonia, rather than abnormalities in

adipose tissue (Singer et al. 1994). However, low levels of C3 in serum have been

associated with partial lipodystrophy in one report (Sissons et al. 1976). 

Agouti Signalling Protein (ASIP): The rodent agouti gene encodes a protein

secreted from melanocytes, which controls post-natal hair pigmentation. As described

earlier, dysregulation of agouti expression in Ay/a mice causes obesity and insulin

resistance by antagonism of hypothalamic melanocortin-4 receptors (Bultman et al.

1992, Miller et al. 1993, Lu et al. 1994, Fan et al. 1997). ASIP is the human homologue

of the agouti gene, and is 85% conserved between mice and humans (Kwon et al. 1994).

The expression of ASIP mRNA is highest in adipose tissue (Wilson et al. 1995), but its

function in this tissue is presently unknown.

Experiments in adipose tissue suggest that ASIP may participate in several

obesity-related processes. In mouse 3T3-L1 adipocytes, treatment with recombinant

agouti protein increased triglyceride accumulation, and induced the expression of fatty

acid synthase (Jones et al. 1996), leptin (Claycombe et al. 2000), and adipogenic

transcription factors (Mynatt & Stephens 2001). Similarly, chronic treatment of human

adipocytes with agouti protein led to a substantial reduction in basal lipolysis (Xue et al.

1998). Transgenic mice overexpressing agouti in adipose tissue gained weight in
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response to insulin treatment, an effect that was not observed in wild-type mice (Mynatt

et al. 1997). Combined, these experiments suggest that ASIP may be an important

candidate gene for obesity in adipose tissue; and it was studied in Chapter Five of this

thesis. 

1.2.3.6 Other candidate genes in adipose tissue

Acyl CoA: diacylglyceroltransferase (DGAT): DGAT is the primary enzyme

responsible for the final step of triglyceride synthesis in adipose tissue. Dgat-null mice

develop normal adipose tissue that is normal in appearance, but in lower amounts than

wild-type mice (Smith et al. 2000). When placed on a high-fat diet, Dgat-deficient mice

are protected from the expansion of adipose tissue by an increase in metabolic rate,

lower leptin levels and improved leptin sensitivity compared to wild-type mice (Chen et

al. 2002). The presence of normal adipose tissue in Dgat-null mice is thought to result

from the compensatory induction of another DGAT enzyme, called DGAT2 (Cases et

al. 2001). Although DGAT is an attractive candidate gene for obesity, as it could

influence obesity by determining metabolic rate and the response to a high-fat diet, it

was also observed that DGAT deficiency in mice interferes with normal lactation

(Smith et al. 2000).   

Lamins A and C: The LMNA gene encodes lamins A and C, intermediate

filament proteins that are major structural components of the nuclear lamina (McKeon

et al. 1986). Mutations in a specific region of this gene cause a syndrome of partial

lipodystrophy (fat loss from the trunk and limbs) and insulin resistance in humans (Cao

& Hegele 2000, Shackleton et al. 2000). Although the mechanism(s) by which lamins A

and C affect adipocyte development are not known at present, LMNA has been
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investigated as a candidate gene for obesity. 

In two studies of aboriginal Canadians, a common single-nucleotide

polymorphism (C1908T) in LMNA was associated with leptin levels and several

measures of obesity (Hegele et al. 2000a, Hegele et al. 2001). In Pima Indians, this

polymorphism was associated with variation in mean adipocyte size (an indirect

measure of insulin resistance in adipose tissue), but not with measures of obesity

(Weyer et al. 2001b, Wolford et al. 2001). 

11β hydroxysteroid dehydrogenase type 1 (11β HSD-1): In adipose tissue,

11β HSD-1 acts locally to convert inactive glucocortocoids (cortisone) to their active

form (cortisol). Dysregulation of 11β HSD-1 in adipose tissue may contribute to the

metabolic syndrome, as it is overexpressed in adipose tissue from obese humans (Rask

et al. 2001). The hypothesis that local control of glucocorticoid metabolism could

contribute to obesity was tested by Masuzaki et al. (2001). Transgenic mice

overexpressing 11β HSD-1 in adipose tissue displayed a predisposition to weight gain

and visceral obesity on a high-fat diet. It is not yet known whether genetic variation in

the gene encoding 11β HSD-1 contributes to obesity in humans. 

 

1.2.4 Summary of the candidate gene approach

All of the candidate genes suggested so far in this chapter are shown in Figure

1.14. While this list is not exhaustive, it can be readily discerned that there are a large

number of candidate genes for obesity. Genetic polymorphisms within many of these

genes have already been tested for association with measures of obesity, and this

approach has generally yielded two kinds of results:  
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(1) Rare variants that are associated with severe obesity in humans (Table 1.5).

Although the discovery of these mutations has enabled the identification of

pathways controlling energy homeostasis in humans, these mutations do not appear

to contribute to common forms of obesity in human populations. Even the most

common mutations, those in the MC4-R gene, only represent about 4% of severe

obesity cases (Hinney et al. 1999, Vaisse et al. 2000).

(2) Common variants with small or variable effects on obesity. An example of this type

of variant is the β3-adrenoceptor Trp64Arg polymorphism, for which inconsistent

results have been obtained in candidate gene studies. 

Thus, the candidate gene approach to identifying obesity genes has not been

successful in identifying common alleles with large effects on obesity, whose existence

is suggested by segregation analysis (Boutin & Froguel 2001). This is a difficult task

given the large number of candidate genes, but “what may be helpful in the short term is

not a long list of plausible candidates, but a shorter list of good ones” (Barsh et al. 2000,

pp 649). How can one reduce the large number of candidate genes to a manageable

level?
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Figure 1.14 Candidate genes for obesity  
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Table 1.5 Rare mutations that are associated with severe obesity in humans

Gene Product Mutation(s) References

LEP Leptin G398deletion

C T in codon 105

Montague et al. (1997), 

Strobel et al. (1998)

LEPR Leptin receptor G A splice donor site, Exon 16 Clément et al. (1998)

POMC Pro-opiomelanocortin C7013T, C7133deletion, C3804A, 18

bp insertion between codons 73 & 74,

6bp deletion in codon 176, G7316T,

A7341G,  

R236G 

Krude et al. (1998),

Hinney et al. (1998), 

Challis et al. (2002)

PCSK1 Prohormone convertase 1 Gly483Arg, A C+4 Jackson et al. (1997)

MC4-R Melanocortin-4 receptor Various, as highly polymorphic Yeo et al. (1998), 

Vaisse et al. (1998), 

Sina et al. (1999), 

Gu et al. (1999), 

Hinney et al. (1999),

Farooqi et al. (2000),

Vaisse et al. (2000),

Mergen et al. (2001),

Dubern et al. (2001)

PPARG Peroxisome proliferator-

activated receptor

gamma

Pro115Gln Ristow et al. (1999)

SIM1 Single-minded 1 C1328T Holder et al. (2000)

(Adapted from Rankinen et al. 2002)
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1.3     Positional cloning of obesity genes

One way to reduce the large numbers of candidate genes is to consider their

position in the human genome. Positional cloning can be used to identify chromosomal

regions where obesity genes are likely to be found. The main advantage of this strategy

is that it requires no a priori knowledge of the biological function of the putative genes;

rather, their physical location is more important. Furthermore, the development of

newer approaches to positional cloning (non-parametric analysis) has removed the need

to specify the putative mode of inheritance or allele frequency of obesity genes. 

  

1.3.1 Methods

To summarise the positional cloning method, pedigrees ascertained for obesity

are genotyped at 400 – 600 locations throughout the human genome. Each of these

locations contains a highly variable region of DNA (for example, a dinucleotide repeat)

that can be used as a genetic marker. Alleles at each of these marker loci can be used to

trace the inheritance of chromosomal regions within pedigrees. 

It follows that the obesity-causing genes will be located in chromosomal regions

that are shared between the obese members of a pedigree. At the same time, the regions

that are shared between obese and thin members of a pedigree are not likely to contain

obesity-causing genes. In other words, the phenotype of obesity may segregate (display

genetic linkage) with a particular genetic marker. This approach is referred to as an

allele-sharing method, and usually involves the genotyping of affected sib-pairs.

In contrast, an alternative method has also been used for the positional cloning

of obesity genes. Quantitative trait locus (QTL) mapping has been previously used to
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map traits in laboratory animals; and this approach examines obesity as a continuous

trait, rather than classifying subjects as “affected” or “unaffected”. The aim of QTL

mapping is to find regions of the genome which exert a large influence on the

phenotype, not just which regions are shared between pairs of affected relatives. QTL

mapping in humans usually involves extended pedigrees, and a variety of statistical

methods are used (eg. Haseman-Elston algorithm, variance-components analysis),

which will not be discussed in detail here.  

1.3.2 Thresholds for significance

The main disadvantage of the positional cloning approach is that very high

levels of significance are required to minimise the chances of a type I error (false

positive result). A genome scan involves testing the same hypothesis at a large number

of markers; and as a result, it is likely that significant results at the traditional P < 0.05

level will be achieved about two dozen times just by chance (Lander & Kruglyak 1995).

Therefore, strict statistical thresholds have been proposed to keep the chance of false

positives to 5% in the context of a genome scan. Positive results that would be expected

to occur one time at random in a genome scan have been termed “suggestive” linkage;

while results that are below the genomewide P < 0.05 level are referred to as

“significant” linkage (Lander & Kruglyak 1995). 

As well as P-values, the results from positional cloning studies can also be

presented as LOD (logarithm of odds) scores. A LOD score is based on a likelihood

ratio, comparing the likelihood of the alternative hypothesis (linkage), with the null

hypothesis of no linkage. The traditional threshold for significant results, a LOD score

of 3, indicates that the probability that linkage is present is 103 times greater than the
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probability of no linkage. LOD scores for “suggestive” and “significant” linkage in the

context of a genome scan are shown in Table 1.6.

 

Table 1.6 Thresholds for “suggestive” and “significant” linkage results, as

proposed by Lander & Kruglyak (1995) 

Method Suggestive linkage Significant linkage

LOD score analysis P <  1.7 x 10-3 (LOD 1.9) P < 4.9 x 10-5 (LOD 3.3)

Allele-sharing in sib-pairs P < 7.4 x 10-4 (LOD 2.2) P < 2.2 x 10-5 (LOD 3.6)

1.3.3 Results from genome scans for obesity

Genome scans have been widely used to test for obesity-causing genes in human

populations. Although allele-sharing methods were used in many of the early studies,

QTL mapping has become more popular in recent years. “Significant” and “suggestive”

results from genome scans are shown in Tables 1.7 and 1.8, respectively. Confirmation

of initial linkage signals has been achieved for several loci; and though each individual

scan will not be discussed in detail here, several chromosomal regions have been

identified that are likely to contain important genes for obesity. 

A number of positive linkage signals have been identified on chromosome 1. In

Dutch families ascertained for familial combined hyperlipidaemia, the region of

chromosome 1 containing the leptin receptor gene (LEPR) was linked to plasma leptin

levels (LOD 3.40) (van der Kallen et al. 2000). In addition, suggestive evidence of

linkage for other obesity-related traits and measures of obesity has been observed in

nearby regions: 24-hour respiratory quotient in Pima Indians (LOD 2.8) (Norman et al.
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1998); abdominal subcutaneous fat in Caucasians (LOD 2.31) (Pérusse et al. 2001); and

an insulin/leptin/BMI factor in Mexican Americans (LOD 2.6) (Arya et al. 2002). In

addition to LEPR, suggested candidates in this region include NHLH2 (a hypothalamic

transcription factor), and HSDB3, a gene involved in the synthesis of steroid hormones

(Pérusse et al. 2001). 

In Mexican Americans, a QTL for serum leptin levels and fat mass was

identified on chromosome 2p21 (LOD 4.95) (Comuzzie et al. 1997). This locus

accounted for 47% of the total variation in serum leptin levels, as well as 32% of the

variation in fat mass in this population. Typing of additional markers in this region

increased the LOD score to 7.46, corresponding to a P-value of 2 x 10-9 (Hixson et al.

1999). The leading positional candidate gene in this region is POMC; and analysis of

haplotypes spanning this gene revealed significant associations with leptin levels. It is

highly likely that an important obesity gene lies on 2p21, as this region was also linked

with leptin levels in a French population (LOD 2.68) (Hager et al. 1998), and with

levels of adiponectin in Caucasians (LOD 2.70) (Comuzzie et al 2001). 

Chromosome 3q27 is likely to contain a major locus for the metabolic

syndrome, as it has been linked to many traits related to obesity and insulin resistance.

Kissebah et al. (2000) found significant evidence for linkage between markers on 3q27

and BMI (LOD 3.30) and hip circumference (LOD 3.54). In the same region, suggestive

linkage was obtained for weight (LOD 3.17), insulin (LOD 3.01), waist circumference

(LOD 2.40) and insulin:glucose ratio (LOD 2.37). Markers in this region have also been

linked with BMI in a mixed sample of African Americans, Mexican Americans, and

Caucasians (LOD 3.40) (Wu et al. 2002); and with type 2 diabetes in French subjects

(Vionnet et al. 2000). Other, less significant linkages have also been observed in this

region for coronary heart disease (Francke et al. 2001), BMI (Wu et al. 2002) and
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percentage body fat (Norman et al. 1997). Several interesting candidate genes reside

within this region of chromosome 3, including the glucose transporter GLUT2, the

catalytic α subunit of PI(3)K, and adiponectin (Kissebah et al. 2000). 

Recently, a genome scan for severe obesity (BMI ≥ 40 kg/m2) in North

American Caucasians demonstrated highly significant linkage in females to

chromosome 4p15-p14 (heterogeneity LOD score (HLOD) 9.2) (Stone et al. 2002). Fine

mapping of the region increased the non-parametric LOD score to 11.3, indicating a

highly significant result. This locus has not been identified in any of the previous

genome scans for obesity, and there are no obvious candidate genes in this region. 

An important QTL (LOD 4.06) for serum adiponectin levels was detected on

chromosome 5 by Comuzzie et al. (2001). This QTL mapped to the same region as a

QTL for leptin levels that was identified in French Caucasians (Hager et al. 1998). The

CART gene, which encodes cocaine- and amphetamine-regulated transcript, is a strong

positional candidate in this region.  

Chromosome 6q is likely to contain at least one major gene with pleitropic

effects on insulin resistance and measures of obesity in Mexican Americans. This region

demonstrated significant linkage (LOD 3.30 – 4.70) with fasting insulin levels when

combined with BMI, skinfolds, or leptin levels in bivariate analysis (Duggirala et al.

2001). Further, when factor analysis was implemented (a statistical method for grouping

a large number of variables into a smaller set of factors), significant linkage was

obtained for an insulin/leptin/BMI factor on 6q (LOD 4.2 – 4.9) (Arya et al. 2002).

Proposed obesity genes in this chromosomal region include the plasma cell membrane

glycoprotein PC-1 and the insulin-like growth factor 2 receptor (IGF2R). 

In two separate populations of Caucasians, Feitosa et al. (2001) found significant

(LOD 4.7) and suggestive (LOD 3.2) evidence of a major locus for BMI on
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chromosome 7q32.3. Combined, the populations yielded a LOD score of 4.9 for this

region; and this locus accounted for 28% of the variation in BMI. The strongest

candidate in this region is the leptin gene (LEP). 

In French obese subjects (BMI ≥ 27 kg/m2), a major locus for obesity was

detected on chromosome 10p (maximum multipoint LOD score (MLS) of 4.85) (Hager

et al. 1998). This locus accounted for as much as 36% of the obesity in the population,

and was confirmed in further studies of early-onset obesity cases (Hinney et al. 2000),

as well as in African American and Caucasian subjects (Price et al. 2001). Furthermore,

levels of both BMI-adjusted leptin and adiponectin also demonstrate suggestive linkage

with this region of chromosome 10 (Hsueh et al. 2001, Comuzzie et al. 2001). There are

no known candidate genes in this chromosomal region.  

On chromosome 11q, there is considerable evidence for a major locus with

effects on several traits associated with obesity and metabolism in Pima Indians. This

region has been linked with BMI (LOD 3.6), percentage body fat (LOD 2.8) and 24

hour energy expenditure (LOD 2.0) in this particular ethnic group (Norman et al. 1997,

Norman et al. 1998, Hanson et al. 1998). These linkage signals were detected near the

genes for the uncoupling proteins 2 and 3.  

Significant linkage for serum leptin levels has been obtained on chromosome

17p (LOD 4.97) (Kissebah et al. 2000). This region also displayed suggestive linkage

with BMI in North American Caucasians (Wu et al. 2002). The insulin-sensitive glucose

transporter GLUT4, globular complement C1q receptor, and peroxisome-proliferator-

activated receptor alpha (PPAR-α) are all potentially responsible for these positive

linkage results.     

Finally, several suggestive linkage signals have also been identified on

chromosome 20q. In Caucasian North Americans, a genome scan for obesity in affected



Chapter One: Introduction

91

sib-pairs (BMI ≥ 30 kg/m2) found suggestive evidence for linkage (LOD 3.06 – 3.17)

with several markers spanning 20q13 (Lee et al. 1999). Markers near this region have

also been linked to 24 hour respiratory quotient (LOD 3.0) in Pima Indians; and recently

have been linked to an insulin/leptin/BMI factor in Mexican Americans (Arya et al.

2002). The 20q region has also been linked with type 2 diabetes in several different

ethnic groups (Zouali et al. 1997, Ghosh et al. 2000, Luo et al. 2000, Mori et al. 2002).

There are many plausible candidate genes on 20q, including protein tyrosine

phosphatase-1B, C/EBPβ and the melanocortin-3 receptor. In Chapter Four of this

thesis, this chromosomal region will be investigated for linkage with BMI and other

measures of obesity in a Caucasian population. 

To summarise, positional cloning efforts have been used to determine the

genetic locations of obesity-causing genes. Although these studies have identified loci

on nearly all chromosomes, the clustering of positive findings on chromosomes 1, 2, 3,

4, 5, 6, 7, 10, 11, 17 and 20 indicates that these regions are likely to harbour important

genes for obesity. However, the inconsistencies observed between genome scans may

indicate the presence of substantial genetic heterogeneity between studies. At the same

time, though, it must be emphasised that all linkage signals classed as “suggestive” are

not significant at the genome-wide significance level of P < 0.05, and therefore may

represent false positive results. Regardless, replication of linkage signals in an

independent sample (a different ethnic group, for example) serves to reinforce their

validity. 
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Table 1.7 Chromosomal regions showing “significant” linkage with obesity

Region Phenotype Ethnic group LOD Reference

1 Leptin Dutch Caucasian 3.40 Van der Kallen et al.

(2000)

2p21 Leptin Mexican American 4.95 Comuzzie et al. (1997)

2q14 BMI N. American Caucasian 4.44 Deng et al. (2002)

3q22.1 BMI African-American 3.45 Wu et al. (2002)

3q27 BMI N. American Caucasian 3.30 Kissebah et al. (2000)

Hip circumference N. American Caucasian 3.54 Kissebah et al. (2000)

3q27 BMI Combined sample of

Caucasian, African

American and Mexican

3.40 Wu et al. (2002)

4p15-

p14

Affected sib-pairs, BMI ≥

40, females only 

N. American Caucasian 9.20 –

11.30

Stone et al. (2002)

5 Adiponectin N. American Caucasian 4.06 Comuzzie et al. (2001)

6q Insulin/leptin/BMI factor Mexican American 4.20 –

4.90

Arya et al. (2002)

6q Fasting insulin with

pleitropic effects on BMI,

skinfolds, and leptin

Mexican American 3.30 –

4.70

Duggirala et al. (2001)

7q32.3 BMI N. American Caucasian 4.90 Feitosa et al. (2001)

10p Affected sib-pairs, BMI > 27 French Caucasian 4.85 Hager et al. (1998)

10q-ter BMI Dutch Caucasian 3.30 Van der Kallen et al.

(2000)

11q BMI Pima Indians 3.60 Hanson et al. (1998)

17p12 Leptin N. American Caucasian 4.97 Kissebah et al. (2000)

18p11 High BMI with type 2

diabetes

Finnish & Swedish 3.82 Parker et al. (2001)

Xq24 Affected sib-pairs, BMI > 32 Finnish 3.48 Őhman et al. (2000)
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Table 1.8 Chromosomal regions showing “suggestive” linkage with obesity  

Region Phenotype Ethnic group LOD Reference

1p11.2 Abdominal subcutaneous

fat

Canadian Caucasian 2.31 Pérusse et al. (2001)

1p31 –

p21

Respiratory quotient Pima Indians 2.80 Norman et al. (1998)

1p36 BMI N. American Caucasian 2.09 Deng et al. (2002)

1q Insulin/leptin/BMI factor Mexican Americans 2.60 Arya et al. (2002)

2p21 Fat mass Mexican American 2.75 Comuzzie et al. (1997)

2p Leptin French Caucasian 2.68 Hager et al. (1998)

2 Adiponectin levels N. American Caucasian 2.70 Comuzzie et al. (2001)

2q Insulin/leptin/BMI factor Mexican Americans 2.30 Arya et al. (2002)

2q14 % Body fat, fat mass N. American Caucasian 2.10 - 2.21 Deng et al. (2002)

2q36 % Body fat N. American Caucasian 1.95 Deng et al. (2002)

3p24.1 BMI N. American Caucasian 2.03 Wu et al. (2002)

3p24.2 –

p22

% Body fat Pima Indians 2.00 Norman et al. (1997)

3q27 Waist circumference N. American Caucasian 2.40 Kissebah et al. (2000)

Weight N. American Caucasian 3.17 Kissebah et al. (2000)

Insulin N. American Caucasian 3.01 Kissebah et al. (2000)

Insulin: glucose N. American Caucasian 2.37 Kissebah et al. (2000)

4p15.1 Abdominal subcutaneous

fat

Canadian Caucasian 2.30 Pérusse et al. (2001)

4q12 BMI N. American Caucasian 2.09 Deng et al. (2002)

5 Leptin French Caucasian 2.93 Hager et al. (1998)

5 BMI African American 1.90 Zhu et al. (2002)

6 % Body fat African American 2.70 Zhu et al. (2002)

6p Leptin Pima Indians 2.10 Walder et al. (2000)
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6q27 Fat mass N. American Caucasian 2.02 Deng et al. (2002)

Region Phenotype Ethnic group LOD Reference

7p15.2 BMI Asian 2.66 Wu et al. (2002)

7q22.3 BMI African American 2.36 Wu et al. (2002)

7q31.3 Abdominal subcutaneous

fat

Canadian Caucasian 1.97 Pérusse et al. (2001)

8 Leptin Mexican American 2.20 Comuzzie et al. (1997)

8 BMI Mexican American 3.21 Mitchell et al. (1999)

8 Soluble TNF-α receptor

superfamily 1A

Dutch Caucasian 2.80 Van der Kallen et al.

(2000)

8p22 Fat mass N. American Caucasian 1.95 Deng et al. (2002)

9 Insulin/leptin/BMI factor Mexican Americans 2.80 Arya et al. (2002)

9q22.1 Abdominal subcutaneous

fat

Canadian Caucasian 2.37 Pérusse et al. (2001)

10p BMI-adjusted leptin N. American Caucasian 2.73 Hsueh et al. (2001)

10 Adiponectin N. American

Caucasiam

1.90 Comuzzie et al. (2001)

11q21-

q22

% Body fat Pima Indians 2.10 Norman et al. (1998)

11q23-

q24

Energy expenditure Pima Indians 2.00 Norman et al. (1998)

11q BMI Pima Indians 2.70 Lindsay et al. (2001)

12q24.3 Abdominal subcutaneous

fat

Canadian Caucasian 2.88 Pérusse et al. (2001)

12 Insulin/BMI/leptin factor Mexican Americans 2.20 Arya et al. (2002)

13q14 BMI N. American Caucasian 3.20 Feitosa et al. (2001)

13q34 Abdominal subcutaneous

fat

Canadian Caucasian 1.92 Pérusse et al. (2001)

14q BMI-adjusted leptin N. American Caucasian 2.47 Hsueh et al. (2001)

14 Adiponectin N. American Caucasian 3.20 Comuzzie et al. (2001)
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14q24.3 BMI African American 2.15 Wu et al. (2002)

Region Phenotype Ethnic group LOD Reference

16q12.2 BMI N. American Caucasian 2.55 Wu et al. (2002)

17p11.2 BMI N. American Caucasian 2.47 Wu et al. (2002)

17q21.1-

q21.3

Abdominal subcutaneous

fat

Canadian Caucasian 2.24 Pérusse et al. (2001)

17q BMI Mexican American 2.33 Mitchell et al. (1999)

18q21 Affected sib-pairs, BMI

> 32

Finnish 2.42 Ohman et al. (2000)

18q21 % Body fat Pima Indians 2.30 Norman et al. (1998)

19q Insulin/leptin/BMI factor Mexican Americans 2.60 Arya et al. (2002)

20q Insulin/leptin/BMI factor Mexican Americans 2.30 Arya et al. (2002)

20q11.2 Respiratory quotient Pima Indians 3.00 Norman et al. (1998)

20q13 Affected sib-pairs, BMI

> 30

N. American Caucasian 3.06 – 3.17 Lee et al. (1999)

Despite the significant results obtained from genome scans, the gene(s)

responsible for common forms of human obesity remain elusive. Fine mapping of

chromosomal regions, utilising single-nucleotide polymorphisms in linkage

disequilibrium, has not yet been described for obesity genes. Therefore, the results from

genetic linkage studies are not sufficiently developed to allow identification of

susceptibility alleles. Although the candidate gene approach has met with some success

in the identification of disease alleles, the alleles identified in this manner (such as those

in the genes encoding leptin, the leptin receptor or POMC) have been individually quite

rare, and are not applicable to common, non-syndromic forms of obesity. However,

these rare alleles have served to illustrate the high degree of conservation of the

pathways regulating energy homeostasis in mammals. Overall, positional cloning efforts
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have demonstrated the complex aetiology of the disease and the considerable genetic

heterogeneity between populations. At the present time, results from positional cloning

studies need to be replicated, and perhaps should be best used to direct candidate gene

studies until further evidence of linkage is obtained. 

1.4     Summary

The excess adiposity in obesity is associated with many detrimental effects on

health, including insulin resistance, dyslipidaemia, hypertension and cancer. The

dramatic increase in the prevalence of obesity in recent years has stimulated research

into its many causes. Overall, these studies have concluded that although environmental

changes are likely to be causal factors in obesity, the susceptibility is largely determined

by genetic factors. These genetic factors are currently unknown. 

Segregation analyses have indicated that the genetic contribution to obesity is

likely to comprise a major genetic effect in addition to a polygenic component.

Consequently, the hypothetical existence of major genes for obesity has stimulated the

search for genes with a large effect on the phenotype. 

It has been hypothesised that obesity results from defects in one or more

candidate genes. This may cause obesity due to: (1) a deficiency in adiposity signals; (2)

resistance to adiposity signals; (3) defective hypothalamic signalling in response to

adiposity signals; (4) impaired mechanisms for satiety and meal termination; (5)

defective regulation of lipolysis; (6) dysregulation of energy expenditure via adaptive

thermogenesis; or (7) excessive adipocyte differentiation. The role of secreted products

of adipocytes in energy homeostasis has also been discussed. Unfortunately, each of

these potential mechanisms for obesity involves a large number of genes, not all of
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which are known at present. 

One way to reduce the number of candidate genes has been to use a positional

cloning strategy to identify regions of the human genome which are shared between

obese relatives, or exert large effects on the phenotype. While these efforts have

identified several important loci, no causal variants (or genes) have been identified.

However, the results from positional cloning studies can be used to focus the study of

candidate genes based upon their chromosomal location.  

1.5     Aims and scope of thesis

The aim of this thesis is to investigate the role of three distinct genetic loci in

obesity and related cardiovascular factors. 

Firstly, a common polymorphism in the gene encoding peroxisome proliferator-

activated receptor gamma (PPAR-γ) was examined for association with measures of

obesity and other cardiovascular risk factors. 

Secondly, this polymorphism was examined for association with cardiovascular

risk factors in a group with a high risk of developing cardiovascular disease: Australian

Aboriginal people living in an urban environment. 

Thirdly, the presence of a QTL for obesity on chromosome 20q13 was tested

using highly polymorphic markers in a Caucasian population. In addition to BMI,

several quantitative measures of obesity were used. 

Finally, the 5' sequence and promoter of Agouti Signalling Protein (ASIP), a

strong positional candidate gene expressed in adipose tissue, was identified. 
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PPAR-γ2 Pro12Ala polymorphism and obesity

in a Caucasian population

Abstract

Peroxisome proliferator-activated receptor gamma 2 (PPAR-γ2) is a

nuclear receptor involved in adipocyte differentiation, lipid metabolism and

insulin sensitivity. A common Pro12Ala polymorphism (frequency approximately

0.12 in Caucasians) has been identified in Exon B of the human PPARG gene; and

this polymorphism impairs the activity of the PPAR-γ2 isoform. 

In this investigation, the primary hypotheses were that the Pro12Ala

polymorphism would differ in frequency between obese and lean subjects, and that

the Ala allele would be associated with differences in measures of obesity (body

mass index and waist-to-hip ratio) within each of these groups. Secondary

hypotheses were that the Pro12Ala variant would be associated with other features

of the obese phenotype, including blood pressure, blood lipid profile, and diabetes.

These hypotheses were investigated in 292 obese (BMI ≥ 30 kg/m2) and 371 lean

(BMI < 25 kg/m2) Western Australian Caucasians (n = 663).

The frequency of the Pro12Ala polymorphism did not differ between the

obese subjects and the lean controls. Moreover, the Ala allele was not associated

with significant differences in BMI or WHR in either the obese or lean groups.

However, obese subjects carrying at least one copy of the Ala allele had higher

levels of triglycerides and lower levels of HDL-cholesterol compared to Pro/Pro

subjects; and the Ala allele was the most significant predictor of combined
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hyperlipidaemia in the obese group. Pro12Ala genotype was not associated with

other lipid variables, blood pressure or diabetes in obese or lean subjects. In

summary, while the PPAR-γ2 Pro12Ala polymorphism may predispose to an

atherogenic blood lipid profile in obesity (due to an impaired activation of target

genes), it is not associated with obesity. 

2.1 Introduction

The ligand-activated nuclear receptor peroxisome proliferator-activated receptor

gamma 2 (PPAR-γ2) regulates adipocyte differentiation and lipid metabolism through

the activation of adipocyte-specific genes (Tontonoz et al. 1994b). PPAR-γ2 forms a

heterodimer with the retinoid X receptor α (RXRα), which binds to a peroxisome

proliferator response element (PPRE) in the promoter of target genes (Kliewer et al.

1992, Palmer et al. 1995). Genes regulated in this manner include phosphoenolpyruvate

carboxykinase (PEPCK) (Tontonoz et al. 1995), lipoprotein lipase (LPL) (Schoonjans et

al. 1996), and the fatty acid transport protein (FATP) (Frohnert et al. 1999). Retroviral

expression of PPAR-γ2 in fibroblasts is sufficient to stimulate conversion into

adipocytes (Tontonoz et al. 1994a).

PPAR-γ2 is activated by many endogenous and synthetic ligands. Endogenous

ligands for PPAR-γ2 include 15-deoxy-∆12,14-prostaglandin J2 and several fatty acid

derivatives (Forman et al. 1995, Kliewer et al. 1995, Kliewer et al. 1997). More

importantly, PPAR-γ2 is also activated by the thiazolidinedione (TZD) class of drugs

(includes troglitazone and rosiglitazone), which are used for the treatment of insulin

resistance (Lehmann et al. 1995). The anti-diabetic actions of TZDs are due to two

effects: they stimulate the formation of smaller, more insulin-sensitive adipocytes; and
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normalize levels of tumor necrosis factor-α (Okuno et al. 1998). Treatment of

adipocytes with TZDs also inhibits the expression of leptin (Kallen & Lazar 1996), and

increases adiponectin production (Maeda et al. 2001). 

The human PPARG gene encodes the three isoforms of PPAR-γ, and is located

on chromosome 3p25 (Figure 2.1) (Elbrecht et al. 1996, Beamer et al. 1997, Fajas et al.

1998). Rare mutations within this gene have been associated with alterations in adipose

tissue deposition and insulin resistance. A gain-of-function mutation (Pro115Gln) is

associated with excessive adipose tissue accumulation (Ristow et al. 1999); while the

dominant-negative PPAR-γ mutations Pro467Leu and Val290Met are associated with

severe early-onset insulin resistance, hypertension and alterations in blood lipid profile

(low HDL, high triglycerides) (Barroso et al. 1999). More recently, a subject with

familial partial li s for an

Arg425Cys muta

Therefor

ass tab

fat in three geno
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(BMI) and body

0.0009) (Knobla
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podystrophy and insulin resistance was found to be heterozygou
tion in PPARG (Agarwal & Garg 2002).   

e, PPARG may be an important candidate gene for obesity and its

olic phenotypes. The 3p25 region has been linked to percentage body
ociated me
me scans for obesity (Norman et al. 1997, Lee et al. 1999, Hsueh et al.

 results did not reach genome-wide levels of significance. In healthy
01), but the
100

d dizygotic twins, the PPARG locus was linked to body mass index

 weight, as well as levels of LDL- and HDL-cholesterol (0.005 > P >

uch et al. 1999). However, it must also be emphasized that many

ve not shown linkage of obesity phenotypes to this region. 
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Figure 2.1 The human PPARG gene

The three isoforms of PPAR-γ are formed by alternative splicing of the PPARG gene, which

consists of Exons A1, A2, and B, followed by six exons that are common to all isoforms. Arrowheads

show the location of polymorphisms and rare mutations.

A1      A2    B      1 2           3          4 5          6

PPAR-γ1 PPAR-γ2PPAR-γ3

A1  A2       1         2       3         4     5                 6

> 20 kb           >20kb         21 kb             9.5 kb     10.7 kb       10 kb    16.3  kb

Pro12Ala

  B
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Pro115Glu Arg425Cys Pro467LeuVal290Met

PPAR-γ1

PPAR-γ2

PPAR-γ3
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A common Pro12Ala polymorphism (frequency approximately 0.12 in

Caucasians) has been identified in the PPAR-γ2-specific Exon B (Yen et al. 1997). This

region of PPAR-γ2 is thought to contain the ligand-independent activation domain

(Werman et al. 1997). Functionally, the Ala isoform of PPAR-γ2 displays a reduced

affinity for the PPRE and a lower capacity for activating target genes (Deeb et al. 1998). 

It was the aim of this investigation to determine whether the Pro12Ala

polymorphism was associated with obesity or its related phenotypes. The primary

hypotheses were that the Pro12Ala polymorphism would differ in frequency between

obese and lean subjects, and that it would be associated with differences in measures of

obesity (BMI and WHR) within each of these groups. Secondary hypotheses were that

the Pro12Ala variant would be associated with the obesity-related phenotypes of blood

pressure, blood lipid profile and diabetes. These hypotheses were investigated in a large

group of Western Australian Caucasians (n = 663).

2.2     Methods

2.2.1 Subjects

Subjects were selected from two populations: the Carotid Ultrasound Disease

Assessment Study (CUDAS) and the Busselton Population Health Survey. These two

populations were predominantly Caucasian, and were both collected from the

southwestern region of Western Australia.

The CUDAS group was composed of original participants in the 1989 Australian

National Heart Foundation Perth Risk Factor Prevalence Survey, a random electoral

survey of unrelated subjects from the Perth metropolitan area (McQuillan et al. 1999).
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From this survey, all subjects classified as obese (BMI ≥ 30 kg/m2; n = 188) were

selected for genotyping; as were a randomly-selected group of lean controls (BMI < 25

kg/m2; n = 271) (Table 2.1).

Subjects from the Busselton Population Health Survey were studied as part of a

cross-sectional community study in 1994 (Knuiman et al. 1995). From 104 families

with two or more overweight siblings (BMI > 25 kg/m2), one obese (BMI ≥ 30 kg/m2)

sibling was randomly selected for genotyping. By utilizing nuclear families and

extended pedigrees, it was possible to avoid the inclusion of first-degree family

members. One hundred unrelated lean controls (BMI < 25 kg/m2) from the same

population were also randomly selected, and their age and sex distribution approximated

that of the overweight families (Table 2.1). 

There were no significant differences between obese groups for the following

anthropometric and biochemical measures: age, BMI, WHR, systolic blood pressure,

LDL-cholesterol, triglycerides and prevalence of diabetes (all P > 0.05, two-sided t-tests

and Fisher’s exact test). However, significant differences were found between obese

groups for diastolic blood pressure (P < 0.001), total cholesterol (P = 0.017) and HDL-

cholesterol (P = 0.003) (refer to Table 2.1 for mean and standard deviation). Groups of

lean subjects from CUDAS and Busselton did not differ with respect to age, systolic

blood pressure, total cholesterol, HDL-cholesterol, LDL-cholesterol, triglycerides or

prevalence of diabetes (all P < 0.05), but significant differences were observed between

lean groups for BMI (P < 0.001), WHR (P < 0.001) and diastolic blood pressure (P =

0.0002). Overall, however, it was concluded that the similarities were more significant

than the differences between groups, and the large number of comparisons performed

(20) would have inevitably led to the identification of some differences between groups. 
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Therefore, subjects from CUDAS and the Busselton Survey were combined to

form larger groups of 292 obese and 371 lean subjects. These two groups contained

approximately equal numbers of males and females, and did not differ from each other

with respect to sex distribution (obese group: 145 men/147 women; lean group: 180

men/191 women; χ2 = 0.085, df = 1, P = 0.77). All subjects provided written informed

consent. The study protocol was approved by the Institutional Ethics Committee of the

University of Western Australia, the Sir Charles Gairdner Research Institutional Ethics

Committee and the Busselton Population Medical Research Foundation. 

In both CUDAS and Busselton studies, the prevalence of smoking and diabetes

were reported by a self-administered questionnaire. Resting blood pressures and

anthropometric measurements (height, weight, waist and hip circumferences) were

taken from all subjects by a trained research nurse. A fasting venous blood sample was

collected for lipid measurements and DNA analysis. Triglycerides, HDL-cholesterol

and total cholesterol were determined using a Hitachi 747 autoanalyser. LDL

cholesterol was calculated by the method of Friedewald et al. (1972). All biochemical

measurements were performed by staff of the Department of Clinical Biochemistry,

PathCentre. 
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Table 2.1 Descriptive statistics of CUDAS and Busselton subjects

CUDAS

Obese

Busselton

Obese

P CUDAS

Lean

Busselton

Lean

P

N 188 104 - 271 100 -

Males/Females 98/90 47/57 - 122/149 58/42 -

Age (years) 55 ± 11 55 ± 13 0.94 51 ± 14 53 ± 13 0.23

BMI (kg/m2) 32.67 ± 2.42 33.25 ± 2.77 0.06 21.61 ± 1.85 22.95 ± 1.47 <0.001

BMI Range (kg/m2) 30.00 – 41.03 30.01 – 43.43 - 16.41 – 24.98 20.05 – 24.93 -

WHR 0.89 ± 0.08 0.91 ± 0.10* 0.09 0.80 ± 0.08 0.84 ± 0.08 <0.001

Systolic Blood

Pressure (mm Hg)

138 ± 20 134 ± 19 0.17 122 ± 17 122 ± 16 0.95

Diastolic Blood

Pressure (mm Hg)

87 ± 9 80 ± 10 <0.001 77 ± 10§ 73 ± 11 0.0002

Total cholesterol

(mmol/l)

5.7 ± 1.0 5.9 ± 1.0 0.017 5.4 ± 1.0 5.5 ± 0.9 0.22

HDL-cholesterol

(mmol/l)

1.12 ± 0.27 1.22 ± 0.30 0.003 1.51 ± 0.40 1.47 ± 0.36 0.42

LDL-cholesterol

(mmol/l)

3.7 ± 0.8 4.0 ± 0.9† 0.05 3.4 ± 0.9 3.6 ± 0.9 0.12

Triglycerides (mmol/l) 1.7 ± 0.9 1.7 ± 0.9 0.76 1.0 ± 0.5 1.0 ± 0.6 0.59

Diabetes, n (%) 9 (4.8%) 2 (1.9%) 0.34 1 (0.3%) 2 (2.0%) 0.18

All continuous variables presented as mean ± SD.

*There were 2 missing values for WHR. 

†There was one missing value for LDL-cholesterol.

2.2.2 DNA extraction

Buffy coats were separated from an EDTA-treated sample of whole blood by



Chapter Two: PPAR-γ2 Pro12Ala polymorphism and obesity in a Caucasian population

106

centrifugation, and were stored at -80°C. DNA was extracted using a salt-phenol-

chloroform method. In a sterile 10 mL polypropylene tube, the buffy coat was washed

with 5 mL lysis buffer (161.2 mM ammonium chloride, 10 mM potassium hydrogen

carbonate, 10 mM tetrasodium EDTA, pH 7.35) for 10 minutes at room temperature.

After washing, the sample was centrifuged at 2000 x g for 5 minutes at 4ºC in a

refrigerated benchtop centrifuge (Eppendorf 5810R). The supernatant was removed, and

the pellet was washed with 0.9% (w/v) sodium chloride for 10 minutes and centrifuged

again. Washes with lysis buffer and sodium chloride were then repeated. The pellet was

digested for 16 hours at 37ºC in 3.3 mL of TES buffer (10 mM Tris·Cl pH 8.0, 1 mM

disodium EDTA, 0.1 M sodium chloride) containing 1.5% (w/v) sodium dodecyl sulfate

and 500 µg of proteinase K.

Following digestion, 1 mL of 6 M sodium chloride and 3 mL of

phenol:chloroform:isoamylalcohol (25:24:1) were added. The sample was mixed for 10

minutes, and centrifuged for 10 minutes at 2000 x g. The upper aqueous layer (which

contained DNA) was transferred to a new 10 mL tube; and DNA was precipitated by the

addition of 2 volumes of cold 100% ethanol and incubation at -80ºC for > 1 hour. DNA

was collected by centrifugation at 2000 x g for 10 minutes. The DNA pellet was washed

twice with 70% ethanol, and vacuum-dried. When no visible traces of ethanol were

present in the sample, the DNA pellet was dissolved in 500 µL of TE buffer (10 mM

Tris·Cl, 1 mM disodium EDTA, pH 8.0) by gentle mixing for 16 hours at 37ºC. 

The concentration and purity of DNA were determined by spectrophotometry: 

An A260 of 1.0 indicates a DNA concentration of 50 ng/µL. 

(A260 - A320 / A280 – A320) ratio of 1.8 – 1.9 indicates high purity.
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Stock DNA solutions were stored at -80ºC, and working solutions were prepared

by diluting the DNA to a concentration of 20 ng/µL in sterile TE buffer, pH 8.0.

Working solutions were stored at 4ºC. 

2.2.3 Mutagenically-separated PCR 

Mutagenically-separated PCR (MS-PCR) was performed using two different

length allele-specific downstream primers (P1 and P2), and a common upstream primer

(P3) according to the principles described by Rust et al. (1993) (Table 2.2 and Figure

2.2). Primer P1 was specific for the C allele (Pro), while primer P2 bound to the G allele

(Ala). These two primers were used in combination with a common upstream primer

(P3). 

DNA (40 ng) was added to a 25 µL reaction containing: 1 x Tth+ buffer (67 mM

Tris·Cl pH 8.8, 16.6 mM [NH4]2SO4, 0.5% Triton X-100, 0.2 mg/mL gelatin), 3mM

MgCl2, 10 pmol P1, 5 pmol P2, 10 pmol P3, and 0.5 units of Tth+ DNA polymerase.

The PCR conditions were: an initial denaturation of 3 minutes at 94°C; followed by 35

cycles of denaturation at 94°C for 45 s, annealing at 62°C for 45 s, and extension at

72°C for 45 s; then a final extension step of 3 minutes at 72°C. All DNA amplifications

were performed using a PTC-100 thermal cycler (MJ Research). PCR products were

electrophoresed in a 3% agarose gel, and visualised using ethidium bromide staining. A

230 bp product identified the Pro allele, and the Ala-specific product was 250 bp

(Figure 2.3). 

To check for the correct detection of the Pro12Ala polymorphism, a separate

PCR was performed according to the above conditions, except 10 pmol of each of the

primers PSEQ1-PPAR and PSEQ2-PPAR were used instead of the primers P1, P2 and
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P3 (Table 2.2). The annealing temperature was 58 °C. The resulting 200 bp PCR

product was electrophoresed, column-purified, and sequenced using the primers

PSEQ1-PPAR and PSEQ2-PPAR (Figure 2.3). 

Table 2.2 Sequences of primers used for detection of the PPAR-γ2 Pro12Ala

polymorphism 

Primer Sequence

PPAR-P1 5'-GTGTATCAGTGAAGGAATCGCTTTCTTG-3'

PPAR-P2 5'-TTGTGATATGTTTGCAGACAAGGTATCAGTGAAGGAATCGCTTTGTGC-3'

PPAR-P3 5'-TTTCTGTGTTTATTCCCATCTCTCCC-3'

PSEQ1-PPAR 5'-AATTACAGCAAACCCCTATTCCAT-3'

PSEQ2-PPAR 5'- AACCTGGAAGACAAACTACAAGAG-3'

Bases underlined and in bold type indicate the location of mismatches to maintain the specificity

of the two separate amplification reactions (Rust et al. 1993). Allele-specific nucleotides are at the 3' end

of primers P1 (which bound to the C nucleotide, indicating the Pro allele) and P2 (G nucleotide,

indicating the Ala allele). 
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Figure 2.2 Sequence of the PPAR-γ2-specific Exon B and location of primers for

PCR reactions 

-188 caattcaagc ccagtccttt  ctgtgtttat  tcccatctct  cccaaatatt
    P3 ⇒

-138 tggaaactga tgtcttgact catgggtgta ttcacaaatt ctgttacttc

-88 aagtcttttt cttttaacgg attgatcttt tgctagatag agacaaaata

-38 tcagtgtcaa  ttacagcaaa  cccctattcc  atgctgttat gggtgaaact
PSEQ1-PPAR ⇒  

+13 ctgggagatt ctcctattga cccagaaagc  gattccttca  ctgatacact
  * ⇐ P1

+63 gtctgcaaac  atatcacaag gtaaagttcc ttccagatac ggctattggg
⇐ P2  

+113 gacgtggggg catttatgta agggtaaaat tgctcttgta  gtttgtcttc
⇐ PSEQ2-PPAR

+163 caggttgtgt ttgttttaat actatcatgt gtacactcca gtattttaat

Nucleotide positions are numbered relati

The sequence of the PPAR-γ2-specific Exon B is 

polymorphism is indicated by an asterisk. 
109

ve to the start codon (ATG) of the PPAR-γ2 isoform.

shown in bold print, and the location of the Pro12Ala
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Figure 2.3 Sample of genotype results, and results from sequencing showing the

Pro12Ala polymorphism 

250 bp
230 bp

Ala/Ala          Pro/Ala     Pro/Pro

Ala/Ala

Pro/Ala

Pro/Pro
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2.2.4 Statistical analysis

 

Statistical analysis was performed using MINITAB (version 13.1) and InStat

(version 3.00) software. An allele frequency of 0.12 in Caucasians (Yen et al. 1997) was

assumed for a priori power calculations: this study had over 90% power to detect a

difference of 1.5 kg/m2 in BMI between Pro12Ala genotypes in the obese group, and a

difference of 1 kg/m2 between genotypes in lean subjects. Both of these calculations

assumed a significance level of 0.05.  

Hardy-Weinberg equilibrium was tested by comparing the observed and

expected genotype frequencies using a 2 x 3 contingency table, and a chi-squared

statistic with one degree of freedom (number of genotypes – number of alleles). Chi-

squared and Fisher’s exact test were used to compare the categorical variables of sex,

Pro12Ala genotype, smoking, and diabetes between groups. 

Continuous variables were tested for normality using the Kolmogorov-Smirnov

test. None of the continuous variables tested was normally distributed. The distributions

of total cholesterol, HDL-cholesterol, LDL-cholesterol and triglycerides were first

normalised by log10-transformation, and were then compared using unpaired two-tailed

Student’s t-tests. Variables not normally distributed following log10-transformation

(age, systolic blood pressure, diastolic blood pressure, body mass index and waist-to-hip

ratio) were compared using the Mann-Whitney U-Test. In all cases, a significance level

of P < 0.05 was used. No correction for multiple testing was made. 

A general linear model was used to adjust for the variables of age, sex, BMI,

smoking and diabetes where appropriate. A binary logistic regression model was used to

test for the association between Pro12Ala genotype and combined hyperlipidaemia,

controlling for the risk factors of male gender, age, smoking, diabetes, systolic blood
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pressure, and body-mass index (Betteridge & Kahn 1995). Male gender, smoking, and

diabetes were included in the model as categorical variables; while age, systolic blood

pressure and BMI were analysed as continuous variables.

2.3     Results

2.3.1 Descriptive statistics of the study population

The biochemical and anthropometric results for the obese subjects (BMI ≥ 30

kg/m2) and lean controls (BMI < 25 kg/m2) are shown in Table 2.3. When males and

females were combined into obese (n = 292) and lean (n = 371) groups, it was observed

that the obese subjects had significantly higher total plasma cholesterol, LDL-

cholesterol, triglycerides, blood pressure, waist-to-hip ratio and lower HDL-cholesterol

than the group of lean controls (all P < 0.0001). The obese subjects were significantly

older than the lean controls (55 ± 12 years (mean age ± SD) vs 52 ± 13 years, P =

0.0011) and reported a higher prevalence of diabetes (4% vs 1%, χ2 = 6.919, df = 1, P =

0.009). As the obese group was significantly older than the lean group, age can be

considered to be a confounding variable in these particular inter-group comparisons. In

adults, the prevalence of obesity is known to increase with age (Bouchard et al. 1991). 

2.3.2 Genotype results

Both the obese and lean groups obeyed Hardy-Weinberg equilibrium (obese: χ2

= 0.905, df = 1, P = 0.34; lean: χ2 = 3.486, df = 1, P = 0.06) (Table 2.4). The frequency

of the Pro12Ala polymorphism did not differ significantly between the obese group and
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the lean controls (f(Ala)obese= 0.145 vs. f(Ala)lean= 0.129, χ2= 5.362, df = 2, P = 0.069).

Table 2.3 Descriptive statistics of the combined groups

Obese 

men

Obese

women

Lean 

men

Lean 

women

n 145 147 180 191

Age (years) 54 ± 12 56 ± 12 53 ± 13 50 ± 13

BMI (kg/m2) 32.31 ± 1.94 33.43 ± 2.95 22.81 ±  1.72 21.18 ±  1.62

BMI Range (kg/m2) 30.00 – 39.04 30.05 – 43.43 16.41 – 24.97 17.19 – 24.98

WHR 0.96 ± 0.05* 0.82 ± 0.06 0.87 ± 0.05 0.74 ± 0.05

Systolic Blood Pressure (mm Hg) 135 ± 18 138 ± 20  125 ±  16 120 ± 17

Diastolic Blood Pressure (mm Hg) 85 ± 11 84 ± 10 78 ± 11 74 ± 10

Total cholesterol (mmol/l) 5.6 ± 0.9 5.9 ± 1.0 5.4 ±  0.9 5.4 ± 1.1

HDL-cholesterol (mmol/l) 1.03 ± 0.24 1.27 ± 0.28 1.31 ± 0.31 1.68 ± 0.38

LDL-cholesterol (mmol/l) 3.8 ± 0.8† 3.9 ± 0.9 3.6 ± 0.9 3.3 ± 0.9

Triglycerides (mmol/l) 1.9 ± 0.9 1.6 ± 0.8 1.1 ±  0.6 0.9 ±  0.5

Diabetes, n (%) 4 (2.8%) 7 (4.8%) 2 (1.1%) 1 (0.5%)

All continuous variables presented as mean ± SD.

*There were 2 missing values for WHR. 

†There was one missing value for LDL-cholesterol. 



Chapter Two: PPAR-γ2 Pro12Ala polymorphism and obesity in a Caucasian population

114

Table 2.4 Genotype results

Pro12Ala Genotype

Subjects n Pro/Pro Pro/Ala Ala/Ala f (Ala)

CUDAS Obese 188 136 45 7 0.157

CUDAS Lean 271 205 64 2 0.125

Busselton Obese 104 79 24 1 0.126

Busselton Lean 100 72 28 0 0.140

Total Obese 292 215 69 8 0.145

Total Lean 371 277 92 2 0.129*

* No significant difference for Ala allele frequency between obese and lean groups (χ2= 5.362,

df = 2, p = 0.069).

2.3.3 Phenotypic comparisons 

Due to the small number of homozygotes for the polymorphism, Ala/Ala

individuals were included with the Pro/Ala group so that genotype was examined as a

dichotomous variable (presence or absence of the polymorphism). While the pooling of

Pro/Ala and Ala/Ala individuals increased the sample size available for comparison

with Pro/Pro individuals, it would have been impossible to detect any potential

recessive effects of the Ala allele. Therefore, any conclusions are limited to dominant or

codominant effects of the Ala allele on the phenotype. Obese Pro/Ala and Ala/Ala

subjects had higher triglycerides and lower HDL-cholesterol compared to obese Pro/Pro

subjects (triglycerides: 1.8 ± 0.3 mmol/l (mean ± SD) vs. 1.5 ± 0.3 mmol/l, P = 0.039;

HDL-cholesterol: 1.07 ± 0.13 mmol/l (mean ± SD) vs. 1.16 ± 0.14 mmol/l, P = 0.011)

(Table 2.5). When these results were adjusted for covariates (age, sex, BMI, smoking
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and diabetes) using a general linear model, the association between the Ala allele and

HDL-cholesterol levels remained significant (P = 0.032); while the difference in

triglyceride levels between genotypes was of borderline significance (P = 0.055). In the

lean group, the presence of the Ala allele was not associated with differences in body-

mass index, waist-to-hip ratio, blood lipids, blood pressure or prevalence of diabetes

(Table 2.6). 

Table 2.5 Phenotypic comparisons in the obese subjects according to Pro12Ala

genotype, assuming a dominant mode of inheritance

Obese subjects (n = 292)

Pro/Pro Pro/Ala and Ala/Ala P

N 215 77 -

Males/Females 102/113 43/34 -

Age (years) 55 ± 12 55 ± 12 0.78

BMI (kg/m2) 32.9 ± 2.6 32.9 ± 2.6 0.89

WHR 0.89 ± 0.09* 0.90 ± 0.08* 0.25

Systolic Blood Pressure (mm Hg) 137 ± 20 135 ± 19 0.45

Diastolic Blood Pressure (mm Hg) 84 ± 10 86 ± 10 0.20

Total cholesterol (mmol/l) 5.8 ± 1.0 5.8 ± 1.0 0.76

HDL-cholesterol (mmol/l) 1.16 ± 0.14 1.07 ± 0.13 0.011

LDL-cholesterol (mmol/l) 3.7 ± 1.3† 3.7 ± 1.3 0.98

Triglycerides (mmol/l) 1.5 ± 0.3 1.8 ± 0.3 0.039

Diabetes, n (%) 8 (4%) 3 (4%) 0.99

All continuous data shown as mean ± SD. 

*There was one missing value for WHR. 

†There was one missing value for LDL-cholesterol. 
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Table 2.6 Phenotypic comparisons in the lean subjects according to Pro12Ala

genotype, assuming a dominant mode of inheritance

Lean subjects (n = 371)

Pro/Pro Pro/Ala and Ala/Ala P

n 277 94

Males/Females 132/145 48/46 -

Age (years) 52 ± 13 51 ± 14 0.32

BMI (kg/m2) 22.0 ± 1.8 22.1 ± 2.0 0.47

WHR 0.81 ± 0.08 0.81 ± 0.08 0.73

Systolic Blood Pressure (mm Hg) 122 ± 16 124 ± 18 0.40

Diastolic Blood Pressure (mm Hg) 76 ± 10 76 ± 10 0.88

Total cholesterol (mmol/l) 5.4 ± 1.2 5.2 ± 1.2 0.22

HDL-cholesterol (mmol/l) 1.50 ± 0.38 1.50 ± 0.44 0.41

LDL-cholesterol (mmol/l) 3.5 ± 0.9 3.4 ± 0.8 0.13

Triglycerides (mmol/l) 1.0 ± 0.6 1.0 ± 0.5 0.77

Diabetes, n (%) 2 (1%) 1 (1%) 0.99

All continuous data shown as mean ± SD. 

2.3.4 Model for combined hyperlipidaemia

The obese group was further examined by stratification according to combined

hyperlipidaemia status. An individual was classed as hyperlipidaemic according to the

following criteria: total cholesterol > 5.2 mmol/l, LDL-cholesterol > 3.5 mmol/l and

triglycerides > 2.3 mmol/l (suggested clinical thresholds for combined hyperlipidaemia

according to the European Atherosclerosis Society (EAS) International Task Force for
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Prevention of Coronary Heart Disease) (Betteridge & Kahn 1995). This hyperlipidaemic

group comprised 28 individuals (16 Pro/Pro and 12 Pro/Ala – none were Ala/Ala). The

unadjusted odds ratio for association of the Ala allele with combined hyperlipidaemia

was 2.30 (95% confidence interval (CI) 1.03 – 5.11, P = 0.044, Fisher’s exact test). 

A logistic regression model (Table 2.7) was used to adjust the odds ratio for

combined hyperlipidaemia and the presence of the Ala allele, while controlling for other

known risk factors (Betteridge & Kahn 1995). The adjusted odds ratio for association of

the Ala allele and hyperlipidaemia in the obese group was 2.33 (95% CI: 1.03 – 5.29, P

= 0.042).

Table 2.7 Logistic regression model for association of PPAR-γ2 Ala allele with

combined hyperlipidaemia* in obese subjects

Predictor variable Odds Ratio 95% CI P

Ala allele 2.33 1.03 – 5.29 0.042

Systolic blood pressure 1.02 1.00 – 1.04 0.087

Smoking history 1.67 0.70 – 3.99 0.25

BMI 1.09 0.93 – 1.28 0.27

Male gender 1.60 0.66 – 3.87 0.30

Age 0.99 0.96 – 1.03 0.77

Diabetes 0.91 0.11 – 7.84 0.93

*Combined hyperlipidaemia was defined as: total cholesterol > 5.2 mmol/l, LDL-cholesterol >

3.5 mmol/l and triglycerides > 2.3 mmol/l (Betteridge & Kahn 1995). 
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2.4     Discussion

This study investigated the potential relationship between common genetic

variation (Pro12Ala) in the PPARG gene and obesity, blood pressure, blood lipids and

diabetes in a large group of Western Australian Caucasians. No association between this

polymorphism and measures of obesity was observed, but the Ala allele was a predictor

of an atherogenic blood lipid profile in obese subjects. There were no differences

between genotype groups for blood pressure, waist-to-hip ratio, or the prevalence of

diabetes.   

There was no evidence to suggest that the Pro12Ala variant was a predisposing

factor for obesity. The frequency of the Pro12Ala variant did not differ between obese

and lean subjects, and the Ala allele was not associated with higher BMI or WHR

within either group. Although it is possible that this variant has effects on other

measures of obesity that were not studied here (such as percentage body fat or waist

circumference), this possibility is unlikely due to the high degree of correlation that is

known to exist between these measures (Borecki et al. 1991). 

While several previous investigations have associated the Pro12Ala variant with

both increased (Beamer et al. 1998, Valve et al. 1999, Ek et al. 1999, Meirhaeghe et al.

2000, Cole et al. 2000, Lei et al. 2000, Hasstedt et al. 2001) and decreased (Deeb et al.

1998, Ek et al. 1999) BMI, our results are consistent with the majority of Pro12Ala

studies (Table 2.8). With respect to BMI (the most widely used measure of obesity in

these studies), most investigations have found no significant difference between Pro/Pro

subjects and Ala allele carriers. Moreover, the negative findings do not appear to be due

to a small sample size, as some large studies have reported a lack of association

(Altshuler et al. 2000, Mori H, et al. 2001, Douglas et al. 2001, Ek et al. 2001b). 
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Table 2.8 Results from other Pro12Ala studies of obesity (as measured by BMI)

Mean BMI

Author Subjects Pro/Pro Pro/Ala Ala/Ala P

Deeb et al. (1998) 333 non-diabetic 26.2 25.0 0.027

973 elderly 27.3 27.9 25.7 0.015

Beamer et al. (1998) 517 non-diabetic ~ 26 ~ 27 NS

169 obese 35.3 41.5 < 0.001

Ringel et al. (1999) 522 Type 1 diabetic 24.2 24.6 25.7 NS

503 Type 2 diabetic 28.0 27.2 27.3 NS

Mancini et al. (1999) 131 diabetic 27.5 27.3 NS

312 controls 25.6 25.6 NS

Valve et al. (1999) 141 obese women 34.5 34.8 39.2 0.011

Ek et al. (1999) 752 obese (at follow-up) 35.5 36.0 38.9 0.008

869 lean (at follow-up) 26.2 26.0 24.4 0.005

Koch et al. (1999) 108 first-degree relatives

of type 2 diabetic

patients

25.7 26.1 24.0 NS

Meirhaeghe et al.

(2000)

839 healthy subjects 25.5 26.2 0.02

170 type 2 diabetic 29.9 30.7 NS

Altshuler et al. (2000) 333 parent-offspring

trios with abnormal

glucose tolerance

27.6 27.6 24.3 NS

379 parent-offspring

trios with normal glucose

tolerance

24.8 25.8 28.3 NS

Pihlajamäki et al.

(2000) 

649 elderly 26.7 27.3 26.1 NS
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Mean BMI

Author Subjects Pro/Pro Pro/Ala Ala/Ala P

Pihlajamäki et al.

(2000)

217 elderly with

dyslipidaeamia

27.0 28.2 23.3 0.034

228 members of

pedigrees with familial

combined

hyperlipidaemia 

26.1 27.4 24.4 NS

Lei et al. (2000) 596 subjects including

286 Type 2 diabetic

24.2 25.9 < 0.001

Oh et al. (2000) 229 subjects 26.1 25.1 NS

Hara et al. (2000) 541 non-diabetic 23.7 24.4 NS

415 diabetic 23.5 22.9 NS

Clément et al. (2000) 402 Type 2 diabetic 29.5 NS

372 morbidly obese 47.0 NS

295 controls 22.0

29.7 

48.0

22.3 NS

Cole et al. (2000) 921 subjects 28.9 30.2 31.4 0.015

Evans et al. (2000) 200 morbidly obese 51 53 45 NS

Hegele et al. (2000)b 207 diabetic females ~ 31 ~ 31 NS

319 non-diabetic females ~ 28 ~ 27 NS

Hasstedt et al. (2001) 619 members of type 2

diabetic families

26.2 27.7 30.0 0.035

Mori H, et al. (2001) 2201 Type 2 diabetic 23.2 23.3 NS

Douglas et al. (2001) 522 Type 2 diabetic 30.0 30.2 30.5 NS

193 spousal controls 26.8 26.9 28.6 NS

220 elderly controls 28.5 28.4 27.4 NS

Lindi et al. (2001) 119 subjects (at follow-

up)

27.5 28.4 29.5 NS

Stumvoll et al. (2001) 177 Type 2 diabetic

subjects

24.7 24.4 NS
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Mean BMI

Author Subjects Pro/Pro Pro/Ala Ala/Ala P

Ek et al. (2001)b 616 glucose tolerant men 25.6 25.7 25.2 NS

364 healthy subjects 23.5 23.0 23.8 NS

Luan et al. (2001) 259 men 26.5 26.8 NS

333 women 25.9 25.7 NS

Schneider et al.

(2002) 

194 male patients with

coronary artery disease

27.5 27.2 NS

Notes for table 2.8: The mean BMI for each genotype group is shown in the table. Where the

Pro/Ala and Ala/Ala subjects have been combined for comparison with Pro/Pro subjects (dominant mode

of inheritance), the mean BMI of Ala allele carriers is shown in between the Pro/Ala and Ala/Ala

columns. 

The lack of association between the Pro12Ala variant and obesity is probably

due to the fact that this polymorphism does not completely abrogate PPARγ2 activity,

and that the PPAR-γ2 isoform only represents about 20% of the total PPAR-γ mRNA in

adipose tissue (Auboeuf et al. 1997). Therefore, it is possible that this variant may only

exert subtle effects on total adiposity and fat distribution. 

However, obese carriers of the PPAR-γ2 Ala allele were found to have a more

atherogenic lipid profile (characterised by lower HDL-cholesterol levels, and a trend

towards higher triglycerides) compared with obese Pro/Pro individuals. Both lower

HDL and higher triglycerides are known risk factors for coronary artery disease

(Assmann & Schulte 1992, Manninen et al. 1992), suggesting that the presence of the

Ala allele may exacerbate the altered lipid profile common in obesity. In the present

study, the presence of the Ala allele was the only significant predictor of combined
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hyperlipidaemia in obese subjects when other risk factors such as blood pressure,

smoking, BMI, male gender, age and diabetes were taken into account. This relationship

was not observed in the lean group. 

The association between Pro12Ala genotype, HDL-cholesterol, and triglycerides

in a large group of subjects has not been previously described. In a group of 57

extremely obese men, Beamer et al. (1998) found that subjects with the Ala allele had

lower HDL and higher triglyceride levels compared to Pro/Pro subjects. This effect was

not observed in 112 extremely obese women or in a cohort of 517 lean to moderately

obese individuals (BMI 18.6 - 43.2 kg/m2). The Pro12Ala polymorphism was associated

with higher levels of triglycerides in another study of overweight subjects, but no

association with HDL was described (Hasstedt et al. 2001). 

Consistent with our observations in the lean subjects, no differences in HDL-

cholesterol or triglycerides between Pro/Pro and Ala allele carriers have been observed

in subjects of normal weight (Deeb et al. 1998, Mancini et al. 1999, Meirhaeghe et al.

2000, Pihlajämaki et al. 2000, Oh et al. 2000). Therefore, it is possible that the

association between the Pro12Ala polymorphism and blood lipid profile may be

dependent on the presence of obesity for its expression.

The higher rate of combined hyperlipidaemia seen in the obese subjects with the

Pro12Ala polymorphism may result from an intrinsic reduction in PPAR-γ2 activity. In

vitro, the Ala isoform of PPAR-γ2 has been shown to be less effective at activating

target genes (Deeb et al. 1998, Masugi et al. 2000). One of these target genes is

lipoprotein lipase (LPL) (Schoonjans et al. 1996). LPL hydrolyses triglycerides in

circulating chylomicrons and very low density lipoproteins (VLDLs), releasing fatty

acids, chylomicron remnants and LDL-cholesterol. LPL activity has been shown to

correlate strongly with plasma HDL levels (Kekki et al. 1980), and similar alterations in
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blood lipid profile (increased triglycerides, decreased HDL) are observed in cases of

heterozygous LPL deficiency (Wilson et al. 1990). Moreover, the deleterious effects of

heterozygous LPL deficiency are more pronounced in obese individuals (Julien et al.

1997). Thus, it is possible that the effects of the Ala allele on blood lipid profile might

only be revealed in the obese state due to the larger adipose tissue mass and therefore

relative abundance of the fat-specific PPARγ2 isoform. The association between the

Pro12Ala allele and lower LPL activity has been recently observed in a sample of 194

male patients with coronary artery disease (Schneider et al. 2002). 

There were several limitations of the present study. Firstly, the low allele

frequency prevented a meaningful analysis of the effects of homozygosity for the

Pro12Ala polymorphism. Although the sample size was sufficiently large to detect quite

subtle differences between genotype groups, it is possible that the study was

underpowered. The inclusion of a larger number of subjects would have undoubtedly

improved this situation. Secondly, both the low frequency of diabetes in this population

sample and the absence of detailed phenotypic data did not allow meaningful

observations concerning insulin resistance to be made. In the present study, the

prevalence of diabetes was comparable with estimates of 2.5% in the entire Bussselton

population in 1981 (Glatthaar et al. 1985) and 3.4% reported in rural Victoria in 1992

(Guest et al 1992). However, all of these figures appear to be well below the most recent

prevalence estimates of 8.0% for men and 6.8% in women reported in a nation-wide

sample (Dunstan et al. 2002). Furthermore, as the prevalence of diabetes was assessed

here by self-report, it is likely that many cases were not detected. More than half of all

adults with type 2 diabetes are not aware of it (Glumer et al. 2003). This limitation

could have been addressed by direct measurement of fasting glucose and insulin levels.

Thirdly, further studies of the Pro12Ala variant and obesity may require more specific



Chapter Two: PPAR-γ2 Pro12Ala polymorphism and obesity in a Caucasian population

124

data on adipose tissue distribution; although this information may be difficult to acquire

for large, population-based studies. Lastly, we cannot rule out the effects of diet or

physical activity as confounding variables in this study. 

In conclusion, these results do not support a role for the PPAR-γ2 Pro12Ala

polymorphism in the development of obesity in Caucasians. The Pro12Ala variant was

no more prevalent in obese than in lean individuals, and did not associate with measures

of obesity (BMI, WHR) in either group. However, the reduction in PPAR-γ2 activity

associated with this polymorphism may predispose to an unfavourable blood lipid

profile (reduced levels of HDL-cholesterol, higher levels of triglycerides) by lowering

adipose tissue LPL activity. This association appears to be dependent upon obesity for

its expression. In obese subjects, therefore, the Pro12Ala polymorphism may constitute

a novel genetic risk factor for combined hyperlipidaemia and cardiovascular disease. 

This investigation has been published. Please find the paper: Swarbrick MM, et

al. European Journal of Endocrinology 2001; 144: 277-282 in Section 8.2 of this thesis. 
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PPAR-γ2 Pro12Ala polymorphism and cardio-

vascular risk factors in an urban Aboriginal

population

Abstract 

As described in the previous chapter, the PPAR-γ2 Pro12Ala polymorphism

may modify the risk of cardiovascular disease by exacerbating the blood lipid

profile in obesity. It is also possible that the Pro12Ala variant may affect

cardiovascular risk through other PPAR-γ-related processes: PPAR-γ plays an

important role in insulin signalling, and has recently been shown to exert direct

effects on the development of atherosclerotic lesions. It was therefore hypothesised

that PPAR-γ2 Pro12Ala genotype would be associated with the cardiovascular risk

factors of obesity, diabetes, dyslipidaemia, and carotid intima-medial wall

thickness (IMT), a measure of subclinical atheroscerosis. 

These hypotheses were investigated in a group of Australian Aboriginal

people living in an urban environment. People of this ethnic group suffer from

high rates of mortality from cardiovascular disease, and their increased

susceptibility may be due to genetic factors. 

In a large group of Western Australian Aboriginal people (n = 812), the

frequency of the Ala allele was 6.7%. In males, the Ala allele was not associated

with obesity, diabetes, or altered blood lipid profile. However, females carrying at

least one copy of the Ala allele displayed higher levels of HDL-cholesterol and a
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lower prevalence of abdominal obesity (waist-to-hip ratio > 0.8) compared to

females of Pro/Pro genotype. In a subset of the entire group, the Pro12Ala

polymorphism was not associated with fasting insulin levels or fasting insulin

resistance index (FIRI). Moreover, Pro12Ala genotype was not a significant

predictor of carotid IMT or plaques in males or females, when known risk factors

were taken into account. 

 In conclusion, these results do not support a direct role for the PPAR-γ2

Pro12Ala polymorphism in obesity, diabetes, or carotid atherosclerosis in

Australian Aboriginal people. In Aboriginal women, however, the Ala allele may

confer a degree of protection against abdominal obesity and low HDL-cholesterol

levels. 

3.1 Introduction

Australian Aboriginal people suffer from considerably higher rates of

cardiovascular mortality compared to the rest of the Australian population (Veroni et al.

1994). In fact, the age-standardised relative risk of death from cardiovascular disease in

Aboriginal people is at least double that of the non-Aboriginal population (Thomson

1991). This excess burden of disease is due to the high prevalence of cardiovascular risk

factors, such as obesity, diabetes and dyslipidaemia, which have accompanied the

adoption of a Western diet and lifestyle (Rowley et al. 1997). 

The increased susceptibility to cardiovascular disease in Australian Aboriginal

people may be due to genetic factors. In Aboriginal people, excess adiposity (BMI > 25

kg/m2) is associated with an abdominal pattern of fat distribution and a dramatic

increase in the incidence of diabetes (Daniel et al. 1999). Even Aboriginal people of
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normal body weight commonly display mild glucose intolerance, hyperinsulinaemia,

and hypertriglyceridaemia (O’Dea et al. 1982); metabolic characteristics that are often

established in children and adolescents (Braun et al. 1996). Furthermore, the prevalence

of cardiovascular risk factors in Aboriginal populations may be attenuated by admixture

with non-Aboriginal people (Williams et al. 1987). The specific genes that confer this

susceptibility upon Aboriginal people have not yet been identified. 

Variation in the human PPARG gene, which encodes the three isoforms of

peroxisome proliferator-activated receptor gamma (PPAR-γ), has been associated with

the cardiovascular risk factors of obesity, diabetes and dyslipidaemia (see Chapter

Two). PPAR-γ may also be directly involved in atherosclerosis, as ligand-dependent

activation of PPAR-γ has been recently shown to prevent the formation of

atherosclerotic lesions. In two mouse models of atherosclerosis (LDL-receptor- and

apolipoprotein-E-deficient), TZD treatment inhibited the development of aortic fatty

streak lesions (Collins et al. 2001, Chen et al. 2001). Similarly, in human type 2 diabetic

subjects, TZD treatment decreased carotid intima-medial wall thickness (IMT)

(Koshiyama et al. 2001), a measure of subclinical atherosclerosis. The potential

relationship between Pro12Ala genotype and carotid wall thickening has not yet been

investigated. 

Thus the aims of this study were to investigate whether the PPAR-γ2 Pro12Ala

polymorphism was associated with obesity, blood lipid profile, and diabetes in a large

group of Western Australian Aboriginal people with a high risk of developing

cardiovascular disease. The potential associations between Pro12Ala genotype, carotid

IMT and focal carotid plaques were also investigated. 
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3.2 Methods

3.2.1 Subjects

The protocol for the Perth Aboriginal Atherosclerosis Risk Study (PAARS) was

discussed with the local Aboriginal community, and was subsequently approved by the

Board of Management and Ethics Committee of the Derbarl Yerrigan Health Service

(Perth Aboriginal Health Service). Recruitment for this study was mainly through

health, educational, public service and community institutions. Employees of these

institutions comprised 38% of the PAARS cohort, and a further 32% of subjects were

clients of the Derbarl Yerrigan Health Service. The remaining subjects were informed

of the study through their community. All subjects identified themselves as being of

Aboriginal descent. Informed written consent was obtained from all subjects. The

PAARS cohort represented approximately 20% of the Aboriginal population of Perth,

Western Australia.

3.2.2 Questionnaire

All subjects completed a questionnaire based upon the 1994 Australian National

Heart Foundation (NHF) Risk Factor Prevalence Survey. Included were questions

regarding personal history of vascular disease, diabetes, and invasive vascular

procedures (carotid endarterectomy, coronary artery bypass surgery). Female subjects

were asked to provide details of oral contraceptive use and hormone replacement

therapy. Frequency of alcohol intake was coded in levels from zero (never) to 7 (every

day). Smoking history was recorded, including current smoking status, usual

consumption, age of commencement, and date of cessation for ex-smokers. Lifetime

exposure to smoking (in pack-years) was calculated by usual daily consumption (20
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cigarettes per pack) multiplied by duration. The use of medications was also recorded.

Of the subjects with a history of diabetes, 22% had been treated with a modified diet,

12% had been given oral medication, and 5% had been treated with insulin injections. A

combination of dietary modification and insulin were used to treat a further 6% of

diabetic subjects, and another 53% were treated with both a modified diet and oral

medication. The remaining 2% of subjects with a history of diabetes did not specify any

form of treatment. None of the subjects were taking thiazolidinediones at the time of

examination.

3.2.3 Anthropometric methods 

Subjects were weighed while wearing light clothes and no shoes; and height was

measured using a stadiometer. Waist and hip circumference were measured at standard

anatomical points. Blood pressure was recorded as the mean of three measurements,

after subjects had been seated for five minutes. Body mass index (BMI) was calculated

as weight in kg / (height in metres)2. Abdominal obesity was defined as a waist-to-hip

ratio (WHR) > 0.95 in males and > 0.80 in females (Lean et al. 1995). 

3.2.4 Carotid B-mode ultrasound

Bilateral B-mode ultrasound of the carotid artery was performed by two trained

sonographers using a 7.5 MHz transducer on an Interspec (Apogee) CX200 machine (as

described by Hung et al. 1999) Each common carotid artery was scanned longitudinally,

so that the interfaces in the arterial wall could be seen clearly. A thorough search of the

distal common carotid, carotid bulb and internal coronary artery was conducted to

determine the presence of focal plaques. Simultaneous electrocardiogram recordings
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were made. Carotid ultrasound images were recorded on super VHS, and selected

images were analysed using a semi-automated edge-detection program.

The IMT was defined as the distance between the echoes from the lumen-intima

and media-adventitia interfaces (Pignoli et al. 1986). Three end-diastolic images were

analysed from each of the subject’s distal common carotid arteries at a site free of any

discrete plaque. The mean IMT was an average of these measurements. Plaque was

defined as a clearly identified area of focal increased thickness (≥ 1mm). Repeat

measurements of randomly selected scans revealed no significant variation in the IMT

measurements. The intra-observer coefficient of variability was 2.9% for sonographer 1

and 4.8% for sonographer 2.  The inter-observer coefficient of variability was 5.9%.

3.2.5 Biochemical methods 

A fasting venous blood sample was used for biochemical analyses (see Section

2.2.1). Plasma glucose was measured by a hexokinase method (Boehringer Mannheim

Gluco-Quant®). Total homocysteine was determined by high performance liquid

chromatography (Araki & Saiko 1987). A two-site immunoenzymometric method

(TOSOH Corporation) was used to measure plasma insulin concentration. Diabetes was

indicated by fasting plasma glucose ≥ 7.0 mmol/l (Colman et al. 1999). 

No direct tests of insulin resistance were performed on subjects of the PAARS

cohort. As an indirect measure of insulin resistance, we used the fasting insulin

resistance index (FIRI) (Duncan et al. 1995). FIRI was calculated as: fasting plasma

glucose (mmol/l) x fasting plasma insulin (mU/l) / 25. FIRI has been demonstrated to

correlate strongly with both direct measures of insulin resistance (for example,

Bergman’s minimal model – Bergman et al. 1987) and other indirect measures, such as

homeostasis model assessment (HOMA-R, Matthews et al. 1985).   
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3.2.6 DNA methods

 DNA was extracted from the leucocytes by a salt/phenol/chloroform method

(Section 2.2.2). Allele-specific PCR conditions for detection of the PPAR-γ2 Pro12Ala

polymorphism have been described previously (Section 2.2.3). 

3.2.7 Statistical analysis

Comparisons involving lipids, glucose, homocysteine and carotid IMT were

restricted to fasting subjects. Statistical analysis was performed using MINITAB v.13.1

and SPSS v.10.1.0. (Section 2.2.4). For comparisons between males and females,

variables normally distributed (age, waist, WHR) were compared using unpaired two-

tailed Student’s t-tests. BMI, total cholesterol and LDL-cholesterol were normalised by

log10-transformation prior to comparison with t-tests. Variables not normally distributed

after log10-transformation (systolic blood pressure, diastolic blood pressure, HDL-

cholesterol, triglycerides, glucose and homocysteine) were compared using a Mann-

Whitney test.

Analysis by Pro12Ala genotype was performed separately for males and

females. Within each gender group, age was not normally distributed and was therefore

compared between genotype groups using a Mann-Whitney test. Comparisons for other

continuous variables were made using t-tests, t-tests using log10-transformed values, or

Mann-Whitney tests, as appropriate. A General Linear Model was used to adjust for

covariates when required. To test for the association between Pro12Ala genotype and

categorical variables (obesity, abdominal obesity and diabetes), binary logistic

regression was used to adjust for the covariates of age and current smoking status.  
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 For comparisons involving insulin and fasting insulin resistance index (FIRI),

only subjects with a fasting glucose measurement and no history of diabetes were

studied. Each of these subjects carrying the Ala allele was age- and sex-matched with a

Pro/Pro subject. Insulin and FIRI were not normally distributed, and were compared

using a Mann-Whitney test (insulin) or a t-test on log10-transformed values (FIRI).

Mean IMT was studied as a continuous variable. The correlation between mean

IMT and other continuous variables was assessed using Spearman rank. For males and

females separately, forward selection and backward elimination procedures were used

to construct a multiple linear regression model containing the significant predictors of

log10-transformed mean IMT (as mean IMT was not normally distributed). All

continuous predictor variables not normally distributed were log10-transformed. Once

the multiple linear regression models had been constructed, the Ala allele was entered

into the model as a dichotomous variable. 

Carotid plaque was studied as a dichotomous variable (presence or absence of

plaque). Again, forward selection and backward elimination were used to construct a

binary logistic regression model containing all significant predictors of plaque for each

gender group. Subsequently, the Ala allele was entered into the model as a dichotomous

variable. The association between Pro12Ala genotype and plaque was given as an odds

ratio (OR).

3.3 Results

3.3.1 Descriptive statistics and genotype results

The PAARS cohort was composed of 812 subjects: 380 men and 432 women.

Table 3.1 shows the mean and standard deviation of anthropometric measurements,

blood pressure, lipids, glucose and homocysteine. The gender-specific prevalence of
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categorical risk factors and cardiovascular disease in these subjects is shown in Table

3.2. The cohort consisted of 709 Pro/Pro subjects (87.3%), 98 Pro/Ala subjects (12.1%)

and 5 Ala/Ala subjects (0.6%). The distribution of genotypes in this population

conformed to Hardy-Weinberg equilibrium (χ2 = 1.424, df = 1, P = 0.23), and the

frequency of the Ala allele was 6.7%. There was no significant difference in allele

frequency between males and females (χ2 = 2.356, df = 2, P = 0.31). 

 

Table 3.1 Descriptive statistics of the PAARS cohort

Males Females P

Age (years) 39 ± 11 (380) 40 ± 12 (432) 0.19

Body-mass index (kg/m2) 29.1 ± 5.0 (374) 30.9 ± 7.1 (421) 0.001

Waist circumference (cm) 98 ±  13 (377) 94 ± 15 (425) < 0.001

Waist-to-hip ratio 0.96 ± 0.08 (377) 0.86 ± 0.08 (425) < 0.001

Systolic Blood Pressure (mm Hg) 127 ± 15 (378) 124 ± 17 (423) 0.002

Diastolic Blood pressure (mm Hg) 83 ± 11 (378) 80 ± 12 (423) < 0.001

Total cholesterol (mmol/l) 5.4 ± 1.2 (353) 5.1 ± 1.2 (396) 0.001

HDL-cholesterol (mmol/l) 1.11 ± 0.26 (348) 1.27 ± 0.32 (395) < 0.001

LDL-cholesterol (mmol/l) 3.4 ± 0.9 (306) 3.2 ± 0.9 (383) 0.004

Triglycerides (mmol/l) 2.5 ± 2.2 (348) 1.7 ± 1.2 (395) < 0.001

Fasting plasma glucose (mmol/l) 6.4 ± 3.8 (347) 5.9 ± 3.0 (393) 0.007

Homocysteine (µmol/l) 12.7 ± 7.6 (354) 10.1 ± 4.0 (397) < 0.001

All continuous variables shown as mean ± SD (n).  
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Table 3.2 Prevalence of categorical risk factors and significant cardiovascular

events in the PAARS cohort

Males Females P

Obesity (BMI ≥ 30 kg/m2)* 150 (39.5%) 222 (51.4%) < 0.001

Overweight (BMI 25 - 30 kg/m2)* 142 (37.4%) 106 (24.5%) < 0.001

Abdominal obesity† 194 (51.5%) 332 (78.1%) < 0.001

History of diabetes 79 (20.8%) 100 (23.1%) 0.42

History of hypertension 118 (31.1%) 123 (28.5%) 0.42

History of high cholesterol 81 (21.3%) 65 (15.1%) 0.02

Current smoker 174 (45.8%) 180 (41.7%) 0.24

Angina 49 (12.9%) 43 (10.0%) 0.19

Myocardial infarction 31 (8.2%) 26 (6.0%) 0.23

Angioplasty 10 (2.6%) 8 (1.9%) 0.45

Coronary artery bypass graft 11 (2.9%) 4 (0.9%) 0.06

Carotid endarterectomy 1 (0.3%) 2 (0.5%) 0.99

Stroke 7 (1.8%) 10 (2.3%) 0.81

*There were 17 values missing for BMI. 

†Abdominal obesity was defined as WHR > 0.95 for males and > 0.80 for females (Lean et al.

1995). There were 10 missing values.

3.3.2 Phenotypic comparisons

Due to the low frequency of the Ala allele, Pro/Ala and Ala/Ala subjects were

combined into one group for comparison with Pro/Pro subjects. Thus it was assumed

that the Ala allele would have a dominant effect on phenotype. In males, no significant

differences were observed between genotypes for BMI, waist circumference, WHR,
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total cholesterol, HDL-cholesterol, LDL-cholesterol, triglycerides or fasting plasma

glucose (Table 3.3). Obesity, abdominal obesity, and diabetes were no more prevalent

in Ala allele carriers compared to Pro/Pro subjects. 

Females carrying the Ala allele had higher levels of HDL-cholesterol compared

to Pro/Pro females (1.37 ± 0.33 mmol/l (mean ± SD) vs. 1.26 ± 0.32 mmol/l, P = 0.006)

(Table 3.4). However, female Pro/Pro subjects were, on average, four years older than

Pro/Ala and Ala/Ala subjects (41 ± 12 years vs. 37 ± 10 years, P = 0.043); therefore age

is a possible confounding factor in this comparison. After adjustment for age, BMI,

diabetes and current smoking status, the difference in HDL-cholesterol levels between

genotype groups was still significant (P = 0.007). With respect to WHR, quantitative

analysis revealed no significant difference between Pro/Pro females and females

carrying the Ala allele (P = 0.09. t-test). Nevertheless, visual inspection of the WHR

distributions for each genotype group suggested that more women of Pro/Pro genotype

had WHR > 0.80. This was confirmed in subsequent statistical analysis: women

carrying the Ala allele displayed a lower prevalence of abdominal obesity (WHR >

0.80) compared to women of Pro/Pro genotype (63.6% vs. 80.3%, P = 0.016). There

were no other significant phenotypic differences between genotype groups.

3.3.3 Insulin levels and FIRI

In subjects with no history of diabetes, fasting insulin levels and FIRI were

compared between Ala carriers (n = 79) and a sex- and age-matched group of Pro/Pro

subjects (n = 79). Fasting insulin levels did not differ significantly between Ala carriers

and Pro/Pro subjects (25.0 ± 32.5 mU/l (mean ± SD) vs. 24.2 ± 28.9 mU/l, P = 0.87).

There was no significant difference in FIRI between genotype groups (Ala carriers: 5.33

± 7.60 (mean ± SD) vs. Pro/Pro subjects: 5.48 ± 8.61, P = 0.90). 



Chapter Three: PPAR-γ2 Pro12Ala in an urban Aboriginal population

136

Table 3.3 Comparisons between genotypes in males for anthropometric, lipid and

glucose measurements

Males (n = 380)

Pro/Pro Pro/Ala & Ala/Ala P

Age (years) 39 ± 11 (332) 40 ± 12 (48) 0.68

Body-mass index (kg/m2) 29.0 ± 5.0 (327) 29.7 ± 5.2 (47) 0.47

Waist circumference (cm) 98 ± 13 (330) 98 ± 14 (47) 0.89

Waist-to-hip ratio 0.96 ± 0.08 (330) 0.96 ± 0.07 (47) 0.75

Total cholesterol (mmol/l) 5.5 ± 1.1 (309) 5.5 ± 1.0 (44) 0.82

HDL-cholesterol (mmol/l) 1.10 ± 0.26 (304) 1.15 ± 0.29 (44) 0.22

LDL-cholesterol (mmol/l) 3.4 ± 0.9 (264) 3.4 ± 0.9 (42) 0.99

Triglycerides (mmol/l) 2.6 ± 2.3 (304) 2.0 ± 1.1 (44) 0.16

Fasting glucose (mmol/l)* 5.1 ± 1.1 (237) 5.2 ± 0.9 (38) 0.13

Obesity, n (%)† 126 / 327 (38.5%) 24 / 47 (51.1%) 0.11

Abdominal obesity, n (%)‡ 168 / 330 (50.9%) 26 / 47 (55.3%) 0.63

Diabetes, n (%)§ 85 / 332 (25.6%) 9 / 48 (18.8%) 0.15

* Fasting plasma glucose levels were compared in subjects with no history of diabetes. 

† Obesity defined as BMI ≥ 30 kg/m2. There were 6 missing values. 

‡ Abdominal obesity defined as WHR > 0.95. There were 3 missing values. 

§ Diabetes defined as either a history of diabetes or a fasting plasma glucose ≥ 7.0 mmol/l. 
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Table 3.4 Comparisons between genotypes in females for anthropometric, lipids, and

glucose measurements

Females (n = 412)

Pro/Pro Pro/Ala & Ala/Ala P

Age (years) 41 ± 12 (377) 37 ± 10 (55) 0.043

Body-mass index (kg/m2) 30.9 ± 7.0 (367) 31.0 ± 7.3 (54) 0.98

Waist circumference (cm) 94 ± 15 (370) 93 ± 18 (55) 0.59

Waist-to-hip ratio 0.87 ± 0.08 (370) 0.85 ± 0.09 (55) 0.09

Total cholesterol (mmol/l) 5.2 ± 1.0 (345) 5.3 ± 1.6 (51) 0.93

HDL-cholesterol (mmol/l) 1.26 ± 0.32 (344) 1.37 ± 0.33 (51) 0.006

LDL-cholesterol (mmol/l) 3.2 ± 0.9 (334) 3.0 ± 0.9 (49) 0.11

Triglycerides (mmol/l) 1.7 ± 1.2 (344) 1.8 ± 1.7 (51) 0.98

Fasting glucose (mmol/l)* 4.9 ± 0.9 (260) 4.9 ± 0.8 (42) 0.99

Obesity, n (%)† 192 / 367 (52.3%) 30 / 54 (55.6%) 0.57

Abdominal obesity, n (%)‡ 297 / 370 (80.3%) 35 / 55 (63.6%) 0.016

Diabetes, n (%)§ 97 / 377 (25.7%) 10 / 55 (18.2%) 0.67

* Fasting plasma glucose levels were compared in subjects with no history of diabetes. 

† Obesity defined as BMI ≥ 30 kg/m2. There were 11 missing values. 

‡ Abdominal obesity defined as WHR > 0.80. There were 7 missing values. 

§ Diabetes defined as either a history of diabetes or a fasting plasma glucose ≥ 7.0 mmol/l. 
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3.3.4 Carotid ultrasound

3.3.4.1 Carotid IMT

Measurements of carotid IMT were obtained for 463 subjects (57.0% of total),

including 213 males and 250 females. The loss of participants for carotid ultrasound is

due to several reasons: (i) many subjects did not keep their ultrasound appointments; (ii)

some subjects declined to have ultrasound measurements taken; (iii) a proportion of

subjects did not fast before their ultrasound appointment. Variables demonstrating

significant correlation with mean IMT in the entire group are shown in Table 3.5. The

Ala allele was not significantly correlated with mean IMT (rs = -0.08, P = 0.08). The

mean IMT (± SD) was 0.63 ± 0.14 mm for males (range 0.38 - 1.25 mm), and 0.57 ±

0.12 mm for females (range 0.37 - 1.04 mm). This difference was significant at the P <

0.001 level. Consequently, analyses of IMT and plaque were performed separately for

males and females. 

In males, the mean IMT for Pro/Pro subjects was 0.64 ± 0.14 mm (n = 183),

compared to 0.62 ± 0.12 mm in Ala carriers (n = 30). Multiple linear regression analysis

showed that the significant predictors of (log10-transformed) mean IMT in men were

age, waist circumference, and LDL-cholesterol (Table 3.6). When these variables were

taken into account, there was no significant association between Pro12Ala genotype and

mean IMT in males (P = 0.26). This model accounted for 46.4% of the variance in mean

IMT. 

Female Pro/Pro subjects had an average IMT of 0.57 ± 0.12 mm (n = 219),

compared to 0.53 ± 0.11 mm (n = 31) in female Ala allele carriers. Age, diabetes, log10-

LDL-cholesterol, systolic blood pressure, and log10-plasma glucose were significant

predictors of log10-mean IMT in females, together accounting for 45.3% of the variance.
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In a model containing these significant predictor variables, Pro12Ala genotype was not

associated with mean IMT (P = 0.098) (Table 3.6). 

Table 3.5 Significant correlates of carotid IMT in males and females (n = 463), as

calculated by Spearman rank correlation

Variable Risk Factor Correlation coefficient (rs) P

Carotid IMT Age 0.63 < 0.001

Waist-to-hip ratio 0.45 < 0.001

Fasting plasma glucose 0.38 < 0.001

Diabetes 0.36 < 0.001

Triglycerides 0.34 < 0.001

Systolic blood pressure 0.32 < 0.001

Waist circumference 0.32 < 0.001

Total cholesterol 0.31 < 0.001

LDL-cholesterol 0.30 < 0.001

Sex -0.28 < 0.001

HDL-cholesterol -0.27 < 0.001

Diastolic blood pressure 0.24 < 0.001

Homocysteine 0.22 < 0.001

Smoking (pack-years) 0.16 < 0.001

BMI 0.13 0.004

Frequency of alcohol intake -0.11 0.017

Ala allele -0.08 0.08
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Table 3.6 Multiple linear regression analysis of mean IMT and Pro12Ala genotype

Sex Dependent

variable

Independent

variable

Coefficient

(β)

S.E
P

Model

R2

Males Log10-mean IMT Age 0.011464 0.001123 < 0.001 46.4%

Waist 0.002545 0.000970 0.009

LDL-cholesterol 0.027680 0.012220 0.025

Ala allele -0.037050 0.032530 0.26

Females Log10-mean IMT Age 0.008696 0.000999 < 0.001 45.3%

Diabetes 0.091370 0.028620 0.002

Log10-LDL-cholesterol 0.091890 0.035100 0.009

Systolic BP 0.001386 0.000614 0.025

Log10-plasma glucose -0.074260 0.035380 0.037

Ala allele -0.045930 0.027630 0.098

3.3.4.2 Carotid plaque

One or more carotid plaques were detected in 89 (41.8%) of the 213 males with

IMT measurements: 77/183 (42.1%) Pro/Pro subjects, and 12/30 (40%) Ala carriers.

Multivariate analysis indicated that age and LDL-cholesterol were significant predictors

of plaque formation in males, but the Ala allele was not (odds ratio (OR) for association

between the Ala allele and plaque = 0.80, 95% confidence interval (CI): 0.33 - 1.98, P =

0.63, after adjustment for age and LDL-cholesterol). 

In females, 42.0% (92/219) of Pro/Pro subjects had carotid plaques, compared

with 19.4% (6/31) of Ala carriers. The significant predictors of carotid plaque in women

were age, waist circumference, total cholesterol, and HDL-cholesterol. After adjustment
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for these variables, the Ala allele was not associated with plaque formation in women

(OR = 0.49, 95% CI: 0.15 - 1.55, P = 0.22).

3.4     Discussion

The purpose of this study was to investigate the potential relationship between

PPAR-γ2 Pro12Ala genotype and the cardiovascular risk factors of obesity, diabetes and

lipid concentrations in an Australian Aboriginal group with a high risk of premature

cardiovascular disease. In addition, the possible relationships between Pro12Ala

genotype, carotid IMT and plaque were investigated. 

The PPAR-γ2 Ala allele was not associated with quantitative differences in any

of the three measures of obesity (BMI, waist circumference, or WHR) used in this

study. In other investigations, the Ala allele has been associated with higher BMI,

weight and waist circumference in overweight and obese subjects (Beamer et al. 1998,

Meirhaeghe et al. 2000); while a lower BMI was observed in middle-aged and elderly

Finns carrying the Ala allele (Deeb et al. 1998, Pihlajamäki et al. 2000). Other studies

have not observed these associations (eg. Altshuler et al. 2000, Douglas et al. 2001,

Mori H, et al. 2001), despite large sample sizes and powerful statistical methods. Our

results support the view that the Ala variant does not make a significant contribution to

obesity, measured by either BMI or waist circumference.  

However, when discrete thresholds for obesity (BMI ≥ 30 kg/m2) and abdominal

obesity (WHR > 0.95 in males, > 0.80 in females) were applied, a much lower

prevalence of abdominal obesity was observed in females carrying the Ala allele. WHR

may be a more appropriate measure of obesity in this population, as Aboriginal people

(particularly women) often display an abdominal pattern of fat distribution when obese

(Rowley et al. 1997). Moreover, BMI-based definitions of overweight and obesity have
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been based upon people of European ancestry, and therefore may underestimate the true

prevalence of obesity in this ethnic group. As abdominal obesity is powerfully

associated with other features of the insulin resistance syndrome, the potential

protective effects of the PPAR-γ2 Ala allele deserve further investigation. 

Consistent with this view is the growing evidence that the Ala allele may protect

against type 2 diabetes. The frequency of the Ala allele is often lower in diabetic

subjects than in non-diabetic subjects (Deeb et al. 1998, Douglas et al. 2001, Mori et al.

2001), and a recent meta-analysis (Altshuler et al. 2000) calculated an estimated risk

ratio of 0.79 for the Ala allele (P = 0.00007). Although the prevalence of diabetes in the

present study was consistently higher in Pro/Pro subjects of both sexes (25 - 26%

compared to 18 - 19% in Ala carriers), this difference did not approach statistical

significance, probably due to the low frequency of the Ala allele (6.7%) in this

population. In fact, given the low allele frequency and the relative proportions of

diabetic individuals in both genotype groups, post hoc power calculations indicated that

more than 5400 subjects would have been required for 90% power to detect a significant

association. The frequency of the Ala allele varies considerably between ethnic groups:

from 3% in Japanese (Mori H, et al. 2001) to over 20% in Finns (Douglas et al. 2001).

If the Ala allele is in fact protective against diabetes, its low frequency in the entire

Aboriginal group is certainly consistent with the high prevalence of the disease.

Nevertheless, the results for fasting insulin levels and FIRI do not support an

association between Pro12Ala genotype and insulin resistance. Consistent with previous

reports of Australian Aboriginal people (Rowley et al. 1997), even subjects with no

history of diabetes were found to be extremely hyperinsulinaemic and insulin resistant.

Although more exact methods to determine insulin sensitivity (such as the oral glucose

tolerance test or the euglycaemic-hyperinsulinaemic clamp) were not used in this study,

the PPAR-γ2 Ala allele does not appear to exert a large effect on fasting insulin levels
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or insulin sensitivity in these subjects. Deeb et al. (1998) found that the Ala allele was

associated with improved insulin sensitivity, but the difference between genotypes was

not significant once BMI was taken into account. Three further studies did not find any

association between Pro12Ala genotype and fasting insulin levels or insulin sensitivity

(Beamer et al. 1998, Meirhaeghe et al. 2000, Altshuler et al. 2000), although a reduced

capacity for insulin secretion was observed in a large cohort of Japanese type 2 diabetic

subjects (Mori et al. 2001). It is unclear at present how the Ala allele may contribute to

an improvement in insulin sensitivity.  

In the present study, women carrying the Ala allele had significantly higher

levels of HDL-cholesterol compared to Pro/Pro women, but no differences in HDL-

cholesterol were observed between genotype groups in men. This result has not been

previously observed. In two groups of elderly Finns (Deeb et al. 1998, Pihlajamäki et al.

2000), Ala homozygotes had higher levels of HDL-cholesterol compared to subjects of

the other two genotypes, but HDL-cholesterol levels in Pro/Pro and Pro/Ala subjects

were comparable. Several other investigations have not observed any association

between Pro12Ala genotype and HDL-cholesterol (Meirhaeghe et al. 2000, Altshuler et

al. 2000, Douglas et al. 2001, Mori et al. 2001); while two studies of obese Caucasians

have associated the Ala allele with lower HDL-cholesterol levels (Beamer et al. 1998,

and Chapter Two of this thesis).  

There are several explanations for the lack of consistent results regarding

Pro12Ala and obesity, diabetes and lipid concentrations. Firstly, Pro12Ala may be in

linkage disequilibrium (LD) with another (as yet unknown) locus with effects on these

phenotypes. Hirschhorn et al. (2001) recently identified 17 single nucleotide

polymorphisms in 19 kilobases (kb) surrounding Pro12Ala; and LD was found to

extend for distances in excess of 80 kb. Four major haplotypes were identified: three

containing the Pro allele and one with the Ala allele. With the exception of a silent
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polymorphism in Exon 6, no other common sequence variation has been found in the

coding region of the PPARG gene (Yen et al. 1997, Altshuler et al. 2000). This suggests

that the putative mutation in LD with Pro12Ala may reside either in the regulatory

regions of PPARG or within a neighbouring gene. The nature of these haplotypes and

their frequencies in different ethnic groups should be the focus of further studies. In

addition, diet, exercise or ethnicity cannot be excluded as possible causes of these

discrepant results. 

It could be argued that the low age of participants (mean age 39 - 40 years) was

a limitation of this study, as subjects of this age may be unsuitable for studies of

strongly age-dependent conditions such as diabetes and intima-medial wall thickening.

However, age-specific mortality rates from cardiovascular disease are much higher in

Aboriginal people compared to the non-Aboriginal population, and this difference is

most pronounced in young and middle-aged adults (Veroni et al. 1994). As a result,

Australian Aboriginal people have a dramatically reduced life expectancy compared to

other Australians (Thomson 1991). Thus it is likely that these conditions would be

established by this relatively young age.

In conclusion, the PPAR-γ2 Pro12Ala polymorphism was not associated with

obesity or diabetes in this group of Australian Aboriginal people. In women, however,

there was evidence to suggest that the Ala allele may protect against the abdominal

pattern of fat distribution and low HDL-cholesterol levels common in overweight and

obesity. No differences between genotype groups for insulin levels or insulin sensitivity

were observed in a subset of the entire group; and Pro12Ala genotype did not predict

carotid IMT or the presence of carotid plaques in men or women. The frequency of the

Ala allele in Aborigines was unknown prior to this study, and the potential relationship

between Pro12Ala and carotid IMT and plaque had not been previously investigated.

Further studies, in ethnic groups with a higher frequency of this variant, will be
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necessary to fully determine the effects of this variant on risk factors for cardiovascular

disease.

The results of this investigation have been submitted to the Journal of Molecular

Medicine for publication. 



Chapter Four

An investigation of the chromosome 20q

obesity quantitative trait locus in the

Busselton Population Health Survey

Abstract

It is well established that much of the variation in measures of obesity can

be attributed to the effects of genes. In particular, several segregation analyses of

obesity have indicated that this genetic contribution includes a major genetic

effect. This putative major gene is thought to account for 20 – 50% of the total

phenotypic variance, and is transmitted by a common allele. However, the identity

of this putative major locus for obesity has not yet been determined. 

Previous linkage analysis studies have suggested that a quantitative trait

locus (QTL) for obesity is located on chromosome 20q13. This region contains

many attractive candidate genes for obesity, and has also been linked to type 2

diabetes in several populations. It was the aim of this investigation to assess the

contribution of the 20q13 region to obesity in 542 subjects from 134 pedigrees of

the Busselton Population Health Survey. 

Subjects were genotyped at 4 dinucleotide repeat markers (D20S887,

D20S196, D20S913, D20S102) spanning 15 cM of 20q13.  Firstly, both parametric

and non-parametric analyses of obesity as a discrete trait (BMI ≥ 30 kg/m2 or ≥ 27

kg/m2) were conducted. Secondly, tests of linkage and association for quantitative

measures of obesity (BMI, waist-to-hip ratio, waist circumference, abdominal
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skinfold, triceps skinfold and the sum of eight skinfolds) were performed using the

quantitative transmission disequilibrium test (QTDT). 

When obesity was analysed as a discrete phenotype of BMI, no evidence of

linkage was obtained for markers on 20q13. Moreover, there was no evidence for

either linkage or association between markers in this region and quantitative

measures of obesity. In conclusion, results from this population do not support the

existence of a QTL for obesity in this region.  

4.1 Introduction

Human obesity is highly heritable, as demonstrated by studies in twins

(Stunkard et al. 1986a) and adoptees (Bouchard et al. 1985, Stunkard et al. 1986b). In

these studies, more than half of the variation in common measures of obesity (such as

the body mass index (BMI) or percentage body fat) is explained by genetic factors

(Maes et al. 1997). 

Closer examination of this genetic effect, using segregation analysis, has

indicated the presence of both a polygenic component and an effect due to a common

major gene (Price et al. 1990, Province et al. 1990, Rice et al. 1993a). This putative

major gene for obesity is likely to account for 20 - 50% of the phenotypic variance

(Comuzzie et al. 1995, Feitosa et al. 2000a) through a common allele (frequency 0.21 –

0.27). Several segregation analyses concur that this putative major gene displays a

recessive mode of inheritance (Moll et al. 1991, Borecki et al. 1993), while others have

found that a codominant mode of inheritance is more likely (Colilla et al. 2000). Despite

these findings, however, no major genes for obesity have yet been identified in humans. 
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Chromosome 20q13 may contain a quantitative trait locus (QTL) for obesity

(OMIM 602025). In the Québec Family Study, the adenosine deaminase (ADA) locus

on 20q13 was linked to BMI (P = 0.001) and the sum of six skinfolds (P = 0.016)

(Borecki et al. 1994). Lembertas et al. (1997) described a QTL for measures of obesity

on mouse chromosome 2; and analysis of the syntenic region in humans (20p12-q13.3)

yielded suggestive linkage for percentage body fat, fasting insulin, BMI, subcutaneous

fat, and fat mass (P < 0.017 – P < 0.0005). Furthermore, a recent genome scan for

obesity (Lee et al. 1999) obtained consistent suggestive evidence of linkage (LOD 3.06

- 3.17) with markers on 20q13. This region contains several attractive candidate genes

for obesity (Table 4.1), but it is also possible that the linkage may be due to an

unidentified gene. Markers on 20q13 have also been linked with type 2 diabetes in

different ethnic groups (Zouali et al. 1997; Ji et al. 1997, Bowden et al. 1997, Ghosh et

al. 2000, Luo et al. 2001).

It was the aim of this study to test for linkage between markers on 20q13 and

obesity in a Caucasian Western Australian population. Initially, both parametric and

non-parametric analyses were conducted for obesity, as defined by discrete thresholds

of BMI. Subsequently, other tests of linkage and association were performed for several

quantitative measures of obesity, including BMI, WHR, waist circumference, and

skinfold measurements.
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Table 4.1 Candidate genes for obesity on chromosome 20q13

Gene Product Distance Possible role in obesity

ADA Adenosine

deaminase

62 Like insulin, adenosine inhibits catecholamine-induced

lipolysis in adipocytes, while enhancing insulin-sensitive

glucose transport (Schwabe et al. 1974). ADA regulates

intracellular and extracellular adenosine concentrations by

the deamination of adenosine to inosine.      

CEBPB CCAAT/

enhancer- binding

protein β

75 C/EBPβ is an early inducer of adipocyte differentiation

(Section 1.2.3.4 and Figure 1.13). Knockout of C/EBPβ

reduced adipocyte differentiation and lipid accumulation in

mice (Tanaka et al. 1997, Liu et al. 1999).

PTPN1 Protein tyrosine

phosphatase-1B

78 PTP-1B is a negative regulator of insulin receptor

signalling, and PTP-1B-deficient transgenic mice are

protected from diet-induced obesity (Elchebly et al. 1999)

(Figure 1.5). 

MC3R Melanocortin-3

receptor

87 MC3-R is highly expressed in hypothalamic nuclei involved

in the regulation of food intake (Roselli-Rehfuss et al.

1993). Transgenic mice lacking MC3-R’s display increased

adiposity and reduced lean body mass (Chen et al. 2000,

Butler et al. 2000) (Section 1.2.2.5). 

PCK1 Phosphoenol-

pyruvate

carboxykinase

(PEPCK)

87 PEPCK catalyses the rate-limiting step in gluconeogenesis.

In transgenic mice, overexpression of PEPCK in adipose

tissue leads to fat accumulation and obesity (Franckhauser

et al. 2002). 

Genetic distances are shown in centiMorgans (cM) from chromosome 20p-ter.  
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4.2     Methods

4.2.1 Subjects

Subjects were selected from the Busselton Population Health Survey, a cross-

sectional survey of Caucasian adults conducted in Western Australia in 1994. The

Busselton Survey has been described previously (Knuiman et al. 1996); and is

composed of > 4000 adults of Anglo-Celtic ancestry, with small proportions from the

Netherlands, Italy, and Greece (Stenhouse 1972). 

Families were ascertained for genotyping on the basis of having two or more

overweight or obese (BMI ≥ 25 kg/m2) siblings. This sample included 542 subjects (278

males and 264 females) from 134 pedigrees, an average of 4.0 members per pedigree

(range 2 - 12 members). A group of 100 unrelated individuals with BMI < 25 kg/m2

from the same population was also studied, to increase the accuracy of allele frequency

estimates (refer to Table 2.1 – far right column). All subjects gave informed written

consent. The study protocol was approved by the Sir Charles Gairdner Hospital

Research Institutional Ethics Committee and the Busselton Population Medical

Research Foundation. 

4.2.2 Anthropometric measurements

Anthropometric measurements (height, weight, waist and hip measurements)

were obtained from subjects in light underclothing without shoes. Height was measured

using a stadiometer. Body mass index was calculated by weight in kg / (height in m)2. 

Skinfold thicknesses were measured in eight anatomical locations (abdominal,

mid-bicep, calf, mid-triceps, supraspinale, subscapular, iliac crest, and thigh) using

Harpenden calipers. These measurements were added together to give a measure of total
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subcutaneous fat (sum of eight skinfolds, S8S). The S8S measure used in this study is

similar to the SF8 measure described by Chagnon et al. (2000), except that a

supraspinale skinfold measurement was used instead of the mid-axillary measurement

(which was not measured in Busselton subjects). Also, the data for abdominal and mid-

triceps measurements were the most complete of all skinfold measurements, and so

were used as measures of regional adiposity.   

4.2.3 DNA methods

A salt/phenol/chloroform method was used to extract DNA from the buffy coat

(Section 2.2.2). The locations and primer sequences for the dinucleotide repeat markers

D20S887, D20S196, D20S913, and D20S102 (Table 4.2) were obtained from the

Genome Database, the MIT Center for Genome Research / Whitehead Institute, and the

Marshfield Center for Medical Genetics (see Appendix – Section 8.1).

Table 4.2 Sequences of primers used for genotyping of microsatellite markers

Primer name Sequence PCR product size

D20S887F 5'-TCAAGAGATTTATTGTCCAACAAG-3'

D20S887R 5'-ATTGAGTGGGTTCAGACTCC-3'
249 – 271 bp

D20S196F 5'-TTGGTGACCCTGAGACAGAGTG-3'

D20S196R 5'-AACGAACTACCTGTTGATTTGCTCC-3'
149 – 187 bp

D20S913F 5'-CTGCTCTAAGGTCAGAGTGATG-3'

D20S913R 5'-CGATATGTAGGTTTACAAGGTTCC-3'
256 – 272 bp

D20S102F 5'-AAGGCTGTGTATGAAGATGC-3'

D20S102R 5'-TTTTTGGAGTTTCAAGATGC-3'
177 – 185 bp
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PCR was performed in two multiplex reactions: the first reaction contained

primers for D20S887 and D20S196; while the second reaction used primers for

D20S913 and D20S102. In both cases, 40 ng of DNA was amplified in a 12.5 µL

reaction volume according to the conditions described in Table 4.3. 

Table 4.3 PCR conditions for multiplex reactions 

D20S887 & D20S196 D20S913 & D20S102

Reaction composition: 

1 x Tth+ buffer 67 mM Tris·Cl pH 8.8, 16.6 mM

[NH4]2SO4, 0.5% Triton X-100,

0.2 mg/mL gelatin

67 mM Tris·Cl pH 8.8, 16.6 mM

[NH4]2SO4, 0.5% Triton X-100,

0.2 mg/mL gelatin

[MgCl2] 3 mM 3 mM

[dATP, dGTP, dTTP] 0.6 mM 0.6 mM

[dCTP] 0.06 mM 0.06 mM

[Primers] D20S887F & R: 0.16 µM

D20S196F & R: 0.08 µM 

D20S913F & R: 0.08 µM

D20S102F & R: 0.08 µM

Tth+ DNA Polymerase 0.5 U 0.5 U

[[γ32P]- dCTP] 0.08 µCi/µL 0.08 µCi/µL

Thermal cycling conditions: 

Initial denaturation step 94º C for 3 minutes 94º C for 3 minutes

Cycle conditions (denaturation,

annealing, extension)

94º C for 45 sec, 62º C for 45 sec,

72º C for 45 sec 

94º C for 45 sec, 60º C for 45 sec,

72º C for 1 minute

Cycles 35 35

Final extension step 72º C for 3 minutes 72º C for 7 minutes
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Following PCR, a 2 µL aliquot of the PCR products was mixed with 4 µL of

formamide loading buffer (deionised formamide containing: 1 mg/ml xylene cyanole

FF, 1 mg/ml bromophenol blue, and 10 mM EDTA (pH 8.0)) and heated for 5 minutes

at 95ºC. The DNA/buffer mixture was then loaded onto a denaturing 6%

polyacrylamide gel. The gel contained 7 M urea, 1.2 x Tris-Borate EDTA (TBE) buffer,

0.001% ammonium persulfate, and 0.0006% TEMED. (The composition of 1 x TBE

buffer is 0.09 M Tris-borate, 0.002 M EDTA). 

An [α-35S]-labelled sequencing reaction using M13mp18 single-stranded DNA

was prepared according to the manufacturer’s instructions. This reaction was used as a

standard to determine the size of PCR products. A 3 µL aliquot of each of the

sequencing reaction products (4 tubes, corresponding to A, C, G, T) was heated to 95ºC

for 5 minutes and loaded onto the same polyacrylamide gel. Gels were electrophoresed

at 1600 V for 4 hours in 1 x TBE buffer. Following electrophoresis, gels were dried and

exposed to autoradiographic film overnight at  -80º C with an intensifying screen.

The scoring of alleles was conducted independently by two observers. Positive

and negative controls were included to ensure inter-gel consistency and to detect

contamination. All genotypes were checked for Mendelian segregation within

pedigrees, and genotyping of pedigree members was repeated if any inconsistencies

were observed. If the genotype remained incompatible with the rest of the pedigree, it

was excluded from further analysis. The mean heterozygosity (proportion of individuals

heterozygous at the marker loci) was 0.73. 
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4.2.4 Parametric and non-parametric linkage analysis of obesity as a

discrete trait

Obesity was initially studied as a discrete trait, according to two different

classification schemes. Under the first classification scheme, subjects with BMI ≥ 30

kg/m2 were classified as affected, and those with BMI ≤ 27 kg/m2 were considered as

unaffected. The phenotype of subjects with BMI 27-30 kg/m2 was classified as

unknown. This classification scheme was identical to that used by Lee et al. (1999), and

yielded 52 affected sib-pairs. 

The second classification scheme used a lower threshold of BMI ≥ 27 kg/m2 to

define affected individuals, and those with a BMI < 27 kg/m2 were considered to be

unaffected. This less stringent threshold was used by Hager et al. (1998) in a genome

scan for obesity, and increased the sample size to 141 affected sib-pairs. 

Three different models for the mode of inheritance and allele frequency were

used. The first two models tested for a common allele (frequency 0.24) with either a

recessive or a dominant mode of inheritance (called common recessive and common

dominant, respectively). The common recessive model specified a penetrance of 0.9,

which assumed that approximately 5% of the population would be homozygous obese.

The common dominant model specified a penetrance of 0.3 for homozygotes and 0.15

for heterozygotes; which corresponded to 7.2% of the population carrying at least one

copy of the putative obesity-causing allele. Both of these models are consistent with the

major genetic effect suggested by segregation analyses (Section 1.1.4.2 and Table 1.4).

Alternatively, a third model (rare recessive) was used to test for a recessive allele of

frequency 0.02 with a penetrance of 0.9. Parametric linkage analysis was performed for

each of the six classification x model combinations using the program ALLEGRO

(Gudbjartsson et al. 2000). 
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Non-parametric linkage analysis was also performed for each of the two

classification schemes for obesity, using the program ALLEGRO. The scoring function

Spairs was used, which is equal to the sum of alleles shared identical-by-descent (IBD) by

each pair of affected relatives (Whittemore & Halpern 1994). Spairs maintains similar

power across disease models, and is particularly suited to recessive alleles of high

frequency (McPeek et al. 1999; Sengul et al. 2001). All sibships were weighted equally,

which provides near-maximal power, except in pedigrees with large numbers of affected

siblings (Sham et al, 1997).

4.2.5 Quantitative Transmission Disequilibrium Test (QTDT)

A quantitative analysis of obesity-related traits in all siblings was also conducted

(n = 320 to 496 siblings, depending on trait, a maximum of 375 sib-pairs). Quantitative

measures of obesity were tested for linkage and association with markers on 20q13

using the quantitative transmission disequilibrium test (QTDT) (Abecasis et al. 2000a,

Abecasis et al. 2000b).  

The QTDT is a general linkage-disequilibrium test that is applicable for the

analysis of quantitative traits in nuclear families of any size, and does not necessarily

require parental genotypes. The QTDT uses a variance-components framework, in

which the total phenotypic variance is partitioned into components attributable to the

additive genetic variance of the locus being studied (σ 2
a), the residual sibling variance

(σ 2
s), and the residual environmental component (σ 2

e), according to the biometric

model of Falconer (1989):

σ 2 TOTAL = σ 2a + σ 2s + σ 2e
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Initially, the (broad-sense) heritability of each quantitative trait was estimated

using maximum likelihood methods. For each trait, a full model was generated which

estimated the magnitude and significance of σ 2
s and σ 2

e. This model was compared

with a null model, in which σ 2
s was constrained to zero (i.e. no genetic effects). Age

and sex were entered as covariates, and σ 2
a was not included in either model. The

heritability (h 2) of each quantitative trait was calculated as σ 2
s divided by the total

phenotypic variance. 

Before tests of allelic association were performed, the evidence for population

stratification at each marker was evaluated (as population stratification may cause

spurious results in association studies). The QTDT uses a variation of the orthogonal

model proposed by Fulker et al. (1999) to partition the effects of allelic association into

between- and within-family components. The between-family component is sensitive to

population stratification, and the within-family component is present only in cases of

linkage disequilibrium between trait and marker loci. When no evidence of population

stratification was detected, a test of allelic association was performed (as described by

Abecasis et al. 2000a). As the QTDT uses a variance components framework, the

variance co-variance matrix (Ωi) is given by: 

σ 2a + σ 2s + σ 2e if j = k

Ωi

πijk σ 2a+ σ 2s if j ≠ k

where πijk refers to the proportion of alleles shared IBD between siblings j and k in

family i. At the same time, the phenotypic means (yij) are modelled:
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       ∧
yij = µ + βa gij

where µ is the true mean, βa is the additive genetic value of locus a, and gij is the

genotype score of individual j in family i. Age and sex can be included as covariates.

The evidence for association is tested by comparing the likelihood of a full model (in

which each of these parameters are estimated) with one in which βa is constrained to

zero (the null hypothesis). 

Finally, tests of linkage at marker loci were conducted by estimating the

variance attributable to the additive major gene effect of the locus under study (σ2
a), and

comparing the likelihood of this model with a restricted model in which σ2
a was fixed at

zero (i.e. the null hypothesis of no linkage). For all QTDT-based tests, twice the

difference in ln likelihoods between the null and alternative models yields a test statistic

that is asymptotically distributed as an χ2 variable, with degrees of freedom equal to the

difference in the number of parameters being estimated.
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4.3     Results

The phenotypic characteristics and the distribution of BMI in the study group (n

= 542) are shown in Table 4.4 and Figure 4.1, respectively. The mean BMI of the group

was 28.48 ± 4.21 kg/m2 (range 16.94 – 44.19 kg/m2), and a history of diabetes was

reported by 15 subjects (2.8% of the population). Under the first classification scheme,

173 subjects (32.0%) were classified as obese (BMI ≥ 30kg/m2); and lowering the

threshold for obesity to ≥ 27 kg/m2 using the second classification scheme increased the

number of affected subjects to 334 (61.9% of the population). 

Table 4.4 Descriptive statistics of the Busselton population sample

Males (n = 278) Females (n = 264)

Age (years) 56.6 ± 14.0 (278) 56.6 ± 14.8 (264)

BMI (kg/m2) 28.47 ± 3.46 (277) 28.50 ± 4.88 (263)

Waist-to-hip ratio 0.96 ± 0.06 (249) 0.81 ± 0.06 (238)

Waist circumference (cm) 98 ± 10 (250) 87 ± 12 (239)

Abdominal skinfold thickness (mm) 26 ± 9 (250) 29 ± 10 (236)

Triceps skinfold thickness (mm) 15 ± 6 (275) 24 ± 7 (259)

Sum of eight skinfolds (mm) 142 ± 46 (182) 192 ± 60 (168)

Fasting plasma glucose (mmol/l) 5.1 ± 1.4 (260) 5.0 ± 1.5 (248)

History of diabetes, n (%) 7 (2.5%) 8 (3.0%)

All continuous variables are shown as mean ± SD (n). 
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Figure 4.1 Distribution of BMI in the Busselton population sample (n = 542). 

Parametric linkage analysis provided no evidence for linkage at any of the

markers on 20q13 (Table 4.5 and Figures 4.2 and 4.3). This result was obtained for both

classification schemes (BMI ≥ 30kg/m2 or ≥ 27 kg/m2) and all modes of inheritance

(common dominant, common recessive, and rare recessive). The peak HLOD

(heterozygosity LOD) score for these analyses was 0.68 at D20S102, for BMI > 27

kg/m2, under a common recessive model.
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Table 4.5 Results for single-point parametric linkage analysis

BMI ≥ 30 kg/m2 BMI ≥ 27 kg/m2

Model Marker Distance LOD HLOD LOD HLOD

D20S887 72.3 -15.19 0.00 -26.52 0.00

D20S196 75.0 -15.10 0.07 -30.68 0.04

D20S913 82.1 -7.48 0.07 -18.14 0.06

Common recessive

D20S102 87.0 -7.85 0.29 -10.16 0.68

D20S887 72.3 -0.55 0.01 -1.03 0.03

D20S196 75.0 -0.77 0.00 -1.97 0.00

D20S913 82.1 0.28 0.29 -0.60 0.06

Common dominant

D20S102 87.0 0.19 0.22 0.14 0.29

D20S887 72.3 -73.03 0.00 -37.29 0.00

D20S196 75.0 -80.78 0.00 -41.33 0.02

D20S913 82.1 -46.98 0.26 -21.65 0.12

Rare recessive

D20S102 87.0 -36.27 0.27 -21.40 0.17

Distance is shown in centiMorgans (cM) from chromosome 20p-ter. Abbreviations: LOD,

Logarithm of Odds; HLOD, Heterogeneity LOD score. 
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Figure 4.2 Results for multi-point parametric linkage analysis (Affection status 1:

BMI ≥ 30 kg/m2)
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Figure 4.3 Results for multi-point parametric linkage analysis (Affection Status 2:

BMI ≥ 27 kg/m2)

HLOD: Heterogeneity LOD score
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Non-parametric linkage analysis also provided no evidence for linkage to this

region, regardless of the threshold used to define obesity (Table 4.6 and Figure 4.4).

The maximum LOD score was 0.32 (non-parametric LOD (NPL) 0.48) at D20S102, for

BMI ≥ 30 kg/m2. 

Quantitative tests of association and linkage were next performed for obesity-

related traits using the QTDT. When the σ2
s component of variance was evaluated for

each quantitative trait, all were found to be significantly heritable except abdominal

skinfold thickness (Table 4.7). The heritabilities of traits varied from 0.25 for WHR to

0.33 for the sum of eight skinfolds (S8S). 

There was no evidence for population stratification for any of the traits tested at

any of the four markers studied (Table 4.8), thus any associations observed are unlikely

to be due to this effect. However, QTDT-based tests of association revealed no

significant associations between the four markers and BMI, WHR, waist circumference,

triceps skinfold and S8S (Table 4.9). The most significant association was between

waist circumference and D20S913 (P = 0.080). 

Variance components analysis for each of the five obesity-related traits provided

no evidence for linkage at the P < 0.05 level. Marginal evidence for linkage of waist

circumference was obtained at D20S887 (P = 0.056) (Table 4.10). 
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Table 4.6 Results for single-point non-parametric linkage analysis 

BMI ≥ 30 kg/m2 BMI ≥ 27 kg/m2Marker Distance (cM)

LOD NPL LOD NPL

D20S887 72.3 0.04 0.20 0.03 0.23

D20S196 75.0 0.06 - 0.24 0.04 - 0.27

D20S913 82.1 0.17 0.36 0.06 0.27

D20S102 87.0 0.32 0.48 0.06 0.25

Abbreviations: LOD, Logarithm of Odds; NPL, non-parametric LOD.

Figure 4.4 Results for multipoint non-parametric linkage analysis

NPL: non-parametric LOD
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 Table 4.7 Estimation of parameters by maximum likelihood methods

Trait
n Mean βage βsex σ2

e σ2
s h2 P

BMI 496 27.52 0.02 -0.02 12.81 4.99 0.28 0.0004

Abdominal skinfold 444 26.77 -0.04 2.13 80.12 7.02 0.08 NS

WHR 445 1.03 0.00 -0.15 0.003 0.001 0.25 0.0105

Triceps skinfold 490 10.78 -0.07 8.47 28.46 12.23 0.30 0.00009

Waist circumference 447 99.15 0.19 -11.18 79.18 36.57 0.32 0.00009

Sum of 8 skinfolds 320 115.80 -0.38 48.06 1874.98 906.79 0.33 0.0048

NS means nominal P < 0.10. Abbreviations: βage, coefficient due to age; βsex, coefficient due to

sex; σ2
e, environmental component of variance; σ2

s, genetic component of variance; h2, heritability. 

Table 4.8 Results for population stratification of all traits, with age and sex as

covariates

BMI WHR Triceps Waist S8S

Marker χ2 P χ2 P χ2 P χ2 P χ2 P

D20S887 0.14 NS 0.05 NS 0.00 NS 1.61 NS 0.00 NS

D20S196 0.41 NS 0.04 NS 0.00 NS 1.43 NS 0.00 NS

D20S913 0.60 NS 0.98 NS 0.05 NS 2.46 NS 0.00 NS

D20S102 0.27 NS 0.01 NS 0.00 NS 0.92 NS 0.00 NS

Each test performed with one degree of freedom. NS means nominal P < 0.10.
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Table 4.9 Results for total association of all traits, with age and sex as covariates

BMI WHR Triceps Waist S8S

Marker χ2 P χ2 P χ2 P χ2 P χ2 P

D20S887 0.50 NS 0.06 NS 0.00 NS 2.82 0.093 0.00 NS

D20S196 0.76 NS 0.03 NS 0.00 NS 1.96 NS 0.00 NS

D20S913 1.20 NS 1.34 NS 0.01 NS 3.06 0.080 0.00 NS

D20S102 0.56 NS 0.34 NS 0.00 NS 1.35 NS 0.00 NS

Each test performed with one degree of freedom. NS means nominal P < 0.10.  

Table 4.10 Results for variance components analysis of all traits, with age and sex as

covariates

BMI WHR Triceps Waist S8S

Marker χ2 P χ2 P χ2 P χ2 P χ2 P

D20S887 0.77 NS 0.20 NS 0.00 NS 3.67 0.056 0.00 NS

D20S196 1.15 NS 0.21 NS 0.00 NS 2.54 NS 0.00 NS

D20S913 1.14 NS 1.37 NS 0.00 NS 2.96 0.085 0.00 NS

D20S102 0.67 NS 0.38 NS 0.00 NS 1.15 NS 0.00 NS

Each test performed with one degree of freedom. NS means nominal P < 0.10. 
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4.4     Discussion

The objective of this study was to test for linkage between obesity and

chromosome 20q13, a region where suggestive evidence for linkage had been observed

previously (Borecki et al. 1994, Lembertas et al. 1997, Lee et al. 1999). The present

study is the first attempt to replicate these findings in an Australian population. When

obesity was studied as a discrete trait (defined by BMI), there was no evidence to

suggest that either a common or a rare obesity-related allele was present in this

chromosomal region. Moreover, these negative findings were supported by QTDT-

based tests of association and linkage for quantitative obesity-related traits, for which no

significant results were obtained.

There are a number of possible explanations for the lack of positive results. The

first possibility is that there is no obesity locus in this region. Many other genome scans

for obesity in Caucasian populations have not detected any linkage to 20q13 for relevant

phenotypes (Hager et al. 1998, Kissebah et al. 2000, Hsueh et al. 2001, Feitosa et al.

2001). The contribution of the other chromosomal regions identified in genome scans

(such as 3q27, 7q32, and 10p) has yet to be evaluated in subjects from the Busselton

Population Survey.

Secondly, it is possible that the markers studied here were not in the vicinity of

the 20q13 obesity QTL. The ADA locus, where both association and linkage of BMI

have been observed (Borecki et al. 1994; Bottini et al. 1999) is located approximately

10 cM centromeric to D20S887. Moreover, the linkage for 24-hour respiratory quotient

(LOD 3.0) was observed in Pima Indians at D20S106 (Norman et al. 1998),

approximately 15 cM centromeric to D20S887. This possibility is further supported by

the recent findings of Hunt et al. (2001), who obtained significant evidence of linkage

(HLOD 3.5) on chromosome 20 for severe obesity (BMI > 35 kg/m2) at D20S438 (55
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cM, ~ 13 cM centromeric to D20S887). However, it is important to emphasize that two

of the markers used in this study (D20S887 and D20S913) were identical to those that

yielded peak linkage for BMI ≥ 30 in race-specific analyses of Caucasians, in the

genome scan conducted by Lee et al. (1999). It is possible that there are multiple linked

obesity-associated loci in this chromosomal region. As the linked interval differs widely

between studies, however, the issues of poor localization and multiple genes could only

be completely resolved by high-resolution mapping of the entire 20q region, and

perhaps the centromeric region as well. 

A final explanation for the lack of positive results is that the Busselton

population studied here is not well suited for genetic linkage studies of obesity. This

conclusion is plausible for two main reasons: (i) there were not many obese subjects;

(ii) the heritability of obesity phenotypes was low.

The number of obese subjects in the Busselton group studied here (52 sib-pairs

with BMI ≥ 30 kg/m2; and 141 sib-pairs with a BMI ≥ 27 kg/m2) was a major limiting

factor for the affected sib-pair analysis, and probably prevented the detection of

anything other than a major obesity locus. Simulation studies published elsewhere have

estimated that between 51 and 64 families (each with one sib-pair) would be required

for 80% power to detect linkage at a significance level of 0.001, using the allele-sharing

statistic Spairs, (Sengul et al. 2001). This was observed under both dominant and

recessive models with reduced penetrance, and assuming a disease prevalence of 10%.

However, these calculations assumed no recombination (θ = 0) between the trait and

marker loci; and it was found that increasing θ to 0.05 led to a substantial increase in the

required sample size (to 79 – 99 sib-pairs). In the present study, we attempted to prevent

this loss of power by using highly informative markers that were closely spaced

(average spacing ~ 5 cM) (Kruglyak & Lander 1995).
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While a minor obesity locus may not have been detected due to low power in the

affected sib pair analysis, it is likely that the subsequent quantitative trait analyses had

sufficient power to detect a major locus for obesity. Simulations by Abecasis et al.

(2000a) indicated that either ~ 350 sib-pairs with parents or ~ 500 sib-pairs without

parents are required for 80% power to detect a locus that accounts for 10% of the

phenotypic variance. It is possible that genetic variation in 20q13 accounts for less than

10% of the total phenotypic variance.

The low heritability estimates obtained for measures of obesity may also have

been a limiting factor in this study. All measures of obesity, except abdominal skinfold

thickness, were significantly heritable, with heritability estimates in the range 0.25 –

0.33. The heritability of BMI (0.28) was substantially less than that observed in the

entire Busselton Survey sample of over 4000 individuals (h2 = 0.52) (Knuiman et al.

1996). Therefore, it would be reasonable to conclude that the genetic basis for

overweight and obesity in this subset is much less than in the entire Busselton Survey.

The reasons for this discrepancy are not clear, but may simply reflect the reduced

sample size and complexity of pedigrees. Other measures of obesity may have been

more appropriate in this subset of the population, as the heritability estimate for triceps

skinfold thickness in the present study exceeded that obtained in the entire Busselton

Survey (0.30 vs. 0.23).

The present study was probably underpowered to detect modest effects of genotype

on phenotype. Although segregation analyses have suggested the presence of major loci

for obesity, it appears more likely that the effects of putative obesity loci will be modest

at the population level and will require a great deal more power to detect them. There

are several factors known to influence the power of genetic linkage studies: 

1. Sample size:  Sample size is an important determinant of study success;

multivariate analysis of genome scans for common, complex diseases has
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indicated that studies with greater numbers of individuals were more successful

at detecting linkage (Altmüller et al. 2001). Comparisons between the present

study and genome scans from 1997 to present indicate that while the present

study is near the lower end of the range for sample size, it is certainly

comparable with many other investigations (Table 4.11). However, it must be

recognized that many of the studies with small numbers of subjects are also

comprised of a small number of families/pedigrees, indicating that these studies

are likely to be very informative (see below) and consist of a high number of

genetic relationships.  

2. Information content: Regarding the information content, in many cases it was

less than optimal, as parents were unavailable for study. Further, in pedigrees

with one or both parents, it was sometimes difficult to determine identity-by-

descent (IBD) unambiguously, due to some instances of homozygosity at marker

loci. We aimed to minimize loss of information by: (i) genotyping parents and

unaffected siblings whenever possible, to increase the accuracy of IBD

estimates; (ii) using markers with high information content, (average

heterozygosity 0.75) to minimize the probability of homozygosity; and (iii) used

a high marker density (average spacing ~ 5cM) to prevent loss of information

between markers. (The effects of these last two measures on information content

are well illustrated in Kruglyak & Lander, 1995, pp 445).   

3. Heterogeneity of affected subjects: As the thresholds for affected status were

quite low (BMI ≥ 27 or 30 kg/m2), it appears less likely that a single locus could

be responsible for the phenotype, i.e. the genetic heterogeneity is high. Future

studies should utilize methods to minimize heterogeneity, such as focusing on

pedigrees containing multiple subjects with very severe obesity (BMI > 40), and

limiting those pedigrees to clusters of affected individuals (Stone et al. 2002). 
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Table 4.11 Sample sizes of genome scans for obesity

Study Subjects (type) Pedigrees (n, structure) 

Comuzzie et al. (1997) 458 10 pedigrees

Hanson et al. (1998) 966 264 nuclear families

Hager et al. (1998) 514 158 nuclear families

Norman et al. (1998) 451 sib-pairs (obesity)

236 sib-pairs (energy metabolism) 

127 nuclear families (obesity)

82 nuclear families (energy metabolism) 

Lee et al. (1999) 713 124 families

Mitchell et al. (1999) 470 10 multi-generational families

Van der Kallen et al.

(2000)

198 18 pedigrees

Kissebah et al. (2000) 2,209 507 nuclear families

Walder et al. (2000) 770 239 nuclear families

Öhman et al. (2000) 367 affected sibs 166 families

Hsueh et al. (2001) 672 28 families

Pérusse et al. (2001) 271 sib-pairs 156 families

Comuzzie et al. (2001) 1,100 170 families

Lindsay et al. (2001) 1,388 332 nuclear families

Parker et al. (2001) 1,488 353 pedigrees

Arya et al. (2001) 261 27 families

Zhu et al. (2002) 618 202 families

Feitosa et al. (2002) (a) 1,184 / 317 sibships

(b) 3027 

401 3-generation families

Deng et al. (2002) 630 53 pedigrees

Wu et al. (2002) 8 populations; 6,849 subjects

total: 

(a) 606 Caucasian
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(b) 621 African American

(c) 753 Caucasian

(d) 617 African American

(e) 788 Mexican American

(f) 1,138 Caucasian

(g) 1,256 African American

(h) 1,070 Asian 

Stone et al. (2002) >10,000 >435 pedigrees

This study Parametric and non-parametric

linkage: 

(a) 52 sib-pairs (BMI ≥ 30)

(b) 141 sib-pairs (BMI

≥27)

Variance components analysis: 

320 – 496 siblings, depending on

trait

134 multi-generational pedigrees,

mostly nuclear families

To summarise, the results of this study do not support the existence of a major

locus for obesity on chromosome 20q13. Using both parametric and non-parametric

analyses, we did not observe any linkage for obesity to this region. This finding was

confirmed by QTDT-based tests of association and linkage for several quantitative

measures of obesity. However, the existence of obesity loci on 20q13 with more modest

effects remains a possibility, but this issue cannot be resolved until future studies utilise

larger population samples with greater proportions of obese subjects. Naturally, greater

marker coverage and density will undoubtedly aid future efforts to determine the exact

location of putative obesity loci, and increase the power to detect loci of modest effect. 



Chapter Five 

Determination of the promoter of the human

Agouti Signalling Protein (ASIP) gene

Abstract 

Agouti Signalling Protein (ASIP) is the human homologue of agouti, a

rodent obesity gene. ASIP is expressed at high levels in adipose tissue, and may be

involved in the pathogenesis of obesity. Treatment of adipocytes with agouti

increases the expression of lipogenic enzymes and adipogenic transcription factors,

while inhibiting lipolysis. Consistent with a role in obesity, the ASIP gene is located

on chromosome 20q11, a region that has been linked with obesity and type 2

diabetes in genome scans. 

The 5' sequence and promoter region of ASIP has not been determined. The

identification of these sequences may allow insight into the factor(s) which control

the expression of ASIP in adipose tissue. 

In this chapter, the 5' sequence of ASIP was determined by 5'RACE,

yielding three new exons (which were named 1A, 1A' and 1B). Two promoters

(named 1A and 1B) were identified by primer extension, and were also analysed

for putative transcription factor binding sites. Portions of the two putative

promoters were then fused with a luciferase reporter gene, and transfected into

two human cell lines: HepG2 cells and a novel adipocyte cell line (Simpson-Golabi-

Behmel adipocytes). The results from this investigation will allow further
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functional studies of the regulation of ASIP expression, as well as the identification

of novel sequence variants within this candidate gene. 

5.1 Introduction

The mouse agouti gene (a) encodes a secreted protein of 131 amino acids, which

is normally expressed in the skin during the hair growth cycle (Bultman et al. 1992).

Agouti antagonises alpha-melanocyte-stimulating hormone (α-MSH) at the

melanocortin receptor (MC1-R) (Lu et al. 1994), stimulating the production of

phaeomelanin (a yellow pigment) instead of eumelanin (a brown-black pigment).

Agouti expression in melanocytes is normally controlled by hair-cycle- and ventral-

specific promoters (Vrieling et al. 1994). 

In mice, heterozygosity for the lethal yellow mutation (Ay) is associated with a

syndrome of obesity, diabetes, decreased thermogenesis, increased linear growth, and a

yellow coat (Bray & York 1979). The lethal yellow mutation is a 170 kb deletion of the

5' flanking region of the agouti gene, so that the promoter and non-coding first exon of

an upstream gene, Raly, are spliced with the coding exons of agouti (Michaud et al.

1994). This mutation causes the ubiquitous expression of agouti in all tissues (Miller et

al. 1993). In Ay/a mice, agouti also antagonises α-MSH at the hypothalamic

melanocortin-4 receptor (MC4-R) (Lu et al. 1994), a receptor specifically involved in

the regulation of feeding behaviour. Knockout of the Mc4-r gene in mice recapitulates

the obese phenotype of Ay/a mice, without the effects on pigmentation (Huszar et al.

1997).  

The human agouti gene, called agouti signalling protein (ASIP), is over 80%

identical to the mouse gene and encodes a protein of 132 amino acids with a consensus

signal peptide (Kwon et al. 1994). ASIP is expressed in adipose tissue, testis, heart and
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ovary, and at lower levels in liver and kidney (Kwon et al. 1994, Wilson et al. 1995).

More recently, ASIP mRNA was also identified in human pancreas (Xue et al. 1999).

The function of ASIP in these tissues has not yet been determined.

Treatment of adipocytes with agouti elicits significant effects on lipid

metabolism that are likely to contribute to obesity. Both ASIP and agouti contain a

number of cysteine residues at their carboxyl termini, and resemble toxins produced by

snails (ω - conotoxins) and spiders (plectotoxins) (Manne et al. 1995). These toxins

exert their effects via neuronal calcium channels. Accordingly, agouti treatment

increases intracellular calcium levels in many cell types, including adipocytes (Kim et

al. 1997). This increase in calcium influx leads to a powerful suppression of lipolysis

(Xue et al. 1998). In addition, treatment of adipocytes with agouti increases the

expression of fatty acid synthase (FAS) and stearoyl coA-desaturase (SCD), enzymes

involved in fatty acid synthesis and desaturation, respectively (Jones et al. 1996).

Moreover, transgenic mice overexpressing agouti in adipose tissue become obese in

response to insulin treatment (Mynatt et al. 1997); and display elevated levels of the

adipogenic transcription factors STAT1, STAT3 and PPAR-γ (Mynatt & Stephens

2001). Therefore, ASIP can be considered as a candidate gene for obesity. 

A role for ASIP in obesity is further supported by results from genetic linkage

studies. ASIP is located on chromosome 20q11, which has been linked to several

measures of obesity (Borecki et al. 1994, Norman et al. 1997). Recently, significant

linkage (LOD 3.5 – 4.9) was detected between severe obesity (BMI ≥ 35) and one or

more loci near the chromosome 20 centromere (Hunt et al. 2001). ASIP is a leading

positional candidate in this region. 

Although three exons of ASIP (referred to as exons 2, 3, and 4 in initial reports)

have already been determined (Kwon et al. 1994, Wilson et al. 1995), the 5' sequence

and promoter of the gene have not yet been identified. It is possible that ASIP has one or
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promoters, and the sequence immediately upstream of the first coding exon of ASIP

(exon 2) contains a consensus splice acceptor site (Wilson et al. 1995). The 5' sequence

and promoter of ASIP may provide information regarding factors that regulate its

expression in adipose tissue. Therefore, it was the aim of this study to determine the 5'

sequence of the human ASIP gene, and to identify the adipose-specific promoter of

ASIP. 

5.2 
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1 Rapid Amplification of cDNA ends (5’ RACE)

1.1 Marathon cDNA procedure
The 5' sequence of ASIP was determined using Marathon-ReadyTM cDNA from
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Briefly, total RNA was extracted from the subcutaneous adipocytes of 11

n subjects of both sexes (aged 19 – 57 years), and was pooled, poly A+

, and reverse-transcribed. Double-stranded cDNA was then synthesised, and a

tranded adapter was ligated to either end of the double-stranded cDNA. This

re yielded a tissue-specific library of full-length, double-stranded cDNA with a

equence ligated to both the 5' and 3' ends of each transcript (Figure 5.1). 

First-round amplification

irst-round PCR amplification was performed using a touch-down PCR

re (Don et al. 1991).  The composition of the first-round PCR mixture is shown
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in Table 5.1. PCR conditions were: an initial denaturation of 1 minute at 94° C,

followed by 5 cycles of 94° C for 30 seconds, 72° C for 3 minutes. This was followed

by 5 cycles of: 94° C for 30 seconds, 70° C for 3 minutes; and 20 cycles of 94° C for 20

seconds, 68° C for 3 minutes.

Figure 5.1 Schematic diagram of Clontech Marathon-Ready cDNATM

Abbreviations: AP, adapter primer; GSP, gene-specific primer. 

Full length double-stranded cDNA

eg. ASIP

Adapter    Unknown 5' sequence Known sequence Adapter
(Exons 2, 3, and 4)

AP1 GSP1

AP2            GSP3     GSP2

5'
3'

3'
5'
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Table 5.1 Composition of first-round PCR mixture (volume 50 µL)

Ingredient Amount / Composition

 Double-stranded cDNA 0.5 ng

[AP1 primer] 0.2 µM

[ASIP-GSP1 primer] 0.2 µM

[dNTPs] 0.2 mM

1 x cDNA reaction buffer 40 mM Tricine-KOH, 15 mM potassium acetate, 3.5 mM

magnesium acetate, 3.75 µg/mL bovine serum albumin, 0.005%

Tween 20, 0.005% Nonidet-P40

1 x AdvantageTM polymerase mix 1.0% glycerol, 0.3 mM Tris·HCl, 1.5 mM KCl, 1.0 µM EDTA,

unspecified amounts of TITANIUMTM Taq DNA Polymerase,

proofreading polymerase and TaqStart antibody. 

In addition, the following positive and negative controls were used: 

1) A control 5' G3PDH primer (binding to the ubiquitously expressed glyceraldehyde-

3-phosphate dehydrogenase transcript) was used in combination with primer AP1, to

yield a 1.09 kb PCR product. 

2) A second positive control used a sense primer for ASIP (ASIP-GSP3, Figure 5.1) in

combination with primer ASIP-GSP1, to test for the presence of ASIP cDNA in the

sample. This reaction was expected to yield a 210 bp product.

3) Two negative control reactions were also performed, each using only one of the

primers AP1 or ASIP-GSP1. 
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Table 5.2 Sequences of primers used in nested PCR reactions

Primer name Sequence

Adapter primer 1 (AP1) 5'-CCATCCTAATACGACTCACTATAGGGC-3'

Adapter primer 2 (AP2) 5'-ACTCACTATAGGGCTCGAGCGGC-3'

ASIP-GSP1 5'-GCACCACTTTCTTCATCGAAGCCTCCT-3'

ASIP-GSP2 5'-TCAGCGCCACAATAGAGACAGAAGGGAC-3'

ASIP-GSP3 5'-CTCTGCTTCTTCACTGCCAACAGCCA-3'

Control 5'-G3DH primer 5'-GGTCTTACTCCTTGGAGGCCATGT-3'

5.2.1.3 Second-round amplification

PCR products (the experimental sample and the G3PDH reaction) were diluted

1:50 in sterile TE buffer (10 mM Tris·Cl, 1 mM disodium EDTA, pH 8.0). The diluted

PCR products (5 µL) were subsequently amplified in a second round of PCR, using

nested primers.

Again, the following controls were used: 

 

1) The control 5’ G3PDH primer was used in combination with the AP2 primer. This

reaction was expected to yield a 1.09 kb PCR product. 

2) The primer ASIP-GSP3 was used in combination with ASIP-GSP2 in a positive

control reaction to produce a 126 bp product. 

3) Two negative control reactions: primer AP2 only, and primer ASIP-GSP2 only. 
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Table 5.3 Composition of second-round PCR mixture (volume 50µL)

Ingredient Amount / Composition

DNA 5 µL of diluted first-round PCR product

[AP2 primer] 0.2 µM

[ASIP-GSP2 primer] 0.2 µM

[dNTPs] 0.2 mM

1 x cDNA reaction buffer 40 mM Tricine-KOH, 15 mM Potassium acetate, 3.5 mM

magnesium acetate, 3.75 µg/mL bovine serum albumin, 0.005%

Tween 20, 0.005% Nonidet-P40

1 x AdvantageTM polymerase mix 1.0% glycerol, 0.3 mM Tris·HCl, 1.5 mM KCl, 1.0 µM EDTA,

unspecified amounts of TITANIUMTM Taq DNA Polymerase,

proofreading polymerase and TaqStart antibody. 

5.2.1.4 Cloning of 5’ RACE products

The concentration and purity of PCR products from the second-round

amplification were determined by spectrophotometry:

 

An A260 of 1.0 indicates a DNA concentration of 50 ng/µL.

(A260 - A320 / A280 – A320) = Ratio of 1.8 – 1.9 indicates high purity. 

PCR products obtained from the second round of PCR were suitable for T/A

vector cloning. Twenty-five nanograms of the second-round PCR product was ligated to

50 ng of pGEM-T vector in a 10 µL reaction, which contained 30 mM Tris·Cl pH 7.8,

10 mM MgCl2, 10 mM DTT, 1 mM ATP, and 3 Weiss units of T4 DNA Ligase. In a
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separate ligation reaction, 8 ng of a positive control DNA insert was ligated to 50 ng of

pGEM-T vector; and sterile water was used instead of DNA as a negative control. All of

the ligation reactions were incubated for 1 hour at room temperature. 

Following ligation, 2 µL of the mixture was added to 50 µL of JM109

competent cells (1 x 108 cfu/µg DNA) in sterile 10 mL polypropylene tubes on ice.

Uncut pGL3Basic plasmid (0.1 ng) was used as a positive control for transformation,

while sterile water was used as a negative control. All of these mixtures were incubated

on ice for 20 minutes, then heat-shocked in a water bath at 42° C for 45 seconds. Tubes

were then placed on ice for at least 2 minutes. 

Sterile LB medium (950 µL; composition 10 g/L bacto-tryptone, 5 g/L bacto-

yeast extract, 10 g/L NaCl, pH 7.0) was added to each tube containing the DNA / cell

mixtures. Tubes were then incubated for 90 minutes at 37° C with shaking. After

incubation, 100 µL of the mixture was spread onto the surface of LB agar plates (LB

medium with 15g/L agar) containing 100 µg/mL ampicillin. Prior to plating, the surface

of the LB agar plates had been treated with 100 µL of 100 mM IPTG (isopropyl-β-D-

thiogalactopyranoside, dioxane-free) and 20 µL of 50 mg/mL X-gal (5-bromo-4-chloro-

3-indolyl-β-D-galactopyranoside) to allow blue-white screening of colonies. Plates were

prepared by air-drying in an oven at 37ºC for 1 hour. After the medium had been spread

on the plates, they were inverted and incubated for 16 hours at 37°C. 

White colonies generally indicated the presence of DNA inserts, and 48 of these

colonies were picked from the experimental plates with a sterile pipet tip. Colonies were

grown for 16 hours at 37°C (with shaking) in 10 mL polypropylene tubes containing 1

mL of sterile LB medium and 100 µg/mL ampicillin.
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5.2.1.5 Plasmid extraction

Plasmid DNA was prepared according to the method described by Sambrook et

al. (1989). For each picked colony, the LB medium was split equally into two sterile 1.5

mL microfuge tubes. The contents of one of the two tubes (approx 500 µL) was mixed

1:1 with 80% glycerol and stored at – 20 °C as a frozen stock. The remaining tube was

centrifuged at 10,000 x g for 30 seconds at 4°C to pellet the cells. The supernatant was

then removed by double aspiration. 

Pellets were resuspended in 100 µL of ice-cold Solution I (50 mM glucose, 25

mM Tris·Cl, and 10 mM EDTA, pH 8.0) by vigorous pipetting. Fresh Solution II (200

µL of 0.2 M NaOH, 1 % SDS) was added, and tubes were mixed rapidly by inversion

five times. Tubes were then placed on ice for 5 minutes. After incubation, 150 µL of

ice-cold Solution III (5 M potassium acetate, 2 M glacial acetic acid) was added, and

tubes were stored on ice for 5 minutes. 

Next, tubes were centrifuged at 12,000 x g for 5 minutes at 4°C. The supernatant

was transferred to new sterile 1.5 mL microfuge tubes. An equal volume (approx 400

µL) of phenol:chloroform:isoamyl alcohol (25:24:1) was added and the solution was

mixed by vigorous shaking. Tubes were then centrifuged at 12,000 x g for 2 minutes at

4°C. The upper (aqueous) phase was transferred to new sterile 1.5 mL microfuge tubes,

and DNA was precipitated by the addition of 1 mL of 100 % ethanol and incubation at -

70°C for > 1 hour.  

Following precipitation of the DNA, tubes were centrifuged at 12,000 x g for 30

minutes at 4°C. The supernatant was removed and the DNA pellet was washed with 500

µL of cold 70% ethanol. The 70% ethanol was removed by double aspiration: two

rounds of centrifugation at 12,000 x g for 5 minutes at 4°C and removal of the
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supernatant. DNA pellets were then air-dried in a fumehood, and resuspended in 50 µL

of TE buffer, pH 8.0 containing 2 units (U) of RNAse One. DNA samples were

incubated for 1 hour at 37°C to allow dissolution of the pellet. 

5.2.1.6 Screening of plasmids by digestion and PCR of inserts 

To confirm the presence of DNA inserts in the plasmids, 3 µL of the plasmid

DNA was digested in a 20 µL reaction, which contained 6 mM Tris·Cl (pH 7.9 at 37°C),

6 mM MgCl2, 150 mM NaCl, 1 mM DTT, 0.1 mg/mL bovine serum albumin, and 5 U

of Not I.  (The pGEM-T vector contains two Not I sites, one either side of the insertion

site). The plasmid was digested at 37°C for 2 hours. Following digestion, all of the

reaction was electrophoresed on a 1% agarose gel and visualised by ethidium bromide

staining. 

Plasmids that were identified as containing inserts were then screened by PCR.

For PCR screening, 1 µL of the plasmid DNA was amplified in a 50 µL reaction

containing 1 x Tth+ buffer (67 mM Tris·Cl pH 8.8, 16.6 mM [NH4]2SO4, 0.5% Triton X-

100 and 0.2 mg/mL gelatin), 0.2 µM of primers AP2 and ASIP-GSP2, 0.2 mM dNTPs,

2 mM MgCl2, and 1 U of Tth+ DNA Polymerase. Touchdown PCR was used, with the

following conditions: an initial denaturation step of 94°C for 1 minute, followed by 5

cycles of 94°C for 30 seconds, 72°C for 1 minute. This was followed by a further 17

cycles of 94°C for 30 seconds, 70°C for 1 minute. 

PCR products (5 µL) were electrophoresed on a 1% low melting point agarose

gel, excised with a sterile scalpel, and column-purified using MinElute Gel Extraction

Columns. PCR products were then sequenced using the primers AP2 and ASIP-GSP2. 
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5.2.2 Primer extension

As the 5'RACE results indicated the presence of novel 5' exons, the

transcriptional start sites of ASIP were subsequently determined by primer extension of

RNA from adipose tissue. All experimental work involving RNA was performed using

RNAse-free tips and tubes. Glassware, metal utensils, and the pestle and mortar were

baked at 200°C for 4 hours before use, and all sterile deionised water was treated with

0.1% (v/v) diethylpyrocarbonate (DEPC). 

5.2.2.5 RNA extraction

A sample of human abdominal subcutaneous adipose tissue was obtained from

an adult male undergoing a hernia operation. Informed consent was obtained. The

adipose tissue was frozen immediately in liquid nitrogen and stored at -70ºC until

required for RNA extraction.  

Total RNA was extracted from adipose tissue using a guanidinium thiocyanate-

phenol-chloroform method (Chomczynski & Saachi 1987). Approximately 500 mg of

frozen whole adipose tissue was ground under liquid nitrogen using a pestle and mortar.

The resulting powder was transferred to sterile 10 mL polypropylene tubes on ice; and

the contents of each tube were homogenized by 1 minute of vigorous pipetting in 1 mL

of freshly prepared denaturing solution (4 M guanidinium thiocyanate, 25 mM sodium

citrate pH 7.0, 0.5% sarcosyl, and 0.1 M 2-mercaptoethanol). Following

homogenization, the contents of each tube were transferred into two sterile 1.5 mL

microfuge tubes on ice. 

To each microfuge tube, 50 µL of 2 M sodium acetate (pH 4.0) was added. This

was followed by the addition of 500 µL of water-saturated phenol, and 100 µL of
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chloroform:isoamylalcohol (49:1). Tubes were vortexed for 15 - 20 seconds after the

addition of each reagent and placed on ice for 15 minutes. Tubes were then centrifuged

at 10,000 x g for 20 minutes at 4°C. The aqueous phase was removed and transferred to

a new sterile 1.5 mL microfuge tube. RNA was precipitated by the addition of 500 µL

of cold isopropanol and incubation at - 70°C for > 1 hour. 

Following precipitation of the RNA, tubes were centrifuged at 10,000 x g for 20

minutes at 4°C. The resulting RNA pellet was dissolved in 150 µL of denaturing

solution by vortexing. RNA was again precipitated by the addition of 150 µL cold

isopropanol and centrifugation at 10,000 x g for 20 minutes at 4°C. The supernatant was

removed, and the pellet was dissolved in 400 µL cold 75% ethanol by vortexing for 1

minute. The RNA solution was incubated at room temperature for 10 minutes to

dissolve the residual guanidinium. This incubation was followed by centrifugation at

10,000 x g for 10 minutes at 4°C, and the supernatant was removed by double

asipration. RNA pellets were air-dried in a fumehood and resuspended in 20 µL of

sterile DEPC-treated water. 

An aliquot of the RNA was dissolved in 1 mM Na2HPO4, and quantified by

spectrophotometry: 

    

An A260 of 1.0 indicates an RNA concentration of 40 ng/µL.

(A260 - A320 / A280 – A320) = Ratio of 1.9 – 2.0 indicates high purity.

To determine the integrity of the RNA, a 2 µL aliquot of RNA (approximately

500 ng) was electrophoresed in a 1% agarose gel for 30 minutes. The presence of 18S

and 28S bands was observed by staining with ethidium bromide. RNA samples were

stored at -70°C until required.  
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5.2.2.6 Labelling and purification of oligonucleotides

The oligonucleotides ASIP-PE1 (5'-AGCCCAGGCCAAGGAACTTCCT-3')

and ASIP-PE2 (5'-GGTGGGTCTGCAAAATTTCTTCCAGG-3') were used for primer

extension of Exons 1B and 1A, respectively. These primers were designed to bind the

novel 5' sequences specifically, so that reverse transcription of ASIP mRNA could be

performed (refer to Figures 5.7 and 5.8 for the locations of primer binding sites).   

First, 70 fmol of each oligonucleotide was radiolabelled in a 10 µL reaction

containing 70 mM Tris·HCl pH 7.6, 10 mM MgCl2, 10 mM DTT, 10 mM spermidine,

30 µCi [γ−32P]ATP, and 10 U of T4 polynucleotide kinase. This reaction was incubated

at 37°C for 1 hour. The reaction was stopped by the addition of 2 µL of 0.5 M EDTA

and 50 µL of TE buffer pH 8.0, followed by incubation at 65°C for 5 minutes. 

The narrow end of a 5 mL disposable syringe was plugged with sterile glass

wool and filled with Sephadex G-50 resin, to make a spin column for the removal of

unincorporated [γ−32P]ATP. The column was centrifuged at 1000 x g for 2 minutes in a

swinging-bucket rotor to pack the resin. The labelled oligonucleotides were each diluted

to a volume of 100 µL in TE buffer pH 8.0, and were added to the centre of a freshly-

packed column. The column was then centrifuged at 1500 x g for 5 minutes in a

swinging-bucket rotor, and the radiolabelled oligonucleotide was eluted. 

The efficiency of the labelling reaction was then tested. In separate scintillation

vials, 1 µL of the radiolabelled oligonucleotides ASIP-PE1 and ASIP-PE2 were added

to 5 mL of scintillation fluid (Biodegradable Counting Scintillant, BCS) and tested for

beta emissions (in counts per minute, cpm) using a Packard 1500 Tri-Carb liquid

scintillation analyser. 
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5.2.2.7 Hybridization

In a 15 µL reaction volume, 104 – 105 cpm of labelled oligonucleotide was

hybridized with 20 µg of total RNA from adipose tissue, in a buffer containing 0.15 M

KCl, 0.01 M Tris·Cl pH 8.3, and 1 mM EDTA. The hybridization mixture was

incubated for 90 minutes at 65°C in a water bath, and then slowly cooled to room

temperature.  

5.2.2.8 Reverse Transcription

The hybridization mixture was reverse-transcribed in a 45 µL reaction

containing 20 mM Tris·Cl pH 8.3, 10 mM MgCl2, 5.5 mM DTT, 0.225 µg/µL

actinomycin D, 0.15 mM dNTPs, and 5 U of AMV reverse transcriptase. Reverse

transcription was carried out at 42°C for 1 hour. Following reverse transcription, the

reaction was stopped by the addition of 105 µL of RNAse reaction mix (TE buffer pH

7.5 containing 100 µg/mL salmon sperm DNA, 20 µg/mL RNAse One, and 100 mM

NaCl). The resulting mixture (total volume 150 µL) was then incubated for 15 minutes

at 37°C.

The single-stranded DNA product was extracted by the addition of 15 µL of 3M

sodium acetate pH 5.2, followed by 150 µL of phenol:chloroform:isoamylalcohol

(25:24:1). The solution was mixed by inversion several times, and was centrifuged for 5

minutes at 10,000 x g at room temperature. The aqueous phase was transferred to a new

sterile 1.5 mL microfuge tube, and the DNA was precipitated by the addition of 300 µL

of cold 100% ethanol, and incubation at -70°C for >1 hour.
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Following precipitation of the DNA, the sample was centrifuged at 10,000 x g

for 20 minutes at 4°C. The supernatant was removed, and the pellet was washed with

100 µL of 70% ethanol. After double aspiration of the 70% ethanol, pellets were air

dried, resuspended in 5 µL of formamide loading buffer, and heated to 95°C for 5

minutes. Samples were electrophoresed on a 9% denaturing polyacrylamide gel

containing 7M urea and 1.2 x TBE buffer. A control DNA sequence (m13mp18 ssDNA)

was used to determine the size of cDNA fragments. Electrophoresis was carried out in 1

x TBE buffer for 2 hours at 1600V. Gels were dried and exposed to radiographic film

for 72h at -70°C with an intensifying screen. 

5.2.3 In silico promoter analysis

The novel 5' sequences were compared with the Human Genome Project

working draft sequence at the University of California, Santa Cruz website (see

Electronic Database Information in Appendix). Human and mouse exons were

compared using the Basic Local Alignment Search Tool (BLAST; Altschul et al. 1997),

available from the National Center for Biotechnology Information / National Institutes

of Health website. 

Potential transcription factor binding sites in promoters 1A and 1B were

determined using MatInspector software (see Appendix). MatInspector utilises a library

of consensus transcription factor binding sites to assign quality ratings to matches in

novel sequences (Quandt et al. 1995). For the ASIP promoters, approximately 2 kb of

each promoter was analysed (1 kb at a time, due to the limits of the program) using a

minimum core similarity of 0.95 to indicate a nearly exact sequence match. For

simplicity, only sites identified on the forward strand were considered. 
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5.2.4 Construction of reporter genes

5.2.4.5 Preparation of inserts

Human genomic DNA from a Busselton DNA sample was used to generate

reporter gene constructs. This sample was obtained from a 79-year-old Caucasian

female (BMI 24.85) who did not have a history of diabetes. DNA was extracted

according to the method described in Section 2.2.2. Genomic DNA (100 ng) was

amplified in a 50 µL reaction, according to the conditions described in Table 5.4.

Oligonucleotide primers 1AF2 (5'-GCGCAGATCTCCAGCAGCCCAGAGTTTCC-3')

and 1AR2 (5'-CGCGAAGCTTCCAGGCGTTCAGCGGGCT-3') were used to generate

a 659 bp PCR product (insert 1A), which contained digestion sites for the restriction

enzymes Bgl II and Hind III, respectively (underlined). This PCR product was designed

to span from – 617 to + 28 of promoter 1A. Insert 1B (from – 502 to + 53 of promoter

1B, a 568 bp PCR product) was generated by PCR amplification using the

oligonucleotides 1BF (5'-TAGGTACCGTTTGCTTGGCTGAAAGCA-3') and 1BR (5'-

CTAAGCTTTCCCGCAAAGAGCCCA-3'), which contained restriction enzyme

digestion sites for the enzymes Kpn I and Hind III, respectively. 

PCR products were electrophoresed in a 1% low melting point agarose gel, and

excised with a clean scalpel. The PCR products were purified with MinElute Gel

Purification columns, and an aliquot of the DNA was sequenced using primers 1AF2

and 1AR2 (for insert 1A), and 1BF and 1BR (for insert 1B). The remainder of the PCR

product was restriction enzyme-digested in a 20 µL volume according to the protocol

described in Table 5.5.
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Table 5.4 PCR conditions for inserts

PCR for insert 1A PCR for insert 1B

Reaction composition:

1 x Tth+ buffer 67 mM Tris·Cl pH 8.8, 16.6 mM

[NH4]2SO4, 0.5% Triton X-100,

0.2 mg/mL gelatin

67 mM Tris·Cl pH 8.8, 16.6 mM

[NH4]2SO4, 0.5% Triton X-100,

0.2 mg/mL gelatin

[primers] 0.2 µM 1AF2 & 1AR2 0.2 µM 1BF & 1BR

[dNTPs] 0.2 mM 0.2 mM

[MgCl2] 1.5 mM 1.5 mM

Tth+ DNA polymerase 1 U 1 U

Thermal cycling conditions:

Initial denaturation step 94°C for 2 minutes 94°C for 2 minutes

Cycling conditions

(denaturation, annealing,

extension)

94°C for 45 seconds, 59°C for 1

minute, 72°C for 1 minute

94°C for 45 seconds, 63°C for 1

minute, 72°C for 1 minute

No. of cycles 30 30

Final extension step 72°C for 10 minutes 72°C for 10 minutes

Following digestion, inserts were electrophoresed in 1% low molecular weight

agarose gels and purified using gel extraction columns. Inserts 1A and 1B were eluted

in water and a 1 µL aliquot of each was electrophoresed in a 1% agarose gel, with

ethidium bromide staining. A 5 µL sample of 100 bp ladder was also electrophoresed, to

provide a relative estimate of DNA concentration.   
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Table 5.5 Digestion conditions for inserts 1A and 1B

Insert 1A Insert 1B

1 x dilution buffer 10 mM Tris.Cl , 10 mM MgCl2,  50

mM NaCl, 1 mM DTT, pH 7.9 at 37°C

10 mM Tris.Cl, 7 mM MgCl2, 50 mM

KCl, 1 mM DTT, pH 7.5 at 37°C

Enzyme amounts 5 U Bgl II, 5 U Hind III 5 U Kpn I 

[BSA] 0.1 mg/mL 0.1 mg/mL

Digestion

conditions

37°C for 16 hours, heat inactivated

65°C for 15 minutes

37°C for 4 hours, heat inactivated 65°C

for 15 minutes

Second digestion - Added 2.3 mL 1 M NaCl,  to bring

[NaCl] to 0.1 M. Added 5 U Hind III 

Conditions - 37°C for 4 hours, heat inactivated 65°C

for 15 minutes

 

5.2.4.6 Preparation of vectors

The vector pGL3Basic contains a coding sequence for luciferase (luc+), but

lacks eukaryotic promoter and enhancer sequences, so that it can be used to test putative

regulatory elements. In order to ligate insert 1A, 2 µg of pGL3Basic was digested with

the restriction enzymes Bgl II and Hind III, according to the conditions described for

insert 1A in Table 5.5. For insert 1B, 2 µg of pGL3Basic was digested with the

restriction enzymes Kpn I and Hind III, according to the conditions described for insert

1B in Table 5.5. Following digestion, the vectors were purified by electrophoresis in a

1% agarose gel, excised, column purified, and eluted in sterile water. As for inserts, the

digested plasmids were quantified by electrophoresis in 1% agarose gels with 100 bp

ladder used for relative quantitation. 
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5.2.4.7 Ligation and transformation

Approximately 20 ng of each insert was ligated to 50 ng of the prepared

pGL3Basic vector in a 10 µL reaction volume containing: 30 mM Tris·Cl pH 7.8, 10

mM MgCl2, 10 mM DTT, 1 mM ATP, and 3 Weiss units of T4 DNA Ligase. For

vectors 1A and 1B, ligations lacking an insert were used as negative controls. DNA was

transformed in DH5α cells, as described previously for JM109 cells (Section 5.2.1.5).

After transformation, the medium containing cells was spread on the surface of LB agar

plates containing 100 µg/mL ampicillin. Plates were inverted and incubated for 16 hours

at 37°C.  

Individual colonies were picked and placed in 10 mL polypropylene tubes

containing 1 mL of LB medium and 100 µg/mL ampicillin. Tubes were incubated for 16

hours at 37°C with shaking. Half of the resulting medium was stored as a frozen stock

in 80% glycerol, and 50 µL of the remaining cell suspension was used to inoculate a

larger culture of 100 µL of LB medium (containing 100 µg/mL ampicillin). 

This larger culture was incubated for 16 hours at 37°C with shaking, and the

plasmid DNA was extracted using Qiagen Midipreps, according to the manufacturer’s

instructions. Following extraction, plasmids were sequenced with pGL3Basic-specific

primers: forward primer RV3 (5'-CTAGCAAAATAGGCTGTCCC-3') and the reverse

primer GL2 (5'-CTTTATGTTTTTGGCGTCTTCCA-3'). This process yielded the

plasmids p1A659 and p1B568.   
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5.2.5 Tissue culture methods

5.2.5.5 HepG2 cells

Human HepG2 hepatocellular carcinoma cells (American Type Culture

Collection HB-8065) were maintained in modified Eagle’s medium with Earle’s salts

(without L-glutamine), containing 10% fetal calf serum (v/v), penicillin (100 U/mL),

and streptomycin (100 µg/mL). Cells were maintained in a water-jacketed incubator set

to 37°C with 5% carbon dioxide (v/v). The medium was changed every 3 – 4 days. 

5.2.5.6 Simpson-Golabi-Behmel Syndrome preadipocytes

Simpson-Golabi-Behmel Syndrome (SGBS) preadipocytes were obtained from a

male infant with SGBS, a rare X-linked disorder characterised by pre- and post-natal

overgrowth (Wabitsch et al. 2001). SGBS preadipocytes were a gift from Dr. Martin

Wabitsch of the University of Ulm, Germany. 

These preadipocytes have a high capacity for differentiation under the

appropriate culture conditions, resulting in mature fat cells that are biochemically and

functionally similar to human adipocytes. When differentiated, SBGS adipocytes adopt

a lipid-filled appearance and express mRNA’s for PPAR-γ, LPL, lipid-binding protein,

HSL, GLUT4 and leptin. The time-course of expression for these mRNAs does not

differ from differentiating adipocytes from normal subjects. SGBS cells also display a

normal karyotype, an insulin-responsive glucose transport system, and lipolysis in

response to β-adrenergic stimulation.  

SGBS preadipocytes have a fibroblast-like appearance, and were maintained in

Dulbecco’s Modified Eagle’s Medium (DMEM) nutrient mix F12 (1.0 g/L glucose,
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sodium pyruvate and without L-glutamine) supplemented with 10% fetal calf serum

(v/v), 8 mg/L d-biotin, 4 mg/L d-pantothenic acid, 100 U/mL penicillin and 100 µg/mL

streptomycin. SGBS cells were maintained in an incubator at 37°C containing 5%

carbon dioxide (v/v), and the medium was changed every 3 - 4 days.   

Twenty-four hours before differentiation was induced, SGBS preadipocytes

were seeded in 6-well plates at a density of 1 x 105 cells/well. To induce differentiation,

cells were washed 3 times with sterile PBS (137 mM NaCl, 2.7 mM KCl, 10 mM

Na2HPO4, 1.8 mM KH2PO4, pH 7.4), and 2 mL of QuickDiff medium was added to

each well. QuickDiff medium consisted of DMEM/F12 supplemented with 8 mg/L d-

biotin, 4 mg/L d-pantothenic acid, 0.01 mg/mL human holo-transferrin (iron-saturated),

20 nM insulin, 0.1 µM cortisol, 0.2 nM T3 (tri-iodo-thyrodine), 25 nM dexamethasone,

500 µM methylisobutylxanthine, 2 µM rosiglitazone, 100 U/mL penicillin, and 100

µg/mL streptomycin. 

Cells were cultured for 4 days in QuickDiff medium before the medium was

removed: cells were washed twice with PBS, and 2 mL of fresh 3FC medium was added

to each well. The composition of 3FC medium was: DMEM/F12, 8 mg/L d-biotin, 4

mg/L d-pantothenic acid, 20 nM insulin, 0.1 µM cortisol, 0.2 nM T3, 100 U/mL

penicillin, and 100 µg/mL streptomycin. Cells were incubated for 10 days in 3FC

medium until fully differentiated, and 3FC medium was changed every 3 - 4 days.

Approximately 70% of the preadipocytes were converted to mature lipid-filled

adipocytes. 

To confirm the phenotype of mature adipocytes, cells were stained for lipid

content. Oil Red O was first prepared as a 0.5% stock solution in isopropanol. A

working solution was then prepared by diluting the stock solution 60%:40% in

deionised water, and filtering twice using Whatman paper No. 54. Prior to staining,
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SGBS cells were washed once with PBS, and fixed with 3.7% formaldehyde for 2

minutes. Cells were then washed once with deionised water, and covered with the Oil

Red O working solution (1 mL per 60 mm plate). Following a 1-hour incubation, the Oil

Red O solution was aspirated and cells were washed in deionised water. The water was

aspirated, and cells were stored in 0.02% sodium azide while photographs were taken.

Photographs were taken with a Panasonic WV-E550 CCD camera connected to an

inverted stage microscope (Leica Labovert FS), and were processed with OptimasTM v

6.2 image software (Optimas Corporation). 

5.2.6 Transfection of reporter gene constructs

5.2.6.5 HepG2 cells

The day before transfection, HepG2 cells were seeded in 6-well plates at a

density of 1 x 105 cells/well. All solutions were filtered with a 0.22 µm syringe-driven

filter unit before use. Each well was transfected with 8 µg of luciferase reporter

(pGL3Basic, p1A659, or p1B568) as well as 2 µg of pCDNA 3.1/CAT (a vector

encoding chloramphenicol acetyltransferase) to control for transfection efficiency. In

each experiment, transfections were performed in triplicate. 

HepG2 cells were transfected using a calcium-phosphate method. For each

experimental sample (pGL3Basic, p1A659, or p1B568), 30 µg of DNA (24 µg of the

luciferase reporter vector + 6 µg of pCDNA 3.1/CAT vector) was precipitated by the

addition of 1/10 volume of 3 M sodium acetate (pH 5.5) and 2½ volumes of 100%

ethanol. The solution was incubated at -70°C for > 1 hour to allow precipitation of the

DNA. The solution was then centrifuged 10,000 x g for 30 minutes at 4°C. The

supernatant was removed by double aspiration, and the DNA pellet was air-dried in a
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fumehood. The pellet was resuspended in 60 µL of Tris-buffered EDTA, pH 7.12 (2

mM Tris·Cl, 0.1 mM EDTA). The DNA solution was then added to 540 µL of 12.5 mM

HEPES, pH 7.12.  Finally, 150 µL of 1.25 M CaCl2 (pH 7.12) was added, to make a

total volume of 750 µL. 

An equal volume of 2 x HEPES-buffered phosphate (2 x HBP: 1.5 mM

Na2HPO4, 280 mM NaCl, 25 mM HEPES, pH 7.12) was added to a separate sterile 1.5

mL microfuge tube. The DNA / CaCl2 solution was added dropwise to the 2 x HBP

solution, with a sterile pipet blowing air bubbles into the mixture to ensure a light, even

precipitate. This resulted in a total volume of 1500 µL. The DNA / CaCl2 / HBP mixture

was mixed twice by inversion, and was incubated for 30 minutes at room temperature to

allow the precipitate to develop. 

Following incubation, 500 µL of the DNA precipitate solution was added

dropwise to each of three wells, and swirled gently to mix. Two negative controls were

used: a mock transfection lacking DNA; and cells that were not transfected. Following a

6-hour incubation, cells were washed once with PBS and fresh medium (MEM with

Earle’s salts, 10% fetal calf serum and penicillin/streptomycin) was added. Forty-eight

hours later, cells were washed three times with PBS, and lysed with 400 µL of 1 x

reporter lysis buffer (provided with the Promega luciferase assay) per 60 mm well. After

15 minutes of lysis at room temperature, cells were scraped into sterile 1.5 mL

microfuge tubes and placed on ice. The lysate was split into two tubes (200 µL in each)

for the luciferase and CAT assays. 
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5.2.6.6 SGBS cells

Differentiated SGBS adipocytes (generation 35 – 40, 14 days after the start of

differentiation) had been seeded at a density of approximately 1 x 105 cells per 60 mm

well. Six hours before transfection, SGBS adipocytes were washed twice with PBS and

the medium was changed to DMEM/F12, supplemented with 100 U/mL penicillin and

100 µg/mL streptomycin.  

Transfection of SGBS adipocytes was performed using Qiagen Effectene

Reagent. Effectene is a non-liposomal lipid formulation that is used in conjunction with

a DNA-condensing enhancer to form a high-efficiency complex for DNA transfection.

Each transfection was performed in triplicate: a 4 x master mix containing 3.2 µg of

endotoxin-free DNA (2.56 µg pGL3Basic/p1A659/p1B568 and 0.64 µg of

pCDNA3.1/CAT) was dissolved in Buffer EC with 25.6 µL Enhancer, to a final volume

of 400 µL. Both Buffer EC and Enhancer were supplied with the Qiagen Effectene

reagent. 

Each of the master mixes was vortexed for 1 second and incubated for 5 minutes

at room temperature, to allow DNA complex formation. Three 100 µL aliquots were

removed from the master mix, and transferred to new sterile 1.5 mL microfuge tubes.

Effectene reagent (20 µL) was added to each of these aliquots, and mixed by pipetting

five times. The aliquots were incubated for 5 minutes at room temperature. 

Cells were washed with PBS, and 1600 µL of fresh medium (DMEM/F12 with

penicillin/streptomycin) was added to each well. 600 µL of the same medium was added

to each of the DNA / Effectene mixes, and mixed twice by pipetting. The DNA /

Effectene mix was then added dropwise to each well, with gentle mixing to ensure an

even distribution. Three hours after transfection, the cells were washed again with PBS
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and fresh medium (DMEM/F12 with penicillin/streptomycin) was added. Two negative

controls for transfection were used: a transfection without DNA, and cells that were not

transfected. Cells were lysed 48 hours after transfection, and the lysate was split into

two 200 µL aliquots for the luciferase and CAT assays. 

5.2.6.3 Reporter gene assays

Luciferase: The cell lysate (200 µL) was vortexed for 15 seconds and

centrifuged at 10,000 x g for 3 minutes at 4°C. The supernatant was transferred to a new

sterile 1.5 mL microfuge tube, and frozen at -80°C until assays were performed. 

Lysates were thawed to room temperature, and 20 µL of lysate was mixed with

100 µL of luciferase assay reagent (provided with the Promega luciferase assay). The

photon emissions from mixtures were measured using a liquid scintillation analyser

(Packard 1500 Tri-Carb) set to Single Photon Count for 30 seconds. Results were

expressed as counts per minute (cpm). 

Chloramphenicol acetyltransferase (CAT): The cell lysate (200 µL) was

heated to 60°C for 10 minutes to eliminate endogenous CAT activity. Lysates were then

vortexed for 15 seconds, and centrifuged at 10,000 x g for 3 minutes at 4°C. The

supernatant was transferred to a new 1.5 mL microfuge tube on ice, and frozen at -80°C

until assays were performed. 

At room temperature, a 50 µL aliquot of this supernatant was mixed with 6 µL

of 14C chloramphenicol (0.025 µCi/µL), 5 µL of 5 mg/mL n-Butyryl coenzyme A, and

64 µL of sterile deionised water. This reaction was incubated for 3 hours at 37°C and

stopped by the addition of 300 µL of mixed xylenes.
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The sample was vortexed for 30 seconds, and centrifuged at 10,000 x g for 3

minutes at room temperature. The upper phase was transferred to a new sterile 1.5 mL

microfuge tube, and was extracted twice by the addition of 100 µL of 0.25 M Tris·Cl pH

8.0, vortexing for 30 seconds, and centrifugation at 10,000 x g for 3 minutes. After

extraction, 100 µL of the aqueous phase was added to 5 mL of scintillation fluid

(Biodegradable Counting Scintillant, BCS) in a scintillation vial. Samples were counted

in a Packard 1500 Tri-Carb Liquid Scintillation Counter set to detect 14C emissions for

1 minute. Results were given as counts per minute (cpm).

Statistical analysis: First, the background was subtracted from each of the

experimental results. Background was taken to be the greater of either the mock-

transfected cells or the cells that were not transfected. Next, luciferase results were

normalized to CAT activity, and were expressed as relative units. Results were shown

as the mean of three independent experiments, each of which was performed in

triplicate. Paired two-sided t-tests were used for all comparisons, as provided in

MINITAB v. 13.1.   

5.3 Results

5.3.1 5’RACE

As a first step towards understanding the transcriptional regulation of ASIP, the

5' sequence of the gene was determined. 

First, 5'RACE was performed using a cDNA library from human adipocytes.

The initial round of PCR yielded a smear in the experimental lane (Lane 2, Figure 5.2).

Positive controls gave products of the correct sizes: a 1.1 kb product for the G3PDH

reaction (Lane 3), and a 210 bp product for the ASIP control (Lane 4). The two negative
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controls gave either large products (AP1 only – Lane 5) or no detectable products

(ASIP-GSP1 only – Lane 6). 

The second round of PCR (nested PCR) yielded several products in the

experimental sample, including products of sizes ~270 bp, ~480 bp, and ~560 bp (Lane

2, Figure 5.3). Again, the two positive controls produced PCR products of the expected

sizes (1.09 kb for the G3PDH control – Lane 3, and 126 bp for the ASIP control – lane

4). The ASIP-GSP2-only reaction (Lane 5) did not produce a detectable product, while

the AP2-only negative control reaction (Lane 6) contained several large products but

none of the same size as the experimental sample.

The PCR products from the experimental sample were cloned in the vector

pGEM-T, and PCR analysis of positive clones indicated the presence of three different

inserts. These inserts were sequenced using the primers AP2 and ASIP-GSP2; and were

found to consist of ASIP exon 2, preceded by three different combinations of 5' exons

(Figure 5.4a) The sequences of the PCR products were compared with the Human

Genome Project sequence, and the novel 5' sequences corresponded to regions upstream

of exons 2, 3 and 4 of ASIP. In fact, the novel 5’ exons matched the same 20q11 clone

as ASIP exons 2, 3 and 4 (GenBank accession number AL035458.35, 100% match).

They did not display significant homology with any other human sequences. 
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Figure 5.2 Results from first-round amplification

Figure 5.2 shows a 1.8% agarose gel in 1 x TBE buffer. Lane 1, 100 bp ladder; lane 2,

experimental sample; lane 3, G3PDH positive control; lane 4, ASIP positive control; lane 5, AP1 only;

lane 6, ASIP-GSP1 only. 
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Figure 5.3 Results from second-round amplification

Figure 5.3 shows a 1.8% agarose gel in 1 x TBE buffer. Lane 1, 100 bp ladder; lane 2,

experimental sample; lane 3, G3PDH positive control; lane 4, ASIP positive control; lane 5, AP2 only;

lane 6, ASIP-GSP2 only.

Based on homology with the Genbank clone AL035458.35, the putative

organisation of the ASIP gene is shown in Figure 5.4b. The new 5' exons were

designated exons 1A (192 bp), 1A' (68 bp) and 1B (55 bp), using the same terminology

as the agouti gene (Vrieling et al. 1994). Sequences of the ASIP exons are shown in

Figure 5.5. These results indicated that three different mRNA species are likely to result

from alternate splicing: (1) exon 1A + exon 1A' + exons 2, 3, and 4; (2) exon 1A +
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exons 2, 3, and 4; and (3) exon 1B + exons 2, 3, and 4 (Figure 5.4a). BLAST analysis

revealed no significant homology between the three 5’ ASIP exons and the mouse

agouti exons 1A, 1A’, 1B, and 1C.

5.3.2 Primer extension

Primer extension was used to confirm the results from 5'RACE, and to map the

transcriptional start sites of ASIP. The primers ASIP-PE1 (for exon 1B) and ASIP-PE2

(for exon 1A) were annealed with total RNA from adipose tissue, and reverse

transcribed. Electrophoresis of the resulting DNA fragments revealed major products of

38 bp and 49 bp for exons 1B and 1A, respectively (Figure 5.6). These results indicated

that exons 1A and 1B were present at the 5' end of ASIP mRNA in adipose tissue, and

mapped the transcriptional start sites to the locations shown in Figures 5.7 and 5.8. 
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Figure 5.4 Putative organisation of the human ASIP gene:

(a) different mRNA forms resulting from alternate splicing;

(b)  genomic structure according to BLAST analysis of clone AL035458 

(a)

(b)
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Figure 5.5 Sequence of the ASIP gene 

Exon 1A: 192 bp

gactcagcccgctgaacgcctggaagaaattttgcagacccaccagagatccccagattccacttgtaaa

accattgatctaaaaactacgtcttgacttcagaacacttcttttgatctggaattatctattattgacc

acagagagcagccactgacgatttcctggaacagggccctgtatagagagag

Exon 1A’: 68 bp

gccctagattctaagatcctgctttgcagatctgaagtgggacccaggaatctttaacaagctctaag

Exon 1B: 55 bp

cagctgcaaggtgaaaaaggaagttccttggcctgggctctttgcgggaaagcat

Exon 2: 170 bp

gcctcctgggatggatgtcacccgcttactcctggccaccctgctggtcttcctctgcttcttcactgcc

aacagccacctgccacctgaggagaagctccgagatgacaggagcctgagaagcaactcctctgtgaacc

tactggatgtcccttctgtctctattgtgg 

Exon 3: 62 bp

cgctgaacaagaaatccaaacagatcggcagaaaagcagcagaaaagaaaagatcttctaag 

Exon 4: 343 bp

aaggaggcttcgatgaagaaagtggtgcggccccggacccccctatctgcgccctgcgtggccacccgca

acagctgcaagccgccggcacccgcctgctgcgacccgtgcgcctcctgccagtgccgcttcttccgcag

cgcctgctcctgccgcgtgctcagcctcaactgctgagcgcccccactcccggccgcgagcaggcagggc

ttcggggacgcggggcgcttctcgggcgggtgatccctaacagggcggcttcccagggctgcaggcgggc

ggaggttccaggagatgggacttcagggagacctggctgggctaaaatcgaaatacaatatat

The start codon (ATG) in Exon 2 and the polyadenylation signal in Exon 4 are double-underlined and

underlined, respectively.
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Figure 5.6 Results from primer extension

Lane 1, ASIP-PE1 (for Exon 1B); lane 2, ASIP-PE2 (for Exon 1A).  

38 bp

49 bp

  M13mp18 ssDNA

sequencing reaction

 A C G T 1        2
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Figure 5.7 Promoter 1A

-1996 ccctggttac  cctttgggat  tgggagtgtg  gaggaagata  ggaatggtct  attcttttgt
GATA-1

-1936 gaagaacaga  aatggcagac  actacagaaa  atcagtcaat  ttctcaacca  ggttaccctc

-1876 cctgcactaa  agtggtgctt  acctcatacc  ttgttgccaa  agtttggggc  ctgcctcaga

-1816 ttggtgatgc  atcagattgg  aagtaagcag  caaacttgga  tcccccaagc  tttaaaacat
ELK-1

-1756 ttaaaaaaat  tttatggata  cataatagtt  gcacatttta  taaggtgcat  gtgatatttt
MEF-2

-1696 catacatgca  taaaatatat  aatgatcaac  tcaggataat  tgggatatcc  atcacctcaa
ISL-1 GATA-1 TTF-1

-1636 gcgtttatca  ttgtgttagg  aatactccaa  ctctacgctt  ttattttgaa  atatgtaata
C/EBPB

-1576 aattattgtt  aactatagtt  gcccttttgt  gctacccaac  actagatctt  attccttgta
GATA-3

-1516 tctaactgta  tttttgtacc  cattaaccaa  cccctctctt  tatctatctg  tatagtcgac

-1456 aacttccagc  ttctccagaa  gtggcaaata  actttccaac  tgggtatcca  cacagaaata

-1396 tgtgagcatg  cttacatggc  atgtgctgcc  ccacctcccc  ctgtgaggag  cttggttaca

-1336 gctacagcat  ttctacaacc  tctttaaacc  aactttgtag  tatccggcag  caaagtatca

-1276 ttccctgaca  ttcgagtcat  tgagtctctg  aagacttgga  aaagggataa  taagccaaat
    GATA-1

-1216 cattcaggaa  ccagggggtc  ccagagaggt  atgtaataaa  tttcatccag  atgttggaat
E4BP4

-1156 tggccttttt  ttcttccatc  tttttttttt  tccagttaca  ttaaaaacca  aacacattgt

-1096 tgttatctta  tcaagcaagg  tgggaagaac  attttttcct  ttatttctag  gtaagcctgc

-1036 acaaaggatt  gaaagggcta  acagcatatg  ggtaatacag  gatctgcatt  attggacatc

-976 tgaattattg  gagagtactt  tgtacatgac  agaattatcc  agataggtaa  atggtgttgc
GATA-1

-916 aaacacttca  ccaaaatcca  actagagacc  tctaagttca  ttttaatgta  cagcttccaa

-856 actgtttatc  tgcagtgtag  gcagcccagt  ctgttttaaa  atccttctag  gaaactatgg
    STAT

-796 ccgtgcaaat  cagtccaaca  aatagccaaa  tgtgcatgtt  actctgttag  aaagggaaaa
OCT1 IRF2

-736 gtagatgcag  gcataagtgc  aaatttttat  ctcatggcat  ccgaggaacc  taaatgtctg
HMGI(Y)      SMAD3

-676 gacagctttg  ttgtgccatg  tggctgacaa  ccaggttatt  agataactca  caaaactctt
MYC/MAX HNF1

-616 ctccagcagc  ccagagtttc  ctgaggttac  ctcttcccat  gggactagaa  tgaagaaaaa
IRF1

-556 agaaaaacag  atatccccaa  gctgcagcca  catttaatgt  cccctttacc  ccacaattga

-496 actcctgctc  cctggaggaa  aaccctaaat  aaatatacca  gtggcagcag  agagggatta
     NFAT HNF3B

-436 tttttgatag  tggctgctcc  tgactccaag  ctgtgggcac  tgaactagaa  agcagtgctg
GATA-1

-376 agagagagaa  ccaggaataa  atgacactgg  gaaatgggaa  acccagagaa  gaaaaaaatc
IRF2

-316 ttactttctt  cccctgaaaa  agatgcactt  tgcaaggttc  atcttttcat  cttttaatct
STAT6

-256 ggtgagtctc  gaaattttta  gtctttagac  tacttaagca  gaacaagagt  ctcacctatt

-196 tactagatta  aataaacaag  caagcaaaca  aaaaacaccc  ttgaggtgtt  tttgctgaat

-136 cccttgtgat  tatttatagc  tcctttcaaa  aatatttgct  ttggtgcatt  taaattttat

-76 ttcaaatctg  cagtggaaaa  tctgtttcaa  aggaaaaaaa  aaaaaaagaa  agaaccaccc
          

-16 aacacgcttg  catttcgact  cagcccgctg  aacgcctgga  agaaattttg  cagacccacc
CCAAT box    Exon 1A ⇒ ⇐ Primer ASIP-PE2
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Figure 5.8 Promoter 1B

-2002 tctcgaactc  ctgacctcag  gtgatccacc  cacctcggcc  tcccaatcaa  attctttatc
CREBP

-1942 caaagcctta  cttggtgggt  catataatga  actaaaattt  ggaaaacatt  cacatttgtg
ISL1 C/EBPB

-1882 gaatgcttca  gagttttcaa  ggcgtctaca  ttatctcatt  ggatcctctt  ttcagcccag

-1822 tgtggttggt  agatgagata  gcagtgttca  gacagtttat  gtgacttgtc  caagatcaga
    GATA-1    GATA-3

-1762 gagaaagtaa  caaagcctaa  actggaatcc  agatctcctg  actccctatt  cacttatctt

-1702 tccagttgcc  cttgtctcta  caaatcacca  aaagaaattg  gttcctagaa  ataaggataa
STAT5

-1642 tgtaggggtg  tgccatcccc  tatcccactc  ttctgcaccc  atcaccacga  aaacagacaa

-1582 tgtttattgc  agggccccat  attaacctac  tttcttctgc  agagcctcta  agctccacat

-1522 tatccaggaa  gcaatacatt  gtgactgttg  aagtcaaaat  aaaacatagc  gatgaatctc

-1462 taactttaaa  gcattctatt  ttggaagcaa  ggattgcagt  ttgaggcata  cacactaacc

-1402 aggtggtctt  cagtgtgtct  gaggaacaga  aagaaggttg  ggagttttat  tagagaaatg
PRE

-1342 ttctatactg  ttttgaaaga  aagctcattg  gcactaaaga  atcatttgga  aagaagggaa
HSF1     NFAT

-1282 aaaaagagaa  aaaagaagca  tttgggagct  ggcaaactct  gattggtgag  tgatggtggt

-1222 aggcaaaact  attcttaaag  tcatgtttca  gcagctacta  aactagtctt  ggggttacag

-1162 caggccattt  tagcagctgg  gcttgtgaaa  aatttaattc  atggagcagg  tgctgtgccc
    C/EBPB

-1102 caagtgcttc  ttccctcctg  gtccctagac  tctgatttag  ttgggtatga  caagaatgac

-1042 ccagtttgtg  tgatcagctt  tcacataacc  ttgtaaattc  tagttgatcc  aaggaaaacc

-982 aactaagtaa  ggagaagaaa  agaactgcag  cgtcatagtt  tttgagtctg  tgtaagtaca
NKX3.1 NKX3.1

-922 gccctttgac  tgaaatctga  aaattatgag  accaatattc  ctgcaaaaaa  aggtcccaaa

-862 gagattttac  taataaggtg  ggctgggcct  cagcaatctg  cccatcaaga  gtttagcttc
GATA-3

-802 tccaccaact  actccttaac  tcacccggaa  tttctgaaac  aagctgaatt  agacccttct
ELK-1

-742 ttggcaggac  ttgtttttct  aggttaactc  aattagactg  ttttattccg  tctcttggga

-682 tccattctga  attaaatttt  cattaaactc  tgcccttgga  gtatccttga  tgcaaccact
 HMGI(Y)

-622 tcccttccaa  tcccttgtaa  cctcaatgtc  aacatcaatt  ccaattctaa  agaattggga

-562 gaaatatggg  aagaacagac  cacaagactt  ctggcaacca  gaatgagtat  gaaggcatga

-502 cgtttgcttg  gctgaaagca  aagagatgag  gtggggaagc  cagctctggg  agatcctggg
ATF NF1

-442 atctttaaaa  aatctcagag  caacacgcct  tgcctctgct  atccacggac  aggaaagacg

-382 ctctgctttg  gcgaccctta  gaggggctaa  tagaggcaca  gtcacttgca  ccgtaaatag
ISL1

-322 gaggaaacaa  ttttcttttc  ttctgccgcc  tatagagatt  ctattttctt  ctctaagttt
  NFAT NKX3.1

-262 aacttttata  tgaactgggt  tgctagagag  ctcctttgta  aaataaagga  taacccttta
    GATA-1

-202 ccttttgctt  cttttgtaaa  acctctcttg  atctgcttgc  agctgccttt  cagctgatga
E4BP4

-142 aacatttcct  attttcactg  tggatctgaa  agaaccttcc  tgcctgtgag  atgtggtgaa

-82 gtttgaaata  attttgtagt  atgattggtt  gttttcttgt  tcttgtcttt  gaagttatag
  PRE

-22 atgagcaagc  agcaaatctc  tacagctgca  aggtgaaaaa  ggaagttcct  tggcctgggc
Exon 1B ⇒ ⇐ Primer ASIP-PE1

+39 tctttgcggg  aaagcatgtg  agtttagatg  gcaactttaa  tctgctttca  ggagtgaagc
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Table 5.6 Abbreviations for transcription factor binding sites

Abbreviation Description

GATA1 & 3 Family of transcription factors which share highly-conserved zinc finger DNA binding

domains. 

ELK-1 Member of ETS oncogene superfamily, transcriptionally active in testis and lung.

MEF-2 Transcriptional repressor

ISL-1 Islet-1, a member of the LIM/homeodomain family of transcription factors

TTF-1 Thyroid transcription factor, mediates thyroid-specific gene transcription

C/EBPB CCAAT/enhancer binding protein β, an adipogenic transcription factor expressed early

in adipogenesis.

E4BP4 E4 Binding Protein, a transcriptional repressor.

STAT Signal Transducers and Activators of Transcription

OCT-1 Octamer-binding transcription factor

IRF-2 Interferon regulatory factor-2, a transcriptional repressor of interferon-inducible genes.

HMGI(Y) High-mobility group protein isoform Y. 

SMAD3 A mediator of transcriptional activation by the TGFβ receptor.

Myc/Max Heterodimeric complex, oncogene.

HNF1 Hepatocyte nuclear factor 1 (also called hepatic nuclear factor 1α)

IRF-1 Interferon nuclear factor-1, a transcriptional activator of interferon-inducible genes

NFAT Nuclear factor of activated T-cells

HNF3B Hepatocyte nuclear factor 3B

CREBP cAMP response element binding protein, also called CBP

PRE Progesterone response element

Nkx3.1 Prostate-specific homeodomain protein, tumor suppressor

ATF cAMP-dependent transcription factor 1

NF1 Nuclear factor 1
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5.3.4 Transfection of reporter gene constructs

To test whether the sequences upstream of exons 1A and 1B were able to

stimulate transcription, PCR products encompassing 659 bp (from –617 to +28) of the

putative promoter 1A and 568 bp (from –502 to +53) of putative promoter 1B were

cloned into the luciferase reporter plasmid pGL3Basic. The plasmids pGL3Basic,

1A659 and 1B568 were then transfected into HepG2 and SGBS cells. 

In HepG2 cells, the luciferase activity of plasmid 1A659 was significantly lower

than that of pGL3Basic (175,698 ± 107,619 relative units (RU) (mean ± SD) vs.

451,280 ± 152,482 RU, P = 0.010, paired t-test). In contrast, the activity of plasmid

p1B568 was increased compared to that of pGLBasic (1,357,978 ± 76,517 RU vs.

451,280 ± 152,482 RU, P = 0.019, paired t-test). The relative transcription of luciferase

by vectors 1A659 and 1B568 was 0.39 and 3.00 times that of pGL3Basic (Table 5.7). 

SGBS preadipocytes were differentiated for 14 days in medium containing

adipogenic factors. Following differentiation, cells had a characteristic lipid-filled

appearance (Figure 5.9). When transfected with the plasmids pGL3Basic, 1A659, and

1B568, no significant induction of luciferase reporter activity was observed (Table 5.8).

Compared to pGL3Basic, the relative luciferase activity was increased 1.22- and 1.20-

fold by the plasmids 1A659 and 1B568, respectively, but this difference did not reach

statistical significance (pGL3Basic vs. 1A659, P = 0.57, paired t-test; pGL3Basic vs.

1B568, P = 0.17, paired t-test). 
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Table 5.7 Results from transfection of HepG2 cells

Plasmid
Experiment pGL3Basic p1A659 p1B568

1 275,227 (1.00) 52,510 (0.19) 1,430,991 (5.20)

2 541,498 (1.00) 251,449 (0.46) 1,278,383 (2.36)

3 537,114 (1.00) 223,136 (0.42) 1,364,558 (2.54)

Mean ± SD 451,280 ± 152,482 (1.00) 175,698 ± 107,619 (0.39) 1,357,978 ± 76,517 (3.00)

Results are shown in relative units, which were calculated by normalisation for CAT activity.

The activity of each plasmid relative to pGL3Basic is shown in parentheses. Each experimental result was

the mean of three observations. The plasmids p1A659 and p1B568 correspond to the putative promoters

1A and 1B, respectively. 

Table 5.8 Results from transfection of SGBS adipocytes

Plasmid
Experiment pGL3Basic p1A659

1  31,200 (1.00) 38,143 (1.22)

2  102,299 (1.00) 84,480 (0.83)

3  62,480 (1.00) 115,734 (1.85)

Mean ± SD 65,326 ± 35,635 (1.00) 79,452 ± 39,039 (1.22) 78

Results are shown in relative units, which were calculated by normalisa

The activity of each plasmid relative to pGL3Basic is shown in parentheses. Each e

the mean of three observations. The plasmids p1A659 and p1B568 correspond to

1A and 1B, respectively. 
p1B568

44,683 (1.43)

126,374 (1.24)

64,793 (1.04)

,617 ± 42,564 (1.20)

tion for CAT activity.

xperimental result was

 th romoters
e putative p
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Figure 5.9 SGBS cells: (a) preadipocytes, and (b) adipocytes stained with Oil Red O 

100 µm

100 µm
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5.4     Discussion

The aim of this study was to determine the 5' sequence of ASIP, a candidate

gene for obesity. The positions of three new exons upstream of the first coding exon

(exon 2) were mapped using 5'RACE. In addition, primer extension of RNA from

adipose tissue was used to determine the transcriptional start sites of the ASIP gene; and

these results were consistent with those obtained by 5'RACE. The three new 5' exons

were named 1A, 1A' and 1B, in accordance with the nomenclature of the mouse agouti

gene. Putative promoters preceding exons 1A and 1B were then tested for

transcriptional activity by fusion to a luciferase reporter gene. These reporter genes

were transfected into HepG2 cells and a novel adipocyte cell line. In HepG2 cells, the

reporter gene containing a portion of promoter 1A was inhibited relative to control,

while a reporter gene containing part of promoter 1B displayed activity that was well

above control levels. In SGBS adipocytes, however, neither of the putative promoters

appeared to affect the transcriptional activity of the reporter gene. 

While the coding exons (2, 3, and 4) are highly conserved between ASIP and

agouti, it is clear that there are substantial differences between the 5' non-coding exons

of the two genes. In fact, no significant homology was demonstrated between exons 1A,

1A' and 1B of ASIP and any of the non-coding first exons of agouti. These differences

probably reflect the divergence in the function and tissue-specific distribution of the two

genes.

In HepG2 cells, transfection of a 568 bp (from –502 to +53) portion of ASIP

promoter 1B indicated the presence of promoter activity. In contrast, the activity of a

reporter gene containing 659 bp (from –617 to +28) of promoter 1A was decreased

relative to control. ASIP is normally expressed in liver, albeit at much lower levels than

in adipocytes (Kwon et al. 1994). These results demonstrate that both of the ASIP
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promoters identified in this study can regulate transcription in vitro. Moreover, these

results suggest the presence of proximal repressor elements within promoter 1A, which

may inhibit transcription of this mRNA isoform in liver. These elements may be

required for the tissue-specific expression of ASIP. Further experiments (such as

Northern blotting and analysis of a 5' deletion series) would be required to completely

understand the mechanisms for the tissue-specific expression of different ASIP

isoforms. 

In contrast, transfection of the same reporter genes in a novel adipocyte cell line

(SGBS cells) did not provide evidence for transcriptional activation or repression. This

discrepancy indicates that further experiments are required to prove that these putative

promoters are functional in these cells. Future experiments should use larger portions of

the putative promoters, as the regions analysed in this study may lack all of the elements

required for transcription in these cells. Moreover, it may be of value to test these

putative promoters in differentiating preadipocytes, in order to determine the specific

stage at which ASIP expression is induced, relative to other adipocyte markers. This

could be investigated by stable transfection of preadipocytes with ASIP reporter genes

prior to the induction of differentiation. 

Sequences upstream of exons 1A and 1B of ASIP contained putative binding

sites for a number of transcription factors with important roles in adipocyte

differentiation. These findings are consistent with the observation that ASIP content is

induced markedly during adipocyte differentiation (Xue & Zemel 2000). 

Both putative promoters contained consensus sites for the transcription factors

GATA 1 and 3. GATA 3 is expressed in adipose tissue, and its expression is

downregulated during differentiation of 3T3-F442A preadipocytes (Tong et al. 2000).

In addition, it was observed that forced expression of GATA 3 in these cells inhibited

adipocyte differentiation and reduced the expression of many adipocyte-specific genes,
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including PPAR-γ, GLUT4, adipsin, and the fatty acid binding protein aP2.

Furthermore, the expression of GATA 3 mRNA in adipose tissue is reduced in many

rodent models of obesity (including ob/ob, db/db, and Ay/a). Therefore it is possible that

the expression of ASIP in adipocytes is regulated by GATA transcription factors.

Interestingly, sequences upstream of exons 1A and 1B also contained potential

binding sites for the basic leucine zipper transcription factor CCAAT/enhancer binding

protein β (C/EBPβ), an early regulator of adipogenesis (Cao et al. 1991 and Section

1.2.3.4). These putative binding sites were located at – 1596 to –1583 in promoter 1A,

and at two locations in promoter 1B  (–1907 to –1889 and –1143 to – 1130). Retroviral

expression of C/EBPβ in 3T3-L1 cells is sufficient to drive the entire programme of

adipocyte differentiation (Yeh et al. 1995). As the expression of ASIP is increased

during adipocyte differentiation, it is plausible that it is stimulated by C/EBPβ. 

Potential binding sites for the STAT (Signal Transducers and Activators of

Transcription) family of transcription factors were also identified in promoters 1A and

1B. STATs 1, 3, 5, and 6 are all expressed in cultured 3T3-L1 adipocytes, and the

expression of STATs 1, 3 and 5 are all markedly up-regulated during adipocyte

differentiation (Stephens et al. 1996). However, the level of STAT6 mRNA does not

differ between preadipocytes and adipocytes. STAT5 is likely to be involved in the

maintenance of the mature adipocyte phenotype, as its expression in adipocytes is

decreased by TNFα treatment. Of note, transgenic mice overexpressing agouti in

adipose tissue display increased levels of STAT1 and STAT3 (Mynatt & Stephens

2001). The relationship between STATs and ASIP has yet to be determined.  

Other interesting binding sites in ASIP promoters include those for ISL1,

HMGI(Y), HNF1 and CREBP. ISL1 (islet-1) is a LIM/homeodomain transcription

factor that binds to the enhancer region of the insulin gene (OMIM 600366). HMGI(Y)

is a member of the high mobility group I family of adipogenic transcription factors
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(Melillo et al. 2001); and genetic ablation of a related factor, Hmgic, protects against

diet-induced obesity in mice (Anand & Chada 2001). HNF1 (hepatic nuclear factor 1,

also called HNF1α) regulates gene expression in liver, kidney and pancreas, and is

mutated in a form of maturity-onset-diabetes of the young (MODY3; Yamagata et al.

1996). Lastly, CREBP (also called CBP) is a transcriptional co-activator for C/EBP’s

and PPAR-γ; and heterozygous CREBP-deficient mice are more insulin sensitive and

display less adipose tissue than wild-type littermates (Yamauchi et al. 2002). Further

studies will be required to address the potential effects of these transcription factors on

ASIP expression. 

The identification of novel 5' exons in ASIP may allow the identification of

sequence variants with effects on ASIP expression. At present, no polymorphisms have

been detected within the coding exons of ASIP, although a common polymorphism

(8818A G) was found in the 3' untranslated region (Norman et al. 1999, Voisey et al.

2001, Kanetsky et al. 2002). Moreover, Voisey et al. (2001) also examined exon 1

(corresponding to exon 1A in the present study) and found no sequence variations.

However, it remains a possibility that unidentified polymorphisms within exons 1A' and

1B (and promoters 1A and 1B) could affect transcription of ASIP. 

The level of ASIP expression in adipocytes may be related to obesity, as it was

recently observed that ASIP mRNA content was positively correlated with levels of

fatty acid synthase (FAS), a key enzyme in lipogenesis (Xue & Zemel 2000). Moreover,

the expression of ASIP mRNA in adipocytes is associated with BMI in both men and

women (Voisey et al. 2002). However, the relationship differs for each gender group: a

positive relationship between BMI and ASIP mRNA was observed in women, but a

negative association was observed in men. One potential explanation for the

discrepancy between males and females is the detection of two putative progesterone-

response elements within promoter 1B of ASIP. The relationship between ASIP mRNA
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content in adipocytes and obesity requires further investigation: larger numbers of

subjects are required, as well as the quantitation of specific ASIP isoforms.  

In conclusion, three novel 5' exons and two putative promoters were identified

for ASIP, a candidate gene for obesity that is highly expressed in adipose tissue.

Although transfection of reporter genes into human hepatocellular carcinoma cells

elicited significant effects on transcriptional activity, further studies are required to

prove promoter activity in adipocytes. Analysis of sequences upstream of exons 1A and

1B indicated the presence of several putative sites for adipogenic transcription factors,

supporting the observation that the expression of ASIP mRNA is induced during

adipocyte differentiation. Finally, the identification of novel regions of ASIP may be of

use to future genetic studies for the identification of polymorphisms with effects on

ASIP expression, and possibly obesity. 



Chapter Six

General Discussion

The aim of this thesis was to investigate the role of three distinct genetic loci in

obesity and related cardiovascular risk factors. Firstly, a common polymorphism

(Pro12Ala) in the gene encoding the peroxisome proliferator-activated receptor gamma

(PPAR-γ) was studied for association with measures of obesity and other cardiovascular

risk factors in two Western Australian populations. Secondly, a candidate region

(chromosome 20q13) was tested for linkage and association with several measures of

obesity in a Caucasian population. Finally, the 5' sequence and promoter regions of a

candidate gene for obesity, agouti signalling protein (ASIP), were determined. 

The rising prevalence of obesity worldwide poses a significant public health

problem. Obesity (particularly abdominal obesity) is associated with a number of

serious health consequences, including insulin resistance/type 2 diabetes, hypertension,

dyslipidaemia, and a low thrombolytic capacity. Due to these associated conditions,

obesity is widely regarded as a major risk factor for cardiovascular disease. 

Obesity is a complex disease resulting from an interaction between multiple

behavioural, environmental and genetic factors. Although it is likely that recent changes

in diet and physical activity may have precipitated the current epidemic of obesity,

population-based studies have revealed that the propensity to obesity is influenced to a

large extent by genetic factors. The genetic factors influencing common forms of

obesity were the subject of this thesis. 

Prior investigations of the genetic basis of obesity have indicated the presence of

major genes in addition to a polygenic component. In fact, the presence of a single

putative major gene, accounting for a large proportion (20 – 50%) of the total
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phenotypic variance, has been reported in a number of studies (Price et al. 1990,

Province et al. 1990, Borecki et al. 1993). The hypothetical existence of major genes for

obesity is a powerful stimulus for genetic research, as the discovery of these genes will

allow the identification of susceptible individuals, and may provide opportunities for

prevention or therapeutic intervention (Comuzzie & Allison 1998). 

Genetic factors in complex diseases are often investigated using association

studies of polymorphisms within candidate genes. In Chapter Two of this thesis, it was

hypothesised that a common polymorphism (Pro12Ala) in the PPARG gene would be

associated with measures of obesity and other cardiovascular risk factors in Western

Australian Caucasians. PPARG encodes the three isoforms of the peroxisome

proliferator-activated receptor gamma (PPAR-γ), a nuclear receptor of central

importance in adipocyte differentiation and maintenance of the adipocyte phenotype.

The Pro12Ala polymorphism impairs the transcriptional activity of the PPAR-γ2

isoform (Deeb et al. 1998, Masugi et al. 2000).  

Although this study had sufficient power to detect quite subtle effects, the

Pro12Ala polymorphism was not associated with differences in total adiposity or fat

distribution, as measured by BMI and WHR, respectively. Moreover, the frequency of

the Pro12Ala polymorphism did not differ between lean and obese subjects, suggesting

no intrinsic association with obesity. On the basis of these results (and those of other

studies – see Table 2.8, p. 116), it was concluded that the Pro12Ala polymorphism was

not a major factor in the aetiology of obesity. 

However, this first investigation provided evidence to suggest that the Pro12Ala

polymorphism exerts significant effects on lipid metabolism in obese subjects.

Lipoprotein lipase (LPL) is a target gene of PPAR-γ (Schoonjans et al. 1996). It was

therefore proposed that a reduction in the activation of LPL by the Ala isoform of

PPAR-γ2 in adipose tissue might excerbate the atherogenic blood lipid profile (low
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levels of HDL-cholesterol, high levels of triglycerides) common in obesity. In fact, the

Pro12Ala polymorphism was the most significant predictor of combined

hyperlipidaemia in obese subjects when conventional risk factors were taken into

account.  

These results (as well as those implicating PPAR-γ in diabetes and

atherosclerosis) raised the possibility that the Pro12Ala polymorphism may associate

with multiple cardiovascular risk factors. To investigate this hypothesis, a population at

high risk of developing cardiovascular disease was studied. Australian Aboriginal

people in a Westernized environment have a high incidence of cardiovascular disease,

and their heightened susceptibility may be due to genetic factors. 

As in the Caucasian population, the Pro12Ala polymorphism was not associated

with quantitative differences in any of the measures of obesity studied (BMI, WHR,

waist circumference). A subtle effect of the polymorphism on fat distribution could not

be ruled out, however, as Aboriginal women carrying at least one copy of the Ala allele

displayed a lower prevalence of abdominal obesity (WHR > 0.80) compared with

Pro/Pro women. Nevertheless, the overall lack of positive findings in the Aboriginal

population reinforced the negative findings in Caucasians. 

In addition, the association with blood lipid profile that was observed in the

Caucasian subjects was not seen in Aboriginal people. Blood lipid values did not differ

between Aboriginal men carrying the Ala allele and those who were of Pro/Pro

genotype; but Aboriginal women with the Ala allele had higher levels of HDL-

cholesterol than Pro/Pro women. These results were at odds with those obtained from

the Caucasian population. In addition, the Pro12Ala variant was not associated with

carotid wall thickening or the presence of atherosclerotic plaques.   

Four explanations are possible for the lipid results. Firstly, it is possible that the

discrepancies were due to factors such as diet or exercise, both of which may influence
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levels of HDL-cholesterol. Secondly, it is likely that the Pro12Ala variant is segregating

upon a different genetic background in Caucasian and Aboriginal populations;

therefore, there may be different interactions between Pro12Ala and other obesity- or

insulin resistance-related alleles in either population. The marked discrepancy in Ala

allele frequency between the two populations provides some evidence for this

possibility. Further studies of other candidate genes for obesity and insulin resistance in

both populations (as well as the interactions between them) would be required to

understand these potential epistatic effects. Thirdly, Pro12Ala may be in linkage

disequilibrium with another polymorphism that has effects on HDL metabolism. The

presence of considerable linkage disequilibrium around Pro12Ala has been

demonstrated (Hirschhorn et al. 2001). A fourth possibility is that both of the

associations with HDL-cholesterol are spurious, as neither could be considered as

significant after correction for the number of comparisons made. Although multiple

hypothesis testing is an important consideration in genetic association studies, the

likelihood of the association between Pro12Ala and lipid values is made somewhat

more plausible by taking potential confounding variables, such as age, sex, smoking,

and diabetes into account. 

In the Aboriginal group, there was no obvious relationship between the

Pro12Ala polymorphism and insulin resistance. This hypothesis has been widely

investigated elsewhere, with several studies of large populations concluding that the Ala

allele confers a small, but significant degree of protection against the development of

type 2 diabetes (Deeb et al. 1998, Altshuler et al. 2000, Douglas et al. 2001, Mori et al.

2001). In Aboriginal people, though, no differences between genotype groups were

observed for levels of glucose, insulin or fasting insulin resistance index (FIRI). In

addition, there was no significant difference in the prevalence of diabetes between

Pro/Pro subjects and carriers of the Ala allele. On the other hand, this study was limited
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by the low frequency of the Ala allele in this ethnic group (6.7%, about half that

observed in Caucasian populations); and it was estimated that a much larger sample

would be required to detect a significant difference in the prevalence of diabetes

between Pro/Pro subjects and Ala allele carriers. 

It is tempting to speculate that if the PPAR-γ2 Ala allele protects against the

development of adult-onset diabetes, then Aboriginal people may be genetically

predisposed to diabetes by having a lower frequency of this allele than other

populations. Also, one could suggest that the Ala allele was acquired by admixture with

non-Aboriginal populations, an occurrence that has been previously observed to reduce

the prevalence of diabetes in Aboriginal people (Williams et al. 1987). However, we are

not aware of any studies that have tested this hypothesis. 

The mechanisms by which a reduction in PPAR-γ2 activity could protect against

the development of insulin resistance are not well established. Stumvoll et al. (2001)

proposed that the Ala isoform of PPAR-γ2 confers a greater sensitivity to the anti-

lipolytic effects of insulin in adipose tissue. Any increase in the ability of insulin to

suppress lipolysis would certainly improve insulin resistance, as lipolysis in adipose

tissue (particularly in visceral depots) and its associated free fatty acid flux are thought

to be major factors in the development of the metabolic syndrome (Figure 1.2 – p. 9).

On the other hand, such a reduction in adipose tissue lipolysis would lead to the

retention of triglycerides in adipose tissue, and probably result in obesity.

This situation is further complicated by studies of PPAR-γ deficiency in mice.

Activation of PPAR-γ by thiazolidinediones normally improves insulin sensitivity by

stimulating adipocyte differentiation (Lehmann et al. 1995), and by reducing the

triglyceride content of liver and muscle (Yamauchi et al. 2001b). However, while

heterozygous PPAR-γ deficiency or pharmacological antagonism of PPAR-γ in mice



Chapter Six: General Discussion

224

would be expected to cause insulin resistance, these two conditions actually improve

insulin sensitivity and protect against the development of obesity on a high-fat diet

(Kubota et al. 1999, Miles et al. 2000, Yamauchi et al. 2001c). 

The paradoxical results observed when PPAR-γ activity is reduced may be

explained by the increased synthesis and secretion of leptin that has been demonstrated

in these two situations. Leptin production in adipocytes is normally inhibited by PPAR-

γ (Kallen & Lazar 1996). The increase in leptin production in PPAR-γ +/- mice and

those treated with PPAR-γ antagonists would be expected to inhibit food intake and

increase energy expenditure. Interestingly, the increase in leptin levels in these animals

is not associated with leptin resistance; in fact, the response to exogenous leptin

treatment is actually enhanced (Yamauchi et al. 2001b). Consistent with these results,

one study has found that subjects carrying the Pro12Ala polymorphism display higher

levels of leptin (Cole et al. 2000). 

Regardless, no evidence for a role for this polymorphism in obesity was found in

this thesis. It must be emphasised that heterozygous PPAR-γ deficiency in mice and the

Pro12Ala polymorphism in the PPAR-γ2 isoform are not the same condition. In

particular, it is important to consider that the expression of the PPAR-γ2 isoform is

relatively restricted to adipose tissue, and it is the minor PPAR-γ isoform in this tissue

(Auboeuf et al. 1997, Vidal-Puig et al. 1997b). Further, the actions of PPAR-γ may not

be entirely conserved between mice and humans: as complete ablation of PPAR-γ in

mice is lethal (Kubota et al. 1999), but humans with dominant-negative PPAR-γ

mutations are viable and display normal amounts of adipose tissue (Barroso et al. 1999).    
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Furthermore, the negative results from the association studies of the Pro12Ala

polymorphism in this thesis were entirely plausible, as they comply with many of the

recently proposed guidelines for this type of study:  

“Ideally they [association studies] should have large sample sizes, small P

values, report associations that make biological sense and alleles that affect the gene

product in a physiologically meaningful way. In addition, they should contain an initial

study as well as an independent replication, the association should be observed both in

family based and population-based studies, and the odds ratio and/or attributable risk

should be high. Few studies will meet all criteria…” (Editorial, Nature Genetics volume

22, p 2): 

The results observed for the Pro12Ala polymorphism satisfy the criteria relating

to biological plausibility and the effects of this variant on PPAR-γ2 function.

Furthermore, the lack of association between this polymorphism and obesity was

observed in two separate populations (nearly 1500 subjects in total). Additional studies

should address the issues of linkage disequilibrium around Pro12Ala, and also use

family-based association (as used in Chapter Four) to remove the confounding effects of

population stratification. Longitudinal studies may also provide valuable information

regarding long-term weight change in Ala allele carriers (see Ek et al. 1999); and it

would be of value to examine the specific effects of homozygosity for the Pro12Ala

variant. However, until much larger association studies are conducted, using thousands

of subjects rather than hundreds (for example, Dahlman et al. 2002 for type I diabetes),

the role of the PPAR-γ2 polymorphism in obesity will remain controversial.   

Like other complex diseases, the genetics of obesity can also be studied using

positional cloning methods, a ‘reverse genetics’ approach. Although this method

overcomes two problems encountered in association studies (biological plausibility of

candidate genes and population stratification), it is not a panacea. The positional cloning
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of complex disease genes is complicated by many factors, including incomplete

penetrance, the presence of phenocopies (non-allelic heterogeneity), epistasis, and the

presence of common alleles with small effects (as opposed to rare alleles with much

larger effects) (Risch et al. 2000, Altmüller et al. 2001). Despite these shortcomings,

genome scans for obesity have had some success in identifying several chromosomal

regions that are likely to contain obesity-related genes (Tables 1.7 and 1.8 – p. 90 - 93). 

Chromosome 20q13 is one of these candidate regions. In Chapter Four, it was

hypothesised that a quantitative trait locus for obesity was located in this region, as it

contains several plausible candidates, and has displayed suggestive linkage with several

measures of obesity in different ethnic groups (Lembertas et al. 1997, Lee et al. 1999,

Arya et al. 2002). Moreover, genome scans for type 2 diabetes have also provided

suggestive evidence for a major susceptibility locus in this region (Ghosh et al. 2000,

Luo et al. 2001). 

However, there was no evidence for linkage between obesity and markers in this

region. These results were obtained using three different parametric models, as well as

non-parametric methods. It is possible that the linkage results obtained in other studies

are due to a rare variant that was absent from the Anglo-Celtic subjects of the Busselton

Survey. In addition, it is possible that the putative QTL on chromosome 20q is located

more centromerically than the markers studied here, as significant evidence of linkage

(LOD > 3.6) has been obtained near the chromosome 20 centromere (Hunt et al. 2001).

Regardless, there was no evidence for a major locus for obesity on 20q13. 

These findings were supported by QTDT-based tests of association and linkage.

The use of family-based controls for association increased the reliability of results, as it

was possible to test for the effects of population stratification, which may be a

confounding variable in association studies. However, no association was observed

between markers on 20q13 and several measures of obesity and fat distribution. In
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addition, variance-components analysis of several quantitative measures of obesity did

not provide evidence for an obesity locus in this region. It is likely that a major locus for

obesity would have been detected, as this study was capable of detecting loci

responsible for ~ 10% of the total phenotypic variance. At the same time, however, it is

possible that a locus with a smaller effect on obesity would not have been detected. 

Further genetic linkage studies of obesity in the Busselton Survey should focus

on other loci that have been implicated in Caucasians: such as chromosomes 3q27

(Kissebah et al. 2000, Wu et al. 2002), 4p15-p14 (Stone et al. 2002), 7q32.3 (Feitosa et

al. 2001), 10p (Hager et al. 1998), 17p12 (Kissebah et al. 2000) and 18p11 (Parker et al.

2001). It would also be desirable to use a larger number of subjects from the Busselton

Survey, as the sensitivity to smaller genetic effects would be increased and the

heritability of measures of obesity (eg. BMI) may be much higher in the entire

population of > 4000 subjects (Kniuman et al. 1996). In a larger population sample, it

would also be possible to use a more stringent threshold for obesity (perhaps to ≥ 35 or

40 kg/m2) to reduce genetic heterogeneity (Stone et al. 2002). Finally, more powerful

study designs, such as the use of extremely concordant sib-pairs (Zhang & Risch 1996),

could also be used.   

 The lack of positive findings for the 20q13 region reflects the difficulties often

encountered in the positional cloning of common disease genes. While genetic linkage

studies have been remarkably successful in identifying the chromosomal regions, genes

and variants responsible for many Mendelian obesity syndromes (see Table 1.3 – p. 16),

the identification of ‘susceptibility genes’ using this method is fraught with difficulty

(Greenberg 1993). Most recently, the genes for Börjson-Forssman-Lehmann syndrome

(Lower et al. 2002), Alström syndrome (Collin et al. 2002, Hearn et al. 2002), and the

most common form of Bardet-Biedl syndrome (Mykytyn et al. 2002) were all identified

by positional cloning. In these syndromes, the task of localising disease genes is greatly
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facilitated by the presence of an unambiguous, clinically-defined phenotype with a 1:1

correspondence between genotype and phenotype and a clear mode of inheritance. 

The situation with common complex diseases such as obesity could not be more

different. In common complex diseases, there is a great deal less correspondence

between a single genetic variant and the observed phenotype. Efforts to identify the

genes underlying complex diseases are frequently undermined by the presence of

phenocopies, which may arise from mutations in any one or a combination of several

genes. This high amount of genetic heterogeneity (or more specifically, non-allelic

heterogeneity, where the causal variants are not found within the same gene) is likely to

be the major limiting factor in the identification of common genes for obesity. This

problem is further exacerbated by the small effect size and incomplete penetrance of

each of the susceptibility alleles, as compared to Mendelian disorders.  

Indeed, obesity may be more genetically heterogenous than suggested by

segregation analyses of obesity phenotypes (Table 1.4). If a major locus for obesity

(accounting for up to 40% of the total phenotypic variance) was present in every human

population studied so far, it is very surprising that it has not yet been localised to any

one chromosomal region. Genome scans have obtained significant and suggestive

linkage signals on nearly every human chromosome (see Tables 1.7 and 1.8). In fact,

not one obesity-causing gene variant has been identified using this method, in contrast

to the (albeit limited) successes of the candidate gene approach (Table 1.5 – p. 82).

One attractive explanation for the overall lack of positive findings in genome

scans for obesity is that obesity may instead be due to a large number of loci, each with

multiple disease-causing alleles of low population frequency (Swarbrick & Vaisse

2003). According to this ‘rare variant’ hypothesis (Pritchard 2001), common complex

diseases such as obesity may simply be the end result of a large number of monogenic

disorders with indistinguishable phenotypes. 
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This rare variant hypothesis is well supported by findings from two candidate

genes, MC4R and POMC. Mutations in the melanocortin 4-receptor (MC4R) gene are

the most common cause of severe obesity yet described, accounting for up to 4% of

cases (Hinney et al. 1999, Farooqi et al. 2000, Vaisse et al. 2000). Detailed studies of

the pedigrees of MC4R mutation carriers have revealed a phenotype that is

indistinguishable from other severely obese subjects. Moreover, more than 30 different

mutations in MC4R have been described that differ in their mode of inheritance and

severity (Farooqi et al. 2000, Vaisse et al. 2000, Lubrano-Berthelier et al. 2003). Sex-

specific effects have also been encountered (Sina et al. 1999). More recently, mutations

affecting the processing of POMC have also been identified as a cause of approximately

1% of severe obesity cases (Challis et al. 2002). POMC mutations affecting a specific

arginine residue (R236) have been shown to disrupt a dibasic prohormone processing

site between β-MSH and β-endorphin, leading to the aberrant production of a fusion

protein that binds to, but does not activate the melanocortin-4 receptor. These two

examples may be indicative of future obesity genes, as the individual alleles are not

common, display varying penetrance, and lead to phenotypes that are indistinguishable

from one another. In this regard, it is not surprising that the positional cloning of obesity

genes has met with limited success.  

 Future investigations of the genetic basis of obesity should not rely solely upon

the traditional methods of positional cloning or association studies of common

polymorphisms in candidate genes. In many of these studies, false negative results are

frequently obtained due to low statistical power to detect the modest effects of common

susceptibility alleles. A combination of these two methods may be a valid approach;

(for example, testing the most likely candidate genes in a region demonstrating strong,

replicable evidence of linkage), although it may be difficult to speculate on candidates

as a great deal is still unknown about energy homeostasis. 
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Two genetic approaches may hold the most promise for future genetic studies of

obesity. Linkage disequilibrium (LD) mapping using single nucleotide polymorphisms

may prove extremely useful for the identification of common susceptibility alleles.

High-resolution studies of human sequence variation have revealed the presence of

‘blocks’ of linkage disequilibrium spanning > 20 kb, flanked by ‘hot-spots’ of

recombination (Gabriel et al. 2002). In the future, it is anticipated that these haplotype

blocks will be studied for association with disease phenotypes rather than the individual

single-nucleotide polymorphisms currently studied. The main advantages of LD

mapping over traditional linkage analysis are that it will be more sensitive to smaller

genetic effects, and will have much greater resolution. At the same time, the systematic

sequencing of well-chosen candidate genes (such as MC4R) will allow low-frequency

alleles to be identified. Subsequently, clear evidence for a role of these alleles in obesity

should definitely be obtained by functional studies. These investigations may serve to

identify new molecular mechanisms and biological pathways, as well as provide

important clues to the underlying genetic architecture of obesity. 

Unfortunately, many of these candidate genes have only recently been

discovered, and very little is known about them at present. For example, ghrelin,

resistin, and adiponectin may be crucial for the regulation of energy homeostasis, but

are only beginning to be examined for allelic variation that may be related to obesity.

Other candidate genes have been identified for some time, but knowledge of their

function, organisation and relationships with other obesity genes is incomplete. For

these reasons, the 5' sequence and putative promoters of agouti signalling protein (ASIP)

were determined in Chapter Five. 

ASIP is the human homologue of a rodent obesity gene, agouti, and is expressed

at high levels in human adipose tissue (Kwon et al. 1994, Wilson et al. 1995). The

expression of ASIP in adipocytes is induced during differentiation (Xue & Zemel 2000),
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and treatment of adipocytes with agouti has revealed a role for this gene in several

obesity-related processes.  In adipocytes, agouti inhibits lipolysis (Kim et al. 1997) and

increases the expression of fatty acid synthase (Jones et al. 1996) and leptin (Claycombe

et al. 2000). Moreover, transgenic mice overexpressing agouti in adipose tissue become

obese in response to insulin treatment (Mynatt et al. 1997) and display elevated levels of

adipogenic transcription factors in adipocytes (Mynatt & Stephens 2001). It was

proposed that the mapping of the 5' sequence and promoters of ASIP may yield

important information regarding its function in adipose tissue; and could also be used to

direct future genetic studies for functional polymorphisms within this candidate gene.   

Three new exons and two putative promoters were identified in the ASIP gene.

Portions of these novel promoters were transfected into human cell lines, and were

found to exert significant effects on reporter gene activity in HepG2 cells. However,

there were no significant effects on transcription of a reporter gene in a novel adipocyte

cell line (SGBS). Further studies will be required to define the adipocyte-specific

promoter of ASIP. 

Promoter analysis for transcription factor binding sites indicated the presence of

several elements consistent with an induction of ASIP expression during adipocyte

differentiation. Specifically, the presence of putative sites for the transcription factors

C/EBPβ and CREBP suggests that ASIP may be an anti-lipolytic factor that favours the

accumulation of lipid, as part of the acquisition of the mature adipocyte phenotype. The

anti-lipolytic effects of ASIP expression may also be under the control of the STAT

family of transcription factors, which are involved in the maintenance of other

adipogenic genes (Stephens et al. 1996). Moreover, the observation that transgenic mice

overexpressing agouti in adipose tissue display elevated levels of PPAR-γ in adipocytes

suggests that ASIP may be downstream of C/EBPβ but upstream of PPAR-γ during

differentiation (Figure 1.13 – p. 69). 
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Therefore, it would be of interest for further studies to examine the temporal

expression of ASIP during adipocyte differentiation, relative to other adipogenic factors.

In addition, the specific role of ASIP in adipocyte differentiation could also be studied

by antagonism of ASIP expression (with antisense oligonucleotides for example) in

differentiating human adipocytes. 

The identification of novel genetic regions and promoters of ASIP will stimulate

further studies of genetic variation within this candidate gene. While no polymorphisms

have yet been identified within the coding exons of ASIP (and exon 1A – Voisey et al.

2001, Kanetsky et al. 2002), it is possible that exons 1A', 1B and the two promoters

contain allelic variants which affect the transcription of ASIP and possibly obesity.

Although ASIP expression in adipocytes has been related to body mass index in men

and women (Voisey et al. 2002), the underlying mechanism responsible for this

relationship has yet to be determined. 

In summary, the aetiology of obesity in humans displays a significant genetic

component. Segregation analyses have indicated that this genetic component is likely to

be composed of a major genetic effect, as well as a polygenic effect. However, the

identity of these major genes for obesity has not yet been determined. Approaches based

on either biological plausibility (association studies with candidate genes) and genomic

position (positional cloning) have been used to identify these genes, but have had

limited success due to the complex nature of this disease. 

In this thesis, a leading candidate gene (PPARG) was examined for association

with obesity and other cardiovascular risk factors in two Western Australian

populations. A candidate region (20q13) was also examined for linkage and association

with measures of obesity and adipose tissue distribution. These candidates were not

associated with obesity in the populations studied. At present, the specific mechanisms

contributing to the development of obesity in humans are incompletely understood, and
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further studies of candidate genes, such as ASIP, will be necessary to understand the

complex aetiology of this growing health problem. 
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