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Abstract

The work presented is an investigation of the effects of polymorphisms in the 

peroxisome proliferator activated receptor a  (PPARa) gene on lipid metabolism, 

hypertrophy and atherosclerosis. The PPARa gene-coding region was screened by 

single-strand conformation polymorphism analysis. Two novel variants were identified, 

a missense mutation changing codon 227 from valine to alanine (V227A) and a variant 

in the 3’ untranslated region. Both polymorphisms were infrequent and neither showed 

any association with plasma Hpid concentrations nor coronary artery disease.

The effect of previously identified common variation in the PPARa gene and 

promoters of fibrate-responsive genes on plasma lipid levels and response to fibrate 

treatment was examined in the LEADER trial, a randomised placebo-controlled trial 

examining the effect of bezafibrate treatment on ischemic heart disease and stroke in 

800 patients suffering from lower extremity arterial disease. Variation in the PPARa 

gene was associated with plasma lipid levels at baseline but not at follow-up time points, 

and was only mildly associated with the degree of change in plasma lipid and fibrinogen 

levels in response to bezafibrate treatment.

The role of PPARa m exercise-induced cardiac hypertrophy was investigated in a 

sample of British army recruits. The PPARa intron 7 polymorphism was found to 

influence change in left ventricular mass during exercise training. The influence of the 

PPARa intron 7 polymorphism on risk of ischemic events was examined in the second 

Northwick Park Heart Study, a prospective study of 3000 healthy middle-aged men and 

the rare allele of the PPARa intron 7 polymorphism was associated with increased risk 

of heart disease. Finally, Real-time quantitative RT-PCR of human leukocyte derived



RNA was carried out in order to determine whether the intron 7 polymorphism is 

associated with alterations in PPARa gene expression, and correlate with the results 

observed in the LVH study.
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VLCAD = very long chain acyl-CoA dehydrogenase

VLDL = Very low density lipoprotein

WT = wild-type
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Chapter 1: Introduction

1 . 1  Cardiovascular disease

Cardiovascular disease (CVD), primarily coronary heart disease (CHD), is the major 

source of morbidity and mortality in most Western societies. The principal 

manifestation of atherosclerosis are heart attacks, stroke and peripheral vascular 

disease. Atherosclerosis usually progresses slowly and is therefore most commonly 

found in middle and old age. However, clinical studies have shown the presence of 

arterial deposits at an early age and the development of significant plaque formation by 

the age of 30. Although the stages of atherosclerosis are generally well established, the 

cellular and molecular mechanisms behind its development and progression are still not 

fully understood. Consequently, research has focused on determining risk factors 

associated with the presence of atherosclerosis, particularly those associated with earlier 

manifestations of the disease.

Prospective epidemiological studies have shown thàt certain factors in otherwise healthy 

individuals are associated with an increased risk of subsequently developing CVD. 

These risk factors can be divided into those which are modifiable, such as smoking, diet, 

exercise and obesity, and those which are non-modifiable, such as sex, age and family 

history. Studies in twins (Feinleib et al 1977, Duffyct 1993, Heller et <*/ 1993, Heller et 

d  1994, Marenber^ A d  1994) and observations of familial clustering of CHD cases 

(Williams et d  2 0 0 1 ) suggest there is both a genetic and environmental component to 

the disease and clinical studies have provided evidence that the variation in an 

individuals phenotypic expression of many of the risk factors involve multiple genes 

which can interact with each other and environmental factors.
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Studies of candidate genes have identified many that are significantly associated with 

traits relevant to atherosclerosis. However the known risk factors account for less than 

half the risk of developing atherosclerosis and so there are many individuals who suffer 

premature heart attacks and strokes which are not explained by the usual risk factors 

(Wilson et <2 / 1998). Further studies are needed to identify additional candidate genes as 

well as to understand how known genes and environmental factors interact. It is likely 

that synergistic interactions between risk factors play a major role in determinir^ an 

individuals’ risk of CHD. The identification of novel genes determining risk may 

delineate novel biochemical pathways involved in the development and progression of 

CHD, vdiich in turn may identify novel therapeutic targets. Ultimately, this may lead to 

personalised prevention, diagnosis, treatment and prognosis based on an individuals’ 

genetic make-up.

Numerous epidemiological studies and clinical trials have shown that altering the

plasma lipoprotein profile of an individual can be an important determinant in

preventing CHD (Cullen 2000, Maron et oL 2 0 0 0 ). In addition, an imbalance between

thrombosis and fibrinolysis contributes to increased atherogenesis and CHD risk.

Inflammation plays a role in destabilizing the fibrous cap tissue (see section 12) thereby

enhancing the risk of coronary thrombosis (Kinlay et al 1998, van der Wal et d  1994)

and markers of inflammation, such as C-reactive protein (CRP) are strongly associated

with an increased risk of CHD (Koen% et al 1999). The fibrate class of hypolipidemic

drugs have been shown to affect both lipoprotein profile, levels of inflammatory

markers and some haemostatic risk factors, lowering concentrations of triglyceride-rich

lipoproteins in patients with various forms of hypertriglyceridemia and decreasing

factors promoting coagulation whilst increasing factors promoting fibrinolysis
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(Miettinen et <«/ 1979, Ericsson et 1996, Ericsson et ̂  1997, Frick et ̂  1987, Frick et a/ 

1997, Kockx et<«/ 1997, Zimetbaum et 1991). The Peroxisome Prolifeiator Activated 

Receptor alpha (PPARa) plays a major role in modulating the hypolipidemic effects of 

fibrate treatment and may also play a role in mediating the effects on clotting and 

inflammation (Staels etal 1998a, Staels e td  1998b).

Therefore the first aim of this thesis was to identify polymorphisms in the PPARa gene. 

The second aim of this thesis was to ascertain triiether polymorphisms were associated 

with lipid and clotting abnormalities, which could lead to an increased risk of 

developing atherosclerosis. The third aim was to provide a rationale for screening an 

individual for mutations in the PPARa gene and the possible beneficial effect of 

specific pharmaceutical intervention depending on the individuals PPARa genotype.

1 . 2  Pathogenesis of Atherosclerosis

In the 19* century there were two competing hypotheses for the pathogenesis of 

atherosclerosis; the ‘incrustation theor/ proposed by the pathologist Von Rokitansky 

(Von Rokitansky 1852), which suggested intimai thickening resulted from fibrin 

deposition in the arterial wall; and the lipid infiltration* theory proposed by the 

pathologist Virchow (Virchow 1856), which suggested that lipid infiltration in the 

arterial wall followed by complex formation with mucopolysaccharides was the initial 

event in atherosclerosis. In 1973, Ross and Glomset (Ross and Glomset 1973) proposed 

the ‘response-to-injury* hypothesis of atherosclerosis. The most recent version of this 

hypothesis is based on the proposal that endothelial dysfunction, resulting from the
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injury, initiates compensatory processes which alter the normal vascular homeostatic 

properties, and this concept is now generally accepted amongst scientists in this field.

The initiating injury, which, may be due to a number of causes such as hyperlipidemia,

hypertension or smoking, increases the adhesiveness of the endothelium for leukocytes

and platelets and steers the endothelium towards a procoagulant state rather than an

anticoagulant one. Low density lipoprotein (LDL) modification, principally oxidation,

but also glycation or enzymatic modification has more recently come to be considered

as an important step in the atherogenic process as modified particles can also induce the

expression of adhesion molecules (Frostegard c t 1993, Haller 1995, Thome etal

1996). The recruited leukocytes and platelets release a number of vasoactive molecules,

cytokines and growth factors and the resulting inflammatory response stimulates the

migration and proliferation of smooth muscle cells thereby forming the intermediate

lesion. The macrophages recruited into the arterial wall take up deposited LDL lipid to

form lipid-laden macrophages or ‘foam cells’. The accumulation of these ‘foam cells’

lead to a thickening of the artery wall, but up to a point the lumen dimensions and

shape remain unaltered due to the compensatory mechanism of gradual arterial dilation

known as ‘remodellii^’. The inflammatory response is mediated by monocyte-derived

macrophages and T-lymphocytes, the activation of which leads to the release of

proteolytic enzymes, cytokines, chemokines and growth factors, which cause further

damage and necrosis. As the accumulation, miration and proliferation of the smooth

muscle cells continues and the lesion core of lipid and necrotic tissue becomes covered

with a fibrous cap, the artery can no longer compensate and the lesion encroaches the

lumen altering the flow of blood. If the lesion becomes large enough to restrict blood

flow such that the nutrient supply cannot ineet the demand, then tissue ischemia will
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result. However, the lesion, or plaque, may also become unstable leading to its rupture 

followed either by repair of the plaque or by clot formation and occlusion which result 

in a heart attack or stroke depending on the location of the plaque.

1.3 Risk factors in coronaiy artery disease

The concept of risk factors originates from the long-term prospective Framingham 

study (Kaimel 1961), which was created to investigate the incidence of CHD and the 

factors related to its development. Statistical analysis of the Framingham study 

significantly associated many risk factors such as elevated lipid levels, elevated blood 

pressure, obesity and cigarette smoking, with the development of atherosclerosis. In 

particular, the Framingham study showed that clustering of risk factors predisposed an 

individual to a particularly high risk of developing atherosclerosis. Since Framingham, 

numerous epidemiological studies have confirmed these observations (Meade e td  1986, 

Assmann 1998a) and identified new risk factors, which were not initially identified 

in the Framingham study, e.g. Lipoprotein(a) and fibrinogen (Meade et d  1986, 

Sandkamp e td  1990, Heinrich 1991, Meade e td  1993, Heinrich e td  1994, Assmann 

e td  1996, A ssjm jm etd  1997, Seed e td  2 0 0 1 ). Factors associated with increased risk of 

developing CAD can be divided into the non-modifiable factors, such as age, male 

gender, family history and into the modifiable risk factors such as cholesterol, increased 

low density lipoprotein (LDL) cholesterol (LDL-Q, decreased high density lipoprotein 

(HDL) cholesterol, diabetes mellitus, homocysteine, cigarette smoking, hypertension 

and obesity.
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1.3.1 Non-modifiable risk factors

1.3.1 . 1  Age

The risk of CHD increases markedly with age in both men and women (Stamler et al 

1999). This is presumably due to the increasing number of risk factors acquired and the 

length of time exposed to them.

1.3.1 . 2  Gender

Pre-menopausal women are at a significantly lower risk of CHD than men of a similar 

age, developing CHD about 10 years later than men (Castelli 1984, Jackson et 1997, 

Jousilahti et al 1999). Hormonal factors play an important role: in a number of 

epidemiological studies and clinical trials the difference in risk between genders 

diminishes markedly after menopause, and oestrogen-replacement therapy reduces 

cardiovascular risk by approximately 50% (Beard et al 1989, Kafonek 1994, Barrett- 

Connor 1995, Sullivan and Fowlkes 1996, Shlipak et ̂  2 0 0 0 ).

1.3.1.3 Family His toiy

Family history reflects a combination of both shared genetic and environmental factors.

Genetic factors are of particular importance iri the aetiology of early onset CHD; most

early cardiovascular disease events (below the age of 40 years) occur in families with a

positive family history of CHD, in particular m individuals with a history of coronary

heart disease in first-degree relatives below the age of 65 (Pohjola-Sintonen et al 1998).

In the large family^based Health Family Tree Study 72% of individuals with early CHD

and 8 6 % with early strokes had a positive family history (Kosld et al 2000, Williams A al

2001). Results from the Newcasde Family History Study II identified individuals who

had two or more first-degree relatives with CHD before the age of 55 as having an odds
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ratio of 5.4 (95% Q  1.7-16.8) for an acute coronary disease event (Silbeibei^et^ 1998). 

Twin studies have demonstrated that total and HDLrC and tr^lycerides show 

s^nificant heritabilities (Whitfield and Martin 1983, O'Connell et 1988) and up to half 

the phenotypic variance in these risk factors could be attributed to genetic sources in 

the Fmnmark cardiovascular disease study of first degree relatives (Brenn 1994).

L3.2 Modifiable risk factors

1.3.2.1 Hypertension

Risk of CHD increases with increasing blood pressure (Weijenbeig a. d  1996) and the 

risks of elevated systolic and diastolic blood pressure are additive (Stokes et d  1989). 

There are many clinical studies that have shown a substantial decrease in the risk of 

CHD as a result of successfully treating hypertension (Hansson e td  1998, Himmelmann 

et d  1998). Genetic variation in the renin-angiotensin system has been shown to affect 

blood pressure levels and risk of hypertension (AUikmets et al 1990, Wai^ and Staessen 

JA 2 0 0 0 , Carluccio e td  2001). For example, a polymorphism in the 5* flanking region 

of the angiotensin II type 1  receptor (AT 1 ) gene is associated with hypertension. In 

addition, it shows a synergistic effect on risk of hypertension with the angiotensin I 

converting enzyme (ACE) insertion/deletion polymorphism (Takahashi et d  2 0 0 0 ). The 

insertion/deletion polymorphism of the ACE gene has independently been associated 

with hypertension, particularly in Japanese men (Higaki et d  2000, Uemura et d  2000) 

and polymorphisms in the angiotensin gene have been associated with early^onset 

hypertension (Schmidt e td  1995, Chiang e td  1997, Iso etdlOOG).

Sustained elevation in systolic and diastolic blood pressure (BI^ is thought to lead to

damage of the endothelial lining of blood vessels, which in turn induces platelet
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aggregation and stimulates proliferation and growth of vascular cells to repair the 

damaged arterial walL In addition, the rate of clearance of lipoproteins from the vessel 

wall may be reduced, therefore the vessel walls are more susceptible to plaque 

formation and subsequently at greater risk of clot formation.

13.2.2 Lipids

Elevated levels of serum lipids are significantly associated with an increase in the 

incidence of CHD (Haim ct ̂  1999). High levels of plasma cholesterol in particular are 

a stror^ predictor of subsequent CHD. Reduction of elevated levels of cholesterol by 

drugs has been shown to reduce the incidence of CHD (Maron eta l2000). LDL is the 

major cholesterol carrier in the blood whereas HDL transports excess cholesterol back 

to the liver vdiere it can be removed. Low levels of HDL-C are a risk factor for CHD 

(pom  etal 1995, Goldbourt ef ̂  1997, Despres ef ̂ 2000) as are high levels of LDL-C 

Total cholesterol concentrations can be misleading as they may be high due to a high 

HDLrcholesterol level, therefore the use of HDL/LDL ratio or total choiesteroLHDL- 

C ratio has greater predictive value (Real et al 2001). Hypertriglyceridemia has been 

shown to be an independent risk factor which when treated leads to a reduction in the 

risk of CHD (Assmann etal 1998b, Cullen 2 0 0 0 ).

A number of genetic polymorphisms have been identified which affect lipid levels.

Variation within the apolipoprotein AI — apolipoprotein Q II — apolipoprotein AIV

(APOAI-APOQII-APOATV) gene cluster has been associated with elevated

triglyceride levels and cardiovascular disease (Tybjaerg-Hansen et al 1993, Peacock A al

1997) as has common variation in the lipoprotein lipase (LPL) gene (Gerdes etal 1997).

Variation in the cholesteryl ester transfer protein (CETP) gene has been implicated in
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determining the levels and activity of CETP (Gudnason etal 1999), Apo-AI and HDL 

plasma concentration (Konào etal 1989, Freeman et^  1990) and subsequendy the risk 

of developing CAD (Zhonget^ 1996); and a final example are the numerous mutations 

found in the LDL receptor (LDLfQ gene v4iich lead to familial hypercholesterolemia 

and effect plasma lipid levels (Gudnason et al 1994). The structural gene locus for 

apolipoprotein E (APOE) is polymorphic; three common alleles (e2, e 3, e 4) code for 

three major isoforms in plasma and determine six APOE phenotypes. APOE genotypes 

account for a modest proportion of the phenotypic variation in concentrations of LDLr 

Q  apolipoprotein B (APOB), and APOE and the e4 allele maybe a risk factor for CHD 

(Ehnholmef^ 1986, Hanis etal 1991, Luc etal 1994, Corbo etal 1999, Hsueh cf ̂ î/2000, 

Humphries etallOOX).

13.23 Smoking

Cigarette smoking is a major independent cardiovascular risk factor and there is a

synergistic effect when cigarette smoking is combined with other cardiovascular risk

factors (Gensini et al 1998, Seltzer 1989, Castelli 1990, Weintraub 1990). Smoking is

strongly associated with an increased risk of acute coronary events, middle-aged

smokers have up to a 10-fold increase in the risk of sudden cardiac death and a 3.6 fold

increase in the risk of myocardial infarction (MI) (Kannel et al 1984). Risk of CHD

declines rapidly on cessation of smoking (Gensini 1998, Weintraub 1990, Kuller et

al 1991), with the excess risk of MI falling by approximately 50% within the first 2 years

(Rosenberg et al 1985, Cook et al 1986). Smoking can modulate the effect of genetic

factors on other risk factors for CHD. For example, the —455 G >A polymorphism in

the P-fibrinogen gene is associated with an increased risk of CAD and the magnitude of

this association is greater in smokers (Green et 1993, Humphries etcd 1999). Smokii^
31



is associated with a polymorphism in the blood coagulation factor VII gene, doubling 

the risk of MI in carriers of the protective allele (lacovieUo ct <2 /1999, Donatien ̂  2000). 

Another example is the association with increased risk of MI with a polymorphism in 

the paraoxonase gene, Wiich is not observed in smokers (Sen-Banerjee et d  2000). 

Polymorphisms in the LPL gene are believed to contribute to the risk of CHD and 

carriers of the N9 allele of the D9N polymorphism are particularly vulnerable to the 

adverse effects of smoking. In a cohort of middle-aged European healthy men, smoking 

increased the risk of an ischemic heart disease (IHD) event by 1.6 in individuals carrying 

the D9 allele but the combined effect of smoking and the N9 allele was to increase the 

risk of an IHD event by 10.4 times compared with D9 non-smokers (Talmud et d  

2 0 0 0 ). Smokir^ also increases the risk of CHD in men carrying any of the common 

isoforms of APOE genotype but particularly in men carrying the e4 allele, increasing 

their risk almost three-fold compared to non-smokers carrying the same allele 

(Humphries et d  2 0 0 1 ).

The pro-atherogenic effects of smoking maybe due to vascular endothelial dysfunction.

Endothelial damage can result from smoking-induced oxidative stress on plasma

lipoproteins, smokers have reduced levels of antioxidant vitamins and increased levels

of oxidized LDL (Heitzer 1996b, Heitzeret<2 / 1996a) and smoking can oxidize LDL

in zitro (Harats et d  1989, Harats et d  1990, Scheffler et d  1990, Scheffler et d  1992,

Morrow et iï/ 1995). Smoking is associated with lipid abnormalities; smokers have lower

levels of HDL and APOAI (DuUaart et d  1994) and increased levels of LDL and

triglycerides (Craig et d  1989, Cues ta et d  1989). Smokers have an increased risk of

arterial thrombosis, v 6 ich may be explained by the effects of smoking on coagulation;

smokers have significantly raised plasma fibrinogen levels, factor VII activity and
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prothrombin fragment 1 + 2  and lower plasminogen levels (Belch et al 1984, Miller

1998) which produces a procoagulant state. Finally, smoking may also promote 

atherogenesis through its effects on inflammation. Elevated plasma levels of cytokines 

such as interleukin- 6  (ILr6 ) and CRP are associated with risk of coronary events 

(Koenig et ̂  1999, Ridker 2000) and smoking is associated with increased levels of 

CRP (Doggen etal 2 0 0 0 , Mendall e td  2000).

1.3.2.4 Diet

Atherosclerosis is caused by the accumulation of cholesterol, inflammatory cells, fibrous

tissue and calcium in the arteries. This build-up is intensified through an excess of

cholesterol and triglycerides in the blood, vdiich can result from a diet high in fats,

particularly saturated fats, and dietary cholesterol (Schonfeld et d  1982, Kuksis et d

1982, Jackson et d  1984, Stone 1990, Kritchevsky 1999). Saturated fatty acids are the

most important determinants of the LDL-C level In contrast, monounsaturated and

polyunsaturated fats lower LDDC levels (Grundy 1986, Kris-Etherton et d  1999).

Excess sodium in the diet can also adversely affect blood pressure (Weinberger 1988,

Kesteloot 1991, Tobian 1997). Oxidized LDL plays a major role in the development of

atherosclerosis but it has been shown that the oxidative damage of LDL can be

prevented by antioxidants such as vitamin E, C and P-carotene (Herbaczyns ka-Cedro et

d  1994, Rojas e td  1996, Rinne etd20O(S). Therefore, increased fresh fruit and vegetable

intake has been shown to be beneficial in the prevention of CHD (Liu 2 0 0 1 ), the

exact mechanism for this is unclear but is believed to be due to the beneficial effects of

increased dietary fibre, folate and antioxidants. Low folate intake is an important

determinant of elevated blood levels of homocysteine and elevated homocysteine may

be an independent risk factor for CHD (Stampfer ^  1992, Ames en e td  1995, Tajior
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etcd 1999, Chambers eCii/2 0 0 0 ), possibly through stimulation of vascular smooth muscle 

cell proliferation (Tsai et cd 2 0 0 0 ). Plasma homocysteine levels are modulated by both 

nutritional and genetic factors. A common defective (thermolabile) variant of the 

methylenetetrahydrofolate reductase gene (MTHFR), has been associated with elevated 

levels of plasma homocysteine and has been identified as an independent risk factor for 

CHD (Gallagher e t 1996, Kluijtmans e ta /1997, O iieta/1998).

1.3.2.5 Alcohol

An inverse association between moderate alcohol consumption and CHD has been 

observed in several epidemiological studies, although the mechanism of this effect is 

unclear ( Castelli 1990, Albert et^  1999, Valmadrid eta/1999, Wannamethee and Shaper 

1999, Shaper and Wannamethee 2 0 0 0 ). The combination of protective and harmful 

influences of alcohol consumption results in a U-shaped mortality curve (de Labryeta/ 

1992, Keil et a/ 1997). Alcohol intake increases HDLg and HDL, subfractions of HDL 

(Williams et al 1985, Gaziano et al 1993, Schaefer et al 1994b, Rimm et cd 1999), w4iich 

are protective against CHD, and it may also provide protection by an antithrombotic or 

anti-inflammatory effect (Imhof etal 2001). Heavy alcohol drinking is associated with an 

increased risk of CHD and this maybe due to the acute inhibitory effect of alcohol on 

fibrinolysis (Van De et al 2 0 0 1 ). A polymorphism iri the gene for alcohol dehydrogenase 

type 3 (ADH3) alters the rate of alcohol metabolism and moderate drinkers who are 

homozygous for the slow^oxidizing ADH3 allele have been shown to have higher HDL 

levels and a substantially decreased risk of myocardial infarction (Hines et al 2001). 

Interestingly, there is evidence that alcohol intake can modulate the effect of 

polymorphisms in the CETP gene on plasma HDL lipoprotein and the risk of MI 

(Hannuksela et cd 1994, Fumeron et cd 1995, Corbex et cd 2 0 0 0 ).

34



1.3.2.6 Lp(a)

Epidemiological studies have shown that increased Lp(a) levels are independently 

associated with a greater frequency of CHD (Rhoads A al 1986, Schaefer A al 1994a, 

Bostom A al 1996, Danesh A al 2000), the structural similarity of Lp(a) to both the 

fibrinolytic enzyme plasminogen and LDL has suggested a prothrombotic or 

atherogenic role for this lipoprotein, possibly through its ability to impair fibrinolysis 

(Loscalzo A al 1990, Rouy ct ̂  1991, Pekelharir^ et ̂  1996). Nicotinic acid is the drug 

currently used to lower levels of Lp(a), although it has not proved to be very effective 

(Berglimd 1995, Angelin 1997). Lp(a) occurs in >30 differently sized isoforms and there 

is considerable variation in plasma Lp(a) concentrations between individuals, >90% of 

\v4uch is determined by the APOA gene locus (Boerwinkle A al 1992, Kraft Aal 1992, 

Perombelon Aed 1994, DeMeester 1995).

L3.2.7 Diabetes and Glucose

Diabetes can be classified into two main subtypes, insulin-dependent diabetes mellitus

and non-insulin-dependent diabetes mellitus (N ID D ^. CHD is more prevalent in

diabetic than non-diabetic subjects as are levels of CHD risk factors (Kannel and

McGee 1979, Kannel 1985). The major risk factors contributing to the excess of

cardiovascular disease caused by diabetes include: hypeiglycaemia, insulin resistance,

dyslipidemia, hypertension, obesity, smoking, albuminuria, and a procoagulant state.

Optimisation of glycémie control, weight reduction, lowering of elevated blood

pressure, correction of lipid abnormalities, and cessation of smoking in diabetics can

therefore decrease the risk of developing CHD in these subjects (Pyorala A al 1997,

Goldberg Aal 1998, 'Xwmer Aal 1998). A number of genetic polymorphisms have been

associated with increased risk of CHD in diabetics, mainly through their effects on
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classical risk factors. Examples include polymorphisms in the paraoxonase (PON) gene 

(Ruiz et al 1995, Odawara et al 1997, Pfohl et al 1999, James et al 2000) and the 

insertion/deletion polymorphism of the ACE gene (Ruiz 1994, Huang 1998).

1.3.2.8 Lack of Exercise

It is hard to assess vdiether lack of exercise is an independent risk factor but regular 

exercise has been shown to lower the risk of CHD and favourably affects blood 

pressure, weight, glucose tolerance, HDL-C, triglyceride levels (Goldberg and Elliot 

1987, Hardman 1996) and fibrinogen levels (Lakka and Salonen 1993, Carroll et al

2000).

1.3.2.9 Obesity

CHD is approximately three fold higher in obese men and women (Rexrode etal 1996, 

Seidell et al 1996), with a particularly high risk for subjects with central obesity 

(Donahue et ̂  1987, Kannel et ̂  1991, Nielsen and Jensen 1997) due to the association 

with elevated lipid levels, hypertension and glucose tolerance and an increased rate of 

NIDDM (Garrison et al 1996). The increase in CHD associated with obesity may 

actually be mediated via these other risk factors (Schulte et al 1999), although data from 

the Framingham Heart Study, the Nurses Health Study and the National Health and 

Nutrition Examination Survey I provide evidence that obesity is an independent risk 

factor for CHD (Hubert et d  1983, Freedman et d  1995, Rexrode et d  1998). Adipose 

tissue is a major source of circulating ILr6, therefore one mechanism for the deleterious 

effects of obesity may be through its association with increased levels of IL-6, a 

cytokine which induces both hypertriglyceridemia and endothelial activation (Bastard et 

d  1999, Yudkin e td  1999, Bastard e td 2 0 0 0 ).
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1.3.2.10 Haematologicai Factors and Coagulation

An impaired fibrinolytic-coagulation system, such as increased concentrations of 

inhibitors of fibrinolysis or activators of coagulation, may lead to the progression of 

atherosclerosis. Qot formation relies on two pathways, the extrinsic and the intrinsic 

pathway. Both pathways involve a number of coagulation factors, many of w4iich have 

been associated with CHD. High levels of plasma fibrinogen lead to an increased 

likelihood of blood clots forming and blocking the coronary arteries and is an 

independent risk factor for CHD (Heinrich et ̂  1994, Thompson 1995, Benderlyet 

d  1996, Kannel 1997, Folsom et d  1997, Woodward et d  1998, Eriksson et d  1999). 

Factors VII and VIII have also been associated with CHD (Meade et d  1986); plasma 

factor VII levels are influenced by a common polymorphism in the factor VII gene 

(R353Q) (Ghaddar et d  1998, Feng et d  2000) and this polymorphism may also be 

associated with risk of CHD (lacoviello et d  1998, Girelli et d  2000). Elevated plasma 

Factor Xlla levels are associated with middle-aged men at high risk of CHD (Mlleret^

1997) and a polymorphism in the Factor XII gene is a determinant of activated Factor 

XII levels (Zito et d  2000). Active tissue plasminogen activator (tPA) cleaves 

plasminogen to plasmin, vdiich digests the fibrin clot. tPA is inhibited by plasminogen 

activator-inhibitors type 1  (PAI-1 ) and elevated plasma levels of PAI-1 which lead to 

impaired fibrinolytic function have been associated with CAD and MI. The 4 G / 5 G 

promoter polymorphism of the PAI- 1  gene has been shown to affect levels of PAI-1 

and has been identified as a risk factor for CHD (Gardemann e td  1999, Mikkelsson 

2 0 0 0 ). The classical coagulation cascade is shown in Figure 1 .3 .
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Figure 1.3 Classical Coagulation Cascade

Intrinsic System

V e s s e l  s u r f a c e
High M o le cu la r  W e ig h t  K in in o g e n  
P re k a l l e k re in

Factor X II

Factor XI

Factor XUa

Factor X I a

Extrinsic System

T i s s u e  F a c to r

Factor IX
Factor V illa

Factor VI Factor IX a
Factor V ila

Factor X

Factor VII

Factor V

Factor Xa

Prothrombin
Factor V a

Thrombin

F ibrinogen Fibrin

Crosslinked Fibrin

1.4 Lipid Metabolism

Triglycerides are used for the storage and transport of energy. They are found in liver 

and adipose cells and derive from dietary (exogenous pathwa)) and hepatic (endogenous
, j'

pathwa)^ sources. Triglycerides are transportecL, as part of a macromolecular complex of 

lipids and proteins known as lipoproteins, from sites of absorption and synthesis to sites
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of utilisation. The lipid constituents of lipoproteins consist of esterified and unesterified 

(free) cholesterol, triglyceride and phospholipids. The structural protein components are 

termed apolipoproteins, which also act as cofactors for specific enzymes and/or serve 

as ligands for specific receptors involved in lipoprotein metabolism (Segrest e td  1974, 

Mahleyet^ 1984, Schumaker et <z/ 1994). Cholesteryl ester (esterified cholesterol) and 

triglycerides are non-polar and constitute the hydrophobic core of lipoproteins. The 

lipoprotein surface coat contains the polar constituents such as free cholesterol, 

phospholipids and apolipoproteins.

Figure 1.4 Schematic representation of a cross section through a lipoprotein molecule. 

(From Ginsberg HN 1990).
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The plasma lipoproteins have been fractionated by ultra-centrifugation into five major 

density classes according to the proportion of protein within the complex:
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Table 1.4 Five major classes of lipoproteins, which can be separated by 

ultracentrifugation. (Adapted from PPG Lipids and Lipid Disorders by Feher and 

Richmond, Gower Medical Publishing, 1991).

Density (g/ml) sources

Chylomicrons <0.95 Intestine

Very low density 

lipoproteins (VLDL)

<1.006 Liver

Intermediate density 

lipoproteins (IDL)

1.006-1.019 Catabolism of VLDL & 

chylomicrons

Low density lipoproteins 

(LDL M il)

1.02-1.03

1.03-1.04

1.04-1.06

Catabolism of VLDL

High density lipoproteins 

(HDL 2/3)

1.063-1.125

1.125-1.21

Liver & intestine 

(catabolism of 

ch)lomicrons &VLDL)

The liver secretes triglyceride in the form of very low density lipoprotein (VLDL) 

containing a single ApoB- 1 0 0  molecule as the major apolipoprotein. .^k)B- 1 0 0  is also 

the major apolipoprotein of intermediate-density lipoprotein (IDL) and LDL The 

intestine secretes dietary triglyceride in the form of chylomicrons, vdiich transport 

triglyceride to peripheral tissues and cholesterol to the liver and contain ApoB-48, a 

truncated form containing 48% of the amino terminal end of ApoB-1 0 0 , as the 

structural protein. ApoB- 1 0 0  acts as the binding protein for the LDL receptor on cells 

but the LDL receptor binding domain is absent from ApoB-48.
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The first step in the catabolism of triglyceride-rich lipoproteins is lipolysis, \riiereby the 

triglycerides arc hydrolysed to glycerol and free fatty acids, which arc taken up by 

peripheral tissues. For lipolysis to occur, the lipoproteins must bind to LPL, an enzyme 

anchored to endothelial cells by heparan sulphate proteoglycans. After a fatty meal, 

plasma LPL activity increases and LPL associated with the luminal side of capillaries 

and arteries hydrolyse the triglycerides in the chylomicrons to form free fatty acids. 

These free fatty acids arc either oxidised to generate adenosine triphosphate in muscle, 

stored in adipose tissue or secreted in milk by the mammary gland. Apolipoprotein Q I 

(APOC-II), which is associated with the chylomicrons, is an essential cofactor for LPL 

(Havel 1970).

After lipolysis, remnant particles are formed w4iich arc enriched in cholesteryl ester and 

fat-soluble vitamins and contain apoB-48 and apoE. These remnant particles arc rapidly 

cleared from the circulation by hepatic receptor-mediated or proteoglycan-mediated 

removal mechanisms. ApoE is found on all lipôproteins and is believed to regulate the 

removal of remnant particles. Its activity is inhibited by C apolipoproteins, in particular 

apoOI. ApoE can bind to both heparin-like molecules that arc present on the surface 

of all cells and the LDL receptor. There arc three major alleles for apoE (E2, E3 , E4), 

v4uch vary in their ability to bind to the LDL receptor (Weisgraber 1994, Mamotte etal

1999).

Five major enzymes arc involved in lipoprotein metabolism: LPL, pancreatic lipase, 

lecithin-cholesterol acyltransferase (LCAT), hormone sensitive lipase (HSL) and hepatic
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triglyceride lipase. APOA-I is the major apoUpoprotein present on HDL and is an 

activator of LCAT, which esterifies free cholesterol in plasma.

1.4.1 Lipolysis

The most important sites of lipolysis are adipose tissue, liver and muscle. In the fasting 

state lipolysis occurs in adipocytes releasir^ free fatty acids into the circulation, bound 

to albumin (Spector 1975). The rate-limiting step for the conversion of triglyceride to 

free fatty acids is hydrolysis by HSL (Fredrikson e td  1986).

In cells such as liver and muscle, the fatty acids produced are used in oxidative 

reactions. The conversion of triglyceride to fatty acids is much more rapid in liver and 

muscle than in adipose tissue, therefore the reserve of triglyceride in these tissues acts as 

a buffer, compensating for short-term low concentrations of free fatty acids in the 

plasma (e.g. during the late post-prandial period) (Wisneski et d  1987, Coppack et d  

1990).

Lipolysis also occurs in the intravascukr space using circulating lipids as the substrate

before cellular uptake of fatty acids. Once fatty acids have been transported into the cell

they can be re-esterified and stored (as in adipose tissue) or oxidised (as in skeletal or

cardiac muscle). This extra-cellular lipolysis is performed by LPL The release of free

fatty acids by lipase causes the detachment of LPL from the endothelium and it can

then circulate, associated with cholesterol-rich lipoproteins (Vilella et d  1993) and is

finally cleared by the liver (Vilaro et d  1988). In ûtro studies have shown that LPL also
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mediates the cellular uptake of lipoproteins via pathways that are independent of its 

catalytic activity but require LPL as a molecular bridge between lipoproteins and 

proteoglycans or receptors and thereby acts to facilitate lipolysis and clearance (Merkel 

e td  1998).

1.4.2 Regulation of Lipid Metabolism

Lipolysis occurs such that there is usually a surplus of circulating free fatty acids, Wiich 

therefore need to be re-esterified to tr%lyceride. The amount of triglyceride in the 

plasma is determined by three main processes:

1) VLDL and chylomicron synthesis
2) Lipolysis
3) Intake of remnant particles via receptors e.g. LDL receptor

Post prandially the amount of plasma free fatty acid results mainly from lipolysis of 

circulatdr^ triglyceride. Important factors in lipolysis include the amount of lipase 

available, the time the particles spend in contact with lipase, the efficiency of the 

particles to act as a substrate for lipase, production rates of lipase and pathways for 

particle clearance. L^rolysis of these circulating triglycerides is carried out by a variety 

of lipases such as hepatic lipase (Connelly 1999).

Dietary fat has been shown to stimulate adipose tissue LPL and inhibit muscle LPL,

whereas fasting seems to do the opposite. If there is an increased supply of free fatty

acids in the plasma, they compete with glucose as the oxidative fuel If there is also an

abundance of glycerol available, gluconeogenesis is stimulated in the liver. However if

the supply is insufficient, then carbohydrates are used as the energy source and

carbohydrate depletion can occur (hypoglycaemia). Insulin inhibits lipolysis and

43



therefore less free fatty acid is made available, which in turn increases glucose clearance. 

Insulin stimulates synthesis and secretion of adipose tissue LPL, so after a meal, when 

the body needs to store triglycerides, there is a rapid peak of insulin. It inhibits LPL in 

muscle tissue and also HSL, so overall it has an inhibiting effect on lipolysis (Kersten

2001).

Catecholamines are crucial to homeostasis during stress. When glucose levels are low, 

epinephrine is secreted and this causes a chain of events. Initially, plasma glucose levels 

increase, subsequently glucose uptake by muscles decreases, hepatic glycogenolysis is 

stimulated, lipolysis is stimulated, the secretion of insulin is inhibited and glucagon 

secretion is stimulated. This chain of events is known as the “fight or flight” response.

1.4.3 Endogenous pathway: secreted by liver

Excess free fatty acids are re-esterified in several tissues; the main site of re-

esterification is the liver, where free fatty acids are incorporated into VLDLrtr^lyceiide

(Gibbons et al 1995). This hepatic VLDLrtriglyceride can then be secreted. Once

secreted, circulating VLDL undergoes a continuous process of intravascukr degradation

and transformation resulting in the production of remnant particles (LDL, IDL or P-

VLDL). VLDL metabolism begins with the binding to endothelial LPL. Phospholipids

and the C apolipoproteins are transferred to HDL during triglyceride hydrolysis. At this

point the remnant particles are classed as IDL, being rektively enriched in cholesterol

ester and retaining Apo E and Apo B-1 0 0 . Smaller VLDL remnants, as well as krger

IDL particles, are hydrolyzed by hepatic lipase to yield rektively large, buoyant LDL

products. The exchange of cholesterol esters for tr^lyceride from LDL to tr^lyceride-

rich species is medkted by the action of the CETP gene (Tall 1993, Lagrost 1994).
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Subsequent lipolysis of the exchanged triglyceride species produces smaller, more dense 

LDL populations (Heeren et d  2001).

1.4.4 Exogenous pathway: absorbed by intestine

Ch)domicrons are formed in the intestine and secreted into the lymph where they 

transport triglyceride to the peripheral tissues and cholesterol to the liver Ç {\ietd  2 0 0 1 ). 

After a meal, intestinal cells absorb fatty acids and cholesterol from dietary fat and re- 

esterify them into triglyceride and cholesteryl ester, Wiich are then incorporated into the 

core of chylomicrons. The chylomicrons then enter the venous circulation via lymph 

channels. Nascent chylomicron particles acquire apolipoproteins C and E from both the 

intestine and the bloodstream, and Apo O il on the chylomicron surface activates 

endothelial LPL (Braun and Severson 1992), which hydrolyses the chylomicron core 

tr^lyceride (Stalenhoef et d  1984). Fatty acids and glycerol, derived from hydrolysis of 

chylomicrons, can then enter the adipocytes and muscle cells for energy use or storage.

During lipolysis, the ch)lomicron shrinks and the surface components are transferred to 

HDL in exchange for additional apolipoproteins and cholesteryl ester. Chylomicrons are 

normally only present in the plasma for a few minutes. The remaining ch)lomicron 

remnant contains only Apo B-48 and some Apo E, and since it lacks the necessary Apo 

O il the remnant particle cannot compete with unhydrolysed particles for the LPL 

enzyme (Hultinct^ 1998).

L4.5 Remnant paiticle uptake

Clearance of remnant particles takes place in the liver. The uptake of remnant particles

is mediated via three receptors; the LDL related receptor protein (LRP), the VLDL
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receptor and the LDL receptor. Large VLDL remnants are highly susceptible to 

endocytosis in the liver by the binding affinity of Apo E to LDL receptors on 

hepatocytes (Beisiegel 1995). Apo E-deficient LDL particles are removed much less 

efficiently by the binding of Apo B-100 to the LDL receptor site (Krul et d  1985). 

Chylomicron remnants can be removed directly by the LDL receptor, additional Apo E 

may be necessary before removal by LRP, or either binding of Apo E to heparan 

sulphate proteoglycans or binding of Apo B to hepatic lipase may occur (Cooper 1997). 

It is believed that uptake of remnant particles involves Apo E enrichment and 

interaction with the heparan sulphate proteoglycans, followed by transfer of the 

remnants to LRP for internalisation (Mahleyet<«/1995). The LDL receptor and LRP can 

individually mediate removal of chylomicron remnants and in the absence of one 

receptor the other has been shown to compensate (Ishibashi et d  1994). The greatest 

amount of clearance is thought to be tnediated by the LDL receptor, but if the LDL 

receptor is absent or reduced in number, as seen in familial hypercholesterolaemia or 

the LDL-receptor knockout mouse, LRP can at least partially compensate (de Faria e td  

1996).

The VLDL receptor can mediate endocytosis of lipoproteins and can bind chylomicron 

remnants in the presence of additional Apo E or LPL (Takahashi e td  1995). The VLDL 

receptor is found in the heart, skeletal muscle and adipose tissue, so the receptor could 

play a role in the non-hepatic uptake of remnants.

Hepatic lipase (HL), which is synthesized in hepatocytes (Doolittle e td  1987), has been

shown to catalyse the hydrolysis of triglycerides, acyl-CoA thioesters and phospholipids

(fensen et d  1982, Kuusi et d  1982). Also chylomicrons and IDL have been shown to
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act as substrates for HL, suggesting it is also involved in the clearance of Apo E- 

containing lipoproteins (Shafi et d  1994). HL provides an additional bindii% site in the 

liver, but is not adequate to mediate removal alone (de Faria et d  1996). HL and LPL 

both hydrolyse plasma lipoproteins vdiilst attached to the endothelium via 

proteoglycans. HL clearance of remnants is thought to be mediated either by hydrolysis 

and exposure of the Apo E receptor binding site (Brasaemle e td  1993) or by enhancing 

cell association of chylomicrons with the liver surface, via binding to cell-surface 

proteoglycans Q’le td  1997b). HL can also mediate the uptake of f-VLDL, initiated by 

the binding of lipoproteins to proteoglycans on the cell surface with the aid of LRP.

1.5 Peroxisome Prolifeiator Activated Receptors (PPAR)

1.5.1 Nuclear hormone receptors

Hormones are compounds that transmit information between cells or organs. Nuclear 

receptors for these hormones allow the cells to make a rapid transcriptional response to 

physiological or environmental stimuli The nuclear hormone receptor superfamily is a 

large family of ligand-activated transcription factors that regulate gene expression by 

interacting with specific DNA sequences in the promoters of their target genes 

(Mangelsdorf e td  1995). Members of the family include the steroid hormone receptors, 

receptors for thyroid hormone, retinoids and vitamin D, and orphan receptors ^&̂ ose 

ligands and/or function are as yet unknown.

Nuclear receptors can be classified into four major subgroups according to their

dimérisation and DNA-binding properties. Class I receptors such as the glucocorticoid

receptor, androgen receptor and oestrogen receptor, are localised in the cytoplasm and

are associated with heat-shock proteins. L^pon binding of ligand they translocate to the
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nucleus where they bind as homodimers to DNA half sites arranged as inverted repeats. 

Class II receptors include the thyroid receptor, rednoic acid receptor, vitamin D 

receptor and peroxisome proliferator activated receptor (PPAR). These receptors 

heterodimerize with the 9-ds retdnoic acid receptor (RXR) and bind to direct repeats 

separated by a variable number of bases. Nuclear localisation of these receptors is 

independent of ligand activation. Class III receptors include RXR, HNF-4 and COUP. 

These receptors preferentially bind to direct DNA repeats as homodimers. Class IV 

receptors such as Rev-Erba, Rev-ErbP and RORa, bind as monomers to single 

hexameric core recognition motifs flanked by additional upstream sequences 

(Mangelsdorf et al 1995).

Activated nuclear receptors bind the response element of their target genes where they 

act to regulate either transcriptional activation or repression o f target genes (see Figure 

1.5).

Figure 1.5 Basic mechanism of action of nuclear hormone receptors. (Adapted from 

Kersten et al 2000).
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PPARa was originally discovered as a result of screening for novel nuclear receptor 

cDNAs in mouse liver. It was reported that the new receptor molecule could be 

activated by peroxisome proliferators in a transient transfection assay hence the name 

Peroxisome Proliferator Activated Receptor (Issemarm and Green 1990). Three 

members of the peroxisome proliferator activated receptor family (PPA^ have already 

been described in various species, PPARa, p/0 and y. They are encoded by separate 

genes and are found on different chromosomes e td  1993, Yoshikawa 1996, 

Beamer et d  1997). The different subtypes also display distinct tissue e:q>ression, 

PPARa being expressed mainly in tissues capable of fatty acid oxidation such as the 

liver, heart and skeletal muscle (Braissant ct ̂  1996), but also in vessel wall types such as 

endothelial cells (fackson e td  1999, y h rx e td  1999a), smooth muscle cells (Inoue e td  

1998, Staels e td  1998b, Delerive e td  1999b) and monocyte/macrophages (Chinetti et^

1998). PPARp/0 shows a widespread expression pattern (Braissant et d  1996), wiiilst 

PPARy is expressed mainly in adipose tissue (AT) (Braissant et d  1996) as well as in 

smooth muscle cells (lijima e td  1998, Marx et^  1998), macrophages (Ricote e td  1998a, 

Ricote et^  1998b) and endothelial cells (Marx e td  1999b).

1.5.2 Ligands

The ligand binding domains of the PPAR isotypes are only 65% homologous 

(Desvergne et d  1995), and although there is some overlap between ligands for the three 

subtypes, different l^ands interact with greater or lesser efficacy with each subtype. 

PPARs were shown initially to be activated by peroxisome proliferators (PP) such as
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fibrates, plasticizers and herbicides, which can induce massive proliferation of 

peroxisomes in rodent hepatocytes (Issemann et al 1990). Peroxisomes are subcellular 

organelles, which perform a number of functions that include P-oxidation of fatty acids 

and cholesterol metabolism. Peroxisome proliferation in rodents is associated with the 

induction of enzymes such as acyl CoA oxidase (ACO), however humans do not exhibit 

peroxisome proliferation and appear to be non-responsive to the adverse effects of PPs 

(Frick et al 1987, Blaauboer et al 1990). This may be due to the absence of a PP 

responsive element in the promoter of the human ACO gene (Lambe et al 1999, 

Woodyatt et 1999). Full-length functional PPARa expression in human hepatocytes is 

at 5-10% of the levels found in rodent hepatocytes (Tugwood e td  1996, Auboeuf etal 

1997, Palmer et ̂  1998), possibly due to the presence of a truncated, inactive form of 

PPARa, which appears to be present in most individuals (Palmer et ̂  1998).

PPARa %ands can be divided into two groups, synthetic %ands such as the fibrates 

and natural l^ands, which include medium- and long-chain fatty acids. Most 

compounds were or^inally shown to activate PPARa by transient transfection assays 

before direct binding could be demonstrated.

15.2.1 Synthetic Ligands

Amongst the fibrate class of hypolipidemic drugs, the most potent, with respect to 

PPAR subtypes, are Wy-14,643, bezafibrate and ciprofibrate for PPARa, P and y 

respectively, although there is a partial overlap in ligand recognition between the 

different subtypes and most fibrates preferentially activate PPARa (Pormanetal 1997, 

Krey et al 1997). The insulin-sensitising thiazolidinedione (TZD) class of compounds is
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selective for PPARy (Lehmann etal 1995). Some non-steroidal anti-inflammatory drugs 

including indomethacin, ibuprofen and fenoprofen, activate both PPARa and PPARy 

(Lehmann et al 1997). The compound LI 65041 (a phenoxyacetic acid derivative) is a 

PPARp-selective synthetic ligand (Berger 1999). Typical synthetic ligands are shown 

in Figure 1.52.1.

Figure 1.5.2,1 The structures of various synthetic PPAR ligands are illustrated (Escher 

etal 2000).
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1.5.2.2 Natural Ligands

Most endogenous ligands are long-chain fatty acids or their derivatives. Among the 

three PPAR isotypes, PPARa exhibits the greatest affinity for fatty acids. Saturated, 

monounsaturated and polyunsaturated fatty acids and their metabolites, and eicosanoids 

activate and act as hem fide ligands for human PPARa (Forman 1997, Murakami et 

al 1999). Saturated fatty acids, e.g. palmitic acid (Cl6:0) and stearic acid (Cl8:0) and 

unsaturated fatty acids, e.g. oleic acid (C18:1), linoleic acid (Cl 8:2) are particularly
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potent ligands. 8(S)-HETE, an eicosanoid, i.e. an intracellular hydroxy fatty acid (FA) 

derived from the oxygenation of arachidonic acid, acts as a ligand for human PPARa in 

zitrô  but it is not yet known whether in tko  concentrations are sufficient to activate 

PPARa (Yu et al 1995, Murakami et al 1999). Oxidised LDL can activate PPARa, but 

requires phospholipase A2 activity and the oxidized fatty acids 9- and 13-HODE can 

activate PPARa directly (Delerive et al 2000). Leukotriene B4, a potent chemotactic 

activator involved in regulating the inflammatory response, can also act as a ligand for 

PPARa (Devchand etal 1996). Typical natural ligands are shown in Figure 1.52.2. 

Figure 1,5.2.2 The structures of various natural PPAR ligands are illustrated (Escher et 

^ 2000).
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1.5.3 PPAR Gene Structure and Function

The human PPARa gene is situated on chromosome 22ql3.31 and has 8 exons, 

encoding 468 amino acids. The nuclear hormone receptor proteins are composed of 

several domains, which are differentially conserved between the various receptors and 

have different roles. They comprise a variable terminal region, a highly conserved 

DNA binding domain (DBD), a variable hinge region, a conserved ligand binding 

domain (LBD), and a variable C-terminal region (Evans 1988, Green and Chambon 

1988).

The domain structure of PPARa has been determined by homology to other nuclear 

hormone receptors and is composed of five structural domains (A-F) and four 

identified functional domains (Green etal 1988, Evans 1988).

Figure 1.5.3a Functional domains of the nuclear hormone receptors
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The N-terminal A/B domain (AF-1 ) forms the ligand-independent transactivation 

domain and is the least conserved region amongst the receptors (Giguere et d  1986, 

Kumar Étfï/1987, HoUenbeig and Evans 1988, Lee e td  1995a). It is believed that basal 

transcriptional activity of PPARa in the absence of ligand maybe through this domain.

The C domain or DBD targets the receptor to its response element and is the most

conserved among the nuclear receptor superfamily. The DBD is stabilised by two sub-

domains, each containing a zinc atom bound to four cysteine residues and each

followed by an a-helical structure. The first zinc finger serves as a major recognition

helix that makes base-specific contacts within the major groove core site (Luisi et d

1991, Schwabe et d  1993). Two conserved sets of functionally important amino acid

residues have been identified in the DBD, the P-box, which determines specific

contacts between the receptor and the DNA and the D-bojç which may be involved in

protein-protein interactions with co-activators and repressors (Evans 1988, Green and

Chambon 1988, Horlein e td  1995). The primary sequence of the P-box (CEGCKG) is

identical to other members of the subfamily which all recognize the DNA core motif

AGGTCA (Zechel et d  1994, Rastinejad et d  1995). The PPAR D-box contains three

amino acids in contrast to most other nuclear hormone receptors, v 6 ich have five.

PPARs form heterodimers with the 9-ay-retinOic acid receptor, known as the retinoid-

X-receptor (RXEQ, and bind to specific peroxisome proliferator response elements

(PPRE), in the 5’ flanking region of their target genes. Following binding of their

corresponding ligands, they alter transcriptional activity (Issemarm ct fï/1993, Miyata e td

1994). The conserisus PPRE consists of a direct repeat of two copies of a nuclear

receptor hexameric DNA core recognition motif (AGGTCA) separated by one

nucleotide (DRl) (Kliewer et d  1992, Tugwood e td  1992, Keller et d  1993). The DBD
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binds as a dimer with each monomer recognizing a six base pair sequence of DNA. The 

reading helix of each monomer makes sequence specific contacts in the major groove of 

the DNA at each half-site. These contacts allow the dimer to read the sequence, spacing 

and orientation of the half-sites within its response element, and thus discrirninate 

between sequences. These proteins exhibit flexibility in recognizing DNA sequences 

and also accept a variety of amino-acid substitutions in their reading helix without 

abolishing binding.

Figure 1.5,3b Diagrammatic outline of PPAR function. After activation, PPAR heterodimerizes with 

the receptor for 9 cis-retinoic acid, retinoid X receptor (RXR) and binds to response elements in the 

regulatory region of target genes, termed peroxisome proliferator response elements (PPREs), which are 

composed of two degenerate hexanucleotide repeats arranged as direct repeats spaced by one or two 

nucleotides and preceded byan A /T  rich region (Palmer 1995).
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The E /F  domain, LBD, is multifunctional It is involved in dimérisation, nuclear 

localisation, ligand-dependent transactivation and repression and association with heat 

shock proteins (Kumar et^  1987, Evans 1988, Hollenberg and Evans 1988, Pratt e td  

1988, Webster et d  1988, Graupner et d  1989, Bourguet et d  1995). Ligand binding
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induces conformational changes, allowing coactivator recruitment and corepressor 

release that control these properties and influence gene expression (Dowell etal 1997b).

1.5.4 Regulation of PPARa

PPARa activity can be regulated at several levels; ligand availability, PPARa levels, 

phosphorylation, competition for binding to coactivators, RXR and to the PPRE.

1.5.4.1 PPARa gene expression

In addition to up-reguktion of PPARa in response to fatty acids (Steineger gf ̂  1994, 

Asayama et al 1999) and peroxisome proliferators (Sterchele et al 1996), PPARa gene 

expression is also tightly controlled by a variety of hormones acting through different 

mechanisms. Glucocorticoids regulate the e3 q>ression of PPARa both in litro and in um, 

-most likely through the glucocorticoid receptor (Sterchele à  al 1996). Hydrocortisone, 

dexamethasone and triamcinolone all stimulate PPARa mRNA synthesis in a dose- 

dependent manner in primary rat hepatocyte cultures and both the glucocorticoid 

inhibitor RU486 (Lemberger et al 1994) and insulin (Steineger et al 1994) can eliminate 

this effect. In tAp, immobilisation stress is a strong and rapid stimulator of PPARa gene 

expression in rat liver, which can be blocked by RU486, and injecting dexamethasone 

into adult rats produces a similar increase in expression (Lemberger et al 1996). As 

PPARa regulates genes involved both in the P-oxidation pathway and ketogenesis, 

stimulation by glucocorticoids could play a role in bringing about the characteristic 

energy mobilisation seen in the response to stress and the diurnal rhythm of PPARa 

gene expression observed in rat liver (Lemberger et^  1996).
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PPARa is expressed in human monocyte-derived macrophages (Chinetti et al 1998), 

vdiere the primary metabolic substrate is glucose (Calder 1995). High levels of glucose 

increase PPARa mRNA levels in human macrophages, possibly through a putative 

glucose response element in the PPARa promoter (Sartippour and Renier 2000). 

Another possibility is that the increased intracellular fatty acid levels resulting from the 

glucose-induced overexpression of LPL (Sartippour et al 1998) could be upregulating 

the PPARa gene, as dexamethasone, alone and in combination with fatty acids 

substantially induces PPARa mRNA levels (Steineger et 1994). This regulatory effect 

may have consequences in the hyperglycaemic state, affecting atherosclerosis in type 2  

diabetic patients, particularly as higher levels of PPARa are found in macrophages of 

diabetic patients than control subjects (Sartippour and Renier 2000).

*A number of cytokines including TNFa, IL-1 beta. and IL-6 are involved in the 

regulation of PPARa ejqjress ion. PPARa mRNA and protein levels are markedly 

decreased in rat liver post TNFa treatment (Beieret^ 1997), and both IL-lbeta and ILr 

6  can repress the induction of PPARa expression resulting from the combined action 

of clofibric acid and dexamethasone (Parmentieret^ 1997).

1.5.4.2 Phosphoiyiation

PPARa is found as a phosphoprotein in rat Fao hepatocytes and treatment of this cell 

line with ciprofibrate increases the phosphorylation level of PPARa (Passillyet^ 1999). 

Therefore this may be one mechanism by ’s\4iich ligands such as the fibrate class of 

hypolipidemic drugs activate PPARa.
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Phosphorylation of the AF- 1  domain modulates receptor activity, and insulin enhances 

the transcriptional stimulation by PPARa via phosphorylation of the conserved MAP- 

Idnase sites at Serl2  and Ser2 1  (Shalev 1996, Juge-Aubryet<z/ 1999). Activators of 

protein kinase A (PKA) enhance mouse PPAR activity in the absence and the presence 

of exogenous ligands in transient transfection experiments through phosphorylation of 

several of the PPAR domains, although the AF- 2  domain is essential, and this is 

believed to stabilise liganded PPAR binding to DNA (Lazennec etal 2000).

15.4.3 Coactivatots and corcpiessots

The integrator protein, p300, has been identified as a coactivator, which interacts with 

residues within the carboxy-terminal region of PPARa and enhances its transcriptional 

activation properties (Dowell 1997a). Other coactivators, include the Gadd45 family 

genes (Yi et al 2 0 0 1 ) and the mitochondrial ketogenic enzyme (mHMG-CoAS) 

(Meertens et al 1998), based on interaction with a nuclear hormone receptor-cofactor 

interaction motif, LXXLL, found in many of the nuclear hormone receptor cofactors, in 

addition to the steroid receptor co-activator 1  (SRC-1) (Murakami et al 2 0 0 1 ). Nuclear 

receptor corepressor (NGoR) interacts with PPARa within the LBD and is released by 

PPARa l^ands, preventing transactivation in the absence of ligand (Dowell et al 1999). 

RIP140, another PPARa corepressor, is believed to function by directly competing for 

coactivators such as SRC- 1  and can bind in the absence of PPARa ligand (Miyata etal 

1998, Treuteret^ 1998).
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The growth hormone-activated transcription factor STATSb can inhibit up to 80% of 

the transcriptional activity of PPARa by the NHz-terminal ligand-independent AF- 1  

trans-activation domain, a mechanism distinct from the MAP-ldnase phosphorylation of 

the Seri2  and Ser2 1  sites (Yamada et al 1995, Zhou and Waxman 1999a, Zhou and 

Waxman 1999b). STAT5b may directly inhibit the AF- 1  activity, or it may act by 

modulating the binding of coactivators or corepressors that interact with the AF- 1  

domain.

Additionally, mouse PPARa is subject to a conformational change in response to 

fibrate treatment, \v4iich may allow interaction with coactivators and corepressors, 

providing another mechanism by which ligands activate the gene (Dowell 1997b).

1.5.4.4 Competition at PPRE

Often, different nuclear receptors can compete for binding to the same response 

element. DRl response elements also bind RXR homodimers, retinoic acid 

receptonRXR heterodimers, hepatocyte nuclear factor 4 (HNF-4), chicken ovalbumin 

upstream promoter transcription factor 1  (OOUP-TFl), thyroid hormone receptonRXR 

heterodimers and other orphan members of the nuclear receptor superfamily 

(Miyamoto et al 1997, Nakshatri and Bhat-Nakshatri 1998, Nishiyama et al 1998). A 

number of genes have been identified whose regulation by PPARa is modified as a 

result of competition for the PPRE. Such genes include the mitochondrial HMG-CoA 

synthase gene (Fiegardt 1998, Rodriguez etal 1998), the malic enzyme gene (Baes etal

1995) and the hydratas e-dehydrogenase gene (Miyata et al 1993). The orphan nuclear 

receptor TAKl modulates PPARa-controlled gene expression by competing both for
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binding to PPREs and to co-activators such as RIP140 (Yan et al 1998). Sequences 

immediately 5* of the PPRE have been identified as contributing to the preferential 

binding of PPARaiRXRa heterodimers (Palmer et ̂  1995).

1.5.5 Physiological lole of PPARa

PPARa plays a major role in regulating both extracellular and intracellular lipid 

metabolism, such as the transport and cellular uptake of lipids, the transport of FA into 

organelles, regulation of microsomal co-oxidation, peroxisomal and mitochondrial P- 

oxidation and ketogenesis.
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Figure 1.5.5 Summaty o f  the different genes regulated by PPARa involved in intra- and extra

cellular metabolism. ACO , acyl-CoA oxidase; ACS, acyl-CoA synthase; C D 36/FA T , fatt)̂  acid 

translocase; CM, chylomicron; CPT, carnitine palmitoyl transferase; F ATP, fatty acid transporter protein; 

FABP, fatty acid binding protein; FFA, free fatty acid; H D , enoyl-CoA hydratase-3-hydroxyacetyl-CoA 

dehydrogenase; HDL, high density lipoprotein; HL, hepatic lipase; LPL, lipoprotein lipase; MCAD, 

medium-chain acyl-CoA dehydrogenase; \T>CAD, very-long chain acyl-CoA dehydrogenase; \T .D L , vert' 

low density lipoprotein. Red indicates genes upregulated by peroxisome proliferators and blue indicates 

genes downregulated by peroxisome proliferators (for references refer to section 1.5.5.1-1.5.5.2).
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1.5.5.1 Cellular uptake of FA and Intracellular FA oxidation

Many PPARa target genes encode enzymes involved in cellular fatty acid oxidation 

(FAO) in the peroxisomal and mitochondrial p-oxidation pathways (Muerhoff et al 

1992, Zhang et^  1992, Zhar^et^zZ 1993, Bardot etal 1993, Gulicket<z/1994). Enzymes 

of the peroxisomal P-oxidation pathway are not induced by fibrate treatment in PPARa 

mice lackir^ the ligand binding domain demonstrating the importance of PPARa in 

regulating these enzymes (Lee et al 1995b). The p-oxidation pathway is responsible for 

the metabolism of long chain fatty acids (LCFA), producing acetyl CoA vdiich can be 

used to generate energy through the Krebs cycle, or to produce ketone bodies, which 

are e3q>orted to other tissues as an energy source.

Fibrates increase hepatic FA uptake by induction of FA transporter protein (FATP) and 

Tatty acid translocase (FAT/CD36) expression and increase' conversion of FA to acyl- 

CoA by increasing acyl-CoA synthetase (ACS) gene expression (Martin et al 1997, 

Motojima et al 1998). Fibrates also increase FA uptake into mitochondria by 

upregulating enzymes such as muscle (Brandt gf ̂  1998, Mascaro et 1998, Mascaro et 

al 1999) and liver-type a-camitine palmitoyltransferase I and II (Minnich et al 2001). 

PPARa modulates the expression of several mitochondrial FA catabolizing enzymes 

such as very long chain acyl-CoA dehydrogenase (VLCAD), long chain acyl-CoA 

dehydrogenase (LCAD) and short chain-specific 3-ketoacyl-CoA thiolase (Aoyama et al

1998). As a result, free fatty acids (FFA) are shifted from triglyceride synthesis to 

catabolism.

62



The importance of PPARa in liver and cardiac lipid metabolism is demonstrated by 

studies in PPARa null mice, where pharmacologic inhibition of mitochondrial fatty acid 

import results in massive hepatic and cardiac lipid accumulation whereas the same 

pharmacologic inhibition in PPARa wild-type mice results in feedback induction of 

PPARa target genes encoding fatty acid oxidation (FAO) enzymes in liver and heart 

(Djouadi et d  1998). Interestingly, the hepatic and cardiac lipid accumulation and 

hypoglycaemia appears to be gender-related, causing death in 1 0 0 % of male, but only 

25% of female PPARa null mice and this response can be rescued by pre-treatment of 

male animals with 17^-estradiol (Djouadi et d  1998). In addition, mitochondrial fatty 

acid catabolism is impaired in the absence of PPARa. LCFA are one of the major 

cardiac energy substrates, PPARa null mice have lower constitutive mRNA expression 

of many of the mitochondrial fatty acid-metabolising enzymes and fatty acid transporter 

enzymes that are involved in LCFA oxidation when compared to wild-type mice 

(Watanabe etdlQOO).

Uncoupling proteins (UCPs) are inner mitochondrial membrane transporters, three 

uncoupling protein isoforms, UCP-1, UCP- 2  and UCP-3 have been identified and 

implicated as mediators of thermogenesis. A number of studies have now shown that 

PPARa is involved in regulating these UCPs in liver (Kelly er ̂  1998), skeletal muscle 

(Brun et d  1999), rat brown adipocytes (Cabrero et d  2 0 0 0 , Teruel e t^  2000, Barbera et 

d  2001) and cardiac muscle (Young et ̂ 2 0 0 1 ) which suggests that PPARa may also be 

involved in determining the switch between lipid storage and catabolism.
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1.5.5.2 Regulation of Extiacellular Lipid Metabolism

Fibrates are used to treat hypertriglyceridemia/ hypercholesterolemia, lowering elevated 

plasma triglyceride and cholesterol levels and raising HDL-C levels. The triglyceride 

lowering effect of fibrates is a result of increased FA uptake, reduced hepatic VLDL 

production and enhanced catabolism of plasma tr^lyceride-rich lipoproteins (VLDL 

and chylomicrons).

Plasma triglyceride levels are determined by two main factors, hepatic production rates, 

a process which is controlled by fatty acids availability, and triglyceride clearance rate, a 

process regulated by LPL and ApoOIII. LPL hydrolyses triglyceride in chylomicrons 

(CN  ̂ and VLDL FA released are either stored (in adipose tissue), act as precursors in 

the synthesis of other compounds (e.g. eicosanoids), used as fuel for energy production 

(heart and muscle), or act as substrates for gluconeogenesis and ketone body synthesis 

(in liver). Treatment with fibrates, which preferentially activate PPARa, such as 

fenofibrate, induces both LPL expression in the rat liver and LPL mRNA levels in ûtm. 

A PPRE has also been identified in the human LPL promoter (Schoonjans etal 1996).

ApoOIII is synthesized in the liver and small intestine, and inhibits LPLmediated 

lipolysis and the LPLmediated hepatic uptake of triglyceride-rich lipoproteins 

(Ginsberg et al 1986). Fibrates decrease liver ApoOIII gene expression and plasma 

ApoOIII concentrations, leading to an increase in CM and VLDL plasma clearance 

(Staels etal 1995).

HDLC levels also increase on fibrate treatment, particularly vdien baseline plasma

concentrations are low. This increase is mediated by the increased plasma levels of
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ApoA-I and ApoA-II, the major apolipoproteins of HDL Functional PPREs have been 

identified in the human ApoA-I (Vu-Dac e td  1994) and ApoA-II (Vu-Dac e td  1995) 

gene promoters. The lowering of tr^lycerides on treatment with fibrates leads to a 

reduction of net cholesterol ester transfer from HDL to triglyceride-rich lipoproteins, 

leading to an increase in cholesteryl ester and decrease in tr%lyceride content of HDL 

(Mann et d  1991). In addition, the increase in HDLC levels is also related to lower 

CETP activity (Miller and Spence 1998) and lower phospholipid transfer protein 

(PLTP) activity (Tu and Albers 1999). Some fibrates increase HL activity, thereby 

promoting the hydrolysis of triglyceride in HDL and the proportion of HDL rich in 

cholesterol (Desager et d  1996, Miller and Spence 1998).

L5.5.3 Inflammation

In addition to its effects on FAO and extracellular lipid metabolism, PPARa also plays 

a role in inflammation. The accumulation of lipids and extracellular matrix associated 

with the activation of cells such as macrophages, T-lymphocytes, smooth muscle cells 

and endothelial cells in the progression of atherosclerosis elicits a local inflammatory 

response (Ross 1993, Ross 1999). At sites of inflammation, the levels of leukotriene 

(LTB4) determine the extent and duration of an inflammatory response. PPARa 

knockout (KO) mice treated with LTB  ̂show a prolor^ed inflammatory response when 

compared to wild-type (WI) mice (Devchand e td  1996).

Non steroidal anti-inflammatory drugs (NSAIDs) such as indomethacin which inhibits 

cyclooxygenase can activate PPARa (Lehmann et d  1997) and several NSAIDs have 

been reported to induce peroxisomal activity in hepatocytes both in vtn) and in mjo
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(Ayrton et al 1991, Foxworthy et al 1993, Rekka et al 1994), most likely through their 

effects on PPARa.

NF-kappaB (NF-kB) is a ubiquitous transcription factor that mediates the effects of 

many proatherogenic and inflammatory stimuli (Thurberg and Collins 1998). Fibrates 

inhibit interleukin-1 -induced production of interleukin-6 , prostaglandin and expression 

of cyclooxygenase- 2  (COX-2 ) in vascular smooth muscle cells; and the inhibition of 

COX- 2  is, most likely a result of PPARa interfering with the NF-kB and activator 

protein- 1  (AP-1 ) transactivation ability wbich involves direct protein-protein interaction 

with p65 and c-Jun (Staels etal 1998b, Delerive etal 1999a).

Fenofibrate treatment in patients with coronary artery disease show reduced plasma 

levels of IL-6 , fibrinogen and C-reactive protein (Staels et al 1998b), possibly via 

negative regulation of NF-kB and AP- 1  by PPARa (belerive et al 1999a). The 

inhibition of NF-kB signalling pathways by PPARa is also of relevance in endothelial 

cells (ECs), for example, PPARa activators can inhibit vascular cell adhesion molecule- 

1  (VCAM-1 ) expression in human ECs through the PPARa-mediated inhibition of NF- 

kB, with a consequent decrease in monocyte adherence (Marx etal 1999a).

The release of growth factors such as endothelin- 1  (ET-1 ) can induce vascular SMC

proliferation (Komuro et al 1988) in addition to displayir^ chemotactic activities on

monocytes (Achmad and Rao 1992). PPARa activators can inhibit thrombin-induced

ET- 1  gene expression and secretion through interference with the AP- 1  signalling

pathway by preventing the binding of AP- 1  proteins, of the Fos/Jun family, to its target

sequence (Delerive et al 1999b). Taken together, these data indicate that PPARa
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activators can exert anti-inflammatory activities in mo and that PPARa plays a 

beneficial role in the pathogenesis of atherosclerosis.

L5.5.4 Haemostasis

Elevated plasma fibrinogen levels are an important risk factor for CVD (Meade et id 

1986). Fibrinogen is synthesized in the liver and fibrate treatment lowers circulating 

fibrinogen levels (Ernst and Resch 1995). Direct evidence for the involvement of 

PPARa in this effect was demonstrated in PPARa KO mice, vdiich have significandy 

higher basal levels of plasma fibrinogen compared to WT mice, although a PPRE has 

not yet been identified. On treatment with fenofibrate, a significant decrease in 

fibrinogen levels is observed in WT but not in KO mice (Kockx e td  1999).

Fibrates also lower levels of prothrombin fragment Fj+j arjd increase platelet activity 

(Wilkes ft d  1992). Gemfibrozil reduces hypercoagulability by lowering the clotting 

factor Vll-phospholipid complex (Andersen et d  1990). In litm, gemfibrozil lowers the 

synthesis of PAI- 1  (Fujii et d  1992). The overall effect of fibrates therefore is to 

decrease factors promoting coagulation whilst increasir^ factors promoting fibrinolysis.

1.5.5.5 Other functions

1.5.5.5.1 Response to fasting and diabetes

The decreased blood glucose levels associated with fasting result in a mobilization of

FA from AT, inhibition of glucose uptake by muscle, and triglyceride hydrolysis in the

liver. PPARa KO mice fasted for 24 hours show a massive hepatic lipid accumulation,

severe hypoglycaemia, hypothermia and elevated plasma FFA levels (Kersten e td  1999).

In WT mice, PPARa mRNA is upregulated in order to compensate for the increased
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requirement for hepatic FAO, Wiich does not occur in the KG mice (Kersten et cd 

1999). As a result of the enhanced PPARa production, a concurrent rise in the 

expression of PPARa target genes is seen in WT mice but not in KG mice (Leone e td

1999).

The cytochrome P450 4A (CYP4A) enzymes are FA and prostaglandin co-hydroxylases 

expressed in the Hver and kidney. FA co-hydroxylation is a minor hepatic FA 

metabolism pathway but it becomes more important during times of increased delivery 

of FA to the liver, e.g. starvation and uncontrolled diabetes mellitus. Diabetes is 

associated with high glucose levels which cause an increase in tr^lyceride hydrolysis, 

FAG, gluconeogenesis and ketone body formation, thereby increasing levels of FFA in 

the liver, muscle, AT and blood. Fasting and diabetes induce CYP4A mRNA and 

protein expression and using PPARa KG mice, these effects have been shown to be 

mediated through PPARa (Kroetz e td  1998).

1.5.5.5.2 PPARa and cardiac function

Cardiac hypertrophy can be defined as an increase in heart size resulting from an 

increase in cardiomyocyte cell volume. Initially cardiac hypertrophy is a beneficial 

adaptive response of the heart to an increased workload due to a physiological stimulus 

such as exercise or pathological stimuli such as valvular disease, hypertension, obesity, 

or mutations in genes encoding sarcomeric proteins (McKenna et d  1998), which, affect 

the ability of the heart to contract efficiently. If the response is prolonged it can often 

lead to dilated cardiomyopathy and eventually cause congestive heart failure (Francis et 

d  1995). Epidemiological studies have shown that cardiac hypertrophy, in particular left
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ventricular hypertrophy (LVI-Ç is strongly associated with an increased incidence of 

heart failure, ventricular arrhythmias, death following Ml, and sudden cardiac death 

(Levy et al 1990, Dunn and Pringle 1993). The prevalence of LVH is influenced by 

blood pressure, age, sex, and obesity, but the underlying mechanisms that regulate 

myocardial mass are still not fully understood.

Studies in related (Harshfield etal 1990, Verhaaren ctd/ 1991) and unrelated (Devereux 

et ed 1997) individuals establish that a high proportion of the observed inter-individual 

variability in left ventricular mass and risk of LVH is determined by genetic factors 

(Schunkert et al 1999). Additionally, the considerable heterogeneity in the clinical 

phenotype of patients with hypertrophie cardiomyopathy (HCNÇ, si^ests the existence 

of modifier gene effects.

Local renin-angiotensin systems within left ventricular tissue may regulate myocardial

growth through the local generation of angiotensin II (Lee and lindpainmer 1993,

Raman et al 1995). Cardiac ACE activity and cardiac angiotensin I to angiotensin II

conversion rates are enhanced in hearts with LVH in addition, ACE inhibition

ameliorates cardiac hypertrophy independently from affects on cardiac afterload

(Schunkert 1997). The insertion/deletion polymorphism (I/D) of the ACE gene and

the M235T polymorphism in the angiotensinogen (ATG) gene have been associated in

some studies with a higher prevalence of LVH (Montgomery et al 1997, Perticone et al

1997, Kim ef ̂  2 0 0 0 , Myerson etal 200V). Mutations in the myosin heavy chain (MHQ

gene, two myosin light chains, tropomyosin, troponins T and I, myosin binding protein

C and a-cardiac actin, genes involved in cardiac contractility, have been identified in

patients with cardiomyopathies (Solomon et^  1993, Thierfelderet^ 1994, Watkins etal

69



1995a, Watkins e td  1995b, Watkins e td  1995c, Vikstrom and Leinwand 1996, Barinaga 

1998).

Utilisation rates of substrates providing cardiac energy are regulated during 

development and in response to physiological and pathophysiological stimuli. During 

the foetal period, glucose is the main myocardial substrate. After birth, myocardial 

energy is produced mainly via mitochondrial P-oxidation of LCFA, which are ligands 

for PPARa. During cardiac hypertrophy in rodents and humans, the main myocardial 

energy source switches from fatty acid oxidation to glycolysis - a reversion to foetal 

metabolism (Sack et d  1996). Humans with inborn errors in mitochondrial fatty acid 

oxidation enzymes often develop ventricular hypertrophy (Kelly and Strauss 1994) and 

rodents fed drugs that inhibit fatty acid import into the mitochondrion also develop 

cardiac hypertrophy (Greaves et d  1984, Rupp and Jacob 1992). The nuclear receptor 

OOUP-TFII, an antagonist of PPARa signalling (Miyata e td  1993), which is expressed 

in foetal but not adult heart, is induced in pressure overload hypertrophy (Sack et d

1997). We have recently demonstrated that PPARa gene expression in human 

hepatoma cells is downregulated by COUP-THI (Pineda-Torra et d  2001), suggesting 

that the re-induction of OOUP-TFII gene expression may be important in the 

metabolic switch that occurs during hypertrophy.

Muscle type carnitine palmitoyltransferase I (M-CPT I) catalyses the initial reaction in 

the mitochondrial import of LCFA During both hypoxia and hypertrophy, there is a 

switch from FAO to glucose oxidation and M-CPT I e^^ression is decreased. 

Compared with glucose, FAO provides more adenosine triphosphate (ATP) per mole
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of substrate but uses more oxygen, therefore during hypoxia when oxygen is rate- 

limiting, glucose is the preferential substrate. Downregulation of the expression of M- 

CPTI gene in cardiac myocytes is regulated by LCFA via PPARa, through a response 

element (FARE-I) within the M-CPT I gene promoter (Brandt e td  1998).

The nuclear expression of PPARa is reduced to foetal levels in the hypertrophied 

ventricle ^zc]aetd  1997) and its activity is altered at the posttranscriptional level via the 

extracellular s^nahregulated kinase mitogen-activated protein kinase (MAPK) pathway, 

as demonstrated in ventricular pressure overload studies in mice, together with PPARa 

overexpression studies in cardiac myocytes (Barger et d  2000), suggesting that the 

hypertrophy:related fall in FAO enzyme expression is due to altered PPARa signalling.

.MAPK signalling pathways are also activated on treatment of_cultuied cardiomyocytes 

with hypertrophic agents (Lazou et d  1994, Thorbum et d  1995, Qerk et d  1998). 

MAPK sgnalling consists of three separate phosphorylation cascades that result in 

activation of extracellular signal-regulated protein kinases (ERKs), c-Jun terminal 

kinases (fNKs) or p-38 kinases and all three MAPKs have been implicated in cardiac 

hypertrophy.

Calcineurin, or calcium-calmodulin-activated protein phosphatase 2 B (PP2 B) is an 

important intracellular signal transducer, which regulates growth and stress responses in 

a wide variety of cell types. Calcineurin is activated by sustained elevation in [Câ '̂ ; 

(Dolmetsch et d  1997, Klee et d  1998, Crabtree 1999) and its catalytic activity can be 

inhibited by the immunosuppressive drugs cyclosporin A (CsA) and FK506 (Schreiber

71



and Crabtree 1992, Klee etal 1998, Crabtree 1999). Recendy, calcineurin was shown to 

play a significant role in myocyte hypertrophy whereby NFAT3, GATA4 and 

calcineurin synergistically activate marker genes for cardiac hypertrophy (Molkentin et ̂

1998). Calcineurin is tighdy associated with transcriptional regulators known as nuclear 

factor of activated T cells (NFATs) (Rao et al 1997, Serfling et al 2 0 0 0 ). In its inactive 

form, NFATs are phosphorylated and retained in the cytoplasm, when calcineurin binds 

to NFAT it becomes dephosphoiylated and translocates into the nucleus where it can 

up-regulate the transcription of a number of genes, including foetal cardiac genes, 

through its direct interaction with GATA4 (Molkentin et al 1998), a transcription factor 

known to be upregulated in response to hypertrophic stimuli (Herzig et al 1997). The 

role of calcineurin in hypertrophy was highlighted by the lack of a hypertrophic 

response in cultured myocytes stimulated with angiotensin II (Ang II) or phenylephrine 

(PE) following the addition of the càlcineurin inhibitors CsA or FK506 and cardiac- 

specific overexpression of a consriturively active form of calcineurin causes substantial 

cardiac hypertrophy in transgenic mice (Molkentin etal 1998).

Activation of PPARy by TZDs in T lymphocytes leads to the physical association of 

PPARy with NF-AT, blocking NF-AT DNA binding and transcriptional stimulation of 

the IL - 2  promoter (Yang et al 2 0 0 0 ). It is therefore possible that a similar mechanism 

exists in skeletal and cardiac muscle, Wiereby the predominant PPAR in these tissues, 

PPARa associates with NF-AT, blocking the induction of hypertrophy.
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1.6 PPARa and adierosclerosis

Dyslipidemk is an independent risk factor for atherosclerosis and PPARa plays a major 

role in lipid metabolism. Numerous epidemiological studies and clinical trials have 

shown that altering the plasma lipoprotein profile of an individual can be an important 

determinant in preventing CVD (Ericsson et al 1996). Cardiovascular event prevention 

studies have also shown that hypolipidemic fibrate drugs in addition to lowering 

triglyceride and LDL-C levels and raising HDL-C levels, inhibit the progression of 

atherosclerotic lesions (Miettinen et d  1979, Frick et d  1987, Ericsson et d  1996, 

Ericsson et 1997, Frick et ̂  1997).

By upregulating genes such as LPL, FATP and FAT (Schoonjans e td  1996, Martin e td  

1997, Motojima et d  1998), PPARa acts to lower plasma triglyceride and total 

cholesterol levels as well as increasing the hepatic uptake of FA. Moreover, PPARa also 

up-regulates the Apo Al (Vu-Dac et d  1994) and Apo All (Vu-Dac et d  1995) genes, 

thereby increasing plasma levels of ApoA-I and ApoA-II, the major apolipoproteins of 

HDL, and hence plasma HDLcholesterol levels.

In addition, PPARa is expressed in primary cultures of human vascular endothelial cells 

(Inoue et^  1998), smooth muscle cells (Staels e td  1998b), macrophages and monocytes 

(Chinetti et d  1998), major cell types involved in the atherosclerotic process. Monocytes 

are recruited into the arterial wall through expression of adhesion molecules activated 

by endothelial cells, one such adhesion molecule, VCAM-1 , is downregulated by 

PPARa ligands in human vascular endothelial cells (Marx e td  1999a). As mentioned in 

section 1 .5.5.3, PPARa activation results in an anti-inflammatory action. Inflammatory
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processes are an important step in the atherosclerotic process, \\4iich can lead to plaque 

instability and thrombolytic events (Kinky et d  1998). It has been suggested that 

PPARa inhibits the activation of smooth muscle cells via a process that facilitates the 

scavenging of oxidized LDL particles, thereby potentially influencing the atherosclerotic 

process and fibrate treatment reduces plasma levels of ILr6, fibrinogen and C-reactive 

protein (Staels e td  1998b).

Scavenger receptors such as ClA- 1 /SR-BI pky an important role in the accumuktion 

of native and modified lipoproteins by macrophages. SR-BI binds HDL and is involved 

in the reverse-cholesterol pathway transporting cholesterol from peripheral tissues to 

the liver. Overexpression of SR-BI in liver leads to reduced levels of HDL, increased 

reverse-cholesterol transport (Kozarsky et d  1997, Wang et d  1998) and decreased 

susceptibility to atherosclerosis {P ^ ie td  1999). SR-BI is not present in monocytes but 

is strongly induced upon differentktion into macrophages (Chinetti et d  2000) and high 

levels of SR-BI are found in both human and mouse atherosclerotic lesions Q'l et d  

1997a). PPARa activation can induce SR-BI expression both in ûtto and in mo (Chinetti 

et d  2000) Wuch may result in greater removal by HDL of unesterified cholesterol from 

foam cells, resulting in regression of the fatty streak.

PPARa activators increase apo Al-induced cholesterol efflux from normal 

macrophages and macrophage-derived foam cells through induction of ABCAl, a 

member of the ATP-binding-cassette-transporter family (Chinetti et d  2 0 0 1 ). ABCAl 

promoter activity is positively regukted by activation of the oxysterol receptor LXRa 

(Costet et d  2 0 0 0 ) and treatment with both PPARa and LXRa agonists results in a
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greater induction of ABCAl than with treatment of each agonist alone, thereby 

demonstratii^ a functional positive cross-talk between the two receptor pathways 

(Chinetti et d  2001). Moreover, PPARa agonists induce LXRa mRNA in cultured rat 

hepatocytes and in vnx> in liver as well as LXRa expression in primary human monocyte- 

derived macroph^es and macrophage-derived foam cells (Chinetti et d  2 0 0 1 ) most 

likely through interaction with several PPRE*s in the LXRa promoter (Tobin et d

2 0 0 0 ).

PPARa agonists down-regukte LPS-induced secretion of matrix metalloproteinase 9 

(MMP9) (Shu et d  2000). MMP9 is an enzyme involved in extracellular matrix 

degradation (Galis e td  1994) which may increase matrix breakdown in plaques making 

them more susceptible to rupture. PPARa agonists may therefore stabilise plaques, 

further supporting a protective role for PPARa in atherosclerosis.

In conclusion, PPARa appears to exert an overall anti-atherosclerotic effect by 

regulating a considerable number of the genes involved in the pathogenesis of 

atherosclerosis.

L7 As it was

Since the work in this thesis was begun in 1997, the knowledge of PPAR function and 

regulation has greatly expanded. Identification of the ligands leukotriene B4  and fibrates, 

vdiich were shown to induce the transcriptional activity of PPARa, allowed an initial 

assessment of PPARa function (Devchand ct ̂  1996). Activation by fibrates identified

PPARa as an important regulator in both intracellular and extracellular lipid and
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glucose metabolism and activation by the eicosanoid leukotriene demonstrated that 

PPARa was also involved in the inflammatory response, an effect substantiated by 

experiments in PPARa knockout mice (Devchand e td  1996).

Glucocorticoids were shown to induce PPARa transcriptional levels (Lemberger et d  

1994), an effect which is attenuated by insulin (Steineger ct 1994) and glucocorticoids 

were further identified as major regulators of the stress response in rodents (Lemberger 

et d  1996). Consistent with this hormonal regulation, hepatic PPARa mRNA and 

protein levels were shown to follow a diumal rhythm, paralleling that of circulating 

corticosterone (Lemberger et ̂  1996).

In the last four years, with increasing identification of ligands activating PPARa, its 

discovery in a number of vessel wall cell types and the ever-increasing knowledge of its 

regulation, PPARa has been shown to be involved in the transcriptional regulation of 

numerous crucial physiological processes and to be the target for the development of 

drugs to treat a number of human metabolic diseases. Increasing knowledge of PPARa 

and its role in metabolic disease and atherosclerosis will therefore hopefully provide the 

opportunity for improved therapeutic intervention through the identification of new, 

more specific ligands.
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CHAPTER 2 

MATERIALS AND METHODS
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chapter 2: Materials and Methods

2.1 DNA extraction

2.1.1 DNA extraction from blood, ‘salting ouf method

Genomic DNA was isolated from potassium EDTA-anticoagulated whole blood 

(stored at -20°C until use), by the ‘salting out’ method (Miller et d  1988). This method 

involved cellular lysis with sucrose lysis buffer, nuclear lysis with nuclei lysis buffer 

including 1 0 % (w/v) sodium dodecyi sulphate (SDS). This was followed by 

deproteinisation and ethanol precipitation of DNA The protocol is outlined below:

2.1.2 Cell lysis

1. Blood was thawed (without warmii^ and then transferred to a 30ml centrifuge 

tube.

2 . The centrifuge tube was filled with 1 2 ml cold (4°Q sucrose lysis buffer (032M 

sucrose, lOmmol/1 Tris-HCL pH 7.5, 5mmol/l 1% (v/v) Triton X-1 0 0 ) and 
inverted several times to mix.

3. Tubes were centrifuged at 1300g for 1 0  min at 4°C (Sorvall RC5C ceiitrifuge using 

rotor SA-600).

4. The supernatant was carefully discarded and the pellet re-suspended in 1 2 ml ice- 

cold sucrose lysis buffer and spun again (as for point 3). If the resultant pellet was 

dark in colour, this step was repeated.

5. The supernatant was removed and 2 ml nuclei lysis buffer (lOmmol/1 Tris-HQ pH 

82, 400mmol/l NaQ, 2 mmol/1EDTA 1% SDS) were added and the pellet mixed 

thoroughly with a pipette.

2.1.3 Deproteinisation

1. 1 ml 5M sodium perchlorate was added to the centrifuge tube and mixed by 

inverting several times.

2.1.4 Extraction

1 . 2 ml cold (stored at —2 0 °Q chloroform was added and the centrifuge tube was 

inverted several times to ensure mixing of the contents.
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2 . Tubes were centrifuged at 1300g for 5 min at room temperature.

2.1.5 Precipitation

1 . Holding the tube vertically the upper aqueous phase was transferred to a fresh 30ml 

centrifuge tube, without disturbir^ the organic phase.

2 . 1 0 ml cold (stored at - 2 0 °Q 1 0 0 % ethanol was added, slowly, holding the tube at 

45° ar^le so that the alcohol layered gently on the DNA and mixed carefully. The 

tube was inverted several times to precipitate the DNA

3. The DNA precipitated on the interface as a fine white woolly network. The DNA 

was spooled with a pasteur pipette, washed in 70% ethanol and transferred to a 

sterile microtube containing 1 ml Tris-EDTA (TE) buffer (lOmmol/1 Tris HQ, 

1  mmol/ 1  EDTA pH 7.6).

2.1.6 DNA extraction from mouthwash sample

Genomic DNA was isolated from 5ml saline mouthwash samples as described below:

1 . Universal tube containing 5 ml saline mouthwash sample was spun at 3000rpm for 2  

minutes at room temperature.

2 . The supernatant was poured off.

3. 500pl of lysis buffer was added (400mM Tris pH 8.3, 50mM EDTA 300mM NaQ, 

1 % SDS), the contents mixed and transferred to an eppendorf.

4. ISOpl 5M Na perchlorate was added to the eppendorf and the contents mixed welL

5. SOOpl chloroform was added and the contents mixed.

6 . The eppendorf was spun at 3000rpm for 5 minutes at room temperature.

7. Supernatant was removed and placed in fresh eppendorf, to which was added 2  

volumes 1 0 0 % EtOH and the eppendorf was left at -20°C for 1  hour.

8 . If possible, the DNA was spooled with a pasteur pipette, if not the eppendorf was 

spun to pellet the DNA washed once with 75% EtOH and spun again.

9. The DNA was redissolved in 250[a1 dH^O.

2.1.7 Dissolving the DNA

To dissolve the DNA tubes were incubated at 37°C overnight
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2.1.8 Determining DNA concentration

2 0 (xl of the DNA solution was diluted into 1 ml TE buffer and the absorbance was 

measured at 260nm (DNA) and at 280nm (protein).

2.1.9 Storage of DNA

Stock DNA was re-dissolved in 1  x TE buffer, aliquoted out in 96 deep well Beckman 

arrays (Advanced Biotechnologies, Surrey, UK) and diluted in water to a concentration 

of approximately 2 0 ng/pL 1.5 pi aliquots of template DNA were used to set up 2 0 pl 

PCR reactions.

2.2 Polymemse Chain Reaction (PCR)

PCR reactions were carried out (unless otherwise stated) in a total of 2 0 pl and overlaid 

with 2 0 pl paraffin oil Each 20pl reaction contained either Ix NP^ buffer (16mM 

[NH l̂zSO,, 67mM Tris-HCL (pH 8.4), 0 .0 1 % Tween 2 0 , 2 mM each dNTP) or IXKG 

buffer (SOOmM KQ, lOOmM Tris (pH8.3), 0 .0 1 % gelatin, 2 mM each dNTT^, 80mM 

^ /̂^Cl;, 8.3pmol of each oligonucleotide and 02\J Taq polÿinerase (Gibco-BLR Ltd., 
Paisley, UK).

2.2.1 Identification of polymorphisms in the PPARa gene

PCR primer pairs used to amplify the eight coding exons of the human PPARa gene

are shown in Table 2 . 1
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Table 2 .1 : Primer sequences and PCR conditions used for the amplification of the eight 

coding exons of the PPARa gene. Intronic primers were designed for the amplification 

of each exon. Intronic sequence was determined from a BAG clone containii^ the 

PPARa gene (Staels and Pineda-Torra, unpublished data).

Exon Primer Sequence 

(5’-3’)

Buffer Annealing 

Temp. (°Q

[M gaj

(mM)
Product 1 

(bp)

2 GTOCATTCAAGCrGCTATAA
AGTGCrœAAGGATCAOCTA

KQ 55 2.5 230

3 5’ ocAATG G TrocrcnTocrc
CrrOCAGAACTATOCrOGOC

KQ 55 2.5 209

3 3’ CrOGGCGGCACAACAGCA
CGGCACACITAOGCGTGATGAC

NH, 55 3 251

4 AOGGGATAGTGATGOCTGGA
AAGTAGTTGATGGTGGOGGC

NH, 55 2 258

5 AGATOCACrGTGTATTAOC
GAAAATGTGGAGGGOCAOCr

KQ 55 2.5 193

6 GOCrGTGTITOOOOCrOCAA
AAOGCAGAACAGOOGCAAAC

KQ 2.5 255

7 5’ OdTGGTGTOCrOCnTG
GTITGOGAAGOCrGGGAT

NH, 53 3.5 207

7 AOOGTCACGGAGCTCACGGA
CrTGGGTTOCATGATATCAC

NH, 50 3 227

7 3’ TATTOGOCATGCrGTCrrcr
GTGAOGTGATAOCGGCAGAT

K a 55 3 246

8 5’ A A O crcrcrcrcri'cri'iO G
ACrOOGTCrTCITGATGAT

KQ 57 3 222

8 CTGGTGACGGAGCATGOGCA
CrACAGCrCAGACrGTOCAA

NH, 50 3 235

8 3’ CAGGAGTrCTGAAGCrGACA
CrrOGCAGTOCrGAGATTAG

KQ 56 2 204
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2.2.2 High throughput PCR

DNA (1.5fil-3pl, concentration —lOng/pI) was transferred from deep-well Beckman 

arrays to 96-well omniplates (Hybaid, Teddington, UK) using a Finnpipette 

multichannel (Life Sciences, Basingstoke, Hants, UK) and dried at 90°C for 3 minutes. 

Distribution of PCR mix to all wells was carried out with an automatic Biohit repeating 

dispenser (Alpha Laboratories, UK) and likewise, paraffin oil was dispensed using a 

multichannel-repeating dispenser.

2.2.3 Oligonucleotide sequence for common polymorphisms genotyped

Oligonucleotide sequences for common polymorphisms genotyped are as described in 

Table 21

Table 2 .2 : Oligonucleotides used for the amplification of common polymorphisms

1 Gene/ 
Polymoiphism

OUgonncleodde Sequence 5’-3’ 
Sense/Antisense

Frag
ment
Size

(bp)

Reference |

PPARa

L162V

AGATOCACrGTGTATTAOC

GTGAOATOOCGAOAGAAG

158 Flavellet r̂Z

2 0 0 0

PPARa 

1 Intion2

GTOCATTOAAGCrGCrATAA

AGGAAGACACGATGCrCCrAC

189 Flavell et ai 

2 0 0 0

PPARa

IntronT

cA C G ccA T rcrccrG C crc

GGCrCACGCCrGTAATCOC

266 Jamshidi et 

oLlOOX

A PO O IR E

(-455T>C&

-4820T )

GGTGCrGGGAGGGGCGGTGAGAGCICAGCC

CCCrCCACCAGCCCCAAGCOCGGAACACAG
185 Waterworth 

etd. 1999

APOAI-75

G % A
GCITGCTGTTTGCOCACrCT

GAOGOAOCrOCITCrOGOAG

2 0 2 Jamshidi et 

^ 2 0 0 1

FIBB -455

I  G ^ A
TOATAGAATAGGGTATGAAnTGTTAT

TAAAATOGTGACrCATTAATGATATAC

177 Jamshidi et 

dlOOl
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2.2.4 PCR conditions for PPARa L162V polymorphism

The oligonucleotide sequences of the primers used for the amplification of the fragment 

are given in Table 22. The PCR conditions were; 9 5 ^  for 5 min for one cycle, and 

subsequently 30 cycles at 95°C for 1  minute, 5 8 ^  for 30 sec and 7 2 ^  for 30 sec, and 

finally one cycle of 72°C for 3 min.

2.2.5 PCR conditions for PPARa intron 2 polymorphism

The oligonucleotide sequences of the primers used for the amplification of the fragment 

are given in table 2 .1 . The PCR conditions were; 95°C for 5 min for one cycle, and 

subsequently 30 cycles at 95%  for 1 minute, 53%  for 30 sec and 72%  for 30 sec, and 

finally one cycle of 72%  for 3 min.

2.2.6 PCR conditions for PPARa intron 7 polymorphism

The oligonucleotide sequences of the primers used for the amplification of the fragment 

are given in table 2 .1 . PCR reactions were carried out in a total of lOpl and overlaid with 

2 0 pl paraffin oil The PCR conditions were; 95°C for 5 min for one cycle, and 

subsequently 30 cycles at 95®C for 1  minute, 61°C for 30 sec md 72°C for 30 sec, and 

finally one cycle of 72°C for 3 min.

2.2.7 PCR conditions for APOC3 -455 T >C and APOC3 —482 T >C polymorphism

These two PCRs were carried out simultaneously in a total volume of 30pL The 

oligonucleotide sequences of the primers used for the amplification of the fragment are 

given in table 2.1. A 2-step PCR was used with a combined annealing and extension 

step: 95% for 5 min for one cycle, and subsequently 35 cycles at 95% for 1 min 

followed by 72% for 1 min, and finally one cycle of 72% for 5 min.

2.2.8 PCR conditions for APOAI - 75 G>A polymorphism

The oligonucleotide sequences of the primers used for the amplification of the fragment 

are given in table 2 .1 . The PCR conditions were; 95% for 5 min for one cycle, and 

subsequently 30 cycles at 95% for 1 minute, 58% for 30 sec and 72% for 30 sec, and 

finally one cycle of 72°C for 3 min.
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2.2.9 PCR of FIBB -455 G>A polymoiphism

The oligonucleotide sequences of the primers used for the amplification of the fragment 

are given in table 2 .1 . The PCR conditions were; 95°C for 5 min for one cycle, and 

subsequently 30 cycles at 95°C for 1  minute, 55°C for 1  minute and 72°C for 1  minute, 

and finally one cycle of 72°C for 3 min.

2.3 Detection of sequence variation

Genotypes for PPARa gene, APOO gene, APOAI gene and FIBB gene variants were 

determined by PCR amplification and restriction digestion. Alleles were designated as 

or indicating the presence or absence of the cutting sites respectively.

2,iAHin6I digestion of the PPARa L162V product

The LI 62V PCR product was subject to restriction enzyme analysis by digestion with 

3U of Hin6I (NEB Compan)^ restriction endonuclease/ lOpl of the PCR sample at 37°C 

overnight, in the buffer recommended by the manufacturer.

2.3.2 Eco72I digestion of the PPARa intron 2 product " „

The Intron2  PCR product was subject to restriction enzyme analysis by digestion with 

2.5U of Eœ72I (NEB Compan)) restriction endonuclease/lOpl of the PCR sample at 

37°C overnight, in the buffer recommended by the manufacturer.

2.3.3 TaqI digestion of the PPARa intron 7 product

The Intron7 PCR product was subject to restriction enzyme analysis by digestion with 

3U of Tcujf (NEB Compan)) restriction endonuclease/lOpl of the PCR sample at 65°C 

overnight, in the buffer recommended by the manufacturer.

2.3.4 FokI digestion of the APOC3 —455 T >C product

The -455 PCR product was subject to restriction enzyme analysis by digestion with 2 U 

of FckI (NEB Gompan)^ restriction endonuclease/lOpl of the PCR sample at 37°C 

overnight, in the buffer recommended by the manufacturer.
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2.5.5 M u d  digestion of the APOC3 -482 C>T product

The -482 PCR product was subject to restriction enzyme analysis by digestion with 2 U 

of M vd (NEB Compan)^ restriction endonuclease/lOpl of the PCR sample at 37°C 

overnight, in the buffer recommended by the manufacturer.

2.5.6 MspI digestion of the APOAI -75 G >A product

The -75 PCR product was subject to restriction enzyme analysis by digestion with 4U of 

MspI (NEB Compan)) restriction endonuclease/lOpl of the PCR sample at 37°C 

overnight, in the buffer recommended by the manufacturer.

2.3.7 BsuRI digestion of the FIBB -455 G >A product

The -455 PCR product was subject to restriction enzyme analysis by digestion with 3U 

of BsuRI (NEB Compan)) restriction endonuclease/lOpl of the PCR sample at 37°C 

overnight, in the buffer recommended by the manufacturer.

2.4 Gel electrophoiesis

2.4.1 Agarose gel electrophoresis

Agarose (Ultrapure Agarose BLR USA) was melted in a microwave oven to a solution 

of the appropriate concentration (1 -2 % depending on the size of the PCR fragment); in 

1  X TAE (0.04M Tris-acetate, ImM EDTA, pH7.4). The melted agarose, once cooled 

slightly (50°), was poured into a gel tray (10 x 14cm) and the appropriate comb inserted. 

Gels were run in 1  x TAE buffer at 100-150V.

2.4.2 Microtitie array diagonal gel electrophoresis (MADGE)

MADGE consists of an open-faced horizontal ‘swimming-poor (100x150mm), 2 mm 

deep with 8  x 1 2  wells. Wells are at an angle of 71.6° to the row of axis of the array, but 

perpendicular to the long edge of the Perspex former (Day and Humphries 1994). The 

maximum track length is 26.5mm, sufficient for most post-PCR analysis. To prepare a 

MADGE gel, a glass plate (160 x 100 x 2 mm) was cleaned with detergent followed by 

ethanol and dried. One side was coated with ‘sticl^ silane* (0.5% (v/v) glacial acetic 

acid, 0.5% (v/v) y methacryloxy-propyl-trimethoxy^silane). This enables the gel to
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adhere to the glass plate. The glass plate was then rinsed with distilled water and dried. 

5-7.5% MADGE gels (50ml) were prepared from a 30% stock polyacrylamide solution 

(19:1 acrylamiderbis-acrylamide) containing 1  x TBE buffer and distilled water. 

Polymerisation was initiated by addition of 150p,l of both 25% ammonium persulphate 

(APS) and NNNTT-Tetrameth)dethylenediamine (TEMED). The gel components were 

thoroughly mixed and poured into the centre of the former and the glass plate was put 

on the top, coated side down. A 250g we^ht was placed on top to maintain pressure 

between glass and former teeth. After polymerisation, the glass plate (with attached ge  ̂

was detached from the former, any excess gel mix were scraped off the edge of the plate 

and the gel was either used immediately or stored in 1  x TBE at 4°C for several weeks. 

5p,l formamide loading dye (98% formamide, lOmmol/1 EDTA, 0.025% xylene cyanol,

0.025% bromophenol blue) was mixed with lOpil PCR.product and 8.5pil loaded directly 

onto the gel in columns of eight using a multichannel pipette. Gels were typically run at 

150V for l-2 h hours, depending on the difference in size of the two products, and the 

DNA visualised by staining with EtBr either pre-or post-electrophoresis. A picture of a 

MADGE gel with positive and negative controls is presented in Figure 2.4.
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Figure 2.4 Picture of a MADGE geL Results presented are from genotyping samples 

for the Intron 7 G>C polymorphism. Positive (+) and negative (-) controls also 

presented.
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2.5 Single Strand Conformation Polymorphism (SSCP)

2.5.1 Gel prcpamdon

Two plates were used to pour a gel, one larger plate (33 x 42cm) and one smaller plate 

(33 X 39cm). The larger plate was labelled ‘out’ on one side and a smaller plate was 

labelled ‘in’. Before use, plates were washed thoroughly in a detergent, rinsed in ethanol 

(100%) and distilled water and wiped dry. The unmarked surface of the two-labelled 

plates were coated with Repelcote (2ml). The plates were arranged such that the larger 

‘out’ plate, rested on a raised-levelled platform with the side labelled ‘out’ closest to the 

platform. The ‘in’ plate was then placed on top with the side marked ‘in’ facing out. 

This plate was aligned perfectly with the ‘out’ plate, forming a straight- labelled edge at 

the bottom. A pair of 0.4mm x 10mm x 400mm spacers supported both sides of the 

glass plates. The plates were clamped at the sides with bulldog clips. The gel was poured 

by injection between the glass plates using a syringe. The plates were tapped firmly to 

aid the flow of gel mix, and prevent the formation of bubbles. Gels were left for two 

hours for complete polymerisation before use. Care taken when pouring gels to avoid 

bubble formation in the geL

2.5.2 Gel conditions

Gel mix (75ml/gel) was made using the following conditions;

1. 7.4% polyacryiamide non-denaturant gel (Severn Biotech Ltd., Kidderminster, UK) 

bisacrylamide:acryiamide (1:49), 1 x TBE buffer, 5% glyceroL lOmM EDTA 

electrophoresed for 20 hours at room temperature at 30mA and 300 Volt.

2. 7.4% polyacr)iamide non-denaturant gel (Severn Biotech Ltd., Kidderminster, UK) 

bisacrylamideracrylamide (1:49), 1 x TME buffer (300 mM Tris-HQ; 495mM MES 

(2-N-Morpholinoethanesulfonic acid); 10 mM EDTA, pH 8.0) 5% glycerol 

electrophoresed for 20 hours at 4°C at 30mA and 300 Volt.

For polymerisation, 115pl of both 25% APS and TEMED were added and mixed 

thoroughly before gel pouring.

88



2.5.3 Radioactive labelling of the PCR product

Fragments were labelled by PCR amplification in PCR buffer containing 1/10 of the 

normal concentration of dCl'P with the addition of 0.1 pi per reaction mixture of [a- 

“F] 2’deoxycytosine triphosphate (800 Q/mmol, lOpQ/pl; Amersham, UK).

2.5.4 Gel loading

6pi of a 7:5 ratio mix of formamide dye (95% formamide, lOmmol/1 EDTA, 0.025% 

bromophenol blue, 0.025% xylene cyanoÇ and 0.1% (w/v) SDS containing lOmmol/1 

EDTA were dispensed into a 96-well Omnigene (Hybaid Omnigene, Teddington, UK) 

plate. PCR product (3p^ was added to this, the plate was centrifuged briefly and the 

PCR/loading dye mix denatured at 95°C for 5 min and then placed on wet ice. 5 pi of 

the PCR/dye mix was then loaded using an 8-channel pipette. After loading, the 

samples were electrophoresed at 300V for 20 hours.

2.6 Detection of DNA

2.6.1 Ethidium bromide (EtBi)

Gels were either pre-or post-electrophoresis stained in EtBr. This involved soaking gels 

for 15 min in 1 x TBE and EtBr at a final concentration of Img/mL To visualise the 

DNA bands, gels were put on an UV transilluminator and photographed using the UVP 

Gel Documentation System.

2.6.2 Autoradiography

Gels were transferred to a 3mm Whatmann chromatography paper, dried and exposed 

to Hyperfilm MP (Amersham, UK) for SSCP gels, at -70°C for 1-3 days before film 

development.

2.7 DNA sequencing
The chain termination sequencing method involves the synthesis of a DNA strand by a 

DNA polymerase in litro using a single-stranded DNA template. Elongation from the 

3'end of the annealed primer by a DNA polymerase occurs in the presence of 2'- 

deoxynucleoside-5-triphosphates (dNTPs) and is terminated by the incorporation of a
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2’y2’-dideoxynucleosi(le-5’-triphosphate nucleotide analog (ddNTP) that does not allow 

further elongation. The ddNTPs are labelled with four dichlororhodamine fluorescent 

dyes (dRllO, dR6G, dTAMRA and dROX), one for each base. Therefore the 

sequencing instrument recognizes the distinct label colours to give the sequence 

information. Since different fluorescent labels are used for each ddNTP, they can all be 

combined in a single reaction mixture and ran in a single lane.

2.7.1 Purification of PCR products using a microcentrifuge

A 50[xl PCR was performed, 5|xl of the PCR generated product was run on a 1-1.5% 

agarose gel stained in ethidium bromide. When the expected fragment was identified, 

then the rest of the reaction (45jil) was used and the QIAquick Spin-column PCR 

Purification Kit Protocol (Qiagen, UK) was followed to purify the PCR product. The 

principle behind the kit is that DNA adsorbs to the silica-gel membrane in the presence 

of high salt concentration and a pH . 7.5, whilst contaminants (unwanted primers, 

salts, enzymes, unincorporated nucleotides, detergents) pass through the column. The 

, binding buffers in the kit provide the correct salt concentration and pH for adsorption 

of DNA to the QIAquick membrane in the spin column. Salts are washed away by an 

ethanol-containing buffer and the pure DNA is then eluted with 30p,l of buffer (lOmM 

TrisGpH8.5).

2.7.2 Cycle Sequencing Protocols

The sequencing is based on the protocol from the ABI Prism dRhodamine Terminator 

Cycle Sequencing Ready Reaction Kit (PE Applied Biosystems, Cheshire, UK). Cycle 

sequencing involves repeated cycles of thermal dénaturation, primer annealing and 

polymerisation to produce increasing amounts of product. As the method uses a single 

primer, the amount of product DNA increases linearly with the number of cycles.

2.7.2.1 Sequencing from a double stranded PCR product

The sequence primers were at a concentration of 1.6pmol/10pl reaction. All reactions 

were performed in an eppendorf tube.
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1.7,1,1 Annealing of the template to the primer

The sequencing reaction contained: 4.0pl of terminator ready reaction mix, 30-100ng of 

PCR product, 1.6pmol of primer and made up to a final volume of lOpl with distilled 

water. Reaction mixture was overlaid with 20pl of paraffin oil Tubes were then place 

on a PCR block (Omnigene, Hybaid, UK). The conditions of the Cycle sequencing 

reaction were: 96°C for 15 sec x 1 cycle followed by (96°C for 45 sec, 50°C for 45 sec, 

60°C for 3 minutes 30 sec) x 25 cycles.

2.7.2.3 Purification of samples after Cycle sequencing reaction

Samples were ethanol precipitated to remove excess dye terminators, as follows:

1. The 10[il Cycle sequencing reaction product was removed and transferred to a fresh 

eppendorf tube, avoiding transfer of the paraffin oil

2. 3.5fil of 7.5M Ammonium Acetate and 34|xl of 95% ethanol were added to the tube.

3. The tube was vortexed briefly and left at room temperature for 20 min.

4. The tube was spun at 12,800ipm for 30 min.

' 5. The ethanol was removed with a pipette leaving the intact pellet.

*6. 250pl freshly made 70% ethanol was added to the pellet '

7. The tube was spun at 12,800rpm for 10 min.

8. Again the ethanol was removed carefully avoiding disturbance of the pellet.

9. Tubes were left to air dry in a dark place.

2.7.2.4 Preparation of sequencing gel

4.1-4.2% aciylamide-urea gels were made for sequencing. A 40% stock solution of 19:1 

bisacrylamide:aciylamide (Severn Biotech Ltd., Kidderminster, UK) was used, diluted to 

the final concentration needed. The gels were made in 10 X TBE buffer with urea. The 

gel was polymerised with the addition of 250pl fresh APS and 35pl TEMED. 

Electrophoresis was performed in 1 x TBE (pH 8.3).

2.7.2.5 Gel mnning

The gel was pre-warmed by running at 65W (1600V, 80mA) in 1 x TBE buffer for 30 

min. The samples were resuspended in 6pl of loading dye. The samples were then 

denatured at 95°C for 5 min and put straight into ice water to prevent re-annealing.

91



2.5pil of the mixture was added onto the polyacrylamide geL The remaining 1.5p,l of 

each sample were frozen at - 20°C The gel was run at in 1 x TBE buffer for 7 hours.

2.8 Isolation of monocytes and extraction of RNA

2.8.1 Isolation of monocytes using Ficoll-Paque method

Monocytes were isolated from potassium EDTA-anticoagulated whole blood (stored at 

room temperature until use), using the Ficoll-Paque method. Briefly, anticoagulant- 

treated blood is layered on the Ficoll-Paque solution and centrifuged for a short period 

of time. Differential migration during centrifugation results in the formation of layers 

containing different cell types. The bottom layer contains erythrocytes \diich have been 

a^regated by the FicoU and sediment completely The layer immediately above the 

erythrocyte layer contains mostly granulocytes. Because of their low density, the 

lymphocytes, monocytes and platelets are found at the interface between the plasma and 

the Ficoll-Paque. This layer is recovered and subjected to a short washing step to 

remove and platelets, Ficoll-Paque and plasma. The protocol is outlined below:

1̂. 5ml potassium EDTA-anticoagulated whole blood was mixed with 5ml freshly 

prepared balanced salt solution (1 part solution A (pH 7.6): 0.1% anhydrous D- 

glucose, 50pM CaQ^-SH^, 0.98mM MgC^-bH^O, 5.4mM KG, 0.145M Tris; 9 

parts solution B: 0.14M NaC^.

2. 7.5ml FicoU Paque was added to a clean universal tube and the blood/salt solution 

layered carefuUyon top, drop wise.

3. The universal tube was spun at 2000 rpm for 30 minutes at 20°C

4. The upper plasma layer was removed

5. The subsequent layer, containing the monocytes, was transferred to a 15ml

centrifuge tube, being careful to iniriirnise taking over too much of the layer below,

which contains platelets.

6. The cells were suspended in 10ml balanced salt solution and mixed by drawing in 

and out of a pasteur pipette and centrifuged at lOOg for 10 minutes at 20°C

7. The supernatant was removed and the peUet re-suspended in 6ml of balanced salt 

solution and centrifuged at lOOg for a further 20 min.

8. The supernatant was removed and the pellet flash-frozen in liquid nitrogen before 

storing at -70°C
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2.8.2 RNA extraction from monocytes

RNA was extracted from the monocytes using the TRIzol method (LIFE 

Technologies). The samples are lysed using the TRIzol reagent Wiich is a mono-phasic 

solution of phenol and guanidine isothiocyanate, the addition of chloroform followed 

by centrifugation separates the solution into an aqueous phase and an organic phase. 

RNA, \\diich remains exclusively in the aqueous phase, is recovered by precipitation 

with isopropyl alcohol The protocol is outlined below:

1. The sample was thawed on ice and 1.5 ml of TRIzol reagent was added to the 

centrift^e tube. The pellet was resuspended by drawing in and out of a pasteur 

pipette and transferred to a 2ml eppendorf and allowed to stand at room 

temperature for 5 min.

2. ISOpl DEPC treated chloroform (lOpl DEPC per 100ml chloroform) was added to 

the sample. The eppendorf was shaken for 15 seconds and then centrifuged at 

12,500 rpm for 15 min at 4°G

3. The top layer was collected and transferred to a clean eppendorf.

4. 1ml DEPC isopropanol (lOpl DEPC per 100ml isopropano^ was added and the 

eppendorf inverted several times to mix.

5. The sample was then stored at -20°C ovem^ht.

6. The next day the sample was spun at 12,500 rpm for 30 min at 4°C

7. The isopropanol was removed carefully, leaving the pellet.

8. The pellet was washed with 1.5ml DEPC 100% ethanol and spun at 12,500 rpm for 

5 min at 4°C

9. The ethanol was removed and the pellet left to air-dry,

10. 50(a1 DEPC water was added to the pellet, the eppendorf vortexed and the sample 

split into 10p,l aliquots, which were stored at -70°C until use.

2.8.3 Calculating the yield and quality of RNA

From one lOp.1 aliquot, 4pl was diluted into 1 ml DEPC water and the absorbance 

measured at 260nm. The remaining 6pl from the lOpl aliquot was run on a 1.5% 

agarose gel to confirm the presence of the 28S and 18S ribosomal RNA bands.
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2.9 Real-time quantitative PCR
Real-time quantitative PCR was carried out using the LightCycler (Roche). The 

LightCycler uses two fluorcscence-based methods for detection of amplificaton 

products, the DNA binding dye SYBR Green 1 and the hybridisation probe method.

2.9.1 SYBR Green I

In addition to the normal components of a PCR mix, the SYBR Green I dye is added to 

allow detection and quantitation of PCR products. The principle of the SYBR Green I 

dye is that it binds to the minor groove of the DNA double helix. In solution, the dye 

shows weak fluorescence, however upon DNA-binding the fluorescence is greatly 

enhanced. The LightCycler measures the fluorescence at the end of the elongation step 

of every PCR cycle to monitor the increasing amount of amplified DNA

2.9.2 Standard curves and controls

A linear standard curve was produced for both the GAPDH and PPARa amplification 

products, using cDNA product generated by conventional RT-PCR followed by gel 

purification and quantified spectrophotometrically. For the* construction of standard 

curves, 10-fold serial dilutions of the amplified PCR product in water were prepared.

2.9.3 Real-time PCR

Primer sequences for the primers used to amplify the PPARa and GAPDH products 

are given in Table 2.9.

Table 2.9: Primers used for real-time PCR

Primers/probes Sequences

Primers

PPARa

PPARForward

PPARReverse

GAPDH

GAPDFfforward

GAPDHreverse

5’-OCrOCrCGGTGACITAT<X-3’

5’-CACITGTCATACA0CAGO3’

5’-AAGGTCGGAGTCAACG-3’

5'-CAAGCrrOCOGTTCrCA-3'
----- :------------------- ,----------------- --------- r.----^ ,--------------------
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The PCR was performed in a 20pl final volume in LightCycler glass capillaries, using 

2pl of the Fast-Start LightCycler DNA Master Hybridisation Probes mastermix (Roche 

Diagnostics). The mastermix contains buffer, dNTPs in which d’l ’l'P is replaced by 

dUTP (to prevent carry-over contamination, the enzyme Uracil-N-Glycosylase (UNG) 

is added together with the normal PCR enzyme to the reaction mix vdiere it will cleave 

the uracil base from DNA strands before amplification, and leave aU the old amplified 

products unable to act as templates for new amplification, but will not react on 

unincorporated dUTP or new template), ImM j\%Ci2 , and modified inactive Taq. All 

primers were used at a concentration of 0.5pM. was used at a final concentration 

of 4.5mM. Amplifications were performed in the LightCycler in a three-step procedure. 

The first step consisted of incubation at 95°C for 10 min to activate the Taq. The initial 

amplification was performed for 5 cycles, each one involving annealing at 55°C for 3 s, 

elongation at 72°C for 10 s and dénaturation at 95°C for 15 s. The second round of 

amplification was performed for 5 cycles, each one involving annealing at 57°C for 3 s, 

elongation at 72°C for 10 s and dénaturation at 95°C for 15 s. The final round of 

amplification was performed for 30 cycles, each one involving armealing at 60°C for 3 s, 

elongation at 72°C for 10 s and dénaturation at 95°C for 15 s. The final round included 

a final step at 84°C for 3 s after which fluorescence was measured at the F2 (640nm)/Fl 

(530nm) channel ratio. The calculations were also carried out with the software 

(LightCycler 3) provided with the LightCycler apparatus. The software, based on the 

established relationship between the cycle threshold (Q) and the logarithm of the initial 

number of target copies (N) present in the sample fits an empirical straight-line with the 

points of the standard curve. This allows estimation of N  for each sample on the basis 

of its Cp, for both PPARa and the control gene GAPDH. Normalized levels were 

calculated as the ratio PPARa/GAPDH

2.10 Study samples
2.10.1 Lopid Coronary Angiography Trial (LOCAL)

Men aged .70 years, all of whom had previously undergone coronary bypass surgery 

and who were randomly assigned to receive either slow-release gemfibrozil, 1200 n^  

once daily or a matching placebo for on average 2 1/2 years. The Hpid inclusion criteria
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for participants were HDL cholesterol concentration .1.1 mmol/L, low density 

lipoprotein (LDL) cholesterol .4.5 mmol/L, and serum triglyceride .4.0 mmol/L 

Subjects were not accepted if they had manifest diabetes, body mass index >30 m2,

uncontrolled hypertension, or if they were regular smokers. All randomised subjects 

underwent baseline coronary angiography, which was repeated at the end of the study. 

(See section 3.2.3 for statistical approach).

2.10.2 Northwick Park Heart Study (NPHSII) Sample (Miller et al 1996)

The aim of the first Northwick Park Heart Study, started in 1972, was to invest^ate the

thrombotic components of ischaemic heart disease (IHD) by the inclusion of measures

of haemostatic function (Meade et al 1986). The second Northwick Park Heart Study

(NPHSII) is a large prospective study of healthy middle-aged (50- to 61-year old) men

from 9 UK general practices. The study has been or^oing for 9 years, and men were

followed up annually for lipids (5 years) and throughout for CAD events. Each

respondent attended in the non-fasting state after having been instructed to avoid a

cooked breakfast or a heavy meal before examination. They were asked to refrain from

smoking and vigorous exercise from midnight beforehand. Baseline characteristics and

demographic information were ascertained by means of a questionnaire completed at

entry to the study. From this, subjects were classified as never smokers, exsmokers

(cessation for minimum of 1 year), or current smokers. Blood pressure was recorded

twice with a random zero mercury sphygmomanometer after the subject had been

seated and the results were averaged for statistical analysis. Height was recorded to the

nearest 0.1cm and weight to the nearest 0.1kg. Body mass index (BMI) was calculated as

we^ht/height^. All eligible participants were free of a history of unstable angina,

myocardial infarction (MI) or evidence of a silent infarction, coronary surgery (and as
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such free of IHD as assessed by a Rose questionnaire), aspirin or anticoagulant therapy, 

cerebral vascular disease, malignancy (except skin cancer other than melanoma) or any 

condition precluding informed consent at recruitment. Serum Tg and cholesterol 

concentrations were determined by automated enzymatic procedures with reagents 

from Sigma Chemical Co. ApoB and ApoA-I were measured by immunoturbidometiy 

with reagents from Incstar. Survivors have been re-called annually for interview and 

repeat measurements. A routine ECG was repeated at the sixth examination. 

Terminating events were fatal (sudden or not) and non-fatal MI based on WHO criteria 

(World Health Organisation 1975), coronary artery surgery, silent MI on the follow-up 

ECG and sudden unexplained deaths. Clinical information for each event was collected 

and submitted to an independent assessor Wio assigned qualifying events to the 

appropriate category. (See section 42.3 for statistical approach).

2.10.3 LEADER Sample (MacCallum et al 2001)

1568 patients were recruited through 85 practices in the British Medical Research

Council’s General Practice Research Framework and through nine hospital vascular

clinics. All recruits were men and there was no age restriction. Methods have been

described in detail elsewhere (MacCallum et al 2001). Briefly, men were ineligible if they

had: previous history of unstable angina, unless and until controlled; serum total

cholesterol less than 3.5 mmol/1 or more than 8.0 mmol/1; sgnificant renal or hepatic

disease; were hepatitis B or C or HIV positive; had had malignant disease (other than

skin cancer) within the past five years or were taking or likely to need lipid-lowering

agents or monoamine oxidase inhibitors. Treatment, vEich is double-blind and placebo

controlled, was administered as either Bezalip-Mono, Le. bezafibrate 400mg daily in a

sustained release preparation or identical placebo tablets, prepared by Boehringer

97



Mannheim. For DNA studies all subjects in the treatment arm with biochemical data at 

baseline and 3 months were selected (n=608) and a random subset of 300 subjects from 

the placebo group. Blood was taken for measurements twice at baseline, once at 1 and 3 

months and then once at 6 monthly intervals. Fibrinogen, total cholesterol, HDL 

cholesterol, LDL cholesterol and non-fasting triglyceride levels, creatinine and alkaline 

phosphate levels were measured. (See section 5.2.3 for statistical approach).

2.10.4 Bassingboume II Cardiac Growth study (Myerson et al 2001)

The Bassingboume II Cardiac Growth study comprises 187 healthy normotensive 

Caucasian male British Army recruits, selected for homo2 ygosity of the angiotensin 

converting enzyme (ACE) insertion/deletion (I/D) genotype, randomised to receive 

placebo or 25mg/day losartan, an AT  ̂ receptor antagonist, throughout a 10 week 

physical training programme. Recruits underwent an identical standard supervised 

training regime consisting of mixed upper and lower body strength and endurance 

training. At the start and end of training, height, weight and blood pressure were 

determined and cardiac magnetic resonance imaging was performed. The effects of 

environmental variation are rniriirnised by the racial, age and sex homogeneity of the 

cohort, the absence of cardiorespiratory disease, identical living quarters and clothir^, 

and access to a high carbohydrate diet. (See section 6.2.3 for statistical approach).
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CHAPTERS

SCREENING THE CODING REGION OF THE PPARa GENE 

FOR VARIATION, IDENTIFICATION OF THE PPARa 

PROMOTER AND SCREENING OF PROMOTER SEQUENCE
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chapter 3: Screening the coding region of the PPARa gene for 

variation, identification of the PPARa promoter and screening of 

promoter sequence

3.1 Introduction

PPARot modulates the expression of genes involved in fatty acid oxidation, extracellular 

lipid metabolism, haemostasis and inflammation (Schonfeld 1994, V m c\m tetd  1999), 

factors which can affect the risk of coronary artery disease (CAD). The fibrate class of 

hypolipidemic drugs are used mainly for the treatment of hyperlipidemia and are ligands 

for PPARa (Schoonjans e td  1996). Variation in the PPARa gene may therefore affect 

an individuals* risk of CAD as well as their response to fibrate treatment. The Lopid 

Coronary Angiography Trial (LOCAT) was designed to study the prevention of 

angiographic progression of coronary and vein-graft atherosclerosis by gemfibrozil after 

coronary bypass surgery in men with low levels of HDL cholesterol (Syvanne et al 

1997). Prior to starting my PhD, Dr David Flavell had screened the first 3 coding exons 

of the PPARa gene in 48 individuals from the LOCAT study and identified two 

common variants, a Leucine to Valine change at position 162 (LI62V) and a G to A 

substitution lObp into the 5* end of intron 2. Additionally, when the human PPARa 

gene was cloned a Tac]f restriction fragment length polymorphism was detected by 

Southern Blot (Sher et ̂  1993) and was localised and identified by Dr Flavell as a G to 

C substitution at nucleotide 2528 of intron 7. The first aim of this project therefore was 

to identify any further genetic variation in the remaining unscreened coding region of 

the PPARa gene in subjects from the LOCAT study as well as screening the entire
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region in subjects from a UK population of healthy men, participants of the second 

Northwick Park Heart Study (NPHSII) (Miller 1996).

PPARa gene regulation has been studied mainly in rodent cell and animal models and 

the factors regulating human PPARa gene expression remain largely unexplored. The 

human PPARa gene has eight exons and extends over lOOkb of genomic DNA 

Further knowledge regarding PPARa gene regulation will allow a better understanding 

of the physiological role of PPARa in humans. PPARa mRNA levels vary significantly 

among individuals (Palmer 1998, Gervois e td  1999) which suggests that PPARa is 

regulated at the transcriptional level in humans and that genetic variation may influence 

this. We therefore decided to identify the promoter region.
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3.2 Materials and Methods

3.2.1.1 Study sample 1
-

Exons 6-8 of the PPARa gene were screened for variation by SSCP in 48 men from the 

Lopid Coronary Angiography Trial (LOCAT). See section 2.10.1 for full description.

3.2.1.2 Study sample 2

48 healthy UK Caucasian men from the Second Northwick Park Heart Study (NPHSII) 

(Miller et d  1996) were screened for variation in all coding exons of PPARa by SSCP. 

See section 2.102 for full description.

3.2.2 Screening

Polymerase chain reaction primer pairs were designed to cover the codii^ exons of the 

human PPARa gene and intron/exon boundaries (primer sequences and PCR 

conditions are given in Table 2.1). SSCP analysis was performed using different 

conditions, as described in section 2.5. Samples showing pattern variation by SSCP were 

re-amplified, purified using the WIZARD DNA purification system (Promega) and 

sequenced in both directions using the PCR primers with the dRhodamine Terminator 

Cycle Sequencing kit in an ABI Prism 377 DNA sequencer (Perkm-Elmer) as described 

in section 2.7.

3.2.3 Statistical Tests

Genotype information was analysed usiiig the SPSS 6.1 statistical package (Chicago, III, 

USA). Allele frequencies were determined by the gene counting method and compared 

using the chi-squared test, a p 0.05 was considered significant
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3.3 Results

The structure of PPARA was determined by comparing the sequence of the human 

PPARa cDNA (Sher et d  1993) and the sequence obtained from a BAG clone 

containing the PPARa gene. The human PPARa gene has recently been mapped 

exactly by the Human Genome Project to chromosome 22ql2-ql3.1 and spans at least 

83.7kb. It is composed of at least eight exons, -vriiere exon 1, 2 and the 5'-end of exon 3 

as well as the 3'-end of exon 8 are untranslated (Flavell e td  1000, Vo\Aetd  2001) and 

the position of introns separating coding exons is conserved between the human and 

mouse genes (Gearing et ̂  1994)(Figure 3.3).

Figure 3.3 Organisation of the PPARa coding region and location of

polymorphisms (Not to scale)

ATG . TGA

3’UTR

4 4 8 b p25Cbp 4SCbp

intron 2 G>A L162V intron 7 G>C

3.3.1 Results from the Single Strand Conformation Polymorphism (SSCP) 

analysis

The mobility of single strands can vary considerably as a result of only small changes in 

nucleotide sequence. This fact led to the development of single-stranded conformation 

polymorphism (SSCP) techniques (Orita e td  1989). SSCP is a commonly used method

103



for detection of unknown mutations mainly because it is relatively simple to use and has 

the potential for mutation detection in a large number of samples. Under non

denaturing conditions each individual strand will form a secondary structure unique to 

that particular sequence, and these conformational differences will cause the DNA 

strands to migrate differentially through an acrylamide gel. SSCP is a method that can 

identify a large proportion o f sequence variation in a single strand o f DNA, typically 

between 150-250 nucleotides in length (Hayashi 1991, Sheffield etal\99y).

Exons 6-8 of the PPARa gene were screened for mutations by SSCP in 48 Finnish 

subjects from the LOCAT study. Potential polymorphisms were identified in the exon 6 

fragment and the 3’UTR fragment. Results o f the SSCP are presented in figures 3.3.1a 

and 3.3.1b.

Figure 3.3.1a SSCP analysis o f the exon 6 fragment in 5 samples from the LOCAT 

study
Lane

1 2 3 4 5

Wild type Heterozygous sample
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Figure 3.3.1b SSCP analysis of the 3’U 'm  o f exon 8 fragment in 9 samples from the 

LOCAT study

Lane

1 2 3 4 5 6 7 8  9

Wild type Heterozygous samples

3.3.2 Results o f the sequencing reactions

Five samples that produced a homozygote wild type pattern and the one sample that 

produced a heterozygote type pattern were amplified and sequenced using the exon 6 

amplification primers. Sequencing confirmed a single base change (T—>Q at position 

227 relative to the ATG start codon which is a missense mutation causing a valine to 

alanine change (V227A). Figure 3.3.2a shows the sequence of the exon 6 fragment, the 

position of the primers and the shaded box illustrates the position o f the base change. 

The results o f the sequencing of a wild type sample and mutant sample are as shown in 

figure 3.3.2b.
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Figure 3.3.2a Sequence of the exon 6 fragment of the human PPARa gene, position of primers (boxed sequence) and base change (in red box)*

o

512   522 532
g c c t g t g t t t  c c c c c t c c a a  a c c c ta g C G A  TTCGTTTTGG ACGÀÀTGCCA AGATCTGAGA
c g g a c a c a a a  g g g g g a g g t t  tg g g a tc G C T  AAGCAAAACC TGCTTACGGT TCTAGACTCT

542 552 562 572 582 592
AAGCAAAACT GAAAGCAGAA ATTCTTACCT GTGAACATGA CATAGAAGAT TCTGAAACTG 
TTCGTTTTGA CTTTCGTCTT TAAGAATGGA CACTTGTACT GTATCTTCTA AGACTTTGAC

602 612 622 632 642 652
CAGATCTCAA ATCTCTGGCC AAGAGAATCT ACGAGGCCTA CTTGAAGAAC TTCAACATGA 
GTCTAGAGTT TAGAGACCGG TTCTCTTAGA TGCTCCGGAT GAACTTCTTG AAGTTGTACT

662 672 680
ACAAGGTCAA AGCCCGGGBC ATCCTCTCAG GAAAGGCCAG TAAGAATGGA g t a g g t g t t t
TGTTCCAGTT TCGGGCCCBG TAGGAGAGTC CTTTCCGGTC ATTGTTAGGT c a t c c a l c a a a

g c g g c t g t t c  t g g g t t c t c t
c g c c g a c a a g  a c c c a a g a g a

*Nucleotide numbering -  the A of the ATG of the initiator Met codon is denoted nucleotide +1



o

Figure 3.3.2b Results of the sequencing reaction of the human PPARa exon 6 fragment of a wild-t}^pe (left-hand side) and mutant (right-hand side) 

sample using reverse primers*

Nt 687 680 673 687 680 673

*Nucleotide (Nt) numbering -  the A of the ATG of the initiator Met codon is denoted nucleotide +1



Five samples that produced a homozygote wild type pattern and five samples that 

produced a heterozygote type pattern were sequenced with primers for the 3’ end of the 

exon 8 fragment. Sequencing confirmed a single base change (C-»A) in the 3’ end of 

exon 8. F^;ure 3.32c shows the sequence of the 3’end of exon 8 fragment, the position 

of the primers and the shaded box illustrates the position of the base change. The 

results of the sequencing of a wild type sample and mutant sample are as shown in 

figure 3.32d.
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Figure 3.3.2c Sequence of the 3’ end of the human PPARa exon 8 fragment, stop codon (yellow box), position of primers (boxed sequence) and 

base change (red box)*

s t o p  c o d o n

1375 1385 1395 1405 1 8 18
CTACTGCAGG AGATCTACAG GGACATGTAC TGAGTTCCTT CAGATCAGCC A C A C crr iT c
GATGACGTCC TCTAGATGTC CCTGTACATG ACTCAAGGAA GTCTAGTCGG TGTGGAAAAG

28 38 48 58 68 78
CAGGAGTTCT GAAGCTGACA GCACTACAAA GGAGACGGGG GAGCAGCAC G ArriTGCACA
GTCCTCAAGA CTTCGACTGT CGTGATGTTT CCTCTGCCCC CTCGTCGTGC TAAAACGTGT

88 98 108 118 128 138 :
AATATCCACC ACTTTAACCT TAGAGCTTGG ACAGTCTGAG AGCTGTAGGT AACCGGCATA
TTATAGGTGG TGAAATTGGA ATCTCGAACC TGTCAGACTC TCGACATCCA TTGGCCGTAT

148 158 168 178 188 198
TTATTCCATA TCTTTGTTTT a a c c a g t a I t TCTAAGAGCA TAGAACTCAA ATGCTGGGGG
AATAAGGTAT AGAAACAAAA TTGGTCATgA AGATTCTCGT ATCTTGAGTT TACGACCCCC

208 218 228
AGGTGGCTAA TCTCAGGACT GGGAAG
TCCACCGAÎTT AGAGTCCTGA CCCTTC

^Nucleotide numbering -  the A of the ATG of the initiator Met codon is denoted nucleotide +1, numbers in blue denote 3’UTR



Figure 3.3.2d Results of the sequencing reaction of the 3’ end of human PPARa exon 8 fragment of a wild-type (left-hand side) and mutant (right- 

hand side) sample using forward primers*

Nt 175 180 185

K j  T T C T A A  G A G

180 185

*Nucleotide (Nt) numbering -  the first base of the 3’UTR is denoted nucleotide +1



3.3.3 Confîmiation of the single base change with restriction digest

The exon 6 V227A polymorphism created a restriction site ior SaiÛ6I (G/GNCQ. The 

polymorphism can therefore be identified by the presence of two cutting fragments of 

195bp and 60bp in size. Results are shown in figure 3.3.3a.

Figure 3.3.3a Digest of exon 6 PCR product from seven samples from the LOCAT 

study using the Sau96I enzyme

He te no- Common
zygote allele

homozygote

The 3’ UTR polymorphism destroys a restriction site for Rscd (GT/AQ. The 

polymorphism can therefore be identified by the presence of a non-cutting fragment of 

205bp rather than the two cutting fragments of 145bp and 60bp in size. Results are 

shown in figure 3.3.3b.

Figure 3.3.3b Digest of 3’end of exon 8 PCR product from five samples from the 

LOCAT study using the Rsal enzyme

2 3
Common Rare allele

allele homozygote 
homozygote

Hetero
zygote
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3.3.4 Association studies of the V227A and 3’UTR polymorphisms

Three hundred subjects from the LOCAT study were genotyped for the V227A and 

3UTR. polymorphisms. 2/300 subjects from the LOCAT study were carriers of the 

V227A rare allele, giving a rare allele frequency of 0.003 (95% Q  0-0.01). 17/300 

subjects from the LOCAT study were carriers of the rare allele of the 3TJrR C>A 

substitution, givii^ a rare allele frequency of 0.029 (95% d  0.02-0.04).

Table 3.3.4a Allele frequencies of novel mutations in the LOCAT study

POLYMORPHIC

SITE

CARRIERS IN  

LOCAT 

(N=300)

RARE ALLELE 

FREQUENCY

95% a

V227A 2 0.003 0.00 - 0.01

3’UTR 17 0.029 ^ 0.02 - 0.04

The two individuals carrying the rare allele had on average three bypasses compared 

with 4.08 bypasses in the remaining patients (P =0.251), Le. non-significantly milder 

CAD. There was no difference in the number of bypasses in individuals carryii^ the 

common allele of the 3’LTTR polymorphism (4.06), compared to those carrying the rare 

allele (420).

Screening of exons 2-8 in 48 healthy UK male subjects from the NPHS2 study did not 

reveal any further mutations. The V227A and 3*UTR polymorphisms were genotyped in 

approximately 480 subjects from the NPHS2 study. Genotype distribution was not 

different from expected Hardys Weinberg proportions.
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Table 3.3.4b Allele frcquencies of novel mutations in the NPHSII study

POLYMORPHIC

SITE

GENOTYPE 

DISTRIBUTION (N)

RARE ALLELE 

FREQUENCY

95%

a

V227A TT 480 

TC 0 

CC 0

0 (n=0) _

3 W R OC 479 

CA 1 

AA 0

0.001 (n=l)
’

All the PPARa polymorphisms identified thus far are shown in Table 3.3.4c.

Table 3.3.4c All PPARa polymoiphisms

EXON/INTRON BASE
CHANGE

MUTATION RESTRICTION 

ENZYME ASSAY

Intron 2 G/A Intron 2 Eœ72I

1 Exon 5 G/C L162V Hin6I

*Exon 6 T/C V227A Saiû6I

Intron 7 C/G TaqI To4

*TUTR
1

C/A 3’UTR Rscd

newly identified mutations/polymorp lis ms

3.3.5 Isolation of putative PPARa ptomoter sequence

The PromoterFinder Kit from Oontech contains five libraries of uncloned, adaptor- 

ligated genomic DNA fragments. Each library consists of genomic DNA digested with 

one of five different restriction enzymes and %ated to an adaptor. The restriction 

enzymes are EooRV  ̂Sod, Dmiy Pudl and SspL For walking, the libraries are used as 

templates in two nested PCR amplifications with gene-specific primers and the adaptor- 

specific primers supplied in the Idt Initially two cDNA clones were available, the
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Mukherjee clone (Mukherjee et al 1994) and the Gonzalez clone (Sher et al 1993), both 

identical from exon 2 onwards but differing in their 5’ UTRs. The kit was used to walk 

upstream of the previously reported exon 1 sequence (Sher et al 1993). The sequence 

and position o f the gene-specific primers used are shown in Figure 3.3.5a below.

Figure 3.3.5a Position of gene-specific primers*

8 10 20 30 40
ACTGCCAGGC TGAAGCTCAG GGCCCTGTCT GCTCTGTGGA CTCAACAGTT 
TGACGGTCCG ACTTCGAGTC CCGGGACAGA CGAGAC^CTT

< YGSP 2 <----- YGSP1
50 60 70 80 90
TGTGGCAAGA CAAGCTCAGA ACTGAGAAGC TGTCACCACA G gt  
ACACCGTTCT GTTCfljGTCT TGACTCTTCG ACAGTGGTGT C ca

*Nucleotide numbering derived from previously reported hPPARA 5’UTR sequence 

(Sher 1993).

A number of different PCR conditions were used as the region was found to be very 

GC-rich. Nested PromoterFinder PCR produced a single major band of approximately 

SOObp in length as shown in figure 3.3.5b-e, with 5% DMSO and IM betaine giving the 

best results.

Figure 3.3.5b Results of nested PromoterFinder PCR using 10% DMSO

PCR reactions carried out with 10% DMSO

6 0 0bp
4 0 0bp

2 0 0 b p

# # # # m 6 0 0bp
4 0 0bp

2 0 0 b p

Ladder HDL 1 HDL2 HDL3 HDL4 HDL5 n e g . Ladder

(HDL)-Human DNA Library
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Figure 3.3.5c Results of nested PromoterFinder PCR using 6% DMSO and 3% 

glycerol

PCR reactions carrivd oat with 6% DMSO and 3% glycerol

600bp
400bp
200bp

doobp
dOObp
200bp

Ladder HDLl HDL2 HDL3 HDL4 HDL5 neg. Ladder 

(HDL)-Hmman DNA Library

Figure 3.3.5d Results of nested PromoterFinder PCR using 5% DMSO

PCR reactions carried ont with 5% DMSO

aOObp 600bp
dOObp dOObp
200bp 200fop

Ladder HDLl HDL2 HDL3 HDL4 HDL5 

(HDL ) "Homan DMA Library

nag. Ladder
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Figure 3.3.5e Results of nested PromoterFinder PCR using 5% DMSO and IM 

Betaine

eoobp
40abp
200bp

PCR réactions carried oat with 5% DMSO and IM Botalmo

6D0bp
400bp
200bp

Ladder HDLl HDL2 HDL3 HDL4 KDL5 
(HDL)-Hamaa DHh Library

aes• Ladder

3.3.6 E>e te imination of the PPARa transcription start site

The sequence determined from the Clontech PromoterFinder kit was found to be 8 8 % 

homologous to a region close to the transcription start site in the mouse PPARa S’UTR 

(Figure 3.3.6a). Therefore a primer in close proximity to that sequence (5-GSP) was 

used as a gene-specific primer in a 5’RACE-PCR reaction (see F^)ire 3.3.6a). A DNA 

fragment of approximately 1 2 0 bp was amplified from human liver RNA and 

subsequently sequenced (Fig 3.3.6b-c). The most 5’ nucleotide before the poly-dC tail 

introduced by the 5’RACE procedure mapped to a T and was designated as nucleotide 

+ 1.
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Figure 3.3.6a Sequence alignment of mouse PPARa promoter sequence and human 

sequence derived from S’RiVCE. Transcription of mouse PPARa begins at base 947

human ppar alpha 1 
mouse ppar alpha 1

hwnan ppar alpha 
mouse ppar alpha

hunan ppar alpha 120 
mouse ppar alpha 119

human ppar alpha 180 
mouse ppar alpha 178

human ppar alpha 2 40 
mouse ppar alpha 228

human ppar alpha 300 
mouse ppar alpha 2 63

human ppar alpha 3 59 
mouse ppar alpha 319

hunan ppar alpha 419 
mouse ppar alpha 3 69

human ppar alpha 478 
mouse ppar alpha 429

human ppar alpha 
mouse ppar alpha

h«snan ppar alpha 
mouse ppar alpha

hmtan ppar alpha 
mouse ppar alpha

human ppar alpha 
mouse ppar alpha

human ppar alpha 
mouse ppar alpha

hunan ppar alpha 
mouse ppar alpha

human ppar alpha 884 
mouse ppar alpha 807

hunan ppar alpha 944 
mouse ppar alpha 864

human ppar alpha 1004 
mouse ppar alpha 913 

■ ■ ■ ■
human ppar alpha 1064 
mouse ppar alpha 958

hianan ppar alpha 1119 
mouse ppar alpha 1016

hwnan ppar alpha 1177 
mouse ppar alpha 1076

hunan ppar alpha 
mouse ppar alpha

G G C ÎG C G C C T C C C

G G C IG C G C C T C C C

CC CTGGCACCT

ICCCTGGCACCT [ S c c B g t ï c I c

T T C I C C  
T T C T C C

AGC
GAi

I ttnftntti
g c G C ^ G A G ^ ^ ^ C c g c T C A ^ A G ^ ^ A ^ ^ g G G C ^ ^ G g G T C g ^

I S S ï t n S CTCTTJ
GGCC CCGCC C

Ig g c c c c g c c c

119
118

179
177

239
227

299 
2 62

359
318

418 
3 68

477
428

525
488

CCGGGC
CCGGGC

G G C ÏG C C G C 7
GGCKGCCGCT

765
700

823
760

883
806

943
863

1 » t t m

1003

1063

1118
1015

1176
1075

1236
1129

* Primer used for 5’RACE (5-GSP) is shown by red arrow
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Figure 3.3.6b Analysis of the 5’RACE products on an agarose gel. Total RNA from 

liver was reverse transcribed and the cDNA was poly-(dC) tailed with terminal 

deoxynucleotide transferase (TdT). Lane 1 shows GIBCO lOObp DNA ladder., DC

tailed cDNA (TdT+) (Lane 2) or untailed cDNA (TdT-) (Lane 3) were amplified using 

an univeral primer (AAP) and a gene-specific primer (5-GSP).

TdT +

300bp
200bp
lOObp

Ladder 2 3

18
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Figure 3.3.6c Sequence of the PCR product obtained from tailed cDNA. Arrow indicates the last nucleotide before the dC tail and thus the 

transcription start site



3.3.7 Screening of the hPPARa exon la

Primers were designed to cover the novel promoter sequence and that of exon la. 5’ 

RACE reactions had identified two different length fragments, suggesting the presence 

of two alternatively spliced transcripts, h e reb y  exon lb is spliced out Interestingly the 

mouse PPARa gene also has an alternatively spliced exon present in the S’-LTTR 

(Gearing et al 1994). The intron-exon structure of the 5 -UTR of the human PPARa 

gene, including the alternatively spliced 5*-UTR variant is shown in Figure 3.3.7a. The 

full sequence of exon la is shown below in Figure 3.3.7b, along with primers used for 

SSCP. No polymorphism was found in the region screened. The primer pairs covering 

the remaining regions failed to give a distinct PCR product, despite using a number of 

PCR additives, PCR cycling conditions and a variety of Taq polymerases from 

commercially available Idts of the amplification of GC rich regions; the sequence and 

j>rimers for this region are shown in Figure 3.3.7c.
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Figure 3.3.7a Intron-exon structure of the 5’ UTR of the PPARa gene and below are the two alternatively spliced 5’-UTR regions. The first coding 

exon (exon 3, black box) and the 5’ non-coding exons (grey boxes, la, lb and 2 ) are shown. Exon sizes are given in bp above each exon, intron sizes 

in kb below each intron.

AW

1b 2

/  [la, 2, 3..... .81



Figure 3.3.7b Sequence of exon la, showing transcription start site (+1), position of primers and region screened for polymorphisms

(N(N

+1

- 4 7

+ 4 4

+ 1 3 4

+ 2 2 4

+ 3 1 4

+ 4 0 4
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G C i^ G C C C C

CTCCAAGTGT

GCCTCAGCCG

AAGGACACGG

GTTGGGGGGC

CCCGAGTCCG CGGCTGTCCC TGGGGTTTGG CGACTGCGCG GAGGTCGGGT 

CGGAGGGAGG i j cCCACGGGC GGGGACATCG GGACTTGCCC TTTCCTCG G C 

CGAGACCTCC AGGGATCTCC GAGGCGAGGA AACCCGGGCC CCGGACAGAC
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AGAdGCGCGT G TT TG TT C C T CCAGCTGCGA C CACCTTTGA GGAACGGTTC

C T 6C G C T G G 6 CCGGGTGGCT TCTCTGCGGA AGCC6CGCCA CGTCGCTCCC 

AGTCCCGGGC TGCGCGGCCC GCGTGGTGCG GGTGAAGCTG GAGGGGCGCG 

CTCACGCTCC CCAACCGGGC ACAACTGCAC GCCTGTGCTT TTCTGAAGTC 

CA GGATTCTT TCCAAGAAAA ACCCACAGTT GTCCAATGGC CTGGGCTTCG 

ACCCCTGCCA GGAAACCAGG GAGGCCCCTC CTCTCCCAGC CTCCTTGGGA 

G A TT TTC C TG  GGAAGGACCC TGCGACACCC GTGTCGTTGC GGGGCAGGGT 

ATCCAGAGAA CAACCGTAAT C A CTTCC TCC TT C A C C TT CT TACTGCCAGG

GGGACCCGGG

CAGCTCGGCC

CTGGGGACCG

GCAGCGGAGC

CGACCCTGGG

CCACTTTGTG

GGTCGGGGCC

GGGTGGTGCC

TTTTTTA A A A

TGGGACCTCC

TAAGGGTGCC

CAGCATGACT

CTGAAGCTCA 
 Y G S P 2

GGCCCGGGGT GCGCGGCTGG 

TCCC TCCTA G  CGCTGGGGGC

TGGGGCGTCG CCGACTCAGA

TGGGTGCGCC CGGCTTCTGC

CCCCAACGCG GCGGGGCGAC

6CTGAGGGTC GGGCGCCCAG

AGTGGiAAGTC AGGAGGGTCG
 S S C P  r e v e r s e  p r i m e r
6TTA A A A G A 6 AGGAAGTCTG

GGGGCTGCAC GCCCACGTCA

TTGGGGAACT GGGTCAGGGC

TT C C T C T T C C  AAGGTGAAGA

GGGCCCTGTC T G C T C T G S g S
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lA fTCA A C A G T TTGTGGCAAG A C A A G C lCAG AACTGAGAAG CTGTCACCAC A G g t a a a t a c  a a t g t t t a a t  t t a c t g t t t c  c a g a t g g a a a

r e g i o n  s c r e e n e d  b y  S S C P



Figure 3.3.7c Position and sequences of primers used to screen upstream region

PROMIF

- 1 0 4 4  TGGCTCTTGG GCCGCTGGÀG AGGGGTGGGG TTGTGGGGTC GGÀGCTGGCG GCGCCTCCCC GiGCCCGTCC GCGTTGCCCT

- 9 6 4  TCACCCTCCT CGTTCCCCCG CCCACCACAC CGCCCTGGCA CCTCCCGCCA CCTGTTTCCT TGTCCTCCCA GCTCGCCTTC

- 8 8 4  CCCTTCTCCT TATTTTGCAT CCTGGGGTTC CAGGGACAAG GTCCCTCCCG GGCCGCCTCC CACCCTACGC ACTTCTGAGC
________ PR0M2F

- 8 0 4  CTCAAGGGCA CCGGGTCCCG GGTCCCGGGT CTAGACCGGC TCATCGCACA GAGTAGCAGA GCCGGGCTCA TCGAGGAGGC

^  PBOMIR
- 7 2 4  AGGAGGGGCT CGCCAGCGTG GCACGGGCGC CCGGCGGGAA CCTCCACCCG CCCCGCGGCC GCGCGTCCCC GCCTCGAATT

- 6 4 4  CAGCCCCGCC CCGGTGCGCC GGGCTGGAGG GGCGCTGACG CTCAGCGGTG TCCCATCGGT GACCTTGGAC GGTCCCTCCA

- 5 6 4  CCTCTCCGGC CTCAGTTTCC CTTGGCTGCA GCGGCCGCGG GGCGCTAGGT GGGAGCCGCT GAGCGCTCCC GGGGCCCCGC
PR0M3F

- 4 8 4  CCACCGCGAG CAGCCAATCG GGCGCCGCCC TCCGGGGGGT GTGTCCCGGG GCCGAGGCCC GGGGCCCGGA GGGCGCGCGG 

PR0M2R
- 4 0 4  GGCGGGCGGG GCTTCCGGGT CGGGCCTCGG GACACTGGCT CGCGCGGACC GGGGCAGGGG GCGGGCCGAG GGGCGGTGCG

- 3 2 4  TGTCGCGGGG GCGCGGCTGG CACGGACGCG CGGAGGCGGC GCCGGGCATG GGCCGTGGAC GCGGCGGCCC CGCGGCGGGG 
_________ PRQM4F

- 2 4 4  GCAGCGGGCG GCGGGGGCGG AGGCGGCCGC TAGCGCCCTG CCCGGCGCCG CCTCCTTCGG CÇTTCGCCCC ACGGACCGGC

PR0M3R
- 1 6 4  AGGCGGCGGA CCGCGGCCCA GGTGCCCGGG GGCGGGCGGG CGGGCGGGCG GGAACGCGCG CGGGGGTCCG CGGTCCGGGC

PROMSF

- 8 4 TTCCCAGGTC CCGGGACCCG GAGGGCGGCG GACGGGGGAG GGGCAGGGGC TGGGCGGCGC ATGCGCGGGG CCCGGGGTCT

- 4
+1

CGGGGTCTCC GGGTCCCGGG GACCCGGGGG CCCGGGGTGC
PR0K4R
GCGGCTGGGG ACCTGAGGGC GAGGAGCGAG GACACACACC

77 GAGGACTCTT GCGAGGGATC TCGGGGCCCA GCTCGGCCTC CCTCCTAGCG CTGGGGGCCT GCCCGGAACC CGAGTCCGCG

PR0M6F

157 GCTGTCCCTG GGGTTTGGCG CTGCGCGGAG GTCGGGTCTG GGGACCGCAG CGACTCTGGG TCTTCGGGTT GTCCCCTCGG

23 7 AGGGAGGGCC CACGGGCGGG GACATCGGGA
PR0H5R 

CTTGCCCTTT CCTCGGCGCA GCGGAGCTGG GGCGTCGCCG ACTCAGAAGG

3 1 7 TGCTTTCCGA GACCTCCAGG GATCTCCGAG GCGAGGAAAC 
PR0M7F

CCGGGCCCCG GACAGACCGA CCCTGGGTGG GTGCGCCCGG

3 9 7 CTTCTGCCGT CGGACGGAGA CGCGCGTGTT TGTTCCTCCA GCTGCGACCA CCTTTGAGGA ACGGTTCCCA CTTTGTGCCC
PR0M6R

4 7 7 CAACGCGGCG GGGCGACCCC GGACAGGCTG CGCTGGGCCG GGTGGCTTCT CTGCGGAAGC CGCGCCACGT CGCTCCCGGT

5 5 7 CGGGGCCGCT
PR0M8F

GAGGGTCGGG

V

CGCCCAGGTC TTTCCGGAGT CCCGGGCTGC GCGGCCCGCG TGGTGCGGGT GAAGCTGGAG

6 3 7 GGGCGCGGGG
/

TGGTGCCAGT GGAAGTCAGG AGGGTCGGCC CTGCCCCCTC ACGCACCCCA ACCGGGCACA ACTGCACGCC
K PR0M7R

7 1 7 TGTGCTTTTC TGAAGTCTTT TTTAAAAGTT AAAAGAGAGG AAGTGTGCTC CAAGTGTCAG GATTCTTTCC AAGAAAAACC

7 9 7 CACAGTTGTC CAATGGCCTG GGCTTCGTGG 
PR0M9F

s .

GACCTCCGGG GCTGCACGCC CACGTCAGCC TCAGCCGACC CCTGCCAGGA

8 7 7 AACCAGGGAG GCCCCTCCTC TCCCAGCCTC CTTGGGATAA GGGTGCCTTG GGGAACTGGG TCAGGGCAAG GACACGGGAT
<  ......  ■ PR0M8R

9 5 7 TTTCCTGGGA AGGACCCTGC GACACCCGTG TCGTTGCGGG GCAGGGTCAG CATGACTTTC CTCTTCCAAG GTGAAGAGTT

1 0 3 7 GGGGGGCATC CAGAGAACAA CCGTAATCAC TTCCTCCTTC ACCTTCTTAC TGCCAGGCTG AAGCTCAGGG CCCTGTCTGC

PR0M9R

* Nucleotide numbering shown down left hand side, Transcription start site denoted
( + 1)
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Primer Oligonucleotide Sequence Product

Sense (5*-3*) (bp)
PROMIF CTGGAGAGGGGTGGGGTTG 288

PROMIR GCTCTGCTACTCTGTGCGATG

PROM2F AGACCGGCTCATCGCACA 306

PROM2R ATTGGCTGCTCGCGGTGG

PROM3F ACCGCGAGCAGCCAATC 316

PROM3R CGGTCCGTGGGGCGAAC

PROM4F GGGCGGCGGGGGCGGAG 203

PROM4R CCCTGCCCCTCCCCCGTC

PROMSF GAGGGCGGCGGACGGGG 264

PROM5R TCCCCAGACCCGACCTCC

PROM6F CGGAGGTCGGGTCTGGGG 258

PROM6R AGCTGGAGGAACAAACACGC

PROM7F GCGCGTGTTTGTTCCTCC 259

PROM7R GGCCCACCCTCCTGACTT

PROMSF AGGGGCGCGGGGTGGTGC 305

PROMSR TGACCCAGTTCCCCAAGGCAC

PROM9F CCCTCCTCTCCCAGCCTC 201

PROM9R GCAGTAAGAAGGTGAAGGAGGAAG
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3.4 Discussion

Methods commonly used to identify DNA sequence heterogeneity include denaturing 

gradient gel electrophoresis (DGGE), temperature gradient gel electrophoresis 

(TGGE), heteroduplex analysis, single-stranded conformation polymorphism (SSCP) 

analysis and direct sequencing of samples. DGGE and TGGE both depend on 

different sequences of double-stranded DNA melting under different conditions. For 

DGGE, polyacrylamide gels are poured with a gradient of dénaturant from a high 

percentage at the anodal end of the gel, to a low percentage at the cathodal end (Myers 

et d  1987, Cariello and Skopek 1993). With TGGE, there is an increasing gel 

temperature across the gel, so the DNA sample is applied across the entire gel and 

exposed to a temperature gradient as it migrates toward the anode (Riesner et d  1992, 

Henco e td  1994). SSCP has a number of advantages, for example, standard sequencing 

equipment can be used, large numbers of samples can be analysed in each run and 

fragments of up to 350bp can be screened at a time (Humphries e td  1997, Jaeckel et^  

1998, Nataraj et d  1999, Miterski et d  2 0 0 0 ). SSCP analysis also has several 

disadvantages. Sensitivity decreases with increasing fragment length (Sheffield e td  1993) 

which can be overcome by using smaller fragments of up to 350bp. The neighborii^ 

base sequence around the mutation can have an effect on the degree of mobility shift 

observed (Glavac and Dean 1993, Saitoh et d  1998) and because a number of 

electrophoretic conditions such as pH, gel matrix, temperature and addition of glycerol 

can influence the separation, reproducibility can sometimes be a problem (Hennessy et 

d  1998). SSCP does not directly identify the position of change, samples must be 

sequenced in order to determine the exact sequence change and the absence of a 

mutation cannot be proven, because some mutations may remain undetected (Hayashi 

and Yandell 1993). Overall the advantages of SSCP analysis outweigh its disadvantages
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in large screening efforts and provides the cheapest and most convenient method 

currently available.

SSCP analysis was used to identify any mutations present in exons 6  onwards of the 

human PPARa gene as well as exon-intron boundaries. Differing running conditions 

can affect the ability of SSCP to detect abnormal patterns (Leren etd /1993), therefore a 

number of different conditions were used, Le. the temperature and the acr^iamide 

concentration were varied. The exact temperature when single strands stop migrating 

according to conformation and start m^ratir^ according to size is not known. 

Electrophoresis was carried out at room temperature, or in a cold cabinet or cold room 

(Orita et d  1989), although under both temperature conditions exactly the same 

mutations were identified.

The effect of increasing acrylamide concentration has been shown to improve the 

sensitivity of detection of mutations in longer fragments of amplified DNA (Savov 

1992). Therefore two different acrylamide concentrations were used, 7.5% and 12.5%, 

however screening using both acrylamide conditions identified the same mutations. 

Two other groups who have carried out screening efforts of the PPARa gene have also 

identified the same variants and neither group found any further common 

polymorphisms (Lacquemant etd  2000, Vohl etd  2 0 0 1 ).

SSCP analysis revealed the presence of two novel mutations in Finnish subjects from 

the LOCAT study. A valine to alanine substitution, which is a conservative charge, at 

position 227 in exon 6 , and a C to A substitution in the untranslated 3’ end of exon 8 . 

The Val227 residue is located in the ligand binding domain of the gene but is not highly

126



conserved, this amino acid is a Val in human, mouse and rat PPARa but Ala in frog 

(Figure 3.4). Screening of the entire coding region in healthy UK male subjects from the 

NPHS2 study did not reveal any further polymorphisms.

Figure 3.4 Sequence alignment of human, mouse, rat and frog PPARa

SPECIES AMINO ACID SEQUENCE

Human PPARa DLKSLAKRIYEA\ LKNl NMNKVKARVILSGKASN

Mouse PPARa DLKSLGKRIHEA’lLKNlNM NKVKARVILAGKTSN

Rat PPARa DLKSLAKRIHEA3LKN1 NMNKVKARVILAGKTSN

Frog PPARa DLLSI.3RLIYDA \  LKNl NMNKVKARAILTGKASN

Populations such as the Finnish and Icelandic people are extensively used for mapping 

genetic traits. Their geographical isolation has minimised the opportunity for any new 

genetic influence into the countries’ gene pools. The homogeneity of these populations’ 

means that unique genetic mutations can become fixed in the population, the increased 

frequency of any such mutations therefore makes them easier to detect. However it is 

also true that certain mutations can be confined to particular population groups, 

therefore screening of the subjects from NPHS2 provided an opportunity to look for 

common polymorphisms both in a heterogeneous population as well as in a healthy 

group, as the polymorphisms identified in the LOCAT subjects may also have been 

associated with their disease status. Interestingly, there was a significant difference in 

rare allele frequency between LOCAT and NPHS2, both the V227A and the 3’UTR 

C>A substitutions identified in the LOCAT subjects appeared to be specific to Finnish
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subjects, with the complete absence of the V227A substitution in the 480 NPHS2  

subjects genotyped and a very low rare allele frequency for the 3*UTRC>A substitution 

in the 480 NPHS2  subjects genotyped.

It is unlikely that the intron 2  and intron 7 polymorphisms directly affect PPARa 

activity due to their location in intronic sequences of the gene, but these 

polymorphisms may be in linkage disequilibrium with unidentified polymorphisms in 

regulatory regions of the gene. At the start of this project the PPARa promoter had not 

been identified, I visited the laboratory of Prof. Bart Staels (Lille) and used genome 

walking and 5’ RAŒ-PCR to identify further sequence upstream of the ATG start 

codon.

Jh e  identification of the site of transcriptional initiation of the hPPARa gene provided

the opportunity to screen the promoter region for further polymorphisms that may be

affecting PPARa transcriptional regulation. However, the promoter, which contains no

typical TATA or OCAAT boxes, was found to have a very high GC content, including

several consensus Spl sites v4iich are also found in the mouse PPARa promoter

(Gearing 1994). Mammalian genomes typically have a GC content of 45-50%, but

the PPARa promoter region and in fact exon la were greater than 85% GC rich,

characteristic of many receptor gene promoters including the glucocorticoid, androgen

and thyroid hormone receptors (Baarends e td  1990, Zong 1990, Encio and Detera-

Wadleigh 1991, Sakurai et d  1992). The melting temperature of the DNA is therefore

much higher as a result of the large number of GC pairs making PCR and sequencing

difficult. GC rich regions create secondary structures such as hairpin loops, where the

template car; anneal to itself, resulting in a region of double-stranded DNA, Wiich must
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be separated by the DNA polymerase as it passes through the sequence. Therefore, the 

secondary structure forms a barrier to the progress of the polymerase resulting in 

termination of the product or in the case of sequencing, termination that is not due to 

the incorporation of a specific ddNTP, resulting in poor sequence. A number of 

strategies are available to improve PCR results of GC rich sequences, these include 

increasing the dénaturation temperature to 98°Q addir^ dimethyl sulfoxide (DMSO) to 

a final concentration (v/v) of 5-10%, adding a mixture of 5% DMSO and 5% glycerol, 

adding 5-10% formamide or 5-10% glycerol and adding IM betaine (NJN,N- 

trimethyiglycine= [carboxymethyQtrimethylammonium) (Sarkaref^ 1990, Baskaranct^ 

1996, Mytelka and Chamberlin 1996, Weissensteiner and Lanchbury 1996, Hirano e td  

2 0 0 0 ). In this study a number of different PCR additives and Taq polymerases were 

used in order to achieve better PCR results. The use of the CLONTECH Advantage 

PCR kit which uses the Tih DNA polymerase as the primary polymerase, a minor 

amount of a proofreading eri2 yme Ventg*, and TthStart™ Antibody for the hot start in 

addition to adding 5% DMSO and IM betaine, provided the best results, although PCR 

of most of the newly identified region remained unsuccessful A region of 259bp in the 

newly identified exonla was screened for polymorphisms but none were found.

In conclusion there appears to be considerable genetic variation in the PPARa gene. 

We next investigated vdiether variant PPARa alleles commonly found in the population 

are associated with disease susceptibility or altered drug metabolism and this is 

presented in the next chapter. In addition, it would be of interest to investigate whether 

there are allele frequency differences between population samples for the previously 

identified and more common PPARa polymorphisms as suggested by the difference 

seen between the Finnish and UK populations for the V227A and 3*UTR variants.
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CHAPTER 4

PPARA POLYMORPHISMS AND RISK OF CORONARY 

ARTERY DISEASE IN THE SECOND NORTHWICK PARK 

HOSPITAL STUDY (NPHS2)
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Chapter 4: PPARA polymorphisms and risk of Coronary Artery 

Disease in the Second Northwick Park Hospital Study (NPHS2)

4.1 Introduction

Having identified common variation in the PPARa gene the relationship between this 

variation and plasma lipid levels and risk of coronary artery disease (CAD) was 

investigated. Genetic variation in the PPARa gene, namely the LI 62V and intron 

2(previously cited as intron 3 in Flavell et al 2 0 0 0 ) polymorphisms, has been associated 

with altered plasma lipid concentrations in non-diabetic (Vohl et al 2001) and type II 

diabetic subjects (Flavell ^  2 0 0 0 , Lacquemant 2000) as well as response to fibrate 

treatment (Flavell et al 2000), the mechanism for which could be the altered function of 

variants observed in litro (Flavell et al 2 0 0 0 , Sapone et al 2000). Therefore, PPARa can 

t e  considered as a candidate gene for risk of dyslipidemia, subsequent atherosclerosis 

and CAD.

As shown in Table 4.1a, The presence of the VI62 allele was associated with 

significantly raised total-cholesterol, HDL-cholesterol, HDLg and APO AI levels in 

diabetic subjects taking part in the Sl Mar/s, Ealing, Northwick Park Diabetes 

Cardiovascular Disease Prevention Study (SENDCAP), examined by ANOVA (Flavell 

et al 2 0 0 0 ) and with raised total cholesterol and Apo B levels in a second study of 209 

Caucasian type 2 diabetic subjects who had had a CHD event (Lacquemant etal 2000). 

Similar results were observed with the rare allele of the intron 2  polymorphism (Flavell 

et al 2000), and as the two polymorphisms are not in linkage disequilibrium (A=0.01, 

p= 1 .0 , Flavell et al 2000) this provides further support for the association being due to
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the PPARa gene. There was no difference in either LI 62V (Flavell et al 2000, 

Lacquemant et al 2000, Vohl et al 2001) or intron 2 (Flavell et al 2000) allele frequencies 

between non-diabetic and diabetic subjects suggesting that the polymorphism does not 

affect the risk of developing type 2  diabetes.
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Table 4.1a Association of L162V and intron 2  polymoiphisms with plasma lipid 

measures, in diabetic subjects taking part in the SENDCAP study (Flavell 2000)

TRAIT',

mmol/l

L162V genotype Intron 2 genotype

h /V

(n=109)

L /V

(n=13)

P G /G ‘

(n=113)

G/A'

(n=14)

P

Triglyceride 2.61

(2.38-2.83)

226

(1.70-2.83)

0.32 2.59

(237-2.81)

2.36

(1.88-2.84)

0.55

Total-

cholesterol

5.77

(5.59-5.94)

6.31

(5.98-6.63)

0.04 5.85

(5.68-6.01)

5.76

(5.15-6.37)

0.61

Non

HDL-Chol

4.78

(4.62-4.94)

522

(4.85-5.59)

0.07 4.86

(4.70-5.01)

4.66

(4.13-5.18)

0.33

ApoB (g/1) 1.34

(1.27-1.42)

1.48

(1.33-1.63)

0.19 1.36

(129-1.43)

1.35

(1.10-1.60)

0.91

HDL-C 0.99

(0.95-1.03)

1.09

(0.95-123)

0.05 0.99

(0.95-1.02)

1 . 1 0

(0.96-125)

0.06

HDL^ 0.19

(0.17-0.21)

025

(0.17-0.32)

0.05 0.19

(0.17-021)

025

(0.16-0.34)

0.08

HDL 3 0.77

(0.73-0.80)

0.82

(0.71-0.93)

024 0.76

(0.73-0.80)

0.80

(0.70-0.90)

0.45

Apo AI (g/1) 1.36

(121-1.41)

1.56

(1.39-1.74)

0.003 135

(1.31-1.40)

1.57

(1.39-1.76)

0 . 0 0 2

TGHDL-C 6 . 0 2

(5.79-623)

6 . 1 1

(5.18-7.03)

0 . 8 8 6.14

(5.90-6.36)

5.36

(4.88-5.84)

0.03

^Values are means (95%Q)
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As shown in Table 4.1b, in non-diabetic subjects, the VI62 allele was associated with 

significantly elevated LDI^cholesterol, LDL Apo B and Apo B levels (Vohl ct ̂  2001), 

however these results were not confirmed in a much larger study of non-diabetic men, 

although LDLrcholesterol and LDL ApoB levels were not available in this cohort 

(Flavell etal 2000).

Table 4.1b Association of the LI 62V polymorphism with plasma lipid measures, in 

non-diabetic male subjects as determined by ANOVA (Flavell et al 2000, Vohl et al 

2001)

L162V GENOTYPE

Flavell DM ef 2000 \o \A m :  e ta l 2001

TRAIT

(mmol/l)

L/L

(n=2 2 0 2 )

L/V+V/V

(n=302)

P L /L

(n=16?)

L /V

(n=25)

P

Triglyceride 1.80±0.95 1.80±0.92 0.97 2.17+1.16 1.98±0.80 0 . 6 6

Total-Cbol 5.74±1.02 5.73±1.03 0.95 5.21+0.79 5.50±0.58 0.08

HDL-Oiol 0.80±0.24 0.79±024 0.63 0.93+020 0.91±0.17 0.70

LDL-Oiol ND ND ND 3.49±0.74 3.86±0.56 0 . 0 2

ApoB (g/1) 0.88±026 0.85±026 0 . 1 1 1.07±024 1.18±0.16 0 . 0 2

LDL ApoB 

(g / 1)

ND ND ND 0.94±0.20 1.05±0.13 0 . 0 1

ApoAI (g/1) 1.62±0.34 1.61±0.34 0 . 6 8 ND ND ND

ND=not determined
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As shown in Table 4.1c, the rare allele of the intron 2  polymorphism has been 

associated with significantly lower triglyceride levels in non-diabetic subjects (Flavell et

dim ).

Table 4.1c Association of intron 2  polymorphism with plasma lipid measures in healthy 

middle-aged men (Flavell e td 2000)

Intron 2  genotype

TRAIT' (mmol/l) G /G 4G /A

(n=2487)

A/A

(n=16)

P

Triglyceride 1.80

(1.74-1.84)

1.39

(1.08-1.77)

0.04

Total-Choi 5.74

(5.70-5.78)

5.64

(5.15-6.13)

0.70

Apo B (g/1) 0.87

(0 .8 6 -0 .8 8 )

0.78

(0.67-0.91)

0.15

Apo AI (g/1) 1.62

(1.60-1.53)

1.73

(1.56-1.91)

0.19

Values are means (95%Q)

No group has yet examined the association of the intron 7 G >C polymorphism of the 

PPARA gene with cardiovascular risk factors. Therefore the aim of the present study 

was to identify any associations of this polymorphism with plasma lipid concentrations 

and coagulation factors, in healthy male Caucasian subjects participating in the 

prospective Second Northwick Park Hospital Study (NPHS2).
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4.2 Materials and Methods

4.2.1 Subjects

As described in section 2 .1 0 2 . See Table 4.3.1 for baseline characteristics in overall 

group and Table 4.32 for baseline characteristics by CHD status.

4.2.2 Polymoiphism Detection

The PCR conditions and the primers used and detection methods were as described in 

sections 22.3,22.6,2.3.3 and 2.42.

4.2.3 Statistical Analysis

Data were entered onto an EXCEL spreadsheet (Microsoft) and tested for deviation 

from Hardy-Weinberg equilibrium by using a test. Linkage disequilibrium (A) was 

calculated with EXCEL and the method of Chakravarti et al (Chakravarti et al 1984). 

Statistical analysis was performed using STATA (Intercooled STATA Version 5.0, 

STATA Corp). Cholesterol, triglyceride, ApoAI and ApoB were available at baseline, 

and cholesterol and tr^lyceride were available for 5 years. ApoB and ApoAI were only 

available in a sub-sample. Triglyceride and ApoB were logarithmically transformed. 

Differences in clinical and biochemical characteristics according to smoking status were 

analysed by 1-way ANOVA. Associations between genotype and triglyceride, 

cholesterol, ApoB and ApoAI were examined by ANOVA and included tests for 

smoking interactions.

Event-free survival was estimated using Kaplan-Meier analysis for the three intron 7 

genotypes. Multivariate analysis of mortality was performed with the Cox proportional 

hazards model to account for differing lengths of follow-up and to adjust for covariates
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predictive of mortality. The covariates used were age, BP, BMI, cholesterol, fibrinogen 

and smoking. Because the distribution of BMI and fibrinogen were skewed, a log of 

BMI and fibrinogen were introduced into the model Results are presented as hazard 

ratios and 95% confidence intervals using the GG genotype as the reference category. A 

p-value of 0 .05 was taken as statistically s^nificant.
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4.3 Results

4.3.1 Gene ml chamcteristics of the sample

PPARa intron 7 genotype information was determined for 2611 Caucasian subjects 

taking part in the NPHS2  study. Their baseline characteristics are given in Table 4.3.1 

and were not significantly different from the previously reported characteristics in the 

■whole group (Miller et 1996).

Table 4.3.1 Baseline characteristics of 2611 men free of coronary heart disease where 

PPARa intron 7 polymorphism genotype information was available.

CHARACTERISTIC MEAN

(N=2611)

SD

Age, years 56.04 3.43

BMI% kg/m" 26.2 3.39

‘Smokers (%) 742 28.4

Non-Smokers (%) 1869 71.6

Systolic BP* 137.1

Triglyce ride \  mmol/ 1 1.80 0.95

Cholesterol, mmol/l 5.73 1 . 0 2

HDL-Cholesterol*,

mmol/l

0.80 024

ApoAI, m g/dl 1.61 0.34

ApoB*, m g/dl 0 . 8 8 027

Fibrinogen*, g/1 2.72 0.52

Factor Vila** 2.16 1.15

Factor VIIc** 107.5 28.5

Factor VII Ag** 127.3 352

‘Geometric means ± SD
**means are square of mean of square root transformed variables
Value in MEANcolumn is actually number of smokers/non smokers and value in SD
column shows percentage
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4.3.2 Overall analysis according to CHD event status

As expected, participants who had a coronary event during foUow-up had a more 

unfavourable risk profile than those vAio did not (Table 4.3.2).

Table 4.3.2 Baseline characteristics by CHD event status

CHARACTERISTIC N O  CHD 

EVENT 

MEAN

(N=2442)

CHD EVENT 

MEAN

(N=169)

P

Age, years 55.99 (3.41) 56.67 (3.64) 0 . 0 1

BMI“, kg/m" 262 (3.38) 26.9 (3.44) 0 . 0 1

‘'Smokers (%) 

Non-Smokers (%)

675 (27.6) 

1767 (94.5)

67 (9.0) 

102 (5.5)

0 . 0 0 1

BP“ 136.7 (18.6) 142.6(20.6) 0 . 0 0 1

Triglyceride"^, mmol/l 1.78 (0.93) 2.09 (1.11) 0 . 0 0 1

Cholesterol, mmol/l 5.71 (1.01) 6 . 1 1  (1 .0 2 ) 0 . 0 0 1

HDL-ChoT, mmol/l 0.80 (024) 0.75 (020) 0.07

ApoAI, m g/dl 1.61 (0.34) 1.57 (027) 0.17

ApoB*, m g/dl 0.88 (0.27) 0.94 (025) 0 . 0 1

Fibrinogen*, g/1 2.71 (0.51) 2.83 (0.50) 0.003

Factor Vila** 2 . 2 1  (1.16) 1.76 (0.93) 0 . 0 0 1

Factor VIIc** 107.6 (28.6) 105.6 (27.5) 0.37

Factor VII Ag** 127.0 (35.0) 130.9 (382) 0.18

“Geometric means ± SD
**means are square of mean of square root transformed variables 
‘Value in MEAN columns is number of smokers/non smokers
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4.3.3 Allele frequency of the intton 7 G>C polymoiphism

Intron 7 genotype was determined in 2611 participants in NPHS2. In this sample, the 

frequency of the C allele of the intron 7 G >C polymorphism was 0.17 (95% Q  0.16- 

0.18). Genotype information for the 2611 individuals is shown in Table 4.3.3.

Table 4.3.3 Genotype distribution of the PPARa intron 7 G >C polymorphism

INTRON 7 GENOTYPE N %

GG 1795 68.75

GC 722 27.65

CC 94 3.60

The genotype distribution was not consistent with Hardy-Weinberg equilibrium, with an 

excess of GC homozygotes. There was significant linkage disequilibrium between the 

intron 7 and LI62V polymorphisms (A =0.32 p 0.01).

4.3.4 Difference in allele hequencies between cases and controls

There was an almost significant difference in allele frequency of the rare OC 

homozygotes between cases (subjects who had had a CHD event) and controls 

(subjects who had had no CHD event), with an excess of CC homozygotes in cases 

(Table 4.3.4a). Among the individuals vdio suffered a CHD event (n=169), 5.9% were 

homozygous for the C allele, while only 3.4% of subjects who did not suffer a CHD 

event (n=2442) had this genotype.
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Table 4.3.4a 2 x2  CHI  ̂test contingency table

INTRON7 CASES CONTROLS

GENOTYPE (N) (N)

GG/GC

Observed

Expected

159 (94.1%) 

162.9

2358 (96.6%) 

2354.1
X^=2 . 8

(p=0.09)CC

Observed 

I Expected

10 (5.9%) 

6 . 1

84 (3.4%) 

87.9

Excluding VI62 carriers resulted in a significant difference in allele frequency of the 

rare OC homozygotes between cases (subjects w4io had had a CHD event) and controls 

(subjects who had had no CHD event), with an excess of CC homozygotes in cases 

(Table 4.3.4b). Among the individuals who suffered a CHD event (n=139), 5.0% were 

Tiomozygous for the C allele, while only 2 .0 % of subjects w&o did not suffer a CHD 

event (n=1981) had this genotype.

Table 4.3.4b 2 x2  CHI^ test contingency table excluding VI62 carriers

INTRON7 CASES CONTROLS
1

GENOTYPE (N) (N)

GG/GC

Observed 132 (95.0%) 1940 (98.0%)
%'=6 . 2

Expected 135.9 1936.1
(p=0 .0 2 )CC

Observed 7 (5.0%) 41 (2.0%)

Expected 3.1 44.9
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4.3.5 Analysis of baseline clinical and biochemical characteristics according to 

genotype

Baseline clinical and biochemical characteristics by intron 7 genotype are presented in 

Table 4.3.5a. There was no association between the intron 7 polymorphism and plasma 

total cholesterol, triglyceride, apo AI and apoB concentrations, or with plasma 

concentrations of haemostatic variables, including fibrinogen and Factor VII in the 

overall group. The lack of association with baseline characteristics and intron 7 

genotype remained when carriers of the V162 allele were excluded from the analysis, as 

shown in Table 4.3.5b.

142



Table 4.3.5a Baseline clinical and biochemical characteristics according to intron 7 

G >C genotype

CHARACTERISTIC INTRON 7 GENOTYPE p-value 1

GG

(1674)

GC

(530)

CC

(49)

1 Age, years 55.99±3.5 56.33±3.4 55.57±3.5 0.09

BMI% kg/m" 26.3±3.4 26.2±3.3 262±3.6 0.90

1 ‘"Smokers (%) 1196 379 31 0.46

Non-Smokers (%) 478 151 18

Systolic B P 137.3±18.5 137.5±19.3 140.0±19.9 0.63

Triglyceride \  mmol/l 1.79±0.94 1.84±1.00 1.81±0.93 0.53

Cholesterol, mmol/l 5.74±1.01 5.74±1.04 5.80±125 0.91

HDL-ChoT, mmol/l 0.80±024 0.79±023 , 0.84±024 0.61

ApoAI, m g/dl 1.64±0.32 1.61±0.31 1.64±0.36 0.14

ApoB', m g/ dl 0.86±023 0.88±024 0.87±027 0.31

Fibrinogen*, g/1 2.70±0.52 2.71±0.53 2.80±0.56 0.43

Factor Vila'’ 2.18±1.15 2.09±1.13 2.07±1.04 0.51

Factor VHc** 107.1+28.0 106.2±28.8 107.3±25.7 0.83

1 Factor VII Ag** 128.0±34.8 126.4±38.9 127.5±30.6 0.67

^Geometric means ± SD

‘’means are square of mean of square root transformed variables 

Values show numbers of smokers/non smokers
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Table 4.3.5b Baseline clinical and biochemical characteristics according to intron 7 

G >C genotype, excluding carriers of the VI62 allele of the LI62V polymorphism

CHARACTERISTIC INTRON 7 GENOTYPE p-value

GG

(1795)

GC

(722)

CC

(94)

Age, years 55.98±3.5 5626±3.4 55.38±3.5 0.03

BMP, kg/m^ 26.3±0.43 262±0.40 26.1±0.44 0.74

'Smokers (%) 1288 516 65 0.86

Non-Smokers (%) 507 206 29

Systolic B P 137.3±18.4 136.9±19.4 136.1±19.1 0.79

Triglyceride\  mmol/1 1.78±0.93 1.84±1.00 1.74±0.85 029

Cholesterol, mmol/l 5.74±1.00 5.73±1.03 5.67±1.16 0.82

JfflDL-ChoT, mmol/l 0.80±025 0.79±024 .0.82±022 0.52

ApoAI, mg/dl 1.61±0.34 1.59±0.34 1.61±0.34 026

ApoB*, mg/dl 0.88±0.04 0.89±0.04 0.86±0.05 0.70

Fibrinogen*, g/1 2.71±1.05 2.72±1.08 2.77±1.09 0.49

Factor Vila** 2.19±1.16 2.09±1.09 2.11±1.18 0.35

Factor VUc** 107.7±28.4 107.4±28.8 104.0±27.6 0.47

Factor VII Ag** 127.7±34.4 126.5±37.6 125.3±31.8 0.66

^Geometric means ± SD

**means are square of mean of square root transformed variables 

Values show numbers of smokers/non smokers
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Table 4.3.5c Baseline clinical and biochemical characteristics for L162V/Intron 7 haplotypes

L162V genotype P-value for
L162/L162 L162/V162 V162/V162 interaction

Age, years
Intron 7 GG 55.99+3.48 (n=1674) 56.0113.54 (n=90) (n=0)
Intron 7 GC 56.33±3.35 (n=530) 56.3313.36 (n=175) 56.0013.24 (n=5) 0.84
Intron 7 CC 55.5713.62 (n=49) 54.9713.35 (n=40) 56.0013.46 (n=6)
BMI, kg/m^
Intron 7 GG 26.2613.42 (n=1672) 26.5613.75 (n=90) (n=0)
Intron 7 GC 26.1913.27 (n=529) 26.1713.04 (n=175) 27.1411.91 (n=5) 0.71
Intron 7 CC 26.1913.62 (n=49) 25.5713.27 (n=40) 26.9911.72 (n=6)
Systolic BP
Intron 7 GG 137.33118.53 (n=1673) 136.78117.18 (n=90) (n=0)
Intron 7 GC 137.51119.32 (n=529) 135.96120.05 (n=175) 128.62113.45 (n=5) 0.55
Intron 7 CC 139.96119.85 (n=49) 133.27120.27 (n=40) 133.76110.16 (n=6)
Triglyceride, m m ol/l
Intron 7 GG 1.7910.94 (n=1658) 1.7810.98 (n=89) (n=0)
Intron 7 GC 1.8411.00 (n=527) 1.8210.91 (n=175) 1.8010.91 (n=5) 0.96
Intron 7 CC 1.8110.93 (n=49) 1.6810.79 (n=39) 1.8010.77 (n=6)
Cholesterol, m m ol/l
Intron 7 GG 5.7411.01 (n=1656) 5.7911.10 (n=89) (n=0)
Intron 7 GC 5.7411.04 (n=527) 5.7010.97 (n=175) 6.4610.99 (n=5) 0.35
Intron 7 CC 5.8011.25 (n=49) 5.5411.06 (n=39) 5.6311.56 (n=6)
HDL-Chol, mm ol/l
Intron 7 GG 0.8010.24 (n=1108) 0.8410.29 (n=61) (n=0)
Intron 7 GC 0.7910.23 (n=351) 0.7810.25 (n=122) 0.67±0.14 (n=4) 0.57
Intron 7 CC 0.8410.24 (n=33) 0.8110.19 (n=28) 0.70+0.16 (n=4)
* Values are means ± s d
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L162/L162 L162/V162 V162/V162 P-value for 
interaction

ApoAI, m g /d l
Intron 7 GG 1.6410.32 (n=1425) 1.6510.30 (n=73) (n=0)
Intron 7 GC 1.6110.31 (n=446) 1.6110.35 (n=155) 1.4810.31 (n=3) 0.98
Intron 7 CC 1.6410.36 (n=43) 1.6310.31 (n=38) 1.6010.21 (n=5)
ApoB, m g /d l
Intron 7 GG 0.8610.23 (n=1425) 0.8210.24 (n=73) (n=0)
Intron 7 GC 0.8810.24 (n=446) 0.8310.23 (n=155) 1.2010.35 (n=3) 0.26
Intron 7 CC 0.8710.27 (n=43) 0.8410.28 (n=38) 0.8110.24 (n=5)
Fibrinogen, g/1
Intron 7 GG 2.7010.52 (n=1664) 2.6510.46 (n=89) (n=0)
Intron 7 GC 2.7110.53 (n=529) 2.7510.51 (n=174) 2.65±0.52 (n=5) 0.35
Intron 7 CC 2.8010.57 (n=49) 2.7010.48 (n=39) 2.89±0.72 (n=6)
Factor V ila
Intron 7 GG 2.1811.15 (n=738) 2.3911.22 (n=34) (n=0)
Intron 7 GC 2.0911.13 (n=231) 2.0710.98 (n=71) 1.7911.27 (n=2) 0.74
Intron 7 CC 2.0711.04 (n-26) 2.0311.44 (n=18) 2.4811.20 (n=2)
Factor VIIc
Intron 7 GG 107.1128.0 (n=1666) 115.9129.8 (n=89) (n=0)
Intron 7 GC 106.2128.9 (n=529) 110,1129.0 (n=174) 108.0127.5 (n=5) 0.10
Intron 7 CC 107.3125.7 (n-49) 99.9128.4 (n=39) 116.0134.7 (n=6)
Factor VII Ag
Intron 7 GG 128.0134.8 (n=1586) 130.4129.0 (n=82) (n=0)
Intron 7 GC 126.4138.9 (n=495) 127.2136.1 (n=165) 115.717.7 (n=4) 0.75
Intron 7 CC 127.5130.6 (n=48) 126.2134.6 (n=36) 139.0126.5 (n=6)
* Values are means ± s d
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4.3.6 Association between PPARa intton 7 genotype and risk of ischemic 

events

Since entry, there have been 22,958 person-years of follow up. The overall number of 

CHD events by intron 7 genotype is shown in Table 4.3.6a. CHD events are a 

combined measure of acute myocardial infarction (n=119), silent MI measured as ECG 

change (n=20) or coronary surgery (n =30).

Table 4.3.6a Overall number of CHD events by genotype

EVENT INTRON 7 GENOTYPE TOTAL

GG GC CC

No CHD 

Event

1688 (69 %) 670 (27.5 %) 84 (3.5 %) 2442

CHD Event 107 (63 %) 52 (31%) 10 (6 %) 169

The intron 7 C allele was associated with a significantly increased risk of ischemic 

events (P^.03) and Table 4.3.6b shows the risk by genotype.

Table 4.3.6b Risk of CHD by intron 7 genotype

PPARa intron 7 

genotype

HAZARD RATIO 95% CONFIDENCE I 

INTERVAL

GC 123 0.88-1.71

CC 1.85 0.97-3.53
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Table 4.3.6c shows the risk associated with intron 7 genotype in a Cox proportional 

hazards model, adjusted for systolic blood pressure, age, BMI, cholesterol and smoking. 

The results are shown graphically as a Kaplan-Meier Survival plot in Fig 4.3a. 

Compared to G allele homozygotes, carriers of the intron 7 C allele have a hazard ratio 

of 1.20 (95% Q  0.86-1.67) and C allele homozygotes have a hazard ratio of 1.94 (95% 

Q  1.01-3.70). There was no interaction between PPARa genotype and smoking, BMI 

or systolic blood pressure on risk of ischemic events.

Table 4.3.6c Cox regression model, adjustii^ for log systolic blood pressure, age, 

logBMI, cholesterol and smoking

HAZARD

R A T IO

95% CONFIDENCE 

INTERVAL

Log BMI 1.17 1.00-1.37

Age
■

1.07 1.02-1.12

Log BPS' 124 1.06-1.45

Cholesterol 1.39 120-1.60

Smoking

(Nevervs Ex/Current) 1.83 1.34-2.50

GC 121 0.86-1.69

CC 2.03 1.06-3.88

*BPS=systolic blood pressure

The risk model was then adjusted for LI62V genotype as the LI62V polymorphism is 

in linkage disequilibrium with the intron 7 polymorphism and may therefore influence
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the observed associations of the intron 7 polymorphism. After adjustment for LI62V 

genotype, the increased risk of a CHD event was significant for both carriers of the rare 

C allele as well as homozygotes for the rare allele compared to common allele 

homozygotes as shown in Table 4.3.6d. Carriers of the V I62 allele show a trend 

towards decreased risk of a CHD event (Table 4.3.6e), although this is not statistically 

s^nificant, masking the true relationship of the intron 7 polymorphism with event 

status. The results are shown graphically as a Kaplan-Meier Survival plot in Fig 4.3b.

Table 4.3.6d Cox regression model, adjusting for age, log systolic blood pressure, 

cholesterol, smoking and LI62V genotype

HAZARD 95% CONFIDENCE I

RATIO* INTERVAL

Age 1.06 1.01-1.12

LogBPS' 1.29 1.10-1.52

Cholesterol 1.38 1.19-1.60

Smoking 1.73 124-2.39

(Never vs Ex/Current)

G C + L L 1.45 1.00-2.10

C C + L L 2.59 120-5.59

G G + L V / W 0.83 0.30-226

GC + L V /W 0.95 0.48-1.89

OC + L V /W 1.15 028-4.66

**■ standardised risk values are s lown

^BPS=^ystolic blood pressure
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Table 4.3.6e Risk scores as obtained from Cox regression model described in Table 

4.3.6d

L162V GENOTYPE INTRON 7 GENOTYPE

GG GO CC

LL 1 1.45

L V + W 0.83 0.95 1.15
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4.4 Discussion

There is considerable evidence indicating that PPARa plays an important role in lipid 

metabolism, haemostasis (Schonfeld 1994) and inflammation (Fruchart et al 1999) and 

thus may affect the risk of atherosclerosis and CHD in the general population (see 

section 1.5.5). Previous studies have shown that PPARA polymorphisms are associated 

with altered plasma lipid concentrations (Lacquemant et al 2000, Flavell et al 2000, Vohl 

et al 2001). Flavell DM et al demonstrated that type II diabetic patients Wio were 

carriers of the V162 allele of the LI62V polymorphism, had higher total cholesterol, 

HDL cholesterol and apoAI, whereas carriers of the rare allele of the intron 2 

polymorphism had higher apoAI concentrations; however there appeared to be no such 

association in healthy male Caucasians (Flavell 2000). Another study examining the 

influence of the LI62V polymorphism oti risk of type II diabetes and dyslipidemia 

identified an association with h%her plasma LDL/cholesterol and apoB levels among 

healthy and diabetic carriers of the Vl62 allele (Vohl et al 2001). All three studies 

reported no association of these polymorphisms with risk of type II diabetes 

(Lacquemant et al 2000, Flavell et al 2001, Vohl et al 2001).

The VI62 and Intron 2 alleles have low allele frequencies (q=0.06 and 0.08 

respecuvel}), therefore, the contribution of a third, more common polymorphism, the 

PPARA intron 7 polymorphism, to modulation of plasma lipid profile and risk of CHD 

was examined in healthy male Caucasian subjects taking part in the Second Northwick 

Park Heart Study (NPHS2) study. The NPHS2 study was designed to examine risk 

factors for coronary heart diseasë in healthy middle-aged men recruited from general 

medical practices in the United Kingdom ( M i l l e r 1996);
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The intron 7 polymoiphism, originally reported as a TaqI RFLP (Sher et al 1993), was 

found by direct sequencing to be a G to C transversion at nucleotide 2528 of intron 7. 

The frequency of the rare C allele of the PPARA intron 7 G >C polymorphism was 0.17 

(95% Q  0.16-0.18). There is evidence to suggest that the OC genotype is more frequent 

in cases than controls. Among the individuals vdio suffered a CHD event (n=169), 

5.9% were homozygous for the C allele, Wiile only 3.4% of subjects who did not suffer 

a CHD event (n=2442) had this genotype. When carriers of the VI62 allele were 

excluded from the analysis, there was a significant difference in allele frequency of the 

rare GC homozygotes between subjects who had had a CHD event and controls who 

had not Approximately 5.0% were homozygous for the C allele, while only 2.0% of 

subjects who did not suffer a CHD event (n=2442) had this genotype. Among the 

individuals vdio suffered a CHD event (n=139), 5.0% were homozygous for the C 

allele, while only 2.0% of subjects who did not suffer a CHD event (n=1981) had this 

genotype. The polymorphism was found to be associated with risk of ischemic events, 

but not with plasma lipid concentrations or coagulation factors in NPHS2. Compared 

to G allele homozygotes, carriers of the intron 7 C allele have a hazard ratio of 123 

(95% Q  0.88-1.71) and C allele homozygotes have a hazard ratio of 1.95 (95% Q  1.02- 

3.74) for a subsequent coronary event adjusted for age, BMI, systolic blood pressure, 

cholesterol and smoking. Interestingly, the LI62V polynwirphism which is in linkage 

disequihbrium with the intron 7 polymorphism appear̂ ed to have the opposite effect, 

with carriers of the rare allele showing a non-significant trend towards decreased risk of 

a subsequent CHD event When the risk model was adjusted for LI62V genotype, the 

hazard ratios for both carriers and homozygotes of the rare intron 7 allele were higher, 

suggesting that the L162V genotype is rnaskir^ the true effect of the intron 7 genotype 

on risk Compared to G allele homozygotes, carriers of the intron 7 C allele had a
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hazard ratio of 1.47 (95% Q  1.02-2.13) and C allele homozygotes had a hazard ratio of 

2.49 (95% Q  1.15-5.38) for a subsequent CHD event. Of GC homozygotes, ten 

individuals had an event, eight of Wiich were LL homozygotes and two were LV 

carriers. As our group identified this polymorphism, no published data was available 

describing the effect of the intron 7 polymorphism on plasma lipid concentrations, 

although the absence of an effect is consistent with previous observations of the LI 62V 

and intron 2 PPARA gene polymorphisms in the NPHS2 study (Flavell et ̂  2000). This 

suggests that in healthy individuals, wdien plasma lipids and non-esterified fatty acids are 

in the normal range, PPARa activity is not rate-limitir^ and therefore any small 

alteration in levels or function due to the polymorphisms will not show any effect on 

plasma Hpid levels. Additionally, the presence or absence of cholesterol in the Cox 

proportional hazards model did not alter risk.

Thus the PPARA gene does not influence risk of ischemic heart disease through a 

plasma lipid mediated mechanism. The expression of PPARa in all three major cell 

types of the atherosclerotic lesion in addition to its modulation of gene expression and 

interference with inflammatory signalling pathways in endothelial cells (fackson et al 

1999, Marx et ̂  1999), smooth muscle cells (Inoue etal 1998, Staels etal 1998, Delerive 

et al 1999) and monocyte/ macrophages (Chinetti et al 1998), suggests a potential 

regulatory role for PPARa in the pathogenesis of atherosclerosis in the vessel wall, as 

discussed in section 1.5.5.3-4. Acute myocardial infarction results from the rupture of 

an unstable plaque followed by thrombus formation in a coronary vessel, leadir% to an 

acute reduction of blood supply to the heart. An unstable plaque is characterized by a 

thin fibrous cap consisting of relatively few smooth muscle cells (SMQ that overly a 

large lipid core containing a high concentration of inflammatory cells, necrotic cells and
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free cholesterol (Ross 1993). PPARa is expressed in human aortic SMQ where upon 

activation it can inhibit the interleukin-1 induced production of interleukin-6, a marker 

for SMC activation (Loppnow and Libby 1990), in addition to inhibiting prostaglandin 

production by SMC and expression of cyclooxygenase-2, an enzyme involved in 

prostaglandin production, through repression of the NF-kB signalling pathway (Staels et 

d  1998). The inhibition of NF-kB s^nailing pathways by PPARa is also of relevance in 

endothelial cells (ECs). Adhesion of circulating leukocytes to the endothelium, through 

interaction with adhesion molecules on the endothelial surface, is an important step in 

atherogenesis (Gerrity 1981, Joris et d  1983, 11 et d  1993). One such EC adhesion 

molecule is the vascular cell adhesion molecule-1 or VCAM-1 (Cybulsky and Gimbrone 

1991) and PPARa activators can inhibit VCAM-1 expression in human E G  through 

the PPARa-mediated inhibition of NF-kB, with a consequent decrease in monocyte 

adherence (Marx eti*/ 1999). The release of growth factors such as endothelin-1 (ET-1) 

can induce vascular SMC proliferation (Komuro et d  1988) in addition to displaying 

chemotactic activities on monocytes (Achmad and Rao 1992). PPARa activators can 

inhibit thrombin-induced ET-1 gene expression and secretion through interference with 

the activator protein-1 (AP-1) signalling pathway, by preventing the binding of AP-1 

proteins, of the Fos/Jun family, to its target sequence (Delerive et d  1999). Taken 

together, these data suggest that activation of PPARa, most likely through its 

interference with the AP-1, STAT and NF-kB signalling pathways, plays a beneficial 

role in the pathogenesis of atherosclerosis.

Therefore the intron 7 polymorphism can be hypothesised as being in allelic association 

with an as yet unidentified functional variant in a regulatory region of the PPARA gene
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that affects PPARa protein levels. This in turn may affect transcriptional activation of 

PPARa target genes or the PPARa-mediated inhibition of inflammatory signalling 

pathways in the vessel walL Further studies are required to confirm these results and 

elucidate the exact mechanism of this polymorphism effect in addition to demonstrating 

"vdiether or not carriers of the intron 7 rare allele have altered levels of PPARa mRNA 

However, taken alone, these data indicate that a common polymorphism in the PPARA 

gene is a novel, independent risk factor for CHD in a healthy UK male population.
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CHAPTERS

GENETIC DETERMINANTS OF THE RESPONSE TO 

BEZAFIBRATE TREATMENT IN THE LOWER EXTREMITY 

ARTERIAL DISEASE EVENT REDUCTION (LEADER) TRIAL

156



Chapters: Genetic determinants of the response to bezafibiate 
treatment in the Lower Extremity Arterial Disease Event Reduction

(LEADER) trial

5.1 Introduction

Atherosclerosis is the most common cause of chronic arterial occlusive disease of the 

lower extremities. During the atherosclerotic process, arteries become obstructed thereby 

reducing blood flow to the lower limbs during exercise or at rest. A common symptom is 

intermittent claudication, cramping or fatigue in the legs and buttocks during activity, 

vdiich subsides with rest. Risk factors for lower extremity disease (LEAD) are similar to 

those for cardiovascular disease and include advanced age (Karmel and McGee 1985, 

Dagenais e td  1991, Vogt et 1992, Lei^et^2000), male sex (Kannel and McGee 1985, 

Leng et d  2000), diabetes mellitus (Kannel and McGee 1985, Brand et d  1989), cigarette 

smoking (Hughsonet^ 1978, Reunanen et 1982, Kannel and McGee 1985, Dagenais et 

d  1991, Ingolfsson e td  1994), hypertension (Kannel and McGefe 1985) and elevated lipid 

levels, particularly in diabetic subjects (ftighson et d  1978, Drexel et d  1996, MacGregor 

et d  1999). There is a long established association between increased plasma fibrinogen 

levels and the onset and progression of arterial disease (Wilhelmsen e t 1984, Meade etd  

1986, Kannel et d  1987, Ernst and Resch 1993, Fotrices et d  1996, Sweetnam et d  1996, 

Folsom et d  1997) and there is evidence that this is particularly important in the 

progression of LEAD (Smith et d  1998, Banerjee et d  1992, Fow&es 1995, Leng et d  

2000). Patients with either asymptomatic or symptomatic LEAD have widespread arterial 

disease and are at a significantly increased risk of stroke, MI and cardiovascular death 

(Reunanen e td  1982, Dormandyet^ 1989, Smith e td  1990, Criqui e td  1992, Simonsicket 

d  1995, Zheng et ̂  1997, Bowlin et a /1997).

As described in section 1.5.5.1-1.5.52, the fibrate class of hypolipidemic drugs are used in 

the treatment of lipid disorders and their lipid-lowering effects are mediated by PPARa.
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Several of the fibric acid derivatives also lower fibrinogen levels as highlighted in section

1.5.5.4 and bezafibrate in particular, decreases plasma fibrinogen levels by approximately 

20% (Monk and Todd 1987). The main aim of the LEADER trial is to reduce the 

incidence of combined end-points of major IHD and stroke by 30% using a randomised 

placebo-controlled trial of bezafibrate which reduces plasma fibrinogen, a well-established 

risk factor for arterial disease, as well as having beneficial lipid-lowering properties, in 

1500 men with LEAD followed for a minimum of 4 years.

The LEADER trial will report its main results in 2002, but the aim of this present study 

is to investigate whether polymorphisms in the PPARa gene affect an individuals' 

baseline lipid and fibrinogen levels as well as their response to bezafibrate treatment in 

patients with LEAD. The association between the LI62V, intron 2 and intron 7 

polymorphisms in the PPARa gene on the magnitude of change in both tr^lyceride 

and fibrinogen levels in response to bezafibrate treatment was investigated. Genotype 

association was examined with respect to baseline levels, and change at three months. 

Due to its role as a transcription factor, interactions between PPARa and other 

promoter variants in fibrate-responsive genes are of additional interest Thus, promoter 

variation in APOC3, APOAI and FIBB genes were invest%ated, as fibrates have been 

shown to modulate the expression of these genes through PPARa (Auwerx et d  1996, 

Berthou et d  1996, Kockx et d  1998, Staels and Auwerx 1998, Vu-Dac et d  1998, 

Anderssone^^ 1999, Kockx et 1999).
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5.2 Materials and Methods

5.2.1 Subjects

As described in section 2.10.3.

5.2.2 Polymorphism Detection

The PCR conditions and the primers used and detection methods were as described in 

sections 22.3-2.3.7 and 2.42.

5.2.3 Statistical Analysis

Genotype information was collated on Microsoft Excel and analysed using the SPSS 9.0 

statistical package (Chicago, III, USA). Analysis was carried out on variables measured 

at baseline and three months. This time point was selected as bezafibrate treatment had 

its greatest effect by this time. Triglyceride levels at all time points were log transformed 

to produce a normal distribution. All other variables measured were normally 

distributed. Allele frequencies were determined by the gene counting method and were 

tested for deviation from Hardy-Weinberg equilibrium using the test. Linkage 

disequilibrium (A) was calculated with EXCEL and the method of Chakiavarti et al 

(Chakravarti et al 1984). The associations of genotype on response to fibrate treatment 

were examined by ANOVA using genotype as a factor with baseline triglyceride levels 

as a covariate for change in triglyceride and baseline fibrinogen levels as a covariate for 

change in fibrinogen levels. Analysis of covariance was conducted with the difference 

between baseline and 3 month-post bezaifibrate treatment triglyceride levels as the 

dependent variable. Independent variables considered were main effects for BMI, 

smoking (ex/never vs current), diabetes and genotypes. Several interaction terms were 

considered, including gene-gene interactions, between genotypes and smoking and 

between genotypes and diabetes. A final model was selected using stepwise regression, 

considering both the significance of variables as well as diagnostic plots. Data is
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presented as coefficients and Partial R̂ , represented as a percentage (calculated by 

dividing the partial sum of squares by the total sum of squares). A p value of <0.05 was 

taken as statistically significant.
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5.3 Results

5.3.1 Baseline clinical and biochemical chaiacteristics

The physical and biochemical characteristics of the subjects at baseline are presented in 

Table 5.3.1. The mean age was 68 years ranging from 42 to 90. Almost 40% were current 

smokers and 34% had previously had a cardiovascular event. Approximately 20% of the 

group had diabetes, and baseline lipid and fibrinogen levels were within accepted ranges 

for this age group.
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Table 5.3.1 Baseline characteristics of participants in the LEADER study

CHARACTERISTIC N SD

Age, years (range) 68 (42-90)

'Smoking, N  (%)

Current 364 (37.0)

Never 43 (4.4)

Ex- 538 (54.7)

Previous history, N  (%)

Myocardial Infarction 176 (21.7)

CVA 105 (13.0)

Diabetes, N  (%) 158 (19.5)

Anti-platelet medication, N  (%) 532 (65.6)

BMI, kg/m" 262 (3.92)

Fibrinogen, g/1 3.38 (057)

Total cholesterol, mmol/1 5.62 (0.93)

LDL-cholesterol, mmol/1 3.35 (0.87)

HDL-cholesterol, mmol/1 121 (057)

T riglycerides, mmol/1 2.42 (120)

Value in SD column is percentage smokers/non-smo ters

5.3.2 Allelic frequencies of the polymoiphisms

The number of individuals genotyped and their allele frequencies for all polymorphisms 

investigated arc shown in Table 5.32b, and the position of the PPARa polymorphisms 

shown in Figure 1. For all polymorphisms except the APOAI -75G>A polymorphism, 

genotype distributions were as expected for a sample in Hardys Weinberg equilibrium
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(Table 5.32a) and allele frequencies -were similar to published UK data (PPARa intron 7 

results not published) (Talmud et d  1994, Thomas et d  1995, Waterworth et d  1999, 

Flavell et d  2000, Waterworth et d  2001). The PPARa LI62V and intron 7 

polymorphisms were in linkage disequilibrium (A =0.41, p 0.01) as were the APOO -  

455 and -482 polymorphisms (A =0.72, p <0.01). There was no allelic association between 

any of the other polymorphisms.
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Table 5.3.2a Genotype distributions of the polymorphisms genotyped

POLYMORPHISM N %

PPARa Intnon2 G>A GG 707 71.8

GA 122 12.4

AA 7 0.7

PPARa InttonZ G>C GG 554 563

GC 252 25.6

GC 37 3.8

PPARa L162V LL 716 72.8

LV 122 12.4

W 3 03

APOC3-455T>C t t 331 33.6

TC 417 42.4

OC 100 103

APOC3 -482 C>T OC 469 47.7

o r 338 34.3

t t 44 4.5

APOAI -75 G>A GG 598 60.8

GA 213 21.6

AA 36 3.7

FIBB -455 G>A GG 558 56.7

GA 241 24.5

AA 36 3.7
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Table 5.3.2b Allele frequencies of polymorphisms

I GENE POLYMORPHISM N RARE ALLELE 
FREQUENCY 

(95% a )

RARE ALLELE 
FREQUENCY IN  

HEALTHY 
POPULATION

(95% O )

PPARa Intron2 G>A 

Intron? G >C 

L162V

836

843

841

0.08 (0.07-0.09) 

0.19 (0.17-021) 

0.07(0.06-0.09)

0.09 (0.08-0.09) 

0.17(0.16-0.19) 

0.06(0.05-0.07)

APOC3 -455 T>C 

-482 O T

848

851

036 (034-039) 

025 (023-027)

037 (034-039) 

025 (023-029)

APOAI -75G>A 847 0.17(0.15-0.19) 0.14

FIBB -455 G >A 835 0.19 (0.17-021) 0.19

5.3.3 Effect of diabetes on baseline lipid levels

The presence of diabetes "was significantly associated with all baseline lipid levels. 

Diabetics had on average 15% higher triglyceride levels, 8% lower total cholesterol, 10% 

lower HDL-cholesterol and 13% lower LDDcholesterol levels. Therefore associations 

with the polymorphisms and baseline lipid levels were examined separate^ for diabetic 

and non-diabetic subjects.
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Table 5.3.3 Effect of diabetes on baseline lipid levels

DIABETICS

(SD)[N1

NON
DIABETICS

(SD)M
P

Triglyceride \  mmol/1 2.62 (1.37) [162] 2.32 (1.13) [750] 0.022

Total Cholesterol, 

mmol/1

525 (0.93) [166] 5.69 (0.91) [754] <0.001

HDL-Cholesteiol ̂  

mmol/1

1.12 (032) [161] 122 (037) [748] <0.01

LDL-Cholesterol

mmol/1

3.00 (0.83) [164] 3.44 (0.84) [751] <0.001

* age, BMI as covariates  ̂BM  ̂as covariate  ̂smoking as covariate

5.3.4 Association of polymorphisms with baseline lipid levels

Due to the relatively small sample size and low frequency of the rare variants, individuals 

canying or homozygous for the rare allele for each genotype were combined for statistical 

comparison (Table 5.3.4).

5.3.4.1 Diabetic subjects

In the diabetic subjects, the intron 7 polymorphism of the PPARa gene was significantly 

associated with baseline triglyceride levels (p <0.05). Carriers of the rare allele had on 

average 20% lower triglyceride levels at baseline. In light of the haplotype association 

between the LI 62V and Intron 7 polymorphisms observed in chapter 4, associations 

between the intron 7 polymorphism and baseline biochemical characteristics were also 

examined in individuals homozygous for the LI 62 allele. The significant association 

between the intron 7 polymorphism and baseline triglyceride levels in diabetics remains 

significant when carriers of the VI62 allele are excluded from the analysis (2.81 mmol/1
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vs 2.04 mmol/1, p=0.02 for GG vs GOOQ. There was no significant association with 

either the intron 2 or LI 62V polymorphisms. Carriers of the VI62 allele, which is in allelic 

association with the rare allele of the intron 7 pofymorphism, did show a trend towards 

lower baseline triglyceride levels, but this was not statistically significant The rare allele of 

the APOO -482C>T polymorphism was significandy associated with lower baseline 

triglyceride levels (p 0.05). Carriers had on average 16% lower levels at baseline.

5.S.4.2 Non-diabetic subjects

Carriers of the V162 allele of the PPARa gene had approximately 9% higher triglyceride 

levels at baseline (pO.05). Carriers of the rare allele of the intron 7 also had higher 

triglyceride levels at baseline but this association was not statistically sgpificant and 

remained non-significant wiien carriers of the VI62 allele of the LI 62V polymorphism 

were excluded from the analysis (2.30 mmol/1 vs 2.37 mmol/l, p =0.58 for GG vs 

GC/OQ.
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Table 5.3.4 Association of polymorphisms with baseline triglyceride levels in the
LEADER study

POLYMORPHISM DIABETIC 
GROUP'(N=158) P

NON-DIABETIC 
GROUP" (N=654) P

Baseline TG 
(mmol/1) [SD] (N)

Baseline TG 
(mmol/1) [SD] (N)

PPARa Intron2 G>A 

GG 
GA/AA

2.59 [135] (132) 
2.74 [1.07] (24)

029 2.39 [1.17] (549) 

234 [1.01] (98)
0.45

PPARa Intron7 G>C 

GG 
GC/CC

2.83 [1.51] (108) 
226 [0.93] (50)

0.048 2.33 [1.16] (428) 
2.42 [1.12] (224)

030

PPARa L162V 
LL 

L V /W

2.63 [135] (133) 
2.48 [1.07] (21)

0.77 2.33 [1.14] (555) 
2.55 [1.15] (94)

0.022

APOC3-455TX:
TT

TC/OC
2.69 [1.50] (61) 
2.62 [130] (97)

0.46 233 [1.07] (257) 
237. [130] (394)

0.63

A P0C 3-482O T
CC

C r/T T
2.83 [1.48] (81) 
2.45 [134] (77)

0.019 233 [1.09] (371) 
2.39 [132] (283)

0.71

’ BMI as covariate 

^age, BMI as covariates

5.3.5 Association of genotype with baseline HDL-C levels

There was no statistically s^nificant association with baseline plasma HDL levels with the 

APOAI -75G>A polymorphism in the diabetic group. However the rare allele of the 

PPARa intron 2 polymorphism was significantly associated with 16% lower HDL-C 

levels than common allele homozygotes (p <0.05). The association between the intron 7 

polymorphism of the PPARa gene and baselirie HDLC levels in diabetics remained 

insignificant when carriers of the VI62 allele of the LI 62V polymorphism were excluded
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(1.10 mmol/1 vs 1.14 mmol/1, p=0.70 for GG vs GC/OQ. There were no significant 

interaction terms between any of the PPARa polymorphisms and the APOAI promoter 

polymorphism and there was no significant interaction between genotype and smoking 

status. In the non-diabetic group, carriers of the rare allele of the APOAI -75G>A 

polymorphism were associated with higher baseline HDL-C levels and this was almost 

significant (p =0.065). None of the PPARa polymorphisms were associated with HDL-C 

levels in the non-diabetic group and there were no significant interaction terms with either 

APOAI -75G>A polymorphism or with smokir^ status. The association between the 

intron 7 polymorphism of the PPARa gene and baseline HDL-C levels in non-diabetics 

remained insignificant when carriers of the VI62 allele of the LI62V potymorphism were 

excluded (122 mmol/1 vs 1.19 mmol/1, p=0.33 for GG vs GC/CQ.
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Table 5.3.5 Association of polymorphisms with baseline HDL-C levels in the LEADER
study

POLYMORPHISM DIABETIC
GROUP P

NON-DIABETIC
GROUP' P

Baseline HDL-C 
(mmol/1) [SD] (N)

Baseline HDL-C 
(mmol/1) [SD] (N)

1 PPARa Intmn2 G>A 

GG 
GA/AA

1.14 [0.33] (131) 

0.96 [022] (24)
0.01 123 [037] (544)

124 [0.43] (98)
0.86

1 PPARa Intron/ G>C 
GG 

GC/CC

1.10 [033] (107) 
1.14 [031] (50)

0.50 124 [038] (424) 
122 [039] (223)

0.48

PPARa L162V 
LL 

L V /W

1.11 [0.32] (133) 
1.16 [0.36] (20)

0.53 123 [037] (551) 
125 [0.43] (93)

0.89

APOAI-75 G>A 
GG 

GA/AA
1.14 [0.34] (105) 
1.07 [028] (51)

026 122 [0.37] (464) 
126; [0.41] (183)

0.065

BMI and smoking as covariates
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5.3.6 Association of polymoiphisms with baseline total cholesterol levels

There was no genotype association with baseline cholesterol levels in either the diabetic or 

non-diabetic group, for any of the PPARa polymorphisms as shown in Table 53.6. The 

association between the intron 7 polymorphism of the PPARa gene and baseline total 

cholesterol levels in both diabetics (5.31 mmol/1 vs 5.16 mmol/1, p=0.44 for GG vs 

GG/GQ and non-diabetics (5.69 mmol/1 vs 5.67 mmol/1, p=0.83 for GG vs 

GC/OQremained insignificant vhen carriers of the VI62 allele of the LI 62V 

polymorphism were excluded.

Table 53.6 Baseline cholesterol levels by genotype in the LEADER study

POLYMORPHISM DIABETIC
GROUP P

NON-DIABETIC
GROUP P

Baseline TC 
(mmol/1) [SD] (N)

Baseline TC 
(rnmol/1) [SD] (N)

PPARa Intton2 G>A 
GG 

GA/AA

528 [0.91] (132) 
5.03 [0.87] (24)

022 5.70 [0.91] (549) 
5.73 [0.88] (98)

0.71

PPARa Intron/ G>C 
GG 

GC/CC

530 [0.98] (108) 
5.09 [0.68] (50)

0.17 5.70 [0.91] (428)
5.70 [0.90] (224)

0.96

PPARa L162V 
LL 

L V /W

527 [0.91] (133) 
5.08 [0.89] (21)

038 5.68 [0.90] (555) 
5.81 [0.94] (94)

020 j

TC=total cholesterol
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5.3.7 Association of polymotphisms with baseline LDL-cholesteml levels

There was no genotype association with baseline LDL-cholesterol levels in either the 

diabetic or non-diabetic group, for any of the PPARa polymorphisms as shown in table 

53.7. The association between the intron 7 polymorphism of the PPARa gene and 

baseline HDL-C levels in both diabetics (2.99 mmol/1 vs 3.12 mmol/1, p=0.47 for GG 

vs GC/OQ and non-diabetics (3.42 mmol/1 vs 3.43 mmol/1, p=^.93 for GG vs 

GCOQremained insignificant vhen carriers of the VI62 allele of the LI62V 

polymorphism were excluded.

Table 5.3.7 Baseline LDL-cholesterol levels by genotype in the LEADER study

POLYMORPHISM DIABETIC
GROUP P

NON-DIABETIC
GROUP P 1

-
Baseline LDL-C 

(mmol/1) [SD] (N)
Baseline LDL-C 

(mmol/1) [SD] (N)

PPARa Xntton2 G>A 
GG 

GA/AA

3.00 [0.87] (123) 
2.90 [0.75] (24)

0.60 3.41 [0.85] (533) 
3.52 [0.83] (95)

025

PPARa Intron7 G>C 
GG 

GC/CC

2.99 [0.91] (99) 
2.98 [0.70] (49)

0.94 3.43 [0.84] (417) 
3.41 [0.86] (216)

0.75

PPARa L162V 
LL 

L V /W

3.03 [0.86] (126) 
2.77 [0.80] (19)

023 3.42 [0.84] (539) 
3.44 [0.89] (91)

0.87

5.3.8 Association of polymorphisms with baseline fibrinogen levels

Smokers were associated with significantly higher baseline fibrinogen levels, 3.52 ± 0.57 

g/1 vs 327 ± 0.58 g/1 (p 0.001) and fibrinogen levels increased significantly with age 

(p 0.001). There was a borderline statistically significant association of the FIBB -
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455G >A polymorphism with baseline fibrinogen levels, whereby carriers of the A allele 

had h%her baseline levels 3.43 ±  0.58 g/1 vs 3.36 ± 0.56 g/1 (p =0.055). There was no 

association with baseline fibrinogen levels and any of the PPARa polymorphisms, nor 

was there any significant interaction terms between the PPARa and FIBB 

polymorphisms (Table 53.8). The association between the intron 7 polymorphism of the 

PPARa gene and baseline fibrinogen levels remained ins%nificant when carriers of the 

V162 allele of the LI62V polymorphism were excluded (3,38 g/1 vs 338 g/1, p=0.76 for 

GGvsGC/OQ.

Table 5.3.8 Association of polymorphisms with baseline fibrinogen levels in the 
LEADER study

POLYMORPHISM BASELINE FIBRINOGEN LEVEL*, g/1 
(SD)[N] P

........
PPARa Intron2 G>A 

GG 
GA/AA

3.40 (0.56) [673] 
3.32 (0.61) [122]

. . .

PPARa Intton7 G>C 
GG 

GC/OC

3.39 (0.57) [531] 
3.38 (0.57) [271]

0.67

PPARa L162V 
LL 

L V /W

3.38 (0.58) [680]
3.39 (0.50) [115]

0.89

FIBB -455 G>A 

GG 
GA/AA

336 (0.58) [528] 
3.43 (0.56) [266]

0.055

age and smoking status as covariates

5.3.9 Association of polymorphisms with change in triglyceride levels
I

DNA was obtained from 608 of the subjects in the treatment arm of the study and the 

subsequent analysis is focused on these subjects. Overall, bezafibrate reduced plasma
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triglyceride levels by 25.8% (95% Q  19.9-312). There was no significant difference in the 

magnitude of response to bezafibrate between diabetics and non-diabetics, w4ien baseline 

triglyceride levels were adjusted for. A significant association between smoking status and 

charge in triglyceride levels was found (p=0.02), with the poorest response to fibrate 

treatment in current smokers, where triglyceride levels fell by 23% compared to 28% in 

ex/non-smokers v4ien baseline triglyceride levels were adjusted for. However as shown in 

Table 5.3.9a there was no statistically significant association of PPARa or APOG 

genotype with m^nitude of response. As both PPARa and APOC3 genotype were 

shown earlier to influence baseline triglyceride levels, the analysis was also carried out, 

without adjusting for baseline triglyceride levels. As shown in Table 53.9a, the LI62V 

polymorphism, which is significandy associated with baseline triglyceride levels in the 

overall group (P=0.04) was significantly associated with magnitude of response, Wien 

baseline triglyceride levels are not included in the model The association between the 

intron 7 polymorphism of the PPARa gene and change in triglyceride levels remained 

insignificant when carriers of the V162 allele of the LI62V polymorphism were excluded 

(0.57 mmol/1 vs 0.61 mmoI/1, p=0.43 for GG vs GC/GQ.

174



Table 5.3.9a Effect of polymorphisms on change in triglyceride levels in bez îbrate-treated participants in the LEADER study

POLYMORPHISM BASELINE TG
(mmol/1) (SD)

POST
TREATMENT TG

(mmol/1) (SD)

DECREASE IN T G
(mmol/1)

(SD)

NUMBER P' P:

PPARa Intton2 G>A
GG 2.41 (1.24) 1.79 (0.88) 0.63 (0.80) [433] 0.84 0.57

GA/AA 2.31 (1.05) 1.65 (0.85) 0.58 (0.76) [80]

PPARa IntronZ G>C

GG 2.40 (130) 1.82 (0.96) 0.59 (0.83) [351] 0.085 0.12

GC/OC 2.41 (1.10) 1.68 (0.73) 0.74 (0.74) [179]

PPARa L162V
LL 2.35 (1.21) 1.76 (0.88) 0.58 (0.79) [446] 0.12 0.013

L V /W 2.63 (1.20) 1.81 (0.88) 0.82 (0.80) [75]

APOC3-455T>C
TT 2.32 (1.13) 1.74 (0.88) 0.58 (0.79) [215] 0.49 0.36

TO/CO 2.45 (130) 1.79 (0.89) 0.65 (0.81) [311]
A P 0 0 -4 8 2 O T

0 0 2.35 (1.17) 1.77 (0.88) 0.61 (0.83) [305] 0.89 0.68
Cr/TT 2.47 (1.31) 1.78 (0.80) 0.64 (0.77) 

2 . .
[224]

evels and smoking as covariates smoking as covariate



Regression analysis was carried out to estimate the contribution of baseline factors and 

genotypes (and their interactions) in determining the magnitude of response, and data is 

presented in Table 53.9b. There were two significant main effects in the model, baseline 

triglyceride levels and smoking status, with 42% of the variance in the change of 

triglyceride being explained by baseline triglyceride levels, while smoking status explained 

an additional 0.5%. Am oi^t the genotypes considered the PPARa intron 7 

polymorphism had the bi^est effect on change in triglyceride explaining an additional 

0.6%, though this did not reach statistical significance (p^.08).

Table 5.3.9b Regression model for change in tr^Jyceride levels in response to bezafibrate 
treatment

Variable Coefficient Standard Partial Rf p-value
1 Error rioo)

Baseline triglyceride^ 1 0.537 0.025 42.4 <0.00001
3moking -0.118 0.051 0.50 0.02
constant 0.66 0.032 -

coefficients are for a one standard deviation change in the variables (log transformed)

5.3.10 Effect of polymorphisms on change in fibrinogen levels 

Overall bezafibrate reduced plasma fibrinogen levels by 11.7% (95% Q  8.9-14.5). There 

was no statistical^ significant effect of smokir^ on the m^nitude of response to 

bezafibrate. As shown in Table 53.10a, the fibrinogen polymorphism was not associated 

with change in fibrinogen levels in response to fibrate treatment and fibrinogen levels fell 

by 0.4 g/1 regardless of genotype (p=0.66). Similarly there was no significant effect 

associated with any of the PPARa genotypes. The association between the intron 7 

polymorphism of the PPARa gene and charge in fibrinogen levels remained insignificant 

when carriers of the VI62 allele of the LI 62V polymorphism were excluded (0.40 g/1 vs 

0.43 g/1, p=0.43 for GG vs GC/GQ. Regression analysis was carried out to estimate the 

contribution of baseline factors and genotypes (and their interactions) in determining the
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magnitude of response, and data is presented in Table 53.10b. BMI explained an 

additional 0.9% of the variation. Baseline fibrinogen levels, including two significant 

interaction terms in the model, between intron 2 and baseline fibrinogen levels and 

between LI 62V and baseline fibrinogen levels, explained 14.8% of the variance in the 

change of fibrinogen. The intron 7 polymorphism interaction term was not statistically 

s^nificant and was therefore not included in the final model This interaction is presented 

graphically in Figure 53.1 for the intron 2 polymorphism of the PPARa gene and tertiles 

of fibrinogen at baseline. In subjects homozygous for the common G allele there was a 

linear positive relationship between the fall in fibrinogen and their baseline level of 

fibrinogen. By contrast in men carrying one or more copy of the A allele, those in the 

lowest tertile showed no overall decrease, compared to a 0.18g/l fall in homozygotes for 

the common allele. A similar pattern was seen with LI 62V PPARa genotype.
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Table 5.3.10a Effect of polymorphisms on the change in fibrinogen levels in bezafibiate- 

treated participants in the treated participants in the LEADER study

POLYMORPHISM DECREASE IN 
FIBRINOGEN^, (g/I)

(SD)M

P 1

PPARa Jntton2 G>A 

GG 
GA/AA

0.40 (0.57) [442] 

0.46 (0.73) [80]
0.19

PPARa IntronZ G>C 
GG 

GC/OC

0.41 (0.59) [350] 
0.41 (0.62) [178]

0.90

PPARa L162V 
LL 

L V /W

0.40 (0.61) [445] 
0.40 (0.55) [74]

0.81

FIBB -455 G>A 

GG 
GA/AA

0.41 (0.62) [350] 
0.41 (0.56) [172]

0.66

baseline fibrinogen and BMI as covariates

Table 5.3.10b Regression model for change in fibrinogen levels in response to 

bezafibrate treatment

Variable Coefficient Standard
Error

Partial R? 
flOO)

p-value

BMI' 5.59 2.44 8.6 0.02
Baseline fibrinogen' 16.91 2.83 14.79 <0.00001
Intron2 11.10 6.74 0.10
L162V 126 6.98 0.86
Intron2"' baseline fibrinogen' 20.04 6.55 <0.01

LI 62V ’*■ baseline fibrinogen' 1920 7.40 0.01

constant 38.79 2.80 - -

' coefficients are for a one standard deviation c lange in the variables (log transformed)
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Figure 5.3.1 Association of the PPARa Intron 2 polymorphism with change in fibrinogen level in bezafibrate-treated participants in the LEADER study
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5.3.11 Association of polymorphisms with change in cholesterol levels

Overall bezafibrate reduced plasma total cholesterol levels by 9% (95% Q  63-11.0). 

There was no significant association with any of the PPARa genotypes and response to 

treatment on total cholesterol levels in the v6ole group. The association between the 

intron 7 polymorphism of the PPARa gene and change in total cholesterol levels 

remained insignificant \\hen carriers of the V162 allele of the LI62V polymorphism were 

excluded (0.49 mmol/1 vs 0.55 mmol/1, p^ .42  for GG vs GC/OQ. However, in the 

diabetic group alone, the LI62V rate allele was associated with the greatest decrease in 

total cholesterol levels and the rare allele of the intron 2 polymorphism was associated 

with the smallest decrease in total cholesterol levels in response to bezafibrate treatment 

(Table 5.3.11a).

Table 5.3.11a Association of PPARa polymorphisms with change in TG levels in 

diabetics

POLYMORPHISM DECREASE IN  TO, (mmol/Ç 
(SD)[N]

P

PPARa Xntron2 G>A 
GG 

GA/AA

0.51 (0.53) [83]' 
022 (0.61) [11]

0.14

PPARa Intron7 G>C 
GG 

GC/CC

0.46 (0.54) [70] 
0.47 (0.57) [26]

0.72

PPARa L162V 
LL 

L V /W

0.45 (0.54) [80] 
0.69 (0.40) [11]

0.16

 ̂baseline total cholesterol (TQ levels as covariate

Bezafibrate treatment increased HDLrcholesterol and lowered LDLrcholesterol levels 

by 7% (95% Q  2.9%-10.6%) and 9.5% (95% Q  5.8%-13.0%), respectively. There was
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no genotype association with HDL-cholesterol levels in response to bezafibrate 

treatment, however the VI62 allele was associated with a significantly lower decrease in 

LDLrcholesterol levels in response to treatment (p=0.03) as shown in Table 5.3.11b.

Table 5.3.11b Association of LI 62V polymorphism with change in LDL-C levels

1 GENOTYPE DECREASE IN LDL-C,
(mmol/1)
(SD)[N]

P

PPARa L162V 
LL 

L V /W

037 (0.57) [418] 
020 (0.67) [66]

0.029

 ̂baseline LDL-cholesterol (LDL-Q as covariate
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5.3 Discussion

Overall in this group of male patients with LEAD, bezafibrate treatment for 3 months 

led to a 26% fall in triglyceride levels and a 12% fall in plasma fibrinogen levels, similar 

to that observed in other studies (Goldbourt 1993, Ericsson et 1996, Behar 1999). 

As expected, the fall in triglyceride and fibrinogen levels was positively correlated with 

baseline levels, and for tr^lycerides was significantly greater in non-smokers than 

current smokers. The main finding of this study was that although baseline triglyceride 

levels were different between diabetics and non-diabetics and according to PPARa and 

APOC3 genotypes, none of the genotypes examined had a significant association with 

the magnitude of response to bezafibrate treatment. Similarly, although FIBB genotype 

showed the e3q>ected modest association with baseline fibrinogen levels, for the 

reduction in fibrinogen levels upon treatment, the major determinant of the size of the 

response was baseline levels and not FIBB genotype. There was evidence that PPARa 

genotype was involved in determining response.

Previous studies have shown an association between both the LI62V and the intron 2 

polymorphisms and plasma lipid concentrations in diabetic subjects, with much weaker 

associations in non-diabetic healthy men (Fkvell et al 2000). In the present study, 6% 

lower triglyceride levels at baseline were observed in the diabetic patients Wio were 

carriers of the VI62 allele of the PPARa gene, but this association was not statistically 

s^nificant. However, the rare allele of the intron 7 polymorphism of the PPARa gene, 

which is in allelic association with the VI62 allele, was s^nificantly associated with 20% 

lower triglyceride levels at baseline in these subjects. No association with baseline 

tr%lyceride levels was found with the PPARa intron 2 polymorphism. By contrast, in 

non-diabetic LEAD patients the reverse was true whereby VI62 carriers had 9% higher
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baseline tr^lyceride levels, with a similar, but not statistically significant trend observed 

in carriers of the rare intron 7 allele, w4io had 4% higher baseline triglyceride levels. No 

association with baseline triglyceride levels and the intron 2 polymorphism was found.

The mechanism for the differential association with baseline triglyceride levels 

associated with the LI62V polymorphism in diabetics and non-diabetics can be 

explained by previous, in ûtro experiments in w4iich the VI62 allele has been shown to 

exhibit lower basal non-%and dependent, transactivation activity compared to the LI 62 

allele. However although being unresponsive to low concentrations of ligand, activity 

can be restored in the presence of high ligand concentrations (Sapone et al 2000). 

Ligands for PPARa include long chain FA, eicosanoids, peroxisome proliferators, non

steroidal anti-inflammatory drugs and fibrates (Yu et al 1995, Forman et al 1997, 

Murakami et al 1999). Diabetes is associated with raised triglyceride and lower HDL 

levels, as was confirmed in this trial, therefore the higher free fatty acid (FFA) 

concentrations in diabetic subjects would be predicted to increase hepatic intracellular 

ligand availability and hence ligand-induced transcriptional activity of PPARa, which 

would result in an increase in FA oxidation resulting in lower triglyceride levels. At FFA 

levels found in non-diabetic subjects, the V162 allele, which has lower transactivation 

activity, does not function as well as the LI 62 allele thereby leading to higher 

triglyceride levels.

Our data examining the in ùtro effects of the VI62 allele also demonstrated that in the 

presence of %and, the V162-hPPARa variant showed enhanced transactivation activity. 

However, the V162-hPPARa and L162-hPPARa variants showed similar un-stimulated 

basal transcriptional activity (Flavell et al 2000). The inconsistent results observed in
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basal transactivation activity of the two variants could be explained by a number of 

reasons. Both sets of m litro data were based on the use of the same hPPARa vector, 

however, Sapone et oL used a mouse hepatoma cell line, Hepa-1, and our data was based 

on the use of a human hepatoma cell line, HepG2, therefore, there may be a difference 

in endogenous ligand concentrations in the two cell lines. Furthermore, the difference 

may be due to the use of alternative response elements in the transactivation assays. 

Sapone et aL used a triplicate of the Z-o%o of the rabbit CYP4A6 PPRE, wdiereas our 

data was based on the use of a hexameric PPRE.

The intron 7 polymorphism is in linkage disequilibrium with the LI62V polymorphism. 

Therefore, the similar trends observed of the associations of the respective genotypes 

with baseline triglyceride levels both in non-diabetic and diabetic subjects, may be 

explained through this association. However, when VI62 carriers were excluded from 

the analysis, the lower baseline triglyceride levels observed in diabetic subjects carrying 

the rare intron 7 C allele remained significant, suggesting that it may not be due to the 

association with the VI62 allele. Both the intron 2 and intron 7 polymorphisms, which 

are not in the coding region, are unlikely to be functional, but they may be in allelic 

association with an as yet uiiidentified functional polymorphism in a regulatory region.

Since the major determinant of the triglyceride response to fibrate treatment was 

baseline levels, any genotype determining baseline levels would indirectly influence 

response. Two polymorphisms within a negative insulin responsive element of the 

APOO gene promoter, the -482C>T and the -455T>C were investigated, with 

previous studies in healthy subjects reporting that carriers of the rare alleles 

polymorphisms abolish the ability of insulin to inhibit APOC3 expression in litm  (Li et 

al 1995). Therefore one would expect that improper regulation of APCKZ3, would lead
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to h^her plasma triglyceride levels. In the current study there was no association 

between the -455T>C polymorphism with baseline triglyceride levels and neither 

polymorphism was associated with response to bezafibrate over and above baseline 

effects. However surprisingly, in the group of diabetics, carriers of the rare allele of the 

-482C>T polymorphism had significantly lower triglyceride levels at baseline. This 

association was not seen in the non-diabetic LEAD patients, and has not been reported 

before. Although the number of carriers in the diabetic group is not small it may be a 

chance association and requires confirmation in a second group of diabetic subjects.

A G >A substitution exists in the promoter (-75 bp) of the apolipoprotein AI (apo A-I) 

gene. The rare allele is relatively common in the general population, and in this study 

was found to be 0.17 (95% Q  0.15-0.19). Epidemiological studies have shown an 

association between this polymorphism with both Apo AI levels and HDL levels, 

vriereby carriers of the A allele have higher Apo AI and HDL levels (Sigurdsson, Jr. e td  

1992, Talmud et al 1994). However, there is also evidence for a lack of an association 

between this polymorphism and HDL levels (Civeira et al 1993, Barre et al 1994, 

Minnich et al 1995). An interaction with smoking has also been observed, with the 

raising association of the A allele beir^ more pronounced in non-smokers (Sigurdsson, 

Jr. et al 1992, Saha et al 1994, Talmud et al 1994). In the present study no statistically 

significant association between this polymorphism and HDL levels was observed, 

although there was a trend towards carriers of the A allele having higher HDL levels. 

However, the rare allele was significantly associated with higher baseline triglyceride 

levels in the diabetic subjects and lower baseline triglyceride levels in the non-diabetic 

subjects (p 0.05).
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The -455G>A polymorphism in the P-fibrinogen (FIBB) gene has been consistently 

associated with plasma fibrinogen levels in previous studies (Thomas et al 1996, 

Tybjaei^-Hansen et al 1997), with carriers of the A allele having between 02-0.6 g/1 

higher levels (Humphries et al 1997). In the present study, a similar association with 

genotype and baseline fibrinogen levels was observed. The fall in fibrinogen levels in 

response to be2^ibrate was greater in those with the highest baseline levels, with the fall 

also being determined to a small extent by BMI, being greater in obese than lean 

subjects. However there was no significant difference in the fall in fibrinogen in subjects 

with different FIBB genotype. By contrast there was strong evidence for an interaction 

between PPARa genotypes and baseline fibrinogen levels in determining the fall seen 

upon treatment. Subjects homozygous for the common alleles at each of the intron 2 

and LI 62V polymorphic sites showed the expected linear response with increasing 

baseline levels, while subjects carrying the rare alleles had a blunted response "vdien 

fibrinogen levels were low. There was no interaction between intron 7 genotype and 

baseline fibrinogen levels in determining the fibrinogen response to bezafibrate. The 

potential molecular mechanism of this association is unclear. PPARa has been shown 

to regulate basal levels of plasma fibrinogen as well as mediating the decreased 

expression of fibrinogen in response to fibrate treatment (Kochi, et al 1999). The PPAR 

genotype association with the fall in fibrinogen levels in response to bezafibrate 

treatment was seen statistically through an interaction with baseline fibrinogen levels 

and therefore maybe working directly through the PPARa transcriptional regulation of 

fibrinogen. However baseline fibrinogen may be acting as a surrogate marker for the 

plasma levels of another physiologically relevant PPAR activator, and the identification 

of this would be of interest No interaction was observed with plasma levels of any 

measured lipid trait or with baseline personal characteristics (e.g. BMI). The interaction
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could have been observed by chance alone, but these inferences are strengthened 

because the intron 2 and LI 62V polymorphisms do not show linkage disequilibrium 

and thus, acting independently, were associated with a similar interaction effect.

There was no s^nificant PPARa genotype association with total cholesterol lowering in 

response to bezafibrate treatment. However, in the diabetic subjects, VI62 carriers were 

non-s ̂ nificantly associated with a greater response to bezafibrate on total cholesterol 

levels and intron 2 rare allele carriers were non-significantly associated with the poorest 

response to bezafibrate. The VI62 allele has been previously associated with 

significantly greater lowering of total cholesterol levels in response to bezafibrate 

treatment in diabetic subjects (Flavell et al 2000). There was also no significant PPARa 

genotype association with the bezafibrate response on HDLrC levels, however, VI62 

carriers were significantly associated with the poorest response to bezafibrate on LDL- 

cholesterol levels. This association may be mediated through the previously reported 

association of LI62V genotype with baseline LDL-C levels, \viiereby carriers of the 

V162 allele were significantly associated with h%her baseline LDLrC levels (Vohl et al 

2001). In the preseiit study, no association between baseline LDLrC levels and LI62V 

genotype was found and as one would expect, the greater the baseline LDL-C level, the 

greater the fall in response to bezafibrate treatment. Therefore, if VI62 carriers were 

associated with higher baseline LDL-C levels, one would expect to observe the greatest 

fall in this group, which is the opposite of vdiat is found in this study.

In conclusion, these data support a modest role for genetic variation in the PPARa and 

APOC3 genes affecting triglyceride levels and for the FIBB genotype affecting 

fibrinogen levels in men with lower extremity arterial disease. Baseline levels were the 

strongest determinants of response to treatment for both triglyceride and fibrinogen,
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but there is also evidence to suggest that genetic variation in the PPARa gene can affect 

an individuals* fibrinogen response to fibrate treatmenL However, the magnitude of 

association observed is insufficient to warrant large-scale genotyping of individuals 

requiring fibrate treatment.
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CHAPTER 6

THE PPARA GENE AS A DETERMINANT OF LEFT 

VENTRICULAR OlOWTH
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chapter 6: The PPARA gene as a determinant of left ventricular

growth

6.1 Introduction

As described in section 1.5.5.52, left ventricular hypertrophy (LVH) may result from 

physiological or pathological stimuli, such as hypertension, obesity and exercise (Savage 

et al 1990) as well as genetic influences including mutations causing hypertrophic 

cardiomyopathy (McKenna et al 1998). Left ventricular growth is an independent risk 

factor for cardiovascular morbidity and mortality (Casale et al 1986, Levy et al 1989), an 

association, which has yet to be explained.

An important molecular adaptation in the hypertrophied heart is the increase in glucose 

^utilization and decrease in fatty acid oxidation (FAO) (Sackct^ï/ 1996, Szc)/ietal 1997) 

due to down-reguladon of FAO enzyme mRNA levels (Sack et al 1996). Defects in 

mitochondrial FAO enzymes are associated with childhood hypertrophic 

cardiomyopathy (Kelly ând Strauss 1994), suggesting that switches in substrate 

utilisation maybe involved in the pathogenesis of the hypertrophic process.

PPARa is expressed at high levels in tissues which catabolise fatty acids, such as the 

liver, skeletal muscle and the heart (Auboeuf et al 1997). PPARa regulates the 

expression of cardiac mitochondrial FAO enzymes (Djouadi et al 1999, Watanabe et al 

2001) and is downregulated transcriptionally and post-transcriptionally during cardiac 

hypertrophy in libro and in two, leading to reduced FAO and impaired cellular lipid 

homeostasis (Barger et al 2001). Cardiac lipid accumulation, hypoglycaemia and death 

occurs in PPARA null mice upon inhibition of mitochondrial fatty acid uptake (Djouadi
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étal 1998) and in fatty acid loaded hypertrophied cardiac myocytes (Greaves etal 1984). 

Given the importance of FAO for cardiac function and the effects of PPARa on FAO 

enzyme activity PPARa is a strong candidate as a regulator of cardiac growth.

Despite association studies having previously demonstrated a role for components of 

the renin-angiotensin system (Ishanov et al 1997, Montgomery et al 1997, Osterop et al 

1998, Myerson et al 2001) and the endothelin gene (Brugada et al 1997) in LVH, genes 

responsible for the majority of variation in the growth response, and the physiological 

mechanisms which regulate it, have yet to be determined. Since defects in cardiac FA 

metabolism play a role in the pathogenesis of cardiomyopathies, and PPARa plays a key 

role in cardiac FA metabolism and having already demonstrated that PPARa influences 

risk of CAD, we hypothesised that PPARa may also play a role in the regulation of 

iiuman left ventricular growth and thus constitute a link between LVH and CAD.
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6.2 Materials and Methods

6.2.1 Subjects

As described in section 2.10.4

6.2.2 Polymorphism Detection

Genotyping was carried out by PGR and restriction enzyme digestion. The PCR 

conditions and the primers used and detection methods were as described in sections

22.3 - 2.42.

6.2.3 Statistical Analysis

Genotype information was collated on Microsoft Excel Allele frequencies were 

determined by the gene counting method and were tested for deviation from Hardy- 

Weinbeig equilibrium using the test. Linkage disequilibrium (A) was calculated with 

EXCEL and the method of Chakravarti et al (Chakravarti et al 1984). The association 

between PPARot genotype and variables were analysed using the SPSS 9.0 statistical 

package (Chicago, III, USA) and the effect of PPARa genotype on baseline and post- 

training characteristics was examined by ANOVA. A p-value of .0.05 was considered 

statistically significant.
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6.3 Results

The role of PPARa in the physiological left ventricular hypertrophic response to 

exercise was examined in 187 young British male army recruits taking part in the 

Bassingboume II Cardiac Growth study using the common intron 7 G>C 

polymorphism. The study was designed to confirm the Angiotensin Converting 

Enzyme insertion/deletion polymorphism’s genotype-association with exertional LV 

growth and subjects were randomised to receive either low-dose Losartan or placebo. 

Losartan is an angiotensin II receptor type 1 antagonist, which is used as an 

antihypertensive drug. Left ventricular (LV) growth was similar in both the losartan arm 

of the treatment group and the placebo arm; LV mass determined by cardiac magnetic 

resonance increased significantly with training (8.6±12 g, P 0.0001) and was 

significantly greater in subjects of DD genotype (12.1 versus 4.8 g for DD versus II 

genotype in the placebo limb, P =0.022) (Myerson eta l2001).

6.3.1 Baseline characteristics of the Bassingboume II Cardiac Growth Study

The baseline characteristics for the 187 subjects are presented in Table 6.1.

Table 6.3.1 Baseline characteristics of sample populations

TRAIT BRITISH ARMY RECRUITS

Age, years 19.6 ±2.5

BMI, kg/m" 23.1 ±2.4

Systolic BP, mm Hg 117.3 ±12.1

Diastolic BP, mm Hg 66.9 ± 10.8

Left Ventricular Mass, g 183.7 ±262

Values are means ± SD. BP indicates blood pressure
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6.3.2 Allele frequencies of the PPARA polymorphisms

LI 62V and intron 7 genotypes were determined for 193 and 201 subjects respectively. 

Genotype information for both polymorphisms is presented in Table 6.3J2. For both 

polymorphisms, genotype distributions were as expected for a sample in Hardy: 

Weinberg equilibrium and allele frequencies were similar to published data on UK 

subjects (Flavell et al 2000) and that observed in the LEADER and NPHS2 studies. 

There was significant linkage disequilibrium between the intron 7 and LI 62V 

polymorphisms (A =0.41 p 0.01).

Table 6.3.2 Allele frequencies of the PPARA polymorphisms

PPARA

POLYMORPHISM

N %

L162V polymorphism

LL 165 85.5
LV 26 13.5
W 2 1

TOTAL 193 100

Intron 7 polymorphism

GG 143 71
GC 52 26
GC 6 3

1 TOTAL 201 100

6.3.3 Analysis of baseline clinical and biochemical characteristics according to 

genotype

Age, weight, BMI, systolic and diastolic blood pressure and measures of heart size at 

baseline were not significant^ different between genotypes as shown in Table 6.3.3. 

There was no significant difference by intron 7 genotype on baseline characteristics 

when VI62 carriers were excluded, carriers and homozygotes of the intron 7 C allele 

were combined in the analysis due to low numbers of the GC homozygotes (N=l).
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Table 6.3.3 Baseline characteristics hyPPARA genotype

L162V POLYMORPHISM INTRON 7 G>C POLYMORPHISM

LL

(N=152)

LV

(N=25)

W

(N=2)

P GG

(N=131)

GC

(N=50)

CC

(N=6)

P

Age, years 19.6 ± 0.26 20.0 ±0.74 17.0 0.46 19.6 ±0.24 19.6 ±0.37 19.2 ± 0.60 0.90

BMI, kg/m^ 232 ±0.20 22.9 ± 0.39 20.5 ± 1.05 0.27 23.3 ± 0.21 22.8 ± 0.33 21.5 ± 0.68 0.15

Systolic BP, 

mm Hg

117.7 ±1.1 116.0 ±2.2 128 ± 6.0 0.40 117.6 ± 1.1 118.3 ±1.8 110.8 ±3.8 0.36

Diastolic BP, 

mm Hg

67.5± 0.93 63.7 ± 2.1 69.5 ± 6.5 0.26 67.8 ± 1.0 65.9 ± 1.4 60.5 ± 3.3 0.19

Left Ventricular 

Mass, g

184.6 ± 2.3 178.8 ± 3.8 200.0 0.51 185.7 ±2.5 182.0 ±3.1 164.3 ± 5.8 0.13

Values are means ± SEM. BP indicates blood pressure
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6.3.4 Association of genotypes with LV Mass

Heart morphology is often related to body size, therefore the two most common 

ways to standardize for body composition is to divide the LV mass by body surface 

area (BSA) or lean body (fat free) mass. The increase in LV mass in response to 

training remained significant when indexed to BSA (4.1 ±0.8, PO.Ol) and lean mass 

(6.3x10-'±0.25, PO.Ol).

6.3.4.1 Association of L162V genotype with LV mass change 

As shown in Table 6.3.4.1, change in LV mass post training was not significandy 

different by LI62V genotype (p=0.82). Also shown is the association of LI62V 

genotype with unadjusted percentage change in LV mass on training, change in LV 

adjusted for body surface area and adjusted for lean mass in a one-way ANOVA 

analysis with baseline left ventricular mass as a covariate and there was no 

interaction between genotype and losartan treatment (P=036).
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Table 6.3.4.1 Association of LI 62V genotype with increase in mass post training

PPARa L162V 

GENOTYPE

INCREASE 

IN LV MASS

(g)

LVM

%C

LVMBSA

%C

LVMILN

%C

LL (n=116) 8.92 ± 1.3 5.36 ± 8.3 4.55 ± 8.3 

(n=103)

2.36 ± 8.3 

(n=92)

LV(n=18) 6.72 ± 2.7 4.02 ± 6.3 4.02 ± 5.4 

(n=17)

2.16 ± 6.3 

(n=15)

W (n = l) 11.0 5.50 1.70 -

P 0.82 0.63 0.89 0.76

Values are means ± SD 
LVM%C=Left ventricular mass percentage change
LVMBSA%C=Left ventricular mass percentage change adjusted for body surface 
area

^LVMILN%C=Left ventricular mass percentage change adjusted for lean mass

6.3.4.2 Association of Intron 7 genotype with LV mass change

Change in LV mass post training was significantly different by intron 7 genotype 

(P=0.03, test for linearity p <0.01). As shown in Table 6.3.42a, the increase in LV 

mass was modest amongst those of GG genotype, (6.7 ± 1.5 s^nificantly greater 

in heterozygotes for the C allele (11.8 ± 1.9 g) and three-fold greater in GC 

homozygotes (19.4 ± 42 g). This result is also presented graphically in Fig. 6.3.42a. 

These associations remained s^nificant ^ e n  LV mass was adjusted for body 

surface area (P=0.04, test for linearity p0.02) and showed the same trend when 

adjusted for lean mass (P^.07, test for linearity p =0.03). There was no interaction 

between genotype and losartan treatment (P=0.13).
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Table 6.3.4.2a Association of Intron 7 genotype with increase in mass post training

1 PPARa INTRON 7 INCREASE IN LV P 1

GENOTYPE MASS (g)

GG(n=97) 6.73 ± 1.5

GC (n=42) 11.79 ± 1.9 0.03

CC(n=5) 19.40 ± 42
1

Values are means ± SEM

Figure 6.3.4.2a Increase in LV mass in response to training by PPARa intron 7 

genotype

«5 20

0) 10

Change (g) 

GG GC CC

% change  

GG GC CC

Table 6.3.4.2b shows the association of Intron 7 genotype with unadjusted 

percentage change in LV mass on training, change in LV adjusted for body surface 

area and adjusted for lean mass in a one-way ANOVA analysis with baseline left 

ventricular mass as a covariate.

198



Table 6.3.4.2b ANOVA with baseline LV mass as covariate to determine 

association of Intron? genotype with percentage change in LV mass post training

INTRON 7 GENOTYPE P

GG GC CC

LVM 

% change

4.03 ± 82 

(N=^7)

6.92 ± 7.1 

(N=42)

12.4 ± 6.8

(N=5)

0.07

LVMBSA 3.46 ± 8.3 622 ± 6.4 11.5 ± 9.0 0.10

% change (N=89) (N=37) (N=4)

LVMILN

% change
1 _

129 ± 8.3 

(N=78)

4.16 ± 72 

(N=33)

8.69 ± 10.3 

(N=4)

0.17

Values are means ± SD 
LVM % change =Left ventricular mass percentage change
LVMBSA % change =Left ventricular mass percentage change adjusted for body 
surface area
LVMILN % change =Left ventricular mass percentage change adjusted for lean

mass

PPARa LI 62V genotype alone did not influence change in LV mass (Fig 6.3.42b) 

but the VI62 allele attenuated the hypertrophic association of the intron 7 C allele 

(intron 7 P=0.07, LI62V P=^.08, combined P=0.05).
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Figure 6.3.4.2b Combined association of LI62V and Intron 7 genotype

PPAR genotype

.6.3.5 Association of genotypes with left and right ventricle volume 

measures

6.3.5.1 Left and right ventricular end-diastolic volume

Table 6.3.5.1 shows the association of LI62V and Intron 7 genotype with left and 

right ventricular end-diastolic volumes. There was only one W  homozygote, 

therefore carriers and homozygotes of the VI62 allele were combined for statistical 

analysis. The LI62V polymorphism was significantly associated with the change in 

left ventricular end diastolic volume in response to exercise training (P <0.05), 

whereby training increased LVEDV in LI 62 homozygotes, in contrast to VI62 

carriers who showed a decrease in LVEDV in response to training. The intron 7 

polymorphism showed no association with the percentage change in end-diastolic 

volume, however homozygotes for the rare allele of the intron 7 polymorphism 

were associated with significantly lower end-diastolic volumes when compared to
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carriers of the common G allele. When carriers of the VI62 allele were excluded 

from the anal)^is, carriers of the C allele of the intron 7 polymorphism were 

significantly associated with lower left end-diastolic volumes (Table 6.3.5.1b). Due 

to the low numbers of GC homozygotes (N=l), carriers and homozygotes were 

combined for statistical analysis.
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Table 6.3.5.1a Effect of LI 62V and Intron 7 genotypes on end-diastolic vôlumes

L162V POLYMORPHISM INTRON 7 G>C POLYMORPHISM

LL

(N=144)

LV+W

(N=22)

P GG

(N=122)

GC

(N=48)

CC

(N=5)

P P

GG/GCvsCC

Baseline LVEDV 107.6 ±2.3 114.h±2.4 027 1092 ±2.4 107.5 ±3.8 86.3 ± 1.8 0 .20 0.09

Post-training LVEDV 114.7 ±2.4 112.8 ±3.2 0.78 117.1 ±2.7 112.8 ±4.3 90.3 ± 4.3 0.11 0.06

% change in LVEDV 10.4 ± 1.9 -1.5 ±1.5 0.02 9.6 ± 2.3 6.9 ± 2.6 8.1 ± 12.2 0.78 0.99

Baseline RVEDV 130.6 ±2.5 127.9 ± 1.9 0.68 132.7 ±2.6 128.9 ± 3.9 105.0 ± 6.6 0.08 0.04

Post-training RVEDV 139.7 ± 2.6 . 133.5 ± 2.7 0.37 141.0 ± 2.8 139.3 ± 4.7 112.0 ±7.6 0.13 0.05

% change in RVEDV 9.4 ± 1.5 3.5 ± 1.6 0.15 82 ± l.g 9.4 ±22 7.5 ± 13.7 0.93 0.93

Values are means ± SEM. LVEDV=Left ventricular end-diastolic volume. RVEDV=Right ventricular end-diastoHc volume
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Table 6.3.5.1b Association between Intron 7 genotypes and end-diastolic Volumes when carriers of the VI62 allele of the LI 62V polymorphism are

excluded

- -

INTRON 7 POLYMORPHISM

GG

(N=110)

GC/CC

(N=33)

P

Baseline LVEDV 110.3 ±2.7 99.2 ±4.2 0.04

Post-training LVEDV 118.2 ±2.9 104.9 ± 4.3 0.02

% change in LVEDV 10.6 ± 2.3 10.0 ± 3.3 0.12

Baseline RVEDV 132.8 ± 2.8 123.6 ± 5.0 0.12

Post-training

RVEDV

142.2 ± 3.1 132.4 ± 5.3 0.10

% change in RVEDV 9.0 ±1.9 10.3 ± 2.6 0.72

Values are means ± SEM. LVEDV=Left ventricular end-diastolic volume. RVEDV=Right ventricular end-diastolic volume

s



6J.5.2 Left and right ventricular sttoke volume

Table 63.52a. shows the effect of LI62V and Intron 7 genotype on left and right

ventricular stroke volumes. There was only one W  homozygote, therefore carriers and

homozygotes of the V162 allele were combined for statistical analysis. The LI62V

polymorphism had a significant effect on change in left ventricular stroke volume in

response to exercise training (PO.05), v4iereby training increased LVSV in LI62

homozygotes, in contrast to VI62 carriers who showed a decrease in LVSV in response

to training. The intron 7 polymorphism had no effect on the percentage change in

stroke volume, however homozygotes for the rare allele of the intron 7 polymorphism

were associated with significandy lower stroke volumes when compared to carriers of

the common G allele. When carriers of the VI62 allele were excluded from the analysis,

carriers of the C allele of the intron 7 polymorphism were s%nificandy associated with

lower left and r^ht stroke volumes (Table 6.3.52b). Due to the low numbers of OC
■*

homozygotes (N=l), carriers and homozygotes were combined for statistical analysis.
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Table 6.3.5.2a Association between L162V and Intron 7 genotypes and stroke volumes

L162V POLYMORPHISM INTRON 7 G>C POLYMORPHISM

LL

(N=144)

LV +W

(N=22)

P GG

(N=122)

GC

(N=48)

CC

(N=5)

P P

GG/GCvsCC

Baseline LVSV 73.8 ± 1.6 78.0 ± 1.8 0.33 75.7 ±1.7 73.4 ±2.6 58.2 ± 4.4 0.11 0.05

Post-training LVSV 792 ± 1.8 76.8 ± 2.1 0.63 80.7 ±1.9 76.9 ± 3.0 59.3 ± 1.9 0.06 0.04

% change in LVSV 12.0 ± 2.1 -1.9 ±1.6 0.01 11.1 ±2.5 7.2 ± 3.6 6.8 ±11.9 0.66 0.84

Baseline RVSV 73.9 ± 1.5 72.7 ± 1.4 0.78 75.5 ± 1.6 72.7 ±2.4 54.2 ± 4.7 0.02 0.01

Post-training RVSV 78.9 ± 1.7 77.1 ± 1.9 0.68 79.9 ± 1.8 77.5 ± 2.7 59.8 ± 3.6 0.07 0.03

% change in RVSV 11.1 ±2.0 5.0 ±1.8 0.25 9.8 ±2.4 ^ 8.6 ± 2.5 15.0 ± 18.8 0.85 0.60

Values are means ± SE!M LVSV=Le :t ventricular stroke volume. RVSV=Rig it ventricular stroke volume



Table 6.3.5.2b Association between Intron 7 genotypes and stroke voiümes v6en carriers of the VI62 allele of the LI62V polymorphism are

excluded

~  -

INTRON 7 POLYMORPHISM

GG

(N=110)

GC/CC

(N=33)

P

Baseline LVSV 75.7 ±1.9 67.6 ±2.9 0.03

Post-training LVSV 81.7 ±2.1 71.5 ± 3.1 0.01

% change in LVSV 12.4 ± 2.5 10.3 ± 4.4 0.68

Baseline RVSV 75.6 ± 1.8 68.5 ± 3.1 0.05

Post-training RVSV 81.1 ±2.0 72.4 ±2.9 0.02

% change in RVSV 11.1 ±2.5 10.9 ± 3.5 0.98

Values are means ± SE:Æ LVSV=Left ventricular stroke volume. RVSV=Right ventricular stroke volume
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6.3.6 Additive effect of PPARa and ACE I /D  genotypes on LV Mass

The effect of ACE genotype on LV mass in this cohort (Myerson et ̂  2001) is shown in 

Figure 6.3.6a. In the overall group LV mass, increased with training by 11.5 versus 4.3g 

for DD versus II genotype (P =0.002). When indexed to lean body mass, LV growth in 

the II subjects was abolished, whereas it remained in the DD subjects (-0.022 versus 

0.131 g/kg, respectively, P=0.001). When indexed to body surface area, LV mass 

increased by 5.9 versus 1.6g for DD versus II genotype (P =0.002).

Figure 6.3.6a Increase in LV mass in response to training by AGE I/D  genotype
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Table 6.3.6 shows the additive effect on change in LV mass by PPARa intron 7 and ACE 

I/D genotypes and the results are also presented graphically in Figure 6.3.6b. Subjects 

with the DD genotype who were also homozygous for the rare C allele of the PPARa 

intron 7 polymorphism had the greatest increase in LV mass in response to training.
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Table 6.3.6 Additive effect of intron 7 and ACE genotype on change in LV mass in

response to training

INTRON 7 ACE GENOTYPE

GENOTYPE II DD

GG 2.52 ±22 9.82 ±2.0

(N=44) (N=51)

GC 8.13 ±3.5 13.8 ±22

(N=15) (N ^4)

CC 12.5 ±5.5 24.0 ±4.7

(N=2) (N=3)

Values are mean change in LV mass in g ± SEM

208



oo(N

Figure 6.3.6b Additive effect on change in LV mass resulting from the PPARA intron 7 and ACE I /D  polymorphisms
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6.3.7 Multiple regression model

In a multiple regression model including all three genotypes determined, the 

association with change in LV mass is calculated as 7.47±237g for ACE DD, 

5.06±2.80g for carriers of the intron 7 C allele, 15.61±6.45g for intron 7 C allele 

homozygotes and -63±3.74g for carriers of the V162 allele. Table 6.3.7b shows the 

total variance in LV growth attributable \oACE  I/D  genotype was 7.6% (P =0.001), 

PPARA intron 7 genotype 6.6% (P^.Ol) and PPARA LI62V genotype 2.3% 

(P=0.07).

Table 6.3.7a Regression model for change in LV mass

Variable Coefficient Standard
Error

Partial Rz 
(*100)

p-value

AGE 7.47 2.37 7.01 0.002
JPPARa Intron 7 GC 5.06 2.80 5.31 0.074
PPARa Intron 7 OC 15.61 6.45 0.017
PPARa L162V -6.19 3.74 1.93 0.101
constant 3.02 1.90 - -

Table 6.3.7b Regression model for percentage change in LV mass

Variable 1 Coefficient Standard
Error

Partial R? 
(*100)

p-value

ACE 4.39 1.32 7.62 0.0012
PPARa Intron 7 1026 3.60 6.63 0.0097
PPARa L162V -3.83 2.09 2.32 0.0691
constant 1 1.85 1.06 - -

210



6.4 Discussion

The presence and extent of LVH is influenced by blood pressure, age, sex, obesity 

(Savage e td  1990) and physical exercise (Maron 1986, Zemva and Rogel 2001), but 

the underlying mechanisms that regulate myocardial growth are still poorly 

understood. During cardiac hypertrophy the expression of genes encoding 

mitochondrial FAO cycle enzymes are downregulated (Sack et d  1996, Sack et d  

1997). PPARa has recently been demonstrated to be downregulated in parallel, 

suggesting that it may be responsible for this metabolic switch (Barger et d  2001). I 

sought to determine A ether the PPARa gene affects the extent of left ventricular 

(LV) growth in response to physiological stimuli, namely an intensive 10-week 

physical training program. The use of military recruits provided a unique 

opportunity to examine genetic effects vdiilst rniniinising confounding factors such 

as age, sex, environment and exercise regime. In addition, the use of magnetic 

resonance imaging (MRI) to determine LV mass enabled precise estimation of 

cardiac dimensions. Echocardiography is the most widely used clinical method for 

assessment of LV mass, as it is non-invasive, portable and relatively inexpensive but 

MRI provides more accurate left ventricular mass measurements (Bottini et 1995, 

Missouris e td  1996, Devereux e td  1997, Stewart e t 1999).

The Bassingboume II Cardiac Growth Study indicates that exercise-induced LV 

growth in healthy young men is strongly influenced by the intron 7 polymorphism 

of the PPARA gene. Increase in LV mass was modest amongst those of GG 

genotype, significantly greater in heterozygotes for the C allele and three-fold 

greater in GC homozygotes. PPARA LI62V genotype alone did not influence 

change in LV mass but the VI62 allele attenuated the hypertrophic association of 

the intron 7 C allele when examined in combination with the intron 7
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polymorphism suggesting that PPARa haplotypes are an important consideration. 

Thus PPARa is a regulator of LV growth in response to an intense acute 

physiological stimulus and these measures remained significant when adjusted for 

body surface area or lean mass and there was no interaction between association of 

genotype and losartan treatment

The D allele of the insertion/deletion polymorphism of the angiotensin converting 

enzyme (ACE) has been associated in a number of studies with significandy 

increased LV growth in response to physical training (Montgomery A al 1997, 

Myerson A al 2001). The study population was selected for homozygosity for the 

ACE gene insertion/deletion (I/D) polymorphism, and examination for interaction 

between the ACE and intron 7 genotypes revealed that in addition to the 

independent associations of both genotypes on change in LV mass, there were also 

an additive association indicating that ACE and PPARa influence hypertrophy 

through independent mechanisms. Subjects of II/GG genotype exhibited the 

lowest increase in cardiac growth whilst the individuals of DD/OC genotype 

exhibited the greatest exercise-related growth. In a multiple regression model 

including all three genotypes, ACE y PPARA intron 7 and LI 62V genotypes 

explained 8%, 6% and 2.2% of total variance in change in LV mass in this study.

Additionally v4ien L162V/intron 7 haplotypes were considered, carriers of the C

allele of the intron 7 polymorphism were associated with both significantly lower

ventricular end-diastolic and stroke volumes before and after training. Ventricular

compliance is determined by the physical properties of the tissues makii^ up the

ventricular wall and by the state of ventricular relaxation. A reduction in ventricular

compliance, as occurs in ventricular hypertrophy, results in less ventricular filling
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(decreased end-diastolic volume) and a greater end-diastolic pressure and therefore 

stroke volumes will decrease. Such a decrease in stroke volume implies that there is 

decreased cardiac ouq>ut and decreased aortic blood pressure.

The role of PPARa in pathophysiological hypertrophy has also been examined in a 

sample of 578 men and 564 women from the third MONICA Augsburg survey 

(Schunkert ct ̂  1999). PPARa intron 7 C allele homozygotes had 15% greater mean 

LV mass index (indexed to body surface area) compared to male G allele 

homozygotes and C allele carriers (P =0.005). A similar non-significant trend was 

observed in females (P=0.14) (Fig 6.4).
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Figure 6.4 Effect o f intron 7 polymorphism on LV mass in M ONICA AUGSBURG study (Jamshidi et al, 2002).
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The association of PPARa intron 7 genotype with LVMI was restricted to 

hypertensive individuals (n=319): hypertensive C allele homozygotes had an LVMI 

27±9g/m^ greater than G allele homozygotes (P =0.004) and 29±9g/ m̂  greater than 

C allele carriers (P =0.002). Male C allele homozygotes were four times more likely 

to have clinically defined LVH than G allele homozygotes or C allele carriers (0.20 

vs 0.05, P=0.03), an association not observed in females (0.13 vs 0.10, P^.89) 

(famshidi et al, submitted to Circulation).

These data suggest that PPARa may play an important role in the regulation of LV 

growth in response to exercise stimuli, thus identifying a novel pathway for the 

regulation of cardiac growth. The genetic contribution to total variance in LV mass 

is estimated at >60% in early pubertal children (Verhaaren et al 1991) whereas 

heritabÜity of LV mass was estimated at 024-0.32 in adults in the Framingham 

Study (Post et al 1997). As described in section 1.5.5.52, PPARa regulates the 

expression of genes involved in cardiac fatty acid uptake and oxidation, \\4iich may 

be involved in driving the cardiac hypertrophic process. However, PPARa also 

directly interferes with the AP-1 transcription factor pathway (Delerive et al 1999b, 

Delerive et al 1999a), vhich is a transducer of the hypertrophic response (Herzig et 

al 1997), and so PPARa may also affect cardiac growth by directly influencing 

hypertrophic signalling pathways.

As described in chapter four, the PPARA intron 7 polymorphism is associated with 

risk of ischemic events, but not with plasma lipid concentrations or coagulation 

factors in the second Northwick Park Heart study. PPARa modulates gene 

expression and interferes with inflammatory signalling pathways in endothelial cells
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(Delerive et al 1999b), smooth muscle cells (Staels et al 1998, Delerive et al 1999a) 

and monocyte/macrophages (Chinetti et al 2000, Shu et al 2001) and so may play a 

direct role in the atherosclerotic process in the vessel walL Also recently 

demonstrated is the association of the PPARA intron 7 polymorphism with 

progression of atherosclerosis in the Lopid Coronary Angiography Trial (Frick et ̂  

1997), a trial examining the effect of gemfibrozil on progression of angiographically 

defined atherosclerosis in Finnish coronary artery bypass graft patients (Flavell 

submitted to Circulation).

The mechanism of action of the intron 7 polymorphism remains unclear. It is in 

allelic association with the PPARA LI62V polymorphism, which has been 

demonstrated to alter PPARa function in tiiro (Flavell et al 2000, Sapone et al 2000) 

but there is no association between the LI62V polymorphism and exercise-induced 

LVH or risk of ischemic events and the two polymorphisms appear to have 

opposite effects. In fact, PPARa-VI62 has been shown to be more active in litro 

than PPARa-L162 (Flavell et 2000), therefore, as it attenuates the association of 

the intron 7 polymorphism with cardiac hypertrophy, the hypothesis is that the 

intron 7 C allele is in allelic association with an unidentified polymorphism in a 

regulatory region of the PPARa gene which lowers PPARa mRNA and protein 

levels and this PPARa deficiency increases predisposition to stimulus-induced 

LVH. PPARa activity can be stimulated by the fibrate class of hypolipidemic drugs 

therefore one could speculate that stimulation of fatty acid uptake and oxidation 

with fibrates may prove a useful therapeutic strategy for the treatment of patients 

with LVH It has been shown in aortic banded rats that treatment with the PPARa 

agonist Wŷ  14,643 (from Cayman chemicals) did not increase FAO, but increased
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pyruvate dehydrogenase kinase-4 (PDK-4) gene expression, decreased glucose 

oxidation and compromised cardiac power (Laws et at 2000). One interpretation of 

these results is that in the continuing presence of a hypertrophic stimulus, as in 

aortic handing, the constant dominant s^nal of the hypertrophic stimulus 

suppresses FAO, and whilst PPARa stimulation suppresses glycolysis, it does not 

increase FAO. However, if the hypertrophic stimulus is removed, e.g by 

antihypertensive medication, weight loss or valve replacement, stimulation of FAO 

by fibrate treatment may improve cardiac function.

In summary, this data constitutes strong evidence that PPARa is an important 

regulator of cardiac growth in response to exercise and hypertension stimuli and as 

PPARa also affects risk of ischemic heart disease, this suggests for the first time 

j ^ t  a common pathway plays a role in LVH and coronary artery disease.

217



CHAPTER?

DETERMINATION OF PPARA mRNA LEVELS IN HUMAN

LEUKOCYTES
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chapter 7: Determination of PPARa mRNA levels in human

leukocytes

7.1 Introduction

The intron 7 G>C polymorphism is in linkage disequilibrium with the functional 

LI62V polymorphism. However, as described in previous chapters, the association of 

the intron 7 polymorphism with risk of ischemic events and left ventricular 

hypertrophic growth is not simply due to the effects of the LI62V polymorphism. The 

entire coding region was screened and no further variants were identified. Therefore I 

hypothesised that the intron 7 polymorphism is in linkage disequilibrium with an as yet 

unidentified polymorphism in a regulatory region of the gene, which affects PPARa 

mRNA and protein levels. Attempts to amplify the promoter region in the search for 

-further polymorphisms proved unsuccessful due to the highly GC rich promoter 

sequence. Therefore in order to substantiate the hypothesis, the level of PPARa mRNA 

was determined using quantitative PGR of mRNA from peripheral blood leukocytes of 

subjects with different intron 7 G >C genotype.

The presence of PPARa mRNA in human plasma mononuclear cells has been 

documented previously (Auboeuf et al 1997), although levels are particularly low 

compared to other sources such as the liven Blood samples were collected from young 

male subjects of known intron 7 genotype and their PPARa mRNA levels determined 

using real-time quantitative PCR with a L^htCycler fluorescence temperature cycler 

(Roche).

219



7.2 Materials and Methods

7.2.1 Isolation of leukocytes and extraction of RNA

As described in section 2.8

7.2.2 Real-time quantitative PCR

As described in section 2.9

7.2.3 Statistical analysis

Statistical analysis was conducted using the package SAS. Analysis was performed on 

the log transformed values of the PPARa/GAPDH ratio (P/G). This transformation 

was applied to normalise the distributions and obtain equality of variance, which are 

requirements of the analysis used. Mixed modelling was performed using the procedure 

PROG MIXED, which allows for multiple measures of a response variable on the same 

subject The covariance structure applied was Compoimd symmetric. Between-subject 

effect was genotype and within-subjects factor was experiment, an interaction between 

genotype and experiment on the response variable P/G  was considered in the model
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7.3 Results

RNA was prepared from human peripheral blood leukocytes from individuals who were 

homozygous either for the rare C allele of the PPARa intron 7 G>C genotype or 

homozygous for the G allele. Real-time quantitative PCR with a LightCycler 

fluorescence temperature cycler was used to quantify the levels of PPARa mRNA in 

these samples.

7.3.1 Specific amplification

RT-PCR primers were designed to hybridise to separate exons to avoid false positive 

results arising from amplification of contaminatii^ genomic DNA (F^ure 7.3.1a).

Figure 7.3.1a Exon positions of primers used for quantitative mRNA analysis

■*

Glycéraldéhydes 3-phosphate-dehydrogenasé (GAPDH)

Ex2 Ex3 Ex4 Ex5

GAPDH forward GAPDH reverse

PPARa

Ex3 Ex4 Ex5 Ex6

PPARa forward PPARa reverse
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PRIMER SEQUENCE (5’-3’) PRODUCT SIZE 

0>p)
GAPDH forward AAGGTCGGAGTCAAOG

190GAPDH reverse CAAGOrrCDGGTTCrCA

PPARa forward OCrOCrOGGTGACITATOC

182PPARa reverse CACITGTCATACACXAGC

Double stranded DNA product is detected by the bindii^ of SYBR Green I Wiich 

fluoresces when bound to double stranded DNA Melting curve analysis demonstrated 

that each of the primer pairs described in Table 2.9 amplified a single predominant 

product with a distinct melting temperature (Tm) as shown for GAPDH in Figure 

7.3.1b and for PPARa as shown in Figure 7.3.1c. Once the predicted length of each 

product had been confirmed by agarose gel electrophoresis (F^ure 7.3.1b and 7.3.1c) 

the Tm was used to identify specific products, as opposed to primer dimer, in 

subsequent analyses. The lack of significant primer dimer formation within the number 

of cycles required for quantification is demonstrated by the lack of a peak m the sample 

containing no cDNA template (purple line).
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Figure 7.3.1b Specific amplification of GAPDH. (A) Melt curve analysis of a GAPDH 

amplification reaction demonstrating the gradual reduction in fluorescence as 

temperature increases. The rapid fall off at 85°C indicates the presence of a specific 

product that melts at this temperature.
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Lane 2 is no template control and Lane 3 is the GIBCO 1Kb marker.

20-

1̂5

10

5

0-

n B

•5-, ,I ' I ' I ' I ' I ' I ' I • I ' I ' I • I
70 72 74 76 78 80 02 84 88

Te«ip«alufl(t)

I ' I '  I ' I
88 SO 92 94

I
& / 516/504

394
,344
,290
220

-200

\ 1 S
------75

1 2 3

223



Figure 7.3.1c Specific amplification of PPARa. (A) Melt curve analysis of a PPARa 

amplification reaction demonstrating the gradual reduction in fluorescence as 

temperature increases. The rapid fall off at 85"C indicates the presence of a specific 

product that melts at this temperature.
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The Tm of this product can be visualised more clearly as a peak in a first derivative plot 

(B). Agarose gel electrophoresis analysis (C) demonstrates that this peak corresponds to 

a single band of the size predicted 182bp. Lane 1 is the GIBCO 1Kb marker and Lane 

2 shows the PPARa RT-PGR product.
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7.3.2 Standard curves

In order to determine absolute concentrations of PPARa and GAPDH mRNA, a linear 

standard curve was produced for both the GAPDH and PPARa amplification 

products, using cDNA product generated by conventional RT-PCR followed by gel 

purification and determination of concentration. Figure 7.3.2.1a shows an example of a 

linear standard curve of GAPDH (r=-l, mean error=0.00432, slope=-3.984). Straight 

Hne obtained from cycle threshold (Cp) and from the concentration of each point of the 

standard curve.

7.3.2.1 GAPDH Standard Curve

Figure 7.3.2.1a GAPDH standard curve obtained by 10-fold dilutions of the cDNA 

PCR product.
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A plot of fluorescence against cycle number is shown in Figure 7.3.2.1b. 

Figure 7.3.2.1b Fluorescence against cycle number of GAPDH serial dilutions
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7.3.2.2 PPAR Standard Curve

Figure 7.3.2.2a shows an example of a linear standard curve of PPAR (r=-l, mean 

error=0.0358, slope=-3.519). Straight line obtained from cycle threshold (Cy) and from 

the concentration of each point of the standard curve.

Figure 7.3.2.2a PPAR standard curve obtained by 10-fold dilutions of the cDNA PCR 

product.

Lbe« Regtetîion 

Qotmg Ports S
18-

Skpe.'1519
N enxpt-ia74
Eirar-aoase
1. 1.00

MranzeEmv

9.5xl0'’ng/nl

9.5x10'^ng/nl
9.5xl0'^ng/nl

16-,
■25

I
■1.5 ■1 -05

Log Conoantrabon

I

05

A plot of fluorescence against cycle number is shown in Figure 7.3.2.2b.

Figure 7.3.2.2b Fluorescence against cycle number of PPARa serial dilutions
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7.3.3 Sensitivity

Ten-fold aqueous dilutions of cDNA obtained by reverse transcription of RNA were 

used to test the sensitivity of the method. A dilution of 10'® equivalent to 0.0118pg of 

GAPDH cDNA was detectable and a dilution of 10'̂  equivalent to 0.0048pg of PPARa 

cDNA was detectable.

7.3.4 Reliability of the assay

The inter-assay reproducibility was studied by repeating the analysis of the same sample 

in six different assays. For the PPAR/GAPDH ratio, a mean ±  standard deviation (SD) 

of 420 ± 0.7 was estimated, which reflects a coefficient of variance (CV) of 17%. 

However, as the amount of cDNA detected decreased, the associated CV increased, for 

example, the sample with the lowest PPAR/GAPDH ratio gave a CV of 89%. The data 

are shown in Table 7.3.4.

Table 7.3.4 Assay reliability

PPAR*100 GAPDH PPAR/GAPDH 

RATIO

MEAN STANDARD

DEVIATION

CV 1

52.4 10.5 5.01

60.1 132 4.54

382 11.3 3.39 4.17 0.73 17.49

45.7 11.8 3.87

47.4 14.1 3.36

49.4 102 4.83
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7.3.5 PPARa gene expression

Real-time PCR was used to quantify the levels of PPARa mRNA in human monocytes 

carrying different alleles of the intron 7 G>C polymorphism. Male subjects were 

recruited from a group of medical students. Relative gene expression between separate 

runs was compared using the ratio of PPARa mRNA to GAPDH mRNA. Levels of 

PPARa mRNA were particularly low compared to levels of GAPDH mRNA, and this 

may reflect poor recovery of mRNA from the human monocyte samples or simply low 

levels of PPARa mRNA in monocytes.

Analysis of 5 separate experiments each consisting of five samples from individuals who 

were homozygous for the common G allele and three samples from individuals who 

were homozygous for the rare C allele demonstrated that mean PPARa mRNA levels 

"were seven-fold higher in homozygotes for the common intron 7 G allele compared to 

homozygotes for the rare intron 7 C allele (Table 7.3.5 and 7.3.5). All individuals 

were homozygous for the LI62 allele of the LI62V polymorphism. This however did 

not reach statistical significance (P=0.10) due to the large variation in PPARa 

expression levels and the low sample size. In this sample, the PPARa/GAPDH ratio 

ranged from 0.02-0.34 for GG homozygotes and from 0.01-0.04 for OC homozygotes.
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Table7.3.5 PPARa /  GAPDH ratio

SUBJECT

NO.

INTRON 7 

GENOTYPE

MEAN 

PPAR/GAPDH

STANDARD

DEVIATION

OVERALL 1 

MEAN

1 GG 0.04 0.01

0.16

2 GG 0.34 0.11

3 GG 0.34 023

4 GG 0.04 0.02

5 GG 0.02 0.01

6 CC 0.04 0.01

0.027 CC 0.01 0.01

8 CC 0.02 0.01
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Figure 7.3.5 PPAR/GAPDH ratio. Each column represents the average of five amplification reactions (error bars represent standard deviation), 

performed on a single cDNA sample reverse transcribed from RNA prepared from peripheral blood leukocytes
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7.4 Discussion

In previous chapters, the PPARa intron 7 G>C polymorphism has been associated 

with risk of CAD and since it is an intronic polymorphism, it was hypothesised that it is 

in allelic association with an as yet unidentified functional variant in a regulatory region 

of the PPARA gene that affects PPARa protein levels. Consequently the present study 

sought to invest^ate whether the expression of PPARa was different by intron 7 G >C 

genotype using mRNA samples derived from human peripheral blood monocytes.

Previous work has suggested that the expression of PPARa mRNA in plasma 

mononuclear cells is particularly low (Auboeuf et al 1997), however, SYBR Green I 

analysis on the lightCycler fluorescence temperature cycler can provide a rapid and 

sensitive method for measuring down to as few as 1000 copies of any particular 

-template with 95% confidence (Betzi et at 2000).

Reverse transcription PCR (RT-PGR) is a powerful method for analysing mRNA 

expression from relatively small samples. One method to monitor DNA amplification 

uses SYBR Green I, a dye \\diich has a high affinity for double stranded DNA and 

fluoresces upon binding. Provided only the gene product of interest is amplified and 

there is no primer-dimer formation, this method can be used with any set of primers. 

Primers for both PPARa and GAPDH amplified a single specific product, therefore 

fluorescence from SYBR Green I binding to primer dimers or mis-primed products did 

not initially present a problem. The rapid cycle times and use of melt curve analysis 

instead of agarose gel electrophoresis followed by ethidium bromide staining makes the 

analysis considerably faster and more accurate than conventional PCR. However, 

multiple dye molecules bind to a single amplified molecule, therefore, even if
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amplification efficiency is the same, a longer product will generate more signal than 

shorter one. If amplification efficiencies are different, quantification will be even more 

inaccurate. In order to overcome this problem, a standard curve was determined for 

both the PPARa and GAPDH gene products by quantifying each amplified product 

spectrophotometrically and carrying out PCR amplification on the LightCycler with 

template dilutions.

Levels of mRNA, in particular PPARa mRNA, in human monocytes were found to be 

at the low end of the spectrum detectable by the LightCycler. At the high cycle numbers 

required to detect these low template concentrations, primer dimers were formed in 

addition to specific product. The fluorescence from these primer dimers was eliminated 

by measuring the fluorescence at a temperature above their Tm but several degrees 

below that of the specific product (Morrison et d  1998), at.84°C for both the PPARa 

and GAPDH amplification products. This results in the primer dimers becoming sii^le- 

stranded and therefore no longer binding the SYBR Green I dye and only fluorescence 

from the specific amplification product is measured.

The inter-assay reproducibility was an important factor in determining the reliability of 

the results obtained. Comparison of experimental samples with standards of known 

concentration yielded quantitative values, however variation between runs in the 

absolute value obtained meant that it was preferable to compare relative expression 

rather than absolute values. Expression levels were normalised to that of the 

housekeeping gene glyceraldehydes 3-phosphate-dehydrogenase (GAPDH). Typical 

coefficients of variance for the relative expression values were 17-89%, with greater 

precision at higher copy numbers. This effect has been documented previously 

(Peccoud and Jacob 1996, Morrison et d  1998, Yin et d  2001) but suggests that the
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particularly low copy numbers of the PPARa transcript found in human monocytes 

makes any kind of comparison especially difficult. It has been suggested that the use of 

fluorescent hybridisation probes is perhaps a better choice when dealir^ with genes that 

are expressed at low levels Qdn et d  2001). However, the Roche LightCycler 

hybridisation probe method requires considerable optimisation; the design of each 

gene-specific probe can be problematic and the cost of synthesis of each fluorescently 

labelled probe is high (Kreuzeret<zZ 1999).

Quantitative RT-PCR using the SYBR Green I dye was used to demonstrate that the 

expression of PPARa mRNA appears to be higher (up to 7-fold) in individuals 

homozygous for the common intron 7 G allele than in individuals homozygous for the 

intron 7 C allele, although the result was not statistically significant. At the low copy 

numbers being detected, the coefficient of variance was particularly high which may be 

one reason for the result not reaching statistical significance.

The expression level of PPARs are modified by both environmental and hormonal 

factors as described in section 1.5.4.1 (Lemberger et d  1994, Lemberger et d  1996, 

Vidal-Pu^ et d  1996, Rousseau et d  1997, Vidal-Puig et d  1997, Inoue et d  1998, 

Rieusset et d  1999, Merrion et d  2000, Roberts-Thomson and Snyderwine 2000, 

Sartippour et d  2000), although to date most of this work has been carried out in 

rodents. PPARa mRNA levels vary considerably within individuals (Palmer et d  1998, 

Gervois et d  1999) and taken together, the inter-individual variation, the diurnal 

variation and the low levels of PPARa expression in monocytes already documented, 

means that further study is required to substantiate whether the decreased mRNA 

expression observed in CC homozygotes is a real effect or simply an artefact of
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measuring exceptionally low levels using the SYBR Green I dye method. Another 

approach to overcome these problems would be to culture the monocytes and 

differentiate them to macrophages which have been shown to express higher levels of 

PPARa mRNA (Chinetti tt al 1998). This approach allows treatment with factors 

known to regulate PPARa to examine whether the intron 7 polymorphism was 

associated with charges in regulated expression. Additionally, any environmental or 

nutritional factors influencing PPARa expression in donors are removed.
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chapters: Discussion and Future Directions

8.1 Discussion

The work presented in this thesis is an invest^ation of the association of polymorphisms 

in the peroxisome proliferator activated receptor a  (PPARa) gene with lipid metabolism, 

hypertrophy and atherosclerosis. PPARa is known to exert an overall anti-atherosclerotic 

effect through its regulation of a considerable number of genes involved in the 

pathogenesis of atherosclerosis. The aim of this study was to look for any alteration in these 

effects due to polymorphisms present in the PPARa gene in the general population, with a 

view to improving therapeutic intervention of coronary heart disease (CHD) namely 

through the association of such polymorphisms with altered disease susceptibility or altered 

drug metabolism.

Previous work in our laboratory (Flavell 2000) had identified the presence of a number 

of polymorphisms in the PPARa gene. The intron 2 G>A polymorphism and the LI62V 

polymorphism in exon 5 had both been identified whilst screening a Finnish population 

(LOCAT) of men who had previously undergone coronary bypass surgery, and who were 

randomly assigned to receive either slow-release gemfibrozil The results presented in 

chapter 3 determined that there were no further common polymorphisms in the remaining 

codii^ region of the gene in this population group. The entire coding region of the gene 

was also screened in a healthy UK male population (NPHS2) in order to determine whether 

the polymorphisms identified in the LOCAT subjects may also have been associated with 

their disease status, but no additional polymorphisms were identified.
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The promoter sequence of the PPARa gene was determined in the hope of identifying 

further genetic variation in the regulatory region of the gene, particulady since two of the 

polymorphisms previously identified, namely the intron 2 G>A and the intron 7 G>C 

polymorphisms, were most likely non-functional and in allelic association with as yet 

unidentified variation in the upstream regulatory region. Despite the subsequent availability 

of the promoter sequence, amplification of this region and hence screenii% by single 

stranded conformational polymorphism (SSGP) analysis proved exceptionally difficult due 

to the high GC content of this region. However, a small region of 259bp in the newly 

identified exonla was amplified and screened for variation, but none was found.

Two novel variants were identified in the PPARa gene, a V227A substitution in exon 6 and 

a C>A substitution in the 3*UTR, but the rare allele frequencieŝ  for both were exceptionally 

low with a difference in allele frequency between the Finnish and UK populations, and did 

not show association with plasma lipid levels, response to gemfibrozil treatment and 

progression of atherosclerosis.

The results presented in chapter 3 therefore show that there is common variation in the 

PPARa gene as well as providing evidence for population differences in the presence and 

frequency of genetic variation in this gene as suggested by the difference seen between the 

Finnish and UK populations for the V227A and 3TJTR variants. It would be interesting to 

further investigate the differences in genetic variation and allele frequency between 

population samples as well as to complete the screening of the upstream regulatory region 

of the gene, particularly as PPARa is regulated by a number of different pathways.
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The relationship between the intron 2 G>A and LI 62V polymoiphisms and plasma lipid 

levels, and their association with the risk of developing type II diabetes has previously been 

investigated (FlaveU et d  2000, Lacquemant et al 2000, Vohl et al 2001). However, no such 

study has been carried out with the more common intron 7 G >C polymorphism. Therefore 

the work presented in chapter 4 aimed to elucidate whether or not the intron 7 G>C 

polymorphism in the PPARa gene had any relationship with plasma lipid and haemostatic 

levels and risk of CHD.

The rare C allele was found at a significandy greater frequency in individuals v^o had 

previously had a CHD event, particularly vdien carriers of the VI62 allele were excluded. 

Therefore, although the rare alleles of the LI62V and intron 7 polymorphisms are in 

linkage disequilibrium, there may be an interplay between quantity. Le. levels of PPARa 

influenced by the presence of the intron 7 rare allele, versus quality. Le. transactivation 

activity as influenced by the presence of the VI62 allele. Moreover, despite carriers of the 

VI62 allele previously being associated with an improved plasma lipid profile in diabetic 

subjects, there was no association with the intron 7 C allele and lipid concentrations, even 

when carriers of the VI62 allele were excluded from the analysis, but a strong association 

with risk of subsequent ischemic events was observed. In light of the haplotype association 

between the LI 62V and Intron 7 polymorphisms observed in chapter 4, further 

associations between the intron 7 polymorphism and baseline biochemical characteristics 

were also examined in individuals homozygous for the LI62.

The fibrate class of hypolipidemic drugs are used in the treatment of lipid disorders and 

their lipid-lowering effects are mediated by PPARa. The main aim of chapter 5 was to
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invest^ate the effect of genetic variation both in the PPARa gene and in the promoter of a 

number of fibrate-responsive genes on the response to bezafibiate treatment. It was shown 

that although baseline triglyceride levels were different between diabetics and non-diabetics 

and accordii^ to PPARa and APOC3 genotypes, none of the genotypes examined had a 

significant effect on the magnitude of response to bezafibiate treatment. The presence of 

the VI62 allele of the LI 62V polymorphism of the PPARa gene did not appear to have 

any significant effect on the lack of association of the intron 7 polymorphism with baseline 

biochemical characteristics of this population group.

FIBB genotype showed the expected modest association with baseline fibrinogen levels, 

which supports results from previous studies examining the FIBB gene association, but for 

the reduction in fibrinogen level upon bezafibiate treatment, the major determinant of the 

size of the response was baseline level and not FIBB genotype. However there was 

evidence that PPARa genotype was involved in determining the response. It would 

therefore seem that although genetic variation in the PPARa and APOC3 genes affect 

triglyceride levels, and the FIBB genotype affects fibrinogen levels, and despite the 

association of PPARa genotype with an individuals’ fibrinogen response to fibrate 

treatment, the magnitude of association observed is insufficient to warrant large-scale 

genotyping of individuals requiring fibrate treatment The presence of the VI62 allele of the 

LI 62V polymorphism of the PPARa gene did not appear to have any significant effect on 

the lack of association of the intron 7 polymorphism with change in levels of biochemical 

characteristics in response to bezafibiate treatment in this population group.
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There is a considerable body of data demonstrating that FAO influences cardiac growth. 

Given the key role of PPARa in cardiac FAO we hypothesised that PPARa may play a role 

in the regulation of human left ventricular growth and thus constitute a link between left 

ventricular hypertrophy (LVH) and CHD.

The results presented in chapter 6 demonstrated that intron 7 genotype influences exercise 

induced cardiac growth. Although PPARA LI62V genotype alone did not significantly 

influence this exercise-related growth, the VI62 allele attenuated the hypertrophic effect of 

the intron 7 C allele wffen examined in combination with the intron 7 polymorphism again 

suggesting t̂hat PPARa haplotypes may be an important consideration. The D allele of the 

insertion/deletion polymorphism of the angiotensin converting enzyme (ACE), which has 

been associated in a number of studies with significantly increased LV growth in response 

to physical training was found to have an additive effect in combination with the PPARA 

intron 7 polymorphism. Finally, when LI62V/intron 7 haplotypes were considered, carriers 

of the C allele of the PPARA intron 7 polymorphism were associated with both 

significantly lower ventricular end-diastolic and stroke volumes before and after training.

Many of the hypertrophic stimuli used in in zitro models of cardiac hypertrophy increase 

intracellular calcium levels (Sadoshima and Izumo 1997). Calcineurin, a calcium sensitive 

phosphatase that is the target of the immunosuppressive drugs cyclosporin A and FK506, 

has recendy been shown to mediate both cardiac (Molkentin et d  1998, Taigen et d  2001) 

and skeletal hypertrophy (Musaro et d  1999, Semsarian et d  1999), and overload-induced 

cardiac hypertrophy (Shimoyama et d  1999). The mechanism by Wiich calcineurin is 

believed to mediate hypertrophy is through the dephosphorylation of transcription factor
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NF-AT3 (nuclear factors of activated T cells) which then translocates to the nucleus where 

it binds another transcription factor, GATA4, resultii^ in synergistic activation of cardiac- 

specific gene transcription. In addition, transgenic mice that constitutively express activated 

forms of calcineurin or NF-AT3 in the heart develop cardiac hypertrophy and heart failure 

that mimic human heart disease. Pharmacologic inhibition of calcineurin activity by 

cyclosporin A or FK506, blocks hypertrophy yz zko and m iztro (Taigen etcd 2001).

A similar system exists in skeletal muscle whereby calcineurin regulates muscle hypertrophy 

through the NF-AT and GATA transcription factors (Semsarian et al 1999). Treating cells 

with insulin-like growth factor 1 (IGF-1) or insulin and dexamethasone, results in 

hypertrophy of differentiated myotubes and a switch to glycolytic metabolism through the 

activation of the Câ  V calmodulin-dependent phosphatase calcineurin, which induces the 

nuclear translocation of NF-ATcl (Musaro et al 1999). Activation of PPARy by 

thiazolidinediones (IZDs) in T lymphocytes leads to the physical association of PPARy 

with NF-AT, blocking NF-AT DNA binding and transcriptional stimulation of the ILr2 

promoter (Yang et al 2000). It is therefore possible that a similar mechanism exists in 

skeletal and cardiac muscle, whereby the predominant PPAR in these tissues, PPARa, 

associates with NF-AT, blocking the induction of hypertrophy. The proposed model for 

involvement of PPARa in cardiac hypertrophy is shown in Figure 8.1.

241



(N
'4"
(N

Figure 8.1 Proposed model for involvement of PPARa in cardiac hypertrophy
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Familial hypertrophie cardiomyopathy (FHQ is an inherited autosomal-dominant trait 

of variable penetrance characterised by LVH. Mutations that have been identified as 

being responsible for FHC affect the function of sarcomeric structural proteins 

(Bachinski and Roberts 1996). These genes include the P-myosin heavy chain (p-MHQ, 

which accounts for approximately 30% of cases; troponin T and troponin I, a- 

tropomyosin and myosin binding protein C  A wide variation in clinical symptoms is 

associated with this disease, including age of onset of symptoms and prognosis 

depending on genotype. The angiotensin-I converting enzyme (ACE) gene is a modifier 

of the phenotypic expression of hypertrophy in patients with hypertrophic 

cardiomyopathy (HCM), although the molecular mechanisms through which ACE 

genotype determines the magnitude of LVH are uncertain (Lechin et al 1995). 

Homozygosity for the ACE allele D increases the risk of developir^ extensive 

hypertrophy in HCM patients from families with a high mcidence of sudden cardiac 

death. In a recent abstract from the American Heart Association meeting, PPARa 

activators were shown to suppress an increase in cell size in primary cardiac myocytes 

from neonatal rats in a dose-dependent manner. They were also shown to inhibit the 

expression of the P-MHC gene in an iw ûtro model system of cardiac muscle cell 

hypertrophy. P-MHC uses p300 as a transcription factor and PPARa has also been 

shown to use p300/CBP as a transcriptional cofactor (Dowell et al 1997). Therefore, 

competition for p300 was suggested as a reason for the observed inhibition of p-MHC 

leading to the possibility that PPARa genotype, like ACE, may act as another modifier 

of FHC phenotype.

CD36/FAT (fatty acid translocase) is believed to be involved in the myocardial uptake 

of long chain fatty acids (LCFA). A high prevalence of CD36 deficiency exists in
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Japanese HCM patients (Nakata etal 1999, Kusaka 1999) and therefore it maybe a 

good candidate for HCM either as a causative or a modifier gene. LCFA are ligands for 

PPARa and when rat myocytes are incubated with either fatty acids or the PPARa- 

specific ligand Wy 14,643, CD36 mRNA levels are increased (van der Lee e td  2001).

In chapter 7 it was shown that the intron 7 G >C polymorphism may affect PPARa 

mRNA levels in ùuo as demonstrated by quantitative PCR of PPARa mRNA from 

human monocytes. This would further suggest that the polymorphism is in allelic 

association with a variant in the promoter, which affects transcription of the PPARa 

gene. However as the difference did not reach statistical significance, most likely due to 

the low sample number and high degree of inters individual variation in PPARa mRNA 

levels in human monocytes, further study is required, perhaps using a more accurate 

method of measuring mRNA levels such as the Roche LightCycler Ffybridisation probe 

method and using monocyte-derived macrophages Wiich express higher levels of 

PPARa mRNA, rather than monocytes.

To summarize, common genetic variation present in the PPARa gene was determined 

and was associated with plasma lipid and fibrinogen concentrations in healthy, diabetic 

and diseased populations. PPARa variation did not show any major association with 

the response to fibrate treatment, though a modest association was observed in the 

change in both fibrinogen and LDL-C levels in response to treatment. PPARa was 

shown to influence risk of CAD, though not via plasma lipids. It may be a regulator of 

cardiac growth in response to exercise and hypertension stimuli as demonstrated by the 

significant associations of genetic variation in the gene with left ventricular growth, 

which suggests for the first time, that a common pathway plays a role in LVH and
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CHD. The association of the intron 7 G >C polymorphism is possibly through altered 

transcriptional levels of PPARa, suggesting that overexpression of the PPARA gene 

would be beneficial

The work presented in this thesis opens up several new and interesting avenues for 

research. In particular an investigation of the regulation of PPARa gene expression and 

the effects of over expressed PPARa should prove interesting. Genetic regulation and 

variation of PPARa has been little studied to date and the novel hypertrophic effect 

presented here highlights a potentially important role for this gene in cardiac 

physiology.
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