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ABSTRACT 

 

The metabolic syndrome is characterized by cardiovascular risk factors including 

dyslipidemia, insulin resistance, visceral obesity, hypertension and diabetes. The 

dyslipidemia of the metabolic syndrome includes elevated plasma triglyceride and 

apolipoprotein (apo) B levels, accumulation of small, dense low-density lipoprotein 

(LDL) particles and low high-density lipoprotein (HDL) cholesterol concentration. 

However, the precise mechanisms for this dyslipoproteinemia, specifically low plasma 

HDL cholesterol, are not well understood. This thesis therefore, focuses on HDL, its 

structure, function and metabolism. However, lipoprotein metabolism is a complex 

interconnected system, which includes forward and reverse cholesterol transport 

pathways. Hence, this thesis also examines and discusses the metabolism of apoB-

containing lipoproteins.  

 

This thesis tests the general hypothesis that apolipoprotein kinetics are altered in the 

metabolic syndrome, and that lipid regulating therapies can improve these kinetic 

abnormalities. The aims were first, to compare and establish the clinical, metabolic and 

kinetic differences between metabolic syndrome and lean subjects; and second, to 

determine the regulatory effects of statin therapy, specifically, rosuvastatin on 

lipoprotein transport in the metabolic syndrome. Five observation statements were 

derived from the general hypothesis and examined in the studies described below. The 

findings are presented separately as a series of original publications.  

 

Study 1 Twelve men with the metabolic syndrome and ten lean men were studied in a 

case-control setting. The kinetics apoB-100 and HDL apoA-I and apoA-II were 

measured using D3-leucine, gas chromatography-mass spectrometry and 

multicompartmental modeling. The kinetics of HDL subpopulations LpA-I and LpA-

I:A-II were also examined using a new compartment model. Compared with lean men, 

men with the metabolic syndrome had higher concentrations of very-low-density 

lipoprotein (VLDL), intermediate-density lipoprotein (IDL) and LDL-apoB (+78%, 

+57% and +59%, respectively, p<0.001). VLDL and LDL-apoB fractional catabolic 

rates (FCR; -38%, p = 0.033; -25%, p = 0.045, respectively) were significantly lower 

and production rates (PR; +57%, p = 0.001; +32%, p = 0.019, respectively) significantly 

higher in men with the metabolic syndrome. The metabolic syndrome men also had 

significantly lower concentrations of apoA-I, LpA-I:A-II and apoA-II (-17%, -32% and 
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-17%, respectively, p<0.05). These were associated with higher FCR of apoA-I, LpA-

I:A-II and apoA-II (+44%, +33% and +33%, respectively, p<0.001). There was a 

compensatory increase in apoA-I PR (+23%), although this was not sufficient to 

maintain plasma apoA-I concentration. The concentration of LpA-I was not 

significantly different between groups; although the FCR of LpA-I was significantly 

increased, (+52%, p<0.001), LpA-I PR (+55%, p<0.001) was also increased.  

 

Study 2 examined HDL apoA-I kinetics in a larger population of obese and lean 

normolipidemic subjects. Compared with lean subjects, obese subjects had low HDL 

cholesterol, significantly higher HDL apoA-I fractional catabolic rate coupled with a 

significantly higher HDL apoA-I production rate. Despite this, HDL apoA-I 

concentrations were significantly lower in obese subjects, consistent with observations 

in Study 1.  

 

Study 3 examined mechanisms that may influence HDL metabolism, specifically the 

role of phospholipid transfer protein (PLTP) in regulating HDL transport. The data 

supported that PLTP activity is a significant, independent determinant of LpA-I kinetics 

in men, and therefore, may contribute to the maintenance of the plasma concentration of 

these lipoprotein particles in settings of HDL hypercatabolism, including the metabolic 

syndrome.  

 

Study 4 investigated the dose-dependent effects of rosuvastatin on the kinetics of 

VLDL, IDL and LDL-apoB. This was a randomized, double-blind, crossover trial of 

five-week treatment periods with placebo or rosuvastatin (10mg/day or 40mg/day), with 

two-week placebo wash-outs between treatments, in twelve men with the metabolic 

syndrome. Rosuvastatin decreased the concentration of all apoB-containing lipoproteins 

by a dose-dependent mechanism that increased their rates of catabolism. Higher dose 

rosuvastatin may also decrease LDL-apoB production rate. The findings afford a 

mechanistic explanation for the lipid and lipoprotein changes observed with rosuvastatin 

treatment.  

 

Study 5 examined the dose-dependent effects of rosuvastatin on HDL metabolism in the 

same twelve men included in Study 4. Compared with placebo, there was a significant 

dose-dependent increase in HDL cholesterol, HDL particle size and LpA-I 

concentration. The increase in LpA-I concentration was associated with significant 
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dose-dependent reductions in LpA-I FCR, with no changes in LpA-I PR. These findings 

explain the HDL raising effects of rosuvastatin in the metabolic syndrome. 

 

Collectively, these studies suggest that the dyslipidemia of the metabolic syndrome 

results from increased production rates of VLDL and LDL particles, reduced fractional 

catabolic rates of these lipoproteins, together with accelerated catabolism of HDL 

particles. Treatment with rosuvastatin increases the catabolic rates of all apoB-

containing lipoproteins and at a higher dose, decreases LDL apoB production. These 

effects are consistent with inhibition of cholesterol synthesis leading to an upregulation 

of LDL receptors. Rosuvastatin decreases the fractional catabolism of HDL particles. 

The effects of rosuvastatin on HDL kinetics may be related to a reduction in triglyceride 

concentration and cholesterol ester transfer protein activity. These findings are 

consistent with the general hypothesis that apolipoprotein kinetics are altered in the 

metabolic syndrome, and that statin therapy improves these kinetic abnormalities.  
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1.1 OVERVIEW OF THE METABOLIC SYNDROME 

 

1.1.1 Definition of the metabolic syndrome 

 

The metabolic syndrome is characterized by a constellation of abnormalities that 

includes glucose intolerance, insulin resistance, obesity, dyslipidemia, and hypertension. 

These pathologies contribute to an increased risk of cardiovascular disease (CVD) and 

type 2 diabetes. The clustering of metabolic abnormalities was first recognized in the 

early 1920s by the Swedish physician Eskil Kylin. He defined this multifactorial disease 

to include hypertension, hyperuricemia and hyperglycemia (Kylin 1923). A quarter 

century later, Jean Vague, a professor at the University de Marseille established an 

association between abdominal obesity with the risk of diabetes and CVD (Vague 

1947). In the 1960s, Pietro Avogaro and Gaetano Crepaldi described the metabolic 

syndrome as being accompanied by hyperlipidemia due to increased triglycerides (TG), 

obesity, diabetes, hypertension, and a high risk of coronary artery disease (CAD) 

(Avogaro et al 1965). 1n 1988, Gerald Reaven characterized the lipoprotein 

abnormalities associated with the metabolic syndrome, and proposed the new term 

“syndrome X”. This was followed by terms including “deadly quartet” (Kaplan 1989) 

and “insulin resistance syndrome” (Ferrannini et al 1991). In 1998, the World Health 

Organization (WHO) coined the term “metabolic syndrome”, which is the most widely 

used description for this metabolic disorder.  

 

The WHO definition of the metabolic syndrome includes insulin resistance, defined by 

glucose intolerance, impaired fasting glucose or type 2 diabetes accompanied by at least 

two of the following; hypertension, elevated TG, decreased high-density lipoprotein 

(HDL) cholesterol, high body mass index (BMI) or microalbuminuria. The United 

States National Cholesterol Education Program’s Adult Treatment Panel III (NCEP 

ATP III) proposed a slightly different criteria that includes three out of five of the 

following risk factors; abdominal obesity, elevated TG, decreased HDL cholesterol, 

hypertension and elevated glucose (NCEP ATP III 2002) to define the metabolic 

syndrome. The International Diabetes Federation (IDF) has since modified the NCEP 

ATP III criteria to include central obesity as the major feature and fulfillment of two of 

the other four factors. It also recommends an oral glucose tolerance test when the upper 
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limit of glucose concentration is exceeded and the waist circumference criterion comes 

with cutpoints appropriate for different ethnic groups (Table 1.1). 

 

1.1.2 Prevalence of the metabolic syndrome 

 

Comparisons between published data on the prevalence of the metabolic syndrome are 

confounded by the use of different definitions. Furthermore, the prevalence of the 

metabolic syndrome differs according to age, sex and ethnicity. For example, the 

prevalence of the metabolic syndrome is less than 10% for men and women in the 20 – 

29 years age group, rising to 38% and 67% in the 60 – 69 years age group, respectively 

(Azizi et al 2003). In addition, the National Heath and Nutrition Examination Survey 

(NHANES III) reported that the prevalence of the metabolic syndrome increased from 

7% in participants aged 20 – 29 years to 44% and 42% in the 60 – 60 years and 70 years 

and over groups, respectively (Ford et al 2002).  

 

Large epidemiological surveys have shown that the metabolic syndrome is common. 

The NHANES III 1999 – 2002 estimated the age-adjusted prevalence of the metabolic 

syndrome in the United States, aged 20 years and over to be between 34.6% (NCEP 

ATP III) and 39.1% (IDF) (Ford 2005a).  In the Australian population, data from the 

AusDiab study between 1999 and 2000 demonstrated that the adjusted estimated 

metabolic syndrome prevalence to be between 23.9% (NCEP ATP III) and 26.0% 

(WHO) (Adams 2005).  
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Table 1.1 Clinical definitions of the metabolic syndrome 

 

 

World Health 
Organization (WHO) 
 

National Cholesterol 
Education Program 
(NCEP) (Adult 
Treatment Panel III)  
 

International 
Diabetes Federation 
(IDF) 
 

Criteria 
required 

Hyperglycemia/insulin 
resistance plus two or 
more of four other 
criteria 
 

Three or more of five 
criteria 

Central obesity plus 
two or more of four 
other criteria 

Central 
obesity 

Waist/hip ratio 
> 0.90 (men), 
> 0.85 (women)  
and/or  
body mass index 
> 30 kg/m2 

Waist circumference: 
Caucasian:  
≥ 102 cm (men), 
≥ 88 cm (women) 
Asian:  
≥ 90 cm (men),  
≥ 80 cm (women) 
 
Consider lower cut-offs 
(≥ 94 cm [men], ≥ 80 cm 
[women]) for some non-
Asian adults with strong 
genetic predisposition to 
insulin resistance 

Waist circumference 
(ethnic-specific): 
Europid, Sub-
Saharan African, 
Eastern 
Mediterranean and 
Middle Eastern 
(Arab):  
≥ 94 cm (men),  
≥ 80 cm (women) 
South Asian, 
Chinese, 
South/Central 
American: 
≥ 90 cm (men),  
≥ 80 cm (women) 
Japanese:  
≥ 85 cm (men),  
≥ 90 cm (women) 
 

Hyperglycemia Insulin resistance: 
diabetes, impaired 
fasting glucose, 
impaired glucose 
tolerance or 
hyperinsulinemic 
euglycemic clamp 
glucose uptake in 
lowest 25% of the 
population 
 

Fasting plasma glucose 
level ≥ 5.6 mmol/L or 
current drug treatment 
for elevated glucose 
level 

Fasting plasma 
glucose level ≥ 
5.6 mmol/L or 
previous diagnosis of 
type 2 diabetes 
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Triglyceride levels 
≥ 1.7 mmol/L or current 
drug treatment for 
hypertriglyceridemia 

Triglyceride levels 
≥ 1.7 mmol/L or 
current drug 
treatment for 
hypertriglyceridemia 
 

 

Dyslipidemia† Triglyceride levels 
≥ 1.7 mmol/L 
and/or  
HDL-cholesterol level 
< 0.9 mmol/L (men), 
< 1.0 mmol/L (women)

HDL-cholesterol level 
< 1.0 mmol/L (men), 
< 1.3 mmol/L (women) 
or current drug treatment 
for low HDL-cholesterol 
level 

HDL-cholesterol 
level < 1.0 mmol/L 
(men), < 1.3 mmol/L 
(women) or current 
drug treatment for 
low HDL-cholesterol 
level 
 

Elevated blood 
pressure 

Blood pressure 
≥ 140/90 mmHg 

Blood pressure 
≥ 130/85 mmHg,  
or current drug therapy 
for known hypertension 

Blood pressure 
≥ 130/85 mmHg, 
or current drug 
therapy for known 
hypertension 
 

Other Microalbuminuria: 
urinary albumin 
excretion rate 
> 20 μg/min or 
Urinary 
albumin/creatinine 
ratio > 3.5 mg/mmol 

  

 
• † Elevated triglycerides and low HDL cholesterol are considered separate criteria 

in the NCEP and IDF definitions. 
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1.1.3 Components of the metabolic syndrome 

 

The pathogenesis of the metabolic syndrome is still unclear, although it is evidently 

multifactorial and influenced by environmental, genetic and epigenetic causes 

(Magliano et al 2006). The following section discusses the various components of the 

metabolic syndrome. 

 

1.1.3.1 Insulin resistance 

 

Insulin resistance underpins the spectrum of abnormalities of the metabolic syndrome. It 

is classically defined as impaired insulin mediated glucose uptake by hepatic and 

peripheral tissues (DeFronzo et al 1983). In the early stage of insulin resistance, a 

compensatory increase in insulin concentration is observed. As a consequence, 

hyperinsulinemia may result in overexpression of insulin action in tissues with normal 

or minimally impaired insulin sensitivity. In the insulin resistant state, glucose tolerance 

is impaired by several mechanisms including resistance to peripheral glucose uptake 

and utilization, impaired hepatic glycogen synthesis, and increased hepatic 

gluconeogenesis (Lewis et al 1997). Persistent stimulation of insulin secretion leads to 

pancreatic β-cell failure and eventually the development of type 2 diabetes (Reaven 

1988). Thus, the accentuation of some insulin actions and resistance to others, give rise 

to the diverse clinical manifestations of the insulin resistance syndrome (McFarlane et al 

2001).    

 

A major contributor to the development of insulin resistance is free fatty acid (FFA). 

FFA are derived from adipose tissue TG stores released via the action of the cyclic 

adenosine monophosphate (cAMP) dependent enzyme hormone sensitive lipase (HSL), 

and the lipolysis of TG-rich lipoproteins in tissues through the action of lipoprotein 

lipase (LPL). Insulin stimulates postprandial uptake of FFA, inhibits HSL and 

upregulates LPL. In insulin resistant states, there is an increase in FFA release from 

adipose tissue concomitant with a decrease in FFA uptake by muscle tissues (Arner 

2002). The vicious cycle may result in attenuated insulin signaling in these tissues, 

increased FFA flux to the liver and exacerbation of insulin resistance (Dresner et al 

1999, Shulman 1999). In addition, insulin controls the hepatic sterol regulatory element 

binding protein (SREBP) expression, the key transcription factor in fatty acid regulation 
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and cholesterol biosynthesis. Chronic hyperinsulinemia may increase hepatic secretion 

of SREBP-1c and hepatic lipogenic enzymes, leading to increased lipogenesis and 

particle secretion of VLDL.  

  

1.1.3.2 Obesity and insulin resistance 

 

Obesity is a key component of the metabolic syndrome (Kahn and Flier 2000) and a 

powerful risk factor for CVD and type 2 diabetes. It is a preventable condition with 

multifactorial etiology, and defined as an accumulation of excess fat tissues from an 

imbalance in energy intake and expenditure (WHO Expert Committee 2000). Several 

methods can be applied to measure obesity including body mass index (BMI), waist 

circumference, waist-to-hip ratio, underwater-weighing, bioelectrical impedance, dual 

energy e-ray absorptiometry, and magnetic resonance imaging (MRI). The prevalence 

of obesity (BMI >30kg/m2) is increasing in both developed and developing nations. In 

the United States, the prevalence of obesity is 50.5% (Flegal et al 2002) while in 

Australia, the prevalence for men and women is 27% and 39%, respectively (Cameron 

et al 2003).  

 

Obesity is strongly associated with insulin resistance, with studies reporting a positive 

correlation between body fat mass and fasting or postprandial insulin concentration. 

Furthermore, in most obese individuals, whole body insulin sensitivity is reduced 

(Tappy et al 1991, Woo et al 2003). In particular, visceral obesity is highly associated 

with insulin resistance (Despres and Lemieux 2006). Visceral fat accumulation, 

increased expression of adrenergic receptors, increased catecholamine-mediated 

lipolysis, and reduced insulin mediated antilypolysis contribute ultimately to increased 

release of FFA. Visceral adipose tissues deliver FFA to the liver via the portal vein, 

thereby inducing hepatic insulin resistance (Wajchenberg 2000, McGarry 2002).  

 

Adipose tissues also secrete a diverse array of bioactive molecules known as 

adipokines, including tumor necrosis factor α (TNF-α), interleukin-6 (IL-6), visfatin, 

leptin, adiponectin, and resistin. These adipokines through autocrine, paracrine, or 

endocrine mechanisms, regulate energy metabolism in adipose tissue, and may play 

important roles in the development of the metabolic syndrome (Ruan & Lodish 2004).  
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1.1.3.3 Dyslipidemia and insulin resistance 

 

Atherogenic dyslipidemia is a cardinal feature of the metabolic syndrome and 

characterized by increased fasting plasma TG, reduced HDL cholesterol (in particular 

HDL2 cholesterol), elevated apolipoprotein (apo) B levels and the predominance of 

small, dense low-density lipoprotein (LDL) particles. Plasma LDL cholesterol is usually 

raised. These abnormalities are frequently associated with insulin resistance (Ginsberg 

2000).  

 

In insulin resistant states, there is increased release of FFA from peripheral fat tissue 

that subsequently stimulates hepatic synthesis of VLDL particles. Insulin resistance also 

decreases sensitivity to the inhibitory effects of insulin on apoB synthesis, the main 

structural protein of VLDL. The availability of lipid substrates within the endoplasmic 

reticulum (ER) lumen further stabilizes newly synthesized apoB that are normally 

degraded by proteasomal and non-proteasomal pathways in a lipid poor state 

(Sniderman and Cianflone 1993, Yao et al 1997). These, together with the upregulation 

of microsomal triglyceride protein (MTP) and SREBP-1c expression contribute to an 

enhanced VLDL-TG pool. In the presence an expanded VLDL-TG pool, plasma HDL 

cholesterol concentration is decreased, as a result of increased neutral lipid exchange of 

cholesterol esters for TG with VLDL, a process facilitated by cholesteryl ester transfer 

protein (CETP) (Barter et al 2003a). The consequences of cholesterol ester depletion 

and TG enrichment are increased hydrolysis of HDL particles through hepatic lipase 

(HL) activity resulting in dissociation of apoA-I from HDL and hypercatabolism of 

apoA-I by the kidney, and an increased proportion of small, dense HDL particles 

(Barter et al 2003a). By a similar mechanism, LDL particles become TG-enriched and 

are subject to further lipolysis by HL to form small, dense LDL particles (Baynes et al 

1991). Hence, the dyslipidemia associated with insulin resistance is highly atherogenic 

and can contribute to increased CVD risk in subjects with metabolic syndrome (Grundy 

2006, Ninomiya et al 2004).  

 

1.1.3.4 Hypertension and insulin resistance 

 

Hypertension occurs in a third of those with metabolic syndrome and present in those 

with evidence of insulin resistance (Ferranini et al 1987, Natali et al 1997). Insulin 
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resistance itself has been directly linked with hypertension (Ferranini et al 1987). The 

possible mechanisms include impaired response to insulin-mediated vasodilation 

(Steinberg et al 1994); impaired endothelial nitric oxide production (Montagnani et al 

2002); increased sympathetic nervous system activity (Anderson et al 1991); sodium 

retention (Natali et al 1993, Hall 1997); enhanced growth factor production and 

activation, leading to proliferation of smooth muscle cells in the vessel wall, and 

increased rates of intimal expansion (Trovati and Anfossi 2002); and more recently, 

activation of the endothelin system (Sarafidis and Bakris 2006) and elevated 

nonesterified free fatty acid (NEFA) concentration (Sarafidis and Bakris 2007). 

 

1.1.3.5 Inflammation, pro-thrombosis and insulin resistance 

 

Inflammation is an important feature of the metabolic syndrome. Evidence suggests that 

insulin resistance is associated with chronic subclinical inflammation such as increased 

C-reactive protein (CRP) concentration (Haffner 2006). Prospective studies showed that 

CRP is also associated with increased risk of developing CVD and type 2 diabetes 

(Ridker et al 2003, Santos et al 2005, Soinio et al 2006). Other studies further 

demonstrated that elevated CRP is an independent predictor of atherosclerosis and that 

other markers of the metabolic syndrome are significant determinants of CRP levels in 

this population (Blackburn et al 2001, Linnemann et al 2006). Hence, it was suggested 

that CRP should be included in future definitions of the metabolic syndrome, with a 

CRP cutoff of 3 mg/L, a value thought to provide further prognostic information (Sattar 

et al 2003).  

 

A prothrombotic state is also frequently associated with the metabolic syndrome. 

Plasminogen-activator inhibitor 1 (PAI-1) is synthesized in the liver and in adipose 

tissues, and regulates thrombus formation by inhibiting the activity of tissue-type 

plasminogen activator, an anticlotting factor. Hyperinsulinemia increases PAI-1 and 

impairs fibrinolysis in normal human subjects, leading to increased risk of abnormal 

coagulation and thrombosis (Calles-Escandon et al 1998). Insulin resistance is also 

associated with increased platelet aggregation that may in part explain an altered 

intracellular environment with elevated cytosolic Ca2+, enhanced thromboxane A2 

synthesis, an increased number and/or function of complexes on platelet membranes, 
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and oxidative stress (Anfossi and Trovati 2006). These aberrations predispose to 

atherogenesis and increase CVD risk in the metabolic syndrome. 

 

Figure 1.1 Insulin resistance, the metabolic syndrome, and cardiovascular disease 

risk.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Adapted from Avramoglu et al 2006 

 

1.1.4 Significance of the metabolic syndrome 

 

1.1.4.1 Association between the metabolic syndrome and CVD 

 

The metabolic syndrome raises CVD risk at any given LDL cholesterol level. The 

NCEP ATP III recognizes the metabolic syndrome as a secondary target, after LDL 

cholesterol, for risk-reduction therapy for CVD. Several key studies have examined the 

incidences of atherosclerosis and CVD in subjects with or without the metabolic 

syndrome.  

 44 



In the Kuopio Ischemic Heart Disease Risk Factor Study in Finland, (11 year follow up, 

1209 Finnish men), middle-aged men with the metabolic syndrome as defined by the 

WHO and NCEP had increased cardiovascular and overall mortality; this was 

independent of the presence of CVD and diabetes at baseline, and also after adjustment 

for conventional cardiovascular risk factors including smoking, alcohol consumption, 

and serum LDL cholesterol levels (Lakka et al 2002). A larger study involving 4,483 

subjects aged 35-70 years (the Botnia Study), showed that the risk for CVD and stroke 

was increased three-fold and cardiovascular mortality six-fold in subjects with 

metabolic syndrome (Isomaa et al 2001). Italian Bruneck Study, a prospective 

population-based survey examining subjects aged 40-79 years, demonstrated that 

subjects with the metabolic syndrome, as defined using WHO and NCEP criteria had 

increased incidence of CHD during the five-year follow-up study (Bonora et al 2003). 

The West of Scotland Coronary Prevention Study (WOSCOPS) reported that men with 

four or five features of the metabolic syndrome had a 3.7-fold increase risk of CVD 

(Sattar et al 2003). In the Turkish Adult Risk Factor Study (2398 men and women, 

follow up three years), the metabolic syndrome was the major determinant of CVD 

events, with the relative risk increased by approximately 70% (Onat et al 2002). In a 

large multi-ethnic population study in Canada, individuals with metabolic syndrome had 

a greater prevalence of CVD compared with those without (Anand et al 2003).  

 

The DECODE Study examined the metabolic syndrome and its association with all-

cause and cardiovascular mortality in nondiabetic European men and women. The study 

was based on 11 prospective European cohort studies comprising 6156 men and 5356 

women without diabetes, aged 30-89 years, with a median follow up of 8.8 years. The 

overall hazard ratios for all-cause and cardiovascular mortality in subjects with the 

metabolic syndrome, compared with those without, were 1.44 (95% confidence interval 

[CI], 1.17-1.84) and 2.26 (95% CI, 1.61-3.17) in men and 1.38 (95% CI, 1.02-1.87) and 

2.78 (95% CI, 1.57-4.94) in women after adjustment for age, blood cholesterol levels, 

and smoking. Nondiabetic subjects with the metabolic syndrome have an increased risk 

of death from all causes and CVD (Hu et al 2004). The Atherosclerosis Risk in 

Communities Study (ARIC) in the United States (14,502 black and white middle-age 

subjects) showed that CHD prevalence was 7.4% among those with the metabolic 

syndrome (NCEP) compared with 3.6% in control subjects. After adjustment for 

established risk factors, subjects who had the metabolic syndrome were two times more 

likely to have CHD than were those who did not (McNeill 2004). 
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Other studies that have examined the incidence of atherosclerosis and CVD in subjects 

with the metabolic syndrome include the Women’s Health Study (WHS), the 4S Study, 

the San Antonio Heart Study, the Air Force/Texas Coronary Atherosclerosis Prevention 

Study (AFCAPS/TexCAPS) and the Framingham Offspring Study. As the studies 

discussed previously, these studies confirmed that the metabolic syndrome increased 

CVD risk and identified of a larger number of subjects at high risk of atherosclerosis 

and cardiovascular events independent of cholesterol levels.  

 

1.1.4.2 Association between the metabolic syndrome and diabetes 

 

Several concurrent features of metabolic syndrome, including insulin resistance, are 

observed in subjects with impaired glucose tolerance, impaired fasting glucose and type 

2 diabetes (Haffner et al 2000). In the metabolic syndrome, insulin resistance leads to a 

compensatory increase in insulin secretion; in those with inadequate pancreatic β-cell 

insulin response, insulin resistance results in glucose intolerance and subsequently, the 

development of type 2 diabetes (Kendall et al 2002). The associations between the 

metabolic syndrome and diabetes are well established. In a population based cohort 

study, middle-aged Finnish men with the metabolic syndrome, as defined by NCEP and 

WHO have five to nine-fold (odds ratios = 5.0-8.8) increased likelihood of developing 

diabetes (Laaksonen et al 2002). A summary analysis further reported that the metabolic 

syndrome increased the risk of diabetes by 30-52%, which is higher than that for all-

cause mortality (6-7%) and CVD (12-17%) (Ford 2005b).  

 

1.1.5 Prevention and management of the metabolic syndrome 

 

First-line therapies for all lipid and non-lipid risk factors associated with the metabolic 

syndrome are therapeutic lifestyle interventions, including weight reduction, increased 

physical activity and dietary modification. Pharmacotherapies to improve insulin 

sensitivity, dyslipidemia and hypertension are effective second-line strategies. 
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1.1.5.1 Therapeutic lifestyle intervention  

 

Therapeutic lifestyle interventions play important roles in managing excess body 

weight, insulin resistance, dyslipidemia, hypertension and hyperglycemia seen in the 

metabolic syndrome. Two studies reported that weight reduction in obese subjects, with 

or without diabetes, is associated with reduced incidence of CVD; in those with IGT, it 

is associated with decreased progression to type 2 diabetes mellitus (Tuomilehto et al 

2001, Knowler et al 2002). Dietary modification, in particular, restricted carbohydrate 

intake may lower blood glucose and TG levels, and increase insulin sensitivity (Volek 

and Feinman 2005). Fish consumption, a rich source of n-3 fatty acids, was shown to 

effectively raise HDL cholesterol and reduce TG in overweight hypertensive individuals 

(Mori et al 2000). Additionally, moderate alcohol intake was associated with increased 

HDL cholesterol and reduced CVD risk (Pearson 1996). Available evidence suggests 

that increased physical activity is associated with decreased plasma TG, increased HDL 

cholesterol levels, increased insulin sensitivity and decreased blood pressure (Carroll 

and Dudfield 2004). These lifestyle modifications need to be promoted as first-line 

therapies to subjects with the metabolic syndrome. More effort to integrate educational 

and lifestyle interventions into the regular care of subjects with the metabolic syndrome 

is essential. Success with such interventions will limit the need for pharmacotherapy, 

and may provide added benefits if drug therapies are employed.  

 

1.1.5.2 Pharmacotherapy 

 

Pharmacological management currently treats individual components of the metabolic 

syndrome including abnormal glucose tolerance, dyslipidemia, hypertension and 

thrombosis (Table 1.2). In those with established diabetes or CVD, intensive glycemic 

control is associated with reduced risk of microvascular disease, and to a lesser extent, 

macrovascular complications (Jenkins et al 2004). Given that insulin resistance is an 

etiologic factor, insulin sensitizers such as thiazolidinediones (TZD) and metformin 

may be important treatment options (Colca 2006, Bhatia and Viswanathan 2006). These 

interventions were associated with greater than 50% reduced risk of diabetes 

(Tuomilehto et al 2001, Buchanan et al 2002) and hence, have significant potential to 

limit CVD risk in the metabolic syndrome. Furthermore, metformin was shown to 
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prevent vascular complications in those with type 2 diabetes (UK prospective Diabetes 

Study, UKPDS, 1998). 

 

Although there are no guidelines on the appropriate LDL cholesterol treatment target in 

the metabolic syndrome, it is likely that the presence of additional traditional risk 

factors (family history or smoking) or newer risk factors (elevated CRP levels), may 

represent a CVD risk equivalent. Hence, the target of LDL cholesterol < 2.6 mmol/L 

should be recommended and statin therapy is a appropriate choice (NCEP 2001). To 

treat the atherogenic dyslipidemia (high TG, low HDL cholesterol), a fibrate or niacin 

may be an suitable option. Combination therapy with statin-fibrate, statin-niacin, statin-

ezetimibe or ezetimibe-fibrate may further optimize the lipid profile of subjects with the 

metabolic syndrome. In addition, a combination of fibrates with either metformin or 

TZD may be beneficial as it would simultaneously address both insulin resistance and 

dyslipidemia. Combined α and γ peroxisome proliferator-activated receptor (PPAR) 

agonists that can simultaneously improve insulin resistance, glucose intolerance, 

elevated TG and low HDL cholesterol levels, are also potential options (Pourcet et al 

2006).  

 

As inflammation and pro-thrombosis are major components of the metabolic syndrome, 

anti-inflammatory and anti-thrombotic treatments would be beneficial. In particular, 

aspirin has anti-inflammatory properties and an established role in preventing 

atherothrombotic complications of CHD (Fuster et al 1993, Patrono et al 2005). Low-

dose aspirin administration for the prevention of ischemic events in CHD subjects is 

now considered routine practice (Chapman 2006). Combination therapy with statin and 

aspirin may be an effective and cost efficient secondary preventative measure to avoid 

large numbers of premature deaths and cardiovascular events (Chapman 2006). 

 

Angiotensin Converting Enzyme Inhibitors (ACEI) therapy may also be considered for 

metabolic syndrome subjects with hypertension. Both β–blockers and angiotensin-2 

receptor blockers can be considered appropriate alternatives to ACEI therapy in high-

risk patients (Komers and Komersova 2000). In addition, insulin sensitizers are also 

beneficial for the management of hypertension observed in the metabolic syndrome 

(Kurtz 2006). 
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Table 1.2 Therapeutic interventions in the metabolic syndrome 

 
Lifestyle interventions Weight loss 

 Physical exercise 

 Diet modifications in macro- and micro-nutrients 

Insulin sensitisers Glitazones/ Thiazolidionediones 

 Metformines 

Lipid modifiers Statins 

 Fibrates 

Niacin 

Ezetimibe 

Anti-platelet/anti-inflammatory Aspirin 

Anti-hypertensive Angiotensin converting enzyme inhibitors 

 Angiotensin receptor antagonists 

Anti-obesity Sibutramine 

Orlistat 

Rimonabant 
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1.2 LIPOPROTEIN METABOLISM 

 

Dyslipidemia is an important feature of the metabolic syndrome. A better understanding 

of lipoprotein metabolism may provide insight into the underlying mechanisms that 

impact the development of the metabolic syndrome, and hence, improve management of 

the syndrome.  

 

1.2.1 Definition and Classification of Lipids 

 

Lipids refer to a heterogeneous group of compounds that have ready solubility in 

organic solvents and low solubility in water. Chemically, lipids are noted to be 

compounds that yield fatty acids on hydrolysis or complex alcohols that couple with 

fatty acids to form esters. The definition may include compounds related closely to fatty 

acid derivatives through biosynthetic pathways (e.g. prostanoids, aliphatic ethers or 

alcohols) or by their biochemical or functional properties (e.g. cholesterol). Complex 

lipids contain additional non-fatty acid groups, which include amino acids, sulphates, 

phosphoryl or sialic groups that increase lipid solubility in polar solvents.  

 

The major lipids found in human plasma are triglycerides, phospholipids, fatty acids, 

cholesterol, cholesterol esters and glycolipids. They have important physiological roles, 

which include energy production, substrate storage and body absorption of fat-soluble 

vitamins. Lipids are also major constituents of cells. Many structural components of the 

cell membrane are lipids such as phospholipids and cholesterol. In addition, lipids such 

as cholesterol are precursors to steroid hormones and bile acids. 

 

1.2.2 Lipoprotein Metabolism 

 

All lipids, with the exception of free fatty acids (FFA) are transported in plasma in the 

form of lipoproteins. Lipoproteins are complex macromolecules of lipid and protein. All 

lipoproteins consist of a non-polar lipid core, mainly triglyceride (TG) and cholesterol 

esters (CE), surrounded by a polar monolayer of phospholipids, heads of free 

cholesterol and apolipoproteins, with protruding hydroxide groups. Although they are 

structurally similar, lipoproteins differ in the content of their non-polar lipid core, the 
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proportion of the lipids within the core, and proteins found on their surface. 

Lipoproteins also differ in their metabolic pathway, which is determined in part by the 

apolipoproteins embedded in the surface monolayer. These apolipoproteins modulate 

the activation of lypolytic enzymes and serve as ligands in receptor-mediated processes 

(Kwiterovich 2000). Figure 1.2 illustrates a typical lipoprotein particle with a 

hydrophobic core surrounded by a hydrophilic outer shell. 

 

Lipoproteins are classified according to their density, electrophoretic mobility, particle 

size, buoyancy (floatation rate) and chemical composition. Of the various means of 

classification, electrophoretic mobility and density are the most widely used as the basis 

for identification and isolation of lipoproteins. The five major classes of lipoproteins 

according to increasing density isolated are: chylomicron (CM), very-low-density 

lipoprotein (VLDL), intermediate-density lipoprotein (IDL), low-density lipoprotein 

(LDL) and high-density lipoprotein (HDL). CM are noted to be the largest particles that 

contain the highest proportion of TG and lowest proportion of protein, while HDL are 

the smallest, have the lowest proportion of lipids and are the most protein dense 

lipoproteins. 

 

 

Figure 1.2 Typical Structure of a lipoprotein particle 
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1.2.3 The Lipoproteins 

 

1.2.3.1 Chylomicrons (CM) 

 
Chylomicrons (CM) are TG-rich lipoproteins, ranging between 100 to 1000nm with one 

molecule of apoB-48 per particle (Young et al 1990). Following intestinal absorption, 

dietary fat and cholesterol are esterified to form TG and CE within the enterocytes. 

These lipids are packaged together with apoB-48, phospholipids, free cholesterol, apoE 

and apoC to form nascent CM. CM enter the circulation via the thoracic lymph. TG in 

CM are hydrolyzed by lipoprotein lipase (LPL), and FFA are subsequently released for 

energy production and storage (Mahley et al 1984). As TG are removed, CM become 

smaller CM and are removed from the circulation by hepatic receptors including LDL 

receptors (LDLR) or the LDL receptor related protein (LRP). This cascade from dietary 

lipids to removal of the remnants is known as the exogenous pathway (Figure 1.11).  

 

Abnormalities in CM metabolism have been shown to be associated with increased risk 

of coronary disease in subjects with insulin resistance (Ginsberg and Illingworth 2001). 

Increased postprandial levels of TG and apoB-48, as well as abnormal retinyl palmitate 

dynamics (a measure of CM metabolism), were found to be associated with increased 

presence of CAD (Karpe et al 1994, Mero et al 2000). These abnormalities may be 

related to decreased hepatic receptor activity and/or decreased LPL activity (Mamo et al 

2001, Panarotto et al 2002). The insulin resistant state also results in increased levels of 

apoC-III, an inhibitor of LPL, and impaired apoE-mediated receptor uptake of CM and 

its remnants. Moreover, increased secretion of cytokines such as TNF-α and IL-6 

inhibit LPL activity, this, contributing further to postprandial chylomicronemia (Kern et 

al 1995, Yudkin et al 2000). Animal studies also support that the accumulation of CM 

remnants in the metabolic syndrome may be due to oversecretion of intestinally derived 

apoB-48 containing particles (Haidari et al 2002). 

 

1.2.3.2 Very-low-density lipoprotein (VLDL) 

 

Very-low density lipoprotein (VLDL) accounts for most of the TG in plasma and is an 

energy source for extrahepatic tissues. It is synthesized in the liver and structurally 

similar to CM. In the endogenous pathway, fatty acids that are returned to the liver from 
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CM metabolism are re-esterified to form TG. These TG are then packaged together with 

cholesterol, CE, phospholipids, apoB-100, apoC and apoE into nascent VLDL, which 

are then secreted into the bloodstream (Bjorkegren et al 1998). Depending upon the 

availability of TG, VLDL may differ in size and flotation rate. Compared with large 

VLDL (Sf 60 to 400), smaller VLDL particles (Sf 20 to 60) are enriched in CE, depleted 

in TG and have a low ratio of apoE and apoC to apoB. Large TG-rich VLDL are 

secreted in situations where excess TG are synthesized, such as obesity (Egusa et al 

1985). By contrast, small VLDL, and possibly IDL and LDL-like particles, are secreted 

when TG availability is reduced (Ginsberg et al 1985).  

 

The catabolism of VLDL is initiated upon interaction with LPL, primarily occurring in 

skeletal muscle and adipose tissue. As lipolysis progresses, TG are removed, VLDL 

become smaller and denser, and are subsequently converted to intermediate density 

lipoproteins (IDL). The loss of VLDL-TG results in the transfer of surface cholesterol, 

phospholipids and apolipoproteins to HDL (Tall & Small 1978). IDL can either be taken 

up by the liver through receptors such as LDLR or LRP, or hydrolyzed by hepatic lipase 

(HL) to yield LDL particles (Packard et al 1984). The majority of large, TG-rich VLDL 

are removed directly from plasma predominantly in the VLDL and IDL density range 

(Packard et al 1984) with a smaller proportion converted to smaller and denser LDL, via 

the actions of LPL and HL. By contrast, a majority of smaller VLDL are converted to 

larger and more buoyant LDL, a process mediated by LPL (Karpe et al 1993). The 

cascade from VLDL, secreted from the liver, through to IDL and LDL is known as the 

endogenous pathway (Figure 1.11). 

 

Numerous studies indicate that elevated plasma concentration of VLDL particles is 

associated with a substantial increase in cardiovascular risk (Chahil and Ginsberg 2006). 

Elevated plasma concentration of VLDL apoB is frequently associated with the 

metabolic syndrome. The mechanisms include an increase in VLDL apoB secretion 

and/or delay in its catabolism (Riches et al 1998, Chan et al 2002a, Batista et al 2004). 

An increased portal flux of fatty acids has been shown to stimulate hepatic secretion of 

apoB by increasing synthesis of CE and TG (Lewis 1997). In addition, oversecretion of 

VLDL apoB may also partially result from a diminished inhibitory effect of insulin on 

hepatic output of apoB in subjects with insulin resistance (Lewis and Steiner 1996). 

Furthermore, a blunting of LPL activity in insulin resistance, partially caused by 

increased adipokines (e.g. TNF-α and IL-6) and increased level of apoC-III, decreases 
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VLDL apoB catabolism (Chan et al 2002a). Genetic factors also determine the kinetics 

of VLDL apoB and TG metabolism. These include genetic polymorphisms in proteins 

involved in the regulation of lipid substrate availability and the processing of apoB in 

the liver. Chan et al reported that hepatic secretion of apoB was significantly associated 

with apoB signal peptide, apoE, CETP and MTP gene polymorphisms in subjects with 

the metabolic syndrome (Chan et al 2004). 

 

1.2.3.3 Intermediate-density lipoprotein (IDL) 

 

Intermediate-density lipoprotein (IDL) is formed from the delipidation of VLDL and 

acts as a transient intermediate to the formation of LDL. IDL is occasionally referred to 

as VLDL remnants as distinct from CM remnants. It is either cleared from circulation 

via uptake by the LDLR or undergoes further delipidation via the action of HL and loss 

of apoE to form LDL (Kwiterovich 2000). There have been relatively few structural 

studies on IDL. However, recently two major subspecies of IDL have been identified 

within the IDL density range (d 1.006 – 1.019g/ml).  

 

Elevated concentrations of IDL have been associated with increased atherogenic risk 

(Thompson 1998). Subjects with the metabolic syndrome have higher IDL apoB 

concentrations compared with lean subjects (Chan et al 2002a). A decrease in IDL apoB 

catabolism (as much as 30% lower) was observed in these subjects, and the abnormality 

may be due to a direct effect of insulin resistance on LDLR, LRP or heparan sulphate 

proteoglycans (HSPG), and/or to the indirect effect of competition with CM for hepatic 

clearance pathways (Mamo et al 2001). 

 

1.2.3.4 Low-density lipoprotein (LDL) 

 

Low-density lipoprotein (LDL) is the major cholesterol-carrying lipoprotein in plasma. 

Approximately 70% of plasma cholesterol are carried by LDL particles. Aside from 

carrying CE, free cholesterol, TG and phospholipids, LDL particles also incorporate 

lipid soluble antioxidants, such as tocopherol, carotene and ubiquinol-10. ApoB-100 is 

the major structural protein of LDL and each LDL particle contains a single molecule of 

apoB-100. LDL particles are also heterogeneous and can exist as three subclasses 

according to their densities: LDL-I (d 1.02-1.03 g/ml), LDL-II (d 1.03-1.04 g/ml) and 
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LDL-III (d 1.04-1.06 g/ml) (Brown & Goldstein 1986). LDL-I is a large and buoyant 

particle while LDL-III is a small, dense, CE-depleted particle.  

 

The LDL particle undergoes remodeling following its synthesis. The production of LDL 

is derived primarily from the catabolism of its precursor, namely VLDL and IDL. 

Kinetic studies in animals have demonstrated that LDL can be secreted directly from the 

liver, independent of VLDL or IDL (Goldberg et al 1983). Whether LDL particles are 

formed via the catabolism of their precursors, or by direct secretion from the liver, their 

residence in plasma are still linked to the apoB cascade. It is now evident that the core 

lipid composition of LDL can be altered by TG-rich apoB-containing lipoproteins via 

the action of CETP (Tall 1986, Tan et al 1999). Thus, in the presence of high 

concentrations of TG-rich apoB-containing lipoproteins, LDL-CE is exchanged with 

VLDL- (or CM) TG. The TG-enriched LDL then interacts with HL, resulting in TG 

hydrolysis, and generation of small dense LDL particles (Carr et al 2002). Nearly two-

thirds of LDL particles are cleared via the LDLR while the remaining one-third is used 

for peripheral cell membrane and steroid biosynthesis, or cleared via non-LDLR 

pathways (Brown et al 1980, Shepherd et al 1979). The non-LDLR pathways include 

lipoprotein binding to cell-surface proteoglycans, and other receptor pathways, such as 

LRP and scavenger receptors that also recognize oxidatively modified LDL particles. 

Hence, an increase in non-LDLR mediated uptake may occur in situations where LDL 

oxidation is increased, such as severe hypertriglyceridemia (Packard et al 1985). The 

heterogeneity in LDL, derived from both multiple sources and plasma remodeling, may 

also impact on both LDLR and non-LDLR mediated clearance.  

 

A large body of evidence supports the positive association between the level of LDL 

cholesterol and the risk of CHD. The NCEP ATP III Guidelines emphasize LDL 

cholesterol lowering as the primary target for CHD risk reduction (NCEP 2001). In 

individuals with the metabolic syndrome, plasma concentrations of total and LDL 

cholesterol are in general elevated, although only moderately. This may be attributed to 

overproduction and/or delayed catabolism of LDL (Pont et al 2002a, Chan et al 2002a). 

Elevated small dense LDL is a characteristic of the metabolic syndrome and associated 

with increased risk of diabetes and CVD (Lamarche et al 1999a, Austin et al 2000). The 

production of small, dense LDL is thought to be a consequence of the remodeling of 

LDL particles due to an increase in neutral lipid exchange with VLDL, mediated by 

CETP in the presence of hypertriglyceridemia (Tall 1986). In poorly controlled type 2 
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diabetes, sustained hyperglycemia increases the non-enzymatic glycosylation of LDL 

apoB, decreases its clearance from the plasma, and expands the plasma pool of small, 

dense LDL particles (Austin 2000). Small, dense LDL particles are also more 

susceptible to oxidative modification (Chait et al 1993). Oxidized LDL (Ox-LDL) is 

particularly important in the progression of atherosclerosis. These molecules are 

cytotoxic and damages vascular endothelium. It also aggregates in vascular intima 

where it acts as a chemotractant to T-lymphocytes and monocytes. Ox-LDL has 

decreased affinity for the LDLR (Galeano et al 1994) and hence, is cleared via the 

scavenger-receptor mediated pathway, a process that involves the uptake of lipid by 

macrophages. The uptake of ox-LDL by macrophages leads to the formation of foam 

cells and consequently, plaque development. 

 

1.2.3.5 High-density lipoprotein (HDL)  

 

High-density lipoprotein (HDL) is the most dense and smallest in size (7 – 12nm in 

diameter) of all the lipoproteins. The main HDL apolipoproteins are apoA-I and apoA-

II, although HDL also contains apoA-IV, apoC-I, apoC-II, apoC-III, apoD, apoE, apoJ, 

and apoL (Duchateau et al 1997, Barter et al 2003a).  

 

Plasma HDL particles are heterogeneous in their physiological and chemical properties, 

metabolism, and biological activity (Asztalos and Schaefer 2003, Barter et al 2003a). 

This heterogeneity results from differences in lipids and apolipoprotein compositions. 

When fractionated by ultracentrifugation, HDL is typically separated into two major 

subfractions, HDL2 (d 1.063-1.125 g/ml) and HDL3 (d 1.125-1.21 g/ml) (Chapman et al, 

1981). Isopycnic density gradient ultracentrifugation allows for isolation of analogous 

subpopulations (Chapman et al 1981, Tall et al 1982, Kontush et al 2003). Non-

denaturing polyacrylamide gradient gel electrophoresis has been used to separate HDL 

into five distinct subspecies (Anderson et al 1977) while two-dimensional 

electrophoresis allows for identification of more than ten HDL subpopulations with 

either alpha or beta mobility (Asztalos et al 1993, Asztalos and Schaefer 2003). HDL 

can also be separated on the basis of apolipoprotein composition by immunoaffinity 

chromatography into particles that contain only apoA-I (LpA-I) and both apoA-I and 

apoA-II (LpA-I:A-II) (Cheung and Albers 1993). In general, apoA-I is equally 

distributed between LpA-I and LpA-I:A-II, while almost all of apoA-II is in LpA-I:A-II. 
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Finally, small, protein rich HDL particles with low molecular weight (40-70 kDa, d 1.21 

g/ml) can also be isolated via ultrafiltration (Atmeh, 1990, Atmeh and Abd Elrazeq 

2005) and size-exclusion chromatography (Nanjee and Brinton 2000). 

 

The synthesis and catabolism of HDL occurs both in the intestine and in the liver. 

Nascent HDL (pre-β HDL) appear as a bilayered disc containing phospholipids, free 

cholesterol, apoA, apoC and apoE (Eisenberg 1984, Eggerman et al 1991). Cholesterol 

is acquired by nascent HDL from peripheral tissue cells such as the macrophages via a 

process mediated by the adenosine triphosphate binding cassette (ABC) A1 transporter 

protein (Lawn et al 1999, Lewis & Rader 2005). The free cholesterol is esterified to 

form CE by the action of lecithin:cholesterol transferase (LCAT) (Nichols et al 1985), 

thus increasing the density of HDL particles, transforming pre-β HDL to HDL3. Further 

LCAT-mediated esterification and accumulation of CE, transform HDL3 into the larger 

mature HDL2 (Nichols et al 1985). Large mature HDL2 particles can further acquire 

additional lipids from certain cells via efflux mediated by ABCG1, ABCG4 and 

scavenger receptor B1 (SR-B1) (Wang et al 2004, Lewis & Rader 2005). The acquired 

cholesterol is subsequently returned to the liver for excretion in the bile via uptake by 

SR-B1 (Fidge 1999, Lewis & Rader 2005). The HDL particle also undergoes a CETP-

mediated exchange of cholesterol for TG with VLDL, IDL and LDL particles, which 

are later be taken up by the LDLR in the liver and excreted to the bile (Lewis & Rader 

2005). The process of cholesterol “shuttled” from peripheral tissue back to the liver via 

HDL or endogenous derived lipoproteins (VLDL, IDL, LDL) is known as reverse 

cholesterol transport (RCT). Other proteins involved in HDL metabolism include 

lipoprotein lipase (LPL), hepatic lipase (HL) and phospholipids transfer protein (PLTP). 

LPL hydrolyses TG-rich lipoprotein (VLDL, IDL and LDL) and promotes transfer of 

cholesterol and apoC to HDL. HL hydrolyses HDL cholesterol and phospholipids to 

form the small, dense HDL3 particles from the larger HDL2, hence contributing to the 

regeneration of particles that play an important role in the RCT process. PLTP is an 

HDL-associated transfer protein that facilitates the transfer and/or exchange of 

phospholipids between lipoproteins and is involved in the regeneration of both pre-β 

HDL and larger HDL particles. The precise role PLTP, however, is still unclear. 

 

Several prospective epidemiological studies, such as the Framingham Heart Study, US 

Physicians' Health Study, Prospective Cardiovascular Münster (PROCAM) Study, and 

Atherosclerosis Risk in Communities (ARIC) Study, have found that low serum HDL 
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cholesterol concentration is an independent risk factor for CHD (Maron 2000, Sharrett 

et al 2001, Gotto and Brinton 2004). Moreover, low HDL cholesterol is a characteristic 

of atherogenic dyslipidemia and increases CVD risk in subjects with the metabolic 

syndrome. Evidence from human intervention studies suggest that HDL protects against 

the development of atherosclerosis (Gordon et al 1986, Boden 2000). In the Helsinki 

Heart Study, a 1% increase in HDL cholesterol was associated with a 2-3% decrease in 

CHD events independent of LDL cholesterol levels (Manninen et al 1992). The clinical 

relevance of circulating levels of individual HDL subfractions to atherosclerosis and 

CVD is, however, unclear. To date, the results are conflicting with evidence that either 

HDL2 cholesterol or HDL3 cholesterol are the best predictor of CHD or CVD risk 

factors (Johansson et al 1991, Drexel et al 1992, 1994, 2005, Skinner 1994, Robins et al 

2001, Alagona et al 2002, Yu et al 2003). In addition, plasma levels of either small 

(Rosenson et al 2002) or large (Mackey et al 2002) HDL were reported to be associated 

with the progression of coronary atherosclerosis. The clinical significance of pre-β HDL 

and LpA-I:A-II levels also remains controversial. By contrast, plasma levels of larger α-

HDL and LpA-I particles are generally thought to confer protection from atherosclerosis 

(Duriez and Fruchart 1999, Asztalos et al 2003, Asztalos and Schaefer 2003). 

 

While the central antiatherogenic role of HDL is thought to be in cellular cholesterol 

efflux and RCT (von Eckardstein et al 2001, Nissen et al 2003), there is compelling 

evidence to suggest that HDL may also confer protection against atherosclerosis 

through its antioxidant and anti-inflammatory properties (Barter et al 2004, Kalogerakis 

2005). HDL antioxidant activity is typically observed as inhibition of LDL oxidation by 

HDL; HDL protects both lipid and protein moieties of LDL and inhibits accumulation of 

various oxidation products in LDL, including oxidized phospholipids and short-chain 

aldehydes (Van Lenten et al 2001; Navab et al 2004). HDL has also been shown to 

inhibit the generation of reactive oxygen species (ROS) in cell culture (Robbesyn et al 

2003) and in a rabbit model of acute arterial inflammation (Nicholls et al 2005). The 

anti-inflammatory activity of HDL is demonstrated through its ability to decrease 

cytokine-induced expression of adhesion molecules on endothelial cells and inhibit 

monocyte adhesion to these cells. HDL efficiently inhibits the expression of the vascular 

cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), and 

E-selectin in vitro induced by TNF-α, IL-1, or endotoxin (Cockerill et al 1995, 

Calabresi et al 1997, Baker et al 1999). In addition, HDL attenuates IL-6 production in 

endothelial cells exposed to pro-inflammatory stimuli, such as TNF-α or endotoxin 
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(Gomaraschi et al., 2005). Other antiatherogenic activities of HDL include antiapoptotic 

and vasodilatory actions, mitogenic activity in endothelial cells, attenuated platelet 

activation, and anticoagulant and anti-infectious activities (Calabresi et al., 2003). 

  

Visceral obesity in the setting of metabolic syndrome is frequently associated with 

lower plasma concentrations of HDL cholesterol and apoA-I. This abnormality may be 

closely linked to the dysregulated metabolism of TG-rich lipoproteins. Visceral obesity 

coupled with insulin resistance, hepatic oversecretion of VLDL and decreased LPL 

activity results in expansion of VLDL-TG pool, thus enhancing CETP-mediated 

exchange of neutral lipids between HDL and VLDL (Chan et al 2006a); An increase in 

nonesterified fatty acids (NEFA) concentration is also known to enhance CETP activity 

(Barter et al 2003b). The net effect of the lipid exchange is CE depletion and TG 

enrichment of HDL (smaller and denser HDL). Subsequent hydrolysis by HL results in 

dissociation of lipid-free apoA-I from HDL, which is either recycled or catabolized by 

the kidney (Borggreve et al 2003). The upregulated activities of CETP and HL in the 

presence of increased levels of TG-rich lipoprotein and NEFA in the metabolic 

syndrome contribute to decreased concentrations of HDL and apoA-I, and potentially, 

HDL particle size (Barter et al 2003b). In addition to low HDL cholesterol 

concentration, the functionality of HDL particles may be compromised in disease states 

including the metabolic syndrome (Kontush and Chapman 2006). HDL modification 

may occur via non-enzymatic modification owing to the presence of free metal ions in 

atherosclerotic plaques; cell-mediated enzymatic degradation of apolipoproteins with or 

without changes in the lipid moiety; association with acute phase proteins, whose 

circulating levels are increased during inflammation; and metabolic modifications, such 

as glycation that occurs in hyperglycemic conditions (Nicholls et al 2005, Kontush and 

Chapman 2006). These modifications may impact on its biological function including 

anti-inflammatory and antioxidant properties and potentially its cholesterol efflux 

capacity (Kontush and Chapman 2006). Dysfunctional HDL particles may contribute to 

accelerated atherosclerosis and hence, therapeutic options capable of addressing the 

dyslipidemia in the metabolic syndrome are highly desirable.  
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1.2.3.6 Lipoprotein (a) [Lp(a)] 

 

Lipoprotein (a) [Lp(a)] was first discovered 43 years ago (Berg 1963). It resembles LDL 

particles in both lipid composition and the presence of apoB, but Lp(a) contains a 

glycoprotein, apo(a), associated with apoB through a disulfide bond (Utermann 1989). 

Epidemiology, clinical and genetic studies have previously reported that Lp(a) 

concentration is an independent risk factor for CHD (Kostner and Kostner 2002a, Boffa 

et al 2004, Koschinsky 2005). Several other studies, however, have failed to 

demonstrate such an association (Ridker et al 1993, Gurewich and Mittleman 1994). 

Lp(a) may participate in the pathogenesis of atherosclerosis and thrombosis. It is 

frequently present in the lesions of human atheroma (Hoff et al 1993) and apo(a) 

transgenic animals show increased atherosclerosis on a high-fat diet (Boffa et al 2004). 

In spite of this, the role of Lp(a) in the development of CVD requires further 

investigation.  
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Table 1.3 Classification and properties of major human plasma lipoproteins  

 

Lipoprotein  class 
 

Buoyant 
density, 
(kg/L) 

Flotation rate, Sf, at 
26°C and at a 

background density of
1.063, 1.20 (kg/L) 

Mean 
particle size 

(106 Da) 

Electrophoretic 

Mobility 

Major 
apolipoprotein 

content 

Mean 
diameter 

(nm) 

Chylomicron <0.95 <400 - 1,000 Origin B-48, C, E 100-1,000 
 

VLDL 0.95-1.006 
 

20-400 - 4.5-100 α2 (pre-ß) B-100, C, E 30-70 
 

IDL 1.006-1.019 
 

12-20 - 4.0 α 2-ß B-100, E 25 

LDL 1.019-1.063 
 

0-12 - 3.0 ß B-100 20 

HDL2 1.063-1.125 
 

 0-3.5 0.4 α 1 A-I, A-II, C 10 

HDL3 1.125-1.210  3.5-9 0.2 α 1 A-I, A-II, C 8 

Lp(a) 1.040-1.090 ND  ND ND (a), B-100 ND 

 

Modified from Thompson et al 1994, Gotto et al 2000; ND = not determined 



1.2.4 Apolipoproteins 

 
Apolipoproteins (apo) are the protein components of plasma lipoprotein particles. They 

maintain lipoprotein structures, regulate the interaction of lipoproteins with cellular 

receptors, and modulate the activities of key enzymes involved in intravascular 

lipoprotein metabolism. The characteristics of the major apolipoproteins are shown in 

Table 1.4. The following section describes in more detail, the structure, metabolism, 

biological role and genetics of the key apolipoproteins. 

 

1.2.4.1 ApoA-I 

 

1.2.4.1.a Structure and composition 

 

Human apoA-I (molecular mass 28 kDa) is encoded within the apoA-I/C-III/A-IV gene 

cluster, which spans about 15 kb on chromosome 11 (Benlian 1991). Mature apoA-I is a 

single polypeptide of 243 amino acid residues. The protein contains no carbohydrate, 

has an N-terminal globular domain and 10 amphipathic helices. Both the globular 

domain and helix 1 in the N-terminal domain and helices 9 and 10 in the C-terminal 

domain are essential to the normal maturation of HDL, in particular the esterification of 

free cholesterol to CE by LCAT and transformation from pre-β to α–migrating 

lipoproteins (Marcel and Kiss 2003). Figure 1.5 is a schematic representation of a lipid 

free apoA-I. 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Schematic diagram of lipid-free 

apoA-I. It includes N- and C-terminal regions of the 

protein (labeled N and C) that are adjacent to each other. 

The Trp residues (W8, W50, W72, W108) in the N-terminal 

half of the sequence are relatively near to each other and 

to Ac232 in the C-terminal helix (residues 220-241) of 

apoA-I. The overall shape of the molecule is a rod with 

dimensions approximating 2.5 × 15 nm. Adapted from 

Tricerri et al 2000 
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1.2.4.1.b Metabolism 

 

ApoA-I is secreted predominantly by the liver and small intestine (Eisenberg 1984, 

Eggerman et al 1991) as lipid-poor apoA-I and nascent phospholipid-rich cholesterol-

poor HDL particles (Lewis & Rader 2005). Nascent apoA-I/HDL acquires additional 

phospholipids and cholesterol via cellular efflux as well as by transfer of 

apolipoproteins from chylomicrons and VLDL during LPL-mediated intravascular 

lipolysis to form nascent pre-β HDL particles (Brinton et al 1991, Horowitz et al 1993). 

During the remodeling of HDL, apoA-I dissociates from the HDL particle and is either 

cleared from circulation via the kidney or re-associated with lipids as HDL (Rye & 

Barter 2004). Regulation of the apoA-I gene occurs primarily at the transcriptional level 

and in part, at the post-transcriptional level. Dietary fat, alcohol, estrogen, androgens, 

thyroid hormone, retinoids, glucocorticoids, fibrates, niacin, and statins are some of the 

many nutritional, hormonal and pharmacological agents known to influence the 

transcription induction of the apoA-I gene (Srivastava et al 2000, Malik 2003).  

 

Radiotracer studies suggest that the primary determinant of apoA-I concentration is its 

fractional catabolic rate (Brinton et al 1994). However, more recent studies using stable 

isotopes and endogenous labeling methodologies in normolipidemic and overweight - 

obese individuals with type 2 diabetes and insulin resistance have suggested that both 

the fractional catabolic rate and production rate determine apoA-I concentration 

(Ikewaki et al 1996, Tilly-Kiesi et al 1997a, Batal et al 1998, Velez-Carrasco et al 1999, 

Velez-Carrasco et al 2000, Schaefer et al 2000, Frenais et al 2001a, Recalde et al 2001, 

Pont et al 2002b, Cohn et al 2003, Watts et al 2003, Bilz et al 2004). Some have 

asserted that apoA-I FCR may have a more significant role in determining apoA-I 

concentration (Cohn et al 2003, Marsh et al 2003). However, small sample sizes of 

individual studies decreases statistical power and limits findings. Further evidence also 

suggests that the metabolism of apoA-I in LpA-I and LpA-I:A-II particles occur by 

differing pathways (Rader et al 1991, James et al 1994). ApoA-I in LpA-I particles is 

catabolized more rapidly than apoA-I in LpA-I:A-II particles. LpA-I levels are also 

inversely correlated with the rate of apoA-I catabolism, while LpA-I:A-II levels are 

positively correlated with the rate of apoA-II production (Rader et al 1994). 

 

 

 63 



1.2.4.1.c Biological role and significance 

 

ApoA-I is present on the majority of HDL particles and constitutes approximately 70% 

of the apolipoprotein content of HDL particles. Hence, plasma apoA-I concentration 

correlates directly with plasma HDL cholesterol. ApoA-I is also a protein component of 

VLDL and CM. Epidemiological studies demonstrated an inverse association between 

CAD and the plasma apoA-I concentration (Stampfer et al 1991, Buring et al 1992, 

Amouyel et al 1993, Boden 2000, Khuseyinova and Koenig 2006). ApoA-I has been 

reported to activate LCAT, the enzyme responsible for cholesterol esterification in 

plasma, and plays a key role in the formation of mature HDL (Von Eckardstein et al 

1994). In addition, apoA-I interacts with ABCA1 to facilitate phospholipid efflux from 

cell membranes, forming pre-β HDL subspecies and initiating cholesterol efflux (Wang 

et al 2001, Asztalos et al 2003) (Figure 1.4). ApoA-I also interacts with SR-B1, which 

mediates the selective uptake of CE from HDL particles by the liver (Xu et al 1997). 

Hence, apoA-I is important in facilitating RCT from peripheral cells to the liver. In 

addition, apoA-I may have antioxidant properties. Studies have shown that the 

methionine residues of apoA-I can directly reduce lipid hydroperoxides (Garner et al 

1998), and that apoA-I may act within the arterial wall to prevent oxidative modification 

(Parthasarathy et al 1990) and aggregation (Khoo et al 1990) of LDL particles.  

 

Early studies have reported that the complete deletion of the apoA-I gene in humans 

was associated with low HDL cholesterol level and premature atherosclerosis, 

suggesting a role for apoA-I in protecting against atherosclerosis (Schaefer et al 1982a). 

Studies in transgenic mice (Rubin et al 1991, Plump et al 1994, Pastore et al 2004) 

provided support for the concept that apoA-I directly protects against the development 

of atherosclerosis. A recent study with a recombinant apoA-I Milano/phospholipid 

complex (ETC-216), administered intravenously for five doses at weekly intervals, 

showed significant regression of coronary atherosclerosis measured by intravascular 

ultrasound (Nissen et al 2003). Furthermore, the Prospective Epidemiological Study of 

Myocardial Infarction (PRIME) Study reported that among the parameters related to 

HDL, apoA-I appears to be the strongest independent risk factor (Luc et al 2002). These 

findings point to the importance of apoA-I and that therapeutic targets to upregulate 

apoA-I gene transcription and biosynthesis are desirable. 
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Figure 1.4 Role of apoA-I in the reverse cholesterol transport pathway 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

ApoA-I interacts with ABCA1 to facilitate lipid efflux from cell membranes, forming pre-β-HDL 

subspecies. LCAT esterifies the free cholesterol to form α-HDL particles, which can also be formed by 

diffusion of cholesterol from cell membranes and by interactions with SR-B1. FC, free cholesterol; HDL-

E, HDL-with apoE; LDLR, LDL receptor; PL, phospholipid; SR-BI, class B, type I scavenger receptor; 

Tg, triglyceride. Adapted from Mahley et al 2006a 

 

1.2.4.1.d Genetics 

 

There are approximately 46 variants in the apoA-I coding sequence that have been 

identified to date through mutations or deletions of single amino acids. Homozygous 

inheritance of a mutation in exon 4 of the apoA-I gene results in complete absence of 

apoA-I and is associated with planar xanthomas and premature CHD (Matsunaga et al 

1991). Mutations in the apoA-I and C-III gene loci leading to complete absence of 

apoA-I and C-III from plasma result in very low HDL cholesterol concentration and 

premature CHD (Ordovas et al 1989). A recent novel apoA-I mutation (L178P) was 

shown to be associated with endothelial dysfunction, increased arterial wall thickness, 

and premature CHD (Hovingh et al 2004). Despite these deleterious mutations, one 

exception was observed. The apoA-I Milano (arginine 173 to cysteine) is a variant of 

apoA-I found in individuals in rural Italy who have low HDL cholesterol level, apparent 
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longevity, and markedly reduced atherosclerosis rates given their low HDL cholesterol 

level (Sirtori et al 2001). As discussed above, the infusion of a recombinant apoA-I 

Milano/phospholipid complex resulting in significant regression of atherosclerosis, 

further confirmed the atheroprotective potential of apoA-I Milano (Nissen et al 2003). 

Considerable interest in evaluating acute HDL therapy as an approach to treatment are 

currently being investigated, including the use of apoA-I mimetic peptides that can 

stimulate cholesterol efflux similar to that achieved with apoA-I.  

 

1.2.4.2 ApoA-II 

 

1.2.4.2.a Structure and composition  

 

Human apoA-II is encoded by a 1.3 kb gene located on chromosome 1 (Lackner et al 

1984). ApoA-II shares with other soluble apolipoproteins its genomic structure of four 

exons and three introns. The mature apoA-II is present in plasma as a dimer of two 77 

amino acid chains linked by a disulfide bridge (Brewer et al 1972). ApoA-II also exists 

in other molecular forms such as apoA-II-apoE and apoA-II-apoD heterodimers, and the 

apoA-II monomer (Weisgraber et al 1978, Blanco-Vaca et al 1992). Like apoA-I, apoA-

II contains no carbohydrate, it can self-associate in aqueous solutions, resulting in 

changes in secondary structure (Segrest et al 1992). ApoA-II is less readily dissociated 

from HDL particles by ultracentrifugation than is apoA-I. 

 

1.2.4.2.b Metabolism 

 

Previous studies suggest that apoA-II may be synthesized by the liver alone (Eggerman 

et al 1991). However, apoA-II may also be secreted in TG-rich CM by the intestine 

during lipid absorption (Green et al 1979). Radiotracer studies have suggested that 

apoA-II has a different metabolic and regulatory pathways compared with apoA-I. It 

was reported that apoA-II catabolism is slower than that of apoA-I; and the PR of apoA-

II, approximately 1/5 of that of apoA-I in normolipidemic subjects (Ikewaki et al 1995). 

Furthermore, the concentration of apoA-II is primarily determined by its production rate 

(Schaefer et al 1982b, Brinton et al 1989). While the metabolic pathways of apoA-I and 

apoA-II differ, in pathological states a decrease in apoA-I concentration is often 
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associated with a high apoA-II catabolic rate and decrease in apoA-II concentration 

(Kawano et al 1995). 

 

1.2.4.2.c Biological role and significance 

 

ApoA-II is the second major protein constituent of HDL and accounts for approximately 

20% of HDL protein. It is also a protein component of VLDL and chylomicrons. As 

with HDL cholesterol and apoA-I, plasma apoA-II concentration is negatively 

associated with CHD risk (Fager et al 1981, Miller 1987). However, this relationship is 

not as clearly established as with apoA-I. 

 

The role of apoA-II in atherosclerosis is still unclear. ApoA-II has been reported to have 

both antiatherogenic and proatherogenic effects. The former may be associated with its 

effects on HL and CETP, while the latter, its effects on LCAT and SR-B1 (Tailleux et al 

2002). ApoA-II has been shown to stimulate HL activity (Mowri et al 1992) and hence, 

displacement apoA-I from HDL, both effects favoring the generation of pre-β-HDL. It 

also decreases the rate of CETP-mediated CE transfer from HDL to apoB-containing 

lipoproteins and the reciprocal transfer of TG from apoB-containing lipoproteins to 

HDL (Lagrost et al 1994), hence preventing TG-enrichment and the subsequent 

hypercatabolism of HDL. These effects may support the antiatherogenic role of apoA-

II. ApoA-II has been shown to inhibit LCAT activity (Durbin et al 1999), and therefore 

reduce LCAT-mediated cholesterol esterification and formation of mature HDL. There 

is also evidence to suggest that apoA-II may impair SR-B1 mediated CE uptake (Pilon 

et al 2000). These effects may point to a proatherogenic role of apoA-II by diminishing 

RCT and HDL remodeling.  

 

Transgenic mice studies provided some insight into the role of apoA-II in lipoprotein 

metabolism and atherosclerosis. Mice expressing human apoA-II exhibited 50% less 

lesion area than control mice, suggesting a protective effect of apoA-II from 

atherogenesis (Schultz et al 1994). By contrast, human apoA-II co-expression with 

human apoA-I in mice moderated the antiatherogenic effect of apoA-I (Schultz et al 

1993).  ApoA-II also demonstrated a proatherogenic effect when expressed in mice at a 

level similar to that in humans (30-35 mg/dl) (Marzal-Casacuberta et al 1996). The 

proatherogenic property of apoA-II was also observed in the atherosclerosis-prone 
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model of apoE-deficient mice, where apoA-II expression increased the susceptibility to 

atherosclerosis (Escola-Gil et al 2000). 

  

1.2.4.2.d Genetics  

 

Polymorphisms in the apoA-II gene region have been identified (Blanco-Vaca et al 

2001). An early study identified a multiallelic (CA)n-repeat polymorphism localized 

close to the 3’ end of the second intron (Weber 1989). Another study showed that the 

(CA)19 allele was associated with decreased apoA-II levels, without any detectable 

effect on the risk of myocardial infarction (Brousseau et al 2002). Three other single-

nucleotide polymorphisms have been described in the apoA-II gene: a G-to-A transition 

affecting the donor splice site of intron 3, named apoA-IIHiroshima was associated with 

familial apoA-II deficiency (Deeb et al 1990); and a C-to-T transition near the acceptor 

splice site of intron 3, modifying a BstNI restriction site (Dupuy-Gorce et al 1996), and 

a C-to-T transition within the 3’ Alu element, modifying an MspI restriction site (Scott 

et al 1985), were shown to have significant associations with apoA-II concentration, TG 

level and blood pressure. A schematic diagram of the apoA-II gene is shown in Figure 

1.5. 

 

Figure 1.5 Schematic representation of the apoA-II gene, APOA2 

 
Open boxes represent the three promoter regions: distal (enhancer), intermediate and proximal. The letters 

A to N represent promoter elements. Black boxes represent exons (Ex) 1 to 4. The Alu repeat sequence is 

located 3' outside of APOA2 on chromosome 1. Arrows indicate the location of binding sites, 

polymorphisms, and mutations. Adapted from Kalopissis 2003 
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1.2.4.3 ApoA-IV 

 

ApoA-IV is an abundant 46 kDa plasma glycoprotein containing 6% carbohydrate and 

376 amino acid residues (Utermann and Beisiegel 1979). It is synthesized in the 

enterocytes in humans (Green et al 1980) and associated with chylomicron and HDL 

particles. Apo-IV is able to mediate the activity of LPL by facilitating the transfer of the 

activator apoC-II to TG-rich lipoproteins (Goldberg et al 1990). It also stimulates LCAT 

activity (Chen and Albers 1985), interacts with the ABCA1 transporter (Remaley 2001) 

and facilitates CETP activity (Barter et al 1988). However, in non-insulin dependent 

diabetes mellitus (NIDDM), increased apoA-IV levels are associated with 

hypertriglyceridemia (Verges 1995) and elevated apoA-IV levels could be attributed to 

delayed catabolism of apoA-IV (Verges et al 1994). Evidence also suggests that 

increased plasma apoA-IV level is associated with an increased prevalence of 

macrovascular disease in NIDDM (Verges et al 1997). Moreover, apoA-IV appeared to 

be a better marker for macrovascular disease than TG in NIDDM (Verges et al 1997). 

However, many of the aforementioned lipid metabolism effects are not unique to apoA-

IV and the precise physiological role of this protein remains unclear.  

 

Two common alleles, apoA-IV-1 and apoA-IV-2 have been identified and result from 

substitution of Thr347→Ser and Gln360→His in the apoA-IV gene. Associations has 

been reported between apoA-IV polymorphisms and interindividual variability in 

plasma lipid concentrations, glucose levels and body mass index (Lefevre et al 2000, 

Stan et al 2003) and progression of coronary artery disease (Kretowski et al 2006). 

However, the results of these genetic association studies remain controversial. 

 

1.2.4.4 ApoA-V 

 

ApoA-V is located on chromosome 11, approximately 30 kb downstream from the 

ApoA-I/C-III/A-IV gene cluster (Pennacchio et al 2001, van der Vliet et al 2001). 

Mature human apoA-V protein consists of 343 amino acids, and has 27% sequence 

homology with apoA-IV (Pennacchio et al 2001). The ApoA-V gene is exclusively 

expressed in the liver, and secreted into the plasma where it associates with VLDL, 

HDL and chylomicrons (O’Brien et al 2005). The concentration of apoA-V in plasma is 

low (approximately 0.1% w/w of apoA-I) (van der Vliet et al 2001). Recent studies 
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suggest that PPARα agonists may induce APOA-V gene via a specific response element 

in the promoter of APOA-V (Vu-Dac et al 2003, Schultze et al 2005). 

 

ApoA-V can inhibit VLDL-TG production and accelerate TG hydrolysis by LPL (van 

Dijk et al 2004). By contrast to apoC-III, overexpression of human apoA-V in mice 

results in hypotriglyceridemia and apoA-V deficiency increases plasma TG level 

(Pennacchio and Rubin 2003). Two minor haplotypes of apoA-V, defined as –1131C 

allele and c.56G allele, were associated with a 30% increase in TG concentration 

compared with individuals who lacked the minor alleles (Pennacchio et al 2002, Talmud 

et al 2002a). In addition, the –1131C allele was associated with a higher hazard ratio for 

CVD in women in the Framingham Heart Study (Lai et al 2004). By modulating TG-

derived fatty acid disposal from lipoproteins, apoA-V may impact on the development 

of insulin resistance and the metabolic syndrome. 

 

1.2.4.5 ApoB  

 

ApoB circulates in two distinct forms, apoB-100 and apoB48. It is encoded by a 43 kb 

gene located on chromosome 2 (Blackhart et al 1986). ApoB-100 is synthesized by the 

liver and is the major structural component of VLDL, IDL, and LDL particles (Figure 

1.6). It has a carbohydrate content of approximately 8-10% of the protein mass, and 

comprises 30-40% of the protein content of VLDL, and >95% of the protein of LDL 

(Thompson 1994). ApoB-48 is synthesized in the small intestine from the same apoB 

gene by insertion of a stop codon into the mRNA (Blackhart et al 1986) and essential 

for chylomicron production. This thesis will focus primarily on apoB-100 (apoB) and its 

metabolism.  

 

1.2.4.5.a Structure and composition 

 

ApoB-100 (apoB) is a large, hydrophobic protein composed of 4536 amino acids with a 

molecular weight of approximately 550 kDa (Young 1990). The full-length apoB has a 

pentapartite structure, NH2-βα1-β1-α2-β2-α3-COOH, where the β domains contain 

multiple amphipathic β strands and the α domains contain multiple amphipathic α 
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helices (Segrest et al 1994, Figure 1.7). The βα1 domain of apoB, that is the first 1000 

amino acid residues of the mature protein, is a mixture of amphipathic β strands and 

amphipathic α helices (Segrest et al 1998). It is required for the initiation of microsomal 

triglyceride transfer protein (MTP)-mediated particle assembly, particularly residues 

931 and 1000 of βα1 domain are critical for the formation of a stable, bulk lipid-

containing nascent lipoprotein particle (Manchekar et al 2004). The β1 and β2 domains 

are irreversibly associated with the lipid core of the lipoprotein, while the α helices of 

the α1 and α2 domains are thought to exhibit reversible lipid binding. The LDLR 

binding domain has been localized to the C-terminal β2 domain, specifically, residues 

3359-3369 (Boren et al 1998). 

 

Figure 1.6 Schematic diagram of the structure of apoB-100 on the surface of LDL. 

 

Trypsin-releasable and trypsin-

nonreleasable regions are shown on 

the inside and outside of the LDL 

surface, respectively. The five 

proposed domains are demarcated 

by dashed lines. The two thrombin-

cleavable sites are marked at 

residues 1,297 and 3,249. Open 

circles represent N-glycosylated 

carbohydrates, and shaded circles 

represent cysteine residues. Adapted 

from Yang et al 1989  

Figure 1.7 Schematic diagram of the pentapartite structural model, NH3-ß 1-ß1- 2-

ß2- 3-COOH, for apoB-100 

 

 

 

 

 
Adapted from Sergest et al 1994 
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1.2.4.5.b Metabolism 

 

The rate of apoB secretion is regulated post-transcriptionally (Chuck et al 1990). The 

translocation of apoB into the endoplasmic reticulum (ER) is complicated by the 

hydrophobicity of the nascent polypeptide. Hence, the assembly and secretion of apoB-

containing lipoproteins within the ER is highly dependent on MTP, which shuttles TG 

onto the nascent apoB (Figure 1.8). Synthesis of apoB lipoproteins is regulated by 

several factors including proteosomal and nonproteosomal degradation (Olofsson et al 

2000). Extensive studies in primary hepatocytes and hepatoma cell lines have shown 

that more than 70% of newly synthesized apoB is rapidly degraded during the early 

phase of apoB assembly. Misfolding or failure to acquire sufficient lipid substrate 

results in intracellular apoB degradation. The availability of cellular TG, cholesterol or 

CE also impacts upon the post-translational metabolism of apoB. Evidence suggests that 

TG availability is the primary factor in the post-translational regulation of apoB 

secretion (Dixon & Ginsberg 1993). Other studies have reported that cholesterol or CE 

and phospholipid availability may also regulate hepatic apoB secretion (Yao & Vance 

1988, Thompson et al 1996). Some studies have also shown that the extent of lipidation 

of apoB is inversely associated with the extent of apoB degradation (Yeung et al 1996). 

In addition to limiting hepatic secretion of apoB, hepatic lipid substrate availability also 

determines the type of lipoprotein formed (Thrift et al 1986). The composition and 

nature of the lipoprotein impacts upon its metabolic rates.  
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Figure 1.8 Schematic representation of the pathway for assembly and secretion of 

hepatic apoB containing lipoproteins  

 

 

 

 

 

 

 

 

 

 

 
 

Secretion of apoB into plasma requires lipoprotein formation, a complex process requiring the 

coordinated synthesis and assembly of apoB, TG, free cholesterol, esterified cholesterol and 

phospholipids. This process involves (1) apoB mRNA transcription and translation, (2) translocation of 

apoB across the ER membrane, (3) synthesis of cholesterol [3-hydroxy-3-methylglutarylcoenzyme 

(HMG-CoA) reductase pathway], CE [acyl-coenzyme A: cholesterol acyl transferase (ACAT) pathway], 

phospholipid and TG [diacylglycerol acyl transferase (DGAT) pathway] and transfer to apoB via MTP, 

(4) intracellular degradation and (5) transport through the secretory pathway and secretion into plasma. 

Adapted from Huff and Burnett 1997 

 

1.2.4.5.c Biological role and significance 

 

ApoB is required for the assembly and secretion of apoB-containing lipoproteins. It 

contains both hydrophobic lipid binding regions, which participate in the assembly of 

nascent lipoprotein complexes, and hydrophilic sequences, which interact with the polar 

aqueous environment (Olofsson et al 1987). ApoB is also a ligand for LDLR-mediated 

endocytosis of LDL, and possibly VLDL and IDL (Brown & Goldstein 1986). Unlike 

most other apolipoproteins, apoB does not exchange between lipoprotein particles.  

 

An elevated plasma concentration of apoB is a risk factor for CHD (Sniderman 1988, 

Schaefer et al 1994, Lamarche et al 1996). Prospective epidemiological studies further 

suggest that apoB is an independent predictor of vascular events and the progression of 
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vascular disease (Pischon et al, Sacks 2006, Figure 1.9). These include the 5 and 13 year 

reports of the Quebec Cardiovascular Study (Lamarche et al 1996, St-Pierre et al 2005) 

the AMORIS study (Walldius et al 2001), the Thrombo Study (Moss et al 1999), the 

Thrombo Metabolic Syndrome Study, (Corsetti et al 2004), the Northwick Park Heart 

Study (Talmud et al 2002b), the Nurses' Health Study (Shai et al 2004) and amongst 

patients with type 2 diabetes in the Health Professionals' Follow-up Study (Jiang et al 

2004). Accordingly, elevated plasma apoB concentration has been demonstrated in 

subjects with the metabolic syndrome (Chan et al 2002a). 

 

Figure 1.9 Independent role of apoB and apoA-I in predicting fatal myocardial 

infarction in men  

 

 

 

 

 

 

 

 

 

 
Adapted from Walldius et al 2001, Sacks 2006 

1.2.4.5.d Genetics 

 

At present, more than 50 mutations that cause truncations in apoB, resulting in the 

development of familial hypobetalipoproteinemia (FHBL) have been characterized at 

the molecular level (Linton et al 1993, Whitfield et al 2004). These truncated proteins 

help to define the functional domains of apoB, namely the lipid-binding and receptor-

binding regions. One important single sequence change in apoB: the apoB-3500 

mutation (Arg→Gln), abolishes receptor binding and leads to familial defective apoB-

100 (FDB) (Innerarity et al 1990). New evidence suggest that the apoB signal peptide 

polymorphism (the insertion or deletion of three hydrophobic amino acids: leu-ala-leu) 

is associated with alterations in plasma TG levels (Xu et al 1990).  
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1.2.4.6 ApoC 

 

There are three distinct forms of apoC, which occur as protein constituents of 

chylomicrons, VLDL and HDL. All apoCs play important roles in modulating the 

metabolism of TG-rich lipoproteins (TRL).  

 

1.2.4.6.a ApoC-I 

 

ApoC-I is mainly synthesized by the liver, and to a lesser extent, by the brain (Shachter 

2001). It is a single polypeptide chain with a molecular weight of 6.6 kD. Its lipid-

regulating functions include inhibition of receptor-mediated uptake of plasma TRL 

(Weisgraber et al 1990, Sehayek et al 1991), inhibition of CETP activity (Gautier et al 

2000), inhibition of LPL-mediated TG-lipolysis (Berbee et al 2004) and mediation of 

tissue fatty acid uptake (Jong et al 2001). Transgenic mice expressing human apoC-I 

have elevated TG and cholesterol levels (Simonet et al 1991). The minor allele (H2) of 

the HpaI polymorphism of the apoC-I gene was shown to have a significant protective 

effect against hypertriglyceridemia in apoE ε3/ε3-genotypic African-Americans, in part 

due to the decreased linkage disequilibrium between the apoE and apoC-I genetic 

variants (Xu et al 1999). 

 

1.2.4.6.b ApoC-II 

 

ApoC-II is synthesized predominantly by the liver. It is a single polypeptide chain of 79 

amino acid residues and has a calculated molecular mass of 8.8 kDa (Myklebost et al 

1984). ApoC-II is required for activation of LPL, the major enzyme involved in the 

hydrolysis of TG of chylomicrons and VLDL (Havel et al 1970). The importance of 

apoC-II as an activator of LPL has been unequivocally demonstrated in subjects with 

genetic defects in apoC-II structure or production, all of whom display high TG levels 

and are phenotypically indistinguishable from subjects with LPL deficiency 

(Breckenridge et al 1978, Fojo and Brewer 1992). For example, the apoC-IIHumbug, 

which is a mutation in a donor splice site of intron 2 in the apoC-II gene, results in 

familial chylomicronemia (Fojo et al 1988, Okubo et al 1997). Plasma lipoproteins in 

these subjects are characterized by fasting chylomicronemia, reduced LDL and low 
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HDL. However, higher than normal levels of apoC-II may inhibit LPL (Havel et al 

1973) and impede the binding of TG-rich lipoproteins to LDLR or LRP (Sehayek & 

Eisenberg 1991, Weisgraber et al 1990). ApoC-II transgenic mice are 

hypertriglyceridemic, with high concentrations of VLDL-TG in circulation (Shachter et 

al 1994). A recent study also showed that apoC-II inhibited selective uptake of LDL and 

HDL CE in HepG2 cells (Huard et al 2005). These findings suggest that an above-

normal level of apoC-II may be proatherogenic. 

 

1.2.4.6.c ApoC-III 

 

ApoC-III is synthesized in the liver and to a lesser extent by the intestine as a 99 amino 

acid peptide. After removal of the 20 amino acid signal peptide in the ER, a mature 

apoC-III protein of 79 amino acids with a molecular mass of 8.8 kDa is formed (Herbert 

et al 1983). It is present as a nonglycosylated isoform (apoC-III0) or as a glycosylated 

isoform, containing either one or two moles of sialic acid (apoC-III1 and apoC-III2, 

respectively). ApoC-III is associated with apoB-containing and apoA-I containing 

lipoproteins and exchanges rapidly between TRL and HDL. In normolipidemic subjects, 

the majority of plasma apoC-III is bound to HDL (Schonfeld et al 1979, Shachter 2001). 

By contrast, in hypertriglyceridemic subjects, the majority is bound to TRL (Schonfeld 

et al 1979, Shachter 2001).  

 

In the general population, plasma total and TRL apoC-III concentrations are positively 

correlated with TG concentration (Carlson and Ballantyne 1976, Malmendier et al 

1989a). In particular, concentrations of non-HDL apoC-III present on TRL are 

associated with CHD (Krauss 1998, Sacks et al 2000, Klein et al 2005). Polymorphisms 

of apoC-III demonstrate increased susceptibility to hypertriglyceridemia (Sst1 

polymorphism, Surguchov et al 1996; C1100T polymorphism, Ribalta et al 1997), or 

CAD (T-455C polymorphism, Olivieri et al 2002) and subjects with inherited deficiency 

of apoC-III have low plasma TG levels (Forte et al 1984, von Eckardstein et al 1991). 

Overexpression of human apoC-III in transgenic mice results in hypertriglyceridemia 

and increased atherosclerosis, and apoC-III-deficient mice are protected from 

postprandial hypertriglyceridemia (Jong et al 2000). In addition to its inhibition of LPL, 

apoC-III interferes with the binding of TRL to LPL, and decreases uptake of TRL by the 

liver (Windler et al 1985). Accordingly, subjects with the metabolic syndrome have 
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elevated levels of apoC-III (Chan et al 2002a, Olivieri et al 2003).  

 

1.2.4.7 ApoE 

 

ApoE is synthesized by the liver and to some extent by peripheral tissues (Weisgraber 

1994). Like apoC-III, it is highly exchangeable between lipoproteins, being first 

transferred from HDL to TRL and back to HDL after lipolysis by LPL and HL (Gibson 

and Brown 1988). ApoE is present in both VLDL and HDL, and plays a key role in their 

metabolism. It mediates the direct hepatic clearance of VLDL and their remnants via 

hepatic receptors including the LDLR, LRP, and glycosaminoglycans (Mahley and Ji 

1999), and may be implicated in direct HDL hepatic catabolism via specific receptors 

(Mahley 1988; Ji et al 1997). ApoE also has antioxidant properties (Miyata and Smith, 

1996) and may promote regression of atherosclerosis, independent of plasma cholesterol 

lowering (Thorngate et al 2000, Tangirala et al 2001, Raffai et al 2005).  

 

The apoE gene is polymorphic, with three common alleles coding for three major 

isoforms, designated E2, E3 and E4 (Davignon et al 1988). The most common 

phenotype is apoE3/E3 (55%), followed by apoE3/4. ApoE2/E2 (1%) is a rare 

phenotype and in some cases, shown to be associated with type III hyperlipidemia 

(Angelin et al 1990). Subjects with apoE4 were reported to have increased 

predisposition to the accelerated development of late-onset Alzheimers’s disease 

(Mahley et al 2006b).  

 

Figure 1.10 Model of human apoE 
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1.2.4.8 Apo(a) 

 

Apo(a) is the glycoprotein associated with lipoprotein(a) or Lp(a) (Kostner and Kostner 

2002b), and is an emerging risk factor for CVD (NCEP 2001, Kostner and Kostner 

2002a). The apo(a) is covalently linked to apoB via a single disulfide bridge in the Lp(a) 

particle. Apo(a) has been shown to bear a striking homology with the fibrinolytic 

proenzyme plasminogen, and hence, may account for the prothrombotic/antifibrinolytic 

properties of Lp(a) (Boffa et al 2004). Functional studies in vitro have identified the 

domains in apo(a) that mediate its inhibitory effects on fibrin clot lysis, binding to fibrin 

and other biological substrates, and pro-inflammatory and antiangiogenic properties 

(Koschinsky et al 2004). 
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Table 1.4 Characteristics of the major apolipoproteins 

 
Apo Molecular 

Weight 
(Da) 

 

Lipoprotein 
Distribution 

Metabolic functions 

ApoA-I 28,016 HDL, VLDL, 
chylomicrons 

Activate LCAT, initiate 
cholesterol efflux, interact with 
SR-B1, anti-oxidant property 
 

ApoA-II 17,414 HDL, VLDL, 
chylomicrons 

Activate HL, reduce CETP 
mediated lipid transfer, inhibit 
LCAT, impair SR-B1 mediated 
CE uptake 
 

ApoA-IV 46,465 HDL, VLDL, 
chylomicrons 

Modulation of TG-rich 
lipoprotein catabolism, RCT, 
facilitation of CETP activity 
 

ApoA-V 39,000 VLDL, HDL Inhibit VLDL-TG production,  
Accelerate TG hydrolysis by LPL 
 

ApoB-48 264,000 Chylomicrons, 
Chylomicron 
remnants 

Chylomicron assembly and 
secretion 
 

ApoB-100 550,000 VLDL, IDL, LDL VLDL assembly and secretion 
Ligand for LDL receptor 
 

ApoC-I 6,613 Chylomicrons,  
VLDL, HDL 

Inhibit hepatic uptake of TG-rich 
lipoproteins, inhibit CETP, inhibit 
LPL, mediate tissue FFA uptake 
 

ApoC-II 8,837 Chylomicrons,  
VLDL, HDL 

Activate LPL, but inhibit LPL 
and impede the binding of TG-
rich lipoproteins to their receptors 
at higher than normal levels, 
inhibit CE-selective uptake  
 

ApoC-III 8,764 Chylomicrons, 
VLDL, HDL 

Inhibit LPL, impede hepatic 
uptake of TG-rich lipoproteins 
 

ApoE 34,145 Chylomicrons, 
VLDL, IDL, HDL 

Ligand for binding of several 
lipoproteins to the LDL receptor, 
LRP and other remnant receptors 
 

Apo(a) 250,000- 
800,000 

Lp(a) May inhibit fibrinolysis by 
competing with plasminogen 
when binding to fibrin 
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Figure 1.11 Overview of lipoprotein metabolism 

Adapted from Brewer 2004 80 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1.2.5 Receptors, transport proteins, enzymes, and transfer proteins 

 

1.2.5.1 Receptors and transport proteins 

 

1.2.5.1.a LDL receptor (LDLR) 

 

Brown & Goldstein first identified the low-density lipoprotein receptor (LDLR) in 1973 

(Goldstein and Brown 1973). They observed that cultured normal fibroblasts suppressed 

endogenous cholesterol synthesis when cholesterol was supplied via LDL in the serum, 

whereas cultured fibroblasts from familial hypercholesterolemia (FH) subjects failed to 

suppress endogenous synthesis unless cholesterol was supplied in a soluble, non-LDL 

form (Goldstein and Brown 1973). They subsequently showed that the normal 

fibroblasts had high-affinity binding sites for LDL particles on their surfaces, whereas 

the fibroblasts from FH patients lacked high-affinity binding sites (Brown and Goldstein 

1974). A decade later, the gene encoding the receptor was cloned and sequenced 

(Russell et al 1984). 

 

The mature LDLR is a modular type1 transmembrane protein of 839 amino acids 

(Russell et al 1984, Yamamoto et al 1984). It mediates the specific binding, uptake and 

degradation of plasma lipoproteins containing either apoB-100 or apoE (and is hence 

referred to as the B, E receptor) and plays a central role in the regulation of plasma 

cholesterol concentration (Brown et al 1981). The uptake of lipoprotein particles result 

in suppression of HMG-CoA reductase (3-hydroxy-3-methyl-glutaryl-CoA reductase), 

and hence inhibition of cholesterol synthesis, the augmentation of acyl-coenzyme A: 

cholesterol acyl transferase (ACAT) activity, such that excess cholesterol can be stored 

as CE and subsequent inhibition of LDLR synthesis, so that further influx of cholesterol 

is inhibited.  

 

LDLR are synthesized in the rough ER as a precursor, glycosylated in the Golgi 

apparatus and then localized on the cell surface in clathrin-coated pits. Receptor-

lipoprotein complexes enter cells by endocytosis via the pits (Anderson et al 1976) and 

are subsequently delivered to endosomes, where the low-pH environment triggers 
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release of the bound lipoprotein particles (David and Reinke 1987). The receptors are 

then returned to the cell surface in a process called receptor recycling (Figure 1.12).  

 

Figure 1.12 Schematic illustrating the uptake of lipoprotein particles by the LDLR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

ntry of a receptor-ligand complex into cells occurs at clathrin-coated pits. The complex is subsequently 

ivered to the low-pH environment of the endosome, where dissociation of the complex takes place. 

he receptor is returned to the cell surface in a process called receptor recycling. Adapted from Jeon and 

lacklow 2005 

.2.5.1.b LDL receptor related protein (LRP) 

he LDL receptor related protein (LRP) is a highly conserved, large, multifunctional 

ell surface receptor expressed in the liver, brain and placenta. It is a member of the 

DLR family, and contains a number of LDLR analogue repeats. LRP mediates the 

ternalization of proteinases, proteinase:inhibitor complexes, and apoE-enriched 

poproteins including chylomicron remnants (Havel 1995, Krieger and Herz 1994). 

hese processes may be inhibited by receptor-associated protein (RAP), a competitor 
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for the binding of LRP ligands (Herz et al 1991). In contrast to LDLR, the expression of 

LRP is not regulated by cholesterol loading (Krieger and Herz 1994). 
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1.2.5.1.c Scavenger Receptor Class B Type 1 (SR-B1) 

SR-B1 was first discovered via its homology to CD36, a glycoprotein that was shown to 

acrophage receptor for moderately oxidized LDL (Endemann et al 1993). It is a 

995). In addition, 

nockout mice data support the role of SR-BI in biliary cholesterol secretion and 

tic HDL uptake (Trigatti et al 

999, Mardones 2001). The SR-B1 gene is polymorphic, with associations reported 

holesterol has been suggested to reduce its 

ffinity for ABCA1, resulting in the release of the lipidated apoA-I (Oram and Heinecke 

 family studies and 

population screens for single-nucleotide polymorphisms (SNPs) (Cohen et al 2004, 

 

be a m

509 amino acid and 82 kDa glycoprotein with a horseshoe-like topology with a large 

extracellular loop anchored to the plasma membrane via the amino and carboxyl 

terminal transmembrane domains with short intracellular extensions (Acton et al 1994). 

SR-B1 is highly expressed in the liver, macrophages and steroidogenic organs including 

adrenal glands, ovaries and testes (Acton et al 1996). The role of SR-B1 in regulating 

HDL metabolism is well established. SR-B1 mediates the selective uptake of CE from 

HDL by cells through a process in which the CE is internalized without the net 

internalization and degradation of the lipoprotein itself (Rigotti et al 1

k

maintaining biliary cholesterol levels by mediating hepa

1

between polymorphisms and plasma lipids and anthropometric measures (Acton et al 

1999). The expression of the SR-B1 gene appears to be regulated by nuclear 

transcription factors, such as PPARα (Chinetti et al 2000), and by hormonal factors, 

including estrogen (Landschulz et al 1996).  

 

1.2.5.1.d ATP-binding cassette (ABC) transporters 
 

The ATP-binding cassette transporters (ABC) are a family of transport proteins that 

contain two ATP-binding domains or nucleotide binding folds and 12 transmembrane 

domains (Dean et al 2001). This family of transmembrane proteins transports a large 

variety of molecules such as proteins, ions, and lipids across the plasma membrane. 

 

ABCA1 is a 2261 amino acid and 250 kDa protein (Santamarina-Fojo et al 2000, 

Fitzgerald et al 2001). In contrast to SR-BI, which binds mature HDL, ABCA1 interacts 

preferentially with lipid-poor apoA-I. Binding of apoA-I to the extracellular domain of 

ABCA1 lipidates apoA-I, thereby forming nascent HDL (preβ HDL). Lipidation of 

apoA-I by the transfer of phospholipids and c

a

2005). More than 70 mutations in ABCA1 have been identified from
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Frikke-Schmidt et al 2004, Singaraja et al 2003). Mutations in human ABCA1 can 

ator 

f cellular cholesterol efflux and determinant of HDL cholesterol levels has led to 

 and Goldberg 2004). The gene encoding for LPL is located on 

hromosome 8 and expressed mainly in skeletal muscle, adipose tissue, and heart 

ns are transferred to HDL (Patsch et al 1978); the amount of CE 

om HDL that is exchanged for TG is modulated by the amount of VLDL in 

cause a genetic disorder called Tangier disease, characterized by very low levels of 

plasma HDL and deposition of sterols in macrophages (Assman et al 1995). The low 

levels of plasma HDL reflect an inability of lipid-poor apoA-I to acquire lipids, leading 

to a rapid apoA-I clearance from plasma. The discovery of ABCA1 as a major regul

o

intense interest in the molecular regulation of ABCA1 expression (Wang & Tall 2003) 

and its potential as a target for the development of new therapies (Brewer et al 2004).  

 

Two other members of the ABC family include the ABCG1 and ABCG4. Both 

transporters are thought to mediate cholesterol efflux to the major HDL fractions: HDL2 

and HDL3, but not to lipid-poor apoA-I. Hence, these two transporters may play 

important roles in RCT and be responsible for the atheroprotective effect of HDL 

(Wang et al 2004).  

 

ABCG5 and ABCG8 were reported to mediate the apical excretion of sterols into the 

intestinal lumen and promote sterol excretion from the liver into the bile (Sehayek 

2003). Mutations of ABCG5 and ABCG8 are associated with β-sitosterolemia, a 

condition with increased intestinal absorption and high plasma levels of plant sterols 

(Hubacek et al 2001).  

 

1.2.5.2 Enzymes 
 

1.2.5.2.a Lipoprotein lipase  
 

Lipoprotein lipase (LPL) plays a central role in human lipid homeostasis and energy 

metabolism (Otarod

c

muscle (Merkel et al 2002). The main function of this enzyme is the hydrolysis of 

plasma TG that are packaged in apoB-containing lipoproteins. It also mediates the 

clearance of atherogenic remnant lipoproteins from the circulation (Beisiegel et al 

1991). In addition, during the LPL-mediated hydrolysis of TG-rich lipoproteins, surface 

lipids and apolipoprotei

fr
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circulation. Hence, by decreasing plasma TG, LPL limits CETP-mediated HDL 

holesterol reduction. By changing core lipid composition of HDL, LPL also indirectly 

and hence, HDL cholesterol concentration 

ewnham et al 1992, Liang et al 1994). The action of LPL requires the presence of its 

al surfaces of microvilli of parenchymal cells 

 the space of Disse. HL hydrolyzes TG, CE and phospholipids, and therefore, 

 the latter may represent an additional mechanism that 

nked low HL levels to plasma accumulation of these lipoproteins (Yu and Cooper 

tivity may also result in an increased atherosclerotic risk by 

romoting the formation of atherogenic small, dense LDL particles (Zambon et al 

c

regulates the catabolic rate of HDL apoA-I 

(N

activator protein, apoC-II (Havel et al 1970). By contrast, apoC-III inhibits its metabolic 

action (Windler et al 1985).  

 

LPL via its actions on circulating fasting and postprandial lipoproteins is generally 

viewed as an antiatherogenic enzyme (Kastelein et al 2000, Hitsumoto et al 2000). 

Accordingly, decreased adipose tissue LPL activity was implicated, at least in part, for 

the hypertriglyceridemia and low HDL cholesterol associated with insulin resistance 

and type 2 diabetes, and contributing to the development of atherosclerosis in these 

individuals (Mead et al 1999).  

 

1.2.5.2.b Hepatic lipase  
 

Hepatic lipase (HL) is a 476 amino acid glycoprotein synthesized in the liver (Datta et 

al 1988). It is bound to heparin sulphate proteoglycans (HSPG) on the surfaces of 

sinusoidal endothelial cells and the extern

in

participates in lipoprotein remodeling and catabolism. Evidence of the role of HL in 

human lipoprotein metabolism is obtained from studies of individuals with HL 

deficiency. HL deficiency in humans is associated with diminished conversion of VLDL 

remnants to IDL and an almost complete absence of IDL to LDL conversion (Demant et 

al 1988). In addition, HL participates as a ligand in promoting the hepatic uptake of 

remnants and IDL particles, and

li

2001). By contrast, HL ac

p

1993). Both the catalytic and ligand activity of HL promotes SR-B1 mediated uptake of 

HDL-CE (Lambert et al 1999), suggesting a role for HL in HDL metabolism. HL also 

converts HDL2 to HDL3, generates pre-β-HDL, as well as lipid poor apoA-I, and hence, 

contributes to the process of RCT (Barter 2002). The magnitude of the effect of HL on 

HDL is highly dependent on the composition of HDL. CETP-mediated TG enrichment 

 85 



and CE depletion of HDL, as in hypertriglyceridemic states, greatly enhances HDL 

remodeling by HL (Barter 2002). 

 

Despite extensive research during the past decade in humans and genetically modified 

animal models, the relationship between HL and atherosclerosis remains unclear 

(Jansen et al 2002). HL activity is elevated in insulin-resistant states such as abdominal 

obesity and type 2 diabetes and is correlated with the low HDL cholesterol levels 

(Syvanne et al 1995, Sibley et al 2003). These findings suggest a proatherogenic role for 

HL. However, low HL activity has been reported in patients with clinically overt CAD 

(Barth et al 1987, Groot et al 1991), suggesting the antiatherogenic nature of HL.  

 

1.2.5.2.c Endothelial lipase  
 

Endothelial lipase (EL) is a newly described member of the TG lipase gene family (Jaye 

et al 1999) that is synthesized by endothelial cells, functions at the vascular endothelial 

urface, and has primarily phospholipase A1 activity (McCoy et al 2002). Experimental 

.2.5.3.a Lecithin:cholesterol acyltransferase 

ecithin-cholesterol acyltransferase (LCAT) is a 416 amino acid protein secreted by the 

T deficiency 

yndromes are associated with markedly reduced HDL cholesterol and apoA-I levels 

(Kuivenhoven et al 1997) and rapid catabolism of CE-poor apoA-I (Rader et al 1994). 

 has not been clearly 

s

evidence suggests that EL plays physiologic roles in the metabolism of HDL and apoB-

containing lipoproteins (Choi et al 2002, Badellino and Rader 2004) and may contribute 

to the development of atherosclerosis (Cilingiroglu and Ballantyne 2004). 

 

1.2.5.3 Cholesterol esterification and lipid transfer proteins 
 

1
  

L

liver (McLean et al 1986) and facilitates the maturation of nascent to mature HDL. It 

catalyzes the transfer of two-acyl groups from lecithin to the free hydroxyl residue of 

free cholesterol, generating CE, with apoA-I as its co-factor (Fielding et al 1972, 

Gordon and Rifkind 1989). The hydrophobic CE are then retained in the HDL core 

forming larger mature HDL2 particles. LCAT can also esterify cholesterol in LDL 

particles (Santamarina-Fojo et al 2001). In humans, genetic LCA

s

However, the importance of LCAT to the process of RCT
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established. The absence of functional LCAT activity does not necessarily result in a 

major defect in RCT, as a large component of RCT may occur as unesterified 

n HDL can be directly transferred to the 

an, who have extremely elevated levels 

f HDL cholesterol and reduced apoA-I turnover generated great interest in the role of 

CETP in HDL metabolism (Inazu et al 1990, Ikewaki et al 1993). Furthermore, genetic 

iation of the C-629A promoter variant of 
 

 a determinant of low HDL cholesterol 

orggreve et al 2003).  

associated with a 60% increase in mortality compared with atovastatin alone (Wall 

cholesterol. In humans, unesterified cholesterol i

liver and secreted in bile (Schwartz et al 2004). 

 

1.2.5.3.b Cholesteryl ester transfer protein 
 

Cholesteryl ester transfer protein (CETP) is a hydrophobic glycoprotein secreted by the 

liver and adipose tissue. It circulates in plasma bound primarily to HDL (Hesler et al 

1987). CETP promotes the exchange of CE from HDL to VLDL and LDL for TG, a 

process, which has the potential to increase circulating VLDL and LDL cholesterol, and 

increase TG-enriched HDL particles (Barter 2002). Consequently, TG-rich HDL is a 

better substrate for HL, and apoA-I dissociates from HDL and is hypercatabolized 

(Horowitz et al 1993). Thus, CETP may represent an atherogenic factor by decreasing 

apoA-I and HDL cholesterol concentrations.  

 

The discovery of CETP-deficient patients in Jap

o

association studies in humans show an assoc

CETP with higher CETP levels, lower HDL cholesterol levels, and an increased 

progression of CAD (Kuivenhoven et al 1998). Typically, in major forms of 

hyperlipidemia associated with premature atherosclerosis (hypercholesterolemia, mixed 

hyperlipidemia, and hypertriglyceridemia), both CETP activity and mass are 

significantly elevated (up to three-fold) as compared with the normolipidemic state 

(McPherson et al 1991, Guerin et al 1994, Guerin et al 1996). An increase in plasma CE 

transfer is also frequently observed in insulin-resistant conditions, including the 

metabolic syndrome, and is considered to be

(B

 

Initial clinical studies with CETP inhibitors (JTT-705 and torcetrapib) demonstrated 

promising results, with a marked increase in HDL cholesterol and reduction in LDL 

cholesterol levels (de Grooth et al 2002, Brousseau et al 2004). However, the recent 

ILLUMINATE trial showed that combination of torcetrapib and atorvastatin was 
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Street Journal, 4th December 2006). This raised concern that increased HDL levels do 

not necessarily reflect increased CVD benefits with respect to the role of HDL in RCT 

(Rensen and Havekes 2006) and highlighted the potential impact of metabolic, genetic, 

and environmental factors on the role of CETP in atherogenesis (Bruce et al 1995, Tall 

1995, Ordovas et al 2000). Whether the findings of ILLUMINATE represents a drug 

class effect or a torcetrapib specific effect remain to be elucidated and will warrant 

future studies.  

 

1.2.5.3.c Phospholipid transfer protein  
 

Phospholipid transfer protein (PLTP) an 80 kDa protein that belongs to a family of 

plasma LPS-binding/lipid transfer proteins. It is secreted by a variety of tissues, 

including the liver, lungs and adipose tissue and is present in macrophages, foam cells 

and human atherosclerotic lesions (Desrumaux et al 2003) Based on the bacterial 

permeability increasing protein 3-D structure obtained by X-ray crystallography, it has 

been suggested that PLTP has a boomerang-shaped structure consisting of two domains, 

that contains hydrophobic pockets for phospholipid binding (Figure 1.13). The N-

terminal of the protein is thought to be critical for PLTP transfer activity, while the C-

terminal is involved in HDL binding (Huuskonen et al 1999). There are two forms of 

PLTP, with high and low activity, respectively (Oka et al 2000). The PLTP gene is a 

liver X receptor (LXR) target and hence inducible by LXR ligands (Cao et al 2002). It 

as a PPAR domain, suggesting that it can be activated by PPAR ligands, specifically h

PPARα (Tu and Albers 2001). 

 

PLTP plays a significant role in plasma lipoprotein metabolism. It facilitates the transfer 

of phospholipids from TG-rich lipoproteins (TRL) to HDL during lipolysis by LPL. 

These phospholipids are present in surface fragment released from chylomicrons and 

VLDL particles and are precursors of plasma HDL (van Tol 2002). Importantly, PLTP 

has a significant role in remodeling HDL particles. The PLTP-mediated HDL 

conversion contributes to the generation of small, lipid-poor pre-β HDL and larger α-

migrating HDL particles (HDL2 and LpA-I), formed through particle fusion (Settasatian 

et al 2001). Pre-β HDL particles are efficient acceptors of cellular cholesterol from 

peripheral cells. In addition, interaction between PLTP with the ABCA1 stabilizes the 

transporter and promotes lipid efflux (Oram et al 2003). PLTP therefore, has a pivotal 
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function in cellular cholesterol efflux and RCT. Studies using transgenic mice and 

adenoviral overexpression of PLTP have testified to an atheroprotective effect of PLTP 

an Tol et al 2000). PLTP has also been shown to have a role in the secretion of apoB-

 

(v

containing lipoprotein and inflammation in vitro (Jiang et al 2005, Yan et al 2004). 

These may have important physiological relevance to atherosclerosis development.  

 

However, the contributory role of PLTP to lipid and lipoprotein metabolism in humans 

is still controversial. PLTP activity has been shown to be increased in obesity, type 2 

diabetes and insulin-resistant individuals with dyslipidemia (Riemens et al 1998, Kaser 

et al 2001).  

 

 

Figure 1.13 A schematic representation of the structural model of human PLTP 
 

 

 

 

 

 
The αhelices are shown as transparent red cylinders, the ß strands as yellow arrows, and the 

phosphatidylcholine molecules as black sticks. The side chains of the amino acids mutated here and C22 

are shown as grey balls. Adapted from Huuskonen et al 1999 
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1.3 MANAGEMENT OF DYSLIPIDEMIA 

ardiovascular disease (CVD) is the leading cause of death among men and women 

orldwide. The epidemic of obesity, in particular central obesity, escalates the need for 

ppropriate identification and management of high risk individuals. The INTERHEART 

tudy, a large case–control study of acute myocardial infarction in 52 countries, 

emonstrated that traditional risk factors for CVD, including abnormal lipids, smoking, 

iabetes, hypertension, abdominal obesity, psychosocial factors, diminished 

onsumption of fruits and vegetables, lack of regular alcohol intake, and lack of regular 

hysical activity account for the majority of the risk (over 90%). The two most cogent 

sk factors are smoking and dyslipidemia (Yusuf et al 2004). Hence, the front line of 

rimary and secondary prevention of CVD is the management of dyslipidemia.  

ns are based on underlying 

risk factors. The primary goal is LDL cholesterol lowering; as LDL increases, CVD risk 

he NCEP ATP III guidelines identify the following groups as high risk: 

on F

ntrolled 

 and recent unstable angina may benefit from further LDL lowering to a 

 

C

w

a

s

d

d

c

p

ri

p

 

National guidelines for determining target lipid concentratio

increases. T

established atherosclerotic disease (CHD, PVD, and CVD), diabetes, and those with 10-

year Framingham risk > 20%. Risk is calculated based ramingham risk score, an 

algorithm that incorporates age, total cholesterol, smoking status, HDL, and systolic 

blood pressure to determine the Framingham 10-year risk of CVD events. The target 

LDL value in high risk individuals is <2.6 mmol/L (100 mg/dl) (NCEP ATP III 

Guidelines 2002). Moderate risk individuals defined by the Framingham risk algorithm 

as having 10–20% 10-year risk for CVD events have a target LDL of <3.4 mmol/L (130 

mg/dl). Low risk individuals have <10% 10-year risk and the target LDL is <4.1 

mmol/L (160 mg/dl) (NCEP ATP III Guidelines 2002). Optimal LDL in very high risk 

individuals with established atherosclerotic disease and diabetes, on-going unco

risk factors,

target <1.8 mmol/L (70 mg/dl) (Grundy et al 2004). Alternatively, this guideline 

recommends measuring non–HDL cholesterol, calculated by subtracting HDL from total 

cholesterol. Non–HDL cholesterol is thus, the cholesterol concentration of atherogenic 

lipoproteins and has been recommended as a target especially in subjects with 

hypertriglyceridemia (NCEP ATP III Guidelines 2002). 

 

Recent studies demonstrate that apoB is superior to any of the cholesterol indices in 

estimating CVD risk (Lamarche 1996, van Lennep et al 2000, Gotto 2000, Walladius 
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2001, Pischon et al 2005). Similarly, the results of several of the major statin trials 

reported that apoB is a better index of statin therapy than cholesterol indices (Sniderman 

et al 2004). Hence, total apoB (a measure of particle number in LDL and TG-rich 

lipoproteins) has been suggested as an alternative therapeutic target, particularly in 

subjects with hypertriglyceridemia.  

 

Low HDL cholesterol is often associated with combined hyperlipidemia and metabolic 

syndrome, but can occur in isolation. As increasing evidence demonstrates that low 

HDL cholesterol level is an independent risk factor for CVD, addressing it as an 

additional therapeutic target is warranted. The European Consensus Panel recommends 

that the minimum target for HDL cholesterol should be 1.03 mmol/l (40 mg/dl) in 

ubjects with CVD or with a high CVD risk, including those with type 2 diabetes or the 

n the metabolic syndrome, focusing on HMG CoA 

ductase inhibitors (statins). 

inhibitors (torcetrapib, JTT-705) and fibric 

cids (fibrates). Their effects on lipoprotein metabolism are shown in Table 1.5. In this 

s

metabolic syndrome (Chapman et al 2004).  

 

This thesis focuses on the metabolic syndrome, which is recognized by NCEP ATP III 

as a secondary target of risk-reduction therapy (NCEP ATP III Expert Panel 2001, 

2002). The definition, clinical and metabolic features, significance and management of 

metabolic syndrome were detailed in section 1.1. The following section reviews current 

strategies in managing dyslipidemia i

re

 

1.3.1 Lipid regulating drugs 

 

A variety of compounds has been utilized as hypolipidemic agents. Of these, those 

currently used are HMG CoA reductase inhibitors (statins), bile acid sequestrants, 

nicotinic acid (niacin or vitamin B3), CETP 

a

thesis, the effects of statins, specifically rosuvastatin, are reviewed in detail.  
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Table 1.5 Lipid regulating drugs 

 

Drug Class  Lipid Outcomes 
 

Effects on CVD Side Effects 

 Statins LDL ↓18-55% 
HDL ↑5-15% 
TG    ↓7-30% 

Reduced major coronary 
events, CVD deaths, need for 
coronary procedures, stroke, 

Myopathy 
Increased liver 
enzyme

 and total mortality 
 

s 

Bile acid 
equestrants 

LDL ↓15-30% 
HDL ↑3-5% 
TG    = or ↑ 

Reduced major coronary 
events and CVD deaths 

Gastrointestinal distress 
Constipation 
Decreased absorption 
of other drug 
 

Nicotinic acid LDL ↓5-25% 

TG    ↓20-50% 

Reduced major coronary 
events, and possibly total 
mortality 

Flushing 
Hyperglycemia 
Hyperuricemia 
Upper gastrointestinal 

Hepatotoxicity 

CETP 
inhibitors 
 G   ↓ 11-17% 

 
 distress 

blood 
pressure 
Headache 

 
 

 
TG   ↓ 6-11% 
 

s 
pending 

ory 

usculoskeletal pain 
 

Fibric acids 
 HDL ↑10-20% 

TG    ↓20-50% 

ajor coronary 
events 

y 

s

 HDL ↑15-35% 

distress  

 
LDL ↓ 1-17% 
HDL ↑ 9-55% 
T

Recent studies suggest 
increase in mortality rates for
torcetrapib 

Gastrointestinal
Increased 

 
Ezetimibe LDL ↓ 17-22%

HDL ↑ 1-5%
Not known, clinical trial Upper respirat

infection 
Headache 
M
Arthralgia
 

LDL ↓5-20% Reduced m Dyspepsia 
Gallstones 
Myopath
 

“↑”: increase; “↓”: decrease; “=”: no change  
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1.3.2 HMG CoA reductase inhibitors  

 

.3.2.1 Overview

 

Statins are comp titive inhibitors of HMG CoA reductase, a rate-l

cholesterol synthesis (Figure 1.14). Mevastatin was the first compound isolated from 

peci  was  a reve etitive 

hibitor of the  C uctase (Endo et al 1976). Lovastatin, a 

structurally relate tatin isolated from Aspergillus sp he first 

statin approved for use in 1987 in the United States (Henwood and Heel 1988). Since 

pravastatin (McTavish and Sorkin 1991), 

nd Wagstaff 1996) and atorvastatin (Lea and 

McTavish 1997) were developed. Cerivastatin was the sixth, and a highly potent and 

fects on muscle led to its withdrawal from the 

arket in 2001 (Bischoff and Heller 1998, SoRelle 2001). Rosuvastatin is a recent 

addition to the statin family and is more effective in lowering LDL cholesterol and 

holesterol than other statins at an equivalent dose (Chapman and 

cTaggart 2002). 

 

1  

e imiting enzyme in 

Penicillium s es in 1976, and  subsequently shown to be

oA red

rsible, comp

in  enzyme, HMG

d analog of mevas ecies was t

then, simvastatin (Todd and Goa 1990) and 

and subsequently fluvastatin (Plosker a

lipophilic statin. However, its adverse ef

m

increasing HDL c

M

 

Figure 1.14 Cholesterol biosynthesis pathway 

acetyl CoA
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Statins lower total cholesterol, LDL cholesterol and TG concentrations, and increase 

HDL cholesterol in various dyslipidemic states (Roberts et al 1997, Stein et al 1998, 

g safety profile, and concomitant 

drug use. Accordingly, large clinical trials have demonstrated that LDL cholesterol 

lowering with statins is associated with reduced incidence of myocardial infarction and 

other coronary events. Such studies include the Scandinavian Simvastatin Survival 

Study (4S) (Lancet 1994), the Cholesterol and Recurrent Events (CARE) (Sacks et al 

1996), the Lipid Intervention with Pravastatin in Ischaemic Disease (LIPID) (NEJM 

1998), the Medical Research Council/British Heart Foundation Heart Protection Study 

(HPS) (MRC/BHF Lancet 2002), the West of Scotland Coronary Prevention Study 

(WOSCOPS) (Shepherd et al 1995) and the Air Force/Texas Coronary Atheroma 

revention Study (AF/Tex CAPS) (Clearfield et al 2001), the Atorvastatin Study for 

revention of Coronary Heart Disease Endpoints in Non-Insulin-Dependent Diabetes 

Takemoto et al 2001a); they may also exert pleiotropic effects (Takemoto et al 2001b). 

Statins vary in potency, and hence, drug and dosage selection are determined by its 

efficacy in lowering LDL cholesterol (Table 1.6), dru

P

P

Mellitus (ASPEN) (Knopp et al 2006), the Treating to New Target study (TNT) 

(Deedwania et al 2006) and the Collaborative Atorvastatin Diabetes Study (CARDS) 

(Neil et al 2006).  

 

Table 1.6 LDL reduction by percentage change according to statin and daily dose 

(summary estimates from 164 randomized placebo controlled trials) 

 

Statin Percentage reduction in LDL* 

 5 mg 10 mg 20 mg 40 mg 80 mg 

Lovastatin (Mevacor)  21% 29% 37% 45% 

Pravastatin (Pravachol) 15% 20% 24% 29% 33% 

Fluvastatin (Lescol) 10% 15% 21% 27% 33% 

Simvastatin (Zocor) 23% 27% 32% 37% 42% 

Atorvastatin (Lipitor) 31% 37% 43% 49% 55% 

Rosuvastatin (Crestor) 38% 43% 48% 53% 58% 

Adapted from Law et al 2003,  

 Percentage reductions are independent of pretreatment LDL concentration. *
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1.3.2.2 Rosuvastatin 

 

Rosuvastatin (CRESTOR; formerly ZD4522) is a hydrophilic and hepatospecific statin 

ed in Japan by Shionogi & Comp  Pty. Ltd. in 

998. It is a synthetic compound that co f a s anti R, 5

cium  

doses of rosuvastatin available in the market are 5, 10, 20 and 40 mg. The molecular 

is as s: 

hibitor of HMG CoA reductase, the 

iting enzyme that converts HMG CoA to mevalonate, a precursor of cholesterol; 

consequently, intracellular cholesterol concentration is decreased, leading to an 

upregulation of LDLR on the cell-surface, enhancing uptake and catabolism of LDL, 

and hence a reduction in plasma cholesterol (Grundy 1998). It is the most effective 

statin currently available in terms of total and LDL cholesterol lowering. Rosuvastatin 

has been shown to dose-dependently lower LDL cholesterol, with a 55% reduction in 

LDL cholesterol at 40 mg and an initial reduction of 41% at 5 mg. It also reduces TG 

concentration in subjects with hypertriglyceridemia (Caslake et al 2003). In parallel 

with this, rosuvastatin altered the distribution of LDL particles towards the formation of 

O

develop any and licensed to AstraZeneca

1 nsists o ingle en omer (3 S, 6E) 

formulated and administered as the cal  salt of the active hydroxy acid group. The

structure of rosuvastatin follow

 

Figure 1.15 Molecular structure of rosuvastatin 
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As with all statins, rosuvastatin is a competitive in

rate-lim

2 
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O
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larger, less dense particles (Caslake et al 2003). Rosuvastatin is the first statin to show a 

consistent increase in HDL cholesterol. Rosuvastatin, at doses between 5 and 40 mg has 

been reported to increase HDL cholesterol by 10 – 15% in a broad range of subjects. 

Moreover, it significantly increases the numbers of large α1-migrating HDL particles 

(Asztalos and Schaefer, unpublished data from STELLAR study). However, the 

mechanisms underlying the HDL raising effect of rosuvastatin remain unknown. 

 

Rosuvastatin may exert non-lipid (pleiotropic) effects. Animal models and in vitro 

studies demonstrate that rosuvastatin improves endothelial function, increases systemic 

nitric oxide bioavailability and inhibits exaggerated platelet activation (Furman et al 

2004, Grosser et al 2004, Schafer et al 2005). Although these effects have not been 

stablished in humans, one study observed that rosuvastatin inhibited the activity and 

ntigen level of platelet protease-activated receptor 1 (PAR-1) thrombin receptor, and 

studies 

cluding switching to rosuvastatin trials (Measuring Effective Reductions in 

e

a

thus, regulated platelet activity and thrombin formation in subjects with the metabolic 

syndrome (the PAR-1 Inhibition by Statins (PARIS trial) (Serebruany et al 2006). These 

mechanisms may contribute to the beneficial effects of rosuvastatin treatment and 

warrant further studies. 

 

Rosuvastatin is well tolerated in a broad spectrum of subjects (Shepherd et al 2004a). 

The nature and frequency of adverse events across the dose range of 5 – 40 mg were 

low and consistent with previous reports (Knopp 1999, Newman et al 2003). Two recent 

large cohort studies also demonstrated that rosuvastatin had safety profiles similar to 

other statins (McAfee et al 2006 and Goettsch et al 2006).  

 

The Rosuvastatin Worldwide Clinical Trials Program included 12,596 men and women 

with a broad range of characteristics including the elderly and those with renal disease, 

hypertension, CVD and diabetes. This program consisted of multicentred, randomized, 

controlled clinical trials that clearly established the efficacy of rosuvastatin in lowering 

LDL cholesterol and increasing HDL cholesterol (Table 1.7). In addition, other 

in

Cholesterol Using Rosuvastatin therapy, MERCURY I and II; Stender et al 2005, 

Ballantyne et al 2006), intravascular ultrasound-determined endpoints (A Study To 

evaluate the Effect of Rosuvastatin On Intravascular ultrasound-Derived coronary 

atheroma burden, ASTEROID; Nissen et al 2006) and B-mode ultrasonography-

determined endpoints (Measuring Effects on intima media Thickness: an Evaluation Of 
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 97 

ents. Rosuvastatin 10mg is compared with placebo in this 

ized, double-blind, controlled trial. The primary endpoints are time to death 

JUPITER 

w levels of LDL cholesterol and high CRP. 

Rosuvastatin, METEOR; on-going trial) were performed to further assess the beneficial 

effects of rosuvastatin. Three morbidity and mortality end-point trials to determine the 

efficacy of rosuvastatin to reduce CVD risk are on-going and are briefly summarized as 

follows: AURORA – this study includes subjects with end-stage renal disease receiving 

regular hemodialysis treatm

random

from any cause and time to first major cardiovascular event; CORONA – this study 

includes subjects with chronic systolic heart failure of ischemic etiology. Rosuvastatin 

10mg is compared with placebo in this randomized, double-blind, controlled trial. The 

primary endpoint is time to first event for a composite endpoint including 

cardiovascular death, nonfatal myocardial infarction and nonfatal stroke; and 

– this study is conducted in subjects with lo

Subjects receive 20mg rosuvastatin or placebo for five years. The primary endpoint is 

the time to first major cardiovascular event (Schuster and Fox 2004). 

 

From its lipid-lowering and pleiotropic effects, rosuvastatin is an effective therapy for 

subjects with the metabolic syndrome and a better understanding of the mechanisms by 

which it confers its cardiovascular benefits are warranted.  

 

 

 

 

 

 

 

 



Table 1.7 Summary of clinical efficacy studies with rosuvastatin 

 
Author Subjects Sample 

Size 
Treatment 

 
Duration of 
treatment 

(wk) 

Lipid Outcomes 

Olsson et al 2001 Hypercholesterolemia  142 RSV 1, 2.5, 5, 10, 20, 40 
or 80 mg 

6 RSV dose-dependently reduced total L ch
and apoB compared with placebo; H incre
TG reductions were consistently obs ticall
significant at some dose levels.  

 cholesterol, LD
DL cholesterol 
erved and statis

olesterol 
ases and 
y 

Davidson et al 2002 Hypercholesterolemia 516 RSV 5, 10 mg 
ATV 10 mg 

12 RSV 5 and 10 mg compared with AT assoc
with greater LDL cholesterol reducti -43% 
35%, respectively) and HDL cholest +13%
+12% vs. +8%, respectively). Total c  apoB
reductions and apoA-I increases wer ith R
reductions were similar.  

V 10 mg were 
ons (-40% and 
erol increases (
holesterol and

e also greater w

iated 
vs. -
 and 
 
SV; TG 

Brown et al 2002 
 

Hypercholesterolemia 394 RSV 5 – 80 mg 
RSV 10 – 80 mg 
SIM 20 – 80 mg 
 

52 RSV 5 and 10 mg was associated wi chole
reduction (-42% and -48%, respectiv 20 m
and SIM 20 (-38%). 
 

th greater LDL 
ely) than PRA 

sterol 
g (-32%) 

Olsson et al 2002 
 

Hypercholesterolemia 412 RSV 5 – 80 mg 
RSV 10 – 80 mg 
ATV 10 – 80 mg 
 

52 RSV 5 and 10 mg was associated with gre chole
reduction (-47% and -53%, respectively) t 10 m
 

ater LDL 
han ATV 

sterol 
g (-44%). 

Schneck et al 2003 Hypercholesterolemia 374 RSV 5, 10, 20, 40 mg 
ATV 10, 20, 40, 80 mg 

6 The dose curve for RSV yielded DL 
cholesterol (-8.4%), total cholesterol (-4.9 igh-densit
lipoprotein (non-HDL) cholesterol (-7.0% B (-6.3%), 
compared with ATV at any given dose. Si c y greater 
increases for RSV compared with ATV w ed for HD
cholesterol at 40 and 80 mg, and for apoA g. TG 
lowering was comparable between RSV a

greater decrease in L
%), non-h
) and apo
gnifi antl
ere observ
-I at 80 m
nd ATV. 

y 

L 
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Author Subjects Sample 
Size 

Treatment 
 

Duration of 
treatment 

(wk) 

Lipid Outcomes 

Blasetto et al 2003 Hypercholesterolemia 1172 RSV 5, 10 mg 12 Rosuvastatin 5 and 10 mg reduced LDL cholesterol more than 
ATV 10 mg (-41.9% and -46.7% vs. -36.4%), SIM 20 mg (-40.6% 
and -48.1% vs. -27.1%) and PRA 20 mg (-40.6% and -48.1% vs. -
35.7%). Analyses of all the rosuvastatin 10 mg data from the 5 
trials in subgroups defined by age > or =65 years, female sex, 
postmenopausal status, osclerosis, type 2 
diabetes, and obesity showed that RSV had consistent efficacy 
across patient subgroups. 
 

ATV 10 mg 

hypertension, ather

Ballantyne et al Metabolic syndrome 194 RSV 10 mg 12 In subjects with the metabolic syndrome, RSV 10 mg improved 
2003 
 

LDL cholesterol (−47%), non-HDL cholesterol (−43%), apoB 
(−37%), TG (−23%), apoA-I (+7%), and HDL cholesterol 
(+10%). 
 

Jones et al 2003 Hypercholesterolemia 2431 RSV 10, 20, 40 mg 
, 80 mg 

, 80 mg 
mg 

6 holesterol by a mean of 8.2% 
, 
ean 

(STELLAR) ATV 10, 20, 40
40SIM 10, 20, 

PRA 10, 20, 40 

RSV 10 to 80 mg reduced LDL c
more than ATV 10 to 80 mg, 26% more than PRA 10 to 40 mg
and 12% to 18% more than SIM 10 to 80 mg (all p <0.001). M
percent changes in HDL cholesterol in the RSV groups were 
+7.7% to +9.6% compared with +2.1% to +6.8% in all other 
groups. Across dose ranges, RSV reduced total cholesterol 
significantly more (p <0.001) than all comparators and 
triglycerides significantly more (p <0.001) than SIM and PRA. 
 

Stein et al 2003  
(HeFH Study) 

Heterozygous familial 
hypercholesterolemia 

623 g 
g 

18 
an ATV 20 to 80 mg/day in LDL cholesterol 

. 

RSV 20, 40, 80 m
ATV 20, 40, 80 m

RSV force titrated from 20 to 80 mg produced significantly 
reater reductions thg

(-57% vs. -50.4%) and increase in HDL cholesterol (+12.4% vs
+2.9%). 

Hunninghake et al 
2004 

Hypertriglyceridemia 126  mg 6 
compared with placebo (-18 to -40). All doses of RSV 

sterol, 

RSV 5, 10, 20, 40 RSV at all doses produced significant mean reductions in TG 

significantly reduced levels LDL cholesterol, VLDL chole
apoB and apoC-III. 
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Author Subjects Sample Treatment Duration of 

(wk) 

Lipid Outcomes 
Size  treatment 

Schwartz et al 2004 Hypercholesterolemia 1233 RSV 5 – 80 mg 
RSV 10 – 80 mg 
ATV 10 – 80 mg 

24 

 
by RSV. Effects of the 2 agents on TG 

RSV 80 mg (combined RSV group) reduced LDL cholesterol 
more than with ATV 80 mg (60% vs. 52%). Total cholesterol, 
HDL cholesterol, non–HDL cholesterol, apoB and apoA-I, were
more favorably modified 
were similar. 
 

S
20

hepherd et al 
04b 

Post-menopausal women 
on hormone replacement 
therapy 

135 RSV 5, 10 mg 12 
 and 

re also reduced significantly. HDL cholesterol increased 

RSV 5 and 10 mg reduced LDL cholesterol by 38% and 49%, 
respectively, compared with placebo. Total cholesterol, TG
poB wea

significantly in RSV groups (11% and 8% for 5 mg and 10 mg, 
respectively), as did apoA-I levels.  
 

Strandberg et al 
2004 
(DISCOVERY 
STUDY) 

Hypercholesterolemia 1024 12 
 vs. 

RSV 10 
ATV 10 

RSV was associated with significantly greater reductions in LDL 
(-47% vs. -38%), total cholesterol (-33% vs. -28%), TG (-15%
-13%) than ATV and a significantly greater increase in HDL 
cholesterol level (+4% vs. +2%).  
 

Lamendola et al Insulin resistant, non-
d 

39 RSV 40 mg 12  
.05). 2005 diabetics with combine

dyslipidemia 
GEM (1200 mg/d) 

GEM and RSV decreased fasting TG. RSV significantly reduced
fasting LDL, apoB and apoC-III, and increased apoA-I (p <0
The degree of improvement in fasting and postprandial remnant 
lipoprotein cholesterol concentrations was significantly greater in 
RSV -treated patients. 
 

Wolffenbuttel et al 
2005 
(CORALL Study) 

ATV 20 - 80 mg 
9%, -

 
 

0.6% and -53.6%) than with ATV (-41.3%, -
45.6% and -47.8%). TG reductions ranged from 16 to 24% and 
were not different between treatments.  
 

Type 2 diabetes 263 RSV 10 -  40 mg 24 A greater reduction in apoB/apoA1 was seen with RSV (-34.
39.2% and -40.5%) than with ATV (-32.4%, -34.7% and -35.8%).
Significantly greater reductions in LDL cholesterol were also seen
with RSV (-45.9%, -5
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Author Subjects Sample 
Size 

Treatment 
 

Duration of 
treatment 

 
(wk) 

Lipid Outcomes 

Stalenhoef et al 
2005  
(COMET) 

nts 

g 
Metabolic syndrome 401 RSV 20 mg 

RSV 10 – 20 mg 
ATV 10 – 20 mg 

12 Significant LDL cholesterol reductions were observed in patie
receiving RSV (combined) when compared with those receivin
ATV at 12 weeks (48.9 vs. 42.5%). RSV increased high-density 
lipoprotein cholesterol significantly more than ATV (+10.4% vs. 
+5.8%). 
 

 
ination Therapies 

 
Comb

Capuzzi et al 2003 rtriglyceridemia and 
T2DM 

270 RSV (FDT to 40 mg) 
NIA (FDT to 2g) 
RSV 40 mg + NIA  

) 
g + NIA  

24 
% 

 respectively); no additional 

2 g 
eases in HDL cholesterol (11% 

Hype

(FDT 1g
RSV 10 m
(FDT 2g) 

RSV 40 mg reduced LDL and non-HDL cholesterol significantly 
more than either NIA 2 g or RSV 10 mg/NIA2 g (-48% vs. -0.1
nd -36%, -49% vs. -11% and -38%,a

reduction in LDL or non-HDL cholesterol was observed with the 
RSV 40 mg/NIA 1.0 g. TG reductions ranged from -21% (NIA) to 
-39% (RSV 40 mg/NIA 1 g), but no observed differences were 
statistically significant. Compared with RSV, RSV 10 mg/NIA 

roduced significantly greater incrp
vs. 24%) and apoA-I (5% vs. 11%, p <0.017).  
 

Durrington et al 
2004 

 216 g) 
FENO (FDT to 67 t.i.d) 
RSV 5mg + FENO (FDT 
to 67 t.i.d) 

NO 

24 

rences in effect on HDL were observed 

Hypertriglyceridemia and
T2DM 

RSV (FDT to 40 m

RSV 10 mg + FE
(FDT to 67 t.i.d) 

RSV and FENO reduced TG by 30.3% and 33.6% and LDL 
cholesterol by 46.7% and 0.7%, respectively. RSV 10 mg/FENO 
reduced TG by 47.1% and this was significantly greater than RSV 
lone. No significant diffea

among treatment groups.  
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Author Subjects Sample 
Size 

Treatment 
 

Duration of 
treatment 

(wk) 

Lipid Outcomes 

Ballantyne et al 
2004 

Severe 
Hypercholesterolemia 

6g/d)  

tal LDL cholesterol reductions >30% were obtained in 
29% of patients receiving RSV 80/CLTM and 4% of patients 
receiving RSV.  
 

153 RSV 40 
RSV 80 
RSV 40/CLTM (1

12 The mean reduction in LDL cholesterol was 52% after RSV 40 
mg, and the adjusted mean reductions in LDL cholesterol were 
56.4% and 60.5% after treatment with RSV 80 mg alone and RSV
80 mg/CLTM, respectively. No significant differences between 
treatments were found for these or other lipid measurements. 
ncremenI

Kosoglou et al 2004
 

 

 mg 

Hypercholesterolemia 40 RSV 10 mg 
EZE 10 mg 
RSV 10 and EZE 10

2 This is a pilot study. All active treatments caused statistically 
significant decreases in LDL cholesterol concentration versus 
placebo. RSV/EZE was associated with a significantly greater 
reduction in LDL and total cholesterol than either drug alone. In 
this 2-week inpatient, study with restricted physical activity there 
was no apparent effect of any treatment on HDL cholesterol or 
TG. In particular, RSV/EZE demonstrated greater percentage 
reduction in mean LDL cholesterol (–61.4%) than RSV alone (–
44.9%), with a mean incremental reduction of –16.4% (95%CI –

6.3 to –6.53).  2
 

RSV, rosuvastatin; AT astatin prav il; NIA, ni ; FENO  

dose titrated

V, atorvastatin; SIM, simv ; PRA, astatin; GEM, gemfibroz acin , fenofibrate; EZE, ezetimibe; CLTM, cholestyramine; FDT, force



1.4 KINETIC STUDIE

 

1.4.1. Background 

 

Plasma lipi nd lipopr ns itio ly employed 

to characterize lipid diso es ide ormation on 

the underlying mechanis ysli t an arrett 2002). 

Lipoprotein kinetic stud inst  ou derstanding 

of the dynamics of lipop nd describing the effects of lipid regulating 

agents in vivo (Barrett et

 

The study of lipoprotein kinetics can be viewed as a component of system science 

(Barrett et al 2006). A system exists and functions as a unified entity via the interaction 

of its comp rts (O’Connor and McDermott 1997). Feedback loop oth positive 

and negative, are often found in complex systems to maintain homeostasis. Although 

feedback mechanisms are well established features of complex systems, these 

mechanism fined in lipid and lipoprotein m olism. 

 

Figure 1.16 The balancing feedback loop 

 

 

 

 

 

 

 

 

Tracers are used in lipoprotein kinetic studies haracterize the metabolic pathways in 

lipoprotein metabolism. A suitable tracer should have certain properties. First, it should 

be metabolically indistinguishable from the tracee, the material under investigation. 

Second, it should be ne ible in quantity w  compared to the tracee, so as to not 

perturb the system under investigation. Thir t must be detectable asurable 

(Steiner et 986, Bar al 2006). The ication of a tracer provides data from 

S AND LIPOPROTEIN METABOLISM 
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which, mechanistic kinetic models can be developed and tested against experimental 

Early lipoprotein kinetic studies employed radioiodinated tracers exogenously attached 

dministered as a bolus injection (Gitlin et al 1958, Bilheimer et al 

972). However, potential chemical modification of apolipoproteins leading to altered 

geais et al 1998). These are administered either as a 

rimed constant infusion for a period between 12 to 15 hours, or a bolus injection with 

man 

poprotein kinetic studies has increased in recent years. 

.4.2 Principle o

alculations of apolipoprotein kinetics involve the determ on of the rate of 

ppearance and disappearance of the apolipoprotein (Wolfe 1992). Figure 1.16 

lustrates a simple input-output study of a system to represent the general concept of the 

acer methodology employed in the thesis.  

data to reveal the dynamics of the underlying pathways.  

 

to lipoproteins and a

1

particle kinetics, as well as biohazard and ethical concerns limited its application in 

human kinetic studies (Osborne et al 1984, Beltz et al 1985, Ramakrishnan et al 1990). 

Since the mid 1980s, amino acids labeled with stable isotopes have been used as 

endogenously incorporated tracers to study lipoprotein metabolism (Parhofer et al 1991, 

Schaefer et al 1992, Watson 1995, Packard 1995, Cummings and Watts 1995, Demant 

et al 1996, Patterson et al 1997, Mau

p

study duration extended to 96 hours. With endogenous labeling, proteins and lipids are 

labeled in vivo from a labeled precursor pool, allowing for direct assessment of 

lipoprotein synthesis pathways as well as simultaneous measurement of the kinetics of 

multiple apolipoproteins in an individual. However, the occurrence of tracer recycling 

from slowly turning-over precursor pools may impact on kinetic parameter estimation 

(Barrett et al 2006). Despite this limitation, the use of stable isotopes in hu

li

 

1 f stable isotope tracer methodology 

 

C inati

a

il

tr

 

The system refers to a biological structure where the apolipoprotein(s) under 

investigation may exist in various pools including whole body, organ(s), blood, cellular 

and subcellular pools. For the purpose of these studies, the system is assumed to be in 

steady-state, i.e. the rates of input and output for a given unlabeled tracee 

(apolipoprotein) are equal and constant. When an endogenously incorporated tracer is 

injected into the system, it labels the apolipoprotein with a stable isotope tag and traces 
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it through its metabolic pathways. Assuming that the system is in steady-state, and that 

an appropriate tracer is administered, tracer kinetic parameters, and hence measure of 

polipoprotein rates of catabolism and production, can be estimated by fitting a set of a

mathematical functions, typically differential equations, to the tracer data. 

 

Figure 1.17 Principle of tracer methodology 
 

 
 

 

After infusion 

Before infusion 

Tracee 
Input 

Tracee 
Output 

Tracee 
Input 

Tracer 

Tracee + 

Input 

Tracer  
Output 

Assumptions 
 

• The mass of the tracee is constant and the mass of the tracer is negligible in 
quantity but detectable. 

• The tracer is indistinguishable with respect to the properties of the tracee 
• The system in homogenous and well-mixed. 
• The measurement of the transport of the tracer is equivalent to that of the tracee 

being studied. 
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1.4.3 Laboratory and mathematical methods of stable isotope studies 

 

1.4.3.1 Tracer administration 

 

Early endogenous labeling studies administered stable isotope tracers as primed 

onstant infusions for a period between 12 to 15 hours. One limitation of this approach 

is that the kinetics of slowly turning- ore 

ifficult to estimate. Furtherm

athematical analysis that can be employed to interpret the tracer data and derive 

etabolic parame ackard 1995, Barrett and Foster 1996). More recently, the bolus 

method of administering labele asma samples being collected 

up to 96 hours has been applied. P otocols su ic tracer 

models can be developed, and are also 

mor e for estimating the kine s of slowly turning-o eins (Marsh et al 

2000, Barrett et al 2006).  

 

In this thesis, a bolus injection of D3-leucine (5mg/kg) was employed to study apoB, 

apoA-I and apoA-II kinetics.  

 

thods associated with lipoprotein kinetic studies are reviewed in 

Cha  brief, lipoprotein f m 

whole plasma samples by ultracentrifugation. Isopropanol precipitation can be used to 

isolate VLDL, IDL and LDL-apoB, while polyacrylamide g horesis is used to 

isolate HDL apoA-I and olated apolipoproteins are hydrolyzed, derivatized 

and isotopic enrichment measured using gas chromatography-m etry.  

 

1.4.3.3 Compartmental modeling 

 

The estimation of lipoprotein kinetic parameters can be approached using 

noncom t artmental models (Cummings 

et al 199 W

c

over apolipoproteins, such as LDL apoB, are m

ore, the short study duration constrains the type of d

m

m ters (P

d amino acids with serial pl

r ch as these provide better dynam

data from which more complex physiological 

e suitabl ver prottic

1.4.3.2 Laboratory methodology 

 

The laboratory me

pter 4. In ractions (VLDL, IDL, LDL and HDL) are isolated fro

el electrop

 apoA-II. Is

ass spectrom

par mental models, algebraic functions, and comp

5, atts et al 1997, Pont et al 2002a, Barrett et al 2006). For the purpose of this 
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thesis, only compartment models will be discussed. 

 

Compartmental models represent the gold standard for the modeling of lipoprotein 

. Compartmental models take into account the kinetic 

eterogeneity of lipoprotein metabolism, improve the accuracy by accounting for tracer 

f the measured lipoprotein fraction.  

been used extensively for compartmental modeling 

atterson 2002, Barrett et al 2006). Once a model is constructed, SAAM II generates 

efficient differential equations from the 

compartmental structure. Next, sites and protocol of tracer administration and 

ompartments associated with the experimental data are specified. Finally, the 

rogram was used to estimate the respective rates of catabolism and production.  

kinetic data (Barrett et al 2006)

h

recycling, and provide information may not be obtainable with the other methods of 

analysis (Barrett et al 1991, Patterson 2002).  

 

Many compartment models of apolipoprotein metabolism have been described, ranging 

from simple to very complex. A compartmental model consists of a collection of 

compartments that are interconnected, implying exchange or flow of material from one 

compartment to another. Material can also enter the compartment from outside the 

model and vice versa. Kinetic heterogeneity is often seen within a given lipoprotein 

fraction, as evidenced by the shape of tracer time course. To account for this, more 

complex model structures are constructed such that the sum of these compartments is 

equivalent to the kinetics o

 

The software tool: Simulation, Analysis, and Modeling Software II (SAMM II, SAAM 

Institute, Seattle, WA) has 

(P

the system of first-order, constant co

c

adjustable parameters of the model are estimated using an iterative process to provide 

“best” estimates of the model parameters and their precision. 

 

In this thesis, a multicompartmental model was used to describe the kinetics of apoB in 

VLDL, IDL and LDL; and another multicompartmental model was used to describe the 

kinetics of apoA-I in HDL LpA-I and LpA-I:A-II particles and apoA-II. The SAAM II 

p
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1.4.3.4 Definitions in kinetic analysis 

 

The kinetic analysis of the system in tracer studies is characterized by several 

parameters, which are defined below.  

 

Pool or Compartment is an amount of substance, which is homogenous, well mixed 

and distinct from other substances in the system. The substance can flow into or out of a 

ompartment. 

f tracee lost irreversibly 

om a pool per unit time.  

lux is the transfer or movement of mass per unit from one compartment to another 

 RT of 

ours and RT of days is immediately apparent. 

 
 

c

 

Pool Size or Mass is the amount of tracee in a specific pool where the tracer is 

introduced and from which samples that measure its mass will be taken 

 

Rate Constant or Fractional Transfer Coefficient (pool/time) is the fractional 

transfer of substance between compartments or the fractional loss from a compartment. 

 

Fractional Catabolic Rate (FCR) (pool/time) is the fraction o

fr

 

Fractional Secretion or Synthesis Rate (FSR) is the rate of incorporation of a 

precursor into a product per unit time. At steady state, the FSR equals the FCR. 

 

Transport Rate (mass/time) is the rate at which tracee moves through a pool. It is also 

known as turnover rate or production rate. Secretion rate is generally used when 

describing the direct production of tracee, such as VLDL from the liver.  

 

F

compartment or out of the system. 

 

Residence Time (RT) (time) is the reciprocal of the FCR. It is useful when comparing 

the kinetics of apoproteins that have different FCR, as the difference between an

h
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1.4.4 Overview of lipoprotein kinetic studies 

 amino acids is now extensively used to examine apoB metabolism 

illar et al 1995, Cummings et al 1995, Riches et al 1998, Chan et al 2002a). A meta-

predominantly 

etermined by age, sex, body weight, apoE genotype, and prandial status (Watts et al 

.4.4.1.a Obesity and apoB kinetics 

at, obesity is associated with increased 

emi et al 1985). Stable isotope studies, 

L and LDL-apoB FCR (Chan et al 2002). A 

1 2

en with insulin resistance, with no differences in PR compared with 

ts, and experimental design and 

ethod of kinetic analysis. A summary of apoB kinetic studies in lean and obese 

 

1.4.4.1 Kinetic studies of apoB  

 

Early studies employed exogenous tracer labeling to study apoB kinetics (Kissebah et al 

1981, Kesaniemi et al 1985, Egusa et al 1985). Endogenous labeling of apoB with stable 

isotope labeled

(M

analysis based on 21 reports of stable isotope studies concluded that in healthy 

normolipidemic subjects, VLDL apoB transport in plasma was 

d

2000a).  

 

1

 

Early radioisotope studies have reported th

VLDL apoB PR (Egusa et al 1985, Kesani

however, have provided varying results. Some reported elevated VLDL apoB PR and 

delayed FCR (Cummings et al 1995, Riches et al 1998, Batista et al 2004), and others, 

elevated VLDL apoB PR and reduced ID

smaller study reported that VLDL, IDL and LDL-apoB PR were elevated in obese 

insulin resistant women, with no differences in FCR compared with lean women (Pont 

et al 2002a). By contrast, lower VLDL , VLDL  and IDL-apoB FCR was reported in 

African American m

lean men (Sumner et al 1999). These discrepancies may be attributed to the lipid and 

non-lipid characteristics, gender and ethnicity of subjec

m

subjects is provided in table 1.8. 
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Table 1.8 Studies of apoB kinetics in normolipidemic and obese subjects 

Authors Subjects Labeling 
method 

Findings 
 

(Year) (Number) 
Egusa Obese (9) and  
(1985) Non-obese (7) men 

 

RL VLDL apoB PR (↑), LDL apoB PR and 
FCR (↑) in obese men 
 

Kesaniemi 
(1985) 

Obese subjects  
(3 men, 1 woman), 
CHD patients (5 men),  
normal subjects (5 men) 

RL VLDL apoB PR (↑) in obese subjects, 
VLDL and LDL apoB 
PRs (↑) in CHD patients. 

Cummings 
(1995) 

Obese subjects  
(3 men, 3 women), 
lean subjects 
(3 men, 3 women) 
 

SI 
 

VLDL apoB PR (↑), FCR (↓) in obese 
subjects 

Riches 
(1998) 

Obese men (16), SI ↑ ↓
Non-obese men (16) 

VLDL apoB PR ( ), FCR ( ) in obese 
men 
 

umner 
(1999) 

Insulin resistant African 
American men (8), 

SI VLDL1 apoB FCR (↓) (70%), 
VLDL2 apoB FCR (↓) (71%), 
IDL apoB FCR (↓) (53%) in insulin 
resistant men 
 

S

insulin sensitive men (7) 

Chan 
(2002a) 

Obese men (48), 
lean men (10) 

SI VLDL apoB PR (↑),  
IDL and LDL apoB FCRs (↓) in obese 
men. 
 

Pont 
(2002a) 

Obese women (5), 
Lean women (5) 

SI VLDL apoB PR (↑) (84%), 
IDL apoB PR (↑) (54%), 
LDL apoB PR (↑) (63%) in obese 
women. 
 

Batista 
(2004) 

Metabolic syndrome men 
with chronic kidney 
disease (3), obese 
subjects (5), non-obese 
subjects (13) 
 

SI VLDL apoB PR (↑), FCR(↓),  
LDL apoB PR (2.7-fold) and FCR (3-
fold) (↑) in metabolic syndrome men. 

“↑”: higher; “↓”: lower  
RI: Radiolabeling; SI: Stable isotope 
PR: Production rate; FCR: Fractional catabolic rate 
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1.4.4.1.b Effects of nutritional interventions on apoB kinetics 

 

The effects of weigh fatty aci terols and alcoh

poB m resented in br s fo

 

s i h decreased tic V l 

iches ed LDL catabo

reduction in i tissue mass (Riches et al 1999). Fish oils, a source 

fa pentaenoic ac (EPA

en sh L apoB secretion in lean normolipidemic (Bordin et al 

1998) and me  (Chan et al 2002b) subjects. However, fish oils did not 

LDL, apoB FCR. nt s  

ol) ca al and LDL cholesterol concentrations by inhibiting 

rol ab studie plo rted that 

terol s d VLDL apo mic 

subjects with type 2 diabetes (Gylling et al 1994 oderate alcohol intake 

own to R (+25%) an CR , resulting in the 

nt in  apoB concentration (M

 Effe  apoB kinetics 

 

The effects of statins on apoB metabolism have been extensively studied in recent years 

1.9). A s fou that B 

FCR (Bilheim ga et al 1988, Malm 0, 

Vega et al 1991, Parhofer et al 1993, Aguilar-Salinas et al 1997, Forster et al 2002, 

atts et al 2003, Ouguerram et al 2003, Bilz et al 2004; Table 1.9) or 

2002b, Fo ster et al 2002, Watts et al 2003, Bilz et al 

004; Table 1.9), chiefly related to the activation of hepatic LDLR. Some studies 

reported a reduced VLDL apoB PR (Arad et al 1992, Cortner et al 1993, Watts et al 

995, Watts et al 1997) or LDL apoB PR (Arad et al 1992, Aguilar-Salinas et al 1995, 

Cuchel et al 1997, Myerson et al 2005) that could be attributed to a reduction in 

Of these studies, four used a high dose 

tatin (Chan et al 2002b, Ouguerram et al 2003, Watts et al 2003, Myerson et al 2005). 

ne study in five diabetic subjects showed that 80mg simvastatin reduced LDL apoB 

PR, with no change to VLDL or LDL apoB FCR (Myerson et al 2005). In similar 

t loss, n-3 d ss, plant ol on VLDL, IDL, and 

LDL-a etabolism are p ief a llows. 

Weight los s associated wit hepa LDL apoB secretion (Ginsberg et a

lism, which are prima1985, R  et al 1999) and enhanc rily related to a 

ntra-peritoneal adipose 

of two n-3 tty acids, eicosa id ) and docosahexaenoic acid (DHA), 

have be own to reduce VLD

tabolic syndrome

alter V IDL and LDL- Pla terols or stanols (e.g. sitosterol and

sitostan n lower plasma tot

choleste sorption. Two kinetic 

upplementation reduce

s em ying radioisotopes have repo

plant s B secretion in hypercholesterole

 and 1996). M

was sh  increase both P d F (+9%) of LDL apoB

significa crease of LDL almendier and Delcroix 1985). 

 

1.4.4.1.c cts of statins on

(Table  large number of studie

er et al 1983, Ve

nd statin treatment enhanced LDL apo

endier et al 1989b, Arad et al 199

Chan et al 2002b, W

VLDL apoB FCR (Chan et al r

2

1

endogenous cholesterol synthesis (Table 1.9). 

s

O
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subjects, another study observed decreased VLDL apoB PR, increased LDL apoB FCR 

ith no change to VLDL apoB FCR with 40mg atorvastatin (Ouguerram et al 2003). 

oprotein production in obese, 

sulin resistant subjects (Chan et al 2002b, Watts et al 2003). The state of insulin 

w

Two studies reported that 40mg atorvastatin increased the catabolism of all apoB-

containing lipoproteins with no changes to hepatic lip

in

resistance may determine responses to statin treatment. In insulin resistance, statin 

treatment generally increases VLDL, IDL and LDL-apoB FCR, without changes to 

VLDL secretion rate. Differences in responses to treatment may also relate to 

differences in lipoprotein kinetic and clinical characteristics of subjects, study design, 

and in duration of intervention (Ginsberg 2006). To date, no studies have examined the 

effect of increasing doses of a statin on lipoprotein kinetics.  
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Table 1.9 Effects of statins on apoB kinetics 

 
Authors 
(Year) 

Statin Labeling method Subjects Findings 
 

Bilheimer 
(1983) 
 

Mevinolin RL FH (+/-) VLDL and LDL-apoB PR
(=), LDL apoB FCR (↑) 
 

 

Grundy 
 (1985) 
 

Mevinolin RL HC LDL apoB PR(↓), LDL 
apoB FCR (=) 

Ginsberg 
(1987) 

Lovastatin RL Cholesteryl 
storage 
disease 

VLDL and LDL apoB PR
(↓), VLDL and LDL apoB
FCR (=) 
 

Vega   
(1988) 
 

Lovastatin RL NS/CHL LDL apoB PR (↓), LDL 

 
 

apoB FCR (=) 

ega   
(1988) 

Lovastatin RL FDL VLDL and LDL-apoB PR 
(↓), LDL apoB FCR (↑) 

almendier 
989b) 

Simvastatin RL Normal 
Lipids 

LDL-apoB PR (=), LDL 
apoB FCR (↑) 
 

auy   
988) 

Lovastatin RL FH (-/-) LDL PR (=), LDL FCR (=) 

ega   
990) 

Pravastatin RL CHL VLDL and LDL-apoB PR 
(↓), VLDL and LDL-apoB 
FCR (=) 
 

rad   
990) 

Lovastatin RL FH (+/-) 
 

VLDL apoB PR (=), LDL 
apoB PR(=), LDL apoB 
FCR (↑) 
 

ega   
991) 

Lovastatin RL CHL LDL apoB PR (=), LDL 
apoB FCR (↑) 

rad   
992) 

Lovastatin RL FH (+/-) 
/CHL 

VLDL and LDL-apoB PR 
(↓), LDL apoB FCR (=) 

aw   
993) 

Simvastatin RL HC VLDL apoB PR (=), LDL 
apoB PR(↓), LDL apoB 
FCR (=) 
 

ortner  
993) 

Lovastatin SI CHL VLDL apoB PR (↓), VLDL 
apoB FCR (=) 

arhofer  
993) 

Pravastatin SI CHL VLDL apoB PR (=), VLDL 
and LDL-apoB FCR (↑) 
 

guilar- 
alinas  
995) 

Pravastatin SI NS VLDL apoB PR (=), LDL 
apoB PR (↓), LDL apoB 
FCR (=) 

V

 
M
(1
 
U
(1
 
V
(1
 

A
(1
 

V
(1
 
A
(1
 
G
(1
 

C
(1
 
P
(1
 
A
S
(1
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Authors Statin Labeling method
(Year) 

 Subjects Findings 
 

Watts   Simvastatin SI FH (+/-) VLDL and LDL apoB PR 
(↓), LDL apoB FCR (↑) (1995) 

 
Watts   
(1997) 
 

Simvastatin 
Lipids 

 

  
R (↓) 

VLDL/IDL/LDL–FCR (=) 

 
Salinas  
(1997) 

Pravastatin SI 
apoB FCR (↑) 

000) 
Pravastatin RL NS/CHL =), LDL 

apoB FCR (↑) 

 
002) 

Atorvastatin/s
imvastatin 

SI CHL L, 
IDL and LDL-apoB FCR (↑) 

002b) 
Atorvastatin SI L-apoB 

CR (↑) 

003) 
Atorvastatin SI MS VLDL, IDL, LDL-apoB 

FCR (↑) 

am 
003) 

 

Atorvastatin SI T2DM 
oB FCR (=),  

DL apoB FCR (↑) 

004) 
Atorvastatin SI H 

-apoB FCR (↑) 

n   
oB FCR (=) 

 

rease; “↓” : decrease; “=” : no change  
I : Radiolabeling; SI: Stable isotope 

duction rate; FCR: Fractional catabolic rate 
ilial hypercholesterolemia; HC: Hypercholesterolemia; CHL: Combine
rotic syndrome; FDL: Familial dyslipoproteinemia;  

olic syndrome; T2DM:type 2 diabetes 

SI Normal VLDL apoB PR (↓), VLDL
apoB FCR (=) 

Cuchel  
(1997) 
 

Lovastatin SI CHL VLDL and LDL-apoB PR
(=), IDL apoB P

 
VLDL and LDL-apoB PR 
(=), LDL 

Aguilar-

 

CHL 

Toto   
(2
 

LDL apoB PR (

Forster 
(2

VLDL apoB PR (=), VLD

 
VLDL, IDL, LDChan 

(2
 

MS 
F

Watts 
(2
 
Ouguerr
(2

VLDL apoB PR (↓), 
VLDL ap
L
 
VLDLBilz  

(2
M 2 apoB FCR (↑) 

IDL, LDL
 

Myerso
(2005) 

Simvastatin SI T2DM LDL apoB PR (↓) 
VLDL, LDL-ap

 
“↑” : inc
R
PR : Pro
FH: Fam

S: Neph
d hyperlipidemia 

N
MS: Metab
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1.4.4.2 Kinetic stu f apo

inetic studies employed exogenously radiolabeled apoA

rticles t al 1982b, h et al 19 ton et 

to examine HDL kinetics. More recently, endogenous labeling sed to 

te apo oA-II kinetics (Pietzsch e 98, Frena

l 2002b). Evidence suggests that endogenous labeling of apo

rs tha y comparable with those obtained usin

 (Ikewaki et al 1993). Therefore, endogenous labeling of 

garded as a valid method to study HDL metabolism. 

 ApoA -II kineti  normolipidemic and i

tudies in normolipidemic individuals showed that apoA-I was catabolized at a higher 

al catabolic rate than apoA-II (Schaefer et al 1982b) (Table 1.10). In addition, 

 ap f higher th

A-II particles, this, consistent with the concept that L  

etabolic pathways (Rader et al 1991, Ikewaki et al 1995). 

over, the n of LpA-I was primarily determined by the FCR of apoA-I 

in LpA-I particles, while the concentrations of apoA-I and apoA-II in

is a f apoA-II  Hence, I produ

determinant of apoA-I distribution between LpA-I and LpA-I:A-II particles (Ikewaki et 

es may impact on the metabolism of apoA-I in 

, addressing the effect of gender of apoA-I 

demic, 

matched, healthy and normolipidemic). These 

inetic differences may account for the higher HDL cholesterol and apoA-I levels 

bserved in postmenopausal women compared with men (Tilly-Kiesi et al 1997a). 

ubjects with low HDL cholesterol (Le et al 1988, Brinton et al 1991, Gylling et al 

992), impaired glucose tolerance (Pietzsch et al 1998), insulin resistance (Pont et al 

002b, Watts et al 2003), and type 2 diabetes (Frenais et al 2001a) display 

ypercatabolism of apoA-I (Table 1.10). This is potentially related to HDL particle 

dies o A-I and apoA-II 

 

Early k -I, apoA-II, or whole 

HDL pa  (Schaefer e Zec 83, Brin al 1991, Ikewaki et al 

 has been u1995) 

investiga A-I and ap t al 19 is et al 2001a, Pont et 

a A-I provides kinetic 

paramete

methods

t are highl g exogenous labeling 

apoA-I and apoA-II is 

re

 

1.4.4.2.a

subjects 

-I and apoA cs in nsulin resistant 

 

S

fraction

the FCR of oA-I in LpA-I particles was signi icantly an that of apoA-I in 

LpA-I: pA-I and LpA-I:A-II

particles have divergent m

More  concentratio

 LpA-I:A-II 

particles  function o PR. apoA-I ction may be a key 

al 1995). Furthermore, gender differenc

LpA-I and LpA-I:A-II particles. One study

metabolism reported that apoA-I PR was higher in healthy, normolipi

postmenopausal women than in men (age-

k

o

 

S

1

2

h
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remodeling in the presence of hypertriglyceridemia (Brinton et al 1994, Rye et al 1999, 

amarche et al 1999b). ApoA-I FCR was also elevated in metabolic syndrome subjects 

drome (Ji et al 2006). A small 

tudy in postmenopausal women also reported elevated FCR of apoA-I in LpA-I 

particles (Vajo et al 2002).  

ry of HDL kinetic studies in lean and insulin resistant subjects is provided in 

ble 1.9. 

terol, 

poA-I and LpA-I concentrations, apoA-I PR was significantly elevated compared with 

L

with chronic kidney disease, with a compensatory increase in apoA-I PR compared with 

non-obese controls (Batista et al 2004). While apoA-I kinetics are better characterized 

in obese and insulin resistant states, apoA-II kinetics remain unclear. Studies in subjects 

with impaired glucose tolerance reported that apoA-II FCR was not elevated (Pietzsch 

et al 1998, Duvillard et al 2000), however, larger studies in hypertriglyceridemic 

subjects with central adiposity found increased apoA-II FCR (Rao et al 1980, Saku et al 

1985, Brinton et al 1991, Terry et al 1992). Hypercatabolism of LpA-I and LpA-I:A-II 

particles was reported in men with the metabolic syn

s

 

A summa

ta

 

1.4.4.2.b Genetic disease and apoA-I and apoA-II kinetics 

 

Genetic studies provide great insight into HDL metabolism. In a Finnish kindred study, 

a three-base pair deletion in the apoA-I gene, resulting in a deletion of Lys107 in the 

mature apoA-I was associated with low HDL cholesterol and LpA-I:A-II 

concentrations. Subjects with this mutation had enhanced FCR of apoA-I in LpA-I and 

LpA-I:A-II particles and apoA-II, coupled with a compensatory increase in apoA-I 

production in LpA-I particles (Tilly-Kiesi et al 1997b). A study of subjects with 

abetalipoproteinemia (ABL), a genetic disease in which apoB is absent and HDL 

particles are the sole plasma lipoproteins, apoA-I in LpA-I:A-II particles were shown to 

be catabolized at a faster rate than apoA-I in LpA-I, accounting for the greater decrease 

of plasma LpA-I:A-II relative to LpA-I (Ikewaki et al 1994). By contrast, in familial 

hyperalphalipoproteinemia, a heritable trait associated with high HDL choles

a

a normal individual (Rader et al 1993). 
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Table 1.10 Studies of apoA-I and apoA-II kinetics in normolipidemic and insulin 

resistant subjects 

 

Authors 
(Year) 

Subjects 
(Number) 

Labeling 
method 

Findings 

Blum 
(1977) 
 

Normolipidemic 
(5 women, 3 men) 

RL Similar apoA-I and apoA-II FCR 

Shepherd 
(1978) 
 

Normolipidemic 
(5 men, 5 women) 

RL No gender differences in apoA-I or 
apoA-II metabolic parameters 

Rao 
(1980) 

Normal TG (10),  High 
TG (11) 
 

RL ApoA-I PR (↓), apoA-II FCR (↑) in hig
TG group. 

Schaefer  
(1982b) 

Normolipidemic 
(22 women, 22 m

RL ApoA-I FCR > apoA-II FCR, apoA-I 

h 

en) and apoA-II PR (↑) in women than in 
men. 
 

(6), 
Normolipidemic (5) 
 

) 
in low HDL and high TG group. 

(1988) 
Normolipidemic (4), 
High TG and low HDL 

Low HDL (7) 
 

RL ApoA-I PR and FCR were (↑) in high 
↓) in low HDL only 

 
 

n 

 

G 

A-

(1992) Male athletes (10) 
RL ApoA-I and apoA-II FCRs (↑) with 

central adiposity. 
 

Horowitz 
(1993) 
 

Low HDL (7) 
High HDL (3) 

RL ApoA-I FCR (↑) in low HDL group than 
in high HDL group. 
 

Saku 
(1985) 

Low HDL, high TG RL ApoA-I and apoA-II PRs (↓), FCRs (↑

Le 

(4), 
TG; apoA-I PR was (
subjects.

Rader 
(1991) 

Normolipidemic 
(5 women, 3 men) 

RL ApoA-I FCR > apoA-II FCR; apoA-I i
LpA-I FCR > apoA-I in LpA-I:A-II 
FCR. 
 

Brinton 
(1991) 

Low HDL normal TG 
(6),  
Low HDL, high TG 
(9),  
Normal HDL and TG 
(13) 
 

RL Apo A-I FCR (↑) in low HDL subjects 
with or without high TG; apoA-II FCR
(↑) in low HDL and high TG subjects; 
apoA-II PR (↑) in low HDL and high T
subjects. 
 

Taskinen 
(1992) 

Type 1 diabetic (17) 
Normal men (18) 
 

RL No difference in apoA-I metabolic 
parameters; apoA-II PR (↓) in Type 1 
diabetic group attributed to (↓) LpA-I:
II PR 
 

Gylling 
(1992) 

Low HDL (22), 
Normal HDL (20), 
Obese low HDL (12) 
 

RL ApoA-I FCR (↑) in low HDL groups 
than in normal HDL group; A-I PR 
correlated with apoA-I concentration. 
 

Terry Sedentary men (15), 
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Authors Subjects Labeling Findings 
(Year) (Number) method 
Ikewaki 
(1995) 

Normol
(28 wom

ipidemic 
en, 22 men) 

RL 
 

ApoA-I FCR determined apoA-I 
concentration, apoA-II PR determined 
apoA-II concentration, 
apoA-I FCR determined LpA-I 
concentration, apoA-II PR determined 
LpA-I:A-II concentration. 
 

Pietzsch 
998) tolerance patients (6), 

) 

SI ApoA-I FCR (↑) in subjects with 
impaired glucose tolerance than in 

   
rche 

 sion) (6) ng HDL. 
 

), n 

Velez-
co 

Normolipidemic SI poA-I and apoA-II concentration 

CR in 
women 
 

ais 
 

 

Vajo 
(2002) 

l 
omen (6) 

RL 
 

pA-I FCR (↑) with central adiposity. 

(2002b) 
ant 

women (5); normal 
women (5) 

SI 

(2003) 
 

e insulin resistant SI  

Batista 
(2004) ith chronic 

idney disease (3), 
-

SI CR (↑), PR (↑) in metabolic 
yndrome compared with non-obese 

controls. 

Ji 
(2006) 

Metabolic syndrome 
men (11), lean controls 

SI I, apoA-II, LpA-I and LpA-I:A-II 
CR (↑), LpA-I PR (↑) in metabolic 

 

“↑” : higher; “↓
RI : Radiolabel g; SI: Stable isotope 

ductio atabolic rate

 

(1
Impaired glucose 

normal glucose 
tolerance control (6

controls. 

 
Lama
(1999c)

Normolipidemic men 
(TG emul

RL ApoA-I FCR (↑) in TG-enriched HDL 
than in fasti

Duvillard 
(2000) 

Type 2 diabetes (6
control (5) 

SI ApoA-I FCR (↑) in type 2 diabetes tha
in healthy controls 
 

Carras
(2000) 

(18 men, 14 women) 
A
correlated with respective PR; gender 
differences related to (↓) apoA-I F

Fren
(2001a)

Type 2 diabetes (8), 
control (7) 

SI ApoA-I FCR (↑) in type 2 diabetes than
in healthy controls. 
 

Postmenopausa
w

 

L

 Pont Obese insulin resist

 
Obes

ApoA-I FCR (↑) in insulin-resistant 
women than in controls. 
 

Watts 
men (11) 

ApoA-I FCR was (↑) in insulin-resistant
men than lean men 
 
ApoA-I FMetabolic syndrome 

men w
k
obese control (5), non
obese control (13) 
 

s

(10) 

” : lower  

ApoA-
F
syndrome compared with lean controls

 

in
PR : Pro n rate; FCR: Fractional c  
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1.4.4.2.c Nutrition rmonal in s on apoA-I and a netics 

 with ils, alcohol and estro

to investigate the effects of nutritional and hormona The 

findings of these studies are summarized in brief as fo

t die d to reduce apoA-I , 

Velez-Carra  oils have been repor uce both the production 

oli  2 diabetes (Frenais et al

 tha both apoA-I and apoA lism in 

li (Chan et a 06b). A

ase apoA-I and apoA-II PR (Gottrand et al et al 2000), or 

e ap FCR (Malm ier et  

pa sistently associated 

(Schaefer et al 1983, Walsh et al 1994), or more speci poA-I production in LpA-

es (B

d Ef n apoA-I and apoA-II kinetics 

kine d that lovastatin and se plasma 

HDL cholesterol and apoA-I concentrations by increasing apoA-I PR (Ginsberg et al 

Scha  subseq t studie

torvastatin and simvastatin on apoA-I kinetics (Table 1.11). A study in eleven men 

e me cant ch

and apoA-I concentrations, or in apoA-I PR and FCR after treatment with 40mg 

atorvastatin cebo (Watts et al 2003). In another study, treatment with 

mg atorvastatin increased plasma levels HDL c

nine triglyceridemia an

hanges to apoA-I PR or FCR, compared to baseline (Bilz et al 2004). A direct 

g) and simvastatin (80mg) on apoA-I kinetics showed 

-I PR compared to atorvastatin (Mauger et 

l 2005). However, due to the lack of a placebo or baseline phase in this study, it was 

nclear if the observed effects were a result of an increase in apoA-I synthesis with 

simvastatin or its reduction with atorvastatin. Two other studies, one in obese insulin 

al and ho tervention poA-II ki

 

Studies  low fat diets, fish o , gen therapy have been performed 

l therapies on HDL kinetics. 

llows. 

 

Low fa ts have been reporte

sco et al 1999). Fish

 production (Brinton et al 1990

ted to red

and catab sm of apoA-I in type  2001b). A recent study further 

-II production and cataboreported t fish oil reduced 

obese insu n resistant subjects l 20 lcohol consumption was reported 

1999, De Oliveira to incre

increas

postmeno

oA-I PR and end al 1985). Estrogen therapy in

with increased apoA-I production 

fically a

usal women was con

I particl rinton et al 1996). 

 

1.4.4.2. fects of statins o

 

Several tic studies reporte pravastatin may increa

1991*, efer et al 1999). Five uen s have investigated the effects of 

a

with th tabolic syndrome found no signifi

compared with pla

anges in plasma HDL cholesterol 

80  of holesterol by 18% and apoA-I by 

d hypercholesterolemia, with no 4% in  subjects with hyper

c

comparison of atorvastatin (40m

that simvastatin significantly increased apoA

a

u

 119 *abstract only 



resistant men (Chan et al 2006) and the other in type 2 diabetics (Bach-Ngohou et al 

005) showed that atorvastatin did not alter apoA-I kinetic parameters. Discrepancies 

atin known to consistently 

crease HDL cholesterol, on HDL metabolism. On balance, there is little evidence to 

rted (Guerin et al 2000, Le et al 2000, Watts et al 2003) 

nd may be related to a decrease in substrate availability (fall in plasma TG and apoB-

containing lipoprotein concentrations). CETP inhibition has also been associated with 

 larger HDL particles 

rousseau et al 2004). A more potent statin, which yields greater CETP inhibition and 

2

among these studies related to different lipoprotein and clinical characteristics, in study 

design and sample size and in duration of intervention. Despite this, no studies have 

examined the effects of increasing doses of rosuvastatin, a st

in

suggest that statins significantly influence the concentration and kinetics of apoA-I. 

 

In the absence of significant changes in apoA-I concentration and kinetics, a change in 

HDL particle composition and hence, subpopulation distribution is plausible (Asztalos 

et al 2002). An increase in the large HDL α1 subpopulation with a niacin-simvastatin 

combination treatment was associated with significantly less coronary atherosclerosis 

progression in the HDL Atherosclerosis Treatment Study (HATS) (Asztalos et al 2003). 

The changes in HDL subpopulations may suggest an effect of treatment on HDL 

remodeling, in particular its effects on CETP activity. Reduction in CETP activity with 

statins has been previously repo

a

increase in HDL cholesterol concentration and generation of

(B

enhances HDL remodeling may improve HDL particle composition and distribution, 

independent of kinetic changes. 

 

To date, no studies have investigated the effects of increasing (or different) doses of 

statins on lipoprotein metabolism. Moreover, there are no studies that have examined 

the effects of rosuvastatin on the kinetics of apoB in VLDL, IDL and LDL, or that of 

apoA-I in LpA-I and LpA-I:A-II particles and apoA-II in the metabolic syndrome. 

Whether a more efficacious statin, such as rosuvastatin, confers greater benefits in 

regulating lipoprotein transport in the metabolic syndrome is examined, discussed and 

presented in this thesis.  
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Table 1.11 Effects of statins on apoA-I and apoA-II kinetics 

 
 
Authors 
(Year) 

Statin Subjects 
(Number) 

Labeling 
method 

Findings 

Schaefer 
(1999) 
 

Pravastatin Normolipidemic 
subjects (6),  
CHD patient (1) 

SI (↑) apoA-I PR, 
(↑)apoA-I FCR, 
(↑)apoA-I 
concentration. 
 

Watts Atorvastatin Metabolic syndrome SI Atorvastatin had no 

↑” : increase; “↓” : decrease; “=” : no change  
RI : Radiolabeling; SI: Stable isotope 

(2003) (11) effect on apoA-I 
kinetics 

Bilz 
(2004) 

Atorvastatin Mixed 
hyperlipidemic (8) 
 

SI Atorvastatin had no 
effect on apoA-I 
kinetics. 

Bach-
Ngohou 
(2005) 

Atorvastatin Type 2 diabetes (7) SI Atorvastatin had no 
effect on apoA-I 
kinetics 

Mauger 
(2005) 

Atorvastatin 
and  
Simvastatin 

Low HDL (7) 
(≤1.2 mmol/L) 

SI Simvastatin (↑) 
apoA-I PR 15% 
compared with 
atorvastatin.  
 

Chan 
(2006b) 

Atorvastatin Obese insulin 
resistant men (13) 

SI Atorvastatin had no 
effect on apoA-I or 
apoA-II kinetics 

 
“

PR : Production rate; FCR: Fractional catabolic rate 
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1.4.4.3 Kinetic studies of other apolipoproteins and lipids 

 

1.4.4.3.a Kinet es of other oteins 

studies have examined the kinetics of other apolipoproteins including apoA-IV, 

apoC-I, apoC-II, apoC-III and apoE. A study combining endog tope 

labeling and exogenous radiotracer techniques reported that increased plasma apoA-IV 

rations in hypertrig demic subjects were related to delayed catabolism of 

apoA-IV (Verges et al 1994). In another study, increased plasm DL apoC-I 

in hy associated w elevat  

t al 2002). Elevated  apoC-III levels in ic 

subjects were shown to be associated with increased VLDL apoC- tion (Batal 

000) ate  insulin istanc  

tion and PR (Cohn et al 2004). ApoC-II kinetics were  of 

apoC-III, specifically, the apoC-III1 and apoC-III2 isoforms (Huff et al 1982). Elevated 

nd  triglyceridemic subjects were shown to be 

ted  p creased catabolism of V l et 

al 2000). Treatment with atorvastatin in subjects with comb idemia 

cantl m oE concentrations, chiefly through reduction 

roduction rates (Co

 

 and cholesterol 

tudies of TG kinetics, in particular VLDL-TG have important physiological and 

linical implications. Until recently, VLDL-TG kinetic studies were performed using 
2H5-glycerol are used to measure 

LDL-TG turnover (Patterson et al 2002). VLDL-TG secretion is increased in obese 

en and women compared with lean individuals (Mittendorfer et al 2003a). These 

sults demonstrate that gender and adiposity may regulate VLDL-TG metabolism, 

lthough further studies are required. The same researchers investigated the effect of 

eight loss on VLDL-TG kinetics in obese women and showed that 10% weight loss 

ecreased VLDL-TG secretion rate by approximately 40% (Mittendorfer et al 2003b).  

ic studi  apolipopr

 

Several 

enous stable iso

concent lyceri

a and VL

level pertriglyceridemic subjects were 

 plasma and VLDL

ith ed VLDL apoC-I PR

hypertriglyceridem

III produc

(Cohn e

et al 2

concentra

 and may rel  to body weight and  res e, and to VLDL-TG

 similar to those

plasma a  VLDL apoE levels in hyper

associa with increased roduction and de LDL apoE (Bata

ined hyperlip

signifi y reduced plas a and VLDL ap

hn et al 2002).   in their p

1.4.4.3.b Kinetic studies of triglyceride

 

S

c
3H-glycerol. Today, stable isotope tracers, such as 

V

m

re

a

w

d
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In addition to understanding apolipoprotein and VLDL-TG kinetics, a better 

nderstanding of cholesterol metabolism may provide greater insight into lipid 

metabolism. Methods to assess cholesterol metabolism are complex as cholesterol 

al 2006). A 13C-acetate method has 

een developed to assess cholesterol metabolism (Ouguerram et al 2002). However, the 

 

u

exchanges between lipoprotein fractions (Barrett et 

b

rapid exchange of cholesterol between apoB-containing lipoproteins and HDL, 

complicates the analysis and interpretation of data. The use of an intervention that 

regulates cholesterol metabolism may clarify the utility of this methodology. A more 

recent study established the first human model to identify and quantify the major in vivo 

pathways of cholesteryl ester transport to and from all lipoproteins (Schwartz et al 

2004). Radiolabeled cholesterol and mevalonic acid, and multicompartmental modeling 

were used to estimate the kinetic parameters of interest (Schwartz et al 2004). The 

method also highlighted the complexity of cholesterol metabolism and the need for the 

use of multiple tracers for kinetic parameter determination. In addition, a dual stable 

isotope method can be used to measure cholesterol absorption (Bosner et al 1999). One 

cholesterol isotope is administered intravenously while the other orally, consumed with 

a test meal. Together with modifications to the sampling schedule and the isolation of 

lipoprotein fractions, the methodology can be applied to investigate whole body 

cholesterol metabolism as well as reverse cholesterol transport (Bosner et al 1999).  
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and 
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This chapter describes the philosophical methodology employed in this thesis. It states 

the general hypothesis, subsidia  hypotheses, observation statements and aims of the 

study. 

 

2.1 PHILO
 

From a phi on the process of acquiring new 

knowledge using empirical observation, hypothesis testing, and making inferences 

utilizing both inductive and deductive reasoning (Harre 1985). 

 

Empiricism is a method of knowledge acquisition that forms the basis of all methods of 

scientific investigation. The em rinciple asserts that it is only possible to accept 

or reject scientific theories by observation and experiment. New knowledge can be 

generated from empirical observation by employing the logic of inductive reasoning 

(Copi 1986). The method of ind

makes probable arguments supporting their conclusions based on the results of scientific 

observations. It is distinct from deductive reasoning in that the latter provides 

conclu this thesis are drawn by the 

induc  conclusively, but only 

probabilistically. Deduction ever, employed to derive testable observation 

statements from a hypothesis. These philosophical concepts, as applied to the thesis, are 

presented in Figu

  

2.2 HYPOTHESIS 

 

A hypothesis is a scientific theory that can be tested (accepted or rejected) by 

observation and experiment. According to Popper, a hypothesis could only be falsified 

rather than verified (Popper, 1968). A hypothesis can be tested by deducing an 

observation statement (O) from e hypothesis (H) and then making observations to 

determine whether the empirical prediction is true (Harre 1985, Fisher 2001). The 

methods of reasoning involved in hypothesis testing and drawing inferences from 

empirical observations are as follows: 

 

If H then O 

ry

SOPHICAL PRESPECTIVE 

losophical point of view, this work is based 

piricist p

uctive reasoning does not provide a conclusive proof but 

sive proof for their conclusions. The conclusions of 

tive method and therefore are not established

 is, how

re 2.1. 

 th
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O therefore, probably H 

 

The above inductive argument is employed in this thesis to infer probable conclusions 

om the observations made.  

 

o or statistical purposes. It is a 

inst the null hypothesis. 

a) is a second statement that contradicts Ho. Together the 

        

fr

The null hypothesis (H ) is employed in this thesis f

statement of “no difference” between the means of the case (i.e. metabolic syndrome or 

treatment groups) and control (i.e. lean or placebo group) groups. The test of 

significance is designed to assess the strength of evidence aga

The alternative hypothesis (H

null and the alternative hypotheses cover all possible outcomes. Having set up the null 

hypothesis, it is possible to evaluate the probability (p) of obtaining the observed data if 

the null hypothesis were true. If the p-values were found to be less than 0.05, the Ho was 

rejected. The smaller the p-value, the stronger the evidence against the Ho provided by 

the data. 

 

Figure 2.1 Philosophical construct employed in this thesis 
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2.3 GENERAL HYPOTHESIS 

t lipid regulating therapies can improve these kinetic 

bnormalities. From the general hypothesis, several observation statements were 

tabolic syndrome with those of lean subjects. It also extends previous 

comparisons of HDL apoA-I kinetics in the metabolic syndrome by examining 

particles using a newly 

developed compartmental model. In particular, it demonstrates that the kinetic 

parameters of metabolic syndrome and lean subjects are consistent with those 

reported in the literature.  publication format to 

maintain a c esentation.  

 

 

e

 

Observatio

Compared n i tr ct e metabolic 

syndrome have increased production and/or delayed catabolism of apoB, 

coupled with increased catabolism of HDL apoA-I (possibly involving both 

LpA-I and LpA-I:A-II) and apoA-II. 

 

Aim 

To test this observational statement, a y compa g the kin cs of apoB in 

VLDL, IDL and LDL and apoA-I in LpA-I and LpA-I:A-II and apoA

 

The general hypothesis in this thesis is that apolipoprotein kinetics are altered in the 

metabolic syndrome, and tha

a

derived to test the validity of the general hypothesis. According to the philosophical 

construct (Figure 2.1) the hypothesis, observation statement and aim of each study are 

outlined in this chapter.  

 

2.3.1  Study 1: Apolipoprotein B-100 and A-I Kinetics in the Metabolic  

                             Syndrome 

 

The study compares apolipoprotein kinetic parameters in subjects with the 

me

the kinetics of apoA-I in LpA-I and LpA-I:A-II 

This study is presented in

onsistent thesis structure and mode of pr

Hypothesis 1 

Dysregulation of apolipoprotein kinetics contributes to dyslipidemia in subjects

tabolic syndrome.  with the m

n Statement 

 with lea  normolip demic con ols, subje s with th

stud rin eti

-II in HDL 
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in metabolic syndrome and lean subjects was performed. The kinetics of apoB, 

apoA-I and apoA-II were measured using stable isotopes, gas chromatography-

 Apolipoprotein A-I Kinetics in Obesity 

 

inetics of 

r population of obese and lean subjects and secondly, by 

examining lipid and non-lipid associations of apoA-I kinetic parameters within 

cts is primarily 

ssociated with increased catabolism of HDL apoA-I and, moreover, that the 

olic rate of apoA-I determines HDL apoA-I concentration. 

o test the observation statement, a pooled-analysis examining the kinetics of 

eight-obese and 34 normolipidemic lean subjects was 

 

2.3.3   Study 3: Plasma Phospholipid Transfer Protein Activity, a Determinant of  

                          HDL Kinetics In Vivo  

  

the role of phospholipid transfer protein (PLTP) in regulating HDL transport. It 

mass spectrometry (GCMS) and compartmental modeling. The kinetics of LpA-I 

and LpA-I:A-II were estimated after simultaneously fitting an HDL 

compartment model to the apoA-I and apoA-II tracer/tracee ratio and LpA-I and 

LpA-I:A-II concentration data. 

 

2.3.2 Study 2: High-Density Lipoprotein

This study extends Study 1 in two ways; firstly, by comparing the k

HDL apoA-I in a large

each subject group. 

 

Hypothesis 2 

Dysregulation of apoA-I metabolism contributes to low HDL cholesterol 

concentration in obese subjects. 

 

Observation Statement 

Low HDL cholesterol concentration observed in obese subje

a

fractional catab

 

Aim 

T

HDL apoA-I in 25 overw

performed. Data was pooled from 13 stable isotope studies published between 

1996 and 2004. 

Study 3 explores mechanisms that may influence HDL metabolism; specifically 
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extends a previous report of low PLTP activity in subjects with insulin 

resistance to a broader group of subjects. 

 

Hypothesis 

Plasma PLTP activity is associated with HDL apoA-I kinetics, independent of 

the presence of obesity.  

 

Observation Statement 

and may, in part, contribute to the maintenance HDL concentration inspite of the 

tion statement, a cross-sectional study with 31 men with 

ide-ranging BMI was carried out. The kinetics apoA-I and apoA-II were 

g stable isotopes, GCMS and compartmental modeling. The 

poA-I and apoA-II tracer/tracee ratio and LpA-

and LpA-I:A-II concentration data. 

2.3.4 

           

 

thesis 4 

tement 

Rosuvastatin dose-dependently decreases the concentration of apoB-containing 

lipoproteins by increasing VLDL, IDL and LDL rates of catabolism. 

To test the observation statement, a randomized, double-blind, three-way 

Low plasma PLTP activity is associated with increased production of apoA-I 

hypercatabolism of HDL particles in obese subjects. 

 

Aim 

To test the observa

w

measured usin

kinetics of LpA-I and LpA-I:A-II were estimated after simultaneously fitting an 

HDL compartment model to the a

I 

 

Study 4: Dose-ranging Effect of Rosuvastatin on Apolipoprotein B-100  

                Kinetics in the Metabolic Syndrome 

Hypo

In subjects with the metabolic syndrome, higher doses of rosuvastatin will 

provide greater benefit on the transport of apoB-containing lipoproteins. 

 

Observation Sta

 

Aim 

crossover trial was carried out in twelve men with the metabolic syndrome. The 
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kinetics of VLDL, IDL and LDL-apoB were measured using stable isotopes, 

GCMS and multicompartmental modeling.  

2.3.5  

                           th Rosuvastatin in the Metabolic Syndrome 

 

bservation Statement 

astatin dose-dependently increases HDL cholesterol concentration by a 

e twelve men included in Study 4. The 

inetics of apoA-I and apoA-II were measured using stable isotopes, GCMS and 

compartmental modeling. The kinetics of LpA-I and LpA-I:A-II were estimated 

and 

A-II concentration data. 

 

 
 
 

 

 

 

 

 

 

 

 

 

Study 5: Dose-Dependent Improvement in High-Density Lipoprotein  

Metabolism wi

Hypothesis 5 

Higher doses of rosuvastatin will provide more favourable effects on HDL 

metabolism in subjects with the metabolic syndrome.  

 

O

Rosuv

mechanism that chiefly involves reduction in the catabolism of HDL apoA-I and 

apoA-II. 

 

Aim 

To test the observation statement, a randomized, double-blind, three-way 

crossover trial was carried out in th

k

after simultaneously fitting an HDL compartment model to the apoA-I 

apoA-II tracer/tracee ratio and LpA-I and LpA-I:
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3.1 OVERVIEW OF STUDIES 

 

The following studies were employed to test the general hypothesis that apolipoprotein 

kinetics are altered in the metabolic syndrome, and that lipid regulating drugs can 

improve th ese studies (Chapters 5 – 9) are 

presented ns. The studies include a case-

control study (Chapter 5), a pooled-analysis (Chapter 6), a cross-sectional study 

(Chapter 7) and an intervention study (Chapters 8 and 9).  

 

3.2 STUDY DETAILS 

 

Study 1: Apolipoprotein B-100 and A-I Kinetics in the Metabolic  

                Syndrome 

 

This was a case-control study of the kinetics of apoB in VLDL, IDL and LDL and that 

of HDL apoA-I and apoA-II in  subjects with the metabolic syndrome and 10 age-

ma entifies individuals with 

the s them with a suitable 

refere netics of apoB, apoA-I and 

apoA graphy-mass spectrometry 

(GCMS) and multicompartmental modeling. The kinetics of HDL subpopulations, LpA-

I and LpA-I:A-II, were also examined using a new compartment model.  

 

Study 2: High-density Lipoprotein Apolipoprotein A-I Kinetics in Obesity 

 

This study explored and compared the kinetics of HDL apoA-I in obese and lean 

subjects in a large sample population by pooling data from 13 stable isotope studies. It 

further examined the kinetic determinants of HDL apoA-I and its associations with lipid 

and non-lipid parameters. A pooled-analysis combines the results of several studies that 

addressed a set of related research hypotheses in order to increase sample size and, 

hence, statistical power. 

 

 

 

ese kinetic abnormalities. The findings of th

separately as a series of original publicatio

 12

tched lean normolipidemic subjects. A case-control study id

 outcome variable (i.e. metabolic syndrome) and compare

nce group (i.e. lean normolipidemic subjects). The ki

-II were measured using D3-leucine, gas chromato
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Study 3: Plasma Phospholipid Transfer Protein Activity, a Determinant of   

 

using D3-leucine, GCMS and 

ulticompartmental modeling. The kinetics of HDL particles, LpA-I and LpA-I:A-II, 

g an HDL compartment model to the apoA-I and apoA-II 

pA-I and LpA-I:A-II concentrations.  

suvastatin on Apolipoprotein B-100  

eks 

riod. The kinetics of VLDL, IDL and LDL-

e fourth week of each treatment period. 

inished by inclusion of a washout period between 

ent phases. The length of the washout period was determined from the 

acokinetics (e.g. half-life of drug) and pharmacodynamics (e.g. drug effects on 

eters) of rosuvastatin. Randomization was employed to decrease 

               HDL Kinetics In Vivo 

 

This cross-sectional study examined the strength and independence of the relationship 

of plasma PLTP activity with HDL particle kinetics in 31 men across a wide-range of 

BMI. A cross-sectional study measures the prevalence of outcome(s) or determinant(s) 

of outcome, or both, in a population at a point in time or over a short period. However, 

associations must be interpreted with caution, as correlations are not proof of causality. 

The kinetics of HDL apoA-I and apoA-II were measured 

m

were estimated by fittin

tracer/tracee ratio and L

 

Study 4: Dose-ranging Effect of Ro

               Kinetics in the Metabolic Syndrome 

 

A randomized, double-blind, three-way crossover study design was employed to 

investigate the effect of rosuvastatin on apoB kinetics. Rosuvastatin (10 mg and 40 mg 

daily) was compared with placebo in 12 subjects with the metabolic syndrome (NCEP 

ATP III criteria). There was a two-week run-in period on placebo to establish weight 

maintenance, achieve a constant dietary pattern and for familiarization of the subjects to 

taking study medication prior to randomization to one of three treatments: rosuvastatin 

10 mg/day, rosuvastatin 40 mg/day or placebo. Each treatment period was five we

and separated by a two-week wash-out pe

apoB were investigated using D3-leucine, GCMS and multicompartmental modeling at 

the end of th

 

A crossover study design was selected as it allows within subject comparison whereby 

each subject serves as his/her own control. A smaller sample size is also permissible as 

variance is minimized. A disadvantage of crossover studies is the potential of residual 

effects from preceding treatments, better known as “carry-over effects”. In this study, 

the carry-over effects were dim

treatm

pharm

lipids/non-lipid param
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the effect of biases (known and unknown) in assigning subjects to treatment grou

to facilitate statistical analyses. St

ps and 

udy investigators and subjects were also blinded to the 

eatment assignments to maintain the validity and quality of data acquired. A five-week 

           ndrome 

-II kinetics 

. The study design and rationale were 

imilar to that of Study 4. The kinetics of HDL apoA-I and apoA-II were measured 

 null hypothesis (Ho), which is the 

ypothesis posing the equivalence of the two (or more) interventions (Wittes 2002). 

tr

treatment period was selected to ensure that the maximum effects of rosuvastatin on 

plasma lipids were attained (Grundy 1988). Subjects were required to consume an ad 

libitum weight maintenance diet for the duration of the study to minimize any 

confounding effect of dietary and weight changes on outcome variables. The 10 mg 

dose was selected, as it is the general starting dose of rosuvastatin while 40 mg is the 

maximum dose available. 

  

Study 5: Dose-Dependent Improvement in High-Density Lipoprotein  

                Metabolism with Rosuvastatin in the Metabolic Sy

 

This study investigated the effect of rosuvastatin on HDL apoA-I and apoA

in the same twelve subjects included in Study 4

s

using D3-leucine, GCMS and compartmental modeling. The kinetics of HDL 

subpopulations, LpA-I and LpA-I:A-II, were also examined using a new compartment 

model.  

 

3.3 SAMPLE SIZE AND POWER CALCULATIONS 

 

Principles of sample size and power calculations in clinical trials 

 

The purpose of a randomized trial is to disprove the

h

Type I and II errors are the two possible confounding phenomena that impair the valid 

testing of the Ho. A type I error (α-error) is the probability of falsely rejecting the null 

hypothesis when it is true; that is the chance finding of at least two of the treatments 

appearing significantly different when in reality they are identical (false positive). 

Conventionally, controlled trials set α-error of 0.05, or 1 in 20; thus investigators can 

expect a false-positive error about 5% of the time. Specific features of a study design 

will influence its type 1 error rate. For example, a trial that uses more than one test of 

significance may need to adjust the α-level to preserve the true probability of observing 
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a significant result. The type II error (β-error) is the probability of falsely accepting the 

null hypothesis when it is false; that it is the probability of concluding no difference 

between treatment groups when, in fact, there is a difference (false negative). Typically, 

well-designed randomized controlled trials set β at 0.20; thus investigators can expect a 

false-negative error about 20% of the time. Power (1 - β) is the probability of rejecting 

the null hypothesis when it is false. Acceptable study power is ≥ 80% (type II error of ≤ 

0.20). 

 

Sample size is an estimation of the number of subjects required to test that the expected 

tcome is not a chance finding (Spilker, 1984). Although an investigator may limit 

g, the results 

ufficiently large 

 reveal a true difference between treatment groups. When sample size is small, 

ample size calculations 

here are several methods for estimating sample size of a study. The general formula 

2 2 2 2 

 

ou

bias through randomization, concealment of patient allocation, and blindin

of randomized trials may be less convincing when sample size is not s

to

randomized trials are subjected to type II errors (β-errors). With too large a sample size, 

any difference, however small and potentially clinically insignificant, will become 

statistically significant. In clinical trials, investigators should determine sample size 

requirements on the basis of conventionally accepted standards for study power (80%) 

and type I errors (α = 0.05).  

 

S

 

T

applied for sample size determinations are described in brief below. 

 

The equation for calculating the sample size (n) needed for a comparison of two 

independent groups is as follows and is applicable to studies 1 and 2 in this thesis. 

 

n = [(σ1  + σ2 ) x (z 1-α/2 + z 1-β) ]/D

 

Where  

σ are the standard deviations of the measurement variable for the two groups 

z is the critical value, the positive z value that is at the vertical boundary for the area of 

1-α/2 and 1-β, in the right tail of the standard normal distribution 
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α is the p-value and β is the probability of the type II error (1-power) 

D is the expected difference of the measurement variable between the groups.  

 

The equation for calculating the sample size (n) for a single group test is as follows and 

is applicable to studies 4 and 5 in this thesis. 

 

n = [zα/2 (σ)/ D]2

 entered to estimate the sample size of the study.  

or two-sided test.  

OWER – Conventionally accepted standards for study power (80%) 

 – The within group standard deviation for independent designs. The standard 

 A-I Kinetics in the Metabolic Syndrome 

wing sample size calculations were based on observed differences in multiple 

, IDL and 

 previous study of apoB-100 kinetics (Chan et al 2002a) in visceral obesity (48 obese 

and 10 age-matched lean subjects) and found that VLDL apoB PR was significantly 

 

Where  

zα/2 is the critical value, the positive z value that is at the vertical boundary for the area 

of α/2 in the right tail of the standard normal distribution 

σ is the standard deviation of the measurement variable for the group 

α is the p-value  

D is the expected difference between the means of the measurement variable.  

 

In this thesis, the MS-DOS based program “POWER” (Dupont and Plummer 1990) was 

used to estimate the sample size required for each study. Using the POWER program, 

the following parameters were

 

ALPHA – Type I error probability f

P

DELTA – A difference in population means (normally tests the smallest significant 

effect). 

S

deviation of paired difference for paired designs. 

M – Number of controls per experimental patient (independent study design only). 

 

Study 1: Apolipoprotein B-100 and

 

The follo

kinetic parameters between obese and lean subjects including VLDL apoB PR

LDL apoB FCR, and HDL apoA-I and apoA-II FCR.  

 

A
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(52%) higher in obese than lean subjects (p = 0.034). Another small study also found 

subjects 

ompared with five age-matched controls (p = 0.009) (Pont et al 2002a). Watts and 

DL apoB PR was postulated to be 14.7 

g/kg/day in the obese and 8.5 mg/kg/day in the lean subjects; and the within group 

n (SD) to be 4.6. The following parameters were used in the POWER 

rogram: ALPHA = 0.05, POWER = 0.8, DELTA = 6.2, S = 4.6, M = 1 (Assume the 

n of control to case is 1:1). The case-control study requires 10 obese subjects 

ues also reported that IDL and LDL-apoB FCR were significantly 

jects (p = 

.004 and p = 0.001, respectively) (Chan et al 2002a). Based on this study and another 

 in the 

OWER program: ALPHA = 0.05, POWER = 0.80, DELTA = 2.35, S = 1.72, M = 1. 

, the sample size estimated from 

LDL-apoB FCR. 

er to detect the postulated differences in IDL and LDL-apoB FCR with an α-

ched 

an controls found that apoA-I FCR was significantly (50%) elevated in five obese 

poA-I 

CR was also significantly (50%) higher in six obese insulin resistant subjects than in 

. The following parameters were 

sed in the POWER program: ALPHA = 0.05, POWER = 0.80, DELTA = 0.09, S = 

that VLDL apoB PR was increased by 84% in five abdominally obese 

c

colleagues have also studied VLDL apoB kinetics in 17 non-obese subjects (Watts et al 

1997). Based on these studies, the mean VL

m

standard deviatio

p

proportio

and 10 lean controls in order to have an 80% power to detect the postulated difference 

in VLDL apoB PR with an α-error of 5%. 

 

Chan and colleag

(30% and 37%, respectively) lower in obese subjects compared with lean sub

0

similar study investigating apoB-100 kinetics in visceral obesity (Watts et al 2003), the 

mean IDL apoB FCR was postulated to be 3.72 pools/day in obese and 6.07 pools/day 

in lean subjects, and the SD to be 1.72. The following parameters were used

P

As the variability of LDL apoB kinetics is less than IDL

IDL apoB FCR will be adequate to detect differences in both IDL and 

Hence, the case-control study requires 10 obese subjects and 10 lean controls to have an 

80% pow

error of 5%. 

 

A previous study investigating HDL apoA-I kinetics in obese subjects and age-mat

le

subjects compared with five lean controls (p < 0.01) (Pont et al 2002b). HDL a

F

five normolipidemic controls (p < 0.01) (Duvillard et al 2000). Based on these studies, 

the mean apoA-I FCR was postulated to be 0.32 pools/day in the obese and 0.23 

pools/day in the lean subjects, and the SD to be 0.06

u

0.06, M = 1. The case-control study requires 8 obese subjects and 8 lean controls in 
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order to have 80% power to detected the postulated difference in HDL apoA-I FCR with 

an α-error of 5%. 

 

Similarly apoA-II FCR was reported to be significantly higher in nine subjects with 

low HDL cholesterol and high TG than in thirteen control subjects with normal HDL 

cholesterol and TG concentrations (p = 0.006) (Brinton et al 1991). Based on this study, 

the mean apoA-II FCR was postulated to be 0.239 pools/days in obese subjects, and 

0.185 pools/day in lean controls, and the SD to be 0.037. The following parameters 

were used in the POWER program: ALPHA = 0.05, POWER = 0.8, DELTA = 0.054, S 

= 0.037, M = 1. The case-control study requires 8 obese subjects and 8 lean controls in 

order to have 80% power to detected the postulated difference in HDL apoA-II FCR 

ith an α-error of 5%. 

ence, based on the calculations from Study 1, a sample size of 12 metabolic syndrome 

coefficient. The familiar Pearson product-moment correlation assumes an underlying 

w

 

Based on the above calculations, a sample size of 12 metabolic syndrome subjects and 

10 lean controls has sufficient power (80%) to detect the postulated differences between 

cases and controls in the kinetic parameters of VLDL, IDL and LDL-apoB, and that of 

HDL apoA-I and apoA-II with an α-error of 5%. 

 

Study 2: High-Density Lipoprotein Apolipoprotein A-I Kinetics in Obesity 

 

The following sample size calculations were based on observed difference in HDL 

apoA-I FCR between obese and lean subjects. The sample calculation for this study is 

similar to that of Study 1, as both studies applied a case-control study design.  

 

H

subjects and 10 lean controls has sufficient power (80%) to detect the postulated 

differences between cases and controls in the kinetic parameters of HDL apoA-I with an 

α-error of 5%. 

 

Study 3: Plasma Phospholipid Transfer Protein Activity, a Determinant of HDL  

                Kinetics In Vivo 

 

This was an association study and hence, a different method was used for sample size 

calculations. The calculations were based on the Pearson product-moment correlation 
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bivariate normal distribution from which the variables are drawn, but does not make 

assumption about equality of variance. In this case,  

nship between plasma PLTP activity and HDL metabolism was 

xamined in men across a wide-range of BMI. A previous study showed that the 

ent of 0.5 between PLTP activity and 

poA-I FCR, then  

 = (ρ - ρ0)/(1 - ρρ0) 

or a two-tailed 5% test, with 80% power ν is 27. Since, n = ν + 2, 29 subjects are 

 a correlation between PLTP activity and apoA-I FCR with an α-error of 

%. 

 

Critical effect size, Δ = (ρ - ρ0)/(1 - ρρ0) 

Study sample size, n = ν + 2 

 

Where  

ν is the sample size (in accordance to type of test and study design) 

ρ0 is the value specified in the null hypothesis 

ρ is an estimate of the correlation desired 

 

In this study, the relatio

e

correlation coefficient between PLTP activity and apoA-I in LpA-I to be 0.5 in subjects 

with low HDL cholesterol and CVD (Cheung et al 1999). Radiokinetic studies suggest 

that apoA-I FCR is the strongest determinant of apoA-I concentration (Brinton et al 

1994). Hence, if we assume a correlation coeffici

a

 

Δ

   = (0.5 -0)/(1- 0) 

   = 0.5 

 

F

required for an 80% power. 

 

Based on the above calculations, a sample size of 31 subjects has sufficient power 

(80%) to detect

5
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Study 4: Dose-ranging Effect of Rosuvastatin on Apolipoprotein B-100 Kinetics in  

                the Metabolic Syndrome 

 

The following sample size calculations were based on kinetic parameters that would 

atorvastatin treatment (compared to placebo). These 

arameters include VLDL, IDL and LDL-apoB FCR. 

etween rosuvastatin 

 it would be appropriate to select kinetic 

 basis for sample size calculations.  

.0 ), IDL apoB FCR by 108% (p = 0.002) and LDL apoB FCR by 

17% (p < 0.001) (Watts et al 2003).  

dies, the postulated mean VLDL apoB FCR was 3.80 pools/day on 

and 6.00 pools/day (↑58%) on atorvastatin with an SD of 1.13. Study 4 was a 

aired study design (crossover) and the following parameters were used in the POWER 

1.92 (mean difference between atorvastatin and placebo), S 

 1.13. The intervention study requires 5 subjects in order to have an 80% power to 

, based on the above studies, the postulated mean value was 3.87 

ools/day on placebo, 5.49 pools/day (↑42%) on atorvastatin, and SD of 1.22. The 

llowing parameters were used in the POWER program: ALPHA = 0.05, POWER = 

.8, DELTA = 1.29 (mean difference between atorvastatin and placebo), S = 1.22. The 

tervention study requires 9 subjects in order to have an 80% power to detect the 

ostulated treatment difference in IDL apoB FCR with an α-error of 5%. 

 

change significantly with 

p

 

In the STELLAR trial, changes in LDL cholesterol were similar b

10 mg and atorvastatin 40 mg. For this reason,

studies that used atorvastatin 40 mg, as the

 

In this study, apoB-100 kinetic parameters would be compared between three 

treatments: rosuvastatin 10 mg, rosuvastatin 40 mg and placebo. A previous study 

investigating the mechanism of action of atorvastatin on apoB-100 kinetics in visceral 

obesity found that atorvastatin (40 mg/day) significantly increased the FCR of VLDL 

(+65%, p = 0.019), IDL (+35%, p = 0.049) and LDL apoB (+104%, p = 0.001) (Chan et 

al 2002b). Another study reported that atorvastatin significantly increased VLDL apoB 

FCR by 51% (p = 0 01

1

 

Based on these stu

placebo 

p

program: ALPHA = 0.05 (unadjusted for multiple comparisons between three groups), 

POWER = 0.80, DELTA = 

=

detect the postulated treatment difference in VLDL apoB FCR with an α-error of 5%. 

 

For IDL apoB FCR

p

fo

0

in

p
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Similarly the postulated LDL apoB FCR was 0.30 pools/day on placebo, 0.64 

pools/day on atorvastatin, and SD of 0.17. The following parameters were used in the 

OWER software: ALPHA = 0.05, POWER = 0.8, DELTA = 0.26 and SD = 0.17. The 

ence, based on the above calculations, a sample size of 12 metabolic syndrome 

tudy 5: Dose-Dependent Improvement in High-Density Lipoprotein Metabolism  

holesterol may be associated with changes in the 

nderlying kinetics of apoA-I and apoA-II, specifically a decrease in apoA-I and apoA-

cts in order to 

P

calculated sample size was 6 subjects in order to have 80% power to detect the 

postulated difference in LDL apoB FCR with an α-error of 5%. 

 

H

subjects has sufficient power (80%) to detect the postulated differences in the kinetic 

parameters of VLDL, IDL and LDL-apoB with an α-error of 5%. 

 

S

                with Rosuvastatin in the Metabolic Syndrome 

 

A number of the literature reveals that the effects of statins on HDL apoA-I and apoA-II 

concentrations and kinetics are relatively small or non-existent. Results from recent 

clinical studies demonstrate that rosuvastatin 10 mg and 40 mg raise HDL cholesterol 

by 10 – 15%. In this study, apoA-I and apoA-II kinetic parameters would be compared 

between three treatments: rosuvastatin 10 mg, rosuvastatin 40 mg and placebo. It is 

postulated that the increase in HDL c

u

II FCR. Previous studies in obese subjects with hypertriglyceridemia and low HDL 

cholesterol concentration (Watts et al 2003, Brinton et al 1991) measured apoA-I and 

apoA-II FCR of 0.300 pools/day (SD = 0.030) and 0.239 pools/day (SD = 0.037), 

respectively. Based on the assumption that a 15% increase in HDL cholesterol is 

associated with a 15% reduction in apoA-I and apoA-II FCR, the mean difference 

between treatment and placebo for apoA-I and apoA-II would be 0.045 and 0.036 

pools/day, respectively.  

 

Based on the expected difference in apoA-I FCR between placebo and treatment 

groups, the postulated mean apoA-I FCR was 0.300 pools/day on placebo, 0.255 

pools/day (↓15%) on rosuvastatin treatment, and SD of 0.030. This was a paired study 

design and the following parameters were used in the POWER program: ALPHA = 

0.050 (unadjusted for multiple comparisons between treatment groups), POWER = 

0.800, DELTA = 0.045, S = 0.030. The intervention study requires 6 subje
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have an 80% power to detect the postulated treatment difference in apoA-I FCR with an 

α-error of 5%.  

 

Similarly, based on the change in apoA-II FCR between placebo and treatment groups, 

the postulated mean apoA-II FCR was 0.239 pools/day on placebo, 0.203 pools/day 

15%) on rosuvastatin treatment, and SD of 0.037. The following parameters were 

R with an α-error of 

%. 

of 12 metabolic syndrome 

ubjects has sufficient power (80%) to detect the postulated differences in the kinetic 

(↓

entered into the POWER software: ALPHA = 0.050, POWER = 0.800, DELTA = 

0.036, S = 0.036. The intervention study requires 10 subjects in order to have an 80% 

power to detect the postulated treatment differences in apoA-II FC

5

 

Hence, based on the above calculations, a sample size 

s

parameters of HDL apoA-I and apoA-II with an α-error of 5%. 
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4.1 SUBJECTS 

 

In this thesis, both males (Studies 1 – 5) and females (Study 2) were studied. The 

general inclusion and exclusion criteria for entry into the studies are described as 

follows. 

 

Lean Subjects (Studies 1 – 3) 

 

The inclusion criteria were: 

• Male or female 

• 18 to 65 years (inclusive

• BMI 19 - 25 kg/m2 (inclusive) 

• Waist circumference < 94 cm (men), waist circumference < 88 cm (women) 

• Fasting plasma triglycerides <1.7mmol/L 

• HDL cholesterol ≥1.04mmol/L (men); HDL cholesterol ≥1.3mmol/L (women) 

• Blood pressure <140/90 mmHg 

 

The ex

• Total cholesterol > 7mmol/L 

• Diabetes Mellitus (fasting blood glucose > 7mmol/L) 

• Renal dysfunction (a presence of macroproteinuria and/or a serum creatinine 

>150μmol/L) 

• Untreated hypothyroidism 

• Alcohol consumption >3 standard drinks/day 

• Abnormal liver function (>1.5 x upper limit of normal) 

• Major systemic illness; History of cardiovascular events within the last 6 months 

• Concurrent use of lipid-regulating therapies 

• Use of fish oils or any other agents known to influence lipid metabolism 

• Anemia (Hb<125g/L) 

• Primary dyslipidemia (familial hypercholesterolemia or familial combined 

hyperlipidemia) 

• Warfarin 

• Significant psychiatric disorder 

) 

clusion criteria were: 
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• History of significant dyspepsia or gastrointestinal disease. 

ubjects with the Metabolic Syndrome (Studies 1 – 5) 

ale or female 

• Aged 18 to 65 years (inclusive) 

g glucose > 6 mmol/L or insulin >10 mU/L or HOMA 

score > 2.5). 

≥ 94 cm (men); waist circumference ≥ 88 cm (women) 

• Fasting plasma triglycerides ≥1.7 and < 4.5 mmol/L. 

•

• HDL cholesterol <1.04 mmol/L (men), HDL cholesterol <1.3mmol (women) 

• Weight maintained within 3% of initial body weight following the placebo run-

in period. 

 

The

• Statin therapy within the past 6 weeks. 

y of cardiovascular disease within the 

arins). 

• tion (a presence of macroproteinuria and/or serum creatinine 

s hypersensitivity reactions to 

sidered to be at an increased risk of 

efined as ALT > 1.5 times the ULN, because of the 

• othyroidism defined as TSH > 1.5 times ULN at Visit 1 (this is 

 relationship between myopathy and subjects with hypothyroidism 

 

S

 

The inclusion criteria were: 

• M

• Insulin resistance (fastin

• Waist circumference 

 LDL cholesterol <6 mmol/L. 

 exclusion criteria were: 

• Pre-existing cardiovascular disease/histor

last 6 months. 

• Current treatment with Vitamin K antagonists (warfarin, coum

• Diabetes (fasting glucose > 7 mmol/L). 

Renal dysfunc

>150μmol/L). 

• History of statin-induced myopathy, or seriou

other HMG-CoA reductase inhibitors (statins). 

• Unexplained CK > 1.5 times the upper limit of the normal range (ULN) 

(subjects with raised CK at baseline are con

myopathy). 

• Active liver disease d

potential for statins to cause disturbance in liver function. 

Uncontrolled hyp

due to the

undergoing statin therapy). 
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• Anemia (Hb <125 g/L). 

• History of significant dyspepsia or gastrointestinal disease. 

• Primary dyslipidemia (familial hypercholesterolemia or familial combined 

hiatric disorder. 

astic, metabolic (excluding the metabolic 

ay affect the subject’s ability to participate in the study. 

ears 

 skin carcinoma. 

ard drinks/day 

into the study, or according to subjects’ local ethics committee 

requirements where a larger period is stipulated. 

Res c

 

The following restrictions were applied to subjects in the study: 

ents at all 

• equired to consume isocaloric diets for the duration of the study. 

 

Criteri

 

Sub

Specifi

• Apolipoprotein genotype E2/E2 

hypercholesterolemia). 

• Significant psyc

• Known hematological, neopl

syndrome), gastrointestinal or infectious disease which in the judgment of the 

investigator, m

• History of malignancy, except in subjects who have been disease free > 5 y

or whose malignancy has been basal or squamous cell

• Alcohol consumption >3 stand

• Drug abuse 

• Participation in another investigational drug study less than 4 weeks before 

enrolment 

 

tri tions 

• Subjects should have fasted for at least 12 hours before blood assessm

visits  

• Additional restrictions were applied to subjects in the intervention studies. 

Subjects were r

• Subjects were advised to maintain their normal physical activities and exercise 

routine for the duration of the study. 

• Subjects were advised to avoid starting cholesterol-lowering food supplements 

while participating in this study. 

a for Discontinuation 

jects may be discontinued from study treatment and assessments at any time.  

c reasons for discontinuing a subject from this study are: 
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• Voluntary discontinuation by the subject who is at any time free to discontinue 

atment. 

• ject’s CK level is > 5 x ULN and is accompanied by 

ess or if myopathy is otherwise suspected 

• 

• 

 

Subjec ation and 

the assess the state of subject’s health 

and any adverse events were followed up as a safety measure. The subject was 

req t

discont

event t ation. 

TMENT 

• cements and interviews on radio stations 

spital 

• previously participated in studies in the 

e. 

creened over the telephone to determine suitability 

ccording to the entry criteria. A brief description of the study and the time commitment 

 

his participation in the study, without prejudice to further tre

• Safety reasons  

• If ALT or AST is > 5 x ULN demonstrated on 2 occasions 

If, at any time, the sub

muscle pain, tenderness or weakn

• Severe non-compliance to protocol  

Incorrect enrolment or randomization of the subject. 

Procedures for discontinuation 

ts who discontinue were asked about the reason(s) for their discontinu

 presence of any adverse events. A physician will 

ues ed to return investigational product received during the studies. Subjects who 

inue were instructed to report any hospitalization or other medically serious 

hat occurs within the next 30 days post-discontinu

 

3.2 METHOD OF RECRUI

 

• Paid media release and feature articles  

Announ

• Advertisement placed on notice boards and distribution of flyers within ho

clinics 

• Referrals from physicians 

Letters sent to subjects who had 

Metabolic Research Centre, for studies that were carried out at the Research 

Unit of Metabolic Research Centr

 

Respondents were initially s

a

required was provided. Suitable volunteers were sent a letter of introduction and invited 

to attend a screening visit. 
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4.3

 

For studies carried out at the Metabolic Research Centre, the screening visits were 

per m and measures were 

und a

• 

• Waist to hip measurements 

• Fasting Insulin and glucose 

• Thyroxine (T4) and Thyroid Stimulating Hormone (TSH) 

 (FFM) using a bioelectrical 

nc.) 

poprotein E2/E2 genotype 

 

Subjects who f

participation. Each subject was given a detailed explanation of the study objectives, 

rocedures and time commitment involved. Any concerns raised by the subject were 

etabolic Research Centre received approval from the 

ittee of Royal Perth Hospital, Western Australia.  

 

 PROTOCOL FOR SCREENING 

for ed at the Research Unit ward. The following tests 

ert ken. 

Anthropometric measurements 

• Height 

• Weight 

• Waist circumference 

• Blood pressure 

• Electrocardiogram (ECG) 

• Medical examination by physician 

• Full blood examination 

• Liver (Alanine aminotransferase), muscle enzyme (Creatine kinase) and renal 

function test. 

• Fasting lipid profile 

• Urinalysis 

• Estimation of fat mass (FM) and fat free mass

impedance method (Tanita TBF-300A Body Composition Analyzer/Scale, 

Tanita I

• Determination of the Apoli

ulfilled the entry criteria were notified via telephone and letter of 

p

addressed prior to acquiring their consent to participate. All subjects in the studies 

provided written informed consent.  

 

All studies performed at the M

Ethics Comm
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4.4 ANTHROPOMETRIC MEASUREMENTS 

ht was measure to the nearest 0.1kg in clothing without shoes and height 

was me he top of the head and the bottom of the feet (no 

shoes) using a fixed stadiometer. BMI was determined by the following calculation: 

 

 

Height and Weight 

 

Subject weig

asured as the distance between t

)(mHeight 
(kg)Weight BMI 2=  

 

Cir m

 

The subjec using a tape measure as the midway point 

between cos

measured at the widest point around the greater trochanter. Subject was requested to 

stand and breathe as per normal during both measurements. The waist-to-hip ratio was 

calculated from

cu ference measurements 

t’s waist circumference was taken 

tal margin and iliac crest in the mid-axillary line. Hip circumference was 

 the below equation: 

(cm) Hip
hiptoWaist =−−  (cm)Waist 

 

4.5 BL

 

The i ressure of subjects in this 

esis. The unit is a semi automatic oscillometric recorder designed to measure systolic, 

ging the second, third and fourth readings. The first 

ading from the machine is discarded to reduce measurement errors. 

OOD PRESSURE 

 D namap 1846SX was used to measure all resting blood p

th

diastolic and mean arterial pressure and heart rate. The equipment is able to determine 

systolic blood pressures between 30 – 245mmHg, diastolic 10 – 210mmHg and heart 

rate 40 – 200 beat per minute.  Four measures were done with the reading taken at three-

minute intervals with subject in the supine position. Subject’s blood pressure 

measurement is determined by avera

re
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4.6 URINALYSIS 

 

Ames Multiple reagent strips (Bayer Diagnostics, Mulgrave, Victoria, Australia) were 

sed to determine urinary glucose, protein, blood, ketones, specific gravity, ph and 

 

Dietary records were used in this thesis to assess food intake over the 24-hour period 

rior to D3-leucine study day. Subjects were provided with guidelines on how to record 

ietician or Research Nurse. They were requested to list 

ach food item consumed during the 24-hour period on the food record sheet provided. 

hol consumption was also recorded for seven days 

prior to D3-leucine study day and mean daily consumption was estimated. 

 

4.8 PROTOCOL FOR BLOOD SAMPLING 

asting blood samples were collected from each subject. On each occasion, subjects 

u

bilirubin.  

 

4.7 ASSESSMENT OF NUTRIENT INTAKE 

p

the type of food consumed by a d

e

The diets were later compared using DIET4 Nutrient Calculation Software (Xyris 

Software, Brisbane, Australia) with the Australian Food Composition Database 

(NUTTAB 96, Australian Government Nutrient Database, Canberra, Australia). 

Information on energy, fat, carbohydrate, protein, alcohol and vitamins and minerals is 

listed on this database. Subjects’ alco

 

F

were rested, either in a supine or semi-recumbent position for 15 – 20 minutes before a 

21 gauge scalp vein needle was inserted intravenously to an antecubital vein of the 

forearm by a trained nurse. Blood samples were collected into the appropriate 

Vacutainer vacuumed blood collection tubes (Becton Dickinson, Rutherford, NJ, USA) 

for each respective assay. The bloods were centrifuged accordingly and the plasma or 

serum acquired were collected and stored at -80°C immediately unless specified. 
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4.9 PREPARATION OF D3-LEUCINE SOLUTION 

 a volume, such that final concentration is approximately 15mg/mL. Under 

e laminar flow cabinet, empty the leucine solution from the 50mL glass vial into a 

beaker. Aseptically the leucine solution was filtered through a 0.2micron hydrophilic 

n capped with a silver metal cap and 

tored at 4oC until use. 

in the semi-

cumbent position and allowed water only.  

 

al vein in an antecubital fossa for blood 

ollection and for a constant saline infusion (0.9% NaCl) (3ml/hr) throughout the ten 

aining 

streptokinase. 

n intravenous bolus of D3-leucine (5mg/kg body weight) was administered at 

approximately 7:00 am via a superficial vein of an antecubital fossa in the opposite arm 

 

The calculated dose of leucine crystals (5mg/kg body weight) was weighted out in a 

tared empty 50mL glass vial. The crystals were then dissolved in sterile 0.9% sodium 

chloride to

th

filter into the sterile, empty vial. The vial is the

s

 

For studies carried out at the Research Unit of the Metabolic Research Centre, D3-

leucine solutions were prepared within 5 days of injection by the Royal Perth Hospital 

Department of Pharmacy under standard sterile conditions. 

 

4.10 STABLE ISOTOPE INJECTION PROTOCOL 

 

Subjects were admitted to the Research Unit ward of the Metabolic Research Centre at 

6:30 am after a 12-hour fast (water only allowed). They were studied 

re

An indwelling cannula was placed in a superfici

c

hours of blood sampling. A three-way stopcock was attached to the cannula to permit 

collection of samples and saline infusion. Blood samples will be collected via the side 

arm of the three-way stopcock. The first 0.5mL of blood was discarded as it is diluted 

with saline. Following blood collection, the cannula was flushed with 10mL of saline 

prior to switching the saline infusion on again. A baseline (-5min) blood sample was 

collected into an EDTA tube prior to administration of the leucine tracer administration. 

Blood samples for cholesterol efflux studies were collected into tubes cont

 

A
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using a winged infusion set. Following administration, the leucine tracer infusion line 

as flushed with 5mL saline. The winged infusion was then removed. 

 IDL, LDL-apoB and HDL- 

poA-I and apoA-II). 

 

 BUFFY COAT (WHITE CELLS) 

ffy coat storage in this study was to allow 

trospective assessment of changes, if any in expression of gene-regulating proteins in 

w

 

Blood samples was collected into EDTA tubes, as described above, at 5, 10, 20, 30, 40 

min and 1, 1.5, 2, 2.5, 3, 4, 5, 6, 8, 10hrs after the bolus injection of the D3-leucine 

tracer. After the 10hr blood collection, the cannula was removed. Subjects were given a 

meal and allowed home. Additional fasting blood samples were collected in the 

morning on the following 4 days of the same week (24, 48, 72 and 96hrs) via 

venepuncture.  

 

The blood samples were centrifuged (3500rpm for 15min) at 4oC and all plasma or 

serum collected stored at 4oC for respective assays and GCMS analysis of isotopic 

leucine enrichment of plasma lipoprotein fractions (VLDL,

a

4.11 COLLECTION AND STORAGE OF

PROTOCOL 

 

The rationale for collection and storage of bu

re

reverse cholesterol transport by intervention. This action of the intervention, in the case 

rosuvastatin has not been investigated and determination of its action on a molecular 

level will complement current in vivo and in vitro studies. In brief, blood samples were 

collected in EDTA tubes, as described previously at baseline (-5 minutes) and 

centrifuged at 3000 rpm for 10 minutes at 4oC. The supernatant fluid is removed by 

aspiration. A Pasteur pipette is used to collect the buffy coat into a sarsted tube and 

stored at -80°C. The buffy coat is a broad band of white blood cells of heterogeneous 

density. 
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4.12 COLLECTION AND STORAGE OF CHOLESTEROL EFFLUX AND 

PREβ-HDL SAMPLES 

 

At Visit 3 (Randomization Visit) and at the end of each treatment phase, 15ml of blood 

were collected into sarsted tubes containing streptokinase (150units/ml or 0.85mg in 20 

ml of blood) for cholesterol efflux and preβ-HDL studies. Tubes were centrifuged at 

3000rpm for 15 minutes at 4oC and the plasma fraction divided into 500μl aliquots in 

cryogenic vials. Four 30μl aliquots of plasma were diluted in 600μl of stabilization 

buffer (50% Sucrose in Phosphate Buffer Solution) for preβ-HDL analysis. All plasma 

.13 COLLECTION OF SAMPLES FOR GENETIC ANALYSIS 

 was collected for the determination of apoE2/E2 genotype at screening 

 known. Subjects were fully informed and 

rol 

he concentration of cholesterol was measured using enzymatic colorimetric method 

upplied in kit form by Roche Diagnostics GmbH (Mannheim, FRG). The principle 

pplied in this test involved enzymatic hydrolysis of cholesterol ester and subsequent 

nzymatic assay of the total free cholesterol. The following biochemical reactions were 

involved: 

aliquots were snap frozen and stored at -80°C until assay. Samples were transferred 

frozen on dry ice to the Baker Heart Research Institute by World Courier for future 

analysis.  

 

4

 

A blood sample

if the apoA2/E2 genotype was not previously

gave consent to this test as a pre-requisite for participation in the studies. With subject’s 

consent, the DNA samples were stored in specifically designated freezer, which were 

locked, and identified only by subject study number and not their name or any other 

identifying information for studies of genes associated with lipid metabolism. If consent 

was not given, DNA samples were destroyed following determination of the apoE2/E2 

genotype.   

 

4.14 BIOCHEMICAL ASSAYS 

 

Choleste

 

T

s

a

e
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Cholesterol ester + H2O   ⎯⎯⎯⎯⎯⎯ →⎯ esterase lCholestero    cholesterol + R.COOH 

ree cholesterol + O2       cholest-4-en-one + H2O2 

es 

The concentration of triglycerides was measured using enzymatic colorimetric method 

). The principle 

pplied in this test involved enzymatic hydrolysis of triglyceride with subsequent 

minoantipyrin + 4chlorophenol      quinoneimine + 2H2O + 

Cl 

 

ine dye produced was stoichiometricalled related to 

e concentration of glycerol and was detected spectrophotometrically at an absorbance 

ng a Hitachi 917 Biochemical Analyzer (Hitachi Limited, Tokyo, Japan). 

ean interassay coefficients of variation (CVs) were 1.8% at 0.95 mmol/L and 1.7% at 

⎯⎯⎯⎯⎯⎯ →⎯ oxidase lCholesteroF

2 H2O2 + 4-aminophenazone + phenol   ⎯⎯⎯⎯ →⎯Peroxidase    quinoneimine + 4H2O 

 

The amount of the red quinoneimine dye produced was stoichiometricalled related to 

the concentration of cholesterol and was detected spectrophotometrically at an 

absorbance of 500nm using a Hitachi 917 Biochemical Analyzer (Hitachi Limited, 

Tokyo, Japan). Mean interassay coefficients of variation (CVs) were 1.5% at 3.2 

mmol/L and 1.2% at 6.8 mmol/L. 

 

Triglycerid

 

supplied in kit form by Roche Diagnostics GmbH (Mannheim, FRG

a

enzymatic assay o the glycerol present. The following biochemical reactions were 

involved: 

 

Triglyceride + 3H2O   ⎯⎯⎯⎯⎯⎯ →⎯ lipase nLipoprotei    glycerol + 3R.COOH 

Glycerol + ATP  ⎯⎯⎯⎯⎯ →⎯ kinase Glycerol    glycerol-3-phosphate + ADP 

Glycerol-3-phosphate+O2   ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ →⎯ −− oxidase phosphate3Glycerol    dihydroxyacetone + H2O2 

2H2O2 + 4-a ⎯⎯⎯⎯ →⎯Peroxidase

H

The amount of the red quinoneim

th

of 500nm usi

M

2.1 mmol/L. 
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High-Density Lipoprotein (HDL) Cholesterol 

DL-cholesterol wa enous, enzymatic 

rm by Roche Diagnostics GmbH (Mannheim, 

n and dextran sulphate form water soluble complexes 

holesterol ester + H2O      cholesterol + R.COOH 

l + O2      cholest-4-en-one + H2O2 

 H2O2 + 4-aminophenazone + N-(2-hydroxy-3-sulphopropyl)-3,5-dimethoxyanilinel   

using a Hitachi 917 Biochemical Analyzer (Hitachi Limited, Tokyo, Japan). 

ean interassay coefficients of variation (CVs) were 3.0% at 1.2 mmol/L and 2.2% at 

Low-Density Lipoprotein (LDL) Cholesterol 

mated using 

972) formula (mmol/L): 

ncentration. 

on-HDL-Cholesterol 

 

The concentration of H s measured using homog

colorimetric method supplied in a kit fo

FRG). Sulphated a-cyclodextri

VLDL, LDL and chylomicrons. These complexes are resistant to PEG-modified 

enzymes. The assay involved the enzymatic hydrolysis of cholesterol ester with 

subsequent enzymatic assay of the cholesterol present. The biochemical reaction was as 

follows: 

 

⎯⎯⎯⎯⎯⎯⎯⎯ →⎯ esterase lCholestero-PEGC

⎯⎯⎯⎯⎯⎯⎯⎯ →⎯ esterase lCholestero-PEGFree cholestero

2

⎯⎯⎯⎯ →⎯Peroxidase    purple-blue pigment + 4H2O 

 

The amount of the purple-blue pigment produced was directly proportional to the to the 

concentration of cholesterol and was detected spectrophotometrically at an absorbance 

of 500nm 

M

2.0mmol/L. 

 

 

Plasma LDL-cholesterol concentration was esti the Friedewald (Friedewald 

et al 1

 

LDL-cholesterol = Total cholesterol – (0.46 × Triglyceride) – HDL-cholesterol 

 

This formula is only valid if total triglyceride concentration is less than 4.5mmol/L and 

its precision dependent upon the results of total cholesterol, triglyceride and HDL-

cholesterol co

 

N
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Plasma concentration of non-HDL cholesterol was derived from the following equation: 

de-rich fraction is apoB-100. Immunonephelometry is a semi-kinetic assay 

here precipitation of antigen-antibody complexes in solution and in the presence of 

d by the change in absor  at 340nm. 

nce of the test or quality pared to that 

materials, and antibodies were all suppl ercially be Behring Diagnostics 

tralia). All assays were carried using 

a apolipoprotein C-III was measured from plasma by 

icals Industries, Osaka, Japan). The 

sorbance of transmitted at 

. The increase in absorbance of the test or quality control samples was compared 

apolipoprotein. The assay was carried out using 

 Diagnostics, Basel, Switzerland). The mean interassay 

 4 hours after blood collection. The 

measure fasting glucose concentration. The 

ere as below: 

 

Non-HDL-cholesterol = Total cholesterol – HDL-cholesterol 

 

Apolipoprotein A-I, Apolipoprotein A-II and ApoB 

 

The concentration of each apolipoprotein in plasma was measured by 

immunonephelometric methods. It was assumed that all of the apoB and the 

triglyceri

w

antibody excess is detecte bance of transmitted light

The increase in absorba  control samples was com

of standard concentrations of the apolipoproteins. Reference standards, quality control 

ied comm

(Behring Diagnostics, Kingsgrove, NSW, Aus

Behring Nephelometer System. The interbatch CV of the apoA-I, apoA-II and apoB 

were all less than 3%. 

 

Apolipoprotein C-III 

 

The concentration of plasm

turbidimetric immunoassay kit (Wako Pure Chem

reaction of the antigen-antibody complex is detected in ab

340nm

to that of standard concentration of the 

a Cobas Mira analyzer (Roche

CVs was less than 4%. 

  

Glucose 

 

Venous blood was collected into serum tubes and centrifuged at 3000rpm for 15 

inutes at 4°C. Serum glucose was assayed withinm

enzymatic hexokinase reaction was used to 

two reactions involved w
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Glucose + ADP   ⎯⎯⎯⎯ →⎯Hexokinase    Glucose-6-phosphate + ADP 

Glucose-6-phosphate + NAD     6-phosphogluconate 

 the concentration of glucose in 

e sample and measure using Hitachi 917 Biochemical Analyzer. Mean interassay CVs 

bound conjugate is removed by a centrifugal wash. Substrate is 

en added and incubated for another five minutes. The substrate, a phosphate ester of 

ndergoes hydrolysis in the presence of alkaline phosphatase to 

ield an unstable intermediate. The continuous production of this intermediate results in 

ore = Insulin (mmol/L) ×

 ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ →⎯ −− asedehydrogen phosphate6Glucose

+ NAPH 

 

The absorbance of NADH was directly proportional to

th

were 1.3% at 4.9mmol/L and 1.0% at 6.4mmol/L. 

 

Insulin 

 

Plasma insulin was measured by the Immulite 2000 Insulin kit (Diagnostic Products 

Corporation, LA, CA, USA). The insulin assay is a solid phase two site sequential 

chemiluminescent immunometric assay. The solid phase is a polystyrene bead coated 

with monoclonal antibody specific for insulin. The patient sample and alkaline 

phosphatase conjugated polyclonal antibody are introduced into the reaction tube and 

incubated for 60minutes. The insulin in the sample is bound to form an antibody 

sandwich complex. Un

th

adamantly dioxetane, u

y

the sustained emission of light, thus improving precision by providing a window for 

multiple readings. The bound complex, and thus the photon output as measured by the 

luminometer is proportional to the concentration of insulin in the sample.  

 

Insulin resistance was estimated using the homeostasis model assessment (HOMA) 

score:  

 

 
5.22

(mmol/L) glucoseHOMA sc  (Matthews et al 1985). 

ka, Japan). The following biochemical reactions 

re involved: 

 

Non-esterified fatty acids (NEFA) 

    

Plasma free fatty acid concentrations were measured by an enzymatic colorimetric assay 

(Wako Pure Chemicals Industries, Osa

a
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NEFA + CoA + ATP  ⎯⎯⎯⎯ − CAcyl pyrophosphate 

Acyl-CoA

⎯⎯⎯⎯ →SynthaseoA   acyl-CoA + AMP + 

 + O2    2,3 trans-enoyl-CoA + H2O2

le colored product was measured at 550 nm using a Cobas Mira analyzer 

oche Diagnostics, Basel Switzerland). The interassay CV was < 5%.  

ighter rocket 

orresponds to LpA-I particles. This kit uses excess of anti-apoA-II antibodies 

 continue to migrate and react with anti-apoA-I antibodies. The height of the 

sulting immunoprecipitation rockets is proportional to LpA-I concentration. LpA-I 

standard serum was run at four different dilutions to delineate a standard curve. Quality 

ach gel together with s

oncentration was calculated from the standard curve, and the LpA-I:A-II concentration 

pA-I concentration. Interassay CVs were less than 

. 

⎯⎯⎯⎯⎯⎯⎯ →⎯ −  SynthaseCoAAcyl

 

H2O2 + 4-aminoantipyrine + 3-methyl-N-ethyl-N (beta-hydroxyethyl)-aniline  

⎯⎯⎯⎯ →⎯Peroxidase  purple colored product + 4 H2O 

 

The purp

(R

 

LpA-I and LpA-I:A-II 

 

LpA-I particles refer to HDL particles that only contain apoA-I while LpA-I:A-II 

particles represent HDL particles that contain both apoA-I and apoA-II. The LpA-I 

concentration was determined by differential electroimmunoassay using Hydragel LpA-

I kit (Sebia, France), as shown in Figure 4.1. The Hydragel LpA-I kit is designed for the 

quantification of LpA-I particles in human serum by electroimmunodiffusion on mildly 

alkaline, buffered (pH 7.6) agarose gels. These gels contain anti-apoA-I and anti-apoA-

II monospecific antibodies. Following protein migration, the resulting rockets are 

stained with acid violet solution. The excess stain is removed with an acid-alcohol 

mixed solution. Each sample yields two different rockets where the smaller and darker 

rocket corresponds to LpA-I:A-II particles while the higher and l

c

incorporated in the agarose plates to block the migration of particles. The LpA-I 

particles

re

control (QC) serum was used on e ample serum. The LpA-I 

c

was calculated as apoA-I minus the L

5%
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Figure 4.1 Quantifica ntration by differential  tion of LpA-I conce

                   electroimmunoassay using Hydragel LpA-I kit 

holesteryl ester transfer protein (CETP) 

Acid Blue Violet Stain 

I 

LpA-I standard Serum 

LpA-I:A-I
LpA-I

 
Standards (at four different concentrations: S1, S2, S3 and S4) and quality control (QC) were run on the left 

of the gel and plasma samples of 3 subjects in the interventional study were run on the right of the gel.  

 

Lathosterol 

 

Lathosterol concentration in plasma was determined by GCMS. The assay principle is 

based on the hydrolysis of cholesteryl ester and lathosterol with alcoholic hydroxide, 

and the free steroids are extracted into hexane. After evaporation of the hexane the 

steroids are converted by N-methyl-N-(tert-butyldimethylsilyl) trifluoroacetamide 

(MTBSTFA)/pyridine to the silyl ethers and measured by GCMS. Lathosterol appears 

as a small peak, m/z=443, after the much larger cholesterol ion of the same mass. 

Epicoprostanol, added to the plasma as internal standard, is monitored at m/z=445. A 

calibration curve is constructed from which the lathosterol concentration in the samples 

is interpolated. Briefly, 200µl of plasma was added to 1ml 3% alcoholic potassium 

hydroxide at 60°C for 30 minutes, then extracted with 1ml water and 2ml hexane. After 

centrifugation, the supernatant was aspirated and evaporated in a clean glass tube. 

Subsequently, 100 µl of MTBSTFA/pyridine (1:1) was added to the tube, capped and 

heated at 85°C for 30 minutes. The mixture was ready for analysis using GCMS 

(Hewlett Packard 5973, USA). The interassay CV was < 6%.  

 

C
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CETP mass was measured by ELISA kit (Daiichi Pure Chemicals Company, Tokyo, 

oar Biochemical, 

 in 90µl of sample buffer; 

20µl of the diluted plasma was combined with 4µl of donor (synthetic phospholipid and 

cholesteryl ester) and 4µl of VLDL acceptor particle to a total volume of 200µl and 

incubated for 3 hours at 37°C in a fluorescence-compatible microtiter plate; the 

fluorescence intensity was then read at excitation wavelength of 465 nm and emission 

wavelength of 535 nm in a fluorescence spectrometer (LS50B, Perkin Elemer 

Instruments, CN, USA). The interassay CV was < 10%.  

 

Lecithin:cholesterol acyltransferase  

 

s Company, Tokyo, 

 

μL was equilibrated with [14C]-cholesterol – albumin complex for 4 

°C to allow incorporation of [14C]-cholesterol into plasma lipoproteins and 

0 TA Liquid Scintillation 

ystems, Beckman Instruments, Inc., Fullerton CA). Precipitation of the vesicles with 

 than 95% of the rHDL remained in the 

lution; interassay CV <10%. 

 

Japan). CETP activity was determined using a CETP Activity Kit (R

New York, USA). In brief, 10µl of plasma was diluted  (1:10)

LCAT mass was measured by an ELISA assay (Daiichi Pure Chemical

Japan). LCAT activity was assessed by the ability of plasma to esterify [14C]cholesterol 

using the method established at the Baker Heart Research Institute. In brief, plasma

aliquots of 100 

hours at 4

then incubated for 30 minutes at 37°C to allow cholesterol esterification. The 

incorporation of label into [14C]cholesterol esters was measured. The interassay CV was 

< 10%. 

 

Phospholipid transfer protein (PLTP) 

 

PLTP activity was determined by measuring the transfer of radiolabeled 

phosphatidylcholine (14C-DPPC) from vesicles (SUVs) to isolated HDL. Briefly, [14C-

DPPC] labeled small vesicles were mixed with unlabelled spherical reconstituted HDL 

(rHDL), containing apoA-I and either cholesteryl esters only (CE-rHDL, diameter 9.3 

nm) or CE and TG in their core (TG-rHDL, diameter 9.5 nm), and incubated at 37ºC for 

1, 3, 5, 10 and 20 min in the presence of PLTP.  The vesicles were precipitated with a 

MnCl2/heparin solution, and the 14C-DPPC content of the rHDL in the supernatant was 

determined by liquid scintillation counting (Beckman LS 600

S

MnCl2/heparin was quantitative, while more

so
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Adiponectin 

 

Plasma adiponectin concentration was determined using enzyme immunoassay kits (R 

& D Systems, Minneapolis, USA). The assay employs the quantitative sandwich 

enzyme immunoassay technique. A monoclonal antibody specific for adiponectin has 

been pre-coated onto a microplate. Standards and samples are pipetted into the wells 

and any adiponectin present is bound by the immobilized antibody. After washing away 

ny unbound substances, an enzyme-linked monoclonal antibody specific for 

wing a wash to remove any unbound antibody-

nzyme reagent, a substrate solution is added to the wells and color develops in 

ical Analyzer with Roche reagent. The interassay CVs were < 5%. All these 

ssays were conducted with a high level of precision and quality assurance required of a 

 Authorities, Australia) accredited laboratory: 

ydPath (Level 15, O’Brien Building, Victoria St, Darlinghurst, NSW). These assays 

 M EDTA, 2.92 g NaCl and 2 ml Triton X-100 adjusted 

 1 L with water then autoclaved to sterilized) was added to the packed cells. The 

a

adiponectin is added to the wells. Follo

e

proportion to the amount of adiponectin bound in the initial step. The color development 

is stopped and the intensity of the color is measured. The interassay CV was < 7%. 

 

Liver, muscle enzymes and other study parameters 

 

Alanine, and asparate transaminases, alkaline phosphatase, creatine kinase, creatine, 

urea, and total bilirubin were analyzed by standard enzymatic methods, on a Hitachi 917 

Biochem

a

NATA (National Association of Testing

S

were performed to check hepatoxicity and risk of myotoxicity for safety reasons. 

 

Apolipoprotein E genotype 

 

Genomic DNA was extracted by the standard Triton X-100 procedure and the genotype 

for apoE determined using a modified Hixson and Vernier method (Hixson and Vernier 

1990). A 4 ml blood sample from each of the subjects was drawn into tubes containing 

EDTA and stored at -40°C. Blood samples were removed from storage and thawed at 

room temperature. The whole blood was centrifuged for 10 minutes at 1500 g and the 

plasma removed without disturbing the buffy coat layer. White cell lysis buffer (10 ml 

1M Tris HCl pH 7.6, 20 ml 0.5

to
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samples were centrifuged and the supernatant removed without disturbing the pellet. 

hite cell lysis buffer was added again and the samples centrifuged. The following was 

the pellet: 2 ml TES buffer (10 ml 1M Tris HCl pH 8.0, 2 ml 0.5M EDTA 

nd 5.84 g NaCl adjusted to 1 L with water then autoclaved to sterilized), 50 μl of 10 

gels. 

poE genotype was determined by analysis of separated fragments.    

 LDL fractions 

W

then added to 

a

mg/ml proteinase K (Boehringer Mannheim, Sydney Australia) and 0.23 ml if 10% SDS 

(10 g SDS, 70 ml water). After overnight digestion of the nuclei, 0.75 ml 6M NaCl was 

added and the sample centrifuged at 2500 g for 20 minutes. The supernatant solution 

was removed, placed in a sterile container and 6 ml absolute ethanol was added. The 

samples were mixed by gently swirling to precipitate the DNA. Using aseptic technique, 

the DNA was deposited I a sterile tube and I ml of TES buffer was added (as for the 

TES buffer but without NaCl). The DNA was dissolved by inversion before being 

stored at -4°C. Amplification of the apoE gene by polymerase chain reaction was 

performed by PathWest Laboratory Medicine, Royal Perth Hospital. The polymerase 

chain reaction products were separated by electropherosis on 18% acrylamide 

A

 

4.15 KINETIC ANALYSES 

 

4.15.1 Isolation and Measurement of Isotopic Enrichment of Apolipoproteins and 

Plasma Leucine 

 

4.15.1.1 Apolipoprotein B-100 

 

Isolation of VLDL, IDL and

 

The lipoprotein fractions were isolated using sequential ultracentrifugation (Optima XL-

100K; Beckman Coulter, Fullerton, Australia). VLDL (density <1.0063 kg/L at 20°C) 

floats to the surface during centrifugation of plasma at its natural density and is 

recovered by aspiration.  Salt solution is then added to adjust the density to 1.019 kg/l 

and after centrifugation IDL (density 1.0063-1.019 kg/L at 20°C) is recovered.  LDL 

(1.019-1.063 kg/L at 20°C) is recovered after further density adjustment and 

centrifugation.  The period and speed of centrifugation is sufficient to sediment albumin 

and other serum proteins clear of the floating lipoproteins. 
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Blood samples were collected into 9ml EDTA tubes and centrifuged immediately at 

3000rpm for 15 minutes at 4oC (Jouan CR411, VA, USA). EDTA plasma samples were 

stored at -80°C to prevent enzymatic degradation of lipoproteins. For each time point, 

3.5 ml of plasma was added into each ultracentrifuge tube (Beckman polycarbonate 

thick-walled ultracentrifuge tube) and centrifuged for a minimum of 8 hours at 50 000 

rpm at 20oC (Beckman Ultracentrifuge) using a Beckman 50.4 rotor. The upper 

lipoprotein fraction down to the 2.5 ml level (1ml total) was collected using a calibrated 

rack and aspiration device with the peristaltic pump speed adjusted to deliver a water 

aspiration rate of 5 to 10 ml/minute. The fraction from the edge of the meniscus against 

the side of the ultracentrifuge tube was aspirated by moving the tubing up and down to 

entrain a stream of air bubbles. The solution was then adjusted to 1.019 kg/L by 

addition of 1 ml sodium chloride (NaCl) solution (6.9% w/w) and centrifuged as 

described previously to isolate the IDL fraction (density 1.006 – 1.019 kg/L) The LDL 

fraction (density 1.019 – 1.063 kg/L) was isolated following similar ultracentrifugation 

rocedure with 1 ml NaCl solution (21.56% w/w). 

 

roteins 

 

f, 1 ml VLDL or IDL was transferred into 2-dram vials, washed with 

1 ml 100% isopropanol and vortexed. One milliliter of LDL was transferred into 2-dram 

l of deionized water and 4ml of 100% isopropanol and mixed by 

vernight at 20°C. The samples were centrifuged at 

000rpm for 10 minutes at 4°C in a Beckman J6-B centrifuge. The supernatant was 

rded. A 2ml aliquot of 50% isopropanol 

as added to the precipitate in each tube, vortexed and centrifugation and aspiration of 

p

Delipidation of apoB in lipop

 

The precipitation of apoB fraction carried out using a modified method by Egusa (Egusa

et al 1983). In brie

vials, washed with 3m

inversion. Samples were kept o

3

aspirated through a glass filter disc and disca

w

the supernatant repeated. An addition of 2 ml of 100% isopropanol was added to all 

tubes, vortexed vigorously to re-suspend the precipitates and stored overnight in 4°C to 

delipidate.  Centrifugation and aspiration of supernatant was repeated, followed by a 

wash using 2 ml of 100% isopropanol and final centrifugation and aspiration of 

supernatant. The delipidated samples were either hydrolyzed and stored for 

derivatization or solubilized for Lowry protein estimation. 
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Hydrolysis of delipidated apoB 

 

Following delipidation, 1 ml aliquot of 6M HCl was added to the protein precipitates 

and tubes were capped loosely with a polypropylene stopper. Samples were hydrolyzed 

at 110°C in a heating-block for 24 hours. The tubes should have only half their depth 

immersed in the block allowing acid (bp 108C) reflux on the cooler upper half of the 

tube. Deionized water (7ml per tube) was added to each tube. A 100μl aliquot VLDL 

and IDL and 10μl LDL hydrolysate were transferred into half dram vials and dried at 

110°C for 1 hour. The vials were capped and stored at room temperature until 

derivatization (within 1 week). 

 

Lowry Protein Estimation 

 

Delipidated apoB is made soluble in alkaline deoxycholate solution and estimated by 

the Lowry method, with bovine serum albumin as standard (Sigma, P7656, 2 mg/vial, 

issolved in 5 ml sample-dissolution reagent (SDR). Calculated protein concentration 

erformed to prepare a standard curve of 0mg/l, 

00mg/l, 200mg/l and 400mg/l.  No correction is made for the difference in 

t room temperature. Samples 

ere centrifuge at 3000rpm for 10 minutes at 4°C. A 200μl aliquot of each sample was 

ansferred into a 96 well plate. The absorbance of the sample, standard and control 

d

was ~400mg/l). A serial dilution was p

1

chromogenicity between albumin and apoB. The Lowry reagent contains no alkali as 

the sample contains sodium hydroxide to dissolve the precipitated apoB. The quantity of 

alkali in the sample is sufficient to neutralize the acidic Folin and Ciocalteau reagent to 

the pH required by the method. To reduce inter-assay-variation, all samples VLDL, 

IDL, LDL (both pre and post treatment) in the same assay run. Frozen (–70°C) plasma 

from a healthy normolipidemic individual, diluted in SDR was used as control (High 

QC: 10 ml SDR + 20μl plasma, Low QC: 10 ml SDR + 50μl plasma).  In brief, the 

delipidated VLDL and IDL apoB precipitate were dissolved in 1ml and LDL apoB 

precipitate in 5ml sample dissolution reagent (2%deoxycholate 0.5M NaOH) by heating 

at 60°C for exactly 2 hours. A 1ml aliquot of Lowry reagent (1 ml 0.5% Copper 

Sulphate, 1ml 1% sodium potassium tartarate and 20ml 2% sodium carbonate) was 

added to each sample, standard or control tube and allowed to stand for 10 minutes at 

room temperature. Diluted Folin and Ciocalteau reagent (100μl) was added into each 

tube, white vortexing and allowed to stand for 30 minutes a

w

tr
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solutions were read using a DU 650 Spectrophotometer (Beckman CA, USA) at 740 nm 

blank. The interassays CV of this procedure was less 

an 5%. 

de, leaving total HDL and other plasma 

was then adjusted to 1.21kg/l and after 

vered. Whole blood was collected into 9ml EDYA tubes 

r each time point, an aliquot of 250ul was 

against zero (0mg/l) standard, as 

th

 

4.15.1.2 Apolipoprotein A-I and Apolipoprotein A-II 

 

Isolation of HDL fraction 

 

The HDL fraction was isolated by precipitation of apolipoprotein B-containing 

lipoproteins with heparin-manganese chlori

proteins in solution. The supernatant 

centrifugation HDL was reco

and centrifuged as described previously. Fo

transferred into conical base polystyrene tubes (Johns: cat no JHNP82001, “P8 tubes”). 

The conical base allowed collection of the supernatant without disturbance of the 

precipitated plasma proteins. Heparin (25μl, 7 500IU/ml) and manganese chloride 

(MnCl2, 12.5μl, 2.02M) were added to the plasma, vortexed and centrifuged at 3000rpm 

for 30 minutes at 4oC. The clear supernatant (200μl) from each time point was 

transferred into a fresh P8 tube containing 60μl of cesium chloride 64% solution. After 

mixing, transfer 230μl of the solution into Ti42 centrifuge tube (Beckman cellulose 

propionate centrifuge tubes 7x20mm Cat No 342303) and centrifuge at 40 000rpm for 

16 hours at 20°C using a Beckman 42.2Ti ultracentrifuge rotor. The upper 20μl of the 

lipoprotein fraction from the top of the meniscus was aspirated, diluted with 80μl of 

deionized water and stored at -80°C. 

 

HDL Apolipoprotein A-I and Apolipoprotein A-II Isolation using Polyacrylamide 

Gel and Western Transfer 

 

HDL is denatured by heating in the presence of lithium dodecyl sulfate (LDS). Under 

these conditions, all reduced proteins bind the same amount of LDS on a weight basis, 

independent of the amino acids composition and sequence of the protein. The size of 

LDS-protein complex formed is roughly proportional to the molecular weight of the 

protein and the LDS confers equal charge density to all the proteins. Thus, they can be 

separated based on their size.  
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In this procedure, apolipoprotein A-I and A-II were separated in the 12% NuPAGE 

Novex Bis-Tris gel.  The apolipoproteins were then transferred to PVDF membrane by 

estern Blotting. In brief, 3 μl of NuPAGE LDS Sample Buffer (Amrad MP0007) was 

°C to denature the 

proteins. The iGel (12% Tris-glycine gel) cassette was removed from its holder and the 

ells were rinsed three times with deionized water. The gels were inserted accordingly 

 The inner chamber was filled with 200ml and the 

uter chamber with 600ml of MES SDS Running Buffer (1X, Amrad NP0002). The 

change chromatography using cation resin (Bio-

ad Laboratories, CA.USA). Ion exchange columns were prepared using short-form 

ecantation and allowed to settle. The supernatant was 

spirated and discarded until the resin bed and supernatant are of equal volume. The 

f deionized water. While the solution was vortexed, 20μl 

W

added to 9 μl of diluted HDL, mixed and heated for 10min at 70

w

into an Xcell II Mini-Cell (E19001).

o

denatured protein samples were loaded into the appropriate wells and the gel was run at 

a constant voltage of 200V for an hour. The gel was then transferred onto a PVDF 

membrane using NuPAGE Transfer Buffer (1X plus 10% Methanol, Amrad N0006) in 

an Xcell II Blot Module (E19051) at a constant voltage of 30V for 1 hour. The PVDF 

membrane was then washed with deionized water (5 minutes) stained with Amido Black 

Protein Stain (3 minutes), de-stained with 100% Methanol (5 minutes) and washed with 

deionized water. The apolipoprotein A-I (28kD) and A-II (17kD) bands were excised, 

transferred into pyrolysis-cleaned half-dram vials, capped with appropriate Teflon-lined 

caps and hydrolyzed at 110°C overnight in 200μl of HCl. The hydrolyzed samples were 

dried down at 110°C (~2 hours of drying time). The vials were capped and stored at 

room temperature until derivatization (within 1 week). 

 

4.15.1.3 Plasma Leucine (Oxazolinone Method) 

 

Free leucine was extracted by ion ex

R

glass Pasteur pipette with the tip plugged with cotton wool (1-2 mg). Resin was washed 

with deionized water by d

a

resin is agitated with a magnetic stirrer while 400 μl of the slurry was pipetted into each 

glass column (this gave the resin bed a volume of 200 μl) and allowed to drain. The 

resin was acidify with 1 ml 6M hydrochloric acid (HCl) and repeatedly rinsed (twice 

should suffice) with deionized water. Whole blood was collected and centrifuged 

accordingly. Twenty microliters of plasma was transferred into P8 tubes from each time 

point and diluted with 160μl o
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of 60% perchloric acid was added to precipitate plasma proteins. Following 

ed at 3000rpm for 5 minutes at 
oC. The partition of the reaction mixture between water and cyclohexane extracts the 

tic acid into the water. The leucine 

derivatives were measured by gas chromatography-mass spectrometry (GCMS) with 

mical Ionization. Ions measured were at a mass-to-charge ratio (m/z) 

precipitation, the mixture was centrifuged at 300 rpm for 15 minutes at 4oC. The clear 

supernatant was diluted with 2ml of deionized water without disturbing the precipitate. 

The whole of the supernatant was applied to the ion exchange column using a plastic 

Pasteur pipette and the column washed twice with 1ml of deionized water. The leucine 

was eluted with 2 x 0.5 ml of 3M ammonium hydroxide (Merck, Germany) and 

collected into half-dram derivatization vials. The eluate was evaporated to dryness in 

the centrifugal evaporator (Speedvac SVC 200, Savant Instruments, New York, USA). 

The vials were capped and stored at room temperature until derivatization (within 1 

week). 

 

4.15.2 Derivatization of leucine  

VLDL, IDL, LDL-apoB, HDL-apoA-I, apoA-II and plasma leucine eluate 

 

Dried down samples were derivatized by the addition of 100μl derivatization reagent 

trifluoroacetic acid/trifluoroacetic anhydride (TFA/TFAA, 1:1), capped tightly and 

heated at 110°C for 5 minutes in the heating block. Samples were allowed to cool prior 

to addition in this order of 0.5ml cyclohexane and 1ml deionized water. The samples 

were shaken vigorously for 30 seconds and centrifug

4

derivatives into cyclohexane and the trifluoroace

Negative-ion Che

of 209 and 212 (Figure 3.2) (Dwyer et al 2002). Three major peaks were observed, 

leucine and the diastereoisomer pair due to isoleucine.  

 

Leucine enrichment at time (t) was calculated as:  

 

% 
Tracee
Tracer (at time = t) = 100 × ( )

( ) tarea209 ⎥
⎦

⎤
⎢
⎣

⎡  –  100 × area212 ( )
( ) 0tarea209 =

⎥
⎦

⎤
⎢
⎣

⎡
 

 

To ensure precision of laboratory methodology, quality control (QC) samples (0.02%, 

0.30% and 6.00%) acquired from samples of a previous metabolic study with known 

area212
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enrichment as well as leucine standards were analyzed on the GCMS with current study 

samples. The intraassay CVs for plasma free leucine, VLDL-, IDL- and LDL-apoB and 

HDL apoA-I and apoA-II as isotopic enrichment was less than 8.0%   

 

Figure 4.2 Derivatization of leucine with TFA/TFAA 
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eucine                                              Leucine oxazolinone 

d. The model was derived from 

n experimental protocol where a bolus injection of D3-leucine was administered and 

rated kinetic modeling demonstrated 

inetic heterogeneity. 

 

ulti-co n describing V DL, IDL, LDL-

poB leucine tracer/tracee ratios. Compartments 1 to 4 were required to describe leucine 

system is connected to an intrahepatic delay compartment (compartment 5), which 

                                                 

L

 
After derivatization with TFA/TFAA, leucine forms leucine oxazolinone (MW=209), which under NCI, 

gives a m/z of 209. Similarly, D3-leucine forms D3-leucine oxazolinone (MW=212) after derivatization, 

and gives a m/z of 212 under NCI. 

 

4.16 MATHEMATICAL MODELING  

 

4.16.1 Model for VLDL, IDL and LDL-apoB 

 

A comprehensive model for apoB kinetics was develope

a

plasma samples collected over 5 days. The integ

k

A m mpartmental model (Figure 3.3) was used i L

a

tracer kinetics observed in plasma. The leucine tracer was injected into plasma, 

compartment 2, and distributes to extravascular compartments, 1, 3 and 4. This sub-
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accounts for the time required for the synthesis and secretion of apoB into plasma. In 

this model, apoB was secreted directly into the VLDL, IDL and LDL fractions. 

Compartments 6 through to 10 were used to describe the kinetics of apoB-100 in the 

LDL fraction. Compartments 6 to 9 were a representation of the delipidation cascade. 

The residence time of particles in each of compartment of the cascade were assumed to 

ent in the cascade converted to 

e slow-turning-over VLDL compartment (compartment 10) was also the same. The 

VLDL particles in compartment 9 can be converted to IDL or removed directly from 

plasma. The kinetics of plasma IDL was described by compartment 11 and 12. 

Compartment 11 represents the conversion of IDL to LDL (compartment 13) or its 

removal directly from plasma. Compartment 12 represents a slowly turning over pool of 

IDL particles. The LDL segment of the model is described by two compartments 

(compartment 13 and 14). The VLDL, IDL and LDL-apoB metabolic parameters were 

tracer/tracee ratio data. The model represents 

ent. The estimation of the fractional catabolic rate, production rate, 

 data based on the structure of the model and the steady 

tate conditions.  

ApoB Kinetic Parameters 

 of the multi-compartmental model in 

igure 3.3. It was assumed that the source of the amino acid incorporated into the apoB 

ino acid because of this mathematical description embodies the 

cycling process of the tracer. Following the fitting of the model to the tracer/tracee 

V

be the same. In addition, the fraction of each compartm

th

estimated by fitting the model to the apoB 

the simplest structure consistent with previous published studies, in literature and in our 

own departm

percentage conversion and direct synthesis of VLDL, IDL and LDL-apoB is described 

below. The SAAM II program package constructs the system of differential equations 

fits the model to the observed

s

 

 

SAAM-II was used to estimate the parameters

F

particle was from the plasma pool. Plasma amino acid tracer/tracee ratios were 

described by a tri-exponential function, which was used as a forcing function in the 

mode. The use of a forcing function obviated the need for a complex model to describe 

the kinetics of the am

re

ratios using a least square regression approach, fractional catabolic rates (FCRs), 

production rates (PRs), conversion rates and direct synthesis rates were calculated for 

VLDL, IDL and LDL-apoB.  
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Fractional catabolic rate (FCR, pools/day) 

 

VLDL apoB FCR was derived as the weighted average (related to mass distribution) of 

the FCR of the individual VLDL pools (compartments 6 – 10). The individual FCRs of 

compartments 6 – 10 is the sum of the individual rate constants, exiting the respective 

compartments. 

 

IDL apoB FCR was derived as the weighted average of the FCR of compartments 11 

and 12. The individual FCR of compartment 11 and 12 is the sum of the individual rate 

constants exiting the respective compartments.  

 

LDL apoB FCR was derived as the rate constant of irreversible removal of LDL from 

compartment 13, k (0,13) and 14, k (0,14). 

 

Pool size (mg) 

 

The pool size is the mass of tracee in a specific pool (Steiner 1986). Pool size was 

determined as the product of plasma volume and the mean of the four pooled VLDL, 

IDL or LDL-apoB concentrations. The individual plasma volume is body weight 

ultiplied by 0.045 (Gregersen & Rawson 1959). In obese individuals, plasma volume 

ection factor to take into account the decrease in relative 

lasma volume associated with increase in body weight (Nikkila & Kekki 1973), and 

he percent conversion of VLDL to IDL, VLDL to LDL and IDL to LDL was derived 

s follows: 

m

was also adjusted by a corr

p

the analyses of kinetic parameters based on this adjustment generated similar results.   

 

Production Rate (PR, mg/kg/day) 

 

The production rate was calculated as the product of FCR (pools/day) and apoB pool 

size (mg) divided by individual body weight. It was expressed as mg/kg/day in this 

thesis. 

 

Percentage conversion (%) 

 

T

a
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VLDL to IDL (%) = Flux (9, 11) x 100 / Flux (6, 5) 

L to LDL (%) = Flux (13, 11) x 100 / [Flux (11, 5) + Flux (11, 9)] 

j) represents the flux (mass per unit time) from compartment (j) to 

ompartment (i). 

he direct synthesis (%) of VLDL, IDL and LDL apoB was derived as follows: 

Ldirect    = Flux (11, 5) x 100/Flux (5, 1) 

 (14, 5) x 100/Flux (5, 1) 

ID

VLDL to LDL (%) = [Flux (11, 9)/Flux (6, 5)] x [k (13, 11)/ [k (12, 11) + k (13, 11) + 

k(0, 11)] x 100  

 

Where Flux (i, 

c

 

Direct synthesis (%) 

 

T

 

VLDLdirect = Flux (6, 5) x 100 / Flux (5, 1) 

ID

LDLdirect   = Flux

 

Where Flux (i, j) represents the flux from compartment (j) to compartment (i). 
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Figure 4.3 Compartmental model describing apoB tracer kinetics 
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Footnote: Leucine tracer is injected into plasma, represented by compartment 2. 

partments 1, 3 and 4 represent nonplasma leucine compartments. Compartment 5 

presents an intrahepatic pool that accounts for the time associated with the synthesis, 

bly and secretion of apoB in VLDL, IDL and LDL fractions. VLDL apoB is 

partments (6-10), IDL apoB by 2 compartments (11 and 12) and 

DL apoB by 2 compartments (13 and 14).VLDL apoB is converted to IDL 

partment 11) or cleared directly from plasma. IDL apoB is either cleared from 

a, converted to LDL (compartment 13). 
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Figure 4.4 Isotopic enrichment of VLDL, IDL and LDL-apoB in a representative 

etabolic syndrome subject 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

he symbols represent the enrichment data and the solid lines through the data show the 

on the SAAM II program. Plasma leucine 

as modeled using a for-compartment system. Compartment 1 is connected to 

ompartments 5 and 6, which are the delay compartments that account for the synthesis 

nd secretion of apoA-I and apoA-II into plasma. Compartments 7 and 8 represent 

poA-I associated with the LpA-I and LpA-I:A-II HDL particles respectively. 

ompartment 9 describes the plasma kinetics of HDL apoA-II.  

he LpA-I and LpA-I:A-II section of the model was developed using plasma HDL 

apoA-I and apoA-II tracer data in conjunction with the findings of two published 

m
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best fit of the model to the tracer data. Squares indicate VLDL apoB, triangles indicate 

IDL apoB and diamonds indicate LDL apoB. 

 

4.16.2 Model for apoA-I in HDL LpA-I and LpA-I:A-II particles and apoA-II 

 

A multi-compartment model was developed and used to describe HDL apoA-I and 

apoA-II leucine tracer/tracee ratio data, based 

w

c

a

a

C

 

T
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studies. Zech and associated developed a compartment model using exogenous 

radiotracer data that identified two plasma pools of apoA-I (Zech et al 1983). In 

-

served that the FCR of LpA-I was greater than that 

f LpA-I:A-II and that the FCR of HDL apoA-II was similar to apoA-I in LpA-I:A-II 

sted to assume that the kinetics of LpA-I:A-II particles were the same as HDL apoA-

. The fractional rate constants out of compartments 8 and 9 [k(0, 8) and k(0, 9)] were 

onstrained to be equal. The kinetics of compartments 8 and 9 were determined by the 

t to the HDL apoA-II tracer data. The mass of apoA-I in the LpA-I and LpA-I:A-II 

ompartments represented by compartment 7 and 8 was fixed using the LpA-I 

munoassay data. In fitting the model to the tracer data, the HDL apoA-II tracer data 

etermined the kinetic parameters of compartments 8 and 9. The HDL apoA-I tracer 

ata represented the sum of the kinetics of apoA-I in LpA-I and LpA-I:A-II particles, 

here the kinetic parameters of LpA-I:A-II were defined by the kinetics of apoA-II. 

his assumption was validated using apoA-I enrichment data obtained in LpA-I and 

pA-I:LpA-II particles that were separated from plasma by immunoaffinity 

hromatography following infusion of D3-leucine in five male subjects with mixed 

yperlipidemia (Tilly-Kiesi et al 1997a). Adhering to the principle of parsimony, the 

deviation/mean) for LpA-I and LpA-I:A-

 FCRs less than 21.6 and 10.3%, respectively. 

odel development, the need for the extravascular exchange compartments to 

oncentration of 

 mass distribution of apoA-I between LpA-I and LpA-I:A-II pools. The 

addition, the kinetics of one of the apoA-I compartments were similar to those of apoA

II. Recently, Rader and associates ob

o

particles (Rader et al 1991). Based on this information, a model was constructed and 

te

II

c

fi

c

im

d

d

w

T

L

c

h

model shown in Figure 3.5 provided good fits (weighted residual sum of squares 

distributed randomly with mean zero): precision of parameters was high with 

individuals coefficients of variation (standard 

II

 

During m

the plasma apoA-I and apoA-II compartments were investigated. The addition of such 

compartments did not significantly improve the fit of the model to the tracer data, which 

was assessed using the Akaike information criteria test (AIC). In addition, the possible 

precursor-product relationships between the LpA-I and LpA-I:A-II compartments 

explored. However, the data did not support such pathways.  

 

The model was fit to the apoA-I and apoA-II tracer data using the c

LpA-I to set the

FCRs for the apoA-I in LpA-I and LpA-I:A-II particles, apoA-II and total apoA-I were 

estimated after fitting the model to the apoA-I and apoA-II tracer/tracee ratio data. The 
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corresponding production rates were calculated as the product of the FCRs and pool 

sizes divided by body weights. In this thesis, the kinetics of LpA-I and LpA-I:A-II are 

employed to describe the kinetics of apoA-I in LpA-I and LpA-I:A-II particles, 

respectively. 

 

Fractional catabolic rate (FCR, pools/day) of apoA-II, which mainly resides in LpA-

I:A-II particles was derived as the rate constant out of compartment 9. FCR of LpA-

I:A-II was derived as the rate constant out of compartment 8. The FCR of LpA-I was 

derived as the rate constant out of compartment 7. The FCR of apoA-I was derived by 

LpA-I pool size multiplied by the rate constant of compartment 7 plus LpA-I:A-II pool 

size multiplied by the rate constant of compartment 8 all divided by the apoA-I pool 

size. 

 

Pool size (mg) of LpA-I, LpA-I:A-II, apoA-II or apoA-I was determined as the product 

of plasma volume and the concentration of LpA-I, LpA-I:A-II, apoA-II or apoA-I. 

Plasma volume was determined as described previously (Section 4.16, page 170). 

 

Production rate (PR, mg/kg/day) of apoA-II was calculated as the product of apoA-II 

FCR multiplied by apoA-II pool size divided by body weight. The PR of LpA-I:A-II 

was calculated as the product of LpA-I:A-II FCR multiplied by apoA-II pool size 

divided by body weight. The PR of LpA-I was calculated as the product of LpA-I FCR 

multiplied by apoA-II pool size divided by body weight. The PR of apoA-I was 

calculated as the product of apoA-I FCR multiplied by apoA-II pool size divided by 

ody weight. b
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Figure 4.5 Compartment model describing apoA-I in LpA-I and LpA-I:A-II 

particles, apoA-II and apoA-I tracer kinetics. 
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Compartment model describing apoA-I in LpA-I and LpA-I:A-II particles, apoA-II and 

poA-I tracer kinetics. Leucine tracer is injected into plasma, compartment 2, and 

istributes to extravascular compartments, 1, 3 and 4. Compartment 1-4 are required to 

escribe leucine tracer kinetics observed in plasma. Compartment 1 is connected to two 

tracellular delay compartments (compartment 5 and 6) that account for the synthesis, 

ssembly and secretion of apoA-I and apoA-II. Compartments 7 and 8 describe the 

lasma kinetics of HDL apoA-I associated with LpA-I and LpA-I:A-II particles, 

spectively.  Plasma kinetics of HDL apoA-II, which represents the apoA-II 

omponent of LpA-I:A-II, is described by compartment 9. 
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pA-I and LpA-I:A-II particles, 

poA-II and apoA-I with D3-leucine in a representative subject. 

 

 

Fit of compartment model to HDL apoA-I and apoA-II enrichment data. The symbols 

represent the enrichment data and the solid lines through the data show the best fit of the 

model to the tracer data. The dashed lines, labeled LpA-I and LpA-I:A-II, show the 

ted tracer time course for LpA-I and LpA-I:A-II particles, respectively. The faster 

Figure 4.6 Isotopic enrichment for apoA-I in L
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rise and fall of the LpA-I tracer curve compared with the LpA-I:A-II curve is a 

reflection of the higher FCR of the LpA-I particles. 
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4.17 STATISTICAL ANALYSES 

 

This section describes the statistical techniques applied in this thesis. Two statistical 

packages were employed: SPSS 12.0 (Statistical Package for Social Sciences, Chicago, 

USA) for general analysis and SAS (SAS Institute, Cary NC, USA) for Mixed Model 

Analysis. A p-value of 0.05 or less was considered to be significant. 

 

4.17.1 Measures of Variability 

 

Standard deviation (SD) measures the variability of a set of observations around their 

mean value. It gives an estimate of the impression of a set of observations. 
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Where xi is the observed value; μ is the population mean; n is the population size 

is a theoretical SD of all sample means of size 

 

Standard error about the mean (SEM) 

n drawn from a population and dependent upon both the population variance (σ) and the 

sample size (n) as follows: 
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Where SD, n and μ are defined as above 

.17.2 Coefficient of Variation (CV) 

 

4
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The coefficient of variation (CV) is a dimensionless quantity describing the spread of 

alues around their means. It is calculated by dividing the SD by the mean and 

ultiplying by 100 (%).  

 

v

m

%100SDCV ×=
μ

 

.17.3 Distribution of data 

 

as assessed using Kolmogorov-Smirnov’s test. The 

st for normality is based on the maximum difference between the sample cumulative 

tric test.  

4.17.4 Independent and paired t-tests 

o groups. The groups can be independent (e.g. plasma cholesterol level of 

ately normally distributed and the variation of the scores in 

reliably different. The standard error (SE) of the mean difference 

between groups was estimated by 

 

 

Where SD and μ are defined as above 

 

4

The normality of data distribution w

te

distribution and the hypothesized cumulative distribution. All skewed data were either 

examined after logarithmic transformation or examined using a non-parame

 

 

The t-test is the most commonly used method to evaluate the differences in means 

between tw

patients who were given a drug vs. a control group who received a placebo) or 

dependent (e.g. plasma cholesterol level of patients “before” vs. “after” they received a 

drug). The t-test can be used even if the sample sizes are very small (e.g. n=10) as long 

as the variables are approxim

the two groups is not 

( )
2

1

21
21 nn

SSE ⎟⎟
⎠

⎜⎜
⎝

+×=− μμ  11 ⎞⎛

wo groups and S is the pooled SD of both sets of 

bservations 

 

 

Where μ1 and μ2 are the means of the t

o
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The independent samples t-test is calculated as follows: 

 

( )
( )21

21t μμ −
=  

SE μμ −

 

The paired samples t-test is calculated as follows: 

 

[ ]
( )dSE

=  

here (⎯d) is the observed mean difference. 

.17.5 Correlational Analyses 

tion 

0d −t

 

W

 

The corresponding p-value is then derived from the t-distribution with (n1 + n2 – 2) 

degrees of freedom. 

 

4

 

Pearson’s correla

A correlation analysis or correlation coefficient is a descriptive statistic used to 

determine the strength and direction of the relationship between two variables. There 

are different types of correlation coefficients. In this these, Pearson’s correlation 

coefficient (r) was used. Given two set of variables, X and Y, the correlation coefficient, 

r is calculated as: 

 

( )( )
( ) ( )[ ] 2
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Where xi and yi are the values of X and Y for the ith individual 

 

he Pearson r correlation coefficient ranges from -1 (a perfect negative linear 

epends on the sign of the coefficient. The strength of the relationship 

epends on the numerical value of the coefficient, which is also indicated by the p-

T

relationship) to +1+ (a perfect positive linear relationship). The direction of the 

relationship d

d
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value. The more extreme the coefficient value, the stronger the relationship. Two 

ariables that are unrelated have correlation coefficient of zero. 

 

 

artial correlation is the correlation of two variables while controlling for a third or 

more variables. The technique is commonly used in “causal” modeling of small models 

(3 – 5 variables). For instance, r12.34 is the correlation of variables 1 and 2, controlling 

r variables 3 and 4. Partial correlations were employed to compare the controlled 

ation (e.g. r12) and if there is no difference, 

e inference is that the control variables have no effect. If the partial correlation 

ween the two original variables because the control variables are 

ither (1) common antecedent causes, or (2) intervening variables.  

 

re employed to test if age, waist circumference and 

ietary intake of fat and cholesterol interfere with some of the observed significant 

lysis can be either of linear or non-linear. In this thesis, linear 

gression was applied. The purpose of a linear regression is to predict the value of a 

dependent variable (a criterion) based on the value of an independent variable (a 

predictor). It is assumed that a change in x will lead directly to a change in y. A 

regression line is the line that best fits the scatterplot of the data in which the predictions 

ere based on it. A regression equation is calculated from a set of data in which both 

quation is then applied to 

 new set of data in which the predictor is known by the criterion is not, it is predicted 

v

 

Partial Correlation 

P

fo

correlation (e.g. r12.34) with the original correl

th

approaches zero, the inference is that the original correlation is spurious – there is no 

direct casual link bet

e

Partial correlation analyses we

d

bivariate correlations in the observational study. 

 

4.17.6 Regression Analyses 

 

A regression ana

re

w

the predictor (X) and criterion (Y) are known. The regression e

a

(Y’). The equation for the regression line is: 

 

xbaY +=  

Where b = slope, a = intercept 
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The function of the most interest is the slope of the regression line (regression 

oefficient), the residual variation and the standard error of the slope. 

t 

c

 

 

Regression coefficien
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This can also be calculated as 

xx

xy

S
S

b =  

 

Where Sxy = “Sum of products” for X and Y values about their means and  

Sxx = “Sum of squaresx” for X values about x 

he difference between an observed value y0 and fitted value yfit is: 

 

 

Residual Variation 

 

T
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The value y0 – yfit is the residual for that individual 

 

Variance of Residuals ( ) ( )
2-n
yy

S
2

fit02
res

∑ −
=  

        

Standard error of the slope 

 

Sres, as defined above is critical for estimating the standard error (SE) and confidence 

terval (CI) of the regression coefficient (b). It estimates the strength of the relationship 

between X and Y values. 

in
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ion 

The regression of a dependent variable on one dependent variable is referred to a simple 

linear regression. Two or more dependent variables may also be available to give 

dditional information about the dependent variable by means of a multiple regression 

 In this case, multiple linear regression can allow an 

analysis of the relationship between a single dependent (outcome) variable and several 

independent variables. 

+=

here x1 = first independent variable, x2 = second independent variable, xk = kth 

2, and bk are the corresponding partial regression coefficients. The 

rm “a” is the intercept or constant term. 

he regression coefficients are defined as a regression equation such that the sum of 

squares of the residuals is m nimized. Each regression coefficient has its own standard 

rror. The statistical significance of each variable in the regression is obtained by 

o its standard error and relating this 

 the t-distribution with (n-k-1) degrees of freedom, where n = sample size and k = 

number of variables in model. The regression has a multiple correlation coefficient R2. 

quares due to regression divided by the total sum of squares. 

A) 

odel assumes additive components, it is called a linear 

odel, or more specifically a General Linear Model (GLM). The simplest analysis of 

variance model (single factor) assumes the following relationship: 

SE

 

 

Multiple linear regress

 

a

on the independent variables.

 

The corresponding model is 

kk2211 xb..........xbxbY ++  a

W

independent, and b1, b

te

 

T

i

e

calculating the ratio of the regression coefficients t

to

It is the ratio of sum of s

 

Analysis of Variance (ANOV

 

Like all statistical method, ANOVA is based on a model of the data. Specifically, it 

assumes that any particular value Xij can be accounted for by summing a number of 

components. Because the m

m
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ijiijX εαμ ++=  

Where Xij = the jth replicate from treatmenti; N = the total number of observations; μ = 

the grand mean, i.e. ΣXij/N; αi = the effect of treatment i,  εij = the error associated with 

e observation Xij 

he null hypothesis to be tested is strictly α1 = α2 = α3…….. αi = 0. In other words, 

comparing two groups of observations. With 

everal groups of observations, the most appropriate statistical method is the one-way 

tionale behind the one-way ANOVA is to 

partition the total variability of a set of data into components due to different source of 

ce 

nd regression by fitting two parallel lines of the dependent variable on the continuous 

 the two groups. This approach corrects for bias 

etween groups (i.e. differences in x) that affect the outcomes variable (y) and increase 

th

 

T

none of the treatment has an effect. This simplifies to μ1 = μ2 = …..μi, which states that 

the treatment means are the same. 

 

One-Way Analysis of Variance 

 

Independent or paired t-test is used for 

s

analysis of variance (ANOVA). The ra

variation. It is based on the following framework: 

 

Data = Fit + Residual 

 

The analysis is based on the assumption that the response variable, or variable of 

interest for each population, has a normal probability distribution and the variance of the 

response variable is the same for each population. 

 

Analysis of Covariance 

 

The statistical method is a technique that combines the features of analysis of varian

a

independent variable for each of

b

the prediction of y by reducing random variation. 

 

4.17.7 The Mixed Model: An Extension of the General Linear Model 
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The linear mixed-effects model (MIXED) procedure enables one to fit linear mixed 

effect models to data sampled from normal distributions. MIXED procedure fits models 

 data and unequal variances. Correlated data are very common in such 

situations as repeated measurements of survey respondents or experimental subjects. 

t are thought to be the sum 

m effects. In an effect, such as a medical treatment, 

ean, it is fixed. If an effect is associated with sampling 

ects), it is random. In a mixed-effects model, random effects 

ecause it assumes the independence of the data. 

es these problems by providing the tools necessary to estimate 

ators for balanced and unbalanced designs. ML and 

over ANOVA methods in modeling real data 

ta are often unbalanced. The asymptotic normality of ML and REML 

r model as follows: 

Y = Xβ + ξ 

matrix, β is a 

ector of fixed-effects parameters, and ξ is an unknown random error vector of 

more general than those of the general linear model (GLM) procedure, as described 

earlier. The major capabilities that differentiate MIXED from GLM are that MIXED 

handles correlated

MIXED also handles more complex situations in which experimental units are nested in 

a hierarchy. 

 

In a linear mixed-effects model, responses from a subjec

(linear) of so-called fixed and rando

affects the population m

procedures (e.g. subject eff

contribute only to the covariance structure of the data. The presence of random effects, 

however, often introduces correlations between cases as well. Thought the fixed effect 

is the primary interest in most studies or experiments, it is necessary to adjust for the 

covariance structure of the data. The adjustment made in procedures like GLM-

Univariate is often not appropriate b

 

MIXED procedure solv

fixed and random effects in one model. MIXED is based, furthermore, on maximum 

likelihood (ML) and restricted maximum likelihood (REML) methods, versus the 

analysis of variance (ANOVA) methods in GLM. ANOVA methods produce only an 

optimum estimator (minimum variance) for balanced designs, whereas ML and REML 

yield asymptotically efficient estim

REML thus present a clear advantage 

since da

estimators, furthermore conveniently allows one to make inferences on the covariance 

parameters of the model, which is difficult to do in GLM. 

 

To explain the MIXED model, GLM needs to be defined. It generalized the standard 

linea

In this expression, Y is a vector response, X is the fixed-effects design 

v
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independent random variables. The focus of the standard linear model is to model the 

mean of Y using the fixed effects β. The variance of each element of ξ is assumed to be 

constant. This model does not include a random-effect parameter (ν), which is 

accounted for in MIXED model. 

 

The MIXED model generalized the standard linear model as the following: 

Y = Xβ + Zν + ξ 

Here, Zν models the random effects, Z is the design matrix of random effects and ν is a 

ector of random-effects parameters. Here, ξ is an unknown random error vector whose 

eters on three occasions (treatments): placebo, 

v

elements are no longer required to be independent. For example, to estimate the 

treatment effects on VLDL apoB-100 FCR, a mixed model was generalized, where Y 

represents VLDL apoB-100 FCR, β represents the fixed-effects, i.e., treatment type, X 

is the model matrix of the fixed-effects, i.e. subjects, Z is the model matrix of the 

random effects, and ξ represents random error. The inclusion of a random-effect in the 

model allows more general adjustment of fixed (treatment) effect for random variation 

within and between subjects. 

 

The intervention studies presented in this thesis examined plasma lipids and lipoprotein 

concentrations, and kinetic param

10mg/day rosuvastatin or 40mg/day rosuvastatin treatment. The data were repeated 

measurements and hence were correlated. It was therefore appropriate to use the mixed 

procedure to analyze the treatment effects on the parameters of interest. ML method was 

used in the mixed model in this study, to adjust for the covariances. A trend line was 

also fitted across the dose-range to determine the dose-dependent effect of rosuvastatin 

on outcome variables. Fitting a trend line is a more powerful analysis when 

investigating dose-dependent effects.  

 

 

 

 

 

 

 

 

 

 186 



 

 187 



 
 

CHAPTER 5 

 
 
 

Study 1 
 
 
 

Apolipoprotein B-100 and A-I Kinetics in the 

Metabolic Syndrome 
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Apolipoprotein B-100 and A-I Kinetics in the Metabolic Syndrome 
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Abstract 

 

Objective: To compare apolipoprotein B-100 (apoB) and HDL particle kinetics in 

etabolic syndrome and lean normolipidemic subjects. 

esign: Twelve men with the metabolic syndrome and ten age-matched, lean men were 

tudied. VLDL, IDL and LDL-apoB and HDL apoA-I and apoA-II kinetics were 

vestigated following intravenous D3-leucine administration using gas chromatography 

ass spectrometry and compartmental modeling. The kinetics of HDL subpopulations, 

pA-I and LpA-I:A-II, were also examined using a new compartment model. 

esults: Compared with lean subjects, subjects with the metabolic syndrome had higher 

oncentrations of VLDL, IDL and LDL-apoB. VLDL and LDL-apoB fractional 

atabolic rates (FCR) were significantly lower and production rates (PR) significantly 

igher in subjects with the metabolic syndrome. The metabolic syndrome subjects also 

ad significantly lower concentrations of apoA-I, LpA-I:A-II and apoA-II. These were 

ssociated with higher FCR of apoA-I, LpA-I:A-II and apoA-II. Compared with lean 

ubjects, metabolic syndrome subjects had increased apoA-I PR, although this was not 

ufficient to maintain plasma apoA-I concentration. The concentration of LpA-I was not 

tabolic syndrome. 

onclusions: The findings are consistent with the notion that metabolic syndrome 

ubjects are dyslipidemic. Increased concentrations of plasma apoB are due to increased 

roduction and reduced catabolism of VLDL and LDL particles. Lower concentrations 

f apoA-I, apoA-II and LpA-I:A-II are due to hypercatabolism of these particles. The 

resence of insulin resistance leading to increased hepatic free fatty acids flux and high 

ndogenous cholesterol synthesis in the metabolic syndrome, may contribute to the 

bserved kinetic perturbations. 
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significantly different between groups; LpA-I FCR and PR were significantly increased 

in subjects with the me
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In  

lipidemia, and hypertension 1. 

ubjects with the metabolic syndrome are also dyslipoproteinemic due to dysregulated 

nificantly 

levated VLDL apoB production rate (PR) and delayed clearance compared with lean 

HDL metabolism, with overproduction and 

duced catabolism of apoB-containing lipoproteins, and accelerated catabolism of HDL 

Methods 

ubjects 

Twelve men with the metabolic syndrome were recruited from the community. 

he metabolic syndrome was defined as HDL cholesterol ≤1.2 mmol/L and LDL 

holesterol <6 mmol/L and at least three of the following: fasting glucose >6.1 mmol/L, 

aist circumference ≥94 cm, triglycerides ≥1.7 mmol/L and <4.5 mmol/L or blood 

troduction

 

The metabolic syndrome is a constellation of risk factors that include impaired 

glucose and insulin metabolism, visceral obesity, dys

S

metabolism of apolipoprotein B-100 (apoB), the main protein associated with very-low 

density lipoprotein (VLDL), intermediate-density lipoprotein (IDL) and low-density 

lipoprotein (LDL), and apoA-I, the main protein associated with high-density 

lipoprotein (HDL) 2,3.  

Previous studies have demonstrated that obese subjects have sig

e

individuals 4,5,6. Elevated VLDL apoB PR, together with reduced VLDL, IDL and LDL-

apoB fractional catabolic rates (FCR) have also been reported in the metabolic 

syndrome 7,8. While the kinetics of apoB-containing lipoproteins have been investigated 

in various dyslipidemic states, less is known about the kinetics of HDL, in particular 

HDL subpopulations, LpA-I and LpA-I:A-II. Studies have reported that apoA-I and 

apoA-II FCR are elevated in obesity 9, and more recently, one study has demonstrated 

that the fractional catabolism of LpA-I and LpA-I:A-II particles is increased in the 

metabolic syndrome 10.  

In the present study, the hypothesis was that subjects with the metabolic 

syndrome have dysregulated apoB and 

re

particles. We aim to demonstrate that the lipoprotein kinetic characteristics of the 

metabolic syndrome subjects are consistent with previous studies in the literature. We 

also extend previous studies by examining the kinetics of apoA-I in LpA-I and LpA-

I:A-II particles using a new compartmental model 10, and their associations with various 

lipid and non-lipid parameters. 

 

 

S

T

c

w
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pressure ≥130/ ≥85 mmHg. Partici betes mellitus (fasting glucose >7 

mol/L), cardiovascular disease, renal dysfunction (macroproteinuria and/or serum 

creatin

p ved by the Ethics Committee of Royal Perth Hospital. 

 

o

 a , 10, 20, 30, 40 minutes, and 1, 1.5, 2, 2.5, 3, 4, 5, 6, 8 and 10 

hours a

, 1.019 and 1.063 g/ml, respectively; precipitated by 

isopropanol, delipidated, hydrolyzed and derivatized using the oxazolinone derivative. 

Plasma-free leucine was isolated by ca nge chromatography using AG 50 W-

8 resin (Biorad, Richmond, CA) following removal of plasma protein with 60% 

 acid. The isotopic enrichment was determined using gas chromatography-

mass s

pants with dia

m

ine >150 μmol/L), hypothyroidism, alcohol consumption >30 g alcohol/day, use 

of lipid modifying agents and apolipoprotein E2/E2 genotype were excluded. All were 

non-smokers and consuming ad libitum weight maintenance diets.  

We also studied 10 healthy age-matched, lean men (BMI 19-25 kg/m2), with 

waist circumference <94 cm, triglycerides <1.7 mmol/l, HDL cholesterol ≥1.1 mmol/l, 

and blood pressure <140/<90 mmHg. Participants provided informed written consent, 

and the study was a pro

Study design and clinical protocols 

All subjects were admitted to the metabolic ward in the morning after a 12-hour 

fast. They were studied semi-recumbent and allowed water only. Venous blood was 

collected f r biochemical measurements. Body weight and height were measured and 

arterial blood pressure recorded using a Dinamap1846 SX/P monitor (Critikon, Tampa, 

FL).  

A single bolus of D3-leucine (5mg/kg) was administered intravenously within a 

two-minute period into an antecubital vein via a Teflon cannula. Blood samples were 

taken at baseline and t 5

fter isotope injection, with additional fasting blood samples (24, 48, 72 and 96 

hours) collected in the morning on the following four days.  

 

Isolation and measurement of isotopic enrichment of apoB, apoA-I and apoA-II 

 ApoB The isolation of VLDL, IDL and LDL-apoB was performed as previously 

described 7. In brief, VLDL, IDL and LDL fractions were isolated from two ml plasma 

by sequential ultracentrifugation (Optima XL-100K; Beckman Coulter, Fullerton, 

Australia) at densities of 1.006

tion-excha

X

perchloric

pectrometry (GCMS) with selected ion monitoring of samples at a mass-to-

charge ratio (m/z) of 212 and 209 and negative ion chemical ionization. Tracer-to-tracee 

ratios were derived from isotopic ratios of each sample. 
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 ApoA-I and apoA-II ApoB was precipitated from plasma and HDL isolated by 

ultracentrifugation (Optima XL-100K; Beckman Coulter, Fullerton, Australia) as 

previously described 8. ApoA-I and apoA-II were isolated from HDL fraction by SDS-

PAGE gel electrophoresis and blotted onto PVDF membrane; apoA-I and apoA-II 

bands were excised from the membrane, hydrolyzed with 6 M HCL at 110oC for 16 

hours a

ethod 11. 

lasma total apoA-I and apoA-II concentrations were determined by 

, Illinois, USA). The LpA-I concentration was 

measur

emical Analyses 

 

Industries, Osaka, Japan); 

terassay CVs were <4.3%. Insulin was measured by solid phase 2 site sequential 

A, 

ume was estimated as 4.5% of 

nd dried for derivatization as described above. 

 

Quantification of apoB, apoA-I, apoA-II, LpA-I, LpA-I:A-II  

 ApoB in VLDL, IDL and LDL fractions was quantified by the Lowry m

P

immunonephelometry (Dade Behring

ed by differential electroimmunoassay on ready-to-use plates (Sebia, 

Moulineaux, France), interassay CV < 5%.  LpA-I:A-II concentration was calculated as 

total apoA-I minus LpA-I 12,13,14.  

 

Bioch

Plasma total cholesterol, triglycerides and HDL cholesterol concentrations were 

determined by enzymatic methods (Hitachi, Tokyo, Japan; Roche Diagnostic GmbH, 

Mannheim, Germany) and LDL cholesterol by Friedewald. Plasma total apoB, apoA-I 

and apoA-II concentrations were determined by immunonephelometry and apoC-III by 

turbidimetric immunoassay kit (Wako Pure Chemicals 

in

chemiluminescent immunometric assay (Diagnostic Products Corporation, LA, C

USA), and glucose by a hexokinase method. Insulin resistance was estimated using the 

HOMA score. ApoE was genotyped by a modified method of Hixson and Vernier. 

Plasma adiponectin concentration was determined using enzyme immunoassay kits (R 

& D Systems, Minneapolis, USA); interassay CVs < 7%.  

 

Kinetic analyses 

 The FCRs of VLDL, IDL and LDL-apoB as well as apoA-I in LpA-I and LpA-

I:A-II, apoA-I and apoA-II were estimated using multi-compartmental modeling 

(SAAM Institute, Seattle, USA), as described previously 7,10. The corresponding PRs 

were calculated as the product of FCR and pool size, which equals the plasma 

concentration multiplied by plasma volume; plasma vol
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body weight, with adjustment made to account for decrease in relative plasma volume 

with body weights in the obese range 6. 

 

Statistical analyses  

SPSS 12.0 (Chicago, Illinois, USA) was used for statistical analyses. Skewed 

variables were logarithmically transformed. Groups were compared using independent 

tests. Associations were examined by linear regression analyses. 

higher plasma concentrations of glucose, insulin, 

holesterol, triglycerides, LDL cholesterol, apoB and apoC-III (Table 1). Lathosterol 

 significantly higher in the metabolic syndrome subjects. 

r production rates of VLDL 

nd LDL-apoB compared with lean subjects. 

ws the plasma concentrations and kinetic parameters of LpA-I, LpA-

t-

 

Results 

 

Comparison of group characteristics 

Compared with lean subjects, metabolic syndrome subjects had significantly 

higher body weight, BMI, waist circumference, diastolic blood pressure and HOMA 

score, as well as significantly 

c

concentration was also

Conversely, metabolic syndrome subjects had significantly lower plasma HDL 

cholesterol concentration, HDL cholesterol:protein ratio, indicative of smaller HDL 

particle size, and lower adiponectin concentration. 

 

Kinetic differences for metabolic syndrome versus lean groups 

Table 2 shows the concentrations and kinetic parameters of VLDL, IDL and 

LDL-apoB in metabolic syndrome and lean subjects. Compared with lean subjects, 

subjects with the metabolic syndrome had significantly higher VLDL, IDL and LDL-

apoB concentrations. VLDL and LDL-apoB FCRs were significantly lower in metabolic 

syndrome subjects, while a trend towards a lower FCR for IDL apoB was observed. The 

metabolic syndrome subjects also had significantly highe

a

Table 3 sho

I:A-II, apoA-II and apoA-I (LpA-I plus LpA-I:A-II) in metabolic syndrome and lean 

subjects. Subjects with the metabolic syndrome had significantly lower plasma 

concentrations of LpA-I:A-II, apoA-II and apoA-I compared with lean subjects. LpA-I 

concentrations were not significantly different between groups. The FCR of LpA-I, 

LpA-I:A-II, apoA-II and apoA-I were significantly increased in subjects with the 

 194 



metabolic syndrome. LpA-I and apoA-I PR were also significantly increased in the 

metabolic syndrome subjects compared with lean subjects. 

n metabolic syndrome subjects 

= -0.600, p = 0.039, 

spectively) concentrations. No significant associations were observed between VLDL, 

IDL and LDL-apoB kinetic parame  measures of insulin resistance or 

diponectin. The concentrations of LpA-I and LpA-I:A-II were significantly and 

onding PRs (r = 0.583, p = 0.047; r = 0.913, 

p<0.01

ncentrations. These were associated 

ith elevated VLDL and LDL-apoB PR and lower VLDL and LDL-apoB FCR. 

 apoA-I, LpA-I:A-II 

and ap

Apolip

 

Kinetic associations i

In subjects with the metabolic syndrome, VLDL and IDL-apoB FCR were 

significantly and inversely correlated with triglyceride (r = -0.716, p = 0.009; r = -0.609, 

p = 0.036, respectively) and apoC-III (r = -0.699, p = 0.011; r 

re

ters with

a

positively correlated with their corresp

, respectively). However, no significant associations were found between HDL 

kinetic parameters and triglycerides, measures of insulin resistance or adiponectin. 

 

Discussion 

 

The findings of this study are consistent with earlier studies. We demonstrated 

that compared with lean controls, subjects with the metabolic syndrome had 

significantly higher VLDL, IDL and LDL-apoB co

w

Subjects with the metabolic syndrome also had significantly lower

oA-II concentrations. The lower concentrations were due to accelerated 

catabolism of these particles. The increase in apoA-I FCR was paralleled by an increase 

in PR in subjects with the metabolic syndrome, although apoA-I concentration remained 

significantly lower than in lean subjects. LpA-I PR and FCR were increased in subjects 

with the metabolic syndrome, resulting in LpA-I concentration that was not different to 

that in the lean subjects.  

 

oprotein B-100 Kinetics 

 Previous studies have examined the metabolism of apoB in the metabolic 

syndrome. Batista et al showed that VLDL apoB PR was significantly increased and 

FCR lowered in metabolic syndrome subjects with chronic kidney disease 4. Further 

studies have reported that VLDL apoB PR was significantly higher and that IDL and 

LDL-apoB FCR were significantly lower in subjects with the metabolic syndrome 7,8.  
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Insulin resistance has significant effects on apoB metabolism. First, it increases 

free fatty acid flux to the liver for triglyceride synthesis by enhancing lipolysis in 

bdominal fat, and consequently secretion of VLDL apoB 1,15,16,17. Second, it 

directly, and by up-regulating 

cholest

ases. 

oreover, lower VLDL and IDL-apoB FCR in the metabolic syndrome subjects were 

associated with increase in plasma tri  apoC-III concentrations, consistent 

ith previous studies 7. These kinetic abnormalities could account for the 

dyslipo

levels may also contribute to the accelerated catabolism of 

DL particles 18 in the metabolic syndrome subjects. Previous studies have reported an 

nectin and hepatic lipase, although the mechanism for 

a 

its receptors in the liver 19. The correlation analyses revealed that adiponectin was 

a

downregulates LDL receptor expression and activity 

erol synthesis, thereby delaying clearance of all apoB-containing lipoproteins. 

Third, it inhibits lipoprotein lipase (LPL) activity and increases apoC-III synthesis that 

in turn, decreases VLDL apoB clearance 7,17. Collectively, these effects would result in 

accumulation of apoB in plasma.  

The increased VLDL and LDL-apoB PR in the metabolic syndrome subjects 

may be a consequence of insulin resistance, and in part, regulated by increased 

cholesterol synthesis, this reflected by the increase in lathosterol concentration. The 

lower VLDL, IDL and LDL-apoB FCR may also be due to the inhibitory effects of 

insulin resistance, as well as, apoC-III on LDL receptor expression and hepatic lip

M

glyceride and

w

proteinemia observed in the metabolic syndrome subjects. 

 

HDL kinetics 

The combination of insulin resistance and hypertriglyceridemia, in part, explain 

the accelerated catabolism of HDL subpopulations in the metabolic syndrome subjects.  

The expansion of VLDL triglyceride pool and increased neutral lipid transfer by 

cholesteryl ester transfer protein (CETP) result in the formation of cholesterol ester-

depleted and triglyceride-enriched HDL particles. Subsequent hydrolysis by hepatic 

lipase results in dissociation of lipid-free apoA-I from HDL that is either recycled or 

catabolized by the kidney.  

Low adiponectin 

H

inverse association between adipo

this relationship is unknown 19. Potential explanations include the inhibition of sterol 

regulatory element-binding protein (SREBP)-1c expression by adiponectin resulting in 

reduction in cell cholesterol content that in turn reduces hepatic lipase gene 

transcription; the activation of PPARγ by adiponectin, which may regulate hepatic 

lipase activity; or simply a direct effect of adiponectin on hepatic lipase transcription vi
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inverse

poA-I back into the reverse cholesterol transport 

pathwa

pply to the metabolic 

syndrome, where in the setting of accelerated catabolism of HDL particles, the 

is an important determinant of LpA-I and LpA-I:A-II concentrations. 

rved between lean and metabolic syndrome subjects. In 

additio

ly associated with apoA-I and LpA-I FCR in a pooled analysis (metabolic 

syndrome and lean subjects), however, these associations were not statistically 

significant within individual groups, owing to small sample sizes and narrow range of 

measurement variables.  

Several factors may explain the increase in apoA-I and LpA-I PR in subjects 

with the metabolic syndrome. These include increased transfer of apoA-I from 

triglyceride-rich lipoproteins to HDL particles; the generation of pre-β HDL via hepatic 

lipases; increased recycling of a

y; and the effects of insulin, glucose and dietary fat on apoA-I gene expression, 

activity and synthesis 20,21,22. That apoA-II PR was not higher in the metabolic 

syndrome subjects may account for the lack of significant difference in LpA-I:A-II 

production when compared with lean subjects.  

We also demonstrated that LpA-I and LpA-I:A-II concentrations were primarily 

determined by their production rates. Previous studies using radioactive isotopes in 

normolipidemics have demonstrated that the plasma concentration of LpA-I is primarily 

determined by apoA-I FCR, while the concentration of LpA-I:A-II is determined by 

apoA-II PR 9,23,24. We propose that these relationships may not a

production rate 

 

Limitations  

 Our sample size was conservative and restricted to men. A narrow distribution 

of study variables may have limited the strength of associations between apoB and HDL 

kinetic parameters with other measurement variables. The measurement of lipases and 

lipid transfer proteins may provide further information that would account for the 

metabolic differences obse

n, the isolation of LpA-I and LpA-I:A-II using immunoaffinity chromatography 

to obtain direct measures of LpA-I and LpA-I:A-II enrichment may provide better 

estimates of the kinetics of these HDL particles.  

 

Conclusions 

 

In conclusion, the present data demonstrate that plasma lipid and lipoprotein 

abnormalities are a combination of overproduction of VLDL and LDL-apoB, delayed 

catabolism of apoB-containing lipoproteins, and accelerated catabolism of HDL apoA-I 
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and apoA-II particles, consistent with previous findings. The presence of insulin 

resistance leading to increased free fatty acid flux to the liver, and high endogenous 

cholesterol synthesis in the metabolic syndrome may contribute to these kinetic defects. 

Therapeutic agents that such as statins that enhance apoB catabolism, insulin sensitizers 

that red

C, Welty FK, Diffenderfer MR, Sarnak MJ, Schaefer EJ, Lamon-Fava S, 

A

elly JM, Croft KD, Thompson GR. 

Hepatic secretion of very-low-density lipoprotein apolipoprotein B-100 studied 

with a stable isotope technique  visceral obesity. Int J Obes Relat 

Metab Disord. 1998;22:414-423. 

uce apoB production and niacin or PPARα that may improve HDL metabolism 

are required to improve lipoprotein kinetic abnormalities in the metabolic syndrome, 

with implications for cardiovascular disease risk reduction. 
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Table 1 Clinical and biochemical characteristics of the subjects with the metabolic 

rome and the lean subjects  synd

 

Parameters Metabolic Lean subjects p-value 

syndrome 

(n=12) 

(n=10) 

Age ( 2 years) 48.5 ± 2.5 49.9 ± 4.2 0.78

Weight (kg) 109.6 ± 6.2 68.3 ± 2.9 <0.001 

(kg/mBMI 

Wais .6 84.5 ± 2.8 <0.001 

DBP 

Gluc  0.19 4.86 ± 0.16 0.035 

HOM .51 1.06 ± 0.14 <0.001 

Adiponectin (μg/mL) 3.99 ± 0.60 6.13 ± 0.22 0.005 

Total cho

Triglyceride (mmol/L) 2.47 ± 0.32 0.64 ± 0.07 <0.001 

ApoB-100 (g/L) 1.19 ± 0.04 0.77 ± 0.03 <0.001 

HDL

HDL cholestero

Latho 24.0 ± 2.64 5.06 ± 1.04 <0.001 

2) 33.8 ± 1.5 22.2 ± 0.8 <0.001 

t circumference (cm) 114.0 ± 3

SBP (mmHg) 132.2 ± 3.7 121.1 ± 4.7 0.077 

(mmHg) 77.7 ± 1.9 69.6 ± 3.4 0.046 

ose (mmol/L) 5.43 ±

Insulin (mU/L) 15.4 ± 1.8 4.8 ± 0.5 <0.001 

A score 3.75 ± 0

lesterol (mmol/L) 5.52 ± 0.11 4.44 ± 0.20 0.004 

LDL cholesterol (mmol/L) 3.50 ± 0.22 2.67 ± 0.10 0.005 

ApoC-III (mg/L) 138 ± 10 103 ± 9 0.018 

 cholesterol (mmol/L) 0.94 ± 0.04 1.49 ± 0.14 0.003 

l/protein  0.16 ± 0.01 0.21 ± 0.01 0.005 

sterol (μmol/L) 

 

 

 

Mean ± s.e.m. shown 
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Table 2 Kinetic characteristics of VLDL, IDL and LDL-apoB in subjects with the 

metabolic syndrome and lean subjects  

M

s

(n

su

(n = 10) 

 

 

 

Mean ± s.e.m. shown. 

 

 

 

 

 

Parameters etabolic 

yndrome 

 = 12) 

Lean 

bjects 

p-value

ApoB Concentration (mg/L)    

VLDL 173 ± 27 38 ± 7 <0.001 

 

985  ± 76 406 ± 53 

Fractional Catabolic Rate  

4 6.  

5 9  

LDL 0.37 ± 0.03 0.49 ± 0.05 0.045 

e 

2 9  

11.7 ± 1.13 9.0 ± 1.12 

LDL 13.0 ± 1.22 8.89 ± 1.00 0.019 

IDL  61 ± 7 26 ± 4 <0.001

LDL <0.001 

(pools/day) 

  

VLDL .25 ± 0.71 90 ± 0.94 0.033

IDL .97 ± 0.87 .44 ± 1.90 0.075

Production Rat

(mg/kg/day) 

   

VLDL 3.2 ± 3.16 .6 ± 0.83 0.001

IDL 0.113 
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Table 3 Kinetic characteristics of LpA-I, LpA-I:A-II, apoA-II and plasma apoA-I 

in subjects with the metabolic syndrome and lean subjects  

ic 

e 

2) 

L

su

(n

p-va

 

Parameters Metabol

syndrom

ean lue 

bjects 

(n = 1  = 10) 

Plasma concentration (g/L)    

LpA-I 0.37 ± 0.03 0.3 0.070 

0.85 ± 0.02 1.12 ± 0.06 0.001 

0.29 ± 0.01 0.34 ± 0.02 0.001 

-I 4 1 0.016

ional Catabolic Rate  

3 0. <0.00

I:A-II 1 0. <0.00

poA-II 0.30 ± 0.01 0.20 ± 0.02 <0.001 

0.36 ± 0.01 0.20 ± 0.02 <0.001 

roduction rate (mg/kg/day)    

6.91 ± 0.64 3.09 ± 0.37 <0.001 

LpA-I:A-II 9.51 ± 0.47 9.56 ± 0.96 0.985 

ApoA-II 3.20 ± 0.27 3.08 ± 0.36 0.780 

16.4±1.25 12.6±1.15 0.039 

0 ± 0.04 

LpA-I:A-II 

ApoA-II 

ApoA  1.22 ± 0.0 .43 ± 0.08 

Fract   

(pools/day) 

1 LpA-I 0.50 ± 0.0 24 ± 0.03 

LpA- 1 0.30 ± 0.0 20 ± 0.02 

A

ApoA-I 

P

LpA-I 

ApoA-I 

 

Mean ± s.e.m. shown 
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Abstract 

 

In a randomized, double-blind, crossover trial of five-week treatment period 

-week placebo wash-outs 

etween treatments, the dose-dependent effect of rosuvastatin on apolipoprotein (apo) 

as a significant dose-dependent decrease with rosuvastatin in plasma cholesterol, 

iglycerides, LDL cholesterol, apoB and apoC-III concentrations and in the 

on and 

statin significantly 

increased the fractional catabolic rates (FCR) of very-low density lipoprotein (VLDL), 

interm nd decreased the corresponding 

ool sizes, with evidence of a dose-related effect. LDL apoB production rate (PR) fell 

statin 40mg/day with no change in VLDL and IDL-apoB PR. 

re significantly correlated with changes in VLDL apoB FCR 

ere correlated 

ore significant with the higher 

metabolic syndrome, rosuvastatin decreases the plasma 

-containing lipoproteins by a dose-dependent mechanism that 

igher dose rosuvastatin may also decrease LDL 

poB production. The findings provide a dose-related mechanism for the benefits of 

bolic syndrome. 

syndrome, kinetics, apolipoprotein B-100, statin 

roteinemia is a well-recognized risk factor for cardiovascular disease 

VD) in insulin resistance and the metabolic syndrome.  This type of dyslipidemia is 

ssociated with a high rate of hepatic cholesterol synthesis, which contributes to 

verproduction of VLDL apoB [1] and impaired catabolism of LDL apoB and remnant 

poproteins [2]. Insulin resistance is also associated with enhanced hepatic triglyceride 

ynthesis and delayed catabolism of triglyceride-rich (TRL) and apoB-containing 

poproteins [3]. The delayed catabolism of TRL is in part a consequence of depressed 

ctivity of lipoprotein lipase (LPL) and decreased hepatic clearance receptors, and 

with placebo or rosuvastatin (10 or 40mg/day) with two

b

B-100 kinetics in metabolic syndrome subjects were studied. Compared with placebo, 

there w

tr

apoB/apoA-I ratio, lathosterol:cholesterol ratio; HDL cholesterol concentrati

campesterol:cholesterol ratio also increased significantly. Rosuva

ediate density lipoprotein (IDL) and LDL-apoB a

p

significantly with rosuva

Changes in triglycerides we

and apoC-III concentration, and changes in lathosterol:cholesterol ratio w

with changes in LDL apoB FCR, the associations being m

dose of rosuvastatin. In the 

concentration of apoB

increases their rates of catabolism. H

a

rosuvastatin on cardiovascular disease in the meta

 

Keywords: metabolic 
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 Dyslipop

(C

a

o

li

s

li

a
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increased apoC-III concentration, as well as competition of exogenous and 

ndogenously-derived lipoproteins for common removal pathways [4-7]. Increased 

plasma

s provide a rationale 

r the specific benefits of rosuvastatin in improving lipoprotein transport in the 

In this present study, we aim to assess the effects of two doses of rosuvastatin on 

poB transport in subjects with the metabolic syndrome. We hypothesized that the 

ould have a more favorable effect on apoB transport by increasing 

e

 triglycerides and delayed catabolism of LDL contributes to the accumulation in 

plasma of small dense LDL particles [8]. Furthermore, elevated cholesteryl ester 

transfer protein (CETP) activity increases the cholesterol content of triglyceride-rich 

apoB-containing lipoproteins, and contributes to generation of small dense LDL 

particles [9]. 

 Statins inhibit hydroxymethylglutaryl (HMG) CoA reductase and thereby reduce 

cholesterol biosynthesis and up-regulate hepatic LDL receptor [10]. Atorvastatin, 

simvastatin, and pravastatin have been shown to increase the catabolism of apoB-

containing lipoproteins, in insulin resistance, type 2 diabetes and mixed hyperlipidemia 

alone [11-13]. However, none of these statins has been shown to inhibit hepatic 

secretion of apoB in these subjects. 

Rosuvastatin is a highly effective hydrophilic and hepatospecific HMG CoA 

reductase inhibitor (statin) in clinical use [14]. It has been shown to yield greater 

reduction in LDL cholesterol than that of some other statins at an equivalent dose [15], 

to improve triglyceride and LDL abnormalities in mixed hyperlipidemia [16], and to 

reduce CETP mass and activity in subjects with hypertriglyceridemia [16]. These 

changes in CETP may contribute significantly to the remodeling of LDL particles 

sufficient to enhance their clearance from plasma. Recent animal studies also suggest 

that rosuvastatin may inhibit hepatic VLDL production and triglyceride synthesis and 

enhance hepatobiliary lipid excretion [17, 18]. These observation

fo

metabolic syndrome.  

 

a

higher dose w

clearance of lipoproteins and possibly by reducing their production rate.  

  

Materials and Methods 

 

Subjects 

Twelve men with the metabolic syndrome by the NCEP ATP III definition [19] 

and HDL cholesterol ≤1.2 mmol/L were recruited. Subjects with LDL cholesterol >6 

mmol/L, triglycerides >4.5mmol/L, diabetes mellitus (fasting glucose >7 mmol/L), 
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cardiovascular disease, renal dysfunction (macroproteinuria and/or serum creatinine 

>150 μmol/L), hypothyroidism, abnormal liver or muscle enzymes, alcohol 

consumption >30 g alcohol/day, use of lipid modifying agents and apolipoprotein E2/E2 

genotype were excluded. All were non-smokers and were consuming ad libitum, weight 

maintenance diets. Participants provided informed written consent, and the study was 

approved by the Ethics Committee of Royal Perth Hospital. 

 

Study design and clinical protocols 

This was a randomized, double-blind, placebo-controlled, three-way cross-over 

trial. Eligible subjects entered a four-week weight maintenance, placebo run-in period 

followed by randomization to a five-week treatment period of either 10 mg or 40 mg 

rosuvastatin or matching placebo taken orally at night, with cross-over to two further 

five-week treatment periods interspersed by two-week wash-outs. Advice was given to 

continu

 an antecubital vein via a Teflon cannula. Blood samples were 

ent of isotopic enrichment of VLDL, IDL and LDL apoB-

00 

IDL and LDL apoB was performed as previously 

describ

e on isocaloric diets and maintain physical activity constant during the study. 

Compliance with rosuvastatin or placebo was assessed by tablet count. 

All subjects were admitted to the metabolic ward in the morning after a 12-hour 

fast. They were studied semi-recumbent and allowed water only. Venous blood was 

collected for biochemical measurements. Body weight and height were measured and 

arterial blood pressure recorded using a Dinamap1846 SX/P monitor (Critikon, Tampa, 

FL). Dietary intake was assessed using 24-hour dietary diaries and DIET 4 Nutrient 

Calculation Software (Xyris Software, Qld, Australia). 

A single bolus of D3-leucine (5mg/kg) was administered intravenously within a 

two-minute period into

taken at baseline and at 5, 10, 20, 30, 40 minutes, and 1, 1.5, 2, 2.5, 3, 4, 5, 6, 8 and 10 

hours after isotope injection, with additional fasting blood samples (24, 48, 72 and 96 

hours) collected in the morning on the following four days. All procedures were 

repeated at the end of each treatment period.  

 

Isolation and measurem

1

 The isolation of VLDL, 

ed [20]. In brief, VLDL, IDL and LDL fractions were isolated from 2 ml plasma 

by sequential ultracentrifugation (Optima XL-100K; Beckman Coulter, Fullerton, 

Australia) at densities of 1.006, 1.019 and 1.063 g/ml, respectively; precipitated by 
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isopropanol, delipidated, hydrolyzed and derivatized using the oxazolinone derivative. 

Plasma-free leucine was isolated by cation-exchange chromatography using AG 50 W-

X8 resin (Biorad, Richmond, CA) following removal of plasma protein with 60% 

perchloric acid. The isotopic enrichment was determined using gas chromatography-

mass spectrometry (GCMS) with selected ion monitoring of samples at a mass-to-

charge ratio (m/z) of 212 and 209 and negative ion chemical ionization. Tracer-to-tracee 

tios were derived from isotopic ratios of each sample. Intra-assay CVs for plasma 

ere <8.0% 

 

oche Diagnostic 

GmbH

tric assay (Diagnostic Products 

Corporation, LA, CA, USA), and glucose by a hexokinase method. Insulin resistance 

was es

red using a fluorometric assay (Roar 

iochemical, New York, USA); CV < 10% for all assays. 

tic Analyses 

T

ra

leucine, VLDL, IDL and LDL-apoB w

Quantification of apoB and other analyses 

 Following isotope administration, four pooled plasma samples were collected 

at different time points during the study. ApoB in VLDL, IDL and LDL fractions was 

quantified by the Lowry method [21]. Inter-assay CV for this procedure was <5.0%. 

 Plasma total cholesterol, triglycerides and HDL cholesterol concentrations 

were determined by enzymatic methods (Hitachi, Tokyo, Japan; R

, Mannheim, Germany) and LDL cholesterol by Friedewald. Plasma total apoB 

and apoA-I concentrations were determined by immunonephelometry and apoC-III by 

turbidimetric immunoassay kit (Wako Pure Chemicals Industries, Osaka, Japan); inter-

assay CVs were <4.3%. Non-esterified fatty acids (NEFA) were measured by an 

enzymatic assay (Wako Pure Chemicals Industries, Osaka, Japan), insulin by solid 

phase 2 site sequential chemiluminescent immunome

timated using the HOMA score [22], inter-assay CVs were <8.6%. Plasma 

lathosterol and campesterol concentrations were assayed using GCMS [23, 24], inter-

assay CV <6.0%. ApoE was genotyped by the method of Hixson and Vernier [25]. 

Liver (alanine transferase, asparate transferase, alkaline phosphatase) and muscle 

(creatinine kinase) enzymes were analyzed during each treatment period.  

Plasma CETP activity was measu

B

 

Kine

he SAAM II program (SAAM Institute, Seattle WA) was used for modeling 

the data. The details and assumptions of the model were described previously [26, 27]. 

In brief, part of the model consists of a four-compartment subsystem that describes 

plasma leucine kinetics. This subsystem is connected to an intrahepatic delay 
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compartment that accounts for the time required for the assembly, synthesis and 

secretion of apoB into plasma. The model provides for the direct secretion of apoB into 

VLDL, IDL, and LDL fractions. Five compartments are used to describe the kinetics of 

apoB in VLDL, which also takes into account the delipidation cascade and a slowly 

turning over VLDL pool. VLDL particles can be converted to IDL or removed directly 

from plasma. Plasma IDL kinetics are described by two compartments, where one 

represents a slowly turning over pool of IDL. IDL particles can be converted to LDL or 

removed directly from plasma. The LDL kinetics are described by two independent 

ompartments. One compartment is derived from the direct secretion of LDL particles, 

L. The fractional catabolic rates (FCR) of 

ma 

lume w

ference 114.0 ± 12.5 cm), 

ormotensive (131.9 ± 8.4 , 79.6 ± 6.6 mmHg), dyslipidemic (total cholesterol, 5.65 ± 

cerides 2.23 ± 0.74 mmol/L, HDL cholesterol 0.98 ± 0.11 mmol/L), 

normog

c

while the other, the conversion of IDL to LD

VLDL, IDL and LDL-apoB were derived from the model parameters giving the best fit. 

The corresponding production rates were calculated as the product of FCR and pool 

size, which equals the plasma concentration multiplied by plasma volume; plas

vo as estimated as 4.5% of body weight, with adjustment made to account for 

decrease in relative plasma volume with body weights in the obese range [1]. 

 

Statistical analyses  

Skewed variables were logarithmically transformed where appropriate. Data at 

the end of the three treatment periods was compared using a mixed-effect model (SAS 

Proc Mixed; SAS Institute, USA), which also tested and excluded carry-over and time-

dependent effects. A mixed effect model was also used to examine the dose-related 

effect of rosuvastatin on the outcome variables. The p-values are reported, with 

statistical significance set at the 5% level. Statistical associations between changes in 

variables were also examined on both doses of rosuvastatin using simple, stepwise and 

multiple linear regression methods.  

 

Results 

The twelve subjects recruited were (mean ± SD) middle-aged (48.6 ± 8.5 years), 

centrally obese (BMI 33.6 ± 4.9 kg/m2, waist circum

n

0.75 mmol/L, trigly

lycemic (5.06 ± 0.63 mmol/L) and insulin resistant (HOMA score 3.41 ± 1.48). 

Both rosuvastatin 10 mg and 40 mg were well tolerated. There were no significant 

changes in liver and muscle enzymes or serum creatinine and no subjects developed 

dip-stick positive proteinuria.  
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Table 1 shows the plasma lipid, lipoprotein apolipoprotein, lathosterol and 

campesterol concentrations on placebo, 10 mg/day rosuvastatin and 40 mg/day 

rosuvastatin. At the end of each two-week wash out period, plasma lipids and 

lipoprotein reached their respective pre-treatment levels. Compared with placebo, both 

doses of rosuvastatin significantly lowered the plasma concentrations of the total 

cholesterol (R10 -34%, R40 -42%), triglycerides (R10 -24%, R40 -42%), LDL 

cholesterol (R10 -49%, R40 -57%), apoB (R10 -38%, R40 -46%), apoC-III (R10 -12%, 

R40 -27%), lathosterol (R10 -74%, R40 -86%), apoB/apoA-I ratio (R10 -40%, R40 -

47%), lathosterol:campesterol ratio (R10 -70%, R40 -84%), lathosterol:cholesterol ratio 

(R10 -60%, R40 -75%), and CETP activity (R10 -11%, R40 -11%). The changes were 

greater with 40 mg than 10 mg of rosuvastatin, with statistically significant evidence of 

a dose-dependent effect (Table 1). There was also a significant dose-dependent 

elevation in plasma HDL cholesterol concentration (R10 +4.4%, R40 +10%), and in 

campesterol:cholesterol ratio (R10 +30%, R40 +47%) (Table 1). No significant changes 

were observed with apoA-I concentration. 

Table 2 shows that there were no significant treatment effects in body weight, 

, glucose, fatty acids, HOMA score and nutrient intake. 

nd kinetics of VLDL, IDL and LDL-apoB after on 

lacebo and on 10 mg and 40 mg rosuvastatin. Compared with placebo, rosuvastatin 

 the pool sizes of VLDL (R10 -25%, R40 -36%), IDL (R10 -17%, R40 -30%) 

and LD

LDL to IDL and VLDL to LDL. The conversion rate of 

blood pressure, insulin

The isotopic tracer curves for VLDL, IDL and LDL-apoB after the 

administration of D3-leucine in a representative subject during treatment with placebo 

and with 10 mg and 40 mg of rosuvastatin are shown on Figure 1. Plasma leucine tracer 

curves did not differ significantly among treatment periods. On treatment, the rate of 

appearance of tracer within the VLDL, IDL and LDL-apoB fractions was increased, 

consistent with a contraction of pool sizes and acceleration of the corresponding rates of 

catabolism.  

Table 3 gives the pool sizes a

p

decreased

L (R10 -37%, R40 -55%)-apoB, the effect being most significant with the 40 mg 

dose. Compared with placebo, both doses of rosuvastatin significantly increased the 

FCRs of VLDL (R10 +17%, R40 +31%), IDL (R10 +38%, R40 +47%) and LDL (R10 

+58%, R40 +92%)-apoB, the effect being greater with 40 mg rosuvastatin (Figure 2). 

Accordingly, there was a statistical significant dose-dependent effect of rosuvastatin in 

decreasing the pool sizes and increasing FCRs of apoB in these lipoproteins (Table 3). 

Neither dose of rosuvastatin significantly altered the PRs of VLDL and IDL-apoB, nor 

the relative conversion rate of V
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IDL to 

Discus

astatin, a 

potent 

ith the higher dose of 40 mg rosuvastatin. 

 

LDL-apoB (R10 -13%, R40 -20%) was, however significantly decreased on both 

doses of rosuvastatin, the effect being greater with 40 mg rosuvastatin. The decrease in 

LDL-apoB production (R40 -10%) was borderline significant relative to placebo only 

with 40 mg of rosuvastatin (Table 3).  

With 40 mg rosuvastatin, the decrease in triglyceride concentration was 

significantly associated with increase in VLDL-apoB FCR (r = -0.860, p<0.001) and fall 

in apoC-III concentration (r = 0.833, p = 0.001). The increase in VLDL-apoB FCR was 

also significantly associated with the fall in apoC-III concentration (r = -0.687, p = 

0.014; Figure 3A). These changes in VLDL-apoB FCR and in apoC-III concentration 

were independent predictors of the fall in plasma triglycerides (adjusted R2 = 82%, p < 

0.001).  With 40 mg of rosuvastatin, the increase of LDL-apoB FCR was also 

significantly associated with the fall in lathosterol:cholesterol ratio (r = -0.599, p = 

0.040, Figure 3B).  The above associations were also seen with 10 mg of rosuvastatin 

but were less statistically significant. 

 

sion   

 We provide new information on the dose-ranging effects of rosuv

HMG CoA reductase inhibitor, on apoB metabolism in subjects with the 

metabolic syndrome. We demonstrate that rosuvastatin dose-dependently lowered the 

concentrations of plasma cholesterol, LDL cholesterol, triglycerides and apoB, coupled 

with significant increase in HDL cholesterol. The reductions in plasma concentration of 

apoB-containing lipoproteins were associated with dose-dependent increase in the 

catabolism of the lipoproteins and a borderline significant reduction in LDL apoB 

production w

Previous kinetic studies using radioactive and stable isotopic techniques that 

examined the effect on HMG CoA reductase inhibition of apoB metabolism in the 

metabolic syndrome have not shown consistent effects on the PR and FCR of apoB. Of 

these studies, four used a high dose statin [11, 13, 27, 28]. Myerson et al [13] showed in 

five diabetic subjects that 80 mg simvastatin reduced LDL apoB PR, with no change to 

VLDL or LDL apoB FCR. In similar subjects, Ouguerram et al [28] observed decreased 

VLDL apoB PR, increased LDL apoB FCR with no change to VLDL apoB FCR with 

40 mg atorvastatin. We previously reported that 40 mg atorvastatin increased the 

catabolism of all apoB-containing lipoproteins with no changes to hepatic lipoprotein 

production in obese, insulin resistant subjects [11, 27]. Discrepancies among the 

subjects may relate to differences in lipoprotein kinetic and clinical characteristics, in 
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study design and sample size, and in duration of intervention. None of the studies 

examined the effect of increasing doses of a statin on lipoprotein kinetics. We extend 

previous reports by examining the effect of a new, potent statin on apoB metabolism in 

the metabolic syndrome excluding type 2 diabetics using a three-way cross-over study 

design 

ur previous studies [11, 27]. The effectiveness of 

suvastatin in regulating apoB kinetics, may, however, reflect the slightly different 

of apoB-containing lipoproteins. 

atins

with two different doses of rosuvatatin.  

 Elevated hepatic secretion of VLDL apoB and delayed catabolism of VLDL, 

IDL and LDL-apoB are hallmarks of dyslipoproteinemia in the metabolic syndrome 

[29]. These kinetic defects are related to hepatic and peripheral effects of insulin 

resistance, including increased hepatic triglyceride and cholesterol synthesis. We have 

also reported that delayed catabolism of TRL is associated with increased plasma apoC-

III concentration [20]. Compared with previous studies, our population had a similar 

type of dyslipoproteinemia, but exhibited slightly more pronounced kinetic defects and 

expansion of apoB pool sizes. While this may reflect sampling bias, the kinetic effects 

of rosuvastatin were comparable to o

ro

lipoprotein kinetic phenotype of our study subjects [30]. 

 In vitro and in vivo studies confirm that inhibition of cholesterol synthesis by 

HMG CoA reductase inhibitors upregulates LDL receptors [31, 32]. In our study, 

rosuvastatin reduced lathosterol:cholesterol ratio and increased the catabolic rates of 

VLDL, IDL and LDL-apoB. These effects were dose-dependent, being greater at the 

higher dose of rosuvastatin. In addition, we showed an association between changes in 

lathosterol:cholesterol ratio and in LDL-apoB FCR, this being more evident with the 

higher dose of rosuvastatin. These findings are consistent with the concept that statins 

inhibit cholesterol synthesis and increase the clearance 

St  may also enhance PPAR-α activity, thereby stimulating lipoprotein lipase 

activity and inhibiting apoC-III expression [33, 34]. Our data suggest that reduction in 

plasma apoC-III with rosuvastatin may explain the dose-dependent increase in VLDL 

and IDL-apoB FCR. We also showed that the increase in VLDL apoB FCR and 

decrease in plasma apoC-III were independent determinants of plasma triglycerides. 

This indicates additional mechanisms for the fall in triglycerides with rosuvastatin 

including accelerated apoE mediated clearance of TRL via LRP receptors and increased 

hepatic triglyceride lipase activity [35, 36]. However, whether the fall in apoC-III 

concentration was due to loss or accelerated catabolism to other lipoproteins, especially 

HDL needs to be examined. The marked fall in plasma triglycerides with rosuvastatin 

could also influence CETP-mediated remodeling of LDL, favoring the formation of 
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larger particles, which are catabolized more rapidly [30]. Our analyses support the 

notion and are consistent with other reports [9]. 

A new finding was that the higher dose of rosuvastatin reduced LDL apoB PR. 

This could be related to decrease in the conversion of IDL to LDL and to inhibition in 

the direct hepatic secretion of LDL apoB. Our results were more consistent with the 

rmer

protein levels [17], but the 

fo  mechanism and may also be related to the high catabolism of the LDL 

precursors. Despite the significant fall in plasma triglycerides, rosuvastatin did not 

inhibit hepatic secretion of VLDL-apoB. This could be related to persistent hepatic 

insulin resistance that drives both lipogenesis and apoB synthesis [3]. Also, a reciprocal 

increase in intestinal absorption of cholesterol, as reflected by increased 

campesterol:cholesterol ratio, with rosuvastatin may diminish the effects of rosuvastatin 

on apoB synthesis, consistent with our previous reports [37, 38]. Nonetheless, the 

increase in cholesterol absorption may in fact reflect the normalizing of low absorption 

rates in the metabolic syndrome to an average rate with rosuvastatin [39]. Recent in 

vitro studies suggest that rosuvastatin may decrease diacylglycerol:acyl transferase 

activity [18] and microsomal triglycerides transfer 

corresponding in vivo mechanisms may not be sufficient to inhibit VLDL-apoB 

secretion. Future studies should examine treatment effects on VLDL1 and VLDL2 

secretion and if this relates to a decrease LDL-apoB production [40]. Whether adding 

ezetimibe or a thiazolidine to rosuvastatin decreases VLDL secretion needs to be 

investigated.  

The study has limitations. Our analysis was restricted to men. Plasma 

campesterol and lathosterol are only indirect markers of cholesterol absorption and 

synthesis, respectively. The kinetics of VLDL and LDL subspecies were not studied, 

but we anticipate that their fractional catabolism would also be enhanced by 

rosuvastatin [41]. Measurement of lipases in post-heparin plasma may have clarified the 

mechanism for accelerated catabolism of TRLs with rosuvastatin. 

 Despite our small sample size, we employed a tightly designed crossover trial 

and used mixed-effect models to analyze our treatment effects. The use of mixed 

models with a covariate for dose of rosuvastatin provided a powerful analysis that 

demonstrated the dose-dependent effect of the drug without the need to carry out 

Bonferroni adjustment of p-values. However, after adjusting our α-level to 1.67%, the 

increase in catabolism of all apoB-containing lipoprotein and reduction in VLDL and 

LDL apoB pool sizes remained statistically significant, particularly with the higher dose 

of rosuvastatin.  

233  



While clinical endpoint trials with rosuvastatin are awaited, our findings provide 

a mechanistic explanation for the lipid and lipoprotein changes in the COMET in the 

metabo

 with visceral obesity. Int J Obes Relat Metab Disord 1998;22:414-23. 

 [3]  

lic syndrome [42] and the recent intravascular ultrasound trial (ASTEROID) 

[43]. Future studies should explore whether lifestyle changes, cholesterol absorption 

inhibitors and insulin sensitizers can decrease hepatic secretion of apoB against the 

background of rosuvastatin in the metabolic syndrome. The mechanisms for the increase 

in HDL cholesterol with 40 mg rosuvastatin also need investigation. 
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Table 1: Plasma lipids, lipoproteins osuv 40 m stati

  -v

and apolipoproteins in placebo, 10 mg/d

 

ay r astatin and g/day rosuva

Group Difference (p

n 

alue)  

Parameters Placebo 
(P) 

tin 
0) . R40 ffect 

ue) 
Rosuvastatin 
10 mg (R10) 

Rosuvasta
40 mg (R4

Dose-e
(p-valP vs. R10 P vs. R40 R10 vs

Total Cholesterol (mmol/L) 5.52 ± 0.25 3 24 3.64 ± 0.16 3.20 ± 0.1 <0.001 <0.001 0.0 <0.001 

Triglycerides (mmol/L) 2.47 ± 0.32 63 

LDL cholesterol (mmol/L) 3.50 ± 0.22 63 

HDL cholesterol (mmol/L) 0.94 ± 0.04 29 1 

Apolipoprotein B (g/L) 1.19 ± 0.05 09 

Apolipoprotein A-I (g/L) 1.22 ± 0.04 66 6 

ApoB/ApoA-I ratio 0.98 ± 0.02 06 

Apolipoprotein C-III (mg/L) 139 ± 9.85 47 1 

Lathosterol concentration (μmol/L) 24.0 ± 2.64 45 

Lathosterol:Cholesterol Ratio 4.36 ± 0.42 31 

Campesterol concentration (μmol/L) 11.8 ± 1.73 09 3 

Campesterol:Cholesterol Ratio 2.11 ± 0.28 16 

Lathosterol:Campesterol Ratio 2.52 ± 0.40 0.75 ± 0.10 0.41 ± 0.06 <0.001 0.183 <0.001 

CETP activity (nmol/ml/h) 87.07 ± 3.07 77.10 ± 2.02 77.11 ± 2.05 <0.001 <0.001 0.964 0.006 

1.88 ± 0.21 

1.78 ± 0.12 

0.98 ± 0.05 

0.74 ± 0.03 

1.27 ± 0.04 

0.58 ± 0.02 

122 ± 8.98 

6.33 ± 0.80 

1.73 ± 0.19 

9.84 ± 1.36 

2.74 ± 0.38 

1.44 ± 0.13 

1.51 ± 0.10 

1.03 ± 0.04 

0.65 ± 0.03 

1.25 ± 0.03 

0.51 ± 0.03 

107 ± 4.55 

3.42 ± 0.35 

1.08 ± 0.11 

10.1 ± 1.30 

3.12 ± 0.36 

0.027 

<0.001 

0.227 

<0.001 

0.090 

<0.001 

0.045 

<0.001 

<0.001 

0.005 

<0.001 

<0.001 

<0.001 

<0.001 

0.011 

<0.001 

0.086 

<0.001 

<0.001 

<0.001 

<0.001 

0.015 

<0.001 

0.0

0.0

0.1

0.0

0.5

0.0

0.0

0.1

0.0

0.6

0.0

<0.001 

<0.001 

0.01

<0.001 

0.27

<0.001 

0.01

<0.001 

<0.001 

0.11

<0.001 

240  Mean ± s.e.m. shown 



Table 2: Body weight, blood pressure, measure of insulin resistance and nutrient intake on placebo and rosuvastatin treatments 

Parameter Placebo Rosuvastatin Rosuvastatin 

 

10 mg/day 40 mg/day 

Weight (kg) 109.7 ± 6.37 109.7± 6.30 109.8 ± 6.40 

BMI (kg/m2) 33.8 ± 1.47 33.8 ± 1.46

Mean arterial blood pressure ( 42 98.3 ± 2.04 95.3 ± 2.11 

Fasting Insulin (mU/l) 

ose (mmol/l) 5.43 ± 0.23 

fied free fatty acid 0.03 0.36 ± 0.03 

 0.51 3.81 ± 0.57 

 575  ± 931 

g) .33 95.5 ± 8.67 

hydrate (g) 16 237  ± 23 

n (g)  7 122  ± 11 

Cholesterol (mg)  46 387  ± 35 

2.90 8.31 ± 2.31 

mmHg) 95.8 ± 2.

15.4 ± 1.91 16.1 ± 2.07 16.2 ± 2.08 

Fasting Gluc 5.43 ± 0.19 5.28 ± 0.26 

Non-esteri s (mmol/l) 0.34 ± ± 0.03 0.30 

HOMA Score 3.75 ±  ± 0.61 3.91 

Energy (kJ) 10245 ± 10290 ± 885 9909

Total fat ( 91 ± 6  ± 11.6 87.5 

Total carbo 256 ±  ± 17 244

Protei 123 ±

385 ±

 ± 12 

 ± 46 

108

327

Alcohol (g) 6.48 ± ± 2.92 9.11 

Mean ± 

 33.8 ± 1.48 

s.e.m. shown   
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100 kinetics in placebo, 10 mg/day rosuvastatin and 40 mg/day rosuvastatin

  oup Differe  

Table 3: VLDL, IDL and LDL apoB-

 Gr nce (p-value) 
Par Placebo 

 
P) 

 Rosuvastati
40 mg/day 

(R40) 

10 P vs. s. R40 Dose- 
effect 

(p-value) 

ameters 

(

Rosuvastatin
10 mg/day 

(R10) 
Apo      

n P vs. R R40 R10 v

B-100 pool size (mg)   
VL 677.5 ± 102.0  436.7 ± 47.8 8 0.0 57 0.027 
IDL 246.7 ± 29.7  172.0 ± 23.9 2 0.0 51 0.032 
LD 3882 ± 273 1745 ± 237 1 <0.0 001 <0.001 
Fra
(poo      

VLDL 4.25 ± 0.71 5.58 ± 0.37 3 0.00 9 0.006 
IDL 5.97 ± 0.87 8.78 ± 0.66 0.0 57 0.006 
LDL 0.37 ± 0.03 5 0.70 ± 0.05 1 <0.0 012 <0.001 

g/kg/day)       
VL 23.2 ± 3.16  22.5 ± 3.19 3 0.87 802 0.967 
IDL 11.7 ± 1.13 4 13.4 ± 1.80 78 0.339 .357 0.549 
LDL 13.0 ± 1.22 62 11.7 ± 2.01 9 0.04 0.164 0.040 
Dir      
VLD 89.7 ± 1.53 87.5 ± 2.46 5 0.41 72 0.389 

5.94 ± 1.12 9.45 ± 2.01 6 0.04 1 0.036 
LDL apoB 4.32 ± 1.28 3.91 ± 1.26 3.10 ± 1.21 0.763 0.390 0.565 0.371 
Conversion rate (%)        
VLDL to IDL apoB 54.6 ± 6.77 61.8 ± 6.90 58.7 ± 6.74 0.254 0.434 0.704 0.630 
VLDL to LDL apoB 52.9 ± 6.31 48.7 ± 4.71 45.1 ± 6.20 0.500 0.211 0.543 0.225 
IDL to LDL apoB 20.5 ± 1.31 17.9 ± 1.91 16.3 ± 1.98 0.023 0.002 0.238 0.005 

DL 507.8 ± 67.1  0.09 15 0.3
202.4 ± 24.9
2446 ± 345 

 0.24
<0.00

28 0.2
01 <0.L 

ctional Catabolic Rate  ls/day)  

4.98 ± 0.49 0.08 4 0.15
8.26 ± 1.19  0.004 07 0.4

 
Production Rate (m

0.58 ± 0.0
 

<0.00 01 0.0

DL 22.2 ± 3.09 0.68 0 0.
14.7 ± 2.2
13.6 ± 2.

0.1
0.50

 0
9 

ect Synthesis (%)  
1 0.5
3 0.16

 
0.78
0.47

L apoB 
IDL apoB 

88.8 ± 1.92 
7.24 ± 1.01 

Mean ± s.e.m. shown   
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Figure 1: Isotopic enrichment for VLDL (A), IDL (B) and LDL (C) apoB with D3-

leucine i re  su  placebo, rosuvastatin 10 mg/day and 

rosuvastatin 40 mg/day 
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Figure 2: Fractional catabolic rates of VLDL (A), IDL (B) and LDL (C) apoB on 

placebo, 10 mg rosuvastatin and 40 mg rosuvastatin 
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Figure 3: Associations between changes (Δ) in VLDL apoB FCR and apoC-III 

concentration (A) and LDL apoB FCR and lathosterol:cholesterol ratio (B) on 

40mg/day rosuvastatin relative to placebo  
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Abstract 

 

Background Low plasma concentration of high-density lipoprotein (HDL) cholesterol 

d a feature of the metabolic 

yndrome. Rosuvastatin has been shown to increase the HDL cholesterol concentration, 

ethods and Results Twelve men with the metabolic syndrome were studied in a 

lacebo, 

-out between each 

period. Compared with placebo, there was a significant dose-dependent increase in 

H A-I 

oncentration was associated with significant dose-dependent reductions in triglyceride 

 fractional catabolic rate (FCR), with no changes in LpA-I 

 was a significant dose-dependent reduction in LpA-I:A-II 

-I:A-II PR, and hence no change in LpA-I:A-II 

 Rosuvastatin dose-dependently increased plasma HDL cholesterol and LpA-

olic syndrome. This could relate to reduction in plasma 

odeling of HDL particles and reduction in LpA-I fractional 

 to understanding mechanisms for the  HDL raising 

ffect of rosuvastatin in the metabolic syndrome with implications for reduction in 

VD. 

eywords: drugs, lipoproteins, apolipoproteins, syndrome X, remodeling 

 

 

 

is a risk factor for cardiovascular disease (CVD) an

s

but the mechanisms remain unclear. 

 

M

randomized, double-blind, crossover trial of five-week therapeutic periods with p

10 mg/day or 40 mg/day rosuvastatin, with two weeks placebo wash

DL cholesterol, HDL particle size and LpA-I concentration. The increase in Lp

c

concentration and LpA-I

production rate (PR). There

FCR with concomitant reduction in LpA

concentration.  

 

Discussion

I concentrations in the metab

triglycerides with rem

catabolism. The findings contribute

e

C

 

K
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Introduction 

 metabolic syndrome. The metabolic syndrome is a 

luster of abnormalities, including dyslipidemia, insulin resistance, hypertension, and 

pA-I are more effective in promoting in vitro cellular cholesterol efflux 
9,10.  Subjects with CVD have also been shown to have lower LpA-I levels compared 

aising effect 15. This may be related to a decrease lipid exchange between HDL 

nd apoB-containing lipoproteins, in part due to reduced cholesterol ester transfer 

reduction in 

cceptor particles (very-low density lipoproteins, VLDL and chylomicrons). Statins 

ay also activate the peroxisome proliferator-activated receptor (PPAR)-α pathway via 

hibition of rho-signalling, thereby increasing apoA-I expression 16.  

Rosuvastatin is a hydrophilic statin shown to have greater HDL cholesterol 

ising effect than other statins. In a dose range between 10 mg and 40 mg daily, 

suvastatin has been shown in several clinical trials to result in a graded reduction in 

lasma LDL cholesterol and triglycerides, with a consistent increase in HDL cholesterol 
,18. However, the mechanism underlying the HDL raising effect of rosuvastatin is not 

urrently known. 

 

Epidemiological data have established low plasma high-density lipoprotein 

(HDL) cholesterol levels as a major risk factor for cardiovascular disease (CVD) 1,2,3. 

Low HDL cholesterol together with raised triglyceride levels is an atherogenic lipid 

profile frequently associated with the

c

abdominal obesity, which has been reported to greatly increase the risk of CVD 4. The 

anti-atherogenicity of HDL is thought to be principally through its role in reverse 

cholesterol transport (RCT) 5,6. By reducing accumulation of cholesterol in the arterial 

wall, higher levels of HDL may prevent the development of or help to regress 

atherosclerosis. Given the anti-atherogenic role of HDL, greater insight into its 

pathophysiology is important for development of new HDL-raising therapies. 

HDL particles are heterogeneous and according to their apolipoprotein content 

may be separated into those that contain apolipoprotein (apo) AI (LpA-I) and those that 

contain both apoA-I and apoA-II (LpA-I:A-II) 7. Several studies support the observation 

that the larger L
8,

with healthy individuals 11,12,13. However, it remains controversial as to which sub-

population contributes to the anti-atherogenic effects of HDL.  

Statins inhibit 3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase, 

a rate-limiting enzyme in cholesterol biosynthesis 14. While their principal action is to 

reduce plasma concentrations of apoB-containing lipoproteins, statins have a modest 

HDL r

a

protein (CETP) activity consequent on lower plasma CETP mass and 

a

m

in

ra

ro

p
17

c
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The primary objective of this study was to investigate the dose-related effect of 

eatment with rosuvastatin on HDL metabolism in the metabolic syndrome. We 

hypoth

l/L, waist 

circum

live

pants provided informed 

written

s uts. Rosuvastatin 

was pro

fast. They were studied sem

tr

esized that a higher dose of rosuvastatin would increase HDL cholesterol 

concentration by a mechanism that primarily involves reduction in the catabolism of 

apoA-I and apoA-II. This was based on the concept that HDL particles are remodeled 

and hypercatabolized in the presence of elevated triglycerides level.  

 

Methods 

 

Subjects 

Twelve Caucasian men with the metabolic syndrome were recruited. The 

metabolic syndrome was defined as HDL cholesterol ≤1.2mmol/L and LDL cholesterol 

<6mmol/L and at least three of the following: fasting glucose >6.1mmo

ference ≥94cm, triglycerides ≥1.7mmol/L and <4.5mmol/L or blood pressure 

≥130/ ≥80mmHg (modified NCEP definition). Participants with diabetes mellitus 

(fasting glucose >7mmol/L), cardiovascular disease, renal dysfunction 

(macroproteinuria and/or serum creatinine >150μmol/L), hypothyroidism, abnormal 

r or muscle enzymes, alcohol consumption >30g alcohol/day, use of lipid modifying 

agents and apolipoprotein E2/E2 genotype were excluded. All were non-smokers and 

were consuming ad libitum, weight maintenance diets. Partici

 consent, and the study was approved by the Ethics Committee of Royal Perth 

Hospital. 

 

Study design and clinical protocols 

This was a randomized, double-blind, placebo-controlled, three-way crossover 

trial. Eligible subjects entered a four-week weight maintenance, placebo run-in period 

followed by randomization to a five-week treatment period of either 10 mg (R10) or 40 

mg (R40) rosuvastatin or matching placebo taken orally at night, with crossover to two 

further five-week treatment periods interspersed by two-week wa h-o

vided by AstraZeneca Pty. Ltd, UK. Advice was given to continue on isocaloric 

diets and maintain physical activity constant during the study. Compliance with 

rosuvastatin or placebo was assessed by tablet count. 

All subjects were admitted to the metabolic ward in the morning after a 12-hour 

i-recumbent and allowed water only. Venous blood was 
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collecte

ood samples were 

ken at baseline and at 5, 10, 20, 30, 40 minutes, and 1, 1.5, 2, 2.5, 3, 4, 5, 6, 8 and 10 

 isotope injection, with additional fasting blood samples (24, 48, 72 and 96 

ours) collected in the morning on the following four days. All the procedures were 

t the end of each treatment period.  

19

t a mass-to-charge ratio (m/z) of 212 and 209 and negative ion chemical 

nization. Tracer-to-tracee ratios were derived from isotopic ratios of each sample. 

Quant

Bioche

were determined by standard enzymatic methods (Hitachi, Tokyo, Japan; Roche 

d for biochemical measurements. Body weight and height were measured and 

arterial blood pressure recorded using a Dinamap1846 SX/P monitor (Critikon, Tampa, 

FL). Dietary intake was assessed using 24-hour dietary diaries and DIET 4 Nutrient 

Calculation Software (Xyris Software, Qld, Australia). 

A single bolus of D3-leucine (5mg/kg) was administered intravenously within a 

two-minute period into an antecubital vein via a Teflon cannula. Bl

ta

hours after

h

repeated a

 

Isolation and measurement of isotopic enrichment of apoA-I and apoA-II 

 ApoB containing lipoproteins were precipitated from plasma and HDL 

isolated by ultracentrifugation (Optima XL-100K; Beckman Coulter, Fullerton, 

Australia) as previously described . ApoA-I and apoA-II were isolated from HDL by 

SDS-PAGE gel electrophoresis and blotted onto PVDF membrane; apoA-I and apoA-II 

bands were excised from the membrane, hydrolyzed with 6 M HCL at 110oC for 16 

hours and dried for derivatization by an oxazolinone method. Plasma free leucine was 

isolated by cation-exchange chromatography and isotopic enrichment determined using 

gas chromatography-mass spectrometry (GCMS) with selected ion monitoring of 

samples a

io

 

ification of apoA-I, apoA-II, LpA-I, LpA-I:A-II  

Plasma total apoA-I and apoA-II concentrations were determined by 

immunonephelometry (Dade Behring, Illinois, USA). The ratio of HDL cholesterol to 

apoA-I and apoA-II was used as an estimate of HDL particle size. LpA-I concentration 

was measured by differential electroimmunoassay (Sebia, Moulineaux, France), 

interassay coefficient of variation (CV) < 5%.  LpA-I:A-II concentration was calculated 

as total plasma apoA-I minus LpA-I 8,20,21.  

 

mical Analyses 

 Plasma total cholesterol, triglycerides and HDL cholesterol concentrations 

251 



Diagnostic GmbH, Mannheim, Germany) and LDL cholesterol by Friedewald 

calculation. Insulin was measured by a solid phase 2 site sequential chemiluminescent 

immunometric assay (Diagnostic Products Corporation, LA, CA, USA) and glucose by 

hexokinase method (Hitachi, Tokyo, Japan). Insulin resistance was estimated using 

HOMA

any, Tokyo, Japan). LCAT activity was 

assessed by the ability of plasma to esterify [14C]cholesterol. In brief, 100 μL aliquots of 

a were equilibrated with 14C-cholesterol-albumin complex for 4 hours at 4°C to 

cation of 

olester

into 

lasma; Compartments 7 and 8 represent apoA-I associated with the LpA-I and LpA-

the plasma kinetics of HDL 

apoA-I

ss d . The corresponding production rates (PR) 

ere calculated as the product of FCR and pool size. Pool size being the product of 

a volume; plasma volume was estimated as 4.5% of body 

 score 22. Lathosterol concentration was assayed using GCMS. ApoE was 

genotyped by the modified method of Hixson and Vernier. Liver (alanine transferase, 

asparate transferase, alkaline phosphatase) and muscle (creatinine kinase) enzymes were 

analyzed during each treatment period (Hitachi, Tokyo, Japan).  

Plasma lecithin cholesteryl acyl transferase (LCAT) mass was measured by an 

ELISA assay (Daiichi Pure Chemicals Comp

plasm

label free cholesterol and then incubated for 30 minutes at 37 °C for esterifi

ch ol. Plasma CETP mass was measured by ELISA kit (Daiichi Pure Chemicals 

Company, Tokyo Japan). CETP activity was measured using a fluorometric assay (Roar 

Biochemical, New York, USA); CV < 10% for all assays. 

 

Kinetic Analyses 

Figure 1 shows the compartment model developed using the SAAM II program 

(SAAM Institute, Seattle, USA) and used to describe HDL apoA-I and apoA-II leucine 

tracer/tracee ratio data. Compartment 1-4 are required to describe leucine tracer kinetics 

observed in plasma. Compartment 1 is connected to compartments 5 and 6, 

compartments that account for the synthesis and secretion of apoA-I and apoA-II 

p

I:A-II particles, respectively; Compartment 9 describes 

I. An assumption implicit in this model is that the fractional catabolic rate (FCR) 

of apoA-I in the LpA-I:A-II particle (compartment 8) is the same as that of apoA-II 

(compartment 9).  

The FCR of apoA-I in LpA-I and LpA-I:A-II, apoA-I and apoA-II were 

estimated after simultaneously fitting the model to the apoA-I and apoA-II tracer/tracee 

ratio and LpA-I and LpA-I:A-II ma ata

w

concentration and plasm

weight, with adjustment made to account for decrease in relative plasma volume with 

body weights in the obese range. In the present study, the kinetics of LpA-I and LpA-
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I:A-II were employed to describe the kinetics of apoA-I in LpA-I and LpA-I:A-II 

particles, respectively. 

 

Statistical analyses  

Skewed variables were logarithmically transformed where appropriate. Data at 

the end of the three treatment periods were compared using a mixed-effect model (SAS 

Proc Mixed, SAS Institute), which also tested and excluded carry-over and time-

dependent effects. A mixed effect model was also used to examine the dose-related 

effect 

iddle-aged (48.6 ± 8.5 years), 

entrally obese (BMI 33.6 ± 5.0 kg/m2, waist circumference 114.0 ± 12.5 cm), on 

ive (131.9 ± 8.4, 79.6 ± 6.6 mmHg), dyslipidemic (total cholesterol, 

5.7 ± 

tal cholesterol (R10 -34%, R40 -42%) and triglycerides (R10 -24%, 

R40 -4

of rosuvastatin on the outcome variables. The p-values are reported, with 

statistical significance set at the 5% level.  

 The authors had full access to the data and take responsibility for its integrity. 

All authors have read and agree to the manuscript as written.  

 

Results 

 

The twelve subjects recruited were (mean ± SD) m

c

average normotens

0.8 mmol/L, triglycerides 2.2 ± 0.7 mmol/L, HDL cholesterol 0.98 ± 0.11 

mmol/L), normoglycemic (5.1 ± 0.6 mmol/L) and insulin resistant (HOMA score 3.4 ± 

1.5). Both rosuvastatin 10 mg and 40 mg were well tolerated. There were no significant 

changes in liver and muscle enzymes or serum creatinine and no subjects developed 

dip-stick positive proteinuria. Mean daily dietary intake was: energy (10245 ± 575 kJ), 

total fat (90.9 ± 6.3 g), total carbohydrate (256 ± 15 g), protein (123 ± 7 g), cholesterol 

(385 ± 46) and alcohol (6.5 ± 2.9 g) and did not differ significantly between treatment 

phases.  

Compared with placebo, both doses of rosuvastatin lowered plasma 

concentrations of to

2%) and increased HDL cholesterol concentration (R10 +4.4%, R40 +10%) and 

HDL particle size (R10 +3.1%, R40 +8.2%). Lathosterol and lathosterol:cholesterol 

ratio were significantly reduced during treatment with 10 mg and 40 mg rosuvastatin. 

The changes were greater with 40 mg of rosuvastatin, with statistical significant 

evidence for a dose-dependent effect. Compared with placebo, both doses of 

rosuvastatin significantly decreased LCAT activity (R10 -20%, R40 -28%) and CETP 
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mass (R10 -15%, R40 -22%) and activity (R10 -11%, R40 -11%). LCAT mass did not 

change with treatment (Table 1).   

The isotopic tracer curves for HDL apoA-I and apoA-II in a representative 

ent with placebo and with 10 mg and 40 mg rosuvastatin are 

shown 

 and 10 mg and 40 mg rosuvastatin daily. 

ompa

apoA-II or LpA-I:A-II 

oncentrations. Both doses of rosuvastatin decreased the FCRs of apoA-I (R10 -10%, 

), apoA-II (R10 -8.4%, R40 -19%), LpA-I (R10 -15%, R40 -23%) and LpA-

A-II (R10 -8.4%, R40 -19%), the effect being greater with 40 mg rosuvastatin. 

Concom

olic syndrome. We demonstrate that rosuvastatin dose-dependently increased 

HDL c

HDL cholesterol concentration in 7 men with low plasma HDL cholesterol 

subject during treatm

in Figure 2.  The symbols represent the enrichment data and the solid lines show 

the best fit of the model to the tracer data. Plasma leucine tracer curves did not differ 

significantly among treatment periods. The slower falls in the HDL apoA-I and apoA-II 

tracer curves were consistent with decreased rates of catabolism.  

Table 2 shows the concentrations and kinetics of apoA-I, apoA-II, LpA-I and 

LpA-I:A-II during treatment with placebo

C red with placebo, rosuvastatin increased the concentration of LpA-I (R10 +7.5%, 

R40 +17.5%), with no significant change to apoA-I, 

c

R40 -18%

I:

itantly, the PRs of apoA-I (R10 -7.4%, R40 -17%), apoA-II (R10 -7.7%, R40 -

20%), and LpA-I:A-II (R10 -5.3%, R40 -22%) were decreased on rosuvastatin, the 

effect being greater with the 40 mg dose. There was a statistically significant dose-

dependent effect of rosuvastatin in decreasing the FCRs and PRs of these lipoproteins 

(Table 2; Figure 3). Neither dose significantly altered LpA-I PR.  

 

Discussion 

 

We provide new information on the dose-ranging effects of rosuvastatin, a 

highly effective HMG CoA reductase inhibitor, on HDL metabolism in subjects with 

the metab

holesterol, LpA-I concentration and HDL particle size. The increase was 

primarily associated with dose-dependent decrease in LpA-I particle catabolism and 

triglyceride concentration, coupled with reduced CETP and LCAT activity. 

Previous kinetic studies using radioactive and stable isotopic techniques that 

examined the effects of statins on HDL metabolism have not shown consistent effects. 

Of these studies, four used a high dose statin. Bilz et al showed in 8 

hypertriglyceridemic men that 80 mg atorvastatin significant increased HDL cholesterol 

concentration with no changes apoA-I kinetics 23. Mauger et al observed no change to 
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concentration with 40 mg atorvastatin or 80 mg simvastatin, although they reported an 

increase in apoA-I concentration and PR with 80 mg simvastatin 24 . We previously 

reporte

ct on turnover rates of 

LpA-I 

 apoA-I and apoA-II 

oncentration, a change in HDL composition was observed through an increase in LpA-

ion and HDL particle size. An explanation for this finding was that 

suvastatin, particularly at the higher dose, decreased the FCR of apoA-I, apoA-II, 

LpA-I 

P synthesis 
19,30,31,3

d that 40 mg atorvastatin did not alter HDL cholesterol and apoA-I 

concentrations or apoA-I kinetics in obese, insulin resistant subjects 19,25. Discrepancies 

among the studies may relate to different lipoprotein and clinical characteristics, study 

design, sample size, and duration of intervention. None of these studies examined the 

effects of increasing doses of statin on HDL metabolism. We extend previous reports by 

focusing on the metabolic syndrome and by investigating the effe

and LpA-I:A-II particles using a three-way crossover study design with two 

doses of rosuvastatin. 

The combination of central obesity, insulin resistance and hypertriglyceridemia 

collectively contribute to the accelerated catabolism of HDL subpopulations in the 

metabolic syndrome 26,27,28. This is in part due to the expansion in the VLDL-

triglyceride pool and increased neutral lipid exchange by CETP leading to alteration in 

HDL particle composition, increased hepatic removal through hepatic lipase activity, 

dissociation of apoA-I from HDL particles and subsequently recycling or catabolism by 

the kidney 29. Our subjects exhibited such hypercatabolism of HDL particles. 

Consistent with findings of large clinical trials with rosuvastatin, HDL 

cholesterol concentration increased in a dose-dependent manner following rosuvastatin 

treatment 17. In the absence of significant changes in plasma

c

I concentrat

ro

and LpA-I:A-II  and this was coupled with a commensurate fall in PR, with the 

exception of that for LpA-I, thus accounting for the increase in LpA-I concentration. 

Furthermore, the reduction in CETP activity with rosuvastatin might have contributed to 

changes in the distribution and size of HDL particles.  The reduction in CETP activity 

and mass is consistent with previous studies with statins and may be associated with the 

fall in the substrate for cholesterol ester transfer and with inhibition of CET
2. While the effect of statins on CETP has been previously reported, their effects 

on LCAT activity and mass are still unclear. Our study showed a reduction in LCAT 

activity with no change to LCAT mass with rosuvastatin. We propose that the reduction 

in LCAT activity may be secondary to the fall in substrate availability and reduced 

CETP activity, as since apoA-I concentration, its principal activator, and LCAT mass 

were not altered.  
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  Our study was restricted to men, and whether our results also apply to women 

with the metabolic syndrome requires further investigation. Our use of the HDL 

cholesterol to apolipoprotein ratio was only an approximation of HDL particle size, 

which could be more accurately estimated using nuclear magnetic resonance 

spectroscopy. However, this method of estimating HDL particle has been used in 

previous studies 8,20,21. Measurements of lipases in post-heparin plasma may have 

clarified the mechanism for decreased catabolism of HDL particles with rosuvastatin. 

Isolation of LpA-I and LpA-I:A-II using immunoaffinity chromatography to obtain 

direct measures of LpA-I and LpA-I:A-II enrichment may provide better estimates of 

the kinetics of apoA-I in LpA-I and LpA-I:A-II .  

nfusion of  

D3-leuc

Our study also explored a newly developed multi-compartmental model to 

examine the kinetics of HDL subpopulations LpA-I and LpA-I:A-II 33. The model was 

developed using plasma HDL apoA-I and apoA-II tracer data in conjunction with the 

findings of two published studies 20,34. This model assumed that the kinetics of apoA-I 

in the LpA-I:A-II particle were the same as for HDL apoA-II. This assumption was 

validated using apoA-I enrichment data obtained in LpA-I and LpA-I:A-II particles, 

separated from plasma by immunoaffinity chromatography, obtained after i

ine in men with mixed hyperlipidemia 35.  

  In conclusion, rosuvastatin dose-dependently increases the plasma concentration 

of HDL cholesterol, with a shift towards larger HDL particles and this was primarily 

associated with a decrease in HDL apolipoprotein catabolism. While clinical endpoint 

trials with rosuvastatin are awaited, our study affords a mechanistic basis for the 

findings in the COmparative study with rosuvastatin in subjects with METabolic 

Syndrome (COMETS) 18.  
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ids and apolipoproteins during treatment with placebo, 10 mg/day rosuvastatin and 40 mg/day rosuvastatin 

± s.e.m. shown  

  Group Difference  

Lipid Parameters Placebo 
(P) n 10 mg 

(R10) 

Rosuvastatin 
40 mg (R P vs. R10 P vs. R40 R10 vs. R40 Dose- effect 

(p-va

Total Cholesterol (mmol/L) 5.52 ± 0.25 3.64 ± 0.16 024 

Rosuvastati

40) 

3.20 ± 0.13 

lue) 

<0.001 <0.001 <0.001 0.

Triglyceride (mmol/L) 2.47 ± 0.32 1.88 ± 0.21 <0.001 063 

HDL cholesterol (mmol/L) 0.94 ± 0.04 0.98 ± 0.05 0.011 130 

Estimated HDL particle size 0.16 ± 0.01 0.17 ± 0.01 0.57 0.028 082 

Lathosterol concentration (μmol/L) 24.0 ± 2.64 6.33 ± 0.80 <0.0 <0.001 145 

Lathosterol:Cholesterol Ratio 4.36 ± 0.42 1.73 ± 0.19 <0.0 <0.001 031 

      

Lipid Transfer Proteins      

Plasma LCAT mass (μg/ml) 7.26 ± 0.37 7.04 ± 0.34 0.79 0.751 550 

Plasma LCAT activity (nmol/μl/h) 0.54 ± 0.03 0.41 ± 0.02 <0.0 <0.001 019 

Plasma CETP mass (μg/ml) 1.36 ± 0.07 1.16 ± 0.06 0.00 <0.001 206 

Plasma CETP activity (nmol/ml/h) 87.07 ± 3.07 77.10 ± 2.02 <0.0 <0.001 964 

0.

0.

0.

0.

0.

0.

0.

0.

0.
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Table 1: Plasma lip

Mean 

  

1.44 ± 0.13 

1.03 ± 0.04 

0.18 ± 0.01 

3.42 ± 0.35 

1.08 ± 0.11 

 

 

7.12 ± 0.40 

0.37 ± 0.02 

1.06 ± 0.03 

77.11 ± 2.05 

0.027 

0.227 

5 

01 

01 

5 

01 

4 

01 

<0.001 

0.011 

0.019 

<0.001 

<0.001 

 

 

0.918 

<0.001 

<0.001 

0.006 



meters for ApoA-I, apoA-II, LpA-I A-II  during placebo and rosuvastatin treatments 

Mean ± s.e.m. shown   

  Group Difference  

 and LpA-I:

 
Lipid Parameters Placeb

(P) 
vas

mg (R
uv
mg 

 vs. P vs. R10 vs. Dose-
(p-v

     

o  Rosu tatin Ros
10 10) 40 

astatin   P
(R40) 
 

R10    R40  R40  effect 
alue) 
 Concentration (g/L) 

apoA-I 1.22 ± 0. 7 ± 0 5 ± 0.09 0.08 0.56 0.2
0.29 ± 0. 8 ± 0 8 ± 0.60 0.76 0.81 0.6

LpA-I 0.37 ± 0.02 0.40 ± 0.02 0.44 ± 0.02 0.360 0.032 0.179 0.029 
0.85 ± 0.03 0.87 ± 0.04 0.377 0.614 0.163 

     
Fractional Catabolic Rate 
(pools/day)        

0.36 ± 0.01 0.32 ± 0.02 0.29 ± 0.02 0.023 <0.001 0.014 <0.001
0.30 ± 0. 7 ± 0 4 ± 0.20 0.00 0.01 <0.
 0.50 ± 0. 2 ± 0 38 ± 0.06 0.00 0.09 0.0
0.30 ± 0.01 0.27 ± 0.02 0.202 0.001 0.018 

     

      

16.45 ± 1.25 15.34 ± 1.39 13.82 ± 1.29 0.162 0.002 0.037 0.001 
apoA-II 3.20 ± 0.27 2.98 ± 0.34 2.58 ± 0.30 0.216 0.002 0.031 0.001 
LpA-I 6.91 ± 0.65 6.25 ± 0.66 6.26 ± 0.67 0.227 0.167 0.847 0.245 
LpA-I:A-II 9.51 ± 0.75 9.10 ± 0.94 7.44 ± 0.76 0.594 0.009 0.023 0.004 

04 1.2 .04 1.2  0.03 0 6 6 76 
apoA-II 01 0.2 .01 0.2  0.01 6 8 7 72 

LpA-I:A-II 0.82 ± 0.02 0.379 
   

apoA-I  
apoA-II 
LpA-I 

01 0.2
03 0.4

.02 0.2

.03 0.
 0.02 
 0.03 

2 
2 

1 
1 

8 
4 

001 
04 

LpA-I:A-II 0.24 ± 0.02 <0.001 
   
Production Rate 
(mg/kg/day)  
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apoA-I 



Figure 1: Compartment model describing apoA-I in LpA-I and LpA-I:A-II 

particles, I a cer kine
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This thesis is presented as a series of reviews, publications and appendices. This chapter 

provides a brief integrated overview of the material pres ted, the principal conclusions, 

limitations and implications of the studies, and proposals for future research.  

 

10.1 OVERVIEW 

  

Chapter 1 reviewed the literatu olism, 

management of dyslipidemia and lipoprotein kinetic studies. The prevalence of the 

metabolic syndrome is increasing worldwide. It represents a constellation of lipid and 

non-lipid risk factors of metabolic, environmental and genetic origin. The characteristics 

of the metabolic syndrome include insulin resistance, abdominal obesity, dyslipidemia 

(typically elevated TG, low HDL cholesterol and increased small, dense LDL particles), 

hypertension and pro-inflammatory and prothrombotic states. The risk of CVD and type 

2 diabetes is profoundly increased in the metabolic syndrome and hence, appropriate 

lifestyle modifications and therapeutic interventions are essential in preventing and 

managing the syndrome. 

 

Dyslipidemia increases CVD risk in the metabolic syndrome. Subjects with the 

metabolic syndrome are also dyslipoproteinemic owing to the dysregulation of 

apolipoprotein 

IDL and LDL

Evidence support

contribute to the 

are apoA-I and apoA-II. Furthermore, HDL can be separated according to its 

apolipoprotein content into LpA-I, particles that only contain apoA-I, and LpA-I:A-II, 

particles that contain both apoA-I and apoA-II. Both apoA-I and apoA-II are 

hypercatabolized in subjects with hypertriglyceridem  insulin resistance, impaired 

glucose tolerance and type 2 diabetes. The accelerated catabolism of these 

apolipoproteins results in low HDL cholesterol concentr ons.  

 

Rosuvastatin lowers LDL cholesterol and raises HDL cholesterol more than other 

statins at an equivalent dose across a broad spectrum of subjects. Studies are on-going 

to determine its effects on CVD mortality and morbidity endpoints. To date, no studies 

have examined the effects of rosuvastatin on lipoprotein kinetics. With recent advances 

en

re on the metabolic syndrome, lipoprotein metab

metabolism. ApoB, the major structural protein associated with VLDL, 

, is present in elevated concentrations and is a risk factor for CVD. 

s that overproduction and delayed catabolism of VLDL, IDL and LDL 

elevation of apoB in plasma. The two major protein moieties of HDL 

ia,

ati
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in GCMS and stable isotope methodologies, the dynamics of lipoprotein metabolism, 

and the effects of lipid regulating agents, may be studied with precision.   

 

In this thesis, the metabolism of VLDL, IDL and LDL-apoB, and that of apoA-I in 

-II particles and apoA-II were assessed by bolus injection of D3-

ucine and multicompartmental modeling.  

oA-I kinetics, independent of the presence of the metabolic 

yndrome; (4) In subjects with the metabolic syndrome, higher doses of rosuvastatin 

pare apoA-I kinetics in 

bese and lean subjects and, further, to examine lipid and non-lipid associations within 

LpA-I and LpA-I:A

le

 

Chapter 2 presented the philosophical basis for this thesis. It described the logic of 

inductive and deductive reasoning, and the methods for inferring causal relationships. 

The general hypothesis was that apolipoprotein kinetics are altered in the metabolic 

syndrome and that lipid regulating therapies can improve these kinetic abnormalities. 

Five subsidiary hypotheses were established to test the general hypothesis: (1) 

Dysregulation of apolipoprotein kinetics contributes to dyslipidemia in subjects with the 

metabolic syndrome; (2) Dysregulation of apolipoprotein A-I metabolism contributes to 

low HDL cholesterol concentration in obese subjects; (3) Plasma PLTP activity is 

associated with HDL ap

s

will provide greater benefit on the transport of apoB-containing lipoproteins; and (5) 

Increasing doses of rosuvastatin provide more favourable effects on HDL metabolism in 

subjects with the metabolic syndrome. Inferences from observational and interventional 

studies were based on testing the corresponding hypotheses using established statistical 

methods.  

 

Chapter 3 described the study designs, sample size and power calculations. The first 

study compared lipoprotein kinetic characteristics of metabolic syndrome and lean 

normolipidemic subjects in a case-control setting. This study established that the 

lipoprotein kinetic parameters of our metabolic syndrome subjects were comparable 

with published data. The second study extended the first by collecting data from 13 

stable isotope studies to generate a larger sample size to com

o

each group. The third study utilized a cross-sectional study design to examine the 

associations between HDL kinetics and PLTP activity, in an attempt to understand 

factors that influence HDL metabolism. The intervention study (studies 4 and 5) was a 

randomized, double-blind, placebo-controlled, three-way crossover trial of the effects of 
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two doses of rosuvastatin (10 and 40 mg) in twelve men with the metabolic syndrome. 

Sample size calculations are presented for all studies.  

 

Chapter 4 provided a general description of the study populations, method of 

recruitment, protocol for screening, and clinical and laboratory methodologies. The 

kinetics of apoB, apoA-I and apoA-II were measured using D3-leucine, GCMS and 

ulticompartmental modeling. The kinetics of HDL subpopulations, LpA-I and LpA-

:protein ratio were significantly lower than that in the lean subjects. 

ompared with lean controls, subjects with the metabolic syndrome had higher VLDL, 

 

m

I:A-II, were examined using a new compartment model. The SAAM-II program 

(SAAM Institute, Seattle, USA) was used to fit the model to the tracer/tracee ratio data 

and derive kinetic parameters. Two statistical packages were employed: SPSS 12.0 

(Statistical Package for Social Sciences, Chicago, USA) for general analysis and SAS 

(SAS Institute, Cary NC, USA) for Mixed Model Analysis. A p-value of 0.05 or less 

was considered to be statistically significant.  

 

Chapter 5 presented the findings of the case-control study, which tested the hypothesis 

that the dysregulation of apolipoprotein kinetics contributes to dyslipidemia in subjects 

with the metabolic syndrome. Twelve men with the metabolic syndrome and ten lean 

controls were studied. Compared with lean controls, subjects with the metabolic 

syndrome had significantly higher BMI, waist circumference, HOMA score and 

concentrations of total cholesterol, triglycerides, LDL cholesterol, apoB, apoC-III, 

insulin, glucose and lathosterol. By contrast, HDL cholesterol concentration and HDL 

cholesterol

C

IDL and LDL-apoB concentrations. VLDL and LDL-apoB FCR were significantly 

lower and PR significantly higher in men with the metabolic syndrome. Metabolic 

syndrome men also had significantly lower apoA-I, LpA-I:A-II and apoA-II 

concentrations. These were associated with higher apoA-I, LpA-I:A-II and apoA-II 

FCR. ApoA-I PR was higher in the metabolic syndrome, although this was not 

sufficient to maintain plasma apoA-I concentration. LpA-I concentration was not 

significantly different between groups; the FCR and PR of LpA-I were significantly 

increased. The presence of insulin resistance, leading to increased hepatic free fatty 

acids flux and high rates of endogenous cholesterol synthesis in the metabolic 

syndrome, may contribute to the observed kinetic perturbations. 

. 
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Chapter 6 extended the findings presented in Chapter 5. Data from 13 published stable 

isotope studies were compiled to compare HDL apoA-I kinetics in lean and obese 

ubjects and to examine the associations of HDL apoA-I kinetics with lipid and non-

ant of apoA-I concentration. This finding 

ould have therapeutic implications for the management of dyslipidemia in individuals 

n plasma cholesterol, 

glycerides, LDL cholesterol, apoB and apoC-III concentrations and 

thosterol:cholesterol ratio with rosuvastatin; HDL cholesterol concentration and 

s

lipid parameters. The hypothesis of this study was that dysregulation of apolipoprotein 

A-I metabolism contributes to low HDL cholesterol concentration in obese subjects. 

Compared with lean subjects, obese subjects had significantly lower apoA-I 

concentration, and significantly higher apoA-I PR and FCR. In the lean group, apoA-I 

PR was associated with apoA-I concentration while in the obese group both apoA-I PR 

and FCR were significantly associated with apoA-I concentration. After adjustment for 

fasting insulin or HOMA score, apoA-I PR was an independent predictor of apoA-I 

concentration in obese and lean subjects. In conclusion, in obese subjects, 

hypercatabolism of apoA-I is paralleled by an increased production of apoA-I, with 

apoA-I production being the stronger determin

c

with low plasma HDL cholesterol, including those with the metabolic syndrome. 

 

Chapter 7 examined the role of PLTP in regulating HDL transport. This study tested 

the hypothesis that plasma PLTP activity is associated with HDL apoA-I kinetics 

independent of the presence of the metabolic syndrome. PLTP activity was inversely 

associated with LpA-I concentration and PR after adjusting for insulin resistance. There 

were no significant associations between plasma PLTP activity and LpA-I FCR. In 

multivariate analysis, including HOMA score, triglycerides, CETP activity and PLTP 

activity, PLTP activity was the only significant determinant of LpA-I concentration and 

PR. In conclusion, plasma PLTP activity may be a significant, independent determinant 

of LpA-I kinetics in men, and may contribute to the maintenance of the LpA-I 

concentration in the setting of HDL hypercatabolism.  

 

Chapter 8 presented the findings of a randomized, double-blind, crossover trial of five-

week treatment periods with placebo or rosuvastatin (10mg/day or 40mg/day) with two-

week placebo wash-outs between treatments in twelve men with the metabolic 

syndrome. It tested the hypothesis that higher doses of rosuvastatin would provide 

greater benefits on the transport of apoB-containing lipoproteins. Compared with 

placebo, there was a significant dose-dependent decrease i

tri

la
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campesterol:cholesterol ratio increased significantly. Rosuvastatin significantly 

increased VLDL, IDL and LDL-apoB FCR and decreased the corresponding pool sizes, 

with evidence of a dose-dependent effect. LDL apoB production fell significantly with 

rosuvastatin 40mg/day. Changes in triglycerides were significantly correlated with 

changes in VLDL apoB FCR and apoC-III concentration, and changes in 

lathosterol:cholesterol ratio were correlated with changes in LDL apoB FCR, the 

associations being more significant with the higher dose of rosuvastatin. In conclusion, 

rosuvastatin decreases the concentration of atherogenic apoB-containing lipoproteins by 

dose-dependently increasing their rates of catabolism. Higher dose rosuvastatin may 

also decrease LDL-apoB production. The findings provide a mechanistic explanation 

for the dose-related benefits of rosuvastatin on CVD in the metabolic syndrome. 

 

Chapter 9 tested the hypothesis that increasing doses of rosuvastatin provide more 

favourable effect on HDL metabolism in subjects with the metabolic syndrome. HDL 

metabolism was studied in the same twelve men described in Chapter 8. Compared with 

lacebo, there was a significant dose-dependent increase in HDL cholesterol, HDL 

 group of individuals. 

p

particle size and LpA-I concentration. The increase in LpA-I concentration was 

associated with reductions in triglyceride concentration and LpA-I FCR. No changes in 

LpA-I PR were observed. There was a significant dose-dependent reduction in LpA-

I:A-II FCR with concomitant reduction in LpA-I:A-II PR, and hence no significant 

change in LpA-I:A-II concentration. In conclusion, rosuvastatin dose-dependently 

increases plasma HDL cholesterol and LpA-I concentrations in the metabolic syndrome. 

This effect may relate to reduction in plasma TG with remodeling of HDL particles and 

reduction in LpA-I fractional catabolism. This may explain the mechanisms of the 

favorable HDL raising effect of rosuvastatin in the metabolic syndrome with 

implications for reduction in CVD risk in this high risk

 

General discussion As discussed in Chapter 1, the study of lipoprotein kinetics can be 

viewed as a study of systems science, and hence, may be influenced by feedback 

mechanisms that regulate metabolic processes. We observed that a balancing feedback 

mechanism appears to be evident in the regulation of HDL transport in subjects with the 

metabolic syndrome (and obesity) to maintain homeostasis. In both the case-control 

study (Chapter 5) and pooled-analysis (Chapter 6), the hypercatabolism of HDL apoA-I 

was coupled with an increase in apoA-I production in subjects with the metabolic 

syndrome. Rosuvastatin significantly reduced apoA-I, apoA-II, LpA-I and LpA-I:A-II 
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FCR. The reduction in fractional catabolism was accompanied by a reduction in their 

respective production rates, with the exception of LpA-I (Chapter 9). This positive 

balancing feedback response provides a basis to investigate alternate therapies that may 

optimize changes in the lipoprotein system that may confer greater benefits in CVD risk 

reduction. 

 

Summary of studies The above studies collectively support the general hypothesis that 

apoB-100, apoA-I and apoA-II kinetics are altered in the metabolic syndrome, and that 

lipid regulating therapies can improve these kinetic abnormalities.  

 

Appendix 1 presented findings from a pooled analysis of 16 radioisotope and 13 stable 

otope studies in lean normolipidemic individuals. The study concluded that apoA-I 

 associated 

ith changes in apoB kinetics during treatment with fenofibrate in men with the 

is

FCR is the primary determinant of apoA-I concentration in lean subjects in studies 

using exogenous labeling with radiotracers. By contrast, apoA-I PR is the primary 

determinant of apoA-I concentration in lean subjects in studies employing endogenous 

labeling with stable isotopes. These discrepancies may be reconciled by differences in 

methodologies and/or study population characteristics.  

 

Appendix 2 presented findings of a case-control study investigating HDL particle 

kinetics in metabolic syndrome and lean normolipidemic men using a new 

compartmental model. The study showed that metabolic syndrome men exhibited 

hypercatabolism of LpA-I and LpA-I:A-II with selective overproduction of LpA-I to 

maintain a normal concentration of LpA-I. Lipoprotein kinetic abnormalities were 

associated with obesity, insulin resistance, hypertriglyceridemia and PLTP activity.  

 

Appendix 3 demonstrated that changes in plasma lipid transfer proteins were

w

metabolic syndrome. 

 

Appendix 4 reviewed of the effects of nutritional (fish oil and plant sterols) and weight 

loss interventions on lipoprotein transport in the metabolic syndrome.  

 

Appendix 5 demonstrated that supplementation with plant sterols did not alter plasma 

lipid or lipoprotein metabolism in men with the metabolic syndrome.  
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10.2 STUDY LIMITATIONS  

 

There are several limitations and assumptions that relate to the studies reported in this 

thesis.  

 

First, the validity of measurements of VLDL, IDL and LDL-apoB concentration by the 

as measured by 

munoturbidimetry (Riches et al 1998).  

hird, biochemical markers of cholesterol absorption (campesterol) and synthesis 

nts 

ere not obtained and may have provided better estimates of the kinetics of apoA-I in 

 high precision. The development of the compartment model was 

ased upon published studies (Zech et al 1983, Rader et al 1991) where LpA-I and LpA-

ifth, in Chapters 5, 7, 8 and 9, several assumptions were made in regards to the 

ity but detectable; 

e tracer is indistinguishable with respect to the properties of the tracee; the system is 

Lowry method depends on the specificity of the isopropanol precipitation method 

(Chapters 5 and 8). However, apoB isolated using this technique is significantly and 

positively associated with VLDL apoB concentration 

im

 

Second, changes in insulin sensitivity could be more accurately measured using a 

hyperinsulinemic-euglycemic clamp (DeFronzo et al 1983). However, insulin sensitivity 

as estimated using the homeostasis model assessment (HOMA) score compares 

favorably with the hyperinsulinemic-euglycemic clamp (Bonora et al 2000, Wallace et 

al 2004).  

 

T

(lathosterol) were used instead of definitive measures of cholesterol absorption and 

synthesis, using tracer studies (Chapters 5, 8 and 9). Nonetheless, plasma campesterol 

and lathosterol measurements are highly correlated with direct measures of cholesterol 

absorption and synthesis, respectively (Miettinen et al 1990, Simonen et al 2002).  

 

Fourth, in Chapters 5, 7 and 9, direct measures of LpA-I and LpA-I:A-II enrichme

w

LpA-I and LpA-I:A-II particles. Despite this, the integration of LpA-I and LpA-I:A-II 

mass and apoA-I and apoA-II tracer data into a single compartmental model provided 

kinetic estimates with

b

I:A-II tracer data were measured directly.  

 

F

multicompartmental models employed. These assumptions were, that the mass of the 

tracee is constant and that the mass of the tracer is negligible in quant

th
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in steady-state; and the measurement of the tracer transport is equivalent to that of the 

acee studied. Subjects maintained their body weight, diet and physical activities 

oled plasma samples were collected at different time points to further establish 

at plasma apoB, apoA-I and apoA-II concentration, measured by 

and hence, de novo cholesterol synthesis. The 

se of this therapeutic agent does not strictly allow for the conclusion that the changes 

inally, these studies were restricted to men (Chapters 5, 7 – 9) and Caucasians; did not 

 addition to the abovementioned limitations, the studies presented in Chapters 5 and 6 

dy size was not practical. Despite this, the 

tudy was of a crossover design and powered at >80% to detect treatment effects of 

tr

constant for the duration of study to facilitate a steady-state condition for kinetic studies. 

Four po

th

immunonephelometry, and VLDL, IDL and LDL-apoB pool size measured by the 

Lowry method remained in steady-state during each kinetic study. 

 

Sixth, in Chapters 8 and 9, an assumption of the study hypothesis was that rosuvastatin 

selectively inhibited HMG CoA reductase 

u

observed with treatment are due entirely to reduction in cholesterol synthesis and 

upregulation of hepatic receptors. Pleiotropic effects of rosuvastatin that may include 

regulation of other processes such as cholesterol esterification, apoB transcription, 

cDNA and MTP synthesis should also be taken into consideration.  

 

F

examine the kinetics of VLDL and LDL subpopulations, or preβ HDL particles, or other 

apolipoproteins including apoC-III and apoE; did not examine the genetic contributions 

that may regulate apolipoprotein metabolism; did not measure postheparin lipases 

activities; and did not measure cholesterol or triglyceride metabolism. 

 

In

were retrospective case-control observations. The comparisons between metabolic 

syndrome and lean subjects did not control for all variables including genetic factors. 

The study presented in Chapter 7 was a cross-sectional study. Although it provided wide 

distribution of study variables, a significant correlation may not necessarily imply a 

causal relationship. The sample size of the intervention study presented in Chapter 8 and 

9 was relatively small. However, due to restriction of resources and the time associated 

with execution of these trials, a larger stu

s

rosuvastatin on apoB, apoA-I and apoA-II kinetics, with alpha-error of 5%.  
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10.3 IMPLICATIONS 

 

10.3.1 Dyslipidemia, metabolic syndrome and cardiovascular disease 

 

The dyslipidemia of the metabolic syndrome is typically characterized by high TG 

levels, low HDL cholesterol levels and small, dense LDL particles, also known as the 

lipid triad (Grundy 1997). However, the mechanisms underlying these abnormalities are 

ot fully understood. The present studies attempt to address these issues by employing 

sistance and central 

diposity. The findings of this study identify and elucidate the lipoprotein kinetic 

 ratio reflects the 

alance of forward and reverse cholesterol transport in circulation. Evidence suggest 

 ± 0.02 vs. 

.60 ± 0.03, p<0.001), consistent with previous reports. This observation supports the 

eed to develop and implement appropriate guidelines in order to recognize the clinical 

n

dynamic assessments of lipoprotein metabolism with stable isotope techniques. The 

findings demonstrate that in men with the metabolic syndrome, dyslipidemia is 

characterized by elevated production of VLDL and LDL-apoB, delayed catabolism of 

VLDL, IDL and LDL-apoB and accelerated catabolism of apoA-I in LpA-I, LpA-I:A-II 

and apoA-II. The hypercatabolism of LpA-I and apoA-I were accompanied by increases 

in their respective production rates. These kinetic defects may relate to increased lipid 

substrate supply to the liver via mechanisms regulated by insulin re

a

abnormalities in the metabolic syndrome and may contribute towards development of 

new lipid regulating therapies. 

 

There has been increasing interest in determining the utility of apoB/apoA-I ratio as a 

marker for CVD events in recent years. In simple terms, apoB/apoA-I

b

that the higher the apoB/apoA-I ratio, the higher the risk of cardiovascular events 

(Yusof et al 2004). Prospective studies further reported that apoB/apoA-I ratio was a 

better marker than lipids, lipoproteins and lipid ratios of CVD risk (AMORIS, Walldius 

et al 2001; INTERHEART, Yusof et al 2004). In particular, the Uppsala Longitudinal 

Study of Adult Men (ULSAM) study showed that the apoB/apoA-I ratio was 

significantly higher in men with the metabolic syndrome, and increased in parallel with 

additional components of the syndrome (Lind et al 2006). Furthermore, the apoB/apoA-

I ratio also predicted risk of myocardial infarction in men with the metabolic syndrome 

(Lind et al 2006). The present study also demonstrated that men with the metabolic 

syndrome had significantly higher apoB/apoA-I ratio than lean controls (1.00

0

n
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risk information of apoB/apoA-I ratio in high risk populations, including the metabolic 

yndrome.   

0.3.2 Management and treatment of dyslipidemia in the metabolic syndrome 

c insulin resistance and reducing apoB secretion.  

men with the metabolic syndrome, consistent with previous reports (placebo 0.98 ± 

s

 

1

 

Dietary and lifestyle modifications are recommended first-line strategies to reduce and 

manage dyslipidemia in the metabolic syndrome. Pharmacotherapies can also 

effectively reduce dyslipidemia with improvement in clinical outcomes. The present 

findings demonstrate that rosuvastatin regulates lipoprotein metabolism and improves 

dyslipidemia in the metabolic syndrome. 

 

Rosuvastatin dose-dependently decreased apoB-containing lipoprotein concentrations 

primarily via increased catabolism of VLDL, IDL and LDL-apoB. Higher dose 

rosuvastatin may also decrease LDL apoB production. The lack of effect of rosuvastatin 

on VLDL apoB secretion may be a function of persistent insulin resistance. A 

combination of weight reduction, fish oil, cholesterol absorption inhibitors or insulin 

sensitizers against the background of rosuvastatin may optimize treatment effects 

particularly in improving hepati

 

Rosuvastatin increased HDL cholesterol, LpA-I concentration and HDL particle size, 

consistent with previous studies. The effect was dose-dependent and may relate to 

decreased plasma TG level with remodeling of HDL particles and reduced LpA-I 

fractional catabolism. The findings explain the mechanisms for the favorable HDL 

raising effect of rosuvastatin in the metabolic syndrome with implications for CVD risk 

reduction. 

 

As discussed previously, apoB/apoA-I ratio is a marker for CVD risk, and elevated in 

the metabolic syndrome. ApoB/apoA-I ratio, therefore, is a potential target for lifestyle 

interventions and/or lipid-lowering therapies. Statins decrease apoB by 15-50% and 

may increase apoA-I by 5-15%, with the greatest effect with rosuvastatin (Durrington et 

al 2004, Jukema et al 2005, Wolffenbuttel et al 2005). The ASTEROID trial, a study 

with acute coronary syndromes subjects treated with rosuvastatin 40 mg daily also 

demonstrated that apoB/apoA-I ratio was significantly reduced (Nissen et al 2006). In 

the present study, rosuvastatin 10 and 40 mg significantly reduced apoB/apoA-I ratio in 
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0.02, rosuvastatin 10mg 0.58 ± 0.02, rosuvastatin 40mg 0.51 ± 0.03; p<0.001 compared 

with placebo). While the use of apoB/apoA-I is promising, more data from larger 

eatment clinical trials would establish if apoB/apoA-I is the most sensitive and specific 

stem of explanatory hypotheses and to make 

rogress in our knowledge. Each hypothesis should be consistent with those previously 

uding combined hyperlipidemia, familial hypercholesterolemia, type 2 

iabetes and chronic renal failure, as well as individuals of different ethnicity.  

tr

marker for CVD risk management and reduction. 

 

10.4 SYNTHESIS: PERSPECTIVES FOR FUTURE RESEARCH 

 

The growth of scientific knowledge as proposed by Popper (Shand 1993) proceeds by a 

progress of trial and error and new problems formed from a series of investigations. 

Scientific research aims at achieving a sy

p

confirmed. A new theory must fit with older theories if there is to be orderly progress in 

scientific enquiry (Copi 1986). Given that the conclusions of the present studies are only 

probable and not absolute, a compilation of suggestions for future research arising from 

the present findings is included. This, together with the study limitations discussed 

earlier shape the collection of proposals for future research. 

 

10.4.1 Study population 

 

In this thesis, only middle-aged Caucasian men were studied with the exception of the 

pooled analysis, in Chapter 6, that included men and postmenopausal women. Age, 

gender and ethnicity, as well as environmental and genetic factors are known to alter 

lipoprotein metabolism and their responses to intervention. Future studies could extend 

to young and elderly subjects, pre- and postmenopausal women, and different disease 

states incl

d

 

10.4.2 Lipid substrate availability 

 

Studies in this thesis focused on hepatic cholesterol availability in regulating apoB, 

apoA-I and apoA-II kinetics. Future studies should assess the contribution of intestinal 

cholesterol absorption on apolipoprotein secretion and catabolism. In addition, the role 

of TG in regulating apolipoprotein kinetics, as well as the hydrolysis and catabolism 

VLDL-TG should be examined via fatty acid and VLDL-TG turnover studies.  
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10.4.3 VLDL and LDL subspecies 

 

VLDL and LDL are heterogeneous and different subspecies of these lipoproteins may 

experience different metabolic fates. A better understanding of the role and kinetics of 

LDL and LDL subspecies may provide a clearer view on apoB metabolism in the 

tory effects of 

suvastatin on the metabolism of each subspecies. 

LpA-I and LpA-I:A-II 

sing immunoaffinity chromatography to obtain direct measures of apoA-I enrichment 

ay provide better estimates of the kinetics of apoA-I in LpA-

and LpA-I:A-II particles in the metabolic syndrome. 

0.4.5 Cholesterol efflux 

he antiatherogenic role of HDL is thought to be principally through its contributions to 

etabolic 

V

metabolic syndrome. Future studies should also assess the regula

ro

 

10.4.4 HDL subspecies 

 

Like VLDL and LDL, HDL is highly heterogeneous. In this thesis, HDL was separated 

based on its apolipoprotein content into two major subpopulations, LpA-I, particles that 

contain only apoA-I, and LpA-I:A-II, particles that contain both apoA-I and apoA-II. 

The enrichment of apoA-I in LpA-I and LpA-I:A-II was not measured directly, but 

estimated after simultaneously fitting a compartmental model to the apoA-I and apoA-II 

enrichment and LpA-I and LpA-I:A-II mass data. Isolation of 

u

in LpA-I and LpA-I:A-II m

I 

 

Preβ HDL plays an important role in cellular cholesterol uptake in reverse cholesterol 

transport (RCT). Future studies should examine preβ HDL kinetics in metabolic 

syndrome and lean populations, as well as before and after rosuvastatin treatment. This 

would reveal the metabolic relationship between preβ HDL and mature HDL, and its 

role in RCT. 

 

1

 

T

RCT, a process involving the shuttling of cholesterol from peripheral cells to the liver 

for excretion in bile. Hence, to have a broader view of lipoprotein metabolism, it is 

important to assess rates of cholesterol efflux from peripheral cells (e.g. macrophages), 

the formation and maturation of HDL species, and the activities of LCAT, CETP and 

PLTP. Studies to characterize the efflux activity of HDL particles in m
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syndrome and lean subjects, as well as effects of rosuvastatin on RCT parameters are 

arranted. 

n the development of CVD. A better 

nderstanding of the contributions and kinetics of these apolipoproteins would provide a 

in metabolism. Future studies should examine and compare the 

inetics of these apolipoproteins between the metabolic syndrome and lean populations, 

n in men with visceral obesity 

iches et al 1998, Watts et al 2000b, Chan et al 2004). Polymorphisms of apoA-I are 

ces in apolipoprotein kinetics observed between metabolic syndrome and 

an subjects, and potential variability in response to rosuvastatin treatment. Other 

phisms including apoA-II (Brousseau et al 2002), apoA-V 

ennacchio et al 2001), LPL (Goldberg and Merkel 2001), ABCA1 (Singaraja et al 

in the metabolic syndrome. Future studies to examine the effects of these treatments 

w

 

10.4.6 ApoC-III, apoA-IV, apoA-V and apoE 

 

As reviewed in Chapter 1, apoC-III, apoA-IV, apoA-V and apoE play important roles in 

lipoprotein metabolism, and hence, may impact upo

u

broader view of lipoprote

k

their associations with various plasma lipid and lipoproteins, and the potential effects of 

rosuvastatin treatment in modulating their metabolism.  

 

10.4.7 Genetic polymorphisms 

 

As discussed in Chapter 1, genetic polymorphisms impact on lipoprotein metabolism. 

Genetic polymorphisms including apoB signal peptide (SP24/27), apoE (E2, E3, E4), 

hepatic lipase (-514/T), CETP (Taq1Bm MTP (-493 G/T), ABCG8 (T400K) are 

reportedly key determinants of hepatic apoB secretio

(R

also associated with enhanced catabolism of apoA-I in LpA-I particles and of apoA-II 

(Tilly-Kiesi et al 1997b).  

 

Further investigations are required to determine whether such polymorphisms contribute 

to the differen

le

potential genetic polymor

(P

2003), LCAT (Zhang et al 2004), PLTP (Jiang et al 2005), adiponectin (Zacharova et al 

2005) and PPARα (Robitaille et al 2004) genes also merit future investigation.  

 

10.4.8 Other interventions 

 

Several promising treatment options were discussed in the management of dyslipidemia 
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either as a monotherapy or as combination therapy with rosuvastatin on lipoprotein 

metabolism are warranted. Some examples of these treatment modalities are discussed 

s follows. 

ietary and lifestyle modifications 

 respectively in viscerally obese 

en (Riches et al 1999). Exercise increased LpA-I concentration and HDL particle size 

ecreased VLDL apoB secretion and pool size, and 

creased VLDL-TG clearance (Alam et al 2004, Magkos et al 2006). The combination 

wer plasma total and LDL cholesterol concentrations by 

ducing cholesterol uptake at the intestinal brush border membrane. Clinical trials, 

ek plant 

terols-enriched foods (2g/day plant sterol ester) on lipoprotein metabolism in men with 

ppendix 5). We found that plant sterols did not have a 

ignificant effect on plasma concentrations of cholesterol, triglyceride, LDL cholesterol, 

a

 

D

 

Dietary restriction, weight reduction and increased physical activity have been shown to 

regulate apolipoprotein kinetics. A low fat diet reduced apoA-I concentration by 12%, 

due primarily to an 8% fall in apoA-I production (Velez-Carrasco et al 1999). By 

contrast, moderate alcohol intake increased apoA-I (21%) and apoA-II (19%) 

production (De Oliveira et al 2000). Weight reduction decreased VLDL apoB secretion 

and increased LDL apoB catabolism by 50% and 125%,

m

(Wilund et al 2002). It also d

in

of dietary and lifestyle modifications with rosuvastatin may have additive effect on 

lipoprotein kinetics, and hence further research is warranted, particularly in the 

metabolic syndrome.  

 

Plant sterols/ Fish oil supplementations 

 

Plant sterols or stanols lo

re

predominantly in hypercholesterolemic subjects, have demonstrated that 

supplementation with 2 to 3 g/day of plant sterol or stanol esters can reduce total and 

LDL cholesterol by up to 15% (Miettinen and Gylling 2004). Two studies, employing 

radioisotope methodologies, have reported that plant sterols supplementation reduced 

VLDL apoB production in hypercholesterolemic subjects with type 2 diabetes (Gylling 

et al 1994, 1996). These subjects did not have the typical dyslipidemia of the metabolic 

syndrome. In a randomized, crossover study, we examined the effect of four-we

s

the metabolic syndrome (A

s

HDL cholesterol, apoB, and apoA-I. There were also no significant changes in VLDL, 

IDL, LDL-apoB or HDL apoA-I kinetics. Persistent high rates of de novo cholesterol 
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synthesis in our subjects could have minimized any impact of plant sterols on 

cholesterol absorption and hence on lipoprotein metabolism. Future studies with a larger 

sample population, higher dose of plant sterols on the background of rosuvastatin and a 

ore direct estimate of cholesterol balance are warranted.  

ish oils have been reported to reduce VLDL apoB production in obese (Chan et al 

ined in part by intestinal absorption (Thompson et al 1996). 

zetimibe, a cholesterol absorption inhibitor has been shown to reduce LDL cholesterol 

terolemic subjects (Jeu and Cheng 2003). It 

lso significantly increases VLDL, IDL and LDL-apoB catabolic rates (Tremblay et al 

m

 

F

2002b), type 2 diabetic (Ouguerram et al 2006) and normolipidemic subjects (Bordin et 

al 1998). Fish oils also decreased apoA-I and apoA-II production and catabolic rates in 

insulin-resistant obese men (Chan et al 2006b). In the present study, rosuvastatin did not 

reduce VLDL apoB production although an effect, similar to that of fish oil was 

observed in HDL apoA-I and apoA-II. Future studies should examine the combination 

of fish oils and rosuvastatin in the metabolic syndrome. Such treatment may have 

additive effects on lipoprotein concentrations and metabolic rates. 

 

Cholesterol absorption inhibitors 

 

The availability of hepatic cholesterol, a regulator of plasma apoB synthesis and 

catabolism, is determ

E

by approximately 15-20% in hypercholes

a

2006). Combined treatment of rosuvastatin and ezetimibe reduces total and LDL 

cholesterol greater than either drug alone (Kosoglou et al 2004). Studies to elucidate the 

underlying mechanism for the additive effects on total and LDL cholesterol lowering 

are warranted. Individuals identified with high cholesterol absorption efficiency should 

also be targeted in future studies, as they may benefit more from combination therapy.  

 

Peroxisome proliferator-activated receptor (PPAR) agonists 

 

Fenofibrate, a PPARα agonist, increased VLDL, IDL and LDL-apoB catabolic rates 

and HDL apoA-I production rate in the metabolic syndrome (Watts et al 2003). These 

kinetic changes were associated with decreased plasma apoB, apoC-III and lathosterol 

concentrations, and increased plasma apoA-I and apoA-II concentrations (Watts et al 

2003). Combination therapy with rosuvastatin and fenofibrate reduced TG more than 
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rosuvastatin alone (Durrington et al 2004). A better understanding of the mechanisms 

responsible for this TG lowering effect is required. 

 

Rosiglitazone and pioglitazone are synthetic insulin sensitizer-PPARγ agonists currently 

dicated for the treatment of type 2 diabetes (Staels and Fruchart 2005). In addition to 

olipoprotein kinetics, 

lone or in combination with rosuvastatin also warrant future investigation. Moreover, 

cardiovascular mortality rates in a retrospective 

anadian study with 12,000 subjects (Johnson et al 2002), reduced diabetes-related 

 

hibiting hormone-sensitive triglyceride lipase (Tunaru 2003). Furthermore, niacin 

ashyap 2002). Niacin, 

owever, is poorly tolerated by patients primarily because of skin flushing. The flushing 

 

in

improving insulin sensitivity in muscle, liver and adipose tissue, they may benefit 

diabetic dyslipidemia. Pioglitazone has been shown to increase VLDL-TG FCR and 

LPL concentration, and inhibit apoC-III PR, resulting in reduced plasma VLDL-TG 

concentration (Nagashima et al 2005). Future studies should investigate the effects of 

these PPARs, alone or in combination with rosuvastatin on apolipoprotein kinetics in 

the metabolic syndrome.  

 

The effects of other insulin sensitizer, such as metformin, on ap

a

metformin reduced all-cause and 

C

endpoints in the UK Prospective Diabetes Study (UKPDS 1998), and decreased the 

incidence of diabetes by 31% in the Diabetes Prevention Program (Diabetes Prevention 

Program Research Group 2002).  

 

Niacin 

 

Nicotinic acid (or niacin) confers beneficial effects on all major lipid and lipoprotein 

fractions, particularly by increasing HDL cholesterol and reducing TG and Lp(a) 

concentrations. Niacin also inhibits hepatic diacylglycerol acyltransferase 2 (DGAT2), a 

key enzyme in the synthesis of TG (Ganji et al 2004) and adipose tissue lipolysis by

in

decreases apoB production and apoA-I catabolism (Moon and K

h

effect has been diminished by the introduction of slow-release niacin (niacin ER; 

Niaspan) and pre-medication with aspirin (Cefali et al 2006). Future studies should 

examine the effects of rosuvastatin and niacin on apolipoprotein kinetics in the 

metabolic syndrome. 
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Cholesteryl ester transfer protein (CETP) inhibitors  

 

CETP-mediated transfer of cholesteryl esters from HDL to apoB-containing particles in 

he ILLUMINATE trial, a large clinical trial with torcetrapib was recently discontinued 

sity pharmacotherapy is a potential adjunctive treatment to lifestyle 

odification. Orlistat, a gastric and pancreatic lipase inhibitor, reduces weight by 

tem includes two major receptors, cannabinoid -1 (CB1) and CB2 

ceptors. CB1 receptors are present in regions of the brain, gastrointestinal cells, 

dipose tissue and skeletal muscles and contribute to regulation of appetite and energy 

exchange for TG is accelerated in the metabolic syndrome (de Grooth et al 2004). High 

CETP activity and mass is associated with low levels of HDL cholesterol, and may, 

therefore represent a target for pharmacological interventions (Barter et al 2003b). 

Lipoprotein kinetic data suggest that torcetrapib, a novel CETP inhibitor, increases 

HDL cholesterol and apoA-I, via reduction in apoA-I FCR with no effect on apoA-I 

production (Brousseau et al 2005). By contrast, treatment with another CETP inhibitor, 

JTT-705 increased apoA-I synthesis in the rabbit (Shimoji et al 2004). 

 

T

due to increased CVD mortality rates. It is not apparent whether the increased CVD risk 

is specific to torcetrapib or the generation of large dysfunctional HDL particles (Tall et 

al 2007). Studies with other CETP inhibitors, such as the JTT-705 may clarify the 

consequences of CETP inhibition in the metabolic syndrome and may warrant 

investigation in combination with statins, including rosuvastatin. 

 

Anti-obesity treatments 

 

Anti-obe

m

approximately 3kg (Torgerson et al 2004) and decreases diabetes incidence in high risk 

individuals (Padwal et al 2003, Torgerson et al 2004). Sibutramine, a centrally acting 

monoamine-reuptake inhibitor (McNeely and Goa 1998), is associated with weight 

reduction of approximately 4 – 5kg, but has been associated with blood pressure 

increases and pulse rate (Wooltorton 2002). While both are promising agents, the lack 

of cardiovascular morbidity and mortality endpoints trials limits our understanding of 

their benefits. Future studies to access clinical outcomes, either alone or in combination 

with lipid-lowering therapies, such as rosuvastatin, are warranted.  

 

Rimonabant is the first of the endocannabinoid receptor antagonists. The 

endocannabionoid sys

re

a
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balance. In adipose tissue, CB1 receptor inhibition may contribute to decreased food 

take and exert direct metabolic effects including increased adiponectin secretion in

(Poirier et al 2005). Rimonabant, a CB1 receptor antagonist significantly reduced body 

weight and waist circumference (Kyrou et al 2006). In addition, rimonabant increased 

HDL cholesterol and reduced TG level, insulin, glucose and the HOMA score. 

Rimonabant may, therefore reduce the prevalence of the metabolic syndrome and 

associated CVD risk (Van Gaal et al 2005). Future studies should investigate the effects 

of CB1 receptor antagonists, such as rimonabant alone, independent of weight loss, or in 

combination with rosuvastatin on apolipoprotein kinetics, particularly HDL kinetics in 

the metabolic syndrome.  
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10.5 CONCLUSION 

 

The findings of the studies presented in this thesis support the notion that apolipoprotein 

kinetics are altered in the metabolic syndrome, characterized by overproduction of 

VLDL and LDL-apoB, delayed catabolism of VLDL, IDL and LDL-apoB and 

hypercatabolism of apoA-I, LpA-I, LpA-I:A-II and apoA-II. Lipid regulating therapies, 

in particular inhibition of cholesterol synthesis with rosuvastatin can improve these 

kinetic abnormalities. Rosuvastatin dose-dependently increase VLDL, IDL and LDL-

apoB fractional catabolism, and higher dose of rosuvastatin may reduce LDL apoB 

production. Rosuvastatin also increases HDL cholesterol concentration by reducing TG 

oncentration, with remodeling of HDL particles and decreasing LpA-I fractional 

atabolism. The results generate avenues for future research. These include examination 

f apolipoprotein kinetics in young and elderly subjects, in women, and other ethnic 

opulations; investigating the kinetics of VLDL, LDL and HDL subspecies; examining 

holesterol efflux to complement kinetic findings; investigating the kinetics of other 

polipoprotein such apoC-III and apoE; and addressing the impact of gene 

olymorphisms on lipoprotein metabolism. Finally, the results from the intervention 

tudy point to the use of adjunctive therapies to further manage and treat dyslipidemia in 

e metabolic syndrome. These treatment options include dietary and lifestyle 

odifications, plant sterols/fish oil supplementations, cholesterol absorption inhibitors, 

PAR-agonists, CETP inhibitors and anti-obesity treatments. 
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ABSTRACT 

Dietary plant sterols supplementation has been demon

plasma total and LDL cholesterol in hypercholesterolemic subjects. The cholesterol 

lowering action of plant sterols remains t

syndrome. In a randomized, crossover study of 2 x 4 week therapeutic periods with oral 

supplementation of plant sterols (2 g/day) or placebo, and two weeks placebo wash-out 

between

li

were measured using [D3]-leucine, gas chromatography-mass spectrometry and 

compartmental modeling. In men with the metabolic syndrom

not have a significant effect on plasma concentrations of total cholesterol, triglycerides, 

LDL cholesterol, HDL cholesterol, a

were no significant changes to VLDL-, IDL-, LDL-ap

cam

vs. 4.64 

of endogenous cholesterol synthesis. In conc

did not appreciably influence plasm

metabolic syndrome. Future studies with larger sample size, stratification to low and 

high cholesterol absorbers and cholesterol balance studies are warranted. 

Keywords: plant stero

metabolic syndrome 
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INTRODUCTION 

ors for cardiovascular disease 

esity, insulin resistance, hypertension and dyslipidemia 1. There 

 suggesting that dyslipidemia is a central mediator of this 

therogenic condition 2. The dyslipidemia associated with the metabolic syndrome is 

ecreased HDL cholesterol and high 

oncentrations of apolipoprotein (apo) B-containing lipoproteins, as well as increased 

nary heart disease morbidity and mortality 4. In the 

bsence of weight loss, dietary changes, which include reduction in fat intake and the 

addition of adjuncts such as plant ste o reduce cholesterol absorption, can 

tation in this 

The metabolic syndrome is a cluster of risk fact

that includes visceral ob

is extensive evidence

a

characterized by elevated plasma triglycerides, d

c

flux of non-esterified free fatty acids (NEFA) to the liver 3.  

National guidelines recommend weight loss as the first step in management of 

dyslipidemia and prevention of coro

a

rols or stanols t

be applied 5. Plant sterols and cholesterol although differing structurally retain sufficient 

similarity to compete for sites of sterol absorption in the intestines 6. The plant sterols 

compete with cholesterol for incorporation into intraluminal intestinal micelles, thus 

reducing cholesterol uptake by the brush border membrane 7.  

Clinical trials, predominantly in hypercholesterolemic subjects have supported 

the benefit of dietary supplementation with plant sterols 8,9. These studies demonstrated 

that the addition of 2 to 3 g/day of plant sterol esters and plant stanol esters 

(hydrogenated form of plant sterols esters) can reduce total cholesterol and LDL 

cholesterol by up to 15% 10. This could translate to a favorable 25% reduction in 

coronary artery disease 11. Furthermore, two studies employing radioisotopes in 

hypercholesterolemic patients with type 2 diabetes have shown that plant sterols 

(specifically sitostanol) can decrease LDL apoB production with no apparent change to 

LDL apoB catabolism 12,13.  

In this study, we sought to determine whether plant sterols are effective in 

lowering LDL cholesterol in subjects with the metabolic syndrome and its effect on 

lipoprotein metabolism, specifically VLDL-, intermediate-density lipoprotein- (IDL) 

and LDL-apoB and HDL apoA-I. On the basis that metabolic syndrome subjects have 

high absolute cholesterol absorption rates despite having low fractional cholesterol 

absorption rates, we hypothesized that dietary plant sterols supplemen

group would reduce LDL cholesterol concentration and apoB transport rate.  
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MATE ODS 

Subjec

ondary lipid disorders and 

consum

g/day plant sterols, in the 

ester fo

ence, a steady-state for cholesterol metabolism is probable 
14. Sub

rial blood 

ressure was recorded after three minutes in the supine position using a Dinamap1846 

X/P monitor (Critikon, Tampa, FL).  

RIALS AND METH

ts 

Nine Caucasian men with the metabolic syndrome were recruited through the 

distribution of flyers and newspaper advertisements. The selection criteria was as 

follows: age range of 45 – 70 years, BMI ≥ 30 kg/m2 or waist:hip ratio > 0.9, 

triglycerides > 1.7 mmol/L, HDL cholesterol <1.10 mmol/L and fasting glucose > 6.1 

mmol/L. Participants were assessed by on-site physicians and those with diabetes 

mellitus, history of cardiovascular disease, genetic or sec

ing lipid-modifying agents were excluded from the study. The study was 

approved by the Alfred Hospital Human Ethics Committee, and all subjects provided 

written consent. 

 

Study Design and Clinical Protocol 

The study was a randomized, single-blind, cross-over of 2 x 4 weeks therapeutic 

periods with non-plant sterol-enriched (placebo) or plant sterol-enriched foods within a 

breakfast cereal and margarine (Goodman Fielder Pty Ltd, 2 

rm) with two weeks wash-out between therapeutic periods. Subjects entered a 2-

week run-in diet-stabilizing and weight maintenance period prior to randomization. 

Subjects were instructed to consume a sachet of cereal and 1.5 tablespoons of margarine 

at breakfast. A further 1.5 tablespoons of margarine were consumed in a sandwich at 

lunch. In addition, two eggs (approximately 450 mg cholesterol) were consumed daily, 

one at breakfast and one at lunch throughout the study; this ensured a more steady 

consumption of cholesterol than would be possible with lower-cholesterol content foods 

in a free-living population. By increasing cholesterol intake, a plateau effect on LDL 

cholesterol is achieved and h

jects were advised against consuming self-purchased plant sterols-enriched 

products and to maintain current diet and physical activity for the duration of the study. 

At the end of each 4-week treatment period, lipoprotein turnover studies 

employing stable isotope methodologies were performed. All subjects were admitted to 

the metabolic ward in the morning following a 12-hour overnight fast. They were 

studied in a semi-recumbent position and allowed only water to drink for the next 10 

hours. Venous blood was collected for biochemical measurements. Arte

p

S
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A single bolus /kg) was administered 

sly into an antecubital vein via a Teflon cannula. The [D3]-leucine (in powder 

form) w

evening after the collection of the 10-hour blood sample. 

Blood samples were collected into EDTA tubes, kept on ice and spun at 312200 

mples collected were stored in -80°C prior to 

lipopro

 

precipi

 derived from isotopic ratios of each sample. 

injection of [D3]-leucine (4mg

intravenou

as supplied from Cambridge Isotope, MA, USA and prepared as sterile solution 

for injection by the Pharmacy at Royal Perth Hospital. Blood samples were collected at 

baseline and at 5, 20, 30 and 45 minutes and at 1, 2, 3, 4, 6, 8, 10 hours post-injection 

from the opposite arm. Subjects were then provided a meal and allowed home. 

Additional fasting blood samples were collected on the four mornings of the same week 

(24, 48, 72 and 96 hours). Subjects continued to consume eggs, cereal and margarine for 

breakfast and lunch during this period, with the exception of the 10-hour study day; on 

this day, the first and only intake of the foods (egg, cereal and margarine) were 

consumed in the 

g for 15 minutes at 4°C. Plasma sa

tein sub-fraction isolation. 

 

Diet Records 

Dietary intake was monitored using Victorian Anti-Cancer Foundation diet 

assessment books (food frequency) during each intervention period to determine 

compliance and assess nutrient intake. Compliance with margarine intervention was 

determined by measuring the weight of margarine consumed at the end of each 

therapeutic period. The number of cereal packets that were used was recorded. 

  

Isolation and measurement of isotopic enrichment of apoB and HDL apoA-I 

 ApoB The isolation of VLDL-, IDL- and LDL- apoB was performed as 

previously described 15. In brief, VLDL, IDL and LDL fractions were isolated from 2 

mL plasma by sequential ultracentrifugation (Optima XL-100K; Beckman Coulter, 

Fullerton, Australia) at densities of 1.006, 1.019 and 1.063 g/mL, respectively;

tated by isopropanol, delipidated, hydrolyzed and derivatized using the 

oxazolinone derivative. Plasma-free leucine was isolated by cation-exchange 

chromatography using AG 50 W-X8 resin (Biorad, Richmond, CA) following removal 

of plasma protein with 60% perchloric acid. The isotopic enrichment was determined 

using gas chromatography mass spectrometry (GCMS) with selected ion monitoring of 

samples at a mass-to-charge ratio (m/z) of 212 and 209 and negative ion chemical 

ionization. Tracer-to-tracee ratios were
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iglycerides concentrations were measured using a 

obas-Bio centrifugal analyzer (Roche Diagnostica, Basel, Switzerland) using 

 (Hoffman-La Roche Diagnostica, Basel, Switzerland) and standard 

control

d using 

ometry (Dade Behring BN2 Nephelometer). Plasma insulin was 

d on a 

ere 

derivatized by treatment with 150 µL of SyLON BTZ (Supelco) for 30 min at 80°C. The 

ApoA-I The HDL fraction was isolated from sequential ultracentrifugation of 

2 mL plasma adjusted to a density of 1.48 g/mL 16. ApoA-I was isolated using SDS-

PAGE, transferred onto a polyvinylidine fluoride membrane, excised from the 

membrane and hydrolyzed with 200 μL 6 M HCL at 110°C for 16 hours, dried down 

and derivatized as previously described. Enrichment of [D3]-leucine was measured as 

described above. 

 

Quantification of apoB 

 Plasma samples were combined and four pooled fractions of VLDL, IDL and 

LDL from each treatment period were isolated as described above. ApoB was isolated 

using isopropanol and quantified with the Lowry method 17.  

Serum lipids, lipoproteins and other analyses 

 Total cholesterol and tr

C

enzymatic kits

 sera. Plasma HDL cholesterol concentrations were measured after precipitation 

of apoB-containing lipoprotein by PEG 6000. The following modification of the 

Friedewald equation for molar concentrations was used to calculate LDL cholesterol (in 

mmol/L): LDL cholesterol = total cholesterol – (triglyceride/2.18) – HDL cholesterol. 

Total plasma apoB, apoA-I and apoA-II concentrations were determine

immunonephrel

measured by radioimmunoassay (DiaSorini, Saluggia, Italy) and glucose analyze

Hitachi 917 Biochemical Analyzer. Insulin resistance was estimated using the 

homeostasis model assessment (HOMA) score, which was defined as plasma glucose 

(mmol/L x plasma insulin (mU/L)/22.5 18. All other routine biochemistry and 

hematology was performed at an accredited pathology laboratory (CV < 10% for all 

analyses). 

 

Plasma Plant sterols and Lathosterol 

 Plasma plant sterols concentrations were measured according to the methods 

described by Wolthers et al 19. In brief, 400 µL of plasma sample was saponified with 

400 µL of 33% KOH at 60°C for 30 minutes, cooled, and extracted with hexane. The 

extract was evaporated to dryness with a stream of nitrogen, and the plant sterols w
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s atives of the plant sterols wereilyl deriv

 set at 275, 275, and 280°C, respectively. The capillary column used 

as a 60 m x 0.22 mm BPX5 (SGE Australia P/l). Plasma plant sterols concentrations 

standard curves using the ratio of the plant sterols peak area to 

e peak 

 extracted into hexane and concentrated with a 

stream of nitrogen to 50 µL, and a 1 µL aliquot was injected onto the GC column (split 

ratio of 1:10). The gas chromatograph consisted of a DANI 6500 instrument equipped 

with a split/splitless injector and a flame ionization detector coupled to a DELTA 

computerized chromatography data system. The injector, detector, and oven 

temperatures were

w

were calculated from the 

th area of the internal standard (5ß-cholestan-3 -ol). The pure internal standard 

and lathosterol, campesterol, and sitosterol reference samples were obtained from Sigma 

Chemical Co. (St. Louis, MO) (CV< 10% for all analyses). 

 

Kinetic Analyses 

 The fractional catabolic rate (FCR) of VLDL, IDL and LDL apoB and HDL 

apoA-I were estimated using multi-compartmental models (SAAM Institute, Seattle, 

WA) as described previously 20. The SAAM II program fits the model to the observed 

tracer data using a weighted-least-squares approach to estimate lipoprotein FCRs. 

Lipoprotein production rates (PR) (mg/kg/day) were then calculated as a formula of 

lipoprotein concentration (mg/L) * plasma volume (0.045 L/kg*body weight) * FCR 

(pools/day).  

 

Statistical Analyses 

Data are reported as mean ± SEM. Skewed variables were logarithmically 

transformed where appropriate. Comparisons between therapeutic phases were carried 

out using paired-sample t-test. Statistical significance was defined at p<0.05. All data 

were analyzed using SPSS software (SPSS 11.5, Chicago, USA). This study was 

designed to have an 80% power to detect a 15 – 20% change in plasma LDL cholesterol 

concentration and apoB transport rate between placebo and plant sterols treatment 

hases with an α-error of 5%. Any smaller effects would be missed. p

 

RESULTS 

Nine men with the metabolic syndrome recruited for this study completed the 

12-week trial. Dietary compliance assessed as percentage of supplements consumed was 

as follows: margarine, 91 and 98%; egg, 97 and 99%; and cereal, 96 and 98% for 
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placebo and plant sterols treatment respectively. There were no significant changes 

between the placebo and plant sterols treatment for total fat (101.5 ± 13.2 vs. 110.7 ± 

7.9 g/day, p= 0.394), saturated fat (38.8 ± 5.81 vs. 41.0 ± 3.29 g/day, p = 0.633), poly-

unsaturated fat (17.8 ± 2.27 vs. 20.7 ± 1.84 g/day, p = 0.225), mono-saturated fat (35.6 

± 4.95 vs. 39.2 ± 3.17 g/day, p = 0.392), protein (111.2 ± 11.4 vs. 123.0 ±  10.8 g/day, p 

= 0.370), carbohydrate (272.1 ± 31.7 vs. 266.9 ± 19.4 g/day, p = 0.852), fiber (29.2 ± 

3.4 vs. 30.7 ± 3.1 g/day, p= 0.647), cholesterol (459.1 ± 61.4 vs. 491.5 ± 66.6 mg/day, p 

= 0.390), or energy (10186 ± 1125 vs. 10633 ± 701 kJ/day, p = 0.647). 

Table 1 shows the clinical characteristics of the subjects at entry into the study. 

The mean age of the subjects was 60 ± 3 years. Subjects were overweight or obese with 

al adiposity, insulin resistant and dyslipidemic.  

ws the clinical characteristics of the subjects after treatment with 

ntrations following plant sterols treatment.  

Table 4 shows the results for plasma plant sterols and lathosterol (a marker of 

 after treatment with placebo or plant sterols. Plasma 

lathostero

or FCRs.   

DL- and 

LDL-apoB, and HDL apoA-I kinetic parameters 20.  

 

concentrations of total cholesterol, LDL cholesterol, triglycerides and HDL cholesterol 

centr

Table 2 sho

placebo or plant sterols. There were no significant changes in weight, BMI, waist:hip 

ratio, HOMA score or systolic and diastolic blood pressure associated with plant sterols 

treatment.  

Table 3 compares the plasma lipids, lipoproteins and apolipoproteins 

concentrations between placebo or plant sterols treatments. There were no significant 

changes to total cholesterol, triglycerides, LDL cholesterol, HDL cholesterol apoB, 

apoA-I or apoA-II conce

endogenous cholesterol synthesis)

l, desmosterol and stigmasterol were not statistically different between 

treatments. Campesterol and sitosterol (markers of sterol absorption) increased 

significantly by 70% and 44%, respectively, during plant sterols treatment.  

Table 5 shows the VLDL-, IDL- and LDL-apoB, and HDL apoA-I pool sizes 

and kinetic parameters during placebo and plant sterols treatment periods. There were 

no significant changes to VLDL-, IDL- and LDL-apoB of HDL apoA-I pool sizes, PRs 

 Figure 1 shows the compartmental model used to estimate VLDL-, I

DISCUSSION 

Our principal result was that dietary plant sterols supplementation did not 

appreciably alter apoB-100 and HDL apoA-I kinetics and as a consequence, the 
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remained unchanged. Our study extends a recent negative report from a larger study 

with hypercholesterolemic subjects 21 by measuring apolipoprotein kinetics and 

studying the metabolic syndrome.  

The cholesterol lowering effects of plant sterols were previously demonstrated in 

mild hypercholesterolemic subjects and type 2 diabetics with hypercholesterolemia 13,22. 

Studies in post-menopausal women also demonstrated beneficial effects of the addition 

of plant sterols to the daily diet 23. In those studies, plant sterols significantly reduced 

serum and LDL cholesterol. However, there are some studies that have reported the lack 

of efficacy of plant sterols. In 24

consumption of plant sterol esters enriched spread for one year did not lower total 

ild hypercholesterolemic subjects, 

which tested up to 9 g/day of plant sterols 

21

worth noting that even m

of several reports 

showing reduced responsiveness by subject

l absorption 

efficiency and high cholesterol synthesis 

able 4). This may contribute to an altered intestinal cholesterol pool and/or 

In this study, supplementing with plant sterols clearly increased the plasma 

campesterol concentration indicating that expos

was of similar m

a long term study, Brink and Hendriks  showed that 

cholesterol concentrations in men, although a significant reduction (5%) in LDL 

cholesterol was shown. Another study in normal to m

also, did not find significant total or LDL 

cholesterol lowering 25. A recent study reported that a single morning dose of standard 

and novel plant sterols preparations for four weeks did not improve lipid concentrations 

in 30 subjects with mild to moderate hypercholesterolemia . On the other hand, it is 

odest consumption of plant sterols naturally occurring in 

oilseeds (such as corn and wheatgerm) is inversely correlated with serum cholesterol 

levels 26,27.  

The present results need to be considered in the context 

s with insulin resistance, including the 

metabolic syndrome, to dietary cholesterol changes 28-30. Subjects who are insulin 

sensitive respond to changes in dietary cholesterol with greater movements in their LDL 

cholesterol concentration than in insulin resistant subjects regardless of their degree of 

obesity 31. In addition, insulin resistant subjects exhibited lower cholestero
29. When compared to a population of lean 

normolipidemic subjects previously studied, individuals in this study have significantly 

lower cholesterol absorption and higher rates of de novo cholesterol synthesis (refer to 

Footnotes, T

the absorption mechanisms of the intestinal mucosa 30,32 and the lack of response to 

plant sterols supplement observed in our subjects.  

ure of the intestine to the sterol esters 

agnitude as reported in other studies 33,34. On the other hand, 

cholesterol synthesis, as indicated by plasma lathosterol concentration, did not change 
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significantly. This is consistent with a lesser effect on cholesterol synthesis in the liver 

that may in turn explain the absence of changes in apoB-containing lipoprotein 

metabolism. Effects on lathosterol do not occur consistently with modest changes in 

cholest

ries with a circadian rhythm. Their finding suggests that endogenous 

cholest

theless, plasma campesterol and 

lathoste

erol absorption 35.  

Endogenous lipoprotein metabolism is in part, regulated by the delivery of 

cholesterol and triglycerides to the liver 36. Dietary cholesterol and triglycerides are 

present in mixed micelles and absorbed into the luminal wall, packaged into large 

chylomicron particles and stored in the liver as cholesterol esters or exported as 

lipoproteins into plasma. An important but unresolved question is whether the 

dyslipidemia observed in insulin resistant states, including the metabolic syndrome is 

primarily attributable to increased cholesterolgenesis or excess flux of NEFA to the 

liver. Subjects with the metabolic syndrome have increased concentration of NEFA that 

drive triglyceride synthesis and increases VLDL secretion 37. If NEFA is driving the 

overproduction of apoB, inhibition of cholesterol absorption by plant sterols alone may 

not be sufficient in addressing the dyslipidemia of the metabolic syndrome. This may in 

part, explain the lack of response of our subjects to plant sterols supplement.  

Diurnal periodicity in human cholesterol synthesis may influence the absorption 

of cholesterol from the intestine. Jones and Schoeller 38 proposed that in vivo cholesterol 

synthesis va

erol synthesis was higher during the morning, diminishes in the afternoon and 

rises again at night. If hepatic cholesterol production was relatively high (coinciding 

with low cholesterol absorption) during the period of plant sterols treatment then the 

effect of the plant sterols may have been minimized. This is, plant sterols further 

reduced cholesterol absorption from a pool that was already poorly absorbed.  

In this study, plant sterol supplement did not influence HDL metabolism. While 

dietary fat and cholesterol intake may up-regulate HDL apoA-I mRNA expression and 

synthesis 39, the degree of effect of plant sterols on cholesterol absorption was 

insufficient to influence HDL metabolism.   

We acknowledge the limitations in our study. Our analysis was based on 

biochemical markers of cholesterol absorption and synthesis and not definitive measures 

of cholesterol absorption and synthesis. None

rol quantification have been shown to be strongly correlated with direct 

measures of cholesterol absorption and synthesis, respectively 40. This study was 

powered to detect a 15 - 20% treatment effect on plasma LDL cholesterol concentration 

and apoB transport rate. Hence, with the present sample size, smaller effects of plant 
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sterols supplementation might have been missed. In the normal population, 

gastrointestinal absorption at low to moderate intakes of cholesterol varies between 25 – 

80%, implying genetic influence to the absorption pathways 41,42. Common sequence 

variations such as in the ABCG8 gene also influence the absorption of plant sterols in 

normal populations 43.  

In conclusion, there appears to be no significant effect of dietary 

supplementation with plant sterols (2 g/day) in plasma lipoprotein concentration and 

kinetics subjects with the metabolic syndrome. Persistent high rates of de novo 

cholesterol synthesis together with the compensatory decrease in fractional cholesterol 

absorption that occurs in obese individuals with the metabolic syndrome may explain 

the failure of attempting to reduce cholesterol absorption further. Future studies with 

larger sample sizes, stratification to low and high-cholesterol absorbers as well as more 

direct estimates of cholesterol balance across the intestines and liver are warranted to 

better the potential of plant sterols treatment to regulate cholesterol absorption.  
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Table 1: Clinical and biochemical characteristics of subjects studied 

S.D. 

 

Variable Mean Range 

Age (years) 60.11 8.51 50 - 70 

Weight (kg) 110.2 19.1 78- 136 

) 35.2 5.09 27 - 43 

atio 1.00 0.09 0.9 – 1.2 

ose (mmol/L) 5.66 0.49 5.2 – 6.8 

terol (mmol/L

BMI (kg/m2

Waist:Hip R

Fasting Gluc

Total Choles )  5.53 1.45 4.1 - 8.9 

Triglyceride (mmol/L) 2.27 0.75 1.2 – 3.6 

HDL cholest

LDL cholesterol (mmol/L) 3.51 1.26 2.5 – 6.7 

erol (mmol/L) 1.02 0.23 0.5 – 1.3 

 

ean ± S.D. 

 

 

Table 2: Clinical and biochemical characteristics of subjects with or without plant 

sterols supplementation 

 

Variable Placebo Plant Sterols p-value 

M

Weight (kg) 111.2 ± 7.74 110.6 ± 6.46 0.080 

BMI (kg/m2) 35.5 ± 1.54 35.3 ± 1.68 0.083 

Waist:Hip Ratio 0.996 ± 0.04 1.01 ± 0.03 0.257 

Fasting Glucose (mmol/L) 5.3 ± 0.12 5.4 ± 0.11 0.308 

Insulin (mmol/L) 20.3 ± 2.67 20.3 ± 4.78 0.762 

HOMA Score 4.8 ± 0.65 4.9 ± 1.25 0.713 

Systolic (mmHg) 

Diastolic (mmHg) 

127 ±5.39 

75 ± 2.96 

127 ± 5.32 

77 ± 3.10 

0.882 

0.238 

Heart Rate  70± 4.06 69 ± 4.87 0.613 

Pulse Pressure 53 ± 4.39 49 ± 4.63 0.271 

 

Mean ± S.E.M. 
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Table 3: Effects of plant sterols supplementation on plasma lipids, lipoproteins and 

polipoproteins concentrations 

ean ± S.E.M.  

 

 

bo lant Sterols p-value 

a

 

Variable Place P

Total cholesterol (mmol/L)  0.46 27 ± 0.48 5.42 ± 5. 0.313 

Triglyceride (mmol/L) 1.83 ± 0.22 1.93 ± 0.24 0.588 

± 0.42 20 ± 0.44 

± 0.06 19 ± 0.11 

± 0.12  09 ± 0.12 

± 0.06 38 ± 0.07 

poA-II mass (g/L) 0.32 ± 0.02 0.33 ± 0.02 0.363 

LDL cholesterol (mmol/L) 3.42 3. 0.286 

HDL cholesterol (mmol/L) 1.16 1. 0.563 

Total apoB mass (g/L) 1.21 1. 0.163 

ApoA-I mass (g/L) 1.34 1. 0.405 

 

M

 

 

 

A
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Table 4: Effects of plant sterols supplementation on lathosterol and plasma plant 

sterols concentrations 

 

Variable Pl e acebo Plant Sterols p-valu

Lathosterol (μg/ml) 4.  08 ± 0.30 4.16 ± 0.32 0.818

Desmosterol (μg/ml) 1.  

Stigmatosterol (μg/ml) 0.41 ± 0.11 0.44 ± 0.13 0.608 

2.  

1.  

17 ± 0.14 1.40 ± 0.27 0.459

Campesterol (μg/ml) 58 ± 1.18 4.66 ± 0.66 0.001

Sitosterol (μg/ml) 83 ± 0.23 2.64 ± 0.42 0.008

 

Mean ± S.E.M.  

e also compared plasma lathosterol, campesterol and sitosterol concentrations 

etween our study population (not on plant sterols treatment) with a group of healthy 

ormolipidemic lean men of comparable age to examine whether our subjects had 

latively higher de novo cholesterol synthesis and/or lower cholesterol absorption. 

ompared to the lean individuals, our subjects had a significantly higher concentration 

f plasma lathosterol (2.87 ± 0.3 vs. 4.07 ± 0.3 μg/ml, p < 0.05) and significantly lower 

ampesterol and sitosterol concentrations (3.79  ± 0.4 vs. 2.58 ± 0.4 μg/ml and 3.82 ± 

.4 vs. 1.84 ± 0.3 μg/ml, respectively, p<0.05). Lathosterol to campesterol and 

thosterol to sitosterol ratios were both significantly lower in the lean individuals 

ompared to our study subjects (1.75 ± 0.2 vs. 0.87  ± 0.1 and 2.38 ± 0.2 vs. 0.87 ± 0.1, 

spectively, p<0.001). 

Footnote: 

W

b

n

re
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c
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Table 5: The effects of plant sterols supplementation on VLDL, IDL and LDL 

apoB and HDL apoA-I pool size, production rate (PR) and fractional catabolic rate 

CR)  

ean ± S.E.M. 

 

 

Parameters Placebo Plant Sterols p-value 

(F

Pool size (mg)    

VLDL apoB 332 ± 30 

 

63 

31 

ractional Catabolic Rate (pools/day)    

4.29 ± 0.59 3.52 ± 0.32 0.122 

6.06 ± 0.68 6.94 ± 0.52 0.268 

6 

9 

3 

9 

 

384 ± 55 0.155 
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LDL apoB 8.13 ± 0.57 7.09 ± 0.65 0.163

HDL apoA-I 18.2 ± 1.01 20.2 ± 1.73 0.246 
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Figure 1: Compartmental model describing apoB and HDL apoA-I tracer kinetics 

 

Footnote: Leucine tracer is injected into plasma, represented by compartment 2. 
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