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ABSTRACT
Hypertriglyceridaemia,

due

to

increased

plasma

concentrations

of

hepatic

apolipoprotein (apo) B-100 and intestinal apoB-48, is the most consistent lipid disorder
in visceral obesity and is a risk factor for cardiovascular disease.

The precise

mechanisms whereby obesity results in hypertriglyceridaemia have not been fully
established, but may involve alterations in the kinetics of triglyceride-rich chylomicrons
and very-low-density lipoproteins (VLDL).

This thesis tests the principal hypothesis that obese individuals have impaired
triglyceride-rich lipoprotein (TRL) metabolism, and that supplementation with ω-3
fatty-acid ethyl esters (ω-3 FAEE) will improve TRL metabolism, and by implication
lower cardiovascular risk. The aims of this thesis were to test the subhypotheses and
observational statements derived from the principal hypothesis. These were tested in
four corresponding studies. The inferences made in this thesis were based on both
deductive and inductive reasoning.

VLDL-triglyceride and apoB-48 kinetics were measured after a bolus injection of d5glycerol and d3-leucine, respectively. Isotopic enrichments of VLDL-triglyceride and
apoB-48 were determined using gas chromatography mass spectrometry (GCMS) and
kinetic parameters were derived using multi-compartmental models (Simulation,
Analysis, and Modelling Software II, or SAAMII).

The studies employed to test the general hypothesis were based on two controlled
clinical trials to examine the effect of ω-3 FAEE on VLDL-triglyceride and
chylomicron (CM) apoB-48 in obese subjects with dyslipidaemia.

The findings

(Studies 14) are presented separately as a series of original publications.
Study 1 investigated the effect of ω-3 FAEE on the kinetics of VLDL-triglyceride in 22
obese men (body mass index 33 ± 4 kg/m2, waist circumference 112 ± 8 cm).
Compared with non-obese subjects, VLDL-triglyceride concentrations and production
rates were significantly higher (VLDL-triglyceride 1.05 ± 0.44 vs. 0.56 ± 0.12 mmol/L,
secretion rate (SR) 357 ± 170 vs. 200 ± 70 mg/kg/day, P < 0.05 in both). Compared
with placebo, ω-3 FAEE supplementation significantly lowered plasma concentrations
of VLDL-triglyceride (32%, P < 0.05) and hepatic secretion of VLDL-triglyceride
(32%, P < 0.05). The fractional catabolic rate (FCR) of VLDL-triglyceride was not
Abstract | i

altered by ω-3 FAEE. In Study 2, the kinetics of CM apoB-48 were examined in seven
obese men (BMI 32 ± 4 kg/m2, waist circumference 109 ± 8 cm). Compared with lean
men, obese men had significantly higher fasting plasma triglyceride (+148%) and apoB48 (+110%) concentrations, as well as plasma total and incremental area under the
curves (AUCs) (010 h) of triglycerides (+184% and +185%, respectively) and apoB48 (+182% and 224%, respectively) in response to the fat load (P < 0.05, for all). The
obese men also had significantly higher SR of apoB-48 in the fasted (+145%) and
postprandial states (+60% to +80%) (P < 0.05, for all).

These elevated SR was

associated with a greater number of apoB-48-containing particles secreted over the 10 h
study period in the obese men (+125%, P < 0.01).

The FCR of apoB-48 was

significantly lower in the obese men compared with the lean men (33%, P < 0.05).
This is consistent with the hypothesis that postprandial TRL metabolism is abnormal in
obesity. Study 3 explored the effect of ω-3 FAEE supplementation on apoB-48 kinetics
in obese subjects on a weight loss diet. Compared with weight loss alone, ω-3 FAEE
plus weight loss significantly decreased fasting triglyceride (11%), apoB-48 (36%)
concentrations, postprandial triglyceride (21%) and apoB-48 (22%) total AUCs, as
well as triglyceride incremental AUC (32%) (all P < 0.05).

ω-3 FAEE

supplementation also significantly decreased apoB-48 secretion at 0 h (35%), 8 h
(–24%) and 10 h (–32%) (all P < 0.05), without significant effect on the postprandial
peak period (36h). The FCR of apoB-48 increased with both interventions, with no
significant additional effect from ω-3 FAEE supplementation. Study 4 examined the
effect of ω-3 FAEE supplementation on vascular function in the same 25 obese subjects
from Study 3.

Compared with weight loss alone, ω-3 FAEE plus weight loss

significantly decreased systolic blood pressure (5%) and heart rate (5%) and
increased large (+22%) and small (+27%) artery elasticity (all P < 0.05). The data
showed that ω-3 FAEE supplementation improved large and small arterial elasticity
independent of weight loss in obese subjects.

The aforementioned studies show that fasting and postprandial hypertriglyceridaemia in
obesity is due to a combination of oversecretion of TRL and catabolic defects in CM
lipoprotein particle metabolism. Pharmacotherapy with ω-3 FAEE supplementation not
only improved TRL metabolism, but also improved vascular function in obese
individuals on a weight loss diet. These findings are consistent with the principal
hypothesis that the in vivo metabolism of TRL is impaired in obesity and these
abnormalities are improved by ω-3 FAEE supplementation.
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1.1.

Obesity overview

Obesity is a multi-factorial disorder, which is often associated with diabetes,
dyslipidaemia, hypertension, osteoarthritis and certain cancers (Hodge & Zimmet,
1994). By definition, obesity is the accumulation of body fat primarily due to the
imbalance of energy intake and energy expenditure (WHO Expert Committee, 2000).

1.1.1.

Measurements of obesity

There are various ways to measure different aspects of obesity.

Conventional

measurements of body fat include body mass index (BMI), waist circumference and
waist-to-hip ratio (WHR). These measures are simple to interpret and convenient for
clinical diagnosis.

1.1.1.1.

Body mass index

BMI is a measurement of an individual’s height and weight. It is defined as body
weight (kilograms) divided by height (metres) squared (Garrow & Webster, 1985). The
BMI is a useful population measure of obesity and correlates well with body fatness
(Gray et al., 1991). However, BMI does not distinguish between weight contributed by
muscle mass and fat.

Hence, categorisation of obesity using BMI may vary for

individuals and populations (Norgan, 1994). In Australia, adult BMI categories are
defined as shown in Table 1.1.

Table 1.1 Australian classification of BMI in adults
Classification

BMI (kg/m2)

Underweight

< 18.5

Healthy weight

≥ 18.6 and < 25

Overweight

≥ 25 and < 30

Obese

≥ 30

Australian Institute of Health and Welfare 2008 report

1.1.1.2.

Waist circumference

Waist circumference is measured at the halfway point between the lower costal margin
and the iliac crest. It measures the absolute amount of abdominal fat, including visceral
fat and subcutaneous fat. Waist circumference is a simple and convenient method to
measure visceral fat accumulation, as they are correlated (Janssen et al., 2002a; Janssen
et al., 2002b). The Australian guideline recommends that the adult waist circumference
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be less than 94 cm for men and less than 80 cm for women (Australian Institute of
Health and Welfare, 2008), similar to the recommendations for people with a European,
Mediterranean or sub-Saharan African background (Alberti et al., 2009; Perk et al.,
2012).

Those of an Asian background are recommended to maintain their waist

circumference to less than 85 cm for men and 80 cm for women (Alberti et al., 2009).
Other guidelines from America and Canada have recommended that waist
circumferences for males be less than 102 cm and females less than 88 cm (National
Institutes of Health, 2000; Health Canada, 2003).

1.1.1.3.

Waist-to-hip ratio

The WHR is calculated as the ratio of waist and hip measurements. It is a measure for
the relative accumulation of abdominal fat. However, the measurements of waist and
hip circumference are affected by small variations in the measurement site (Alexander
& Dugdale, 1990). The Australian WHR cut-off values indicating increased health risk
are 0.9 for men and 0.8 for women (Australian Bureau of Statistics, 1995), which are in
agreement with Canadian recommendations and suggested Asian cut-offs (Lear et al.,
2009).

1.1.1.4.

Other measures

Other methods of measuring body fat include bioelectrical impedance, under-water
weight and dual-energy x-ray absorptiometry (Deurenberg & Yap, 1999). To measure
body fat distribution in each body compartment, magnetic resonance imaging (MRI)
can be employed (Seidell et al., 1996).

However, this technique is costly and

impracticalities limit the usefulness of each of these techniques in research.

1.1.2.

Prevalence of obesity

The prevalence of obesity is increasing globally. In the United States of America, the
latest 20112012 data on the prevalence of obesity indicate that 35% of adult men and
women are obese (Ogden et al., 2013). This has increased from 20072008, when 32%
of men and 36% of women were obese (Flegal et al., 2010), and in 19992000, the
prevalence of obesity was 28% and 33%, respectively (Ogden et al., 2006). In 2002,
23% of adult men and 25% of women were obese in the UK (Rennie & Jebb, 2005).
The prevalence of obesity in Australia has increased from 19% in 1995 to 28% in
20112012 (Australian Bureau of Statistics, 2013). In 20042005, 19% of Australian
males and 17% of females were obese (Australian Institute of Health and Welfare,
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2008).

Compared to the European population, South East Asians have a higher

prevalence of cardiovascular disease (CVD) related risk factors (McKeigue et al., 1991;
Misra & Shrivastava, 2013). According to the MONICA project, there is a lack of good
quality, nationally representative data for South-East Asia. The prevalence of obesity
for women aged 1549 was estimated at 0.1% in South Asia (Martorell et al., 2000).

1.1.3.

Health complications of obesity

Obesity is associated with numerous health conditions including CVD (Keys, 1980;
Hubert et al., 1983; Donahue et al., 1987; Tuomilehto et al., 1987; Ducimetiere &
Richard, 1989; Manson et al., 1990; Fitzgerald & Jarrett, 1992), dyslipidaemia (Després
et al., 1990), hypertension (Stamler et al., 1980; Stamler, 1991), type 2 diabetes mellitus
(T2DM) (Rader, 2007), poor vascular health (Cai & Harrison, 2000), some cancers (Le
Marchand et al., 1992; Schapira et al., 1994; Wolk et al., 1996), muscle-skeletal strains
and osteoarthritis (Anderson & Felson, 1988). Figure 1.1 summarises the metabolic
abnormalities and clinical implications associated with obesity.

The increased

prevalence of obesity is reflected by the increase in the cost of its management. In
Australia, the estimated direct cost of overweight and obesity increased from $395
million in 1989 (Segal et al., 1994) to $21 billion in 2005 (Colagiuri et al., 2010).
Similarly, in the USA, the direct cost of obesity-associated disease was about USD$45.8
billion in 1990 (Wolf & Colditz, 1994) and by 1995 it had risen to USD$52.6 billion
(Wolf & Colditz, 1998).

Obesity
•
•
•
•
•
•
•
•
•

Hypertriglyceridaemia
Low HDL-cholesterol
Elevated apolipoprotein B
Small, dense LDL particles
Insulin resistance
Hyperinsulinaemia
Glucose intolerance
Vascular dysfunction
Proinflammatory status

•
•
•
•

Cardiovascular diseases
Diabetes mellitus
Hypertension
Non-alcoholic fatty liver
disease

Figure 1.1 Obesity, metabolic abnormalities and clinical implications
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1.1.3.1.

Cardiovascular disease

Obesity is associated with CVD (Keys, 1980; Hubert et al., 1983; Donahue et al., 1987;
Tuomilehto et al., 1987; Ducimetiere & Richard, 1989; Manson et al., 1990; Fitzgerald
& Jarrett, 1992; Balkau et al., 2007). The relationship between obesity and CVD
morbidity and mortality is complex as obesity is linked to multiple cardiovascular risk
factors such as hypertension, dyslipidaemia, impaired glucose intolerance and insulin
resistance (DeFronzo & Ferrannini, 1991; Després et al., 1996; Steinberger & Daniels,
2003; Yusuf et al., 2004; Rader, 2007). Cohort studies, such as the Framingham Heart
Study also show that obesity is an independent risk factor and an important long-term
predictor of CVD (Hubert et al., 1983).

1.1.3.2.

Dyslipidaemia

Obesity is often associated with atherogenic dyslipidaemia which is characterised by an
elevation of plasma triglycerides, a decrease in high-density lipoprotein (HDL)cholesterol and an accumulation of small dense low-density lipoprotein (LDL) particles
(Campbell et al., 2007). BMI has been shown to have a strong positive association with
elevated fasting plasma triglyceride, apolipoprotein (apo) B and chylomicron remnants
(CMR), and associated with HDL-cholesterol (Després et al., 1989; Leenen et al., 1992;
Pouliot et al., 1992; Zamboni et al., 1994). Cross-sectional data showed that the
dyslipidaemic profile is particularly associated with abdominal adiposity (Freedman et
al., 1990) and that “hypertriglyceridaemic waist” (fasting triglycerides ≥1.8 mmol/L and
waist circumference >95 cm) is a CVD risk factor (Lemieux et al., 2000; Blackburn et
al., 2003; Solati et al., 2004). The role of hypertriglyceridaemia and postprandial
dyslipidaemia in the development of atherosclerosis is further discussed in Section 1.3.

1.1.3.3.

Insulin resistance and diabetes mellitus

Obesity leads to insulin resistance, which is characterised by an elevation of circulating
insulin (Elahi et al., 1982) and an impaired ability to oxidise and store glucose (Olefsky
et al., 1982; Reaven, 1988). The mechanisms involved are not fully understood, but
potentially due to the down regulation of glucose transporters and the increase in nonesterified fatty acids observed in obesity and T2DM (Reaven, 1988; Boden, 1997). In
diabetes mellitus, hyperglycaemia is a result of the impaired clearance of circulating
glucose and the increase in hepatic secretion of glucose due to insulin resistance (Kahn
& Flier, 2000; Kahn et al., 2006).
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Obesity is a strong predictor of T2DM (Wannamethee & Shaper, 1999; Hu et al., 2001).
Cross-sectional data from The Behavioural Risk Factor Surveillance System of USA
(Mokdad et al., 2001) shows an increase in the prevalence of obesity and diabetes in the
USA, comparing data from 1991 to 2000. The Nurse’s Health Study cohort found that
those who were obese with a BMI of 30 kg/m2 and 35 kg/m2 had a relative risk of
developing T2DM of 20.1 and 38.8, respectively, when compared to the low risk group
(BMI < 25 kg/m2) (Hu et al., 2001).

1.1.3.4.

Hypertension

Obesity is positively associated with hypertension (Gillum, 1987; Folsom et al., 1990).
The National Health and Nutrition Examination Survey III data showed that individuals
with a BMI greater than 30 kg/m2 had a systolic blood pressure that was raised by 10
mmHg compared to those with a BMI less than 25 kg/m2 (Brown et al., 2000).
Community-wide surveys in the USA show that the prevalence of hypertension among
overweight adults was 2.9 times higher than that for non-overweight adults (Van Itallie,
1985). The reason for the association between increased body weight and elevated
blood pressure is still not fully understood; however, it may be related to the elevated
circulating levels of insulin and rennin and increased sympathetic activity (Hall et al.,
1999).

1.1.3.5.

Vascular dysfunction

Obesity is associated with endothelial dysfunction and arterial stiffness (Caballero, 2003;
Wildman et al., 2003). Higher WHR is strongly correlated with increased arterial
stiffness and a blunted endothelium-dependent effect (Steinberg et al., 1996; SuttonTyrrell et al., 2001; Wildman et al., 2003). Both endothelial dysfunction and arterial
stiffness are early signs of atherosclerosis and independent predictors of CVD
(McKeigue et al., 1991; Woodman et al., 2005). The effect of obesity on vascular
dysfunction is further discussed in Section 1.4.

1.1.3.6.

Non-alcoholic fatty liver disease

Non-alcoholic fatty liver disease (NAFLD) is the accumulation of fat in more than 5%
of hepatocytes and is not caused by excessive alcohol intake or other secondary causes.
NAFLD includes steatosis, steatohepatitis, fibrosis and cirrhosis (Brunt et al., 1999).
The prevalence of NAFLD in Western developed countries is 30% (Browning et al.,
2004) and found in 75% of the obese population. NAFLD is strongly associated with
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obesity and other CVD risk factors such as T2DM, insulin resistance, dyslipidaemia,
inflammation and impaired glucose tolerance (Marceau et al., 1999; Hamaguchi et al.,
2005; Kotronen et al., 2007; Santos et al., 2007; Targher, 2007; Targher et al., 2007;
Ndumele et al., 2011; Santos & Agewall, 2012). The management of NAFLD involves
treating liver disease as well as the associated metabolic comorbidities such as obesity,
hyperlipidaemia, insulin resistance and T2DM (Smith & Adams 2011). Weight loss
through diet and exercise has shown to be effective in improving NAFLD (Ueno et al.,
1997). As discussed in Appendix 1, liver fat is an independent predictor of very lowdensity lipoprotein (VLDL)-apoB-100 secretion in subjects with obesity. The reduction
in liver fat with moderate weight loss is associated with a reduced VLDL-apoB-100
secretion and plasma concentration.

1.1.3.7.

Inflammation

Obesity is consistently associated with chronic low-grade inflammation characterised by
abnormal cytokine production and activation of inflammatory signalling pathways
(Wellen & Hotamisligil, 2005). Adiponectin, C-reactive protein (CRP), interleukin 6
(IL-6) and tumour necrosis factor-α (TNF-α) are markers of inflammation and
predictors of CVD (Cesari et al., 2003). Adiponectin promotes fatty acid oxidation and
accelerates the catabolism of triglyceride-rich lipoprotein (TRL) (Stefan & Stumvoll,
2002; Yamauchi et al., 2002). Studies reported that decreased levels of adiponectin are
associated with obesity and insulin-resistance (Arita et al., 1999; Weyer et al., 2001).
CRP is produced by the liver and is secreted in response to acute inflammation and is
elevated with increasing adiposity (Koenig et al., 1999; Visser et al., 1999). Population
based trials have reported a strong association between CRP and body fat,
dyslipidaemia and insulin sensitivity (Festa et al., 2000; Fröhlich et al., 2000).
Furthermore, elevated CRP may be associated with other inflammatory markers such as
IL-6 and TNF-α, both of which have been reported to be associated with obesity (Kern
et al., 2001; Genco et al., 2005).

1.1.3.8.

Other complications

Osteoarthritis and obstructive sleep apnoea are among other medical complications that
obese individuals are at high risk of (Carman et al., 1994; Must et al., 1999). Weight
gain is strongly associated with gall bladder disease (Maclure et al., 1989) caused by
hypersecretion of cholesterol saturated bile (Bennion & Grundy, 1975). Obesity is also
associated with certain types of cancer, such as breast, endometrium, colon, kidney,
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pancreatic and oesophagus (Bianchini et al., 2002; Calle & Thun, 2004). Osteoarthritis
of the knee is associated with obesity (Anderson & Felson, 1988), potentially due to
mechanical stress related to the increased load carried by the obese. Depression is a
common psychological issue faced by obese individuals (Roberts et al., 2003), which
may be due to social pressure, poor self-esteem and unsuccessful weight loss (Ross,
1994).

1.1.4.

Management of obesity

1.1.4.1.

Lifestyle interventions

Lifestyle modifications are the first line of obesity management as they are inexpensive,
safe and have limited side effects. Lifestyle interventions, including dietary, exercise
and behavioural management used in combination to achieve a healthy lifestyle are
strongly recommended for obesity management in adults (National Health and Medical
Research Council, 2013). Obese individuals are recommended to lose weight, aiming
for a daily energy deficit through energy intake restriction and an increase in physical
activity through behavioural changes. Commonly, low-fat diets are recommended, as
fat has a high energy density compared to carbohydrate and protein.

However,

compared to low calorie diets, low-fat diets do not provide additional weight loss in
either the short term or long term (Jeffery et al., 1995; Harvey-Berino, 1998; Pirozzo et
al., 2003). This suggests that the level of energy intake is the main contributor to
weight loss and that the change in macronutrient composition is a method of restricting
energy intake (Jakicic et al., 2001). Other methods of restricting energy intake include
portion control and meal replacements. Increasing physical activity has a modest effect
on weight loss and is enhanced when combined with dietary intervention (Gwinup,
1975; Wing, 1999).

1.1.4.2.

Pharmacotherapy

Individuals who are unable to lose weight with lifestyle interventions may require
pharmacological treatment to promote weight loss.
fenfluramine

and

dexfenfluramine

have

also

Appetite suppressant such as
been

used

for

weight

loss.

Dexfenfluramine does not alter subcutaneous adipose tissue mass but significantly
reduces visceral adipose tissue and improves plasma lipids and blood pressure.
However, both fenfluramine and dexfenfluramine were withdrawn from the worldwide
market in 1997 due to potential adverse effects on valvular heart disease. Recent weight
loss drugs include rimonabant, sibutramine and orlistat. However, rimonabant has been
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withdrawn from the market due to its association with adverse psychiatric events (Sam
et al., 2011) and sibutramine has also been withdrawn from the European and
Australian market due to increased cardiovascular risk. Orlistat reduces the absorption
of dietary fat by 30% through the inhibition of pancreatic lipase. The US Food & Drug
Administration approved two antiobesity drugs in 2012, topiramate/phentermine and
lorcaserin. In Phase III trials, a 56-week low dose of topiramate/phentermine was
shown to effectively reduce body weight by 8.110.2 kg in overweight or obese adults
(Gadde et al., 2011) with significant improvements in blood pressure, fasting glucose
level and lipid profile. Lorcaserin was shown to reduce mean body weight by 5.8 kg in
a 1-year trial (Fidler et al., 2011). New antiobesity drugs under development include
appetite control drugs (bupropioin/naltrexone and bupropioin /zonisamide) and drugs
that reduce gastric motility (liraglutide and exenatide).

1.1.4.3.

Surgery

Bariatric surgery is the most effective method of achieving weight loss. There are
various bariatric procedures, including gastric bypass, gastric banding and sleeve
gastrectomy. It is cost effective and improves hypertension, hypertriglyceridaemia and
insulin resistance when all other medical and lifestyle approaches have failed in
morbidly obese individuals (Buchwald et al., 2004; Sjöström et al., 2004; Buchwald,
2005; Picot et al., 2009). As discussed in Appendix 2, weight loss by laproscopic
sleeve gastrectomy markedly improves lipid profile, glycaemic control, CRP and
chronic inflammation. However, depending on the procedure performed, there is a risk
of developing complications.

These complications include dumping syndrome,

vomiting and dehydration, and potential long-term complications are bone
demineralisation and nutrient deficiencies (vitamin B12, iron, calcium and vitamin D
being the most common) due to reduced dietary intake or malabsorption. Individuals are
required to change eating behaviours to avoid weight gain and other medical
complications (Buchwald, 2005; Fujioka, 2005; Malinowski, 2006).
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1.2.

Lipoprotein Metabolism

1.2.1.

Lipids

Lipids are a heterogeneous group of compounds that are readily dissolved in organic
non-polar solvents and are poorly soluble in polar solvents such as water. Figure 1.2
shows the general structure of a lipoprotein particle, with a hydrophobic core
surrounded by a hydrophilic outer shell. Lipids appear in biological systems in the
forms of cholesterol, cholesterol esters, triglycerides, fatty acids, phospholipids and
glycolipids.

Lipids play diverse and important roles in human physiology, such as in energy storage
and production, cell membrane integrity, absorption of fat-soluble vitamins and cell
signalling. More specifically, cholesterol plays a role in cell membranes and is a
precursor of steroid hormones and bile acids. Triglycerides and fatty acids are essential
for energy production and storage substrates.

1.2.2.

Classification and definitions of lipoprotein

Lipoproteins are transporters for triglycerides and cholesterol in plasma.

All

lipoproteins have a similar structure consisting of a lipid core containing mainly
cholesterol esters and triglycerides.

The core is surrounded by a single layer of

amphipathic phospholipids, free cholesterol and apolipoproteins. There are five main
classes of lipoproteins, which are categorised according to their density upon
ultracentrifugation, electrophoretic mobility and size. According to increasing density,
the five classes are CM, VLDL, intermediate-density lipoprotein (IDL), LDL, HDL and
lipoprotein (a) (Lp(a)). The properties and composition of the human lipoproteins are
shown in Table 1.2.
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Hydrophobic Core
(Cholesterol esters and
triglyceride)

Figure 1.2 Schematic diagram of a typical lipoprotein structure

= phospholipid

= apolipoprotein

= unesterified cholesterol
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Table 1.2 Properties and characteristics of human lipoproteins
Lipoprotein

CM

VLDL

IDL

LDL

HDL

Lipoprotein (a)

<0.95

0.951.006

1.0061.019

1.0191.063

1.0631.210

1.0401.130

1001000

3080

2535

1825

512

0.1

Origin

Pre-β

Broad-β

β

α

Pre-β

Cholesterol

3

22

2250

50

20

48

Triglyceride

90

55

555

5

5

9

Phospholipid

6

15

1525

25

25

21

Protein

1

8

820

20

50

22

B-100, C-I, C-II,

B-100, C-III, E

B-100

A-I, A-II

(a), B-100

Density (kg/L)
Particle diameter (nm)
Electrophoretic mobility

Average composition (%)

Apolipoprotein content

B-48, A-I,
IV, C-I,

AC-II,

C-III, E

C-III
Modified from Thompson 1994; John Hopkins Textbook in Dyslipidaemia 2012; Rath et al., 1989; Nauck et al., 1995

1.2.3.

Apolipoproteins

Apolipoproteins are protein structures located on the surface of lipoproteins. There are
at least four major of apolipoproteins; A, B, C and E. They maintain the structure of
lipoproteins and modulate the interactions with enzymes and receptors involved in
lipoprotein metabolism, which determine the sites of uptake and degradation of
lipoproteins and their contents. Different classes of apolipoprotein are found more
abundantly in specific classes of lipoprotein, as shown in Table 1.3.

Table 1.3 Characteristics of apolipoprotein
Apolipoprotein

Molecular weight (Da)

Lipoprotein distribution

ApoA -I

28,016

HDL, VLDL, CM

ApoA -II

17,414

HDL, VLDL, CM

ApoA -IV

46,465

HDL, VLDL, CM

ApoA -V

39,000

VLDL, HDL

ApoB-48

264,000

CM, CMR

ApoB-100

514,000

VLDL, IDL, LDL

ApoC-I

6,613

HDL, VLDL, CM

ApoC-II

8,900

HDL, VLDL, CM

ApoC-III

8,800

HDL, VLDL, CM

ApoE

34,145

HDL, VLDL, IDL, CM

Apo(a)

250,000800,000

Lp(a)

1.2.3.1.

Apolipoprotein A

The primary protein constituents of HDL are apoA-I and apoA-II (Thompson et al.,
1994).

ApoA-I has a molecular mass of 28 kDa and is a key component of HDL metabolism.
It is predominantly synthesised in the intestine on nascent CM, but is also produced in
the liver (Eisenberg, 1984; Eggerman et al., 1991).

ApoA-I is a cofactor for

lecithin:cholesterol acyltransferase (LCAT) enzyme that produces cholesterol esters
within HDL and CM and acts as a ligand for HDL binding to HDL receptors in the liver
and peripheral tissues.

The regulation of apoA-I mainly occurs at the post-

transcriptional stage. Agents that are known to affect the apoA-I gene include dietary
fat, alcohol, estrogen, androgens, thyroid hormone, retinoids, glucocorticoids, fibrates,
niacin and statins (Srivastava & Srivastava, 2000; Malik, 2003).
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ApoA-II is the second most abundant apolipoprotein in HDL and has a molecular mass
of 17 kDa. It is secreted by the liver and intestine (Green et al., 1979; Eggerman et al.,
1991). ApoA-II has been reported to have both antiatherogenic and proatherogenic
properties.

It stimulates hepatic lipase (HL) activity and decreases the rate of

cholesterol ester transfer protein (CETP)-mediated cholesterol ester transfer between
HDL and apoB lipoproteins (Lagrost et al., 1994). However, it also inhibits LCAT
activity and impairs scavenger receptor class B type 1-mediated uptake of cholesterol
esters (Durbin & Jonas, 1999; Pilon et al., 2000; Tailleux et al., 2002).

ApoA-IV has a molecular mass of 46 kDa. It is synthesised and secreted only in the
intestine (Green et al., 1980) and increases after a high-fat meal (Stan et al., 2003). The
precise function of apoA-IV remains unclear; however, studies have demonstrated its
role in lipid absorption (Kalogeris et al., 1994), triglyceride and HDL metabolism and
other potential roles in postprandial satiety signalling. It also acts as an antioxidant
(Ostos et al., 2001; Ferretti et al., 2002). ApoA-IV mediates lipoprotein lipase (LPL)
activity, which regulates triglyceride clearance (Goldberg et al., 1990). Its roles in
reverse cholesterol transport (RCT) include the stimulation of LCAT activity (Chen &
Albers, 1985; Steinmetz & Utermann, 1985), binding to hepatic tissues, which favours
cellular cholesterol efflux (Weinberg & Patton, 1990), and involvement in CETP
activity (Barter et al., 1988; Lagrost et al., 1990).

ApoA-V is exclusively synthesised in the liver and is associated with VLDL, HDL and
CM (O’Brien et al., 2005). Previous studies have reported its involvement in the
regulation of plasma triglyceride levels and modulation of hepatic VLDL synthesis
(Pennacchio et al., 2001; Weinberg et al., 2003). More recent studies have shown a
positive correlation between apoA-V and plasma triglyceride concentrations (Chan et
al., 2006; Kahri et al., 2007; Nelbach et al., 2008; Tai & Ordovas, 2008). During the
postprandial period, an increase in apoA-V is associated with hypertriglyceridaemia in
type 2 diabetics (Pruneta-Deloche et al., 2005; Kahri et al., 2007).

1.2.3.2.

Apolipoprotein B

ApoB is an important component of TRL (VLDL and CM) particles and their remnants.
ApoB is encoded on chromosome 2 and spans across approximately 43 kbp, containing
29 exons and 28 introns (Blackhart et al., 1986; Huang et al., 1986). It is heterogeneous,
with two isoforms: apoB-100 and a truncated form, apoB-48. ApoB-100 is synthesised
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in the liver and apoB-48 in the intestine. Each apoB-100 is associated and remains with
a VLDL throughout the metabolic process to IDL and LDL. It has a carbohydrate
content of approximately 810% of the protein mass and makes up approximately
3040% of protein content of plasma VLDL; it is virtually the only protein content of
LDL (Thompson et al., 1994). Similarly, apoB-48 is attached to a CM and its remnant.
The regulation of apoB will be further described in Section 1.2.6.

1.2.3.3.

Apolipoprotein C

ApoC has three main isoforms: apoC-I, apoC-II and apoC-III. They are synthesised
mainly in the liver and to a lesser extent from the intestine, and are associated with
VLDL, CM and HDL (Shachter, 2001). ApoC-I inhibits lipoprotein binding to CETP
and fatty acid uptake into tissues. ApoC-II acts as an activator of LPL, and ApoC-III is
the most abundant of the apoCs in plasma. ApoC-III is a strong modulator of TRL as it
is a plasma inhibitor of VLDL lipolysis by inhibiting plasma lipase (Shachter, 2001;
Chan et al., 2006). ApoC-III has also been shown to block apoE and apoB interaction
with the hepatic remnant receptor, which prevents the uptake of TRL and their remnants
(Windler & Havel, 1985).

The majority of apoC-III is bound to HDL in

normolipidaemic individuals, but mainly binds to TRL in hypertriglyceridaemic
subjects (Marcoux et al., 2001).

1.2.3.4.

Apolipoprotein E

ApoE is polymorphic and plays a major role in binding CMR, LDL and IDL to hepatic
receptors for uptake. It is also involved in the removal of cholesterol from macrophages
and may be part of an early stage of RCT. The three isoforms of apoE are apoE2,
apoE3 and apoE4 (Swertfeger & Hui, 2001). The presence of apoE2 allele reduces the
availability of intracellular cholesterol as the uptake of remnants is slower (Davignon et
al., 1988).

Individuals with apoE4 have a more rapid uptake of remnants, which

increases the hepatic cholesterol pool, which potentially increases the secretion of apoB
(Davignon et al., 1988; Sniderman & Cianflone, 1993; Thompson et al., 1996).

1.2.3.5.

Apolipoprotein (a)

Apo(a) is a glycoprotein associated with Lp(a), a lipoprotein similar to LDL in lipid
composition (Berg, 1963; Utermann, 1989; Kostner & Kostner, 2002b). The apo(a)
gene is located close to the genes encoding plasminogen on chromosome 6 (McLean et
al., 1987). Meta-analysis shows that elevated concentrations of Lp(a) is associated with
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coronary heart disease (CHD) (Danesh et al., 2000) and an independent risk factor for
CVD (Sandkamp et al., 1990; Kostner & Kostner, 2002a; Boffa et al., 2004;
Koschinsky, 2005).

The mechanism of action is not well understood, but it may

potentially relate to prothrombotic or anti-fibrinolytic effects (Rouy et al., 1991;
Tsimikas et al., 2005; Nordestgaard et al., 2010). Several studies also proposed an
atherogenic effect of apo(a) (Kronenberg et al., 1999; Boffa et al., 2004). However,
further investigation is required to understand the mechanism of apo(a).

1.2.4.

Receptors, enzymes and transfer proteins

LDL Receptor
The LDL receptor (LDLr) is a glycoprotein with a molecular weight of 160 kDa (Brown
& Goldstein, 1986). LDLr is responsible for the hydrolysis of triglycerides in CM and
VLDL to fatty acids and monoglycerides. LDLr interacts with both apoB and apoEcontaining lipoproteins with a preference for apoE (mainly HDL and CM) over apoB
(mainly LDL) (Innerarity & Mahley, 1978; Pitas et al., 1979). Defects or mutations in
LDLr cause the autosomal dominant condition, familial hypercholesterolaemia (FH).

VLDL receptor
VLDL receptor is a member of the LDLr family and is expressed in heart, skeletal
muscle, adipose cells and macrophages. This receptor binds and internalises CMR and
VLDL after the addition of apoE and/or LPL (Niemeier et al., 1996; Tacken et al.,
2001). VLDL receptor expression is regulated by the presence of excess cholesterol
(Nimpf & Schneider, 1998).

Lipolysis-stimulated receptor
The lipolysis-stimulated receptor (LSR) is expressed in the liver and activated by free
fatty acids (FFA), which bind and internalise apoB and apoE-containing lipoproteins.
LSR is activated by high concentrations of FFA such as during a postprandial response
(Mann et al., 1995; Bihain & Yen, 1998). TRLs are the preferred ligand of LSR as they
are the most susceptible to lipolysis.

LDL receptor-related protein
LDL receptor-related protein (LRP) is synthesised and expressed in the liver, brain and
placenta. LRP is a multifunctional protein that plays a role in lipoprotein metabolism,
lysosomal activity, regulation of proteolytic activity, and is a transporter of viruses and
Literature review | 17

toxins. With its diverse functions, LRP binds to a variety of ligands, such as apoE, LPL,
HL, toxins, α2-macroglobulin and sphingolipid activator protein (Herz & Strickland,
2001). It has been postulated that LRP mediates the hepatic uptake of CMRs (Ishibashi
et al., 1994; Mamo et al., 1996; Fujioka et al., 1998).

Lecithin:cholesterol acyltransferase
LCAT is a glycoprotein encoded by the LCAT gene located on chromosome 16 in the
q2122 region (Teisberg et al., 1975). It is primarily synthesised in the liver and
secreted into the circulation. It catalyses the esterification process of cholesterol with
fatty acids from lecithin to synthesise cholesterol esters in plasma lipoproteins
(Santamarina-Fojo et al., 2000). LCAT is detected in both HDL and VLDL fractions in
plasma. It plays a predominant role in the RCT pathway preventing the clearance of
HDL (Heeren & Beisiegel, 2001); however, its role in the modulation of atherosclerosis
via lipoprotein metabolism and the RCT pathway remains controversial (Hovingh et al.,
2005; Kunnen & Van Eck, 2012; Ng, 2012).

Lipoprotein lipase
LPL is an enzyme encoded by the LPL gene, which contains 10 exons and spans 30kbp
(Deeb & Peng, 1989). LPL is attached to the luminal surface of the endothelium of
capillaries and produced most abundantly in adipose tissue and muscle (Braun &
Severson, 1992; Wang et al., 1992). It provides a main route for triglyceride clearance
from TRL from the circulation. The activation of LPL involves apoC-II on the surface
of CM and VLDL (Havel et al., 1970; LaRosa et al., 1970). However, it appears to be
inhibited by apoC-III.

Hepatic lipase
HL is a glycoprotein of 60kDa bound to hepatocytes and hepatic endothelial surfaces.
HL play a role in the hydrolysis of triglycerides and phospholipids in CMR, IDL and
HDL (Santamarina-Fojo et al., 2004). However, it binds more efficiently to HDL2
which in turn converts to the smaller HDL3 (Shirai et al., 1981). This is of particular
importance to states of hypertriglyceridaemia including postprandial lipaemia. Raised
circulating triglyceride increases the triglyceride content in HDL2 which encourages the
conversion to HDL3 (Patsch et al., 1983). Several studies have discussed its potential
contribution to atherosclerosis development (Dugi et al., 2001; Santamarina-Fojo et al.,
2004).
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Cholesteryl ester transfer protein
CETP is a hydrophobic glycoprotein secreted by the liver. CETP exchanges cholesterol
esters and triglycerides between lipoproteins. This protein plays an important role in
defining the lipid composition of plasma lipoproteins.

CETP transfers the apolar

components of lipoproteins, cholesteryl ester and triglyceride. The protein can facilitate
the net transfer of both triglyceride and cholesteryl ester between lipoproteins. Both
proatherogenic and antiatherogenic roles of CETP have been identified and require
further clarification (Hirano et al., 2000; Barter & Rye, 2001; de Grooth et al., 2004).
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1.2.5.

Outline of lipoprotein metabolism

This thesis focuses on TRL metabolism from both hepatic (endogenous) and intestinal
(exogenous) sources. Other aspects of lipoprotein transport include HDL and LDL
metabolism. The transport of lipid to peripheral tissues and the return of cholesterol
from peripheral tissues to the liver are outlined below in Figure 1.3.

Figure 1.3 Outline of lipoprotein metabolism. Daniels et al., 2009.
apolipoproteinA-I;

B-100,

apolipoproteinB-100;

B-48,

apolipoproteinB-48;

A1,
C,

apolipproteinC, E, apolipoproteinE; IDL, intermediate-density-lipoprotein; LDL, lowdensity-lipoprotein; LDLR, low-density lipoprotein receptor; LRP, LDL receptorrelated protein; LPL, lipoprotein lipase; MTP, microsomal triglyceride protein; VLDL,
very-low-density-lipoprotein; VLDLR, very-low-density-lipoprotein receptor.

Exogenous pathway
After ingestion, dietary fats are absorbed in the intestine and esterified in the enterocytes
(Dietschy & Wilson, 1970). These are packaged into CM containing a single apoB-48,
phospholipids, free cholesterol, apoE and apoC. These nascent CM are then secreted
into the lymphatic system before entering the circulation (Goldberg et al., 2000). Via
LPL on adipose tissues, skeletal and cardiac muscle, the triglycerides in CM are
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hydrolysed and removed from the CM (Merkel et al., 2002). As the triglycerides are
removed for energy production and storage, the CM become smaller, known as
chylomicron remnants (CMR). After lypolysis, CMR are taken up by the liver and
degraded (Yu & Cooper, 2001). A large amount of cholesterol is transported around the
body daily. The turnover rate of CMR is at least 100 pools per day (Redgrave, 1983;
Mahmood Hussain et al., 1996). Therefore, a large amount of cholesterol can be
transported around the body daily.

Endogenous pathway
Hepatic lipid is circulated to the peripheral tissues via VLDL, IDL and LDL. The
synthesis of VLDL is stimulated by the availability of FFA. VLDL are secreted into the
circulation and the secretion rate (SR) of small VLDL is strongly associated with the
plasma concentration of LDL-cholesterol (Gaw et al., 1995). The plasma concentration
of VLDL is associated with an increased risk of CVD (Sacks et al., 2000). Fatty acids
from CMR are re-esterified to form triglycerides that are packaged with a single apoB100, cholesterol, cholesterol ester and phospholipid to form nascent VLDL (Havel, 1980;
Gibbons, 1990). VLDL are hydrolysed via LPL on adipose tissue and skeletal and
cardiac muscle. The triglycerides in VLDL are removed, which reduces the size of the
VLDL and increases the density to form IDL and further into LDL. LDL particles are
predominantly recruited back to the liver via LDLr and degraded (Anderson et al.,
1976). In the presence of excessive LDL particles, small, dense LDL particles cross the
endothelium and are trapped in the vascular wall by proteoglycans leading to oxidation
or glycation. Oxidised LDL are in turn taken up by macrophages, a hallmark of foam
cell formation.

Reverse cholesterol transport pathway
Lipids can be transported back to the liver via HDL.

HDL nascent particles are

synthesised in the liver and small intestine and contain phospholipids, cholesterol, apoA
and apoE (Hamilton et al., 1976; Green et al., 1978). Unesterified cholesterol is
accepted into nascent HDL from cell membranes of other tissues or other lipoproteins,
which are then esterified by LCAT (Shepherd & Packard, 1987). When cholesterol is
esterified, the size of HDL decreases.

Accumulation of free cholesterol and

esterification enlarges the lipoprotein to form mature HDL (Deckelbaum et al., 1982).
Cholesterol esters accumulated in the HDL are exchanged with triglycerides from TRL
through the activity of CETP, with subsequent uptake of TRL remnants in the liver.
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This pathway may account for the protective role of HDL against CVD (Mahley et al.,
1984).

1.2.6.

Triglyceride-rich lipoprotein metabolism

1.2.6.1.

VLDL-apoB metabolism

The assembly and SR of VLDL-apoB is regulated by both transcriptional (Dashti, 1991;
Dashti, 1992) and translational (Pullinger et al., 1989; Moberly et al., 1990) stages.
Two main stages are involved: translation of apoB and formation of apoB-free lipid
droplets. The translation occurs in the rough endoplasmic reticulum (ER) where apoB100 is lipidated by microsomal triglyceride transfer protein (MTP), producing a partially
lipidated form of apoB-100 known as pre-VLDL.

As pre-VLDL is formed, it is

transported to the ER (Boren et al., 1994; Stillemark et al., 2000). The second stage
involves the formation of apoB-free lipid droplets, which is also mediated by MTP
through the transportation lipids to the lumen of smooth ER. The formation of preVLDL and apoB-free lipid droplets occurs independently and concurrently (Shelness,
2001). The pre-VLDL and lipid droplets combine and acquire the majority of lipids to
form bona fide VLDL prior to secretion into the circulation. Additionally, core lipids
may incorporate into VLDL particles in the golgi compartment (Hamilton et al., 1991)
and MTP appears to play a role in regulating the production of VLDL and CM (Tomkin,
2010). A simplified schematic diagram of the assembly and secretion of apoB-100 is
shown in Figure 1.4.

ApoB-100 can be degraded intracellularly when misfolding of apoB-100 occurs or
when there is a lack of lipid loading during the assembly process (Zhou et al., 1998;
Fisher et al., 2001). This shows that the availability of lipid substrate plays a regulatory
role in apoB secretion by modulating the rate of VLDL-apoB degradation. Stable
isotopes are now commonly used to assess the metabolism of VLDL-apoB in vivo
(Section 1.6).

1.2.6.2.

Apolipoprotein B-48 metabolism

ApoB-48 is exclusively synthesised in the small intestine and is essential for the
synthesis of CM (Kane et al., 1980).

The assembly and secretion of apoB-48-

containing lipoproteins appears to be similar to VLDL-apoB in the liver. However,
apoB-48 does not contain LDLr binding domain (Young, 1990). ApoB-48 is a marker
of CM as only one apoB-48 is associated with each CM. Upon secretion the CM
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acquires apoC-II in the plasma to allow the activation of LPL for the hydrolysis of
triglyceride into FFA for uptake (Kinnunen et al., 1977; Nakajima et al., 2011). The
role of apoB-48 is to modulate the assembly and secretion of CM. During fasting,
apoB-48 is continuously secreted at a low level, and during the postprandial state the
size of CM becomes larger and enriched with dietary triglycerides (Hayashi et al., 1990).

Substrates play a regulatory role in TRL secretion. The density of apoB is determined
by the amount of lipid loaded into the particle and the SR of VLDL-apoB by the
production and degradation of apoB-100 prior to secretion (Olofsson et al., 2000). Fish
oil reduces the synthesis of apoB, which will further be discussed further in Section 1.5.

-100

Figure 1.4 Schematic diagram of the assembly of apoB-100 in the liver. Burnett et al.,
1999.

ACAT, A:cholesterol acyl transferase; ApoB-100, apolipoproteinB-100;CE,

Cholesteryl esters; DGAT, diacyglycerol acyl transferase; ER, endoplasmic reticulum;
FC, free cholesterol; HMG-CoAR, 3-hydroxy-3-methylglutaryl coenzyme A reductase;
MTP, microsomal triglyceride protein; TG, triglyceride; VLDL, very-low-densitylipoprotein.
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1.3.

Hypertriglyceridaemia

Hypertriglyceridaemia can be defined as a fasting plasma triglyceride concentration
above the 95th percentile for age and gender in a population. Plasma triglyceride
concentrations are higher in men than women, increasing with age and after a fat meal;
they are lower in Africans than Caucasians (Miller et al., 2011).

The population

distribution of plasma triglyceride is skewed to the right; the concentration of TRL
remnants follows a similar distribution and increases with triglycerides (Chapman et al.,
2011). Several guidelines have provided arbitrary definitions of hypertriglyceridaemia
(Table 1.4). A simple hierarchical definition is a fasting plasma triglyceride of 1.7 to
2.3 mmol/L as mild, 2.3 to 5.5 mmol/L as moderate, 5.5 to 10 mmol/L as high, and
greater than 10 mmol/L (a level above which CM appear) as very high or severe.
Obesity, T2DM and familial combined hypercholesterolaemia are commonly associated
with hypertriglyceridaemia (Goldstein et al., 1974; Sane & Taskinen, 1993; Grundy &
Scott, 1998; Hopkins et al., 2003; Chapman et al., 2011; Miller et al., 2011).

Postprandial lipaemia describes the physiological changes in lipoproteins that occur
after the consumption of a fatty meal (Havel, 1994). Ingested dietary triglycerides are
metabolised following the exogenous pathway as discussed in Section 1.2.5.
Postprandial lipaemia is also contributed to by the continuous hepatic secretion of
VLDL. Postprandial hepatic VLDL secretion is stimulated by lipogenesis and the
availability of fatty acids generated from hepatic uptake of the core lipid component of
CMR (Ginsberg, 2002).

These VLDL particles then follow the normal metabolic

pathway of endogenous lipoproteins as described in Section 1.2.5.

TRL of both

intestinal and hepatic origin compete for the same lipolysis and receptor-mediated
clearance pathways, leading to elevated plasma triglycerides.

Literature review | 24

Table 1.4 Classification of plasma triglyceride levels from NCEP and Endocrine Society
Guideline

Classification

Triglyceride (mmol/L)

NCEP ATP III (National

Normal

<1.7

Cholesterol Education

Borderline-high

1.72.3

Program Expert Panel., 2002)

High

2.35.6

Very High

≥ 5.6

Endocrine Society (Berglund

Normal

< 1.7

et al., 2012)

Mild

1.72.3

Moderately High

2.311.2

Severely High

11.222.4

Very Severely High

> 22.4

1.3.1.

Triglyceride-rich lipoprotein metabolism and obesity

Hypertriglyceridemia attributable to increased plasma concentrations of hepatic apoB100 and intestinal apoB-48 is the most consistent lipid disorder in visceral obesity and a
risk factor for CVD. Postprandially, hypertriglyceridaemia is an imbalance of lipid
metabolism in the postprandial state which is reflected by a postprandial response that is
increased in magnitude and duration (Watts et al., 1998). The underlying kinetic
defects may be a consequence of visceral fat accumulation and insulin resistance,
resulting in the dysregulation of TRL metabolism (Chan & Watts, 2011; Boullart et al.,
2012). The metabolic consequence of obesity on TRL metabolism is summarised in
Figure 1.5.

The mechanism by which obesity increases TRL is multifactorial. Increased visceral fat
accumulation in obesity markedly increases the flux of FFA in the portal vein to the
liver. The increased flux of FFAs to the liver stimulates hepatic secretion of apoB-100
by increasing synthesis of cholesterol and triglycerides (Sniderman & Cianflone, 1993).
In the insulin resistant state, an inability of insulin to inactivate the forkhead box protein
O1 (FOXO1)-dependent insulin signalling pathway enhances de novo lipogenesis and
gluconeogenesis (Matsumoto et al., 2006). There is increasing evidence that insulin
resistance increases the expression of carbohydrate response element-binding protein,
which in the presence of high carbohydrate intake enhances de novo lipogenesis from
dietary carbohydrate, including fructose (Iizuka & Horikawa, 2008). Insulin resistance
also induces de novo lipogenesis by enhancing sterol regulatory element binding protein
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(SREBP) 1-c and delays the intrahepatic degradation of apoB. Collectively, insulin
resistance results in the development of hepatic steatosis and the hepatic oversecretion
of larger triglyceride-rich VLDL, as well as increased enterocyte secretion of CM
containing apoB-48 (Ferré & Foufelle, 2010). In skeletal muscle and adipose tissue,
insulin resistance also impairs TRL catabolism by decreasing LPL activity. Insulin
resistance impairs LDL receptor expression and activity necessary for normal LDLapoB-100 clearance. ApoC-III, an inhibitor of LPL and TRL remnant uptake by hepatic
lipoprotein receptors, is strongly associated with insulin resistance. A loss of insulinmediated suppression of apoC-III via the FOXO1 pathway, coupled with glucosestimulated apoC-III expression, further delays the apoB-100 catabolism by inhibiting
LPL and receptor-mediated uptake by the liver (Chan et al., 2002; Pang et al., 2012).
Experimental data also suggest that increased expression and secretion of apoC-III
stimulates apoB synthesis, VLDL assembly, and secretion (Chan et al., 2008).
Collectively, increased competition between VLDL, CM and their remnants for lipolytic
and receptor-mediated clearance further exacerbates hypertriglycerideamia (Grundy &
Mok, 1976). Consistent with this, insulin-resistant, obese individuals have elevated
hepatic secretion of apoB-100, apoC-III and triglycerides in VLDL compared with nonobese individuals (Abbasi et al., 1999; Chan et al., 2002).

This abnormality is

associated with the delayed clearance of IDL and LDL-apoB-100. Kinetics studies also
found the SR of apoB-48 is increased in patients with T2DM (Duez et al., 2006; Hogue
et al., 2007). However, there is no published data on the effect of obesity on the
postprandial kinetics of apoB-48 in humans.

The increased hepatic secretion of large triglyceride-rich VLDL has a major qualitative
and quantitative impact on the metabolism of LDL and HDL. Briefly, high hepatic
triglyceride content expands the plasma pool of triglyceride-rich VLDL and results in
increased CETP-mediated hetero-exchange of neutral lipid with LDL. Under the action
of HL, which is overactive in insulin resistance, the triglyceride-rich LDL particles are
hydrolysed into small dense LDL, which are less efficiently cleared from the circulation
(Packard, 2003; Adiels et al., 2008). The same metabolic process is also involved in the
remodelling of HDL particles. Hydrolysis of triglyceride-rich HDL particles by HL
decreases the size of HDL particles, which are then cleared rapidly from plasma
(Lamarche et al., 1999; Vergès, 2005). This reduces the concentration of HDL for the
RCT. Factors contributing to postprandial lipaemia include genetic defects of receptors
involved in the catabolic pathway, hormones, diet, race and gender (Couillard et al.,
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1999; Mamo et al., 2001; Lally et al., 2007; Tomkin & Owens, 2011; Chan et al., 2013;
Desmarchelier et al., 2014).

Figure 1.5 Metabolic consequences of hypertriglyceridaemia in the lipoprotein system.
CE, cholesteryl esters; CETP, cholesterol ester transfer protein; CM, chylomicron;
CMR, chylomicron remnant; FFA, free fatty acid; HDL, high-density-lipoprotein; HL;
hepatic lipase; LDL, low-density lipoprotein; LDLr, low-density-lipoprotein receptor;
LRP, low-density-lipoprotein receptor-related protein; TG, triglyceride; VLDL, verylow-density-lipoprotein.

1.3.2.

Hypertriglyceridaemia and cardiovascular health

The epidemiological evidence that hypertriglyceridaemia is an independent risk factor
for CVD has been controversial (Durrington, 1999; Goldberg et al., 2011). A recent
meta-analysis reported that CHD risk was increased by 37% per one standard deviation
(SD) increase in plasma triglyceride adjusted for non-lipid risk factors, but the
association was weakened after adjustment for HDL-cholesterol and non-HDLcholesterol (Di Angelantonio et al., 2009). There is also uncertainty concerning gender
differences in hypertriglyceridaemia as a risk factor. The inability of epidemiological
studies to show an independent association between triglyceride and CVD is associated
with the wide spectrum of other risk factors of hypertriglyceridaemia.

Recently,

Literature review | 27

through the Mendelian randomisation methodology, genetic variation, in particular the
APOA5 and LPL genes, has been shown to be associated with an increase in remnant
cholesterol and hypertriglyceridaemia as well as an increased risk of myocardial
infarction (Jørgensen et al., 2013).

A 1 mmol/L increase in non-fasting remnant

cholesterol was associated with a 2.8-fold increase in causal risk for ischemic heart
disease (Varbo et al., 2013). Large meta-analysis of apoA5 gene variants supports this
finding (Pi et al., 2012).

Consistent with these genetic studies, type III

dysbetalipoproteinaemia due to the APOE2E2 genotype provides causal evidence for
TRL remnants in CVD (Durrington, 2003). Other multigenic disorders, such as familial
combined hyperlipidaemia, also increase the risk of CVD (Voors-Pette & de Bruin,
2001; Durrington, 2003; Brouwers et al., 2012). Furthermore, postprandial triglyceride
concentrations have shown to be associated with CVD events (Staniak et al., 2014).
Importantly, elevated plasma triglyceride remains a significant predictor of CVD events
in statin trials (Miller et al., 2008; Faergeman et al., 2009; Boekholdt et al., 2012). The
apparent atherogeneity of hypertriglyceridaemia relates to small TRL remnant particles
as opposed to larger TRL, such as CM (Zilversmit, 1979; Nordestgaard & Nielsen,
1994). TRL remnants induce endothelial dysfunction, inhibit fibrinolysis and enhance
coagulation and vascular inflammation (Nordestgaard & Nielsen, 1994; Krauss, 1998;
Moyer et al., 1998; Kohler & Grant, 2000; Tabas et al., 2007; Zheng & Liu, 2007;
Alipour et al., 2008). Readily traversing the arterial wall, TRL remnants (that are rich
in cholesterol and apoE) are trapped by connective tissue matrix, and, after phagocytosis,
transform arterial wall macrophages to atherogenic “foam cells” (Goldstein et al., 1980;
Tabas et al., 2007). TRL lipolysis also releases toxic products, such as oxidised FFA
and lysolecithin that further induce endothelial cell inflammation and coagulation
(Wang et al., 2009).

1.3.3.

Assessment of postprandial lipaemia

Humans are more often in the postprandial state than the fasted state. Hence it is
important to understand lipoprotein metabolism in the postprandial state and its
association with atherosclerosis development. To examine postprandial lipaemia, an
oral fat-containing test meal is consumed (Patsch et al., 1992) and triglyceride
concentrations are measured during the postprandial hours.

Other markers of

postprandial lipaemia include apoB-48 and retinyl palmitate (RP). Total postprandial
lipaemia can be determined by the area under the curve (AUC) of plasma lipid
concentration after a fat load (Cohn et al., 1989; Dubois et al., 1994). Incremental AUC
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(iAUC) can be used to compare the postprandial response after adjustment for baseline
differences, which allows for the comparison of the acute effects of a standard fat load.
Activities affecting postprandial lipaemia such as exercise, are discouraged during the
postprandial sampling period (Hardman & Aldred, 1995).

1.3.3.1.

Triglyceride

Serial measurements of triglyceride concentration after the ingestion of a fat load
following an overnight fast have been a conventional method for assessing postprandial
lipaemia (Moreton, 1947; Kannel & Vasan, 2009).

Triglyceride concentrations

generally peak at 3 to 4 hours after the ingestion of a meal, indicating the time for
dietary lipids to be packaged and secreted together with CM.

Both hepatic and

intestinal lipoproteins are cleared through the common lipase-mediated and receptormediated pathways (Kirchmair et al., 1995). The competition of TRL for the shared
clearance pathway may account for the delay in postprandial triglyceride returning to
fasting levels (Grundy & Mok, 1976; Parks, 2001).

Therefore, measuring the

postprandial concentrations of triglyceride only provides general information on the
combined lipid response to a fat load, as it cannot distinguish between hepatic and
intestinal lipoproteins (Cohn et al., 1989; Patsch et al., 1992).

1.3.3.2.

Apolipoprotein B-48

ApoB-48 is an exclusive marker of CM and its metabolism has been described in
Section 1.2.6.2. As CM are metabolised, apoB-48 remains on CMR and does not
transfer to other lipoproteins, which allows the CM and its metabolite CMR to be traced
(Mahley et al., 1984). Measuring plasma apoB-48 will therefore provide a measure of
CM and CMRs.

Elevated apoB-48 is associated with hyperlipidaemic and obese

individuals (Kinoshita et al., 2005; Otokozawa et al., 2009).

The fasting plasma

concentration of apoB-48 has been shown to be a predictor of postprandial
dyslipidaemia (Smith et al., 1999).

Earlier methodology for measuring apoB-48

involved the use of sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDSPAGE) followed by staining of protein bands with Coomassie Blue and densitometry
(Karpe & Hamsten, 1994; Kotite et al., 1995). A more recent method using specific
antiserum (Peel et al., 1993) and monocolonal antibodies has been developed to
quantify apoB-48 (Sakai et al., 2003).
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1.3.3.3.

Retinyl palmitate

RP is a retinyl ester, vitamin A ester that is used as a postprandial marker for intestinal
lipoproteins (Föger & Patsch, 1993). It is administered orally with the fat load and
becomes incorporated into the core of CM particles when packaging triglyceride
(Blomhoff, 1994). RP progresses with CM through the metabolism of CM to CMR
until clearance (Ross & Zilversmit, 1977); however, some studies have shown that RP
transfers to other lipoproteins (Dullaart et al., 1989; Krasinski et al., 1990; Cohn et al.,
1993). This suggests that retinyl esters are not tightly associated with lipoproteins of
intestinal origin, and therefore may not be a good marker for postprandial lipaemia
studies.

1.3.3.4.

Other measures

Remnant-like lipoprotein particles (RLP) are proatherogenic lipoprotein by-products of
TRL that have shown to be an independent risk factor of CVD (Mamo et al., 1998;
McNamara et al., 2001).

RLP-cholesterol can be quantified using a monoclonal

antibody technique to select for particles enriched in apoE and cholesteryl esters.
However, this method is unable to provide mechanistic information on the metabolic
changes that occur.

The use of stable isotope studies can determine the kinetics of the postprandial
metabolic changes. In this thesis, we employed the stable isotope d5-glycerol to trace
VLDL-triglyceride metabolism (Study 1), and d3-leucine to trace the postprandial
metabolism after a single bolus fat-load.

1.3.4.

Postprandial lipaemia and obesity

Obesity is associated with greater postprandial triglyceride, VLDL-apoB and apoB-48
responses and is related to cardiometabolic risk (Couillard et al., 1998; Couillard et al.,
2002; Dallongeville et al., 2002; Hitze et al., 2008; Lozano et al., 2012). A summary of
studies investigating the effect of obesity on postprandial lipaemia response is presented
in Table 1.5. However, these studies provide no information on the kinetics of TRL
metabolism in the postprandial state. This thesis employed stable isotope technology to
investigate VLDL-triglyceride kinetics and apoB-48 kinetics.
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Table 1.5 Postprandial lipaemia studies in obese subjects
Author

Year

No. of subjects

Marker

Postprandial response (AUC)

Lewis

1990

7 obese

TG, RP

↑plasma TG, ↑RP

Potts

1995

8 obese

TG, CM

↑plasma TG, ↔ CM

Wideman

1996

7 obese

TG

↑plasma TG

Grosskopf

1997

9 obese, HTG

RP

↑plasma RP, ↑ CM-RP

Couillard

1998

43 obese, HTG

TG, RP

↑plasma TG, ↑RP

Mekki

1999

8 gynoid obesity

TG, apoB-48

↑plasma TG AUC in all groups

9 abdominal obese, NTG

↑plasma TG iAUC in abdominal obese groups

7 abdominal obese, HTG

↑CM-TG AUC in abdominal obese, HTG group

Couillard

2000

16 high TG/low HDL-c obese

TG, ApoB-48

↑plasma TG AUC, ↑apoB-48

Guerci

2000

17 abdominal obese, NTG

TG, RP

↑Non-CM-TG

Mamo

2001

21 obese, HTG

TG, apoB-48, RP

↑plasma TG, ↑apoB-48, ↑RP

Blackburn

2003

27 abdominal obese, HTG

TG, apoB-48

↑plasma TG, ↑apoB-48

AUC, area under curve; apoB-48, apolipoproteinB-48; CM, chylomicron; HDL-c, high density lipoprotein cholesterol; iAUC, incremental area under
curve; NTG, normal triglyceride; HTG, high triglyceride; RP, retinyl palmitate; TG, triglyceride

1.3.5.

Management of hypertriglyceridaemia

The role of TRL as a predictor of CVD has been recognised by recent professional
guidelines (Chapman et al., 2011; Miller et al., 2011; Reiner et al., 2011). Lifestyle
interventions such as dietary and physical activity are the first line of approach to
correct plasma lipids (Noakes & Clifton, 2000; ). Lipid regulating drugs have been
commonly used to manage hypertriglyceridaemia.

These include 3-hydroxy-3-

methylglutaryl-coenzyme A (HMG CoA) reductase inhibitors, ω-3 fatty acids, fibricacid derivative, niacin, bile-acid binding resins and CETP inhibitors. A summary of
their effects on plasma triglyceride is shown in Table 1.6.

Table 1.6 Effects of different therapeutic treatments in managing hypertriglyceridaemia
Treatment

Triglyceride

Lifestyle

↓ 550%

Fish Oil

↓ 2550%

Statins

↓ 1030%

Fibrates

↓ 3050%

Nicotinic Acid

↓ 1040%

Resins

No change/increase

Ezetimibe

↓ 510%

ATP III Guidelines; ESC/EAS Guidelines; Morrell et al., 2001; Miller et al., 2011;
Morris, 2003

1.3.5.1.

Lifestyle interventions

Many dietary factors influence blood lipids and the risk of CVD. Through nutritional
therapy, triglyceride levels can be lowered by 20 to 50% (Miller et al., 2011). Weight
loss through diet can lower triglyceride concentrations by 30%, potentially due to
reducing the synthesis of TRL and/or increasing LPL activity (Wolf & Grundy, 1983;
Dattilo & Kris-Etherton, 1992; Miller et al., 2011; Reiner et al., 2011).

A

Mediterranean diet that consists of marine ω-3 fatty acids, increased dietary fibre,
reduced simple carbohydrates and limited trans-fat, fructose and saturated fats lowers
plasma triglyceride (Esposito et al., 2004; Vincent-Baudry et al., 2005; Miller et al.,
2011).

Exercise alone without weight loss lowers plasma triglyceride and increases LPL
activity (Weintraub et al., 1989).
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Long-term and acute exercise both improves

postprandial lipaemia (Cohen et al., 1989; Weintraub et al., 1989; Gill & Hardman,
2000; Petitt & Cureton, 2003; Katsanos et al., 2004). The magnitude of postprandial
response reduction is associated with the degree of energy expenditure through physical
exercise (Tsetsonis et al., 1997). The main mechanism alludes to the increase in LPL
activity in skeletal muscles, enhancing lipoprotein clearance (Herd et al., 2001). Recent
studies indicate that exercise has a greater effect in lowering VLDL concentrations than
CM (Gill et al., 2006), which may relate to a reduced VLDL-apoB production rate
(Alam et al., 2004). This is further supported by a lack of effect of exercise on
postprandial apoB-48 response (Slivkoff-Clark et al., 2012).

A 10% weight loss achieved through a combination of diet and exercise can normalise
the postprandial triglyceride response in obesity (Maraki et al., 2011). However, weight
loss of 10 kg has been reported to have no effect on apoB-48 response (James et al.,
2003).

Hence, pharmacotherapy may be required in combination with lifestyle

interventions to manage hypertriglyceridaemia.

1.3.5.2.

Pharmacotherapy

HMG-CoA reductase inhibitors
Statins are a class of inhibitors of HMG-CoA reductase that decrease plasma LDLcholesterol. Currently available statins include rosuvastatin, lovastatin, pravastatin,
simvastatin, fluvastatin and atorvastatin.

They are prescribed to individuals with

elevated LDL-cholesterol (Brown et al., 1998). Statins are generally well tolerated and
effectively reduce plasma triglycerides by up to 30%, LDL-cholesterol up to 60% and
increase HDL-cholesterol by up to 12% (Illingworth & Tobert, 1994; Brown et al., 1998;
Jones, 1998).

Their efficacy in decreasing hypertriglyceridaemia depends on the

baseline plasma triglyceride level and is also proportional to the LDL-cholesterol
lowering effect. Several studies on the effect of statins on postprandial lipaemia have
shown decreases in postprandial TRL-triglycerides of up to 43% (Sitno et al., 1993;
Parhofer et al., 2000; Santos et al., 2000; Santos et al., 2001; Parhofer et al., 2003).
Statins may lower plasma triglyceride by increasing lipolysis and the clearance of TRLs
(Sposito et al., 2003; Ginsberg, 2006). The use of statins in obesity and diabetes
mellitus also reduces coronary events (Haffner, 1999) and is considered the cornerstone
of lipid-lowering therapy. However, a high residual risk remains in those receiving
intensive statin therapy, indicating that further lipid-lowering therapies are required on
top of statin monotherapy.
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ω-3 fatty acids
Fish oils are rich in ω-3 polyunsaturated fatty acid. Dietary supplementation of ω-3
fatty acid attenuates plasma triglyceride through blunting the SR of TRL (Chan et al.,
2003).

Low doses of ω-3 fatty acids reduce fasting triglyceride and apoB-48

concentrations (Tinker et al., 1999; De Caterina, 2011). However, further benefits may
be seen with the addition of weight loss. Postprandial plasma triglyceride response, but
not apoB-48 concentration, is lowered with ω-3 fatty acid. However, in obese insulinresistant men, fasting apoB-48 level was lowered (Slivkoff-Clark et al., 2012). Details
of the mechanism of ω-3 fatty acids will be further discussed in Section 1.5.

Fibric-acid derivative
Fibric-acid derivates are classes of carboxylic acids most commonly available as
fenofibrate, gemfibrozil, clofibrate and bezafibrate.
individuals with hypertriglyceridaemia.

They have been used to treat

Fibrates can decrease fasting plasma

triglyceride concentrations by up to 50% (Fruchart et al., 2001; Després et al., 2004).
The mechanism of fibrates is not fully understood.

However, fibrates activate

peroxisome proliferator-activated receptor (PPAR) α-agonists that may reduce
triglyceride substrate availability to the liver by stimulation of mitochrondrial βoxidation, thereby decreasing hepatic VLDL secretion (Israelian-Konaraki & Reaven,
2004). They also increase lipoprotein clearance by promoting LPL activity, down
regulating apoC-III gene expression (Fruchart et al., 2001; Berger & Moller, 2002),
which promotes hepatic uptake of cholesterol transport from the periphery to the liver
via HDL (Fruchart et al., 2001; Bocher et al., 2003). A few studies also suggest that
fibrates stimulate the hepatic receptor-mediated uptake of LDL by inhibition of hepatic
cholesterol synthesis via its effect on SREBP (Price et al., 2000; Fruchart et al., 2001).
Kinetics studies have shown that fibrate treatment enhances the catabolism of apoBcontaining lipoproteins in obesity. Fenofibrates has been reported to reduce the number
of large VLDL particles in the fasting and postprandial state by increasing catabolism,
which effectively lowers triglyceride concentrations by 46% and 45%, respectively
(Föger et al., 1994; Watts et al., 2003; Rosenson et al., 2007). Fibrates decrease CVD
(mainly coronary) events, particularly in patients with atherogenic dyslipidaemia and
T2DM (Frick et al., 1987; Manninen et al., 1992; Rubins et al., 1999; The BIP Study
Group, 2000; Keech et al., 2005; Scott et al., 2009; Ginsberg et al., 2010; Jun et al.,
2010). Data from a meta-analysis of five randomised trials of fibrates also suggests that
these agents reduce CHD events among patients with a high triglyceride and low HDLLiterature review | 34

cholesterol phenotype (Sacks et al., 2010).

Beyond the lipid-lowering effect,

fenofibrate also improves vascular function in dylipidaemic individuals, as presented in
Appendix 3.

Niacin
Niacin or nicotinic acid is an essential B vitamin that has lipid-lowering effects when
used at pharmacological doses. Studies have shown niacin to lower fasting plasma
triglyceride concentrations by up to 40% (Guyton et al., 1998; Knopp et al., 1998; Zema,
2000; Tavintharan & Kashyap, 2001; Malik & Kashyap, 2003) and reduce the
postprandial triglyceride response by 45% (King et al., 1994). The effect of niacin on
postprandial lipaemia has been studied in combination with pravastatin, which reduced
postprandial triglycerides by 32% (O'Keefe et al., 1995).

The lipid regulating

mechanism of action of niacin is still not fully understood. However, it has been shown
to decrease the hepatic production of VLDL through inhibiting FFA mobilisation from
peripheral adipocytes (Brown et al., 1991).

Niacin alone or administered in

combination with other lipid-lowering drugs has been shown to contribute to a reduced
progression of atherosclerosis and reduce non-fatal and fatal myocardial infarction
(Canner et al., 1986; Brown et al., 2001; SoRelle, 2001; Canner et al., 2005; Duggal et
al., 2010). However, these benefits of niacin have not been confirmed in coronary
patients treated with niacin (Canner et al., 1986; Brown et al., 2001; Taylor et al., 2004;
Taylor et al., 2009). Two recent clinical trials have failed to show significant benefits
of niacin on CVD events (Boden et al., 2011; HPS Thrive Collaborative Group, 2013).
The Atherothrombosis Intervention in Metabolic syndrome with low HDL/high
triglycerides: Impact on Global Health outcomes (AIM-HIGH) Study suggested that
niacin may be beneficial for dyslipidaemia and influence the risk of CVD (Guyton et al.,
2013). The most common side-effects of niacin are facial flushing, rash and itching.
Other adverse effects include impaired insulin action sensitivity, decreased glucose
tolerance and increased fasting glucose level. Serious adverse events in the recent
Treatment of HDL to Reduce the Incidence of Vascular Events (HPS2-THRIVE) study
resulted in the withdrawal of niacin-laropiprant from the market (HPS Thrive
Collaborative Group, 2013).

Bile-acid binding resins
Bile-acid binding sequestrants (BAS) are highly charged polycationic resins that are not
absorbed from the gastrointestinal tract to the circulation (Ast & Frishman, 1990).
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Currently available BAS include cholestyramine, colestipol and colesevelam. BAS
have been shown to decrease LDL-cholesterol by up to 25% (Einarsson et al., 1991;
Viljoen & Wierzbicki, 2010), with little effects on HDL-cholesterol and a tendency to
increase triglyceride levels (Viljoen & Wierzbicki, 2010).

The LDL-cholesterol

lowering mechanism of action of the resins is through interference with the
enterohepatic circulation and an increase in the faecal excretion of bile acids (Moore et
al., 1968). Reduced bile acid increases the conversion of sterols to bile acids. This
decreases hepatic cholesterol, which increases the regulation of LDLr, then in turn
increases the plasma clearance of apoB-containing lipoproteins from the circulation
(Einarsson et al., 1991).

Clinical studies have shown that the reduction in LDL-

cholesterol due to resins is associated with a decrease in coronary artery disease and
retardation of the progression of CVD (Brensike et al., 1984; Insull Jr et al., 2001;
Insull Jr, 2006). Gastrointestinal side-effects of resin have been reported, including
constipation, reflux oesophagitis and dyspepsia. One study showed that resin treatment
increased the postprandial lipaemia response (Weintraub et al., 1987) potentially due to
the increase in fasting plasma triglycerides observed with resin treatment.
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1.4.

Arterial dysfunction

Arterial stiffness and endothelial dysfunction are risk factors for CVD (Widlansky et al.,
2003; Vlachopoulos et al., 2010) and are commonly associated with obesity (Acree et
al., 2007; Fjeldstad et al., 2007; Meyers & Gokce, 2007). Other risk factors include
aging, smoking, dyslipidaemia, hypertension, diabetes mellitus, and a history or family
history of CVD events (Wilson et al., 1987; McVeigh, 2002; Lakatta & Levy, 2003;
Widlansky et al., 2003). Stiffening of the arteries is a significant predictor of all-cause
mortality and CVD (Laurent et al., 2001; Vlachopoulos et al., 2010; Duprez et al., 2011)
that has gained increasing interest in the assessment of arterial and endothelial function.
Arterial elasticity is influenced by both functional and structural factors (Zieman et al.,
2005). The vascular endothelium plays a crucial role in the regulation of vascular
homeostasis by releasing vasodilators (nitric oxide, prostacyclin and bradykinin) and
vasoconstrictors (endothelin, angiotensin II, thromboxane and endothelial-derived
hyperpolarising factors). Endothelial dysfunction reflects an imbalance of vasodilators
and vasoconstrictors in the endothelium, which alters the structure and function of
arterial walls. The role of endothelial dysfunction in the pathogenesis of CVD is
described in Figure 1.6.

Arterial compliance refers to the ability of the blood vessel to distend with increasing
transmural pressure. It is defined as the change in volume, diameter or area of artery to
the change in pressure (∆volume/∆pressure) (McVeigh, 2002). Poor arterial compliance
commonly coexists with endothelial dysfunction, especially in high risk individuals
(Oliver & Webb, 2003). A bidirectional relationship between arterial stiffness and
endothelial function, involving feedback and a vicious cycle of progressive arterial
stiffness and endothelial dysfunction, has been suggested (Mitchell, 2009). However,
the potential mechanism remains to be fully investigated.
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Figure 1.6 Role of endothelial dysfunction in the pathogenesis of CVD.

1.4.1.

Measurements of arterial stiffness

Interest in measuring arterial stiffness has increased significantly due to its association
with CVD; however, currently there is still no methodology feasible and reliable enough
for clinical assessment. Surrogate measurements, such as arterial compliance, have
been widely used in research studies.

Furthermore, arterial stiffness can also be

measured using circulating biomarkers and flow-mediated dilatation (FMD).

1.4.1.1.

Arterial compliance

Non-invasive arterial compliance measurements can be categorised under three main
groups: pulse transit time, arterial wave contour analysis and the direct measurement of
arterial structure and pressure.

Pulse transit time
Pulse transit time measures the time taken for a pulse wave to travel between two sites.
Pulse wave velocity (PWV) assesses the arterial pulse wave at a proximal artery as well
as a distal artery and the time delay between a specific part of the pulse wave at the two
points is measured. The distance between the two points is also measured and PWV is
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calculated as distance (metres) divided by time (seconds). Assessing relative change in
arterial size to distending pressure is most commonly measured using ultrasound, and,
rarely, MRI (Oliver & Webb, 2003). Devices that can measure the waveform include
Doppler ultrasound, pressure-sensitive transducers, applanation tonometry or MRI
(Asmar et al., 1995; Wilkinson et al., 1998; Sutton-Tyrrell et al., 2001; Oliver & Webb,
2003). This is considered the most reliable measure of arterial stiffness (Woodman et
al., 2005).

Arterial wave contour analysis
Systolic pulse contour analysis derives central aortic waveforms from a peripheral
artery such that the augmentation index (AIx) can be calculated (Oliver & Webb, 2003)
and simply measured using a Sphygmacor pulse wave system. Diastolic pulse wave
contour analysis measure arterial compliance by adapting a modified Windkessel model,
which analyses the diastolic pressure pulse contour. A commercial non-invasive device
(Hypertension Diagnostics Inc/Pulse Wave™ CR-2000 Research Cardiovascular
profiling System, USA) has now been developed to assess large (C1) and small (C2)
artery compliance. Recent population studies have found that decreased C1 and C2
independently predicts coronary and peripheral disease (Grey et al., 2003; Duprez et al.,
2011; Wilkins et al., 2012). Venous occulsion strain-gauge plethysmography can be
measured in the limb, detecting the change in forearm volume and the rate of arterial
blood flow into the limb blood flow. It is based on the principal that during induced
ischemia the inflow of blood is unchanged and blood can continue to enter the limb but
cannot escape, which reflects the resistance vessel function in the limb (Wilkinson &
Webb, 2001).

Direct measurement
The stiffness of an artery can be calculated by measuring the diameter of the arterial
vessel and blood pressure simultaneously. Most commonly, the diameters of major
vessels such as carotid, aortic and brachial arteries are measured and the pressure of the
brachial artery or radial pulse pressure is measured (Pannier et al., 2002).

1.4.1.2.

Markers of vascular function

Flow-mediated dilatation
FMD uses high-resolution ultrasonography technology to measure blood flow after
inducing shear stress generated by hyperaemia following an induced period of local
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ischaemia (Pyke & Tschakovsky, 2005; Woodman et al., 2005). This shear stress
increases the production of endothelium-derived nitric oxide. Other stimuli used include
acetylcholine, bradykinin or substance P (Widlansky et al., 2003).

Biomarkers of vascular function
Indirect assessment of arterial stiffness includes the measurement of circulating
biomarkers of endothelial cell damage, activation and inflammation, such as asymmetric
dimethylarginine, nitric oxide, endothelin-1, intercellular adhesion molecule, vascular
cell adhesion molecule, endothelial progenitor cells, plasminogen activator inhibitor-1
and endothelial-derived microparticles (Jensen et al., 1989; Stehouwer et al., 1991;
Gearing & Newman, 1993; Hwang et al., 1997; Albertini et al., 1998; Lim et al., 1999;
Thorand et al., 2006). A depletion of endothelial progenitor cells from bone marrow is
associated with endothelial dysfunction and is related to cell-derived microparticles
(Hill et al., 2003; Curtis et al., 2010). Microparticles are small membrane-shed vesicles
derived from cell surfaces during cellular activation, injury or apoptosis, and are
reported to be clinically specific and quantitative markers of coronary endothelial cell
dysfunction in T2DM (Koga et al., 2005; Nozaki et al., 2009; Curtis et al., 2010).
Endothelium-bound extracellular superoxide dismutase is closely associated with nitric
oxide medicated vasodilation and has been shown to be reduced in patients with
coronary artery diseases (Landmesser et al., 2000).
1.4.2.

Vascular dysfunction and obesity

Arterial dysfunction is an early sign of atherosclerosis (Meyers & Gokce, 2007). An
association between obesity and larger arterial diameters and wall thickening has been
reported (Wildman et al., 2004).

In the Framingham Heart Study, BMI was

independently associated with reduced brachial artery FMD (Benjamin et al., 2004).
Other cross-sectional studies reported that visceral obesity and WHR were associated
with endothelial dysfunction (Arcaro et al., 1999; Brook et al., 2001; Williams et al.,
2006). In men, hypertriglyceridaemia has been associated with poor brachial artery
FMD and arterial stiffness (Lundman & Tornvall, 2002; Aznaouridis et al., 2007).
Insulin resistance is highly prevalent in obesity, which may blunt the vasodilatory effect
of insulin (Steinberg et al., 1996; Westerbacka et al., 1999; Wildman et al., 2005). It
has also been reported that overweight, non-diabetic individuals have a similar degree
of impaired endothelial functions as those with T2DM (Galili et al., 2007). Chronic
low-grade inflammation associated with obesity is critical to the development of
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atherosclerosis; however, its role in arterial dysfunction is still not clear. Cytokines
secreted by adipocytes such as IL-6 and TNF-α promote an inflammatory response and
foam cell accumulation, contributing to plaque instability and impaired nitric oxide
endothelium-dependent relaxation (Meyers & Gokce, 2007). Also, adipocytes secrete
angiotensin-II, which increases sodium retention leading to an increase in shear stress
that impairs vascular function (Chudek & Wiêcek, 2006).
1.4.3.

Management of vascular dysfunction

Lifestyle interventions including dietary modifications and physical exercise have been
shown to improve arterial properties (Joyner, 2000; Tanaka et al., 2000). Dietary salt
restriction, a low-fat diet, soy isoflavones and ω-3 fatty acid supplementation are
associated with improving arterial stiffness (Avolio et al., 1986; van der Schouw et al.,
2002; Pase et al., 2011b). ω-3 fatty acid supplementation such as fish oil capsules may
improve endothelium dependent vasodilation as well as preserve postprandial
endothelial function after a high-fat meal (Goodfellow et al., 2000; Nestel, 2000; Fahs
et al., 2010). Dietary flavonoids, polyphenols and antioxidants have shown an acute
effect in improving endothelial function, mainly in short-term studies, potentially due to
the effects of increased endothelial nitric oxide availability (Hooper et al., 2008; Zuchi
et al., 2010; Bondonno et al., 2012; Landberg et al., 2012).

Pharmacotherapy

approaches shown to improve vascular function include HMG CoA reductase inhibitors
(Egashira & Takeshita, 1994; Leibovitz et al., 2001; Tsunekawa et al., 2001) and
angiotensin-converting enzyme (ACE) inhibitors (Mancini et al., 1996; Prasad et al.,
1999). Fenofibrate improves vascular function in dyslipidaemic diabetic patients, as
discussed in Appendix 3.
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1.5.

Fish Oil: ω-3 polyunsaturated fatty acid

The cardioprotective effect of fish oil was first discovered in the Inuit community with a
diet high in marine sources. Fish oils are a rich source of long-chain omega-3 (ω-3)
fatty acids, primarily C20:5ω-3 eicosapentaenoic acid (EPA) and C22:6ω-3
docosahexaenoic acid (DHA) (Jump, 2002). Other sources of ω-3 fatty acids such as
plant-based C18:3ω-3 α-linolenic acid (ALA) are less effective due to the poor
conversion to EPA and DHA. The precise effects of fish oils in reducing the risk of
CVD are still unclear, but may be due to the effect of ω-3 fatty acid on lipid and
lipoprotein metabolism and reducing plasma triglycerides (Harris & Bulchandani, 2006).
The consumption of ω-3 fatty acids reduces the risk of coronary heart disease (CHD)
death (Harris et al., 2008; Mozaffarian, 2008), sudden death (Albert et al., 2002) and
CVD events (Harris et al., 2013). Other beneficial effects include anti-atherogenic,
anti-inflammatory and anti-hypertensive effects, and an improvement in vascular
function (Morris et al., 1993; Kang & Leaf, 1996; Mori & Beilin, 2001; Jump, 2002;
Kris-Etherton et al., 2002; De Caterina, 2011; Pase et al., 2011a). The ethyl ester form
of ω-3 fatty acid is potentially more effective than the triglyceride form because of its
higher bioavailability, sustained intestinal absorption and protection against oxidative
stress (Rupp, 2009). Both the empirical forms of ω-3 fatty acid triglyceride and ethyl
ester are shown in Figure 1.8.

1.5.1.

ω-3 fatty acid and triglyceride-rich lipoprotein metabolism

An intake of fish oil has been shown to reduce the postprandial lipaemic response
(Harris et al., 1988) and ω-3 fatty acid supplements suppress both TRL-apoB secretion
from the liver and intestines (Tinker et al., 1999). High doses of highly purified ω-3
fatty acid ethyl esters (ω-3 FAEE) can reduce plasma triglyceride up to 40% as well as
lowering the postprandial response (Harris et al., 1997; Park & Harris, 2003). A
summary of the mechanism of ω-3 fatty acids on TRL metabolism is shown in Figure
1.7.
It has been suggested that the mechanism by which ω-3 fatty acids lower triglyceride
levels involves the regulation of gene expression (Price et al., 2000; Clarke, 2001; Bays
et al., 2008; Jump, 2011). Metabolic studies have reported that the reduction in plasma
triglycerides is primarily due to a significant decrease in triglyceride secretion. This
may be due to ω-3 fatty acids decreasing the activities of triglyceride synthesising
enzymes, phosphatidic acid phosphohydrolase or diacylyglycerol acyltransferase (Harris
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& Bulchandani, 2006; Levy et al., 2006). ω-3 fatty acids also have the lesser effect of
increasing triglyceride catabolism (Nestel et al., 1984; Harris et al., 1990; Harris &
Bulchandani, 2006). This may be due to the ability of ω-3 fatty acids to reduce
cholesterol synthesis by downregulating SREBP-1c activity through an increased decay
of SREBP-1c mRNA. Also, ω-3 fatty acids are partial ligands for PPAR-α receptors,
thus enabling their upregulation and enhancing β-oxidation, which assists the
catabolism of fatty acids (Price et al., 2000; Yoshikawa et al., 2002). ω-3 fatty acids
may also increase the clearance of triglycerides by upregulating LPL activity (Khan et
al., 2002; Park & Harris, 2003).
The mechanisms by which ω-3 fatty acids lower postprandial lipaemia are still unclear.
In vitro studies have suggested that ω-3 fatty acids reduce the production of CM
(Murthy et al., 1990; Ranheim et al., 1994). ω-3 fatty acids do not affect triglyceride
absorption or CM secretion in the intestine (Harris et al., 1997; Cartwright & Higgins,
1999); however, in vivo studies have shown that there may be due to increased
clearance of CM due to an increase in LPL activity as well as reduced hepatic apoB
secretion.

This reduces the competition between CM and VLDL for the shared

catabolic pathway (Roche & Gibney, 1999; Westphal et al., 2000; Park & Harris, 2003).
A summary of the effect of ω-3 fatty acids on postprandial lipidaemia is shown in Table
1.7.

Figure. 1.7 The mechanisms of action of ω-3 fatty acids on triglyceride and CM
metabolism.

CM, chylomicron; LPL, Lipoprotein lipase; VLDL, very-low-density

lipoprotein
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Figure 1.8 The empirical form of EPA and DHA and their ethyl esters.
EPA, Eicosapentaenoic acid; DHA, Docosahexaenoic acid
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Table 1.7 The effect of ω-3 fatty acids on postprandial lipidaemia
Author

Year

Subjects

Marker

Remark

Harris

1988

Normal lipid

TG

↓ postprandial plasma TG

Weintraub

1988

Normal lipid

CM, RP

↓ postprandial plasma TG
↓ postprandial RP

Williams

1992

Normal lipid

TG

↓ postprandial plasma TG

Harris

1993

Normal lipid

CM-TG

↓ postprandial CM-TG/RE

CM-RE
Agreen

1996

Normal lipid

TG, CM-TG

↓ postprandial plasma TG
↓ postprandial plasma CMTG

Westphal

2000

HTG

CM-RE

↓ postprandial CM-TG

Park

2002

Normal lipid

TG, apoB-48,

↓ postprandial plasma TG

apoB-100

↓ postprandial apo-48
↓ postprandial apoB-100

apoB-48, apolipoproteinB-48; CM, chylomicron; HTG, high triglyceride; RE, retinyl
ester; RP, retinyl palmitate; TG, triglyceride
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1.6.

Assessment of lipoprotein metabolism

Plasma lipid and lipoprotein concentrations are static measures employed to identify
lipid disorders.

These disorders are a result of defects in the production and/or

catabolism of lipoproteins. Lipid and lipoprotein concentrations alone are unable to
provide information on the mechanistic factors contributing to lipid disorders (Burnett
& Barrett, 2002). Kinetic studies using stable isotopes are therefore crucial to the
understanding of the regulation of lipoproteins in vivo (Barrett et al., 2006).

Stable isotope techniques were first introduced in the 1930s for studying cholesterol
(Schoenheimer & Rittenberg, 1935) and protein metabolism (Schoenheimer et al.,
1939), but owing to the high cost and lack of commercial availability, were soon
replaced by radioactive labelling methods. Kinetic studies of lipoproteins were initially
developed in animals and humans by using exogenous labelling with radioactive iodine.
Later, stable isotopes were preferred to avoid the hazard of radiation exposure and to
take advantage of endogenous labelling.

This technique also allows direct and

simultaneous estimation of the production rate of all lipoproteins of interest
(Lichtenstein et al., 1990; Packard, 1995). A study comparing the use of exogenous and
endogenous labelling of apoA-I showed that the two methods were comparable
(Ikewaki et al., 1993). Stable isotope metabolic studies were more widely used as mass
spectrometers became more efficient and affordable (Parhofer et al., 1991; Schaefer et
al., 1992; Packard, 1995; Watson, 1995; Cummings & Watts, 1996; Patterson, 1997;
Maugeais et al., 1998). Once the stable isotope is administered, the labelled tracer is
incorporated with the lipoprotein and hence can be measured. The use of gas
chromatography mass spectrometry (GCMS) allows a sensitive measurement of the
isotopic enrichment of the lipoprotein of interest.

Tracers and Tracees
A “tracee” is defined as the substance to be traced. The “tracer” is a labelled substance
that is detectable by the observer, has identical physical, chemical and biological
properties to the tracee, and is negligible in quantity compared to the tracee (Steiner et
al., 1986). A suitable tracer must have several properties. First, the tracer is chemically
identical to the tracee, but differs in some aspect (e.g. mass) that allows for precise
detection.

Second, it must be detectable and measurable with a reproducible

methodology. Third, the tracer must not perturb the system under investigation (Cobelli
et al., 2000).
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The lipid and/or protein components of lipoproteins may be labelled. However, labelled
amino acids with stable isotopes have been preferred as ideal tracers for the study of
apoB metabolism (Parhofer et al., 1991; Watson, 1995; Fisher et al., 1997). The choice
of stable isotope-labelled amino acid for a study should be based upon knowledge of
metabolism, abundance of the protein of interest, availability and expense of the label
(Jacquez, 1985). However, the choice of amino acid tracers used for endogenous
labelling does not affect the estimation of lipoprotein kinetic parameters.

1.6.1.

Principles of stable isotope tracer

The aim of substrate kinetics studies is to determine the rate of production and clearance
of a substrate from a system (Wolfe, 1992). A system refers to the biological construct
in which the material of interest exists, at the whole body, organ, cellular or sub-cellular
level. A schematic representation of this tracer methodology is shown in Figure 1.9.
When a tracer is administered, it becomes incorporated into the system, thus labelling
the components of interest. Through this methodology, the tracer and tracee are both
able to be “tracked” using GCMS technology. The movement of material in the system
is described by a set of mathematical equations that produce quantitative information on
the system under study.

1.6.1.1.

Definitions in kinetics

Pool/Compartment – an amount of material which is homogeneous and distinct from
other material in the system. Material can flow in or out of a compartment.
Pool size/Mass – the amount of tracee in a specific pool in which the tracer is
introduced and from which samples measuring its amount will be taken.
Flux – the transfer of mass per unit time from one compartment to another
Rate constant/fractional transfer coefficient (pool/time) – the fractional transfer of
material between compartments or the fractional losses from compartments.
Fractional catabolic rate (pool/time) – the fraction of trace lost irreversibly from a pool
per unit time. It is sometimes called the fractional clearance rate.
Secretion rate (mass/time) – the rate at which the tracee moves through a pool. It is also
called synthetic rate, turnover rate, transport rate or production rate.
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Tracee input

Pre-infusion

Tracee output

Tracee input

Post-infusion

Tracee and
tracer output

Tracer input
Figure 1.9 Schematic diagram of the principle of the tracer methodology in the postabsorptive state. The unlabelled tracee

and labelled tracer

are mixed into the

biological system.

Assumptions:
1. The mass of the tracee is constant and the mass of the tracer is negligible in
quantity but detectable.
2. The tracer is indistinguishable with respect to the properties of the trace.
3. The system in homogenous and well-mixed.
4. The measurement of the transport of the tracer is equivalent to that of the tracee
being studied.

1.6.1.2.

Administration of tracer

A tracer can be administered intravenously as a primed-constant infusion (PCI) or a
single bolus injection either orally or intravenously. Both methods are well correlated
(Parhofer et al., 1991).

A single bolus injection of tracer is more suitable for

lipoproteins with a slow rate of turnover. The bolus dose makes it easier to detect
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newly synthesised particles because the intracellular precursor enrichment is greater at
the start of the study, and also may make it easier to measure the interconversion of
lipoprotein particles (Marsh et al., 2000). Such an input maximises the tracer data
information that can be measured from the lipoprotein of interest. In this thesis, all
kinetic studies of both post-absorptive and postprandial states have employed the single
bolus approach as it provides an instantaneous input of tracer into the amino acid pool.
Moreover, the clinical protocol of the bolus approach is more convenient to the subject.
In this thesis, d5-glycerol was used to trace VLDL-triglyceride metabolism in the postabsorptive state, while d3-leucine was employed to examine apoB-48 metabolism in the
postprandial state in lean and obese subjects.

1.6.2.

Gas chromatography mass spectrometry

GCMS is used to analyse stable isotope enrichment in tracer studies. GC and MS are
complementary techniques that together create a powerful and versatile analytical
method capable of analysing complex biological mixtures. The laboratory preparation
of material for GCMS is discussed in more detail in Section 3.18.

Derivatisation
The process of derivatisation increases the mass of the analyte for effective
chromatographic separation and detection by GCMS. This chemical process adds a
larger molecular group to small functional groups (e.g. carboxylic, hydroxyl or amino
groups) present in the analyte of interest (e.g., leucine, glycerol). This makes them
thermally stable, chemically inert and volatile at temperatures below approximately
300C. To generate volatile derivatives, a derivatising reagent is chosen to replace the
hydrogen in a carboxylic acid or hydroxyl functional group, generating the
corresponding ester or ether derivative. Popular derivatising reagents used are
polymethylated

silyl

compounds

such

as

N-tert-butyldimethylsilyl-N-

methyltrifluoroacetamide (MTBSTFA). In this thesis, MTBSTFA is used to derivatise
glycerol, and trifluoroacetic acid (TFA):trifluoroacetic anhydride (TFAA) is used to
derivatise leucine.

1.6.2.1.

Gas chromatography

After the derivatised sample has been introduced into the GC, it is vaporised and
injected into the chromatographic column by an inert carrier gas to separate the sample
into many components. The carrier gas (e.g., helium, argon and nitrogen) serves as the
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mobile phase that elutes the components of a mixture from a column containing an
immobilised stationary phase (a non-volatile liquid coated onto the sides of the column).
Gas chromatographic separation occurs due to the differences in position of adsorption
equilibria between the gaseous components of the sample and the stationary phase. The
equilibrium is dependent on the column and column temperature, which can be
regulated to elute specific compounds.

Interface
The effluent of the GC passes through an interface that reduces the pressure and passes
all (or most) of the analyte molecules from the GC into the mass spectrometer. These
interfaces are also carrier gas separators to separate the carrier gas from the organic
analytes, thereby increasing the concentration of the organic compounds in the carrier
gas stream.

1.6.2.2.

Mass Spectrometry

There are three essential components in a mass spectrometer: an ionisation source, an
analyser and a detector.

Ionisation source
The principle of MS is that an electric or magnetic field can control the path of an
ionised molecule in a mass-dependent fashion. Two types of ionisation are commonly
used: electron impact ionisation and chemical ionisation. Electron impact ionisation
usually imparts excess energy to a molecular ion. The energy in excess of that required
to ionise the sample molecule is dissipated by fragmentation of the molecular ion. The
pattern of fragmentation (mass spectrum) is a unique characteristic of the compound.
Chemical ionisation involves the ionisation of a reagent at a relatively high pressure
which interacts with the analyte to produce charged species.

Although electron

ionisation is preferred due to good detection sensitivity, chemical ionisation has been
shown to be many times more sensitive; however, it is strongly dependent on the
structure of the analyte. In this thesis, electron impact MS has been used to identify
leucine and glycerol derivatives.

Analyser
The most popular mass analyser employed in GCMS is the quadrupole, which combines
the use of static and oscillating electromagnetic fields to separate the ions produced in
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the ion source. Ions in the analyser are in a gas phase and are separated by their mass to
charge ratio.

On passing through the magnetic field, the ions are subjected to a

centrifugal force imparted by the magnetic field.

Selected ion monitoring can be

employed to filter specific ions for analysis depending on their mass to charge ratio
(m/z). This is particularly useful when measuring the isotopic enrichment of an analyte
as only the masses corresponding to the molecular ion (or fragment ions) and its
isotopic analogue ion are selected for monitoring.

Detector
After mass analysis, the separated groups of ions are passed through the detector to
count the ions, and this converts into an electrical signal that can be measured externally.
The number of ions striking a detector is directly proportional to the magnitude of the
signal produced.

The data produced by the mass analyser is then collected and

processed using a computer to generate chromatograms (Figure 1.10). The relative
abundances (peak height or peak areas) are used to calculate isotopic ratios of tracer to
tracee.

Figure 1.10 Chromatogram of labelled and non-labelled leucine extracted from apoB-48
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1.6.3.

Analytical aspects of kinetic studies

Parameters of lipoprotein metabolism can be determined from the mathematical analysis
of apolipoprotein tracer/tracee mass. Common methods used for the analysis of apoB
kinetics include linear regression, monoexponential function and compartmental
modelling.

Linear regression
Early stable isotope tracer studies used linear regression models to determine apoB
kinetic parameters (Cryer et al., 1986; Cohn et al., 1990; Lichtenstein et al., 1990). The
assumption with this model is that the system of interest is in a steady state and output is
irreversibly removed from the same pool as the input. The tracer enters the same pool
and is measured. This method determines the initial rate of enrichment and divides by
the precursor plateau isotopic enrichment to estimate the fractional synthetic rate
(equivalent to fractional catabolic rate (FCR) in steady state) (Cryer et al., 1986; Cohn
et al., 1990).

However, this method does not account for the complexity and

heterogeneity of lipoprotein metabolism that is inherently nonlinear by nature. Hence,
the linear regression method represents a non-physiological approach to determine the
metabolic parameters and should be discouraged (Parhofer et al., 1991; Foster et al.,
1993; Cummings & Watts, 1996).

Monoexponential function
The monoexponential function has often been used to estimate the fractional synthetic
rate.

This approach also assumes that the measurement pool is a homogeneous

population of particles.

However, this assumption is known to be incorrect, as

numerous studies have shown that lipoprotein pool is in fact heterogeneous (Fisher et al.,
1980; Packard et al., 1984; Beltz et al., 1985).

Multi-compartmental model
Compartmental modelling is considered the “gold standard” for modelling lipoprotein
kinetic data (Barrett et al., 2006).

The first step of the compartmental modelling

approach is to construct a model that represents the physiological and biochemical
processes involved in the system. The system is dissected into distinct compartments to
describe the kinetic heterogeneity of lipoprotein metabolism (Barrett et al., 1991;
Parhofer et al., 1991; Cobelli et al., 2000). This method is particularly suitable for
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describing the complexity and heterogeneity of lipoprotein metabolism (Barrett et al.,
2006).

A compartment is defined as an amount of a given substance that is well mixed and
kinetically homogeneous.

Well-mixed means that when two separate samples are

withdrawn from the same compartment at the same time, both samples would have the
same concentration of the substance of interest. Kinetic homogeneity means that every
particle in the compartment has the same probability of being removed from the
compartment (Jacquez, 1985; Cobelli et al., 2000).

A multi-compartmental model consists of one or more compartments connected by the
transition of particles between compartments. The transition from one compartment to
another occurs by passing through some physical barrier or by undergoing some
physical and/or chemical modification, such as delipidation of VLDL particles.

The developmental process of multi-compartmental models aims to generate a logical
mathematical representation of the system and expand the theory of compartmental
models. The compartmental analysis consists of three phases: model specification,
structural identifiability and parameter estimation. Model specification is the number of
compartments and their interconnections within the model. Structural identifiability
relates to how adequately the model describes the system and its consistency with the
current ideas of the system. Parameter estimation refers to estimating the “best” values
for the model parameters.

Simulation, Analysis and Modelling Software II (SAAM II)
The multi-compartmental models used in this thesis have been constructed using
Simulation, Analysis, and Modelling Software II (The Epsilon Group, Virginia, USA)
to describe the steady state kinetics of VLDL-triglyceride (Study 1) and postprandial
kinetics of TRL apoB-48 and VLDL-apoB (Studies 2 & 3). This program has been used
extensively for the studies of lipoprotein kinetics.

Steady-state kinetics
The estimates of lipoprotein kinetics of a compartment are governed by the principal of
mass balance. At any time point, the rate at which the material mass is produced is
equivalent and constant to the rate of clearance. The kinetics of a system is determined
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by the difference between the rate of tracer input and tracer clearance. Given that the
kinetic behaviour of the tracer is the same as that of the tracee, the determination of
tracer kinetics provides a measure of the metabolic parameters of the tracee under
investigation.

Non-steady-state kinetics
In the non-steady state, assumptions about the production and/or catabolic rates are
required to develop a mathematical model that best fits the system (Barrett et al., 2006).
Stable isotopes and mathematical models have previously been developed to study the
metabolism of apoB in the non-steady state (Parhofer et al., 1999). A mathematical
model was developed to study the postprandial metabolism of apoB-48 in Studies 2 and
3 of this thesis. Further details of the postprandial apoB-48 model development will be
discussed in Section 3.18.1.

1.6.4.

Triglyceride-rich lipoprotein kinetics in obesity

Isotope studies have enlightened our understanding of the kinetic defects of lipoprotein
metabolism in obesity. In general, the elevated SR of VLDL-triglyceride and apoB as
well as the delayed catabolic rate of apoB are key contributors of hypertriglyceridaemia
in obesity (Grundy et al., 1979; Kissebah et al., 1981; Cummings et al., 1995; Riches et
al., 1998).

These defects can be partially corrected through lifestyle and

pharmacological therapy interventions (Harris et al., 1990). However, less is known
about the kinetics of apoB-48 in obesity particularly in the postprandial state which is
explored in this thesis. A summary of the human studies investigating the kinetics of
VLDL-triglyceride, VLDL-apoB and TRL-apoB-48 in obesity are presented in Table
1.8.
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Table 1.8 Human studies of VLDL-triglyceride, VLDL-apoB, TRL-apoB-48 in obese subjects
Authors

Year

No. of obese

Labelling

Finding

subjects
Grundy

1979

Not reported

RI

↑ VLDL-TG SR

Kissebah

1981

5

RI

↑ VLDL-TG SR, ↑ VLDL-apoB SR
↔ VLDL-TG FCR, ↔ VLDL-apoB FCR

Cohn

2004

5

SI

VLDL-TG PR correlates with BMI and plasma TG

Kesaniemi

1985

4

RI

↑ VLDL-apoB SR, ↔ VLDL-apoB FCR

Egusa

1985

9

RI

↑ VLDL-apoB SR, ↔ VLDL-apoB FCR

Cummings

1995

6

RI

↑ VLDL-apoB-100 SR, ↔ VLDL-apoB-100 FCR

Riches

1998

16

SI

↑ VLDL-apoB-100 SR, ↓VLDL - apoB-100 FCR (p=0.053)

Chan

2002

48

SI

↑ VLDL-apoB-100 SR

Mittendorfer

2003

7

SI

↔ VLDL-apoB-100 SR, ↓VLDL - apoB-100 FCR

Chan

2005

53

SI

↑ VLDL-apoB-100 SR

Duez

2006

6

SI

↑ TRL-apoB-48 SR, ↔ TRL-apoB-48 FCR

Hogue

2007

11

SI

↑ TRL-apoB-48 SR, ↓TRL-apoB-48 FCR

RI, radioisotope; SI, stable isotope; SR, secretion rate; FCR, fractional catabolic rate; TG, triglyceride

Chapter 2
Philosophy, Hypotheses and
Aims

Philosophy, hypotheses & aims | 57

Philosophy, hypotheses & aims | 58

This chapter summarises and describes the philosophical methodology employed in this
thesis. The general hypothesis, secondary hypotheses, observation statements and aims
of this thesis are reported.

2.1.

The Philosophical Process

The philosophical method employed in this thesis to acquire new knowledge is the
empirical process.

This involves observations, testing hypotheses and making

inferences from the observations using both inductive and deductive reasoning.
According to Empiricism, all knowledge stems from observations (Harré, 1985).
Generating new knowledge by empirical testing can be based on two main types of
reasoning, inductive and deductive. Inductive reasoning is based on findings that are
not considered conclusive truths but are highly probable conclusions.

Deductive

reasoning involves conclusive proof of the truth (Tarski, 1993; McErlean, 2000).

2.2.

Hypothesis

A hypothesis is a scientific idea that can be accepted or rejected by empirical
observation (Harré, 1985; McErlean, 2000). A hypothesis cannot be proven absolutely
true with a finite number of observations, as only one observation is required to reject
the hypothesis.

To test a hypothesis (H) using inductive reasoning, a probable

observation (O) is deduced.

Through experimentation and empirical observation,

inferences are drawn to accept or reject the hypothesis. The reasoning process can be
simplified as follows:
1. If H then O
2. O confirmed
3. Then, probably H
In this thesis, the above process of inductive reasoning is employed to infer probable
conclusions from the observations made.

In this thesis, the observations were assessed for statistical significance through testing
the strength of a null hypothesis (H0), which is a statement of “no difference” between
the means of a general population and a subgroup. The alternative hypothesis (Ha) is a
secondary statement that opposes the H0. Once H0 is stated it is possible to evaluate the
probability (p) of obtaining the observed data if the H0 was true. If the p-values were
less than 0.05 the H0 is rejected. The smaller the p-value the stronger the evidence
against the H0 provided by the data.
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2.3.

Principal Hypothesis

The principal hypothesis of this thesis is that lipoprotein metabolism, in particular
postprandial metabolism, is abnormal in obesity and it is related to cardiovascular risk
factors. Four observation statements were derived from this general hypothesis to test
the validity of the general hypothesis. The hypothesis, observation statement and aim of
each study are outlined below.

A case-control study (Study 2) and randomised

controlled trials (Study 1, 3 and 4) were carried out. The testing of the observation
statements provided in-depth analysis of the principal hypothesis and contributed to the
understanding of TRL metabolism and relating cardiovascular risks in obesity.

2.4.

Subsidiary hypotheses, observation statements and aims

2.4.1.

Study 1: Omega-3 fatty acid ethyl ester supplementation decreases
very-low-density lipoprotein triglyceride secretion in obese men

Hypothesis
Improvement of triglyceride metabolism by ω-3 FAEE supplementation in obesity is
related to the mechanism involving changes in the kinetics of VLDL-triglyceride.

Observation statement
ω-3 FAEE supplementation reduces the concentration of triglyceride in obese subjects
via mechanisms involving decreased SR of VLDL-triglyceride.

Aim
To test the observation statement, a randomised, placebo-controlled trial was carried out
to examine the effect of ω-3 FAEE on VLDL-triglyceride metabolism in obese men.
The kinetics of VLDL-triglyceride were measured using a stable isotope, GCMS
method and multi-compartmental modelling.
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2.4.2.

Study 2: Plasma apolipoprotein B-48 transport in obese men: a new
tracer kinetic study in the postprandial state

Hypothesis
Dysregulation

of

postprandial

TRL-apoB-48

metabolism

contributes

to

hypertriglyceridaemia in obese men.

Observation Statement
Hypertriglyceridaemia observed in obese men is caused by an oversecretion and/or
delayed clearance of postprandial TRL-apoB-48.

Aim
To test the observation statement, a case control observation study compared the
concentration and kinetics of postprandial TRL-apoB-48 in obese men with non-obese
men. The kinetics of postprandial TRL-apo-B48 was assessed by the ingestion of a
standard fat-load and using a bolus injection of d3-leucine stable isotope, GCMS and
multi-compartmental modelling.

2.4.3.

Study 3: Effect of ω-3 fatty acid ethyl esters on apolipoproteinB-48
kinetics in obese subjects on a weight loss diet: a new tracer kinetic
study in the postprandial state

Hypothesis
Improvement of TRL metabolism by ω-3 FAEE supplementation in obesity is related to
a mechanism involving changes in the kinetics of TRL-apoB-48.

Observation Statement
ω-3 FAEE supplementation reduces the concentration of apoB-48 in obese subjects on a
weight loss diet via mechanisms involving decreased SR of apoB-48 and increased
clearance of apoB-48.

Aim
To test the observation statement, a randomised, placebo-controlled trial was carried out
to examine the effect of weight loss and ω-3 FAEE supplementation in obese subjects.
The kinetics of the postprandial apoB-48 response were measured using a stable isotope,
GCMS method and multi-compartmental modelling.
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2.4.4.

Study 4: Supplementation with ω-3 fatty acid ethyl esters increases
large and small arterial elasticity in obese adults on a weight loss diet

Hypothesis
ω-3 FAEE supplementation improves vascular function in obesity.

Observation statement
ω-3 FAEE supplementation increases large and small arterial elasticity in obese subjects
on a weight loss diet.

Aim
To test the observation statement, a randomised, single-blind trial was carried out to
examine the effect of ω-3 FAEE supplementation and weight loss on arterial elasticity.
Arterial elasticity was measured by pulse contour analysis of the radial artery and
weight loss was achieved by a hypocaloric diet.
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Chapter 3
Methodology
Overview, study designs, methods and
materials
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3.1.

Study design, sample size and power calculations

The following studies (Studies 14) in this thesis were designed to test the principal
hypothesis that obese individuals have impaired TRL metabolism and that
pharmacotherapy with ω-3 FAEE will improve TRL metabolism, and by implication
lower cardiovascular risk. The studies include a case control study (Study 2) and
interventional studies (Studies 1, 3 and 4).

3.1.1.

Study design

A parallel study design was preferred and used in the intervention studies (Studies 1, 3
and 4) because it is robust to the many kinds of problems that can occur in clinical trials
such as missing data, subject withdrawals and missed visits (Spilker, 1996). In each
study, the active treatment group was compared to a suitable control group, which
strengthens the inferences drawn from the results of the studies (Altman, 1990). A
cross-over study design was inappropriate because of the duration of the interventions,
the potential carry-over effect of treatment, and because it is impractical with weight
loss studies (Study 3 and 4). A simple randomisation procedure was employed in these
parallel group designs to reduce the effect of bias from confounding factors, such as age,
gender, which are likely to influence the principal outcome variable, apart from the
treatment being studied.

3.1.2.

Power calculations and sample size

For a given study, a sufficient number of subjects are required to increase the possibility
of detecting the true effect of the intervention tested. The sample sizes of the studies
were deduced from power calculations based on a method by Campbell et al (1995),
which estimates the sample size required per group at the two sided 5% significance
level for different values of d and power.
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Study 1: Omega-3 fatty acid ethyl ester supplementation decreases very-lowdensity lipoprotein triglyceride secretion in obese men
This was a randomised, double-blind, placebo-controlled trial designed to investigate
the effect of ω-3 FAEE on VLDL-triglyceride kinetics in 24 obese men. There was a
three-week run-in period to establish weight maintenance followed by randomisation to
4 g/day OMACOR (3.2 g/day ω-3 FAEE) or 4 g/day placebo corn oil for 6 weeks. The
kinetics of VLDL-triglyceride were investigated using d5-glycerol, GCMS and multicompartmental modelling.

Previous studies found that VLDL1-triglyceride SR in

overweight subjects was 370 mg/kg/day (Adiels et al., 2005) and in healthy weight
subjects was 215 mg/kg/day. ω-3 FAEE supplementation has shown to reduce plasma
triglyceride concentration by 30% (De Caterina, 2011). Assuming that ω-3 FAEE
affects plasma triglyceride by decreasing VLDL-triglyceride SR, then 11 subjects per
group will enable the present study to have at least 80% power to detect the changes in
VLDL-triglyceride metabolism with an -error of 5%.

Study 2: Plasma apolipoproteinB-48 transport in obese men: a new tracer kinetic
study in the postprandial state
Study 2 was a case-control study aimed to determine the effect of obesity on
postprandial apoB-48 kinetics after a fat-load. ApoB-48 kinetics were assessed with d3leucine, GCMS and multi-compartmental modelling. A previous study (Duez et al.,
2006) reported that the apoB-48 SR of obese men was 1.73 ± 0.39 mg/kg/day and nonobese men was 0.88 ± 0.13 mg/kg/day. Assuming that apoB-48 SR increases the apoB48 concentration in the postprandial state, seven subjects per group will enable the
present study to have at least 80% power to detect the postulated differences in apoB-48
SR with an -error of 5%.
Study 3: Effect of ω-3 fatty acid ethyl esters on apolipoproteinB-48 kinetics in
obese subjects on a weight loss diet: a new tracer kinetic study in the postprandial
state
Study 3 was a randomised, single-blind intervention trial designed to examine the
effects of ω-3 FAEE supplementation on postprandial apoB-48 kinetics after a fat load
in obese subjects on a weight loss diet. Subjects entered a four-week run-in diet and
weight stabilising period, at the end of which they entered a hypocaloric diet for 12
weeks immediately followed by four weeks of weight maintenance. During the 16week period, subjects were randomised into one of two groups, a weight loss alone
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group or 3.2 g/day ω-3 FAEE plus weight loss group. The postprandial apoB-48
kinetics were assessed with d3-leucine, GCMS and multi-compartmental modelling.
Previous studies reported that apoB-48 SR in obese men was 1.73 ± 0.39 mg/kg/day
(Duez et al., 2006) and that fish oil supplementation reduced the apoB-48 postprandial
response by 28% (Park & Harris, 2003). Assuming that ω-3 FAEE supplementation
affects apoB-48 postprandial response by decreasing apoB-48 SR, then 12 subjects per
group will enable the present study to have 80% power to detect changes in postprandial
apoB-48 metabolism with -error of 5%.
Study 4: Supplementation with ω-3 fatty acid ethyl esters increases large and small
arterial elasticity in obese adults on a weight loss diet
Study 4 was a randomised, single-blind 16-week intervention study design, aimed to
investigate whether vascular function is improved by ω-3 FAEE supplementation on a
background of a weight loss diet. Twenty-five obese subjects underwent a 12-week
energy deficit diet to achieve moderate weight loss followed by 4 weeks of weight
maintenance and were randomised to 3.2 g/day ω-3 FAEE during the same period of
time. Vascular function was measured by pulse wave contour analysis of the radial
artery.

Previous studies showed that large and small artery compliance in obese

individuals was 17.3 ± 4.2 mL/mmHg × 10 and 7.5 ± 2.0 mL/mmHg × 100, respectively
(Fjeldstad et al., 2010) and that high dose fish oil supplementation increased large artery
compliance by 21% (Wang et al., 2007) and increased small artery compliance by
~30% (McVeigh et al., 1994; Nestel et al., 2002). Twelve subjects per group will
enable the present study to have more than 80% power to detect changes in large and
small arterial compliance with -error of 5%.

All studies in this thesis obtained ethics approval, granted by Human Research Ethics
Committees. All subjects provided written consent.

3.2.

Subjects

The inclusion criteria for the studies included in this thesis were as follows:
Study 1


Male



1875 years old



Waist circumference > 94 cm



BMI > 2746 kg/m2
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Fasting plasma triglyceride > 1.2 mmol/L



Fasting plasma total cholesterol > 5.2 mmol/L

Study 2
Non-obese subjects


Male



1875 years old



Waist circumference < 90 cm



BMI < 27 kg/m2



Fasting plasma triglyceride < 1.2 mmol/L

Obese subjects


Male



1875 years old



Waist circumference > 92 cm



BMI > 2746 kg/m2



Fasting plasma triglyceride > 1.2 mmol/L

Study 3 and 4


Men or post-menopausal women (post-menopausal defined as no menstrual cycle
for 1 year and FSH>30U/L, or if the subject has had a hysterectomy or surgical
sterilisation)



1875 years old



Waist circumference: men > 92 cm, women > 80 cm



BMI > 2545 kg/m2



Fasting plasma triglycerides ≥ 1.5 mmol/L and/or



HDL-cholesterol ≤ 1.0 mmol/L (men), ≤ 1.3 mmol/L (women)

General Exclusion criteria (Study 14)


Triglycerides ≥ 4.5mmol/L



Total Cholesterol OR LDL-cholesterol > 7mmol/L



Genetic Hyperlipidaemia (e.g., Familial Hypercholesterolemia, Type III)



Apolipoprotein E2/E2 genotype



Hypertension (resting BP >150/90)



Alcohol consumption > 3 standard drinks per day
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Smoker



Consuming a hypocaloric diet



Macroproteinuria



Hypothyroidism



Creatinaemia (> 130 μmol/L)



Significantly abnormal liver function (ALT or AST > 3 times ULN)



Creatine kinase > 3 times ULN



Anaemia (Hb < 125 mg/L)



History of CVD



Significant arrhythmia



Cholelithiasis



Use of steroids or other agents that may influence lipid metabolism



Serious medical/systemic illness



Psychiatric illness

Specific exclusion criteria (Study 3 and 4)


Intolerance to fish oil, dairy products, lactose or eggs



Fish oil discontinued within 4 weeks



Type 2 diabetes mellitus (requiring medication)



Pre-menopause women



Stable dose HRT < 6 weeks



Stable dose of statin for < 6 weeks

3.3.

Method of recruitment

Recruitment of volunteers were conducted through referrals from physicians and letters
were mailed out to obese subjects who had previously participated or shown interest in
previous studies. Some subjects were also referred by other subjects.

3.4.

Protocol for screening

Potential participants initially were screened with a telephone questionnaire and the
study was explained.

Once deemed eligible, participants were invited to attend a

physical screening visit which involved anthropometric measurements such as height,
weight, waist and hip circumference, blood pressure, urinalysis, electrocardiogram, a
physical examination by the study doctor and also consent for the study and apoE2/E2
Methodology | 69

DNA testing. Fasting blood tests for lipid profile, full blood picture, sodium, potassium,
urea, creatinine, glucose, insulin, liver function test, TSH and CK were conducted.

3.5.

Anthropometric Measurements

Weight and height measurements
Weight measurements were measured to the nearest 0.05 kg with light clothing and no
shoes. Height was measured using a fixed stadiometer to the nearest 0.5 cm with no
shoes. Body mass index was then calculated as weight (kg) divided by height (m)
squared.

Waist and hip circumference measurements
Waist was measured at the midpoint between the costal margin and iliac crest in the
mid-axillary line with the subjects standing and breathing normally. Hip circumference
was measured at widest point around the greater trochanter.

3.6.

Body composition

The bioelectrical impedance method to measure body composition is based on the
principle that electrical resistance in the body is inversely proportional to total body
water (Segal et al., 1988).

3.7.

Blood Pressure

The blood pressure of each participant was taken at screening, on isotope days, vascular
function tests days and safety blood visits at week 6 and 12 of the study period.
Participants were at resting positions when blood pressures were taken with a
DINAMAP 1846SX at 3-minute intervals. A minimum of four consecutive readings
were obtained and the first reading was discarded. The following three readings were
averaged to give the blood pressure used for the visit.

3.8.

Urinalysis

Specific density, pH, glucose, protein, leukocytes, nitrite, ketones, bilirubin,
urobilinogen and blood were analysed using urinary dipsticks (ChoiceLine 10,
Urinalysis) at the screening visit.
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3.9.

Nutritional methods

3.9.1.

Assessment of nutrient intake

Three-day food and alcohol diaries were given to the participants to complete at
baseline, during the weight loss phase and the weight maintenance phase. Detailed
written instructions emphasising the importance of recording the types and quantities of
food and beverages, cooking methodology and serving sizes were given to the
participants by a research nurse or dietitian. Macronutrient composition and energy
intake was analysed using FoodWorks (Xyris, 2007) using AusNut (All Foods) revision
18 and AusFoods (Brands) revision 11. These data were entered into FoodWorks by an
accredited practicing dietitian.

3.9.2.

Nutritional assessment

The following information was collected from each subject:
Lifestyle factors – Individual lifestyle plays a crucial role in eating habits and heavily
influences the individual’s diet. Information collected included employment status and
working hours, household structure, responsibility for food purchases and cooking.
Biological and medical data – Anthopometric measures such as weight, height, waist
and hip circumference were taken (detailed in Section 3.8). Also recorded were weight
loss history, diagnosis of diabetes mellitus, hypertension and family history of obesity.
Dietary assessment – Diet history and present dietary intake were assessed.
Behavioural data – Beliefs, culture, thoughts and feelings that affect eating behaviour
were recorded.

3.9.3.

Hypocaloric diet

Hypocaloric diets were prescribed in Studies 3 and 4 during the weight loss period. An
accredited practicing dietitian conducted a fortnightly nutritional counselling session
and review.

The first session involved nutritional assessment and in subsequent

sessions dietary and behavioural management plans were discussed, reviewed and
evaluated.

3.9.4.

Dietary management plan

Individualised dietary advice was provided in written form or verbally to each subject.
Portion plates were provided to guide appropriate serving sizes and subjects were
required to identify achievable dietary changes that could be implemented prior to the
next visit. For example, reduce fat intake by trimming visible fat off meat, replacing
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whole milk with skim milk and limiting take away meals. The dietitian ensured that
goals were realistic and not too much information was given at one time as this tends to
decrease recall.

Eating patterns are a function of environmental controls and often eating behaviour is
determined by the presence of food cues (Foreyt & Goodrick, 1993). Subjects were
required to identify eating patterns (e.g., eating when not hungry or continuing to eat
when satisfied) and eliminate them by reconstructing the eating environment (e.g.,
removing excess portions of food from table when satisfied). Behavioural changes were
monitored at each session.

3.9.5.

Dietary review and evaluation

At each session, the dietitian reviewed the subject’s weight loss progress and evaluated
compliance to the dietary and behavioural goals set in prior sessions. These were
measured by subject interview, weight and food records.

3.9.6.

Isocaloric diet

Following the weight loss period, each subject was required to maintain their new
weight. During this weight maintenance period, subjects were instructed to increase
their diet intake by approximately 500kJ which equates to approximately one snack
meal a day (e.g., a serve of low fat yoghurt or a small handful of nuts etc.). This was
measured using a 3-day food diary and weight.

3.10.

Assessment of physical activity

Participants were asked to maintain the same level of physical activity that they had
before participation and during the whole study period.

3.11.

Protocol for blood measurement

After an overnight fast of 1014 h, blood was collected by the study nurse in the
morning. Participants were rested supine for 20 mins before a 21-gauge scalp vein
needle was inserted intravenously to an antecubital view of the forearm. Spray coated
K2EDTA plastic vacutainers (Becton Dickinson, Rutherford, NJ, USA) were used to
collect all blood samples throughout the study. These vacutainer vacuumed blood
collection tubes (Becton Dickinson, Rutherford, NJ, USA) were immediately placed on
ice and the blood fractionated by low speed centrifugation at 3000 rpm at 4 °C. SiliconMethodology | 72

coated plastic vacutainers were used for serum collection for the entire study. Once
blood was collected into these vacutainers, they were allowed to stand at room
temperature for 20 min before low speed centrifugation at 3000 rpm at 4 °C.

3.12.

Preparation of stable isotope solution

Subjects were required to be weighed by the research nurse or dietitian within one week
before the isotope day. This weight was used to calculate the dose of leucine (5 mg/kg
body weight) and glycerol (10 mg/kg body weight) required. The isotope solutions
were prepared within 72 hours before the isotope infusion by the Department of
Pharmacy (Royal Perth Hospital). To prepare the isotope solutions, leucine or glycerol
was weighed and dissolved in sterile 0.9 % sodium chloride to a final concentration of
15 mg/mL for leucine and 50 mg/mL for glycerol. Under the laminar flow cabinet, the
solution was drawn into sterile syringes and filtered aseptically through a 0.2 micron
hydrophilic filter into a sterile empty vial. The vial was capped with silver metal cap
and stored at 4 °C.

3.13.

Isotope day protocol

Eligible subjects were admitted to the Metabolic Research Centre, School of Medicine
and Pharmacology at Royal Perth Hospital after a 12-hour fast. They were given a fatload milkshake (composition as below) and only water was allowed for the remaining
duration of the isotope day protocol. The subjects were studied in a semi-recumbent
position and a cannula placed in an antecubital vein. Baseline bloods were taken before
the administration of the stable isotope in a single bolus. Further blood samples were
then collected at 5, 20, 30, 40 and 60 min and 1.5, 2, 2.5, 3, 4, 5, 6, 8 and 10 h from the
time the stable isotope was administered. On the following day, the subject would
revisit after 12 h of fasting for the blood collection of the 24 h time point. All bloods
and separated blood samples were stored at 4 °C immediately.

3.14.

Plasma volume

Plasma volume was determined by multiplying body weight by 0.045 L/kg and by a
correction factor to adjust for the decrease in relative plasma volume associated with an
increase in body weight (Retzlaff et al., 1969).
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Where, a = 0.87(male), 0.90(female) and H = haematocrit

3.15.

Preparation of milkshake for postprandial studies

For the postprandial studies (Study 2 and 3), the test meal provided to stimulate a
postprandial response was a milkshake that consisted of 100 mL of full cream milk, 150
mL of pure cream, 70 mL of corn oil, 90 g of whole egg (approximately 2 large eggs)
and 10 g of sugar. At baseline it provided a total of 4.8MJ, 130 g fat, 17 g protein and
21 g carbohydrate. Three flavours were available: coffee, chocolate or strawberry.
Each participant consumed the same flavoured milkshake at both isotope visits. On the
day of the final isotope, the amount of milkshake was adjusted according to the
percentage weight loss in each individual participant (Study 3).

3.16.

Biochemical Assays

3.16.1.

Total cholesterol

Total cholesterol was measured in whole plasma by an enzymatic colorimetric method
(CHOD-PAD method) based on the enzymatic hydrolysis of cholesterol ester and the
subsequent enzymatic assay of the total free cholesterol.

This assay involves the

following biochemical reactions:
Cholesterol ester + H2O
Free cholesterol + O2
2 H2O2 + 4 aminophenazone + phenol

cholesterol + R.COOH
cholest-4-ene-3-one + H2O2
4 quinoneimine + H2O

The amount of red quinoneimine dye produced is stoichiometrically related to the
concentration of cholesterol, and was detected spectrophotometrically by measuring the
absorbance at 500 nm using an Architect c16000 Analyser (Abbott Diagnostics, Abbott
Park, IL, USA). The mean inter-assay coefficients of variation (CVs) were 0.54% at 3.0
mmol/L and 0.50% at 6.3 mmol/L.
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3.16.2.

Triglycerides

The enzymatic colorimetric method, GPO-PAD was used to measure whole plasma
triglyceride concentrations.

This test is based on the enzymatic hydrolysis of

triglyceride with a subsequent enzymatic assay of the glycerol present. The following
biochemical reactions were involved:
Triglyceride + 3H2O

Glycerol + ATP

glycerol + 3R.COOCH

glycerol-3-phosphate + ADP

Glycerol-3-phosphate + O2

2H2O2 + 4-aminoantipyrin + 4-chlorophenol

dihydroxyacetone + H2O2

quinoneimine + 2 H2O2 + HCl

The amount of red quinoneimine dye produced is directly proportional to the
concentrations of glycerol, and was determined spectrophotometrically by measuring
the absorbance at 500 nm using an Architect c16000 Analyser (Abbott Diagnostics,
Abbott Park, IL, USA). The mean inter-assay CVs were 1.6% at 1.00 mmol/L and
0.88% at 2.05 mmol/L. Triglyceride concentration in the VLDL fraction was measured
using an enzyme-linked immunoabsorbent assay (ELISA) kit (Fujirebio, Japan).

3.16.3.

High-density-lipoprotein-cholesterol

The concentration of HDL was measured using a homogeneous, enzymatic colorimetric
method.

The measurement is based on using two reagents.

Firstly, non-HDL

unesterified cholesterol undergoes an enzymatic reaction that produces peroxide, which
further reacts with DSBmT producing a colourless product.

The second reagent

selectively dissolves HDL cholesterol and develops colour for the quantitative
measurement of HDL cholesterol. The resultant colour is directly proportional to the
concentration of HDL cholesterol, and was detected spectrophotometrically by
measuring the absorbance at 500 nm using an Architect c16000 Analyser (Abbott
Diagnostics, Abbott Park, IL, USA). The mean inter-assay CVs were 1.74% at 1.08
mmol/L and 1.99% at 1.64 mmol/L.
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3.16.4.

Low-density-lipoprotein-cholesterol

Plasma LDL concentration was estimated using the Friedewald (Friedewald et al., 1972)
formula (mmol/L):
LDL-cholesterol = Total cholesterol – (0.46 × Triglyceride) – HDL-cholesterol

This formula is only valid when the total triglyceride is less than 4.5 mmol/L. The
precision is dependent upon the total cholesterol, triglyceride and HDL-cholesterol
results.

3.16.5.

ApolipoproteinB-100

Apolipoprotein concentrations in plasma were measured by an immunonephelometric
method. Immunonephelometry is a semi-kinetic assay where precipitation of antigenantibody complexes in solution and in the presence of antibody excess is detected by the
change in absorbance of transmitted light at 340 nm. In the present study the increase in
absorbance of the test or quality control samples was compared to that of standard
concentrations of the apolipoproteins. Reference standards, quality control materials
and antibodies were all supplied commercially by Behring Diagnostics (Behring
Diagnostics, Kingsgrove, NSW, Australia).

All assays were carried out using the

Behring Nephelometer System. The inter-batch CV were all less than 3%.

3.16.6.

ApolipoproteinB-48

ApoB-48 concentrations in plasma were measured using sandwich ELISA kit
(Shibayagi Co., Ltd, Japan). Standards and samples were diluted in 0.05 mmol/L TriHDL buffer and incubated in monoclonal antibody-coated wells for 1 hour. After
washing the wells, biotin-conjugated anti-apoB-48 antibody was added to the wells and
further incubated for 1 hour. Horse radish peroxidase-conjugated avidin was added and
reacted with substrate reagent 3,3,5,5-tetramethylbenzidine (TMB) and the reaction was
stopped by adding 50 µL of 1 M sulfuric acid. The resultant colour is proportional to
the concentration of apoB-48 and was detected spectrophotometrically by measuring the
absorbance at 450 nm. The concentrations of the samples were determined by using the
standard curve. The inter-assay CV was < 8%.
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3.16.7.

Glucose

Blood was collected into silicon-coated tubes and serum was separated after
centrifugation. The enzymatic hexokinase reaction was used to measure fasting serum
glucose. The two reactions involved are as follows:
Glucose + ATP

Glucose-6-phosphate + ADP

Glucose-6-phosphate + NAD

6-phosphogluconate + NADH

The NADH produced is directly proportional to the concentration of glucose in the
sample and was measured spectrophotometrically using the absorbance at 340 nm with
an Architect c16000 Analyser (Abbott Diagnostics, Abbott Park, IL, USA). Mean interassay CVs were 1.44% at 4.8 mmol/L and 0.79% at 15.6 mmol/L.

3.16.8.

Insulin

Insulin concentration was measured using the Architect Insulin immunoassay. The
assay principle is based on the competition between labeled insulin and insulin from the
samples for a fixed number of antibody binding sites.

The samples were mixed

thoroughly with anti-insulin coated paramagnetic micro particles and anti-insulin
acridinium-labeled conjugate. After washing and the addition of pre-trigger and trigger
solutions into the reaction mixture, a chemiluminescent reaction is produced. This was
measured by Architect i* optical system (Abbott Diagnostics, Abbot Park, IL, USA) in
relative light units (RLUs). There is a direct relationship between the amount of insulin
in the sample and the RLUs detected. The mean inter-assay CVs were 1.48% at 25.4
µU/mL, 1.49% at 88.6 µU/mL and 1.26% at 168.5 µU/mL.

3.16.9.

Insulin resistance

The homeostasis Model Assessment (HOMA) score was calculated as follows:

3.16.10.

Lathosterol, campesterol and sitosterol

Using the method described by Mori et al. (Mori et al., 1996), plasma lathosterol,
campesterol and sitosterol concentrations were measured with GCMS. The principle of
the assay is based on hydrolysing cholesterol ester and lathosterol with alcoholic
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hydroxide and extracting free steroids into hexane. After evaporation of the hexane, the
steroids are converted by MTBSTFA/pyridine to the silyl ethers and measured by
GCMS.

Lathosterol is shown at m/z=443 as a small peak after a much larger

cholesterol ion of the same mass. Campesterol appears at m/z=457 and sitosterol at
m/z=471. Internal standard, epicoprostanol is add to the plasma and monitored at
m/z=445. A calibration curve is constructed from which the lathosterol concentration in
the samples is interpolated. Briefly, 200 µL of plasma was added to 1 mL 3% alcoholic
potassium hydroxide at 60 °C for 30 min, then extracted with 1 mL water and 2 mL
hexane. After centrifugation, the supernatant was aspirated and evaporated in a clean
glass tube. 100 µL of MTBSTFA/pyridine (1:1) was added to the tube, capped and
heated at 85°C for 30 min. The mixture was ready for analysis using GCMS (Hewlett
Packard 5890, USA). The inter-assay CV was < 6%.

3.16.11.

Adiponectin

Plasma adiponectin concentration was measured using enzyme immunoassay kits (R&D
Systems, Minneapolis, USA).

The assay employs the quantitative technique of

sandwich enzyme immunoassay. A monoclonal antibody specific for adiponectin is
pre-coated onto a microplate. Standards and samples are pipette into the wells and any
adiponectin present is bound by the immobilised antibody. After washing away any
unbound substances, an enzyme-linked monoclonal antibody specific for adiponectin is
added to the wells. Following a wash to remove any unbound antibody-enzyme reagent,
a substrate solution is added to the wells and colour develops in proportion to the
amount of adiponectin bound in the initial step. The colour development is stopped and
the intensity of the colour is measured. The inter-assay CV was < 7%.

3.17.

Postprandial response measurement

The magnitude of the postprandial response was quantified by calculating the area
under the curve (AUC) and incremental AUC (iAUC) of plasma triglycerides and apoB48. Concentrations obtained over the 10 h postprandial period after the ingestion of the
fat-meal was used for this calculation. AUC was calculated using the trapezoidal rule as
follows:
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where a and b are the upper and lower value of time, x. The iAUC was estimated as the
difference between the area defined below the baseline concentration and the area under
the plasma curve between 0 and 10 h. The iAUC represents the increase in area after
the response of the fat load above fasting concentration.

3.18.

Kinetic analyses

The laboratory methods used to obtain enrichment data for kinetic analyses are
described below.

3.18.1.

Isolation of TRL fraction

Based on the varying density of lipoprotein particles, a sequential ultracentrifugation
method was used. TRL have a density < 1.0063 kg/L and rise to the surface during
centrifugation of whole plasma; they were collected through aspiration. Whole blood
samples were collected in 9 mL K2EDTA vacutainers and immediately centrifuges at
3000 rpm for 10 min at 4 °C. For each time point, 3.5 mL of EDTA plasma was
collected in ultracentrifugation tubes (Beckman, CA, USA) at 4 °C to prevent the
enzymatic degradation of lipoproteins. After the 10 h time point, all time points were
centrifuged at 40000 rpm for 16 h at 4 °C (Optima XL-100K; Beckman Coulter,
Fullerton, Australia) using a Beckman titanium 50.4i fixed angle rotor. To collect the
TRL fractions, 1 mL of the supernatant from the very top of the solution was aspirated
without disturbing the rest of the solution.

3.18.2.

Isolation of TRL-apoB-48

From the isolated TRL fraction described above, 1.5 mL of diethyl ether was added to
250 µL of the TRL fraction for delipidation. The solutions were mixed and centrifuged
at 3000 rpm for 10 min at 4 °C. The upper layer of ether was removed by aspiration
and evaporated using nitrogen gas. ApoB-48 and apoB-100 were separated by SDSPAGE using a Tris-glycine buffer system. A 5% acrylamide resolving gel (0.1% SDS,
0.05% Tris, pH 8.8) and a stacking gel (3% acrylamide, 0.0001% SDS, 0.015% Tris. pH
6.8) were used; 100 µL of sample was mixed with 2× sample buffer (0.2% glycerol,
0.04% SDS, 0.1% 1-thioglycerol, 0.005% wt/vol bromophenol blue) and loaded onto
the gel. The gel was run overnight at room temperature under the following conditions:
first 2 h at 25 V, then 16 h at 50 V and thereafter at 10 V with running buffer (1× TrisGlycine, SDS 0.5%) and lower buffer (1× Tris-HCl, pH 8.3) in a SE600 Cooled Vertical
Eletrophoresis Unit (Holliston, USA).
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The apolipoproteins were then transferred using Western blotting onto polyvinylidene
fluoride (PVDF) membrane using a 1× Tris-glycine (10% methanol) buffer overnight at
75 mA. The PVDF membrane was stained with amido black protein and destained with
100% methanol. ApoB-48 (240kDa) and apoB-100 (550kDa) bands were clearly visible
(Figure 3.1).

apoB-100

apoB-48

Figure 3.1 ApoB-100 and apoB-48 separation using Western blot

3.18.3.

Extraction of leucine from plasma

Leucine was extracted from plasma using ion exchange chromatography with cation
resin (AG 50W X-8, 200−400 mesh, Bio-Rad Laboratories, CA, USA). Resin was
prepared by washing with deionised water and allowed to settle before discarding the
supernatant until resin bed and supernatant were of equal volume. To prepare an ion
exchange column, for each time sample, a short Pasteur pipette was plugged at the tip
with cotton wool (1−2 g) and 200 µL of mixed resin solution was added. The resin was
acidified with 1 mL 6 M HCl and rinsed twice with deionised water.

Whole blood was collected at specific time points into K2EDTA spray-coated tubes
over 24 h. blood samples were immediately centrifuged at 3000 rpm for 10 min at 4°C.
The plasma was removed and stored at −80 °C until further analysis. After thawing at
room temperature, the plasma was mixed and centrifuged at 3000 rpm for 5 min. 20 µL
of plasma was mixed with 160 mL of water, and while vortexing the mixture, 20 µL of
60% perchloric acid was added to precipitate the plasma proteins. After precipitation,
the mixture was centrifuged at 3000 rpm for 15 min at 4 °C. The supernatant was
diluted with 2 mL of water without disturbing the precipitate.

The whole of the

supernatant was then transferred to the ion exchange column. Each column was washed
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twice with 1 mL water. The leucine was eluted twice with 0.5 mL of 3 M ammonia and
collected into glass vials. The elute was then dried on a heating block at 70 °C
overnight, followed by 2 h at 105 °C.

3.18.4.

Isotopic tracer/tracee ratio of apoB-48 and plasma leucine

To the dried samples, 100 µL of derivatising agent, trifluoroacetic acid/trifluoroacetic
anhydride (TFA/TFAA, 1:1) was added to form oxazolinone derivatives. The samples
were capped and heated at 110 °C for precisely 5 min. After cooling the samples, 500
µL of cyclohexane and 1 mL of water were added. Mixtures were mixed thoroughly for
30 seconds and centrifuged at 3000 rpm for 2 min.

The top later, cyclohexane,

contained the extracted derivatives, and the water layer contained trifluoroactic acid.
The oxazolinone derivatives were measured by GCMS with negative-ion chemical
ionisation. The ions measured were at mass to charge ratios (m/z) of 209 and 212.

Leucine isotopic tracer/tracee ratio at each time point (t) was calculated by:

For quality assurance for the laboratory procedures, quality control samples (0.02% and
6%) were used from samples of known enrichment and leucine standards were analysed
with each batch of samples analysed in this study.

3.18.5.

Isotopic tracer/tracee ratio of VLDL-triglyceride

The VLDL fraction from each time point was mixed with equal volumes of isopropanol.
Heat-activated zeolite was added to the VLDL-isopropanol mixture to remove
phospholipids. The sample was mixed and centrifuged for 30 mins at 2000 g and 4 C.
The supernatant was aspirated and evaporated to dryness under nitrogen. The samples
were saponified with KOH (2 h at 60 C). Lipids were extracted by the addition of
chloroform/water, mixed, and centrifuged (2000 g, 20 min, 4 C). The top aqueous layer
was aspirated and dried down under nitrogen. Glycerol was derivatised with MTBSTFA
and pyridine (1:1) for 4 h at 70 °C. Plasma glycerol was isolated from plasma by
precipitating with 6% perchloric acid, followed by ion exchange chromatography and
derivatisation as described in Sections 3.18.3. and 3.18.4. Isotopic enrichment was
determined by selected ion monitoring of derivatised samples at mass/charge ratios of
377 and 382.
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3.18.6.

Postprandial apolipoprotin B-48 and TRL kinetics model

A non-steady compartment model (Figure 3.2) was developed using the SAAM II
program (The Epsilon Group, Virginia, USA) to account for changes in plasma apoB-48
concentration following consumption of a standardised fat meal. This model traces the
kinetics of postprandial metabolism using a bolus d3-leucine injection administered
within 5 min of a baseline blood sample. Blood samples were collected to 24 hours.

Figure 3.2 Multicompartmental model for apoB-48 non-steady state metabolism

Two separate, but linked, models were developed, one to account for the leucine tracer
data, including plasma leucine and apoB-48 leucine enrichment, and the other model for
apoB-48 concentration data.

The leucine compartment model consists of a four-

compartment subsystem (compartments 1−4) that describes plasma leucine kinetics.
This subsystem is connected to an intrahepatic delay compartment (compartment 5) that
accounts for the time required for the leucine tracer to be incorporated into apoB-48 and
subsequently secreted into plasma, compartment 6.

The apoB-48 concentration

compartment model consists of compartment 7, a delay compartment that represents
four compartments in series, and compartment 8, which represents plasma apoB-48
particles.

Physiologically, the series of compartments in compartment 7 represent

intestinal motility and the absorption processes, hence the additional delay compartment.
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In this model, the initial conditions reflect the basal apoB-48 concentrations, such as
those in the fasting state. The concentration of apoB-48 in compartment 7 can be
estimated assuming steady-state conditions before the consumption of the fat meal. The
fat meal tested is represented as a bolus input into compartment 7, which acts as a delay
prior to observing increased concentrations of the apoB-48 in plasma. This single bolus
input into compartment 7 is an adjustable parameter which reflects the number of new
apoB-48 particles secreted into plasma as a result of the fat meal. This assumes that the
fat meal increases the production of apoB-48 particles and the secretion of apoB-48
varies over time. By contrast, the catabolism of apoB-48 particles from the plasma was
assumed to be constant over the non-steady state period. In addition, the model of the
apoB-48 tracer and concentration data assumed that the rate constants from
compartments 6 and 8 were equivalent.

In the non-steady state, the concentration of the lipoproteins changes over time. The
ingested fat meal results in a temporary increase in plasma triglycerides and
apolioproteins.

This transient change in concentrations is a result of changes to

production and/or catabolism.

3.19.

Assessment of arterial stiffness

Pulse contour analysis
Arterial elasticity was measured using non-invasive pulse contour analysis
(Hypertension Diagnostic CR2000, Eagan, Minnesota). Subjects rested in a supine
position in a quiet room with temperature controlled at 20−23 C before measurements
were taken. Radial artery waveforms were recorded for 30 seconds and calibrated by
the oscillometric method with a cuff on the opposite arm and an internal calibration. An
example of the pulse pressure waveform is shown in Figure 3.3. Radial pulse-contour
analysis was used to derive large artery (C1) and small artery (C2) elasticity using a
validated modified version of the Windkessel model.

PulseWave CR2000 also

measures mean arterial pressure, pulse pressure, heart rate, stroke volume, and cardiac
output. In Study 4, these were all measured at baseline before the commencement of
the weight loss period and again measured on the last day of the weight maintenance
period.
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Figure 3.3 Pulse pressure waveform generated using HDI PulseWave CR2000.

3.20.

Statistical analyses

All statistical techniques used in this thesis were performed using SPSS 20 (SPSS, Inc.,
Chicago) and are described in this section. A p-value of 0.05 or less was considered to
be significant.

Measures of variability
Standard deviation (SD) measures the spread of the dataset from the mean. This is
calculated with the following formula:

Standard error of the mean (SEM) is the theoretical standard deviation of all sample
means of size n drawn from a population and depends on both the population variance
(σ) and the sample size (n):
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Coefficient of variation
The coefficient of variation (CV) is a dimensionless quantity describing the spread of
values around their mean. It is calculated as follows.

Distribution of data
The normality of the data was assessed using Kolmogorov-Smirnov’s test. The test for
normality is based on the maximum difference between the sample cumulative
distribution and the hypothesised cumulative distribution. All skewed data were either
examined after logarithmic transformation or examined using a non-parametric test.

Independent and paired t-tests
The t-test is used to evaluate the differences in means between groups. The groups can
be independent such as comparing baseline characteristics between different treatment
groups or the groups can be dependent (e.g., testing for differences before and after
treatment). The t-test can be used in studies with small sample sizes as long as the
variables are approximately normally distributed and the variation of scores in the two
groups is not significantly different. The standard error of the mean difference between
groups was estimated by

where µ1 and µ2 are the mean of the two groups and S is the pooled SD of both sets of
observations.

The independent samples t-test is calculated as

and the paired samples t-test is calculated as

where

is the observed mean difference
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The corresponding p-value is then derived from the t-distribution with

2 degrees of freedom.
Correlation analysis
Correlation analysis or a correlation coefficient is used to statistically describe the
strength and direction of the relationship between two variables. Pearson’s correlation
coefficient has been used in this thesis.

For two sets of variables X and Y, the

correlation coefficient r is

where xn and yn are the values of X and Y for the nth individual.
The Pearson r correlation coefficient ranges from −1 (a perfect negative linear
relationship) to +1 (a perfect linear relationship). The direction of the relationship is
dependent upon the sign of the coefficient. The strength of the relationship depends on
the numerical value of the coefficient and the p-value. A correlation coefficient of zero
indicates that the two variables are unrelated.

Linear regression
Linear regression is used to predict the value of a dependent variable, a criterion, based
on the value of an independent variable, the predictor. Assuming that a change in x will
lead directly to a change in y, this data is presented as a scatterplot and a regression line
is drawn to best fit the data. A regression equation is derived from the set of data where
the predictor (Y) and criterion (X) are known. The equation is then applied to a new set
of data with only the predictor is known. The equation for the regression line is

where a = intercept when x = 0 and b = slope.

The slope of the regression line (regression coefficient), the residual variation and the
standard error of the slope are of the most interest:
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8.1.

Overview

This thesis is presented as a series of reviews, publications and appendices. This
chapter gives an integrated overview of the material presented, the principal conclusions,
limitations and implications of the studies, and proposals for future research.

Chapter 1 reviewed the current literature on obesity, lipoprotein metabolism, lifestyle
and pharmacological treatment of hypertriglyceridaemia, use of stable isotopes in
lipoprotein research and vascular dysfunction in obesity. The prevalence of obesity is
increasing globally in both developed and developing countries. Obesity predisposes an
individual to a number of cardiovascular risk factors, including insulin resistance,
dyslipidaemia, hypertension, vascular dysfunction, chronic systemic inflammation and
NAFLD. The cardiovascular risk in obesity may in part be explained by the presence of
hypertriglyceridaemia in both fasting and postprandial states. Although the mechanisms
whereby obesity results in hypertriglyceridaemia have not been fully established, it has
been suggested that it is due to dysregulation of TRL metabolism, in particular
hepatically derived VLDL and intestinally derived apoB-48-containing CM. There is
evidence that the availability of triglyceride substrate in the liver and intestine regulates
the secretion of VLDL and CM.

Lifestyle and pharmacological management of

hypertriglcyeridaemia may be important in reducing cardiovascular events in obesity.
A combination therapy, such as the addition of fish oil (such as ω-3 FAEE) to weight
loss, may improve the efficacy of treatment in correcting fasting and postprandial
hypertriglcyeridaemia. However, the mechanisms of action of ω-3 FAEE alone or with
weight loss on TRL kinetics have not been fully examined in obese individuals. With
recent advances in GCMS technology and stable isotopic techniques, the dynamics of
TRL metabolism can now be measured precisely. In this thesis, the metabolism of
VLDL-triglyceride in the postabsorptive state was assessed by a bolus infusion of d5glycerol, and postprandial apoB-48 kinetics by a bolus infusion of d3-leucine following
a fat meal. The isotopic enrichment data was expressed a tracer-to-tracee ratio and
analysis of tracer data was performed using a multicompartmental model. A set of
mathematical equations was created in the model to describe the kinetics of lipid or
lipoprotein in which several kinetic parameters, including SR and FCR, were derived
after fitting the enrichment data with the model.

In addition, arterial dysfunction, an early feature of CVD, may also partly account for
the increased cardiovascular risk in obesity. Measuring arterial compliance (large artery
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compliance [C1] and small artery compliance [C2]) by radial pulse contour analysis has
been used to measure arterial function. Lipid regulating agents, such as statins and
fibrates, have been shown to improve arterial function via both lipid and non-lipid
effects on the arterial wall. In this thesis, the effect of ω-3 FAEE on arterial compliance
was investigated in obese individuals on a weight loss diet.

Chapter 2 presented the philosophical construct for this thesis. It described the logic of
inductive and deductive reasoning and the methods for inferring casual relationships.
The principal hypothesis was that the metabolism of TRL is impaired in obesity, and is
improved by ω-3 FAEE supplementation. This was tested in a series of observational
and interventional studies. Inferences from the experimental and observational data
obtained were based on testing the corresponding hypotheses in their null form using
established statistical methods. Conclusions were based on inductive reasoning and
probability.

Chapter 3 provided details of the study designs, sample sizes, power calculations,
clinical and laboratory methodologies, kinetic models and statistical analysis. The core
of the study presented in this thesis was based on two randomised, parallel-group,
clinical trials of ω-3 FAEE supplementation (3.2g/day) on obese individuals. Nutrient
intake was assessed from each subject in the form of a three-day food intake record and
analysed using FoodWorks Professional Version 4.0 (Xyris Software, Brisbane,
Australia).

Study 1 examined the effect of ω-3 FAEE supplementation on the

metabolism of VLDL-triglycerides in obese men using a d5-glycerol stable isotope
tracer. Isotopic enrichment using GCMS was determined by selected ion monitoring of
derivatised samples at a m/z of 377 and 382. The SAAMII program (The Epsilon Group)
was used to fit the model to the observed tracer.

VLDL-triglyceride metabolic

parameters, including FCR and SR, were derived following a fit of the compartment
model to the glycerol tracer/tracee ratio data.

Study 2 was a case-control study

comparing the metabolism of apoB-48 in the postprandial state between obese and
healthy, lean normolipidaemic men.

Study 3 examined the effect of fish oil

supplementation on postprandial apoB-48 kinetics in obese individuals on a weight loss
diet. In these two studies (Study 2 and Study 3), postprandial apoB-48 kinetics were
examined using a bolus intravenous infusion of d3- leucine following a fat load. ApoB48 was isolated using preparative ultracentrifugation and SDS-PAGE.

Isotopic

enrichment was determined using GCMS with selected mass to charge m/z of 212 and
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209 and negative ion chemical ionisation. The SAAM-II programme was used to fit the
model to the trace data and the kinetic parameters were derived. Study 4 was based on
and extended from Study 3 to examine the effect of ω-3 FAEE supplementation on
arterial compliance in obesity. C1 and C2 were measured using pulse wave-contour
analysis. All statistical analyses were conducted with SPSS version 20 (SPSS, Chicago,
USA) with a p-value of 0.05 or less considered to be significant.

Chapter 4 presented the findings of a randomised, placebo-controlled study aimed at
testing the hypothesis that the kinetic defect of VLDL-triglycerides is improved by ω-3
FAEE supplementation.

Twenty-two obese men (BMI 33 ± 4 kg/m2, plasma

triglyceride 1.7 ± 0.6 mmol/L) were studied. Compared with non-obese men from a
reference group, VLDL-triglyceride concentration and VLDL-triglyceride SR were
significantly higher in obese men.

Compared with the placebo group, ω-3 FAEE

supplementation significantly lowered plasma concentrations of VLDL-triglyceride and
hepatic secretion of VLDL-triglyceride. The FCR of VLDL-TG was not altered by ω-3
FAEE. These findings support the hypothesis that the triglyceride-lowering effect of ω3 FAEE supplementation is associated with the decreased VLDL-triglyceride SR and
hence lower plasma VLDL-triglyceride concentration in obesity.

Chapter 5 examined the metabolism of chylomicron apoB-48 in subjects with obesity.
The hypothesis was that obese men have kinetic defects in apoB-48 metabolism in the
postprandial state.

Increasing evidence suggests that intestinal-derived TRL are

atherogenic. The study aimed to investigate the underlying kinetic defect in apoB-48 in
the postprandial state. Seven obese men (BMI 32 ± 4 kg /m2) and 13 lean men (BMI 23
± 2 kg /m2) were studied. The kinetics of apoB-48 were studied in response to a fat load.
Compared with lean controls, obese men had significantly elevated plasma
concentrations of triglyceride and apoB-48, as well as plasma total and incremental
triglycerides and apoB-48 AUC (010 h) in response to the fat load. The obese men
also had significantly higher SR of apoB-48 in the fasted and postprandial states (+60%
to +80%), with a greater number of apoB-48-containing particles secreted over the 10
hour study period. These abnormalities may be due to the effect of insulin resistance in
increasing resynthesis of intestinal triglycerides and subsequent production of apoB-48
in obese subjects in the response to the fat meal. The FCR of apoB-48 was significantly
lower in the obese men compared with the lean men. The findings suggest that fasting
and postprandial hypertriglyceridaemia in obesity are partly due to a combination of
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oversecretion and decreased catabolism of apoB-48 particles.

Examination of the

postprandial glucose and insulin simultaneously in the response to the fat meal may
help to elucidate the effect of insulin resistance on apoB-48 transport in these subjects.

Chapter 6 provided an extension of the findings presented in Chapter 5. The study
aimed to test the hypothesis that the kinetic defect of postprandial apoB-48 metabolism
is improved by ω-3 FAEE supplementation on a background of a weight loss diet in 25
obese subjects. Compared with weight loss alone, ω-3 FAEE plus weight loss
significantly decreased fasting triglyceride and apoB-48 concentrations, postprandial
triglyceride and apoB-48 total AUC, as well as incremental postprandial triglyceride
AUC. ApoB-48 secretion was significantly reduced at basal, 8 h and 10 h without
significant effect on the postprandial peak period (3 h to 6 h). The FCR of apoB-48
increased with both interventions with no significant independent effect of ω-3 FAEE
supplementation. The findings of this study suggest that adding ω-3 FAEE to weight
loss improves postprandial hypertriglcyeridaemia chiefly by decreasing the secretion of
apoB-48 particles in the fasting state. This may relate to the chronic effects of ω-3
FAEE in enhancing the degradation of apoB-48 and decreasing the expression of apoB48 mRNA. Although adding ω-3 FAEE to weight loss has no effect on incremental
postprandial apoB-48 AUC, a decrease of the total apoB-48 AUC with ω-3 FAEE may
be a more clinically relevant marker of potential CVD risk reduction than the
incremental apoB-48 AUC.
Chapter 7 investigated the effect of ω-3 FAEE supplementation on arterial function in
obese subjects. Increased arterial stiffness is associated with enhanced risk of CVD in
obese individuals. The study aimed to test the hypothesis that arterial function is
improved by ω-3 FAEE supplementation in obese subjects on a weight loss diet. This
was studied in the same 25 subjects described in Chapter 6. Compared with the weight
loss group, adding ω-3 FAEE to weight loss significantly lowered systolic blood
pressure and heart rate. The increases in large and small artery elasticity were also
significantly greater in the ω-3 FAEE supplementation plus weight loss group than in
the weight loss group. These findings suggest that in obese subjects the combination of
ω-3 FAEE and weight loss does not only correct hypertriglyceridaemia, insulin
resistance and hypertension, but may also have the potential to reduce cardiovascular
risk by improving arterial function independently of weight loss.
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Summary of studies
These studies examined the kinetics of VLDL-triglycerides and CM apoB-48 and their
responses to ω-3 FAEE supplementation in obesity. The findings collectively support
the general hypothesis that the kinetic defects of TRL metabolism in obese subjects is
improved by ω-3 FAEE alone or with weight loss. Obesity is very often associated with
arterial dysfunction. The findings also support that combination therapy with ω-3
FAEE and weight loss may improve arterial function independent of weight loss.
Appendix 1 provided data to demonstrate that in overweight/obese subjects, the level of
hepatic fat content, measured by magnetic resonance spectrometry, was a significant
predictor of VLDL-apoB secretion. The reduction in liver fat with moderate weight
loss is associated with a reduced VLDL-apoB-100 SR and plasma concentration.

Appendix 2 presented the findings that chronic low-grade inflammation, as measured by
plasma high-sensitivity CRP concentration, is also a metabolic feature of subjects with
morbid obesity, and that this abnormality is improved by bariatric surgery.

Appendix 3 presented the findings of a randomised, placebo-controlled trial that
investigated the effect of fenofibrate on plasma markers of TRL metabolism and arterial
function measured by brachial artery FMD in T2DM. The results suggest that that
plasma apoB-48 concentration was inversely associated with brachial artery FMD. The
decrease in plasma apoB-48 concentration with fenofibrate treatment was also
significantly associated with the corresponding increase in brachial artery FMD.

Collectively, these studies described in Appendices 13 extend the findings in the thesis
relating to the metabolic factors and medical treatment associated with obesity and
dyslipidaemia.

8.2.

Limitations

There are several limitations and assumptions that relate to the studies in this thesis.

First, a placebo control was not used in Study 3 and 4, which may have biased the
treatment group. However, our previous study using a double-blinded randomised
control design (Chan et al., 2003) using placebo corn oil showed no effect on treatment
compliance.

Studies have also reported that plant oil altered endothelial function

(Turner et al., 2005; Karantonis et al., 2006; Perona et al., 2006; Tousoulis et al., 2010).
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Thus, the effects of placebo oil (e.g., corn oil and olive oil) on vascular function may
have confounded the results when comparing the effects of -3 FAEE supplementation
in this study. In this thesis, all laboratory procedures were processed and analysed in a
blinded manner, and randomisation codes were only available for final statistical
analysis.

Second, the composition of the test meal in the postprandial studies (Study 2 and 3) was
essentially a fat meal (89% fat, 6% carbohydrate and 5% protein). The distribution of
the macronutrients may influence the postprandial response. The test-meal used in this
thesis was modified based on the formula used in a previous postprandial study (Patsch
et al., 1983) and other postprandial studies have also adapted a similar composition of
the test-meal (Volek et al., 2000). Currently there is no standardised oral test-meal/fatload recommended for postprandial lipaemia studies.

Third, a major assumption relating to the mathematical modelling of postprandial apoB48 kinetics in Study 2 and 3 was that the increase in apoB-48 in response to the fat-load
was due to an increase in the secretion of apoB-48 whilst the FCR of apoB-48 remained
constant during the postprandial response. A study employing exogenously labelled
CM particles is required to test the hypothesis that the FCR of CM particles changes
with time in response to the test meal. However, such studies place a high demand on
participants and would require a number of additional assumptions regarding the
chemical and metabolic properties of the labelled CM particles.

Fourth, the elasticity of large conduit arteries and the microcirculation were only
assessed using pulse contour analysis derived from a modified Windkessel model.
However, measurement of the arterial waveform with PulseWave™ CR-2000 is a
convenient, non-invasive and highly reproducible method showing good correlation
with other measures of arterial stiffness, such as aortic distensibility measured by MRI,
stroke volume-to-aortic pulse pressure ratio and augmentation.

Fifth, in Study 4, arterial stiffness was only determined in the fasting state.
Measurements of arterial elasticity in the postprandial state may help to clarify the
mechanism of action of ω-3 FAEE supplementation on arterial elasticity.

Overview, limitations, implications & conclusion | 132

Finally, the sample sizes were small in the intervention studies (Study 3) that might
therefore have been underpowered to demonstrate a therapeutic effect of ω-3 FAEE
supplementation on apoB-48 SR in the postprandial state.

However, due to the

restriction of resources and the times demands for the trials, a larger samples size was
not practicable. Nevertheless, this sample size was comparable to that of other kinetic
studies that have demonstrated a therapeutic effect of ω-3 FAEE supplementation on
lipoprotein metabolism and vascular function.

As well as the above, subtle changes in insulin sensitivity might have confounded the
interpretation of the findings. Hence, it would have been preferable for changes in
insulin sensitivity to be measured with a hyperinsulinaemic, euglycemic clamp
(Defronzo et al., 1983). However, it was not possible to directly evaluate changes in
insulin sensitivity using the clamp techniques, due to time constraints and the demands
on the subjects’ time. Insulin sensitivity was estimated by HOMA score, which is well
correlated with the clamp technique (Bonora et al., 2000). Moreover, plasma
concentrations of lathosterol and campesterol were determined in this thesis to assess
cholesterol synthesis and cholesterol absorption, respectively.

It might have been

preferable to measure cholesterol synthesis and absorption using dual labelling and
sterol balance techniques. Nevertheless, the quantitation of these markers is strongly
associated with direct measures of cholesterol synthesis and absorption (Tilvis &
Miettinen, 1986; Kempen et al., 1988; Miettinen et al., 1990). In addition, although the
maintenance of physical activity levels were encouraged and any changes were
monitored by self-monitoring record, it is possible that small changes in exercise and
other lifestyle factors might not be detected and may have confounded the interpretation
of the findings. Furthermore, only middle-aged obese men and postmenopausal women
of Caucasian background were studied. It is possible that effects of ω-3 FAEE might
have been different if young and elderly subjects or other ethnic groups were studied.

8.3.

Clinical implications

8.3.1.

Postprandial hypertriglyceridaemia and CVD

The increase in CVD risk in individuals with visceral obesity may be caused by
hypertriglyceridaemia. Elevated plasma triglyceride and apoB concentrations as well as
a greater postprandial apoB-48 response are considered common characteristics of these
subjects. However, the mechanisms of action are still yet to be fully understood. The
present studies attempt to address these issues by employing dynamic assessments of
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lipoprotein metabolism with stable isotope techniques. The findings demonstrated that
hypertriglyceridaemic visceral obese individuals have elevated VLDL-triglyceride SR
as well as an elevated postprandial TRL-apoB-48 response owing to an increased SR
and decrease in clearance. These kinetic defects may be due to an increased pool of
lipid substrate in both liver and circulation. These results imply an increased risk of
CVD in this population.

The findings of this study highlight kinetic defects of

postprandial lipoprotein metabolism in viscerally obese subjects that may provide useful
information in developing effective risk assessment and lipid-regulating therapies for
this high CVD risk population.

8.3.2.

Treatment of hypertriglyceridaemia in visceral obesity

Lifestyle interventions are the cornerstone of management of hypertriglyceridaemia and
obesity. Dietary weight loss of 5 kg lowers plasma triglyceride concentration and other
CVD comorbidities.

The present findings support that weight loss lowers fasting

triglyceride concentration; however, weight loss alone was unable to affect the
postprandial lipoprotein and triglyceride concentration and/or kinetics.

Given the

growing significance of postprandial lipid metabolism on CVD risk, further add-on
pharmacotherapy is required.

Pharmacotherapy together with lifestyle interventions may be more effective in the
management of hypertriglyceridaemia and postprandial lipid response. The present
findings have demonstrated dietary weight loss together with ω-3 FAEE
supplementation improves triglyceride levels and postprandial response to an oral fat
load, by the mechanism of reducing TRL-apoB-48 SR and enhancing clearance. This
combined therapy further improves vascular function that may be associated with
postprandial lipid metabolism. Recent clinical CVD mortality endpoint trials have
failed to show a significant CVD benefit of short-term ω-3 fatty acid supplementation as
a secondary prevention. These studies were conducted on a background of optimal
medical therapy for secondary prevention, such as statins. However long-term use of ω3 fatty acid may be useful as a primary prevention, which merits further investigation
(Mozaffarian et al., 2013).

From Chapter 8, fenofibrate treatment alone improved postprandial lipid profile as well
as vascular function.

Clinical trials have confirmed the cardiovascular benefits of

fibrates, in reducing CVD events (Jun et al., 2010). This shows the potential of fibrates
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as an add-on pharmacotherapy for managing hypertriglyceridaemia and postprandial
lipaemia. Other potential add-on pharmacotherapies managing plasma triglyceride
levels and postprandial lipaeamia include niacin and ezetimibe.

8.4.

Future directions

Generating scientific knowledge relies on the process of trial, error and forming new
problems for future investigation (Shand, 2002). The aim of scientific research is to
generate new data to test hypotheses. Hypotheses and new theories should be consistent
with previous hypotheses and theories. In current studies, probable conclusions are
drawn, and, together with the limitations of current studies should guide proposals for
future research.

Study population
Obese men and postmenopausual women were the main study population in this thesis.
Age, gender, ethnicity, genetic and environmental factors are known to affect
lipoprotein metabolism and responses to hypertriglyceridaemia intervention. Future
studies could include premenopausual women, T2DM, combined hyperlipidaemia,
familial hypercholesterolaemia, chronic renal failure as well as those on a background
of dyslipidaemia treatment.

Integration of other lipoproteins and kinetic parameters
VLDL and apoB-48 were the main lipoproteins studied in this thesis. They play a
significant role in the postprandial lipaemia response. However, it would be useful to
further investigate their effects of a fat-load on other lipoproteins such as TRL-apoB100 and apoC-III; IDL-apoB100; LDL-apoB100; and HDL apoA-I, apoA-II, C-III and
C-II as well as apoE. Further development of the postprandial kinetics model should
integrate these kinetic parameters.

NAFLD analysis
Due to limited resources, the assessment of liver fat was unavailable in the studies in
this thesis. Liver fat content has been reported to predict the postprandial response of
TRL in CM and VLDL 1 (Matikainen et al., 2007). To further these findings, the
kinetics of postprandial triglyceride metabolism will be required in order to investigate
the mechanism of action, and to develop therapeutic strategies for better management of
fatty liver diseases and dyslipidaemia.
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Genetic polymorphisms
Genetic variations may account for a high proportion of hypertriglyceridaemia, and by
implication postprandial hypertriglyceridaemia (Johansen & Hegele, 2012). Genetic
polymorphisms that impact triglyceride metabolism include, apoE, LPL, HL, CETP and
MTP promoter. The impact of these genetic factors merit further research on their role
in postprandial lipaemia.

Lifestyle interventions
Physical exercise and dietary patterns have been reported to positively impact
postprandial triglyceridaemia.

From a recent study, a low carbohydrate and low

saturated fat diet together with an increasing daily step count that results in moderate
weight loss have the potential to normalise postprandial triglyceride response in obesity
(Maraki et al., 2011). Volek et al., (2004) reported that moderate weight loss from diet
restriction improves the clearance of postprandial triglycerides in overweight women.
Similarly, an increase in physical activity appears to enhance lipoprotein clearance
(Herd et al., 2001). However, to develop an optimal diet and exercise regime requires
further investigation.

Pharmacotherapies
Statins
Guidelines for the management of hypertriglyceridaemia agree to using statins as the
cornerstone of treatment. Statins lowers postprandial triglyceridaemia potentially via
the mechanisms of increasing lipolysis of large TRLs and increasing clearance of
lipoproteins and CMRs. It has been reported that the combined use of atorvastation and
fish oil supplementation effectively improves lipid abnormalities by mechanisms related
to reduced VLDL-apoB secretion and enhanced apoB and CMR clearance. Future
studies could examine the effect of statin monotherapy alone and combined with fish oil
supplementation on postprandial apoB-48 metabolism.
ω-3 fatty acid supplementation
The protection that ω-3 fatty acid supplementation provides against CVD is partially
mediated by improvement of hypertriglyceridaemia (Angerer & von Schacky, 2000;
Harris & Isley, 2001). Whether high dose ω-3 FAEE supplementation improves clinical
outcomes remains to be fully demonstrated in clinical trials. This is being addressed in
one ongoing clinical trial (REDUCE-IT) to evaluate the effect of a high dose of EPA (4
Overview, limitations, implications & conclusion | 136

g/day) for the prevention of CVD in high-risk patients with hypertriglyceridaemia. EPA
and DHA are known to have different effects on lipoproteins, glucose, insulin and
vascular function (Mori et al., 2000a; Mori et al., 2000b; Cottin et al., 2011). Future
studies should be carried out to investigate the differential effects of DHA and EPA on
cardiovascular endpoints and postprandial lipeamia.

The postprandial lipaemic

response appears to be attenuated through reduced endogenous VLDL production.
Another potential mechanism may be enhanced CM clearance. Further investigation is
required to examine the kinetics of ω-3 fatty acid supplementation on postprandial
apoB-48.

Fibrates
Fibrates significantly reduce triglyceride levels through their role as a PPAR-α agonist
and stimulation of β-oxidation of fatty acids in the liver. This leads to a decrease in
secretion of hepatic lipoproteins, which in turn reduces competition at the shared
lipolytic pathway with CM.

Kinetics studies have demonstrated that fenofibrate

decreases TRL-apoB48 and apoB-100 levels through enhanced catabolic rates (Watts et
al., 2003; Hogue et al., 2008). Fibrate treatment also improves endothelial function
(Appendix 3) and appears to be a more effective therapy for postprandial
hypertriglyceridaemia compared to statin treatment (Karpe, 2002).

The use of

combined therapy of fibrates and statins has been studied (Sitno et al., 1993; ReyesSoffer et al., 2013), and showed a reduction in postprandial lipids and retinyl palmitate.
Future studies could employ stable isotope studies to investigate the effect of fibrates
combined with other pharmacotherapies and lifestyle interventions on the kinetics of
postprandial apoB-48 metabolism.

Ezetimibe
Ezetimibe is an intestinal cholesterol absorption inhibitor that has been shown to have a
positive impact on postprandial lipaemia either as a monotherapy or combined therapy
with statin (Hajer et al., 2009; Masuda et al., 2009; Bozzetto et al., 2011). Ezetimibe
alone can lower LDL-cholesterol by 1518% (Bays et al., 2001; Miettinen, 2001),
reduce the secretion of apoB-48 from the enterocytes (Masuda et al., 2009; Tremblay et
al., 2009) and increase the catabolism of apoB-containing lipoproteins (Tremblay et al.,
2009). Kinetic studies show that ezetimibe in combination with statin reduces the SR of
TRL-apoB48 (Hajer et al., 2009; Lee et al., 2012).

Future studies could further

investigate the mechanism of ezetimibe in the postprandial lipaemia.
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Niacin
Niacin reduces plasma triglyceride concentrations by 35% and increases HDLcholesterol by 25%, potentially through decreased hepatic triglyceride, VLDL and LDL
production as well as potential increases in secretion and delayed clearance of HDLapoA-I. However, due to side-effects and lack of benefit in a recent primary CVD
endpoint study with Treadaptive, niacin has become an unfavourable management
option for dyslipidaemia.

CETP inhibitors
CETP inhibitors were initially suggested to increase HDL-cholesterol and apoA-I by
reducing the clearance of apoA-I with no effect on its synthesis (Brousseau et al., 2005);
however, two CETP inhibitors, torectrapib and dalcatrapib have failed to show clinical
benefits (Goldberg & Hegele, 2012; Wright, 2013). Other CETP inhibitors, evacetrapib
and anacetrapib, are currently undergoing phase II and phase III clinical trials. Further
research is needed to determine whether evacetrapib and anacetrapib have any effect on
postprandial lipidaemia.

Incretin-based therapies
GLP-1 receptor analoges such as exenatide and liraglutide have been shown to reduce
postprandial lipaemia, improve vascular function and glycaemic control (Drucker et al.,
2008; Garber et al., 2009; Koska et al., 2010; Anagnostis et al., 2011; Flint et al., 2011)
through the potential mechanism of reduced CM synthesis (Watts & Chan, 2013).
GLP-1 receptor analoges have also been shown to decrease body weight, reduce insulin
sensitivity and improve lipid profile (Ratner et al., 2006; Klonoff et al., 2008).

DPP4 inhibitors such as vildagliptin, stagliptin and saxagliptin increase the plasma
concentration of GLP-1, leading to a reduction of fasting triglyceride and postprandial
apoB-48 and triglyceride (Matikainen et al., 2006; Dhindsa & Jialal, 2014). Future
studies are required to investigate the mechanism of action of these incretin-based
therapies on fasting and postprandial lipoprotein metabolism.

New therapies
Several new lipid agents are under investigation, such as diacylglycerol acyltransferases
(DGAT) inhibitors, dual PPAR-α/PPAR-δ agonist, antisense oligonucleotides (ASOs)
such as apoB and apoC-III antisense, MTP inhibitors, proprotein convertase
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subtilising/kexin type 9 (PCSK9) inhibitors and angiopoietin-like proteins (ANGPTL3
and ANGPTL4) require further investigation of their mechanism of action on
postprandial lipaemia.

Anti-obesity drugs
Limited data on the effect that anti-obesity drugs have on postprandial lipaemia has
been reported. This is due to many of these drugs (fenfluramine, dexfenfluramine,
sibutramine and rimonabant) having been withdrawn from the market due to side effects.
Orlistat, a pancreatic lipase inhibitor, remains on the market and has been shown to
improve postprandial triglyceridaemia (Hollander et al., 1998; Heck et al., 2000). The
mechanism of action of Orlistat on lipoprotein kinetics together with combined lifestyle
intervention or other newly developed antiobesity drugs such as topiramate/phentermine,
lorcaserin, bupropioin/naltrexone, bupropioin/zonisamide, liraglutide and exenatide
requires further investigation.

Thiazolidinediones
Thiazolidinediones (TZD) such as rosiglitazone and pioglitazone are synthetic ligands
for PPAR-γ and increase insulin sensitivity and decrease hepatic gluconeogenesis.
TZDs effectively decrease both fasting and postprandial glycaemia as well as
postprandial insulin concentrations (Nolan et al., 2000; Miyazaki & DeFronzo, 2008;
Glass et al., 2010). TZD therapy decreases postprandial triglyceride concentrations and
increases postprandial HDL-cholesterol (Tan et al., 2005; van Wijk et al., 2005; Al
Majali et al., 2006). Further research could determine how an improvement in insulin
sensitivity with the use of TZD alone, or added to lifestyle intervention and/or ω-3
FAEE supplementation, affect postprandial lipaemia and apoB-48 metabolism.
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8.5.

Conclusion

The findings of the studies presented in this thesis support the notion that lipoprotein
metabolism, in particular postprandial metabolism, is abnormal in obesity and is related
to cardiovascular risk factors.

These studies highlight the effect of ω-3 FAEE

supplementation on a background of weight loss on the kinetics of apoB-48. ω-3 FAEE
supplementation also improves vascular health and decreases hepatic VLDLtriglyceride secretion. The addition of ω-3 FAEE supplementation with dietary weight
loss reduces the postprandial apoB-48 and triglyceride response through a decrease in
SR and increase in catabolism in obese individuals. The data provided the kinetic bases
for postprandial hypertriglyceridaemia and TRL-apoB-48 metabolism in obesity and the
response to ω-3 FAEE supplementation together with dietary weight loss. The results
of this work support several areas of future research in obese individuals, including the
effect of ω-3 FAEE supplementation in combination with other lipid-lowering
pharmacological agents and increased physical activity. In conclusion, the combined
use of ω-3 FAEE supplementation and weight loss would be an appropriate
management strategy for postprandial hypertriglyceridaemia in obesity. Future studies
should be carried out to investigate new lipid-lowering therapies and their mechanism
of action in postprandial hypertriglyceridaemia.
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