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Abstract of the thesis

Epidemiological studies have demonstrated an atheroprotective role of high density

lipoproteins (HDL). This thesis is concerned with the remodelling and kinetics of HDL in

plasma. Reconstituted HDL (rHDL) were prepared from their constituents and provided a

mean of incorporating radiolabelled constituents into HDL for in vivo kinetic studies. When

injected into wild{ype rabbits, lipid-free t'sl-apoA-I or t'sl-apoA-I in pre-B-migrating

discoidal rHDL rapidly appeared in c-migrating particles and decayed with the same

fractional catabolic rate (FCR) as when they were injected as a component of spherical rHDL.

Spherical rHDL did not change in size when they were injected into wild-type rabbits but

were reduced in size in hepatic lipase transgenic rabbits. The FCR of apoA-I in hepatic lipase

(HL) transgenic rabbits were double that in wild-type rabbits. Spherical rHDL containing

radiolabelled cholesteryl esters (fHlCE) or unesterified cholesterol ([3F{UC) were injected

into rabbits with and without treatment with a cholesteryl ester transfer protein (CETP)

inhibitor. The total loss of cholesteryl esters (CE) from plasma remained unchanged in the

presence of CETP inhibition but the total loss of CE from LDL was markedly reduced and

was compensated by an increase in the loss of CE from HDL. The loss of UC was rapid in

both treated and untreated animals and only a small proportion of injected UC was converted

into CE in HDL. While the FCR of HDL UC was similar in both the treated and untreated

animals, an increase in plasma HDL cholesterol by CETP inhibition was translated into an

increase in the total UC loss out of plasma in treated animals.

In conclusion, (1) lipid-free apoA-I rapidly incorporates into preexisting o-migrating

particles, (2) pre-B-migrating discoidal HDL are rapidly converted into a-migrating HDL, (3)

the FCR of apoA-I is independent of the form in which it is introduced into plasma, (4) HL

reduces the size of cr-migrating HDL and increases the rate of catabolism of apoA-I, (5)

8



CETP inhibition leads to an increase in CE clearance via HDL without affecting the overall

CE flux out of plasma, (6) the in vivo esterification of UC to CE in HDL is slow, (7) CETP

inhibition probably increases the overall UC flux out of plasma, and (8) the results suggest

that UC in HDL may serve an important role in reverse cholesterol transport invivo.

9
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Introduction

1 Introduction

This thesis is concerned with the remodelling and the kinetics of high density lipoproteins

(HDL) in plasma. The main reasons for studying HDL is to understand their role in the

process of reverse cholesterol transport (RCT), the pathway that may protect against the

development of atherosclerosis. However, before focussing on HDL, it is necessary to provide

an overview of plasma lipoproteins and their role in the development of atherosclerosis.

l.I Plasma lipoproteins and lipid transport

1.1.1 Overview

There are several classes of plasma lipoproteins. Collectively, they function to transport

cholesterol and triglyceride between different tissues (Figure 1.1). Triglyceride and the

esterified form of cholesterol (cholesteryl esters) are insoluble in an aqueous environment and

occupy the hydrophobic core of the lipoprotein particle. Phospholipids and unesterified

cholesterol (UC) cover the surface of the lipoprotein and serve as an interface between the

aqueous environment on the surface and the hydrophobic core. The surface of the lipoprotein

is covered by various apolipoproteins, which vary with the class of lipoprotein. Lipoproteins

are classified according to their densities into chylomicrons, very low-density lipoproteins

(VLDLj, intermediate-density lipoproteins (IDLs), low-density lipoproteins (LDL), and high-

density lipoproteins (HDL). The electrophoretic mobility, size, and apolipoprotein contents of

these lipoproteins are summarised in Table 1.1 (Thompson 1983; Lund-Katz et al. 2003). The

characteristics and functions of various apolipoproteins are summarised in Table 1.2.
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Table 1.1 Physical-Chemical Characteristics of the Major Lipoprotein Classes (after Thompson, L983

and Lund-Katz et al, 2003)

Density

Chylomicrons
VLDL
IDL
LDL
HDL

Pre-beta
HDL,

Note:

0.95
0.95-1.006
1.006-1.019
1.019-1.063
r.063-L.2rO

Molecular
Mass,
kDa

400 x 103

10-80 x ld
5-10 x 103

2.3 x IO3

I.7-3.6 x IO3

Diameter

nm

75-t200
30-80
25-35
18-25
5-t2

HD

TG, triglyceride; Chol, the sum of unesterified cholesterol and cholesteryl ester; PL, phospholipid. The remaining percent composition

is made up of the apoproteins. Percentages are expressed as percentage of weight of each lipoprotein subclass.

Vo of total lipoprotein

CE ProteinUC

r-2
5-7
73

15

0.3-6
0.3
5.8
2.8

7-2

8-10
20
30

r.8-20
1.8
r7.6
t4.7

r-2
10

18

25
40-9r
9r.3
40.2
55.5

80-95
55-80
20-s0
5-15
5-10

2-7
5-15
20-40
40-60
38-43

3-9
ro-20
r5-27
20-28
6-23
6.6
3r.3
22.7

4.2
3.4

7o of total lipids

Chol PLTG



Introduction

1.1.2 Chylomicrons

Chylomicrons transport dietary fat from the intestine to other tissues. After the ingestion of

fat, pancreatic lipase digests triglyceride into fatty acids and glycerol in the small intestine.

The fatty acids and glycerol are absorbed by the small intestinal enterocytes, reformed into

triglyceride and packaged into chylomicrons for secretion into the circulation via the thoracic

duct (Nilsson-Ehle et al. 1980; Goldberg 1996;Zechner 7997). The main apolipoprotein in

chylomicrons is apoB-48 but chylomicrons also contain other apolipoproteins such as apoA-I

and AJV. In the circulation, chylomicrons acquire apoC-I, C-[, C-III and apoE from

circulating HDL (Robinson and Quarfordt 1978; Mahley et al. 1984). ApoC-II activates

lipoprotein lipase which promotes the hydrolysis of triglyceride into fatty acids and glycerol

(Bengtsson and Olivecrona 1980). The hydrolysis of chylomicron triglyceride reduces the

particle size and generates redundant surface remnants, which may serve as precursors of

HDL (Redgrave and Small 7979;Tall et al. 7982). Chylomicrons are catabolized into

chylomicron remnants, which are enriched in cholesteryl esters (CE). ApoE on chylomicron

remnants facilitate their uptake by hepatic receptors such as LDL receptor (Brown and

Goldstein 1986), LDl-related protein (LRP) (Beisiegel et al. 1991), VLDL receptor

(Takahashi et al. 1992), lipolysis-stimulated receptor (LSR) (Yen et al. 1994), and membrane

binding protein (MBP) 200 and 235 (Gianturco et al. 1994).

1.1.3 Very low density lipoproteins, intermediate density lipoproteins and

low density lipoproteins

VLDL are secreted by the liver and cany triglyceride and cholesterol of hepatic origin into

the circulation. VLDL contain apoB-100 as their main apolipoprotein but also contain arange

of apoCs and apoE. Similar to chylomicrons, apoC-II in VLDL activates LPL and promotes

19



Introduction

the hydrolysis of triglyceride into fatty acids and glycerol (Wang et al. 1993). The rate of

hydrolysis of VLDL triglyceride is much slower than that of chylomicrons (Xiang et al.

1999),explaining the longer residence time of VLDL in the circulation (Havel 1995).

IDL are the catabolic product of VLDL and contain equal amount of triglyceride and

cholesterol. The main apolipoproteins in IDL are apoB100 and apoE. IDL are normally

present in very small amounts due to their rapid clearance from the circulation.

LDL are the major carriers of CE in man and are responsible for the delivery of cholesterol

from plasma to both the liver and peripheral cells. The sole apolipoprotein on LDL is apoB-

100, which mediates the binding of LDL to LDL receptors. This is followed by the

internalisation of LDL into the cytoplasm, delivery of LDL to lysosomes and finally

degradation by proteases to form small peptides and amino acids (Brown et al. 1981;

Goldstein et al. 1985). LDL in their modified forms (acetyl-LDl, malondialdehyde-modified

LDL, and oxidised LDL), can be taken up by type A scavenger receptor in macrophages and

lead to lipid accumulation and foam cell formation (Goldstein et al. 1979; Brown and

Goldstein 1983).

1.1.4 High density lipoproteins

HDL are the smallest (Stokes' diameter 7.4fo 12nm) and densest (1.063 <d<I.25 glmL)

lipoproteins. One of the best known functions of HDL is their ability to remove cholesterol

from the peripheral tissues back to the liver, a process also known as reverse cholesterol

transport (RCT) (Glomset 1968). This pathway is considered an important mechanism by

which HDL protect against atherosclerosis. HDL will be considered in much greater detail

below.

20



Introduction

t.2 Plasma lipoproteins and atherosclerosis

1.2.I Population studies

Elevated plasma cholesterol and LDl-cholesterol (LDL-C) levels are associated with

increased future risk of coronary heart disease in population studies. The most notable large

scale, prospective population studies include the Multiple Risk Factor Intervention Trial

(MRFIT) (Martin et al. 1986; Stamler et al. 1986; Neaton ef al. 1992), the Framingham Heart

Study (Anderson et al. 1987) and the Prospective Cardiovascular Munster (PROCAM) Study

(Assmann et al. 1998).

In contrast to the relationship between LDL cholesterol and CHD, an elevated plasma HDL-

cholesterol (HDL-C) level has been shown to be a strong negative predictor of coronary heart

disease in a prospective population studies. In some of the studies, the level of HDL-C was

found to be the single most important predictor of future CHD events. The major prospective

studies include the Framingham Heart Study (Castelli et al. 1986), the PROCAM study

(Assmann et al. 1998), the Helsinki Heart Study (Manninen et al.1992) and the MRFIT study

(Stamler et al. 1986; Neaton et al. 1992). It has been concluded in these studies that, for every

0.025 mmol/L increase in HDL-C, the CHD risk is reduced by 27o-57o (Gordon et al. 1989).

However, if the LDL-C level is low (<2.5 mmol/L), a low HDL-C level may be of little

importance (Bravo et al. 1989; Barter and Rye 1996).

I.2.2 Interventional studies

LDL-C lowering has been demonstrated as an effective therapeutic targef in reducing the

incidence of atherosclerotic cardiovascular disease in primary and secondary prevention

settings. Large scale primary prevention trials include the Lipid Research Clinics-Coronary
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Primary Prevention Trial (LRC-CPPT) (Lipid Research Clinics Program 1984a;Lipid

Research Clinics Program 1984b), West of Scotland Coronary Prevention Study (WOSCOPS)

(Shepherd et al. 1995), and Air Force/ Texas Coronary Atherosclerosis Prevention Study

(AFCAPS/TexCAPS) (Downs et al. 1998) . Large scale secondary prevention trials include

the Scandinavian Simvastatin Survival Study (4S) (Scandinavian Simvastatin Survival Study

Group l994),the Cholesterol and Recurrent Events (CARE) study (Sacks et al. 1996),the

Australian and New Zealand Long-term Intervention with Pravastatin in Ischaemic Disease

(LIPID) study (LIPID study Group 1993). The Heart Protection Study (HPS) included both

primary and secondary prevention arms (Heart Protection Study Group 2002).In general, a

1.0 mmol/L reduction in plasma total cholesterol translates into an approximafely 207o

reduction in the risk of future coronary events (Gould et al. 1998; LaRosa et al. 1999). The

benefits are apparent in people with or without CHD and patients with a wide range of

baseline total cholesterol and LDL-C levels. There is no evidence from these studies that

specific groups (eg. the elderly, females and patients with hypertension, diabetes or non-

coronary vascular disease) responded differently from the group as a whole.

The possibility that raising HDL may reduce the risk of CHD has been supported by the

results of some studies in which fibrates were used as the active drug intervention, although

these studies do not prove that the benefits relate solely to the increase in level of HDL. The

more important studies of fibrates include the World Health Organisation (WHO) clofibrate

study (Report from the Committee of Principal Investigators 1978) (although HDL was not

measured in this study), the Helsinki Heart Study (Frick et al. 1987), the Veterans

Administration-HDl Intervention Trial (VA-HIT) (Rubins et al. 1999) and the Bezaflbrate

Infarction Prevention (BIP) Study (The BIP Study Group 2000). Overall, treatment with

fibrates reduces plasma triglyceride and raises HDL-C levels. In the Helsinki Heart Study,
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fibrate therapy in the primary prevention setting significantly increased HDL-C by l0%o and

reduced the risk for nonfatal myocardial infarction and CHD death by 347o.In the VA-HIT

study (Rubins et al. 7999), fibrate therapy in the secondary prevention setting in subjects with

low levels of both LDL-C and HDL-C increased HDL-C by 67o and reduced nonfatal

myocardial infarction or death from coronary causes from21..7%o to 17.37o. There is evidence

that the benefit of fibrates is greater in people whose baseline triglyceride level is elevated

(>t.5-2 mmol/L) (Frick et al. 1987). It should be noted that interpretation of the results of

these fibrate studies is difficult because fibrates have potentially anti-atherogenic effects

beyond their ability to raise HDL levels (Barbier et al. 20O2\ Fufthermore, the magnitude of

HDL elevation in these studies has only been modest and the mechanisms of HDL elevation

by these agents have not been fully elucidated. It is possible that the benefits of fibrates in

reducing the risk of CHD relate to effects on the metabolism of HDL that is not reflected by a

change in plasma concentration. There is a clear need for much greafer understanding of HDL

metabolism, especially in an in vivo setting. The following sections address HDL structure

function and metabolism in some detail.

1.3 High density lipoproteins

1.3.1 HDL lipids

The main lipids in HDL are phospholipids, cholesteryl esters (CE), unesterified cholesterol

(UC) and triglyceride. These lipids are arranged in a hydrophobic core of CE and triglyceride

surrounded by a surface monolayer of phospholipids, a small amount of UC and

apolipoproteins.
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1.3.1.1 Phospholipids

The major source of phospholipids in HDL is derived from the liver. The small intestine also

contributes to the phospholipids pool in HDL in the form of transfers from chylomicrons.

Given that the acyl chains of chylomicron phosphatidylcholines are of dietary origin, thus the

dietary fat composition has a major influence on the phospholipids composition in HDL.

Phospholipids are also integral components of cell membranes and there is considerable

exchange of phospholipids between plasma lipoproteins and cell membranes. Phospholipids

in HDL play an important role in maintaining non-polar lipids, such as triglycerides and

cholesterol esters, in a soluble state (Jackson and Gotto 7974b; Jackson and Gotto I974a).

The most abundant phospholipids in human HDL are 1-palmitoyl-2-linoleoyl-sn-glycero-3-

phosphocholine (PLPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-

palmitoyl-2-arachidonyl-sn-glycero-3-phosphocholine (PAPC).

1.3.1.2 Unesterified cholesterol

Cholesterol is a sterol, possessing a four-ringed steroid nucleus and a hydroxyl group. The

hydroxyl group in UC convey a slight polarity in the molecule and allows its interaction with

the aqueous phase. Thus, UC in HDL is found mainly on the surface of the lipoproteins

Unesterified cholesterol is a major component of cell membranes in most tissues and almost

all tissues can synthesise cholesterol. Under normal circumstances, all newly synthesised

unesterified cholesterol in HDL is derived from the liver and dietary source in the small

intestine. Unesterified cholesterol in HDL can be esterified by the enzymes LCAT or ACAT

or readily exchanged with other cell membranes.

1.3.1.3 Cholesteryl esters

More than two-thirds of the cholesterol in HDL is esterified. This esterification reaction

renders CE non-polar and leads to the migration of CE into the core of HDL. The
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predominant cholesterol esters in HDL are cholesterol linoleate and cholesterol oleate. A

major proportion of cholesteryl esters in HDL is formed via the action of LCAT in plasma but

a minor proportion is generated via the action of ACAT in the small intestine and the liver.

1.3.1.4 Triglyceride

Triglycerides are fatty acid esters of glycerol, usually containing a mixture of two or three

different fatty acids. Triglyceride is a minor component of HDL and a large proportion is

derived from exchange of neutral lipids between HDL and triglyceride-rich lipoproteins via

the action of CETP in plasma.

1.3.2 HDL apolipoproteins

1.3.2.1 ApoA-I

ApoA-I accounts for about 7O7o of the protein in HDL. Human apoA-I is a 243-residue

polypeptide that has its origin in the liver and intestine (Miller et al. 1983). ApoA-I sequences

from a number of other species have also been determined, with sizes ranging between 258

and267 amino acids (Frank and Marcel 2000). The secondary structure of the lipid-binding

domain is dominated by 10 helical repeats that have been classified as amphipathic a-helices.

Eight of these repeats are 22 residues in length, while two repeats are 11 residues in length,

with most of these amphipathic a-helical repeats punctuated by a proline residue at the

beginning ofthe repeat (Segrest etal.1974; Segrest etal. 1994). The hydrophobic face ofthe

apoA-I s-helices is oriented parallel to the lipoprotein lipid surface and penetrate no deeper

than the ester linkages of the phospholipids, while the hydrophilic face is exposed to the

aqueous phase (Segrest et al. 1994). ApoA-I exists physiologically in a lipid-free (or lipid-

poor) form or as a component of discoidal or spherical HDL as described below.
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1.3.2.2 ApoA-II

ApoA-II accounts for about 257o of the protein in HDL. It is synthesised in the liver and

released into the circulation as a component of preformed lipid complexes and possibly also

as lipid-free protein. Human apoA-II exists as a dimer of two 7'7-amino acid chains linked by

a disulphide bridge (Brewer et al. 1972; Brewer et al. 1986). The fact that lipid-free apoA-II

has not been identified in plasma may relate to its high affinity for lipids and its ability to

displace apoA-I from HDL (Rosseneu et al. 1981; Edelstein et al. 1982).

1.3.2.3 Other apolipoproteins

HDL also contain small amounts of apoA-IV, the C-apolipoproteins, apoD, apoE and apoJ

1.3.3 HDL structure

1 .3.3.1 Discoidal HDL (nascent partícles)

There is evidence that HDL begin their existence as nascent, discoidal parlicles. Discoidal

HDL comprise a phospholipid bilayer surrounded by two or more molecules of apoA-I. HDL

discs have a prebeta electrophoretic and as outlined below are rapidly converted into the

alpha-migrating spherical HDL that predominate in normal plasma. Three models have been

proposed to account for the structure of apoA-I on HDL particles: the "belt" model (Segrest et

al. 1999: Segrest et al. 2000), the "helical hairpin" model (Rogers et al. 1998a, Rogers et al.

1998b) and the "picket fence" model (Phillips et al. 1997) (Figure 1.2).In the "belt" model,

two apoA-I molecules are wrapped together in an anti-parallel belt around a discoidal bilayer

of phospholipids and cholesterol (Segrest etal. 1999 Segrest et al. 2000). In the "helical

hairpin" model, the two apoA-I molecules position opposite to each other but each of them

occupies only half of the outer edge of the disc (Rogers et al. 1998b). In the "picket fence"
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model, the amphiphatic a-helices are perpendicular to the plane of the disc (Phillips et al

teeT).

I .3.3.2 Sphericøl HDL (møture partícles)

Discoidal HDL are transformed into spherical HDL as LCAT converts more UC to CE and

partitions the cholesterol from the surface into the core of the particles. Spherical HDL consist

of a surface monolayer of apolipoproteins, phospholipids and a small amount of UC

surrounding a hydrophobic core of CE and small amount of triglyceride.
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Figure L2: Diagrams of rHDL models showing the positions of the labels in the
sequences of the two apoA-I molecules. A: Head-to-tail picket fence model; B: Head-
to-head picket fence model; C: Belt model; D: Head-to-tail helical hairpin model; E.

Head-to-head helical hairpin model (Source: Tricerri MA, Behling AK, Sanchez SA,
Bronski, J and Jonas A. Arrangement of Apolipoprotein A-I in Reconstituted High-
Density Lipoprotein Disks: An Alternative Model Based on Fluorescence Resonance
Energy Transfer Experiments. Biochemistry 2001, 40, 5065-507 4).
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1.3.4 HDL subpopulations

1.3.4.1 Separated by density

HDL subpopulations can be classified according to their density as separated by density

gradient ultracentrifugation into HDL, (d = 1.050 to 1.063 glmL), HDL2 (d = 1 063 to Ll25

g/ml) and HDI-. (d= LI25to L27 glmL). A minor subpopulation is the very high density

lipoproteins (d= 7.2I to L25gln{-).

1 .3.4.2 Separated by electrophoresis

HDL subpopulations can also be identified by their electrophoretic mobility on agarose gel

electrophoresis (Sparks and Phillips 1992).Alpha-migrating HDL are spherical particles and

account for the majority of HDL in plasma. They include the HDL', HDL2 and HDI*

subpopulations. PreB-migrating HDL include discoidal HDL (and also lipid-free or lipid-poor

apoA-I); they account for a small fraction (5-15%o) of HDL in plasma. Pre-13 HDL are more

abundant in peripheral lymph (Asztalos et al. 1993).

1 . 3 .4. 3 S ep arat ed by immuno ffinity chromat o graphy

HDL subpopulations can also be identified by their apoA-I and apoA-II composition as

separated by immunoaffinity chromatography. Two main subpopulations can be identified:

one consists of apoA-I without apoA-II (A-I HDL) and the other includes particles containing

both apoA-I and apoA-II (A-I/A-II HDL) (Cheung and Albers 7982). There is also a minor

subpopulation that consists of apoA-II alone (A-II HDL). ApoA-I is approximately equally

distributed between A-I HDL and Al/AlI HDL. However, more than 9O%o of apoA-II is

found in A-I/A-II HDL (Bekaert et al. 1,992). Most of the A-I/A-II HDL are found in the
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HDL density range, while A-I HDL are present in both HDL2 and HDL" (Cheung and Albers

1982). The origins of these HDL subpopulations will be discussed later.

1.3.5 HDL functions

Every day, about 9mg of cholesterol per kilogram body weight is synthesised by the

extrahepatic tissues and must be transferred to the liver for excretion or recycling (Dietschy et

al. 1993). The most recognised function of HDL relates to their role in returning cholesterol

from peripheral tissues back to the liver. Other functions include anti-oxidant, anti-

infl ammatory, anti-thrombotic and endothelial stabilization properties.

1 .3.5. 1 Reverse cholesterol transport

A role of HDL in RCT was first proposed by Glomset (Glomset 1968). There are several

discrete steps in this pathway (Figure 1.1).

1.3.5.1.1 Efflux of unesterift.ed cholesterolfrom extrahepatic tissues to HDL

The efflux of UC from extrahepatic cells is the first step in RCT. It involves the desorption of

cell cholesterol from plasma membrane and the transfer of cell cholesterol to extracellular

compartments. The primary plasma acceptor of cell cholesterol is lipid-free or lipid-poor

apoA-I although other apolipoproteins and discoidal HDL are also known to function as

initial acceptors (Castro and Fielding 1988). Three mechanisms have been proposed to

describe the efflux of cholesterol from cell membrane, these include: (1) passive aqueous

diffusion of cholesterol down a chemical gradient (Rothblat et al. 1999), (2) efflux of

cholesterol via a scavenger receptor-Bl (SR-BI) mediated pathway (Ji et al. 1997; de la Llera-

Moya et al. 1999), and (3) active cholesterol efflux by the ATP-binding cassette transporter

A1 (ABCAI) (Oram and Vaughan 2000; Wang et al. 2000; Haidar et al. 2001).
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Aqueous diffusion of cholesterol occurs down a concentration gradient from cell membrane

to HDL. This process is considered to be rather inefficient and contribute to a small fraction

of net cholesterol efflux to HDL (Rothblat et al. 1999). It involves the desorption of

cholesterol molecules from the plasma membrane, diffusion of cholesterol through the

aqueous phase, and subsequent incorporation into phospholipid-containing acceptor particles.

It does not require the binding of HDL to specific membrane sites.

On the other hand, binding of HDL to cell surface can occur in cells expressing SR-BL The

binding of HDL to cell surface alone, however, is not sufficient to mediate cholesterol efflux.

Rather, SR-BI mediates alterations to membrane UC domains and leads to an enhanced bi-

directional transfer of UC between cells and HDL (de la Llera-Moya et aI. 1999). The level of

expression of SR-BI in various cell types directly correlates with the rate of efflux of cell

cholesterol mediated by HDL (Ji et al. l9W).

The most efficient cholesterol efflux pathway is the ABCAl-mediated efflux of unesterified

cholesterol and phospholipids from cell membranes to lipid-free or lipid-poor apoA-I in the

extracellular space (Oram and Yokoyama 1996; von Eckardstein et al. 2001). This pathway

was first discovered when studying subjects with Tangier Disease (Luciani et al. 1994; Lawn

etal. t999; Rust et al.1999). The absence of ABCAl expression in these subjects results in a

virtual absence of plasma HDL and the accumulation of cholesterol in peripheral organs. The

exact mechanism of cholesterol efflux by ABCAl is still being elucidated. ABCAl appears to

form a channel within the plasma membrane through which phospholipids and cholesterol are

transferred from the inner leaflet to the outer leaflet of the membrane (Bungert et al. 2001).
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Different species of apolipoproteins can accept cholesterol from cells. While lipid-free and

lipid-poor apoA-I are the preferred acceptors of cell cholesterol in the process of cell

cholesterol efflux (Oram and Yokoyama7996), other apolipoproteins such as apoA-II (Forte

et al. 1995) and apoE (Huang et al. 1994) and albumin (Zhao and Marcel 1996) can also serve

as acceptors of cell cholesterol.

Discoidal HDL have also been shown to promote the efflux of cholesterol from cells

(Fielding and Fieldin g f995) and to reduce the cholesterol content of foam cells (Miyazakj et

aI. 1992). The ability of discoidal HDL to promote cell cholesterol efflux appears to correlate

positively with the size of the lipoprotein particle (Zhao et al. 7996).

1.3.5.1.2 Fate of unesterified cholesterol øfter incorporation into HDL

Unesterified cholesterol incorporated into HDL has four potential fates. It may be transferred

to other lipoproteins, taken up by tissues, including the liver, exchange with erythrocytes or

converted to CE by LCAT.

Unesterified cholesterol is exchangeable between plasma lipoproteins and between

lipoproteins and a variety of tissues, especially the liver. The exchange of UC between

lipoproteins is mediated by passive diffusion in plasma.

There are two possible pathways for the uptake of HDL UC by the liver. Due to the freely

exchangeable nature of UC, HDL UC can passively exchange with the cholesterol pool in the

cell membranes of hepatocytes. Alternatively, HDL UC can be actively taken up by the liver

following binding of the particle to hepatic SR-BI receptors (Ji et al. 1999).It has been

reported that SR-BI accounts for a substantial proportion of the clearance of HDL UC from
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plasma (Ji et al. 1999). Studies have also demonstrated the preferential use of UC in HDL

rather than VLDLILDL for biliary secretion and excretion (Halloran ef al. 1978', Esnault-

Dupuy et al. L987', Bravo et al. 1989; Bravo and Cantafora 1990). In a study using bile-fistula

rats, a large proportion of the injected UC in HDI- and HDI- was taken up by the liver and

excreted as bile salt (from HDI-) or unchanged as UC (from HDL) in the bile (Bravo et al.

1989). Similar results were also observed in humans (Halloran et al. 1978). Those results

were also confirmed by a liver infusion study using a non-exchangeable steroid, sitostanol,

obtained from patients with phytosterolaemia (Robins and Fasulo 1997). Unesterified

cholesterol is rapidly transported and excreted as a component of biliary cholesterol

(Schwartz et al. 1978b). Its appearance in the bile occurs as early as 5-10 mins after its

injection into the circulation (Robins and Fasulo 1997).

Erythrocytes represent a major exchangeable pool of UC in the circulation. When introduced

into plasma as a component of lipoproteins, a proportion of the radiolabelled UC is rapidly

incorporated into erythrocyte membranes (Quarfordt and Hilderman 1970', Schwartz et al.

1978b; Lund-Katz et al. 1982) The rate and magnitude of the transfer of radiolabelled UC

from lipoproteins to erythrocyte membranes appear to vary according to the surface

composition and partitioning of UC among various lipoprotein classes (Lund-Katz et al. 1982',

Schwartz etal.1982).

A proportion of UC in discoidal HDL is convefied to CE by LCAT. As lipid-poor apoA-I

acquires phospholipids and UC it is converted into a discoidal HDL particle. This particle has

limited capacity to transport UC. The conversion of UC to CE by LCAT and the subsequent

partitioning of CE into the lipoprotein core depletes the surface of cholesterol and generate a

cholesterol concentration gradient which facilitates the uptake of more UC from cell
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membranes to HDL (Jonas 1991). The rates of esterification by LCAT are estimated at 30-50

pmollLlhr in rabbits (Rose 1972) and 50-120 pmollLlhr in man (Glomset 1968).

The LCAT reaction accounts for virtually all of the cholesteryl esters transported in HDL

(Jonas I99f). Once formed, the cholesteryl esters in HDL can be selectively taken up by

hepatocytes and steroid hormone-producing cells without internalising HDL proteins in a

process involving SR-B I (Glass et al. 1983; Acton et al. 7996', Krieger and Kozarsky 1999) or

can be transferred to other lipoproteins by CETP.

1.3.5.1.3 Selective uptake of HDL cholesteryl esters

The mechanism for the selective uptake of cholesterol esters by SR-BI is unclear. The binding

of apoA-I to SR-BI is not sufficient to ensure efficient lipid transfer (Liu ef aL.2002). The fact

that SR-BI receptor is more efficient than CD36 (another member of the SR-B gene family

and share structural similarities to SR-BI) in selective cholesterol esters uptake suggests that

cofactor(s) may be required in the process (Connelly et al. 1999). Such cofactors may include

HL (Lambert et al. I999;Lambeft et al. 2000), apoE (Arai et al. 1999) and CETP (Collet et al.

7999). SR-BI accounts for more than gOVo of selective HDL CE uptake in rodents, which do

not express CETP (Glass et al. 1983; Stein et al. 1983), and about 2O7o of HDL CE uptake in

rabbits, a species that does express CETP (Goldberg et al. 1991). In CETP-rich animals, the

transfer of CE from HDL to apoB-containing lipoproteins may reduce the availability of CE

in HDL for selective uptake by SR-BI. A subset of HDL particles that contain apoE can be

taken up as a whole particle by apoE receptors and other HDL receptors (Fidge 1999).
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1.3.5.1.4 Transfer of HDL cholesteryl esters from HDL to VLDLILDL.

In animals expressing CETP in plasma, a proportion of cholesteryl esters in HDL are

transferred to VLDL and LDL in exchange for triglyceride. The actions of CETP lead to a

redistribution of cholesteryl esters and triglyceride in the donor and acceptor lipoproteins,

CETP catalyses both net transfer and heteroexchange of neutral lipids between donor and

acceptor particles, and that these processes can be differentiated. Under usual condition,

CETP-mediated lipid transfer is rapid relative to the catabolism of HDL and LDL (Barter et

al. 1982).If the plasma activity of CETP is increased,the rafe of lipid transfer between HDL

and LDL increases without altering the distribution of lipids in the two lipoprotein fractions.

On the other hand, if the plasma activity of CETP is reduced, it may reach a point that its

activity may become rate-limiting. Under that condition, the reduced plasma CETP activity

may become significant in limiting the re-distribution of cholesteryl esters between HDL and

LDL. The rate of transfer also depends on the concentrations of cholesteryl ester and

triglyceride pools between donor and acceptor lipoproteins (Lagrost 1994). When the

concentration of VLDL is increased, the quantity of CETP is certainly an impoftant

determining factor in the rate of transfer of cholesteryl esters out of HDL (Mann et al. I99l).

1.3.5.1.5 Fate of cholesteryl esters transferued to VLDL and' LDL

Once HDL CE are transferred to VLDL and LDL, CE can be removed from the circulation as

a component of the LDL that is taken up by LDL receptors in the liver and other tissues (Tall

et al. 2000). In CETP-rich species such as rabbits, this indirect pathway of RCT via

VLDL/LDL accounts for the removal of up to 707o of the CE that originate in HDL

(Goldberg etal.I99l).
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1.3.5.1.6 Secretion in bile

Compartmental analysis suggest that HDL UC may enter a cholesterol compartment in the

liver that is distinct from that of HDL CE (Scobey et al. 1989). Two possible mechanisms

have been proposed for the transport of HDL UC from the blood to the bile. One involves a

membrane transporter known as phospholipid flippase, a phospholipid vesicle that transports

UC from the sinusoidal membrane to the canalicular membrane of the hepatocytes (Smit et al

1993; Elferink et al. 1997). Another process may involve a bile salt export pump that

stimulates the secretion and solubilisation of HDL UC into bile (Verkade et al. 1995). In

contrast, CE in HDL is selectively taken up by SR-BI into the hepatocytes. Upon binding of

HDL to SR-BI, SR-BI and HDL undergo endocytosis into the early endosome system in

which independent sorting of apolipoproteins and CE (also known as transcytosis) occurs

(Silver et al. 2001). Cholesteryl esters are then translocated to the canalicular membrane and

released into the bile. However, it is now clear that SR-BI is only one of the mechanisms for

the excretion of HDL CE into bile, ABC transporters such as ABCG5, ABCGS and MDR2

are also important for the secretion of HDL CE into bile (Berge et al. 2000; Lee et al. 2001).

1.3.5.1.7 Rate limiting steps in RCT

The inverse relationship between plasma HDL cholesterol concentration and the incidence of

premature CHD does not necessarily indicate a causal relationship between the two. In fact, in

the absence of other cardiac risk factors, subjects with HDL deficiency as a result of apoA-I

or apoA-II deficiency (Assmann et al. 1993), Tangier Disease (Serfaty-Lacrosniere et al.

1994), LCAT deficiency or fish-eye disease (Santamarina-Fojo et al. 2000) are not at

especially high risk of premature CHD.
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It is uncertain whether any of the steps in RCT are rate limiting under normal physiological

conditions. An absence or deficiency of apoA-I (Jolley et al. 2000), HDL (Groen et al. 2001),

ABCA1 (Groen et al. 2001) or LCAT (Gylling and Miettinen 1992) does not alter the net

cholesterol flux from extrahepatic tissues to the liver into the bile. Even hepatic SR-BI may

not represent a rate limiting step in RCT. Although targeted mutation of hepatic SR-BI

markedly reduces the selective uptake of CE (Varban et al. 1998) and UC (Ji et al. 1999) from

HDL, the excretion of cholesterol in bile is not significantly reduced (Ji et al. 7999). These

observations suggest that RCT is a fundamental pathway for the survival of the organism.

Consequently, it is possible that multiple levels of redundancy may exist to compensate for

the loss of one of the RCT pathways. For example, (1) several plasma apolipoproteins other

than apoA-I and even albumin have the ability to accept cell cholesterol in apoA-I deficiency,

(2) SR-Bl-mediated uptake and passive diffusion appear to compensate for the lack of

ABCAl expression in Tangier Disease, and (3) there is a clear direct uptake of HDL UC by

the liver in the absence or deficiency of LCAT expresslon.

As stated above, HDL also have other potential anti-atherogenic properties beyond their

involvement in RCT

1 .3.5.2 Anti-inflammøtory properties of HDL

One of the earliest events of atherosclerosis is the expression of adhesion molecules and the

adhesion of leukocytes to endothelial cells (Poston eT al. 1992; van der Wal et al. 1992). HDL

can inhibit the expression of adhesion molecules, VCAM-1, ICAM-I and E-selectin in

activated human umbilical vein endothelial cells (HUVECs) (Cockerill et al. 1995; Calabresi

et al. 1997). TNF-cx, is a potent activator of endothelial cell adhesion molecule expression via

the sphingosine kinase pathway (Xia et al. 1998) and have been shown to inhibit TNF-

37



Introduction

stimulated sphingosine kinase activity (Xia et al. 1999). The ability of HDL to inhibit

sphingosine kinase is related to the phospholipid composition rather than the apolipoprotein

content of the HDL (Ashby et al. 1998; Baker et al. 2000).

1.3.5.3 Anti-oxidant properties of HDL

The oxidation of LDL and their subsequent uptake by monocyte-derived macrophages has

been regarded as an important initiating event in the development of atherosclerosis (Diaz et

al. 1997). HDL have been shown to inhibit LDL oxidation (Hessler et al. 1979;Parthasarathy

et al. 1990). The anti-oxidant effects of HDL have been attributed to the anti-oxidative

properties of apoA-I and the presence of paraoxonase (Watson et aI. 1995', Aviram et al.

1998).

1.3.5.4 Anti-thrombotic properties ol HDL

HDL inhibit the synthesis of platelet-activating factor by endothelial cells (Sugatani et al.

1996), regulate coagulation in plasma (Epand etal.7994), and stimulate prostacyclin

synthesis in endothelial cells (Fleisher et al. 1982). HDL have also been reported to inhibit

tissue factor (Rosenson and Lowe 1998).

1.3.5.5 Endothelial stabilisation by HDL

Endothelial dysfunction is one of the first hallmarks in the pathogenesis of atherosclerosis

(Vanhoutte 1997). Endothelium-dependent vasorelaxation in response to acetylcholine,

serotonin, histamine, and bradykinin is considerably decreased in animal models and in

patients with hypercholesterolaemia (Ludmer et al. 1986; Hodgson and Marshall 1989;Werns

et al. 1989; Shimokawa 1999).In hypercholesterolaemic patients, reconstituted HDL infusion

rapidly normalises endothelial function as measured by acetylcholine induced forearm-
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mediated dilatation, a receptor-independent marker of nitric oxide-dependent vasodilatation

(Spieker et al. 2OO2). HDL and apoA-I maintain endothelial cell viability and integrity

(Tamagaki et al. 1996) and prevent endothelial apoptosis induced by oxidised LDL (Suc et al

1997),TNF-a (Sugano et al. 2000) and triglyceride-rich lipoproteins (Speidel et al. 1990).

HDL also prevent endothelial cell damage and necrosis resulting from the activation of the

complement system (Rosenfeld et al. 1983; Packman et al. 1985).

1.3.6 HDL metabolism

1.3.6.1 Origin oÍ HDL

The precursors of A-I HDL are thought to be nascent discoidal particles containing two

molecules of apoA-I complexed to phospholipids and unesterified cholesterol (Hamilton et al.

1976). These discoidal particles are secreted by the liver and the intestines or generated as

redundant surface remnants from hydrolysis of chylomicron by lipoprotein lipase (Redgrave

and Small l979;Tall et al. 1982). These particles are excellent substrates for LCAT, which

rapidly esterifies the UC to form CE. The newly formed CE partitions into the lipoprotein

core in a process that converts the discoidal particles into spherical A-I HDL (Nichols et al.

1985). The high degree of reactivity of these discoidal particles with LCAT may explain why

most of the circulating HDL are spherical particles.

Discoidal apoA-Il/phospholipid complexes are also secreted into plasma from the liver.

However, unlike discoidal A-I HDL, discoidal A-II HDL do not react with LCAT to form

spherical HDL. The origin of the minor subpopulation of spherical A-II HDL is therefore

unknown. Most of the apoA-II circulating in plasma exists as a component of HDL that

contain both apoA-I and apoA-II (A-I/A-II HDL).
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One mechanism for the formation of A-I/A-II HDL involves the fusion of A-I HDL with

discoidal A-II HDL in a reaction promoted by LCAT that culminates in the formation of

spherical A-I/A-II HDL (Clay et al. 2000).

1.3.6.2 Remodelling of HDL inplasma

1.3.6.2.1 Overview

HDL subpopulations are converted from one form to another by plasma factors in processes

known as HDL remodelling. Factors such as LCAT and PLTP can increase HDL size. Other

factors such as CETP, hepatic lipase (HL) and Type II secretory phospholipase A, (sPLAr)

can decrease HDL size. Lipid-poor A-I can be generated during remodelling by LCAT,

CETP, PLTP or HL.

1.3.6.2.2 Remodelling by LCAT

LCAT is a 68 kDa hydrophobic glycoprotein (Albers etal.7976) that is synthesized in the

liver and circulates in the plasma bound to HDL (Cheung et al. 1986; Francone et al. 1989).

LCAT is responsible for generating almost all of the CE in plasma (Castro and Fielding 1988;

Francone et al. 1989). This eîzyme catalyses the transfer of an unsaturated fatty acid from the

sn-2 position of phosphatidylcholine to UC, generating CE and lysophosphatidylcholine. The

lysophosophatidylcholine which is formed during the LCAT reaction either binds to albumin

in the plasma, or acts as an acyl group acceptor and is converted back to phosphatidylcholine

by LCAT (Subbaiah et al. 1985; Czarnecka and Yokoyama 1993). The prefered lipoprotein

substrates for LCAT are HDL, probably reflecting their content of apoA-I, a highly efficient

activator of LCAT. Discoidal HDL have higher reactivity with LCAT than spherical HDL,
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although HDt" is also moderately reactive as a substrate (Kosek et al. 1999). HDL, has

relatively little reactivity with LCAT (Kosek et al. 1999).

LCAT converts UC in discoidal HDL into CE. The CE, being hydrophobic, partition into the

interior of the disc to create a hydrophobic core in a process that converts discoidal HDL into

the spherical particles that predominate in normal human plasma.

Small spherical HDL continue to acquire UC from peripheral tissues; esterification of this UC

by LCAT further increases the CE content of the core and expands the size of the particle.

Coincident with the LCAT-mediated increase in HDL size, the lipoprotein surface acquires

additional apoA-I, either in the lipid-poor form (Liang et al. 1995) or in a process which

involves particle fusion (Liang et al. 1996). The importance of LCAT in the generation of

spherical HDL particles is evident from mutations of the LCAT gene, which result in familial

LCAT deficiency and Fish-eye Disease (Wiebusch et al. 1995; Contacos et al. 1996;

Kuivenhoven et al. f997). Both of these conditions result in an absence of normal, spherical

HDL in the circulation (von Eckardstein etal. 1.995', Kuivenhoven et al. 1997). Both groups

of patients have reduced plasma concentrations of apoA-I and apoA-II due to increased

catabolism of the nascent HDL (Rader et al. 1994).

In vitro studies suggested a role of LCAT in the generation of A-I/A-II HDL. LCAT probably

participates in the fusion of A-I discoidal HDL and A-II discoidal HDL (Clay et al. 2000)

rather than its direct action on A-II discoidal HDL because of the poor reactivity between A-II

discoidal HDL and LCAT (Clay et al.1999).

4l



Introduction

1.3.6.2.3 Remodelling by CETP

CETP is a hydrophobic glycoprotein that is secreted mainly from the liver and circulates in

plasma largely in association with HDL (Tall 1993). It mediates the transfer of CE from HDL

to triglyceride-rich lipoproteins and LDL in exchange for triglyceride. To a lesser extent, it

also transfers phospholipids between plasma lipoproterns.

When HDL and triglyceride-rich lipoproteins are incubated in vitro in the presence of CETP,

the amount of CE transferred out of HDL tends to be greater than the amount of triglyceride

transferred into HDL (Barter eT al. 1982; Liu and Bagdade 1995). The net effect of this is a

depletion of the HDL total core lipid content and the reduction in HDL size (Barter et al.

1990) and a dissociation of lipid-free apoA-I from the HDL surface (Liang et al. 1994; Rye et

al. 1995). CETP also promotes the fusion of HDL particles, leading to a change in the size

and the number of apoA-I molecules in HDL particles (Rye et al. 1997).

1.3.6.2.4 Remodelling by hepatic lipase

Hepatic lipase is a 476-amino-acid glycoprotein that is synthesised by hepatocytes and is

anchored to external surfaces of hepatocytes and hepatic endothelial cells by heparan sulphate

proteoglycans (Kuusi et al. 1979; Doolittle et al. 1987 ; Sanan et al. 1997). It belongs to the

lipase family that includes other lipases such as pancreatic lipase, endothelial lipase and

lipoprotein lipase. In mice, guniea pigs, and golden hamsters, hepatic lipase circulates as free

enzyme in plasma. In rabbits and humans, its activity can be measured in the blood plasma

after intravenous heparin injection to release the enzyme from the hepatic extracellular

matrix.
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The role of hepatic lipase in atherogenesis remains unclear but is probably related to its role

in hydrolysing lipids in chylomicron and VLDL remnants. When hepatic lipase is deficient or

inhibited, there is an accumulation of these atherogenic remnants (Goldberg et al. 1982;

Sultan et al. 1990; Hegele et al. 1993) that may predispose to atherosclerosis. The effects of

hepatic lipase on HDL are substantial although the relationship of such changes to

atherosclerosis is unclear. (Jansen et al. 2OO2).

Hepatic lipase can remodel HDL by hydrolysing both their triglyceride and phospholipids

(Waite et al. 1991). The hepatic lipase-mediated hydrolysis of triglyceride and phospholipids

in HDL results in a depletion of triglyceride in the lipoprotein core and of the phospholipid in

the surface layer of HDL. The resulting reduction in HDL particle size may be accompanied

by the dissociation of lipid poor apoA-I (Clay et al. 1990; Clay et al. l99I; Clay et al. 1992;

Barrans et al. 1994; Marques-Vidal et al. 1997).

1.3.6.2.5 Interaction of CETP ønd hepatic lipase in remodelling of HDL

The effects of hepatic lipase on HDL are enhanced when CETP is also active. As outlined

above, activity of CETP increases the amount of triglyceride in the HDL core. This increases

the amount of triglyceride in the HDL core that is available for hydrolysis by hepatic lipase.

Thus, HDL that have been enriched in triglyceride by the activity of CETP will display an

enhanced reduction in particle size when exposed to hepatic lipase. This process may account

for the small particle size of HDL in human subjects in whom elevated concentrations of

triglyceride-rich lipoproteins are accompanied by an increase in CETP-mediated transfers of

triglyceride into HDL. This synergistic action of CETP and HL is particularly effective in

reducing HDL size and promoting the dissociation of lipid-poor apoA-I (Clay et al. l99I;

Clay et al.1992', Barrans etal.1994).
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1.3.6.2.6 Rem.odelling of HDL by otherfactors

Several other plasma factors can also alter the composition and particle size of HDL.

Remodelling of HDL by phospholipid transfer protein (PLTP) results in the formation of two

distinct subpopulations of larger and smaller HDL particles (Jauhiainen et al. 1993). The

mechanism of PLTP remodelling of HDL may involve HDL fusion (Lusa etal. 1996). PLTP

activity is enhanced in the presence of triglyceride-enriched HDL (Rye et al. 1998).

Phospholipase A2 belongs to the phospholipase family of enzymes. Both the Type II

secretory phospholipase A2 (sPLAr) and the lipoprotein-associated PLAZ are implicated in

atherogenesis (Leitinger et al. 1999). The non-pancreatic sPLA2 hydrolyses the sn-2-acyl

group of glycerophospholipids of lipoproteins and cell membranes to produce lyso-PC and

free fatty acids. It is expressed on the surface of endothelial cells of a variety of tissues such

as hepatocytes, macrophages and arterial wall smooth muscle cells, in response to a variety of

inflammatory mediators (Crowl et al. 1991). It can hydrolyse the phospholipid on a number of

plasma lipoproteins, including HDL (huzanski et al. 1998). It has been shown to reduce the

size of HDL (Rye and Duong 2000 Tietge ef al.2OO2).

Endothelial lipase (EL) has predominantly phospholipase activity and relatively less

triglyceride lipase activity. It has been shown to hydrolyse HDL phospholipids, although its

physiological role remains uncertain. Its effects on HDL composition and size are unclear.

The overexpression of EL in transgenic mice has been reported to reduce the concentration of

both HDL-C and apoA-I (Jaye et aL.7999).
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Lipoprotein lipase (LPL) has greater triglyceride lipase than phospholipase activity and acts

mainly on chylomicrons and VLDL. Its main effects on HDL are probably indirect, resulting

from the generation of surface remnants during hydrolysis of triglyceride-rich lipoproteins

(Tam and Breckenridge 1983; Clay and Bafier 1996).

1.3.6.3 Catabolism of HDL

The apoA-I, UC and CE in HDL follow distinct catabolic pathways. Overall, the rates of

catabolism of UC and CE are faster than that of apoA-I. The mechanisms for the excretion of

UC and CE in HDL into bile have been described earlier. The catabolism of apoA-I will be

addressed in this section.

The half-life of apoA-I in human HDL is about 3-5 days. The kidney is a major catabolic site

for apoA-I (Glass et al. 1985). Cubilin coexpresses with megalin on the luminal aspect of the

proximal renal tubule and are involved in the endocytosis of apoA-I (Moestrup and Kozyraki

2000). Small HDL particles (< 8 nm) and lipid-free apoA-I are filtered by the glomeruli and

removed by cubilin and megalin receptors (Hammad ef al. 1999; Kozyraki eL al. 1999;

Moestrup and Kozyraki 2000). This may explain the longer residence time of larger HDL in

the circulation (Brinton et al. 1989; Horowitz et al. 1993) and the short residence time of the

small lipid-poor HDL that circulate in plasma in subjects with Tangier Disease (Schaefer et

al. 1978). The liver is also an potential site of catabolism of apoA-I (Glass et al. 1983).

Recently, a high-affinity hepatic HDL receptor for apoA-I has been identified (Martinez et al.

2OO3). This receptor is identical to the B-chain of ATP synthase, a principal protein complex

of the mitochondrial inner membrane. Interactions between apoA-I and the receptor triggers
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holoparticle uptake of HDL, which is dependent on the generation of ADP. The overall

contribution of this new receptor in HDL catabolism is yet to be determined.

1.3.6.4 Cycting of apoA-I between lipid associated ønd lipid-poor pools

The dissociation of lipid-free or lipid-poor apoA-I from spherical HDL can occur during HDL

remodelling by plasma factors. Plasma factors such as LCAT, HL, CETP and PLTP can

generate lipid-free and/or lipid-poor apoA-I from spherical HDL. Two mechanisms are

involved in generating lipid-free apoA-I from HDL. Firstly, plasma factors can hydrolyse the

contents of the core lipid and/ or surface phospholipids in processes that reduce the volume

and surface area of HDL and lead to the dissociation of lipid-free (or lipid-poor) apoA-I from

HDL. In this process, the core lipid composition is also found to be quite important.

Triglyceride-enriched HDL are better substrate for HL (Hopkins and Barter 1986; Clay et al.

f99D and CETP (Liang et al. 1994) than other HDL. This probably accounts for the actions

of HL (Hopkins and Barter 1986; Clay et al. l99I; Clay et al. 1992) and CETP (Clay et al.

1992;Liang et al. 1994). Secondly, plasma factors can promote the fusion of HDL particles to

form unstable fusion particles and result in the release of lipid-poor or lipid-free apoA-I. This

probably accounts for the actions by LCAT (Liang et al. IÐ6) and PLTP (Lusa et al. 1996',

von Eckardstein et al.1996).

This lipid-free or lipid-poor apoA-I has a number of potential fates. It can be excreted by the

kidneys and irreversibly lost from the circulation (Moestrup and Kozyraki 2000). It may enter

the interstitial space or lymphatics and participate in the assembly of discoidal A-I HDL by

accepting cholesterol and phospholipids from peripheral tissues (Forte et al. 1995). Lipid-poor

apoA-I may accept phospholipids from other plasma lipoproteins in a process linked to the

hydrolysis of tirglyceride-rich lipoproteins by LPL (Tam and Breckenridge 1983). It can
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incorporate into pre-existing small spherical HDL in the circulation and increase the number

of apoA-I in the HDL particles from two to three molecules of apoA-I during interaction with

LCAT (Liang et al. 1995).

L.4 Use of reconstituted HDL to study HDL metabolism

1.4.1, ApoA-I

ApoA-I can potentially exist in three different forms - lipid-free apoA-I, discoidal A-I HDL

and spherical A-I HDL. Most of the circulating HDL are large spherical HDL but the

presence or absence of certain plasma factors can vary their size distribution in plasma as

well. It is therefore important to understand how these three forms of apoA-I interelate with

each other and how they are regulated by various plasma factors.

Native HDL consist of heterogenous subpopulations that vary in size, shape, electrophoretic

mobility, apolipoprotein composition and lipid composition. This heterogeneity of HDL

subpopulations makes it difficult to isolate homogeneous preparations of even the major HDL

subpopulations for metabolic studies. Minor HDL subpopulations such as discoidal HDL are

metabolic labile and exist in very small quantities in plasma. It is virtually impossible to

isolate such particles in any amounts from plasma.

In contrast, using techniques of HDL reconstitution, homogeneous preparations of

reconstituted HDL (rHDL) can be assembled from their constituents. These rHDL have

defined size, shape, electrophoretic mobility, apolipoprotein composition and lipid

composition. Discoidal A-I rHDL can also be prepared in sufficient quantity without the need

of ultracentrifugation.
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Discoidal rHDL have been used in both in vitro and in vivo studies in animals and humans.

The injection of discoidal IHDL into the circulation leads to an initial increase in the level of

preB-migrating A-I HDL followed by a subsequent increase in the level of a-migrating A-I

HDL (Nanjee et al. 1999). Discoidal rHDL promote cholesterol efflux from fibroblasts (Stein

et al. 7976; Picardo et al. 1986) and inhibit the expression of adhesion molecules in vitro

(Baker et aI. 1999) and in vlvo (Cockerill et al. 1995). The kinetics of radioiodinated apoA-I

in discoidal rHDL were essentially the same as the kinetics of apoA-I in endogenous HDL in

man (Malmendier et al. 1983). All these results highlight the resemblances of rHDL with the

native HDL in terms of remodelling, functions and metabolism.

The ability to prepare rHDL of defined characteristics in sufficient quantity, the ability to

prepare minor HDL subpopulations and the possibility of incorporating radiolabelled

component(s) into rHDL particles make this a powerful technique for the study of HDL

remodelling and metabolism ln vlvo. This technique can potentially prepare radiolabelled

HDL with more uniform and desirable characteristics than any of the previous techniques.

With this technique, it is possible to directly compare the interrelationships between the three

forms of apoA-I (lipid-free apoA-I, discoidal A-I IHDL, spherical A-I rHDL) and their

metabolic fates both in vitro and in vivo.

1.4.2 Unesterifîed cholesterol

Discoidal rHDL have comparable size, electrophoretic mobility and lipid composition to

nascent HDL of intestinal and hepatogenous origin (Green et al. 1978; Johnson et al. 1986)

Like nascent HDL, discoidal rHDL also promote efflux of UC from fibroblasts (Stein et al.

I976;È.cardo et al. 1986) and become enriched of UC after injection into the circulation
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(Stein et al. 1976; Picardo et al. 1986). Discoidal rHDL therefore represent an ideal model for

the study of the earliest steps of RCT. HDL reconstitution allows the incorporation of

radiolabelled UC. These discoidal rHDL contain radiolabelled UC as the sole radiolabel and

are suitable for the study of invivo metabolism of UC in discoidal HDL.

1.4.3 Cholesteryl esters

Spherical rHDL have comparable size, electrophoretic mobility and lipid composition to

native mature HDL in the circulation. Spherical rHDL can interact with plasma factors and

undergo similar HDL remodelling and lipid exchange as native HDL (Rye andBarter 1994;

Rye et al. 1995; Rye et al. 1997). Spherical rHDL can be prepared by incubating discoidal

rHDL with LDL and LCAT (Rye et al.1993). With some modifications to the technique, it is

also possible to enrich the spherical rHDL with radiolabelled CE. Reconstituted HDL can

provide specific radiolabelling of the component of interest, in this case, cholesteryl esters.

Such spherical rHDL containing radiolabelled CE are ideal for the study of in vivo

metabolism of HDL CE.

1.5 Use of rabbit as experimental model

Rabbits provide a well-characterised animal model for the study of lipoprotein metabolism

and lipid-modifying therapies. The plasma lipoprotein profile of the rabbit is well defined

(Chapman 1980; Greeve et al. 1993). However, there are some key differences in the

concentrations of HDL apolipoprotein and plasma factor. The plasma concentration of apoA-

II is low in rabbits, thus the majority of rabbit HDL contain apoA-I alone (Chapman 1980). In

contrast, a large proportion of human HDL contains both apoA-I and apoA-II. The fact that

levels of expression of hepatic lipase, a key component of the lipoprotein metabolic pathways,
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are very low in rabbits can be exploited to help to understand the pathophysiological

importance of this eîzyme, which is markedly different between rabbits and humans.

Rabbit is a high CETP animal (Ha and Barter 7982). Previous study has shown that as much

as7O7o of HDL CE is cleared from plasma after redistributed to VLDL and LDL by CETP

(Goldberg et al. 1991). Therefore, CETP provides a substantial indirect HDL CE clearance

pathway. An ability to inhibit CETP in rabbits thus provides a powerful tool for

understanding the role of this protein in HDL metabolism and reverse cholesterol transport,

The availability of various methods of CETP inhibition, such as anti-sense oligonucleotides

(Sugano and Makino 1996; Sugano et al. 1998), tetanus toxoid conjugated CETP vaccine

(Rittershaus et al. 2000) and oral CETP inhibitors (,Okamoto et al. 2000), can be exploited in

rabbit studies designed to determine the relative contribution of the CETP pathway to the

removal of HDL cholesterol from plasma. It may also help to define the maximal cholesterol

flux mediated by the direct and indirect clearance pathways of HDL CE.

Rabbits have low endogenous activity of HL related to a low level of HL mRNA expression

(Warren et al. 1991). Compared with humans, rabbits have about one-tenth of plasma HL

activity (Connelly et al. 1990; Warren et al. 1991). This natural hepatic lipase deficiency in

rabbits is associated with the presence of larger and more triglyceride-enriched HDL in

plasma (Clay et al. 1989). Human subjects with familial hepatic lipase deficiency also have

high plasma levels of triglyceride-rich HDL (Blades et al. 1993; Connelly et al. 1999).In

contrast, transgenic rabbits over-expressing HL have markedly reduced HDL levels,

consistent with the role of HL in the metabolism of triglyceride-enriched HDL (Fan et al.

1994). The natural deficiency of HL in rabbits closely mimics the genetic deficiency state in

the humans. The availability of transgenic rabbits expressing human HL makes rabbit an
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excellent model for the study of the effects of HL on the remodelling and metabolism of

HDL.

t.6 Scope of this thesis

The studies in this thesis aim at determining the in vivo metabolism of apoA-I, unesterified

cholesterol and cholesteryl esters in HDL and how those components of HDL are altered in

the presence and absence of hepatic lipase or CETP. Specific aims are as follows:

to determine the in vivo remodelling of the three forms of apoA-I (lipid-free apoA-I or

as a component of discoidal or spherical IHDL particles) in the rabbits.

to determine whether there is any difference in the rate of clearance of the three forms

of apoA-l in the rabbits.

to determine how the remodelling of the three forms of apoA-I lead to the

predominance of large a-migrating spherical HDL in the circulation.

a

a

a

a

to determine whether the size of spherical HDL is reduced in the presence of hepatic

lipase expression in the rabbits that naturally express low activity of hepatic lipase.

to determine the metabolism of unesterified cholesterol and cholesteryl ester in HDL

and their relationship with other lipoproteins in the rabbits.
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to determine the effects of CETP inhibition on the metabolism of unesterified

cholesterol and cholesteryl ester in HDL and their relationship with other lipoproteins

in the rabbits.
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2 Materials and Methods

2.1 Isolation of apoA-I

HDL were isolated from pooled rabbit plasma (Quality Australia Farmed Rabbits, Laura,

Victoria) by ultracentrifugation in the l.O7 < d < I.2I g/ml- density range, with a single 16h

spinat d=1.07 glmLandtwo26hspinsat d=I.2I g/ml-(Rye etal.1992:Ryeet at.7993).

The ultracentrifugations were carried out using a 55.2 Ti rotor at a speed of 55,000 rpm in a

Beckman L8-M ultracentrifuge maintained at 4 oC. Density adjustments were made by the

addition of solid KBr. The ultracentrifugally isolated HDL were dialysed against 3 x 5 L of 5

mM ammonium bicarbonate solution, then delipidated as described by Osborne (Osborne

1986). The resulting apoHDL was dissolvedin20 mM Tris, pHS.2,lyophilised, and stored at

-20"c.

Rabbit apoA-I was isolated from the apoHDL by anion exchange chromatography on an XK

26140 column of Q Sepharose Fast Flow (Amersham Pharmacia Biotech, Uppsala, Sweden)

attached to a Fast Performance Liquid Chromatography (FPLC) system (Amersham

Pharmacia Biotech) (Weisweiler 1987; Rye 1990). The apoA-I appeared as a single band after

electrophoresis on a207o sodium dodecyl sulphate (SDS) polyacrylamide gel (Phast System,

Amersham Pharmacia Biotech), stained with Coomassie Blue. The purified apolipoprotein

was dialysed against 3 x 5 L of 20 mM ammonium bicarbonate, lyophilised, and stored at 4-0

oC. Prior to use, it was reconstituted in 10 mM Tris/ 3 M guanidine-HCl/0.01%o (wlv) EDTA-

Nar, pH 8.2 for t h, then dialysed against 5 x 1 L of Tris-buffered saline (10 mM Tris/ 150

mM NaCl, pli'7 .$ containing 1 mM EDTA-Na" and 0,01,7o (w/v) Na\ (TBS).
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2.2 Isolation of LCAT

LCAT was isolated from samples of pooled human plasma as described, with some

modifications (Mahadevan and Soloff 1983; Rajaram and Barter 1985). Two litres of pooled

human plasma were subjected to precipitation at357o saturation of ammonium sulphate. The

precipitated proteins were removed by centrifugation at a speed of 12,000 rpm then I25 mL

of 1 M citric acid was added dropwise to the supernatant. The precipitated proteins were

resuspended in 200 mL of Milli Q water and the pH of the sample was raised to7.4 by the

addition of a saturated solution of NarCOr. The solution was dialysed against 2 x 5L of Milli

Q water then ultracentrifuged at a density of 7.25 glrrrL. This procedure was carried out at

55,000 rpm for 26 h using a 55.2 Ti rotor in a Beckman L8-M ultracentrifuge maintained af 4

"C. After the initial spin, the d < L25 g/ml- fraction was recovered by tube slicing and

subj ected to a further 26 h of ultracentrifugation at a density of 1 .25 ghnl,. The d > L25 glml

fractions from both of the spins were pooled and applied to an XK 60160 containing Phenyl

Sepharose 6 Fast Flow (Amersham Pharmacia Biotech) pre-equilibrated with 1 L of 3 M

NaCl. After washing with 0.15 M NaCl, LCAT was eluted with Milli Q water/0.027o (wlv)

Na\/0.01% (w/v) EDTA-Na, at a flow rate of 10 ml/min. The active fractions were pooled

and dialysed against 2 x 5L of 20 mM tris, pH 7.4, confaining 1 ml p-mercaptoethanol/L.

The same buffer was used to pre-equilibrate an XK 26140 column packed with DEAE

Sepharose Fast Flow (Amersham Pharmacia Biotech). The LCAT was loaded onto this

column and eluted with 20 mM Tris/500 mM NaCl, pH7.4, containing 1 ml B-

mercaptoethanol/L. Ten mL fractions were collected at a flow rate of 10 ml/min. Fatty acid-

free bovine serum albumin (BSA, final concentration 1 mg/ml) was added to the fractions

that contained LCAT. The fractions were stored in 10 mL aliquots at -7O 
oC until use.
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2.3 Radioiodination of apoA-I

ApoA-I was reconstituted with 10 mM Tris/3 M guanidine-HCll0.0l%o (w/v) EDTA-Na,, pH

8.2 anddialysed against 5 x lL of TBS. The purified rabbit apoA-I was iodinated with Nat'sl

(NEN Life Sciences) and IODO-BEADS iodination reagent (Pierce). Two IODO-BEADS

were washed with 2 x I mLof TBS and dried on filter paper. About L2 mCi of Nat'sl was

incubated with the IODO-BEADS for about 2 mins, followed by the addition of 10 mg of

purified apoA-I (protein concentration of 9 mg/ml) for another 15 mins. After the iodination

procedure, free iodine was separated from t'sl-apoA-I on a PD-10 column (Pharmacia Biotech

AB). The active t'sl-apoA-I fractions were pooled and dialysed against 5 x lL of TBS. The

specific activity of labelled apoA-I ranged from 60 to I2O cpm/ng protein.

2.4 Preparation of reconstituted HDL (rHDL) for tracer

experiments

The preparation of t'sl-apoA-I-discoidal and spherical rHDL is summarised in Figure 2.1
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Apor\I Iodinated ApoAI

Labelled ApoAI spheres

Labelled ApoAI discs

Figure 2.1 . preparation e1 125¡-¿psA-l discoidal and spherical rHDL. Purified rabbit apoA-l is radioiodinated vv¡1¡ ¡¿1251 (NEN life

sciences) and IODOBEAD iodination reagent (Pierce). T¡s 12s¡-¿poA-l discoidal and spherical rHDL are prepared as described in

the Section 2.4.
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2.4.I Preparation of 12s[ apoA-I discoidal rHDL

Discoidal rHDL were prepared by the cholate dialysis method using 1-palmitoyl-2-

linoleoylphosphatidylcholine (PLPC), unesterified cholesterol (UC), andt'sI apoA-I (Matz

and Jonas 1982), at a molar ratio of 100:10:1. The PLPC and UC were both dissolved in

chloroform: methanol solution 2:l (vlv) at a concentration of 100 and 10 mg/ml,

respectively. The PLPC and UC were placed in clean dry test tubes and dried as a thin film

onto the wall of the tube using nitrogen. The lipids in test tubes were then dried at about 40 'C

under nitrogen for 2h. Sodium cholate (30 mg/ml in TBS) was added to the dried lipids to

give amolar ratio of PLPC:UC:cholate of 100:10:100. The final volume was adjusted to 500

I,tL withTBS. The test tubes were kept in ice and vortexed every 15 min until the mixtures

became clear. Two milligrams of t'sl apoA-I was then added into each tube. After another 2 h

on ice, the contents of the tubes were pooled and dialysed against 5 x 1 L of saturated TBS

solution containing 10mM Tris, 150 mM NaCl, 50 1,rM diethylenetriamine pentaacetic acid

(DETAPAC),O.0067o (w/v) NaNr,IO pM BHT, and chelex atpH7.4 to remove the sodium

cholate.

2.4.2 Preparation of 12sI apoA-I spherical rHDL

Spherical rHDL containing CE as the sole core lipid were prepared as described (Rye et al.

1993; Rye and Bafter 1994). Discoidal rHDL (final 125I apoA-I concentration 5.15 mg/ml-)

was incubated with fatty acid-free BSA (final concentration 40 mg/ml), l3-mercaptoethanol

(final concentration 4 mM), LDLs (final protein concentration 1.4 mg/ml) and LCAT for 24

h at37 'C. The spherical rHDL were isolated by ultracentrifugation in the l.O7 < d < 1.21

g/ml- density range with two 24 h spins at the lower density and a single 16 h spin at the

upper density. The spins atd l.O7 g/ml- were carried out at 55,000 rpm using a Beckman Ti

55.2 rotor in a Beckman L8-M ultracentrifuge. The d = I.2I g/ml- spin was carried out at a
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speed of 100,000 rpm using a Beckman TLA 100.4 rotor in a Beckman TL-100 Tabletop

ultracentrifuge. These procedures were all conducted at 4"C. The spherical rHDL were

dialysed against 3 x I L of TBS before use.

2.4.3 Preparation of discoidal rHDL containing fHl unesterified

cholesterol

Discoidal rHDL containing [3H] unesterified cholesterol were also prepared by the cholate

dialysis method as described in section 2.4.1wtth some modifications. The main differences

are (1) the addition of 600 1,tL of lla,2a(n)-3Fll cholesterol ([3H]UC) in the beginning, and (2)

the addition of nonlabelled rabbit apoA-I in the final stage of the preparation. The mass of the

ffilUC was treated as negligible in the calculation of the molar content of total UC. The final

molar ratio of PLPC: UC: cholate: apoA-I remained at 100:10:100:1. The contents of the

tubes were pooled and dialysed against 5 x 1 L of TBS to remove the sodium cholate. The

specific activity of labelled t UIUC ranged between 8 X 108 and 9 X 108 cpm/¡zmol of

cholesterol.

2.4.4 Preparation of spherical rHDL containing fHl cholesteryl esters

The preparation of spherical rHDL containing [3Fl]cholesteryl esters (fFIlCE) as the sole core

lipid was similar to that described in section 2.4.2 with some modifications. The main

difference was the omission of LDL in the incubation to allow enrichment of radioactivity in

spherical rHDL without the transfer of [3H]UC from discoidal rHDL to LDL. Discoidal rHDL

containing fHIUC (final apoA-I concentration 2 mg/ml-) , fafty acid-free BSA (final

concentration 40 mg/ml), l3-mercaptoethanol (final concentration 4 mM) and LCAT were

incubated for 6 h at3'7 "C. The spherical rHDL were isolated by ultracentrifugation in the d >

l.2l glmJ at 55,000 rpm using a Beckman 55.2rotor in a Beckman L8-M ultracentrifuge af 4
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'C. The spherical rHDL were dialysed against 3 x 1 L of TBS before use. The specific

activity of labelled ffilCP ranged between 6 x 108 andi x IOB cpmlptmol- of cholesterol.

2.5 Compositional analyses

Compositional analyses were carried out using a Roche/Hitachi9O2 analyzer (Roche

Diagnostics,Zurich, Switzerland). ApoA-I concentrations were determined either by the

method of Lowry (Lowry et al. 1951), using BSA as a standard, or by an

immunoturbidometric assay (Riepponen et al. 1987; Hopkins and Barter 1989). Enzymatic

kits (Boehringer Mannheim GmbH, Germany) were used to determine PL, UC and TC

concentrations. CE concentrations were calculated as the difference between TC and UC

concentratrons.

2.6 Electrophoresis

2.6.I Non-denaturing polyacrylamide gradient gel electrophoresis

The hydrated diameter of rHDL was determined by electrophoresis on 3-4O%o nondenaturing

polyacrylamide gradient gels, using aGE-2l4LS Gel Electrophoresis Apparatus (Amersham

Pharmacia Biotech). The gels were prepared according to the method of Rainwater

(Rainwater etal.1992). Samples were pre-mixed with 407o (wlv) sucrose/O.OI%o (wlv)

bromophenol blue solution then applied to the gel. Electrophoresis was carried out in 0.09 M

Tris/0.08 M boric acid/0.003 M EDTA-Na, buffer, pH 8.4, at 150-180 volts for a total of

3,000 volt-hours. The gel was fixed with lO%o (w/v) 5-sulphosalicylic acid for 30-60 min,

stained withO.O4% (w/v) Coomassie Brilliant Blue G in3.5%o (v/v) perchloric acid for l-2h,

and destained with 57o (vlv) acetic acid until the background was clear. The gels were

scanned by a Sharp JX-610 scanner (Sharp, Japan). The parlicle size was determined by the
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ImageMaster Software (Amersham Pharmacia Biotech) by reference to a series of high

molecular weight standards of known hydrated diameter (Amersham Pharmacia Biotech)

2.6.2 Agarose gel electrophoresis

The electrophoretic mobility of the lipoproteins was determined using the Titan Gel

lipoprotein electrophoresis system (Helena Laboratories, USA) according to the

manufacturer's instructions. The gels were scanned by a Sharp JX-610 scanner (Sharp,

Japan). The migration distance from the origin was determined by the ImageMaster Software

(Amersham Pharmacia Biotech). Electrophoretic mobility was calculated as described by

Sparks and Phillips (Sparks and Phillips f992).

Mobility = Migration distance (lm) + Time (sec)

Voltage (v) + length of the gel (cm)

2.6.3 SDS-polyacrylamide gel electrophoresis

SDS polyacrylamide gel electrophoresis was carried out on 2O%ohomogeneous

polyacrylamide gels in the Phast System (Amersham Pharmacia Biotech). Ten microlitres of

sample (protein concentration - 1 mg/ml-) was boiled with 10 I,L of SDS sample buffer (0.01

M Tris/0.001 M EDTA -Narl2.57o (w/v) SDS/O.O25%o (w/v) bromophenol blue) for 5 min, and

then applied to the gel. The electrophoresis was carried out for 95 volt-hours. The gels were

stained with Coomassie Brilliant Blue R, destained with methanol: acetic acid: water 3:1:6

(vlvlv), and preserved with glycerol:acetic acid:water 1:1:8 (vlvlv).

2.7 Autoradiography

The electrophoretic migration of t'sl-apoA-I was determined by exposing the gels to a

Phosphorimager plate for about 16 hours. The Phosphorimager plate was read by a Molecular
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Dynamics Phosphorlmager (Molecular Dynamics, USA). The size and electrophoretic

mobility of the lipoproteins were determined using the ImageMaster Software (Amersham

Pharmacia Biotech).

2.8 Quantification of radioactivity

2.8.I Quantiflrcation of 12sI in apoA-I

Blood samples were drawn from the right marginal ear vein of the rabbit and stored at 4 oC in

tubes containing 0. I mgln{-EDTA Nq and 2 mmollL DTNB. Plasma was separated from red

cells by centrifugation at 3000 rpm for 15 mins. Radioactivity in apoA-I was determined by

liquid scintillation counting in a Ready Safe cocktail (Beckman Coulter, Fullerton, CA), using

a Beckman LS 6000TA liquid scintillation counter (Model LS 6000T4; Beckman Coulter,

Fullerton, CA).

2.8.2 Quantifrcation of [sH] in unesterified cholesterol and cholesteryl

esters in lipoproteins

Separation of UC and CE was performed in experiments using discoidal rHDL containing

fHlUC. In contrast, all the plasma counts were presumed to be that of CE when the injected

tracer was spherical rHDL containing fHICE

2.8.3 Injection of discoidal rHDL containing t3UlUC

Plasma was separated from whole blood sample by centrifugation at 3000 rpm for 15 mins at

4'C. ApoB-containing lipoproteins and HDL in plasma samples were separated by

precipitating apoB-containing lipoproteins with heparin and manganese chloride (Burstein et

al. l97O). The lipids in the total plasma and HDL supernatant samples were extracted with the

Folch extraction. Briefly, IOO 1,tL of sample was sequentially mixed with 3 ml solution of
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chloroform methanol, I:2 (v lv) , 1 ml of chloroform and 1 ml of TB S. The mixture was

centrifuged at 1000 rpm for 10 mins and2 ml of infranatant (methanolic layer containing

lipids) was collected with a Hamilton needle. The lipid extract was dried down under nitrogen

at 40 oC and later resuspended in multiple washes of diethyl ether. The lipid extract was

subjected to thin layer chromatography (TLC), with hexane-diethylether-methanol-acetic

acid, gO:2O:3:2 used as solvent to separate UC and CE, and later assayed for tH. The recovery

of 3H after TLC was 65%o to 8O%o; values were corrected back to a recovery of lOO7o.

Radioactivity in UC and CE was determined by liquid scintillation counting in a Ready Safe

cocktail (Beckman Coulter, Fullerton, CA), using a Beckman LS 6000T4 liquid scintillation

counter (Model LS 600OtA; Beckman Coulter, Fullerton, CA).

2.8.4 Injection of spherical rHDL containing [3H]CE

Plasma was separated from whole blood sample by centrifugation at 3000 rpm for 15 mins.

ApoB-containing lipoproteins and HDL in plasma samples were separated by precipitating

apoB-containing lipoproteins with heparin and manganese chloride (Burstein et al. 1970). The

radioactivity in the total plasma and HDL supernatant samples was measured in a Beckman

LS 6000T4 scintillation counter. The difference between total plasma and HDL count equals

to the count in apoB-containing lipoproteins.

2.9 Assay for plasma factor activity

2.9.I LCAT

Activity of LCAT was determined using discoidal rHDL containing l3-oleoyl-1-palmitoyl-L-

c-phosphatidylcholine (POPC): unesterified cholesterol (UC): apoA-I labelled with

[1a,2c(n)-3Fl] cholesterol ([3H]UC) (Amersham Pharmacia Biotech) as a substrate (Piran and

Morin IWg). The final concentration of UC in the substrate was 0.13 nmolll,tL. Twenty-five
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pL of substrate, together with 50 1'tL of 10 mg/ml fatty acid-free BSA, 5 1'L of þ-

mercaptoethanol (final concentration 48.5 mM), and 47 1,tL of TBS were pre-incubated at37

"C under nitrogen for 30 min. LCAT (20 I,L),TBS or the d > I.25 glmL fraction of pooled,

human plasma (positive control) were added to the mixtures and the incubations were

continued at37 "C under nitrogen for a further t h. The final volume of the incubation

mixture was I47 1.tL.The reaction was stopped by addition of 0.5 mL of I7o digitoninin957o

ethanol. The mixtures were vortexed for 15 sec to denature the proteins and extract lipids.

Excess UC (25 1,tL of 5 mglmL UC in ethanol) was then added and the mixtures were

vortexed again then centrifuged at 1,500 x g for 10 mins. A 400 LtLaliquot, which contained

radiolabelled CE, was taken from the supernatant, added to 10 mL of aqueous scintillation

cocktail (Ready safe, Beckman, USA) and counted in a Beckman LS 6000 TA liquid

scintillation system (Beckman Instruments,Inc., Fullerton, CA, USA) for 5 min. The assay

was linear when less than3}%o of the ttHl UC was esterified. LCAT activity was expressed as

,¡.rmol of CE formed/ml LCAT/h

2.9.2 Hepatic lipase

Activity of hepatic lipase was measured in postheparin rabbit plasma using a triolein-based

substrate (Cheng et al. 1985). After an overnight fast, 10 units/kg of heparin was injected

intravenously into the rabbit. Blood sample was drawn 10 minutes after the injection and

stored in a tube containing 0.1 mg/ml EDTA Nar. Plasma was separated from whole blood

sample by centrifugation at 3000 rpm for 15 minutes. Ten microlitres of postheparin plasma

was incubated with 75 ¡.L of [3H] triolein substrate (containing 1130 nmol of free fatty acid)

in the presence of either low (0.15 M NaCl) or high (5 M NaCl) salt solution for 60 minutes at

37 oC. Oleic acid released by the incubation was extracted with a solution of methanol-

chloroform-heptane, 1.4'.1.25:1 (v:v:v) and carbonate borate buffer (containing 0.lM KrCO3
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and 0.lM I1BO3, with pH adjusted to 10.5 with KOFÐ. The mixture was centrifuged at 3000

rpm for 15 mins. Two millilitres aliquot of supernatant was aspirated and placed in 10 mL of

aqueous scintillation cocktail and counted in a Beckman LS 6000 TA liquid scintillation

system for 10 min. The recovery of 'H after extraction was between 45 to7O7o', valtes were

corrected back to recovery of IO07o. The activity is expressed in 7,lmol of free fatty acid

released by 1 mL of enzyme source in t hour of incubation at3'7 "C.

2.9.3 CETP

Activity of CETP was assessed as the transfer of [3H]CE and [3F!]CE-HDL to LDL (Burstein

efal. I97o;Tollefson et al. 1988). This assay is based on exogenous donor and acceptor

particles for CE. fHICE-HDI-, (final total cholesterol (TC) concentration 80 nmol/ml), LDL

(final TC concentration240 nmol/ml), and 50 1,rLof rabbit plasma, or the d> 1.25 glmL

fraction of pooled, human plasma (positive control), were incubated in the presence of lO yL

of I4.2mglnl 5,5'-dithio-bis(nitrobenzoic acid), DTNB (to inhibit LCAT activity). TBS was

added to a total volume to 175 I,L.The incubations were carried out at 3'7 "C for 3 h. At the

end of incubation, LDL were precipitated with 25 1.tL of heparin and MnCl, solution (2500

IU/mL heparin/l M MnClr), and centrifuged for 5 min at 1,500 x g. Two hundred microlitres

aliquot of the supernatant was placed into 10 mL of aqueous scintillation cocktail and counted

in a Beckman LS 6000 TA liquid scintillation system for 5 min. The assay was linear when

less than 3O7o of ffilCg transferred from HDL, to LDL. Activity is expressed in units/ml,

with 1 unit being the transfer activity of 1 mL of a preparation of pooled, human lipoprotein-

deficient plasma.
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2.l0Protocol for rabbit experiments

Studies were carried out in mature male wild-type New Zealand White (NZW) rabbits and

human hepatic lipase transgenic rabbits. The rabbits were fed a normal rabbit chow diet.

Experiments were performed at the Hanson Institute in Adelaide, Australia and the Gladstone

Institute of Cardiovascular Disease in San Francisco in the United States. The experimental

protocols were reviewed and approved by animal ethics committees at the Institute of Medical

and Veterinary Science, Adelaide, Australia, and the University of California, San Francisco,

USA. A 2l-gauge cannula was inserted into the central ear artery prior to the injection of

radioactive tracer into the marginal ear in the opposite ear. The first 0.5 mL of blood was

rejected and2 mL of blood was collected from the arterial cannula at each time point. One

millilitre of sterile saline solution (0.97o NaClr) was injected into the arterial cannula to

maintain patency. Blood samples were stored af 4"C in tubes containing 0.1 mg/ml EDTA

Na, and 2mmollL DTNB. At the end of each experiment, the rabbits were euthanased by

injecting 5 mL of Lethabarb solution into the marginal ear vein. The radioactive carcasses

were packaged and disposed according to established institutional procedures.
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z.LtChemicals and reagents

Agarose

4-Aminoantipyrine

Ammonium bicarbonate

Ammonium sulphate

Antifoam A

Anti-sheep I goat Ig, HRP conjugated

Barbitone

Baritone, sodium

Boric acid

Bovine serum albumin (BSA)

Bovine serum albumin, fatty acid-free

Bromophenol blue

Butylated hydroxy toluene (BFil)

Chelex resin

Chloroform

Cholesterol, unesterified

ll a,2a (n)-'Ul cholesterol

Cholesteryl oleate

Cholic acid, sodium salt

Citric acid

Coomassie Brilliant Blue G-250

Coomassie Brilliant Blue R-350 (Phast Gel)

Diethylenetriamine pentaacetic acid (DETAPAC)

Diethyl ether

Digitonin

5,5' -Dithio-bis(nitrobenzoic acid) (DTNB)

ECL reagent

Ethanol

Ethylenediaminetetraacetic acid, disodium salt
(EDTA-Na2)

Folin & Ciocalteau's phenol reagent

Materials and Methods

Sigma Chemicals A-6013

Sigma Chemicals A-4382

BDH chemicals 103025 E

BDH chemicals 10033.6 E

Sigma Chemicals A-5758

Silenus Lab, UAH

BDH Chemicals 10415 3 P

BDH Chemicals 103654 E

BDH Chemicals 10058.3 R

Sigma Chemicals A-8022

Sigma Chemicals A-3803

BDH Chemicals 44305

Sigma chemicals B-1378

Bio-Rad 142-2832

BDH Chemicals 10077.6 B

Sigma Chemicals C-8667

Amersham Pharmacia Biotech TRK330
880
Sigma Chemicals C-9253

Sigma Chemicals C-I254

BDH Chemicals2TTSI

Bio-Rad 161-0406

Amersham Pharmacia Biotech 17-0518-
01

Sigma Chemicals D-1133

BDH Chemicals 10094.6 B

Sigma Chemicals D-5628

Sigma Chemicals D-8130

Amersham Pharmacia Biotech RPN 2106

BDH Chemicals 10107.7 Y

BDH Chemicals 10093.5 V
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Free cholesterol reagent

Glacial acetic acid

Glycine

Guanidine (aminomethanamidine) hydrochloride

Heparin, sodium salt

n-Hexane

Hi gh molecular weight electrophoresis
calibration kit

2O%o Homogeneous polyacrylamide gel

Hydrochloric acid

Iodine-125

IODO-BEAD iodination reagent

B-Linoleoyl-y-palmitoyl-L-cr,-phosphatidylcholine
(PLPC)

Low molecular weight standard electrophoresis
calibration kit

Magnesium sulphate

Mangarious chloride

p-Mercaptoethanol

Methanol

Nitrocellulose membrane

Perchloric acid

Peroxidase (POD)

Phospholipid reagent

Polyetþlene glycol

Potassium bromide

SDS buffer strips

Skim milk powder

Sodium acetate

Sodium azide

Sodium carbonate

Sodium chloride

Sodium dihydrogen orthophosphate

Sodium dodecyl sulphate (SDS)

Materials and Methods

Boehringer Mannheim 310328

BDH Chemicals 100015 N

BDH Chemicals 10119, CU

Sigma Chemicals G-3272

Sigma Chemicals H-9399

BDH Chemicals 152496G

Amersham Pharmacia Biotech 17 -0445-
01

Amersham Pharmacia Biotech I7 -0624-
01

BDH Chemicals 10307 8 R

NEN Life Science NEZ033A

Pierce 286ó5

Sigma Chemicals P-9Ø8

Amersham Pharmacia Biotech t7 -0446'
01

Merck Chemicals 10151

Ajax ChemicalsD324T

Merck Chemicals 8O57Q

BDH Chemicals 10158. BG

Advantec MFS,Inc., A O2O A3O4C

BDH Chemicals 101754 W

Boehringer Mannheim 41347 0

Roche Diagnostics 691844

Sigma Chemicals P-2I39

BDH Chemicals 101954 F

Amersham Pharmacia Biotech 17 -0516-
01

Diploma, Bonlac Foods Ltd., Australia

BDH Chemicals 10236.4 Q

Sigma Chemicals 3-2002

BDH Chemicals IOVIO. H

BDH Chemicals 10241.3000

BDH Chemicals 10245

BDH Chemicals 442444H
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di-Sodium hydrogen orthophosphate

Sodium hydroxide

Sucrose

5 -Sulphosali cylic acid

Thimerosal

Titan Gel Lipoprotein Kit

Thin layer chromatography (TLC) plates

Total cholesterol reagent

Tris (hydroxymetþl) aminomethane

Triton X-100

Tween 20

Urea

BDH Chemicals 10249

BDH Chemicals 10252.4X

BDH Chemicals 010274.0500

BDH Chemicals 1O3464 A

Sigma Chemicals T-5215

Helena Laboratories 3045

Merck I.O572t

Roche Diagnostics 201.6630

Sigma Chemicals T-L378

Merck Chemicals 30632

BDH Chemicals 66368

BDH Chemicals 10290.8G

68



Metabolism of apoA-I

3 Metabolism of apoA-I as lipid-free protein or as a component

of discoidal and spherical reconstituted high density

lipoproteins: methodology and feasibility

3.L Rationale

The discovery that high density lipoproteins (HDL) protect against the development of

atherosclerosis (Miller 1987; Gordon et al.1989) has stimulated a major interest in the factors

that regulate these lipoproteins. This interest has applied particularly to the regulation of

apolipoprotein (apo)A-I, the main protein constituent of HDL.

Most of the HDL in normal plasma are spherical particles that exhibit c-migration when

subjected to agarose gel electrophoresis. They consist of a surface monolayer of

apolipoproteins, phospholipids and unesterified cholesterol surrounding a core ofcholesteryl

esters and triglyceride. However, there is a potential for apoA-I also to circulate in a lipid-free

(or lipid-poor) form and as a component of pre-B-migrating, discoidal complexes containing

apoA-I, phospholipid and unesterified cholesterol (Castro and Fielding 1988).

In vitro studies have shown that apoA-I cycles between the lipid-free and lipid-associated

forms in processes mediated by lecithin:cholesterol acyltransferase (LCAT), cholesteryl ester

transfer protein (CETP), phospholipid transfer protein (PLTP) and hepatic lipase (HL) (Rye e/

al. 1999).It has also been shown in vitro that pre-p-migrating, discoidal HDL are converted

into a-migrating, spherical particles by the action of LCAT (Nichols et al. I985;Liang et al.

1996). Invitro studies have also shown that cr-migrating HDL are increased in size by LCAT

and decrease in size when they interact with CETP, HL and triglyceride-rich lipoproteins
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(Rye e/ al.1999). The reduction in size is accompanied by a dissociation of lipid-free apoA-I

from the HDL (Clay et al. 7990',Clay et al.1992;}ìime et al.1998).

Despite the abundant evidence that HDL remodelling occurs invitro, its contribution to HDL

metabolism in vivo remains unclear. Indeed, the fact that apoA-I exists predominantly in cr-

migrating, spherical HDL in the plasma of most species, including humans, raises questions

about the relevance of these in vitro findings to HDL metabolism in vivo.

The present study investigates how the different forms of apoA-I are related in vivo and

whether the processes that operate in vitro also impact on the metabolism of HDL in vivo.

Three specific questions have been addressed in this study. (i) Does lipid-free apoA-I

incorporate into pre-existing c-migratingHDL invivo andis the process sufficiently rapid to

explain why lipid-free apoA-I is normally not detectable in plasma? (ii) Are pre-B-migrating,

discoidal HDL converted to cr-migrating particles invivo and is the process sufficiently rapid

to account for a virtual absence of such particles in normal plasma? (iii) Does the metabolism

of apoA-I differ when it is introduced in a lipid-free form or as a component of discoidal or

spherical rHDL?
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3.2 Methods

3.2.I Rabbits

The studies were carried out in mature male New Zealand White (NZW) rabbits purchased

from the Institute of Medical and Veterinary Science in Adelaide. The rabbits were fed on a

normal rabbit chow diet.

3.2.2 Purification and radiolabelling of apoA-I

The isolation, purification and radioiodination of apoA-I from rabbit plasma are described in

chapter 2.The specific activity of labelled apoA-I ranged from 60 to I2O cpm/ng protein.

3.2.3 Preparation of discoidal and spherical apoA-I rHDL

The preparation of the radiolabelled discoidal and spherical rHDL is described in chapter 2.

The size and homogeneity of these rHDL were analysed by nondenaturing gradient gel

electrophoresis on 3 - 4O7o gradient acrylamide gels.

3.2.4 In vitro studies

Five micrograms of t'sl-apoA-I, as lipid-free protein, or as a component of discoidal or

spherical rHDL was added to 2 ml of rabbit plasma and incubated at37"C for 0, 5, 10, 30, 90,

180 and 360 min. The size and electrophoretic mobility of the labelled apoA-I were

determined by 3 - 4O%o nondenaturing polyacrylamide gradient gel electrophoresis and

agarose gel electrophoresis, respectively.

3.2.5 In vivo studies

The experimental protocols were reviewed and approved by animal ethics committees at the

Institute of Medical and Veterinary Science, Adelaide. Five hundred micrograms (20,¡zCi) of
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l2sl-apoA-I, either in the lipid-free form or as a component of discoidal or spherical rHDL was

injected into the left marginal ear vein of the rabbit. Blood samples were drawn from the right

marginal ear vein at2,IO,30 and 60 minutes and at 2,4,6,24,50,76 and 100 hours. The

samples were stored at4"C in tubes containing 0.1 mg/ml EDTA Na, and 2 mM 5,5'-dithio-

bis(nitrobenzoic acid) (DTNB). Plasma samples collected during the first 6 hours were

subjected to nondenaturing polyacrylamide gradient gel electrophoresis and agarose gel

electrophoresis. All of the samples were used for kinetic analysis.

3.2.6 Kinetic analyses

The fractional catabolic rate (FCR) of t2sl-apoA-I when injected in the various forms was

determined by fitting a two-compartment model to the tracer data (Lewis et al. 1997). The

model assumes that labelled HDL were injected into a central compartment and subsequently

exchanged with an extravascular compartment. Irreversible loss of HDL was assumed to have

occurred from the central compartment.

3.2.7 Other analysis

Non-denaturing polyacrylamide gradient gel electrophoresis, agarose gel electrophoresis,

phosphorimaging and chemical assays were carried out as described inchapter 2.

3.2.8 Statistical analysis

Student's t-test and one-way ANOVA were performed with the JMP software (SAS Institute,

Cary, NC). Significance level was set at p < 0.05.
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3.3 Results

3.3.1 Characterisation of tipid-free 12tl-apoÄ-I, discoidal rHDL and

spherical rHDL

Discoidal and spherical rHDL containing PLPC, UC and t2sl-apoA-I were prepared. The

molar ratios of PLPC/CElIJClapoA-I in the discoidal and spherical rHDL were 561016ll and

4LlIOl2l1,, respectively. The respective diameters of the discoidal and spherical rHDL were

9.3 and8.8 nm. The electrophoretic mobility of the discoidal rHDL was -Ð.491m'sec t/V'cm

t compared to -O.727zm.sec-t/V.cm 
t, for the spherical rHDL. Radiolabelling of apoA-I and

its incorporation into discoidal and spherical rHDL had no effect on either the electrophoretic

mobility or particle size when compared with the unlabelled counterparts (Figure 3.1).

3.3.2 Metabolism of apoA-I in plasma of rabbits

3.3.2. 1 Lípid-free apoA-I

3.3.2.1.1 In vitro

When lipid-free ltsl-apoA-I was added to rabbit plasma, its size and electrophoretic mobility

changed rapidly. Within 30 minutes of incubation, all of the pre-B-migrating apoA-I was in

particles with cr mobility (Figure 3.2A). This change in electrophoretic mobility was

accompanied by a rapid appearance of l'sl-apoA-I in particles the size of HDL (Figure 3.28).

3.3.2.1.2 In vivo

When lipid-free 12sI-apoA-I was injected into rabbits, the changes in electrophoretic mobility

(Figure 3.2C) and size (Figure 3.2D) of apoA-I were completein2 min (vs. 30 min invitro).

All of the 12sI was incorporated into large, c-migrating particles.
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Figure 3.1. The effect of radioiodination on the size distribution (PanelA) and

electrophoretic mobility (Panel B) of apoA-l as lipid-free protein or as a

component of discoidal or spherical rHDL. Particles labelled by the blue bars are

non-radiolabelled particles and red bars are radiolabelled particles. The

preparation of the radiolabelled particles are described in chapter 2.

Radioiodination of apoA-l did not alter the size or electrophoretic mobility of the

three forms of apoA-|. (GGE: gradient gel electrophoresis)
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Figure 3.2. Changes in the electrophoretic mobility (Panels A & C) and size

distribution (Panels B & D)of lipid-free apoA-|. Lipid-free 125¡-¿pe4-l (A-l)was
incubated with rabbit plasma at37'C (Panels A & B) or injected into a rabbit
(Panels C & D). Serial blood samples were collected at the indicated intervals.

The electrophoretic mobility and size distribution of the labelled apoA-l in the

Serial samples were assessed by agarose gel electrophoresis and 3 - 40% non-

denaturing gradient gel electrophoresis respectively. The positions of the
radiolabelled apoA-l were detected by phosphorimaging. Samples from individual

studies are presented. Each is representative of six such experiments.
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3.3.2.2 ApoA-I in discoidal rHDL

3.3.2.2.1 In vitro

When t2sl-apoA-I was added to rabbit plasma as a component of discoidal rHDL, its

electrophoretic mobility changed from pre-p to o within 10 min (Figure 3.34). This is

consistent with a rapid conversion of the discoidal particles into spheres. There were also

changes in the size distribution of the t'sl-apoA-I-containing particles. At the earliest time-

points the 12sI-apoA-I appeared in two populations of particles 7.8 nm and 8.8 nm in diameter

(Figure 3.38). Lipid-free apoA-I was also observed at 0 and 5 min (Figure 3.38). By one

hour, the smaller particles had disappeared, and all of the t'sl-apoA-I was incorporated into

larger particles.

3.3.2.2.2 In vivo

When t2sl-apoA-I was injected into rabbits as a component of discoidal IHDL, the changes in

size and electrophoretic mobility were similar to those observed in vitro. The electrophoretic

mobility of the t2sl-apoA-I changed from pre-B to a, two minutes after injection (Figure 3.3C)

This is consistent with a rapid conversion of the pre-p-migrating discoidal particles into a-

migrating spherical HDL. The injected t2sl-apoAJ initially appeared in two populations of

particles, 7.6 nm and 8.5 nm in diameter (Figure 3.3D). As in the invitro studies, there was a

progressive disappearance of the smaller particles, with all of the 12sI-apoA-I residing in the

larger particles 60 minutes after injection.
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Figure 3.3. Changes in the electrophoretic mobility (Panels A & C) and size

distribution (Panels B & D) of discoidal rHDL. 125¡-¿pe4-l as a component of
discoidal rHDL (disc) were incubated with rabbit plasma at 37"C (Panels A & B) or
injected into a rabbit (Panels C & D). Serial blood samples were collected and

assessed as described in figure 3.2. Samples from individual studies are
presented. Each is representative of six such experiments.
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3.3.2.3 ApoA-I in pre-labelled sphericøl rHDL

3.3.2.3.1 In vitro

When 12sI-apoA-I was added to rabbit plasma as a component of c-migrating, spherical rHDL

its electrophoretic mobility did not change (Figure 3.4A). By 6 hours, larger particles of 9.8

nm in diameter were apparent (Figure 3.48).

3.3.2.3.2 In vivo

When t'sl-apoA-I was injected intravenously into rabbits as a component of spherical rHDL,

its electrophoretic mobility (Figure 3.4C) and size distribution (Figure 3.4D) did not change.

3.3.3 Kinetics of the disappearance of 12sI apoA-I in rabbits

Rabbits were divided into three groups (six animals per group) and injected intravenously

with tracer amounts of t'sl-apoA-I either in the lipid-free form or as a component of discoidal

rHDL, spherical rHDL. No matter whether apoA-I was in its lipid-free form, discoidal rHDL

or spherical rHDL, the l2sl-apoA-I displayed virtually identical biphasic decay curves (Figure

3.5). The FCRs of the apoA-I introduced in the lipid-free form or as a component of pre-

labelled discoidal or spherical rHDL were respectively 0.78 + 0.10, 0.89 t 0.14 and O.74 +

0.11 pools/day (mean t SD). The differences between these values were not statistically

significant.
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Figure 3.4. Changes in the electrophoretic mobility (Panels A & C) and size

distribution (Panels B & D) of spherical rHDL. 1251-¿peff-l as a component of
spherical rHDL (sphere) were incubated with rabbit plasma at 37'C (Panels A & B)

or injected into a rabbit (Panels C & D). Serial blood samples were collected and

assessed as described in figure 3.2. Samples from individual studies are
presented. Each is representative of six such experiments.
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3.4 Discussion

This study describes the in vitro and in vivo metabolism of three forms of apoA-I in plasma:

lipid-free apoA-I, pre-13-migrating discoidal HDL and c-migrating spherical HDL. In rabbits,

there was (i) a rapid appearance of lipid-free apoA-I in pre-existing cr-migrating HDL and (ii)

a rapid appearance of the apoA-I injected as a component of pre-B-migrating, discoidal HDL

in first smaller and then larger c-migrating particles. These results are consistent with the fact

that most of the apoA-I in rabbit plasma circulates in cr-migrating particles, with very little

existing in either the lipid-free or pre-p-migrating forms.

By using apoA-I in 3 different forms, the present study has given a unique insight into the

metabolism of HDL. Previous investigations of the in vivo metabolism of apoA-I in humans

and other species have used two main techniques. Most commonly, preparations of HDL have

been isolated from plasma, labelled exogenously with 12sI-apoA-I, then re-injected

intravenously into the study subject (Fidge et al.1980; Colvin et al.1999). More recently,

experiments have been conducted using an endogenous labelling technique, whereby the

kinetics of the incorporation of amino acids (labelled with stable isotopes) into HDL

apolipoproteins are analysed (Tilly-Kiesi et al. 1997', Velez-Carrasco et al.2000). While the

kinetic parameters generated by the two approaches are similar (Ikewaki et al. 1993), neither

of these techniques can answer the questions being asked in the present studies. The

exogenous labelling of native HDL is appropriate for studying c-migrating HDL. However,

this approach cannot be used to study pre-13-migrating HDL, which are not normally present

in significant quantities in plasma. The endogenous labelling technique, on the other hand,

cannot be used to investigate the remodelling of HDL subpopulations because of the rapidity

of these processes relative to the overall rate of HDL catabolism.

81



Metabolism of apoA-I

The in vivo relationship between the different forms of apoA-I can only be answered by

tracing the metabolism of apoA-I when introduced directly into plasma in each of its forms.

To this end, we assembled rHDL of defined shape, size and electrophoretic mobility (Rye and

Barter 1994; Rye et al.1995;Rye et al.I997;Hime et aI.1998) containing isotopically-

labelled apoA-I in each of its forms. The IODO-BEAD iodination technique used in this study

exposes the apoA-I to relatively low levels of radiation and thus minimises damage to the

protein (Markwell 1982). However, the possibility that the process alters apoA-I in some way

cannot be excluded and the results must be interpreted with this reservation. Another

reservation in studies of this type relates to possible modification of the injected HDL by prior

ultracentrifugation. However, the fact that the FCR was the same when apoA-I was injected

as a component of spherical rHDL (that were subject to ultracentifugation) as when it was

lipid-free or was a component of discoidal rHDL (that had not been ultracentrifuged) argues

strongly against a major effect of the prior centrifugation.

The studies conducted in the rabbits have provided the first demonstration in vivo that lipid-

free apoA-I is incorporated rapidly and quantitatively into cr-migrating HDL. It was also

apparent that when injected as a component of pre-P, discoidal rHDL the labelled apoA-I

appeared sequentially in small and then in larger c-migrating particles. While this is

consistent with a conversion of the discs into first small and then larger spheres, the

possibility that apoA-I may have exchanged between discoidal and spherical particles cannot

be excluded. The incorporation of lipid-free apoA-I and discoidal apoA-I into c-migrating

particles was so rapid in vivo that the fate of apoA-I injected into the rabbits was independent

of the form in which it was delivered. Within minutes of injection, each form of the apoA-I

was found exclusively in cx,-migrating HDL particles. The rapidity of these processes also
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provides an explanation for the virtual absence of the pre-B-migrating apoA-I in normal

Kinetic analysis showed that the FCRs of t2sl-apoA-I as lipid free particle or as a component

of prelabelled discoidal and prelabelled spherical rHDL were indistinguishable. Obviously,

this is related to the rapidity in the conversion of each form of apoA-I into large a-migrating

HDL. The decay profile of apoA-I is reflective of the metabolism of apoA-I in the large c,-

migrating HDL.

In conclusion, these results show that lipid-free apoA-I and the apoA-I in discoidal HDL

rapidly apqar in cx,-migrating HDL, both in vitro and in vivo. These explain the predominance

of large, c-migrating HDL and the virtual absence of lipid-free apoA-I in the circulation. The

rapidity in the remodelling process of various forms of apoA-I into large, a-migrating HDL

explains why the catabolism of apoA-I is similar when apoA-I is introduced in the three

different forms.
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4 Remodelling of high density lipoproteins and metabolism of

apoA-I in hepatic lipase transgenic rabbits

4.L Rationale

Studies in the previous chapter have established (1) the rapidity of incorporation of lipid-free

apoA-I into pre-existing HDL, (2) the rapidity in the conversion of pre-B discoidal HDL into

large cr-migrating spherical HDL, and (3) the maintenance of size of large a-migrating

spherical HDL in wild-type rabbits. These results offer an explanation of the predominance of

large c-migrating spherical HDL and the relative paucity of lipid-free apoA-I or pre-B

migrating HDL in the circulation. However, these results also raise the question about the

validity of those in vitro studies which demonstrated that certain plasma factors, notably

CETP and hepatic lipase (HL), can reduce the size of HDL and lead to the dissociation of

lipid-free apoA-I (Newnham and Barter 1990; Clay et al. 1992). It remains uncertain whether

certain plasma factors are capable in reducing the size of HDL in vivo.

Rabbits are naturally deficient in HL. The size of HDL is smaller in transgenic rabbits

overexpressing HL than in wild type rabbits (Fan et al. 1994).In contrast to in vitro studies,

lipid-free apoA-I has not been detected in HL transgenic rabbits. The current study aims to

determine (1) whether HL can convert large c-migrating spherical HDL into smaller HDL,

(2) vrztrether the conversion of large into small HDL will result in the detection of pre-p-

migrating particles or lipid-free apoA-I, and (3) how the metabolism of apoA-I will be altered

in the presence of hepatic lipase expression.
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4.2 Methods

4.2.1 Rabbits

The studies were carried out in mature male wild-type New Zealand White (NZW) rabbits

and human HL transgenic rabbits. The rabbits were fed on a normal rabbit chow diet. The

experiments were conducted at the Gladstone Institute of Cardiovascular Disease in San

Francisco and involved both wild-type and HL transgenic NZW rabbits of the Charles River

strain. The transgenic rabbits were provided by Prof. John Taylor of the Gladstone Institute.

The generation of the HL transgenic rabbits and their lipoprotein characteristics have been

described in detail (Fan et al. 1994; Fan et al. 1995', Barbagallo et al. 1999). They contain a

liver-specific sequence from the human apoE gene, the hepatic control region of the apoE/ C-I

locus, and a fulllength human HL cDNA. Rabbits containing the HL transgene were

identified by Southern blot analysis. Activity of HL in the transgenic rabbits was measured in

post-heparin plasma using a triolein-based substrate and is described in Chapter 2 (Cheng ef

al. 1985). Among the colony of 13 HL transgenic rabbits, the HL activity of the HL

transgenic rabbits was 5.2 + 1.7 (mean + SE) ¡"tmol fatty acid (FA) released'ml t 'h-t.

Experiments were performed on two transgenic animals expressing high HL activify (2L6

and 7.8 ¡.r,mol FA released. rnl-1 . h 1) and two transgenic animals expressing moderate HL

activity of (3.2 and2.8 ¡.r.mol FA released. nì1-1 . h 1). Activity of HL in the wild-type rabbits

was 0.6 + 0.3 U,mol FA released. ml-t . h-t. These values should be compared with activity of

HL in normal human subjects of 6.6 + 2.7 y,mol FA released. ml-t . h-l (Connelly et al. 1990).

4.2.2 Purification and radio-labelling of apoA-I

The purification and radioiodination of apoA-I were described in Chapter 2.
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4.2.3 Preparation of 12sI-apoA-I spherical rHDL

The preparation of l25I-apoA-I spherical rHDL was described in Chapter 2.

4.2.4 In vivo studies

The experimental protocols were reviewed and approved by animal ethics committees at the

University of Califomi4 San Francisco. The a¡rimal experimental protocol and subsequent

analysis of samples were identical to those in Chapter 3.

4.2.5 Kinetic analyses

Kinetic analyses were performed as described in Chapter 3

4.2.6 Other analysis

Non-denaturing polyacrylamide gradient gel electrophoresis, agarose gel electrophoresis and

chemical analysis are describedin Chapter 2.

4.3 Results

4.3.1 Lipid profile of wild-type and hepatic lipase transgenic rabbits

The HL transgenic rabbits had lower levels of plasma total cholesterol, HDl-cholesterol and

apoA-I when compared to wild-type rabbits (Table 4.1).
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TABLE 4.1: Lipid profrle of witd-type and hepatic lipase transgenic rabbits*

Subjects No Weight,
ks

Triglyceride,
mmol/L

Total cholesterol,
mmol./L

LDL-cholesterol,
mmoUL

HDL-cholesterol,
mmoUL

ApoA-I,
ms/mL

Wild-type 6 3.93 + 0.14 1.10 + 0.34 1.32r0.12 0.16 + 0.11 0.75 + 0.08 0.64 + 0.08

Transgenic 4 4.65 + 0.42 0.54 + 0.41 0.36 + 0.15* 0.05 + 0.12 0.14 + 0.10T 0.08 + 0.037

Values are presented as mean + SEM. tp < 0.05 as assessed by paired t-tests

* The wild-type and transgenic rabbits described in this table were of the Charles River strain and were investi gated at the Gladstone Institute in

San Francisco.
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4.3.2 Injection of apoA-I in spherical rHDL into wild-type and hepatic

lipase transgenic rabbits

When r25I-apoA-I was injected intravenously into witd-type rabbits as a component of

spherical rHDL, its electrophoretic mobility (Figure 4.lA) and size distribution (Figure 4.18)

did not charige. When l25I-apoA-I was injected intravenously into hepatic lipase transgenic

rabbits as a component of spherical rHDL, its electrophoretic mobility did not change (Figure

4.1C). However, the 125l-apoA-I-containing particles progressively decreased in size from 8.8

nm to 7.4 nm (Figure 4.1D).

4.3.3 Kinetics of the disappearance of 12sI apoA-I as a component of

spherical rHDLs in wild-type rabbits and hepatic lipase transgenic

rabbits

Tracer amounts of l25I apoA-I as a component of spherical rHDL were inj ected into 6 of the

wild-type and 4 of the HL transgenic rabbits from the Gladstone Institute (Figure 4.2). The

decay of r25I apoA-I following injection of labelled spherical rHDL into the transgenic rabbits

was substantially faster than in the non-transgenic rabbits (Figure 4 2). The corresponding

fractional catabolic rates of 12sI apoA-I in spherical rHDL in the transgenic and non-

transgenic rabbits were 0.98 + 0.03 and0.42 + 0.09 (mean + SD) pools/ day, respectively (p <

0.0s).
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Figure 4.1. Changes in the electrophoretic mobility (A and C) and size distribution

(B and D) of spherical rHDL in wild-type rabbits and in HL transge¡¡ç ¡¿55¡15. 125¡-

apoA-l as a component of spherical rHDL was injected into wild-type (A and B)

and HL transgenic (C and D) rabbits. Serial blood samples were taken at the

indicated intervals. Analyses of the samples were described in the Methods

section. The samples from individual studies are representative of 6 such studies

conducted in wild-type rabbits and 4 such studies conducted in HL transgenic

rabbits.
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4.4 Discussion

The invivo experiments were carried out in both wild-type and HL transgenic rabbits. In the

wild-type rabbits, there was no change in the size or electrophoretic mobility when apoA-I

was injected as a component of spherical rHDL. On the other hand, when apoA-I as a

component of spherical rHDL was injected into HL transgenic rabbits, there was a

progressive reduction in the size of the particles without any concomitant change in the

electrophoretic mobility. The smaller particles were small, cr-migrating particles. These

findings were consistent with previous report of the presence of smaller HDL in these

transgenic rabbits. They also demonstrate the action of HL in reducing the size of HDL in

vivo.In contrast to the in vitro studies, neither pre-B HDL nor lipid-free apoA-I was detected

after the injection of spherical rHDL into HL transgenic rabbits. When compared with the

wild-type rabbits, the catabolism of apoA-I was increased by 2-fold in HL transgenic rabbits.

Rabbit is well suited for the study of the effects of HL on HDL remodelling and metabolism.

Rabbits are naturally deficient in activity of HL (Clay et al. 1989), which has been tumed into

an advantage by using transgenic rabbits expressing human HL.

The observation of an increase in size of a-migrating HDL in vivo has been reported

previously (Colvin et al. 1999). The fact that the size of injected HDL particles may also be

decreased in vivo has not previously been reported. The absence of such a decrease in HDL

size in vivo in wild-type rabbits is predictable from their low activity of HL, since it has been

shown in vitro that a decrease in HDL particle size depends on the joint activities of CETP

and HL (Newnham and Barter 1990; Clay et al. 1992). In this process, CETP transfers

cholesteryl esters from HDL to the triglyceride-rich lipoproteins in exchange for a transfer of

triglycerides into the HDL to generate triglyceride-enriched HDL. When HL subsequently
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hydrolyses the HDL triglyceride, the core lipid content and size of the HDL decreases m a

process that is accompanied by dissociation of apoA-I from the particle (Ctay et al 1991; clay et

al 1992). Thus, given the relative deficiency of HL in wild-type rabbits, it was quite

predictable that HDL particle size would not be reduced in vivo in these animals. It was,

perhaps, also predictable that HDL particle size would be reduced in the transgenic rabbits in

which HL was expressed.

In contrast to in vitro studies, in vivo remodelling of HDL in HL transgenic rabbits did not

lead to any detectable dissociation of lipid-free apoA-I or pre-B HDL from HDL. Three

possible explanations may account for the finding. Firstly, as shown in the wild-type rabbits

in chapter 3, lipid-free apoA-I is rapidly incorporated and become part of the pre-existing cr-

migrating HDL in the circulation. The circulating HDL has the capacity to bind an{ free

apoA-I which is otherwise dissociated from HDL by HL. Secondly, the amount of lipid-free

apoA-I dissociated from HDL is likely to be low and may be beyond the threshold of

detection by the available techniques. Finally, lipid-free apoA-I is easily removed from the

circulation by glomerular filtration and subsequently cleared by renal mechanisms. Although

lipid-free apoA-I or pre-13 HDL were not detected in these studies, the possible existence of

those particles during Hl-mediated HDL remodelling cannot be excluded.

Kinetic analysis showed that the FCR of l25I-apoA-I in HDL was enhanced in the HL

transgenic rabbits, although the FCR did not correlate with the level of activity of HL in the

individual transgenic rabbits. HL activities of 21.6, 7.8,3.2 and 2.8 ¡tmol FAreleased'ml-r'

h-t in the four transgenic rabbits were associated with FCRs of 1.05, 0.91, 0.95 and 1.01

pools/day, respectively. This suggests that once the hepatic lipase activity is above a certain

threshold level it may no longer be rateJimiting.
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The explanation for the increased FCR in the HL transgenic rabbits is not knor¡¿n, although it

has been reported that HL participates in the direct uptake of HDL cholesteryl esters by the

liver (Lambert et al. 1999). Whether or not this explains the increased FCR of apoA-I is not

certain. The increased FCR may also relate to the ability of HL to promote the dissociation of

apoA-I from the particle (Clay et al. l99l) Any dissociated lipid-poor apoA-I would not

remain in this form for long as evidenced by the rapid disappearance of pre-p migrating

apoA-I after addition of lipid-free apolipoprotein to rabbit plasma in vitro or after its injection

into intact rabbits. Lipid-poor apoA-I has several potential fates. It may be re-lipidated by

ABCAI (Oram and Vaughan 2000), it may be incorporated into pre-existing HDL or it may

be filtered by the glomeruli and be lost in the urine (Horowitz et al. 1993). Gven the

likelihood that urinary loss will be a function of the amount filtered, any increase in the

dissociation of lipid-poor apoA-I from HDL would be predicted to increase the urinary

excretion and thus contribute to an increased rate of catabolism of apoA-I in the HL

transgenic rabbits.

In conclusion, the results show for the first time that HL has the capacity both to decrease the

size of cr-migrating HDL and to enhance their rate of clearance in vivo. The

pathophysiological implications of these findings remain to be determined.
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5 The contribution of CETP on the metabolism of cholesteryl

esters in HDL and VLDLILDL

5.L Rationale:

The previous chapter described the metabolism of apoA-I in wild-type and hepatic lipase

transgenic rabbits. This chapter will focus on the metabolism of cholesteryl esters (CE), in

wild+ype rabbits and how their metabolism is altered when plasma CETP activity is altered.

The best-known function of HDL is the transportation of cholesterol from the periphery back

to the liver, a pathway also known as reverse cholesterol transpott (Glomset 1968). This

pathway is regarded anti-atherogenic. Cholesteryl esters (CE), the main form of cholesterol in

HDL, can potentially be transported back to the liver via two separate pathways. In the direct

pathway, CE in HDL can be taken up via specific hepatic HDL receptors. In the indirect

pathway, CE in HDL can be transferred from HDL to VLDL/LDL in animals expressing

CETP before taken up by the hepatic LDL receptors. In animals expressing CETP, the

proportion of CE cleared by these two pathways has generated a lot of interest because the

fate of CE in HDL and LDL may be linked to the development of atherosclerosis. Cholesteryl

esters in HDL are delivered to the liver and subsequently excreted in bile, a process that is

potentially anti-atherogenic. On the other hand, CE transferred to LDL, via the action of

CETP, may re-circulate and accumulate in peripheral tissues, leading to atherosclerosis.

Consequently, inhibition of CETP activity may favour the retention of CE in HDL and may

be potentially anti-atherogenic. Indeed, a number of experiments have demonstrated the anti-

atherogenic effects of CETP inhibition in rabbits, a species expresses high level of CETP

(Sugano et al. 1998; Okamoto et al. 2000; Rittershaus et al. 2000). However, the altered CE
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kinetics among plasma lipoproteins by CETP inhibition remains speculative and has not been

clearly demonstrated. In fact, there is a concern that CETP inhibition may adversely affect

reverse cholesterol transport. Up to 7O7o of plasma CE flux originating from HDL CE is

mediated by CETP (Goldberg et al. 1991) and any alteration of the activity of CETP may be

potentially pro-atherogenic. In LCAT-transgenic mice with low endogenous CETP, the

accumulation of CE in HDL as a result of LCAT overexpression rendered HDL

'dysfunctional' and interfered with the cholesterol efflux from peripheral tissues to HDL

(Berard et al. 7997; Albanese et al. 1998). The expression of CETP in these transgenic

animals restored the functions of these 'dysfunctional' HDL (Foger et al. 1999). Those

transgenic mouse studies need to be interpreted with caution, as the observations may not be

relevant in CETP-expressing animals such as rabbits and humans.

It is therefore the aim of this study to measure the effects of CETP inhibition on the CE flux

cleared via HDL and VLDL/LDL in an animal model with high endogenous CETP activity.

Specifically, rabbits were pre-treated with a potent CETP inhibitor, CP-456,643, before

injecting with a tracer amount of rHDL containing fglCe. The following parameters were

estimated: (1) the cholesterol flux of CE from HDL and VLDL/LDL pools, (2) the proportion

of CE cleared via HDL and VLDL/LDL pools and (3) the proportion of CE transported from

HDL to LDL.
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5.2 Methods

5.2.L Rabbits

The studies were carried out in mature male New Zealand White (NZW) rabbits purchased

from the Institute of Medical and Veterinary Science in Adelaide. The rabbits were fed on a

normal rabbit chow diet. The oral CETP inhibitor, CP-456,æ3, was provided by Pfizer Inc,

Connecticut, USA. A stock solution of CP-456,Ø3 (600 mg/ml-) was prepared by dissolving

the compound in chloroform. The rabbit chow was mixed with CP-456,643 and the solvent

was vaporised in a fume hood overnight.

Rabbits were divided into two groups. One group was given normal rabbit chow and the other

was given 5 mg/kg of CP-456,643 for 5 days in addition to the normal rabbit chow.

5.2.2 Measurement of CETP activity

Plasma CETP activity was measured before and four days after the administration of the oral

CETP inhibitor. Activity of CETP was assessed as the transfer of fHICE from [3H]CE-FDI-

to LDL (Burstein et al. I97O; Tollefson et al. 1988) and the methods were described in

Chapter 2. Activity of CETP is expressed in nmol of CE transferred per mL of plasma per

hour (nmol CE transfened/ml/h).

5.2.3 Purification of apoA-I and preparation of radioactive tracers

The purification of rabbit apoA-I was described in Chapter 2.The methods for preparing

spherical rHDL containing fUICE were described in Chapter 2.
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5.2.4 In Yivo Studies

The experimental protocols were reviewed and approved by the animal ethics committees at

the Institute of Medical and Veterinary Science, Adelaide, Australia. 0.8 mCi of spherical

rHDL containing fHICE was injected into 6 control rabbits and 6 rabbits treated with CP-

456,Ø3. Blood samples were collected over 6 hours. The storage, processing and analysis of

plasma samples were described in Chapter 2.
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5.3 Results

5.3.1 Characterisation of spherical rHDL containing t3HlCE

The molar ratios of PLPC/CE/FC/apoA-I in the spherical rHDL was 4O:38:0:1. The diameter

of discoidal rHDL was 10.0 nm. The respective electrophoretic mobility of the spherical

rHDL was -0.7272m.s-1/V.cm 
t. The specific activity of labelled ttUlCg ranged between 6 x

108 and 7 x IOs cpmlpmol of cholesterol. LCAT converted more than 95%o of ¡3H1UC to

fFIICE in spherical rHDL.

5.3.2 Lipid profïle of rabbits treated with CETP inhibitor

The protocol for the administration of CETP inhibitor to the rabbits has been described in the

methods section. As shown in Table 5.1, CETP inhibitor, CP-456,Ø3, effectively inhibited

the plasma CETP activity in the treated animals from33.4 ¡ I.7 to3.5 x.I.2 nmol CE

transferred/ mL plasma/ h, a relative reduction of 89%o. CP-456,643 had no effect on the

plasma activity of PLTP. The inhibition of plasma CETP activity resulted in a number of

changes to the lipid profile of the treated rabbits. The plasma total cholesterol concentration

was significantly increased from 0.97 mmollLto L28 mmol/L (p < 0.05). The increase in

plasma cholesterol was mainly accounted for by an increase in the plasma total CE

concentration from 0.67 mmol/L to 0.96 mmol/L while the plasma total UC concentration

remained unchanged. CETP inhibition altered the distribution of CE in the lipoprotein classes.

There was a significant increase in the concentration of CE in HDL from 0.33 mmol/L to 0.86

mmol/L (p < 0.05) and a significant decrease in the concentration of CE in VLDL/LDL from

0.33 mmol/L to 0.11 mmol/L (p < 0.05). CETP inhibition also resulted in a significant

increase in the plasma concentration of apoA-I from 0.39 mg/ml to 0.66 mglmL (p < 0.05).
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Table 5.L: Lipid profîle and plasma factor activities of wild-type rabbits before and after CETP inhibition

No. of rabbits

Plasma total cholesterol (mmol/L)

Plasma unesterified cholesterol (mmol/L)

Plasma cholesteryl esters (mmol/L)

HDL total cholesterol (mmol/L)

HDL unesterified cholesterol (mmol/L)

HDL cholesteryl esters (mmol/L)

VLDL/LDL total cholesterol (mmol/L)

VLDL/LDL unesterified cholesterol (mmol/L)

VLDL/LDL cholesteryl esters (mmolil)

ApoA-l (mg/ml-)

CETP activity (nmol CE transferred/ mL plasma/h)

PLTP activity (nmol PL transferred/ mL plasma/h)

Rabbits with no CETP
inhibition

6

0.81 + 0.10

O.O7 t 0.02

0.74 t 0.08

0.51 t 0.06

0.05 t 0.02

0.46 t 0.05

0.30 r 0.04

0.03 r 0.01

0.28 t 0.03

0.41 t 0.08

Rabbits with CBTP
inhibition (pre-inhibition)

Rabbits with CETP
inhibition (day 4 post-
inhibition)

6

0.97 r 0.10

0.30 + 0.03

0.67 t 0.06

0.50 r 0.07

O.L6 + O.O2

0.33 t 0.05

0.47 x O.O6

0.I4 + 0.02

0.33 t 0.04

0.39 t 0.08

33.4¡ 1.7

1473 x.82

6

12ß+ 0.15 t
0.33 t 0.04

0.96 + 0.11 t
1.11 + 0.11t

0.25 + 0.03 t
0.86 + 0.08 t
0.18 + 0.06 t
0.07 + 0.02t

0.11 + 0.04 t
0.66 t 0.15 t
3.5 ¡ I.2t
7429 +43

Values are presented as mean + SEM. tp < 0.05 as assessed by paired t-tests

Note: CE: Cholesteryl esters; CETP: Cholesteryl ester transfer protein; PL: Phospholipids; PLTP: Phospholipid transfer protein
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5.3.3 Cholesteryl esters kinetics in HDL and LDLIYLDL lipoprotein

particles

A tracer amount of spherical rHDL containing fUICE was injected into both treated and

untreated rabbits. The time-course of the radioactivity of ff{Cg in HDL and VLDL/LDL is

shown in Figure 5.1. In the untreated animals, there was a rapid decline in the radioactivity of

fnlCn in HDL and 5O%o of the injected radioactivity disappeared within 90 mins. In

comparison, the decay of radioactivity of t'UlCp was slower in the treated animals and 507o

of the injected radioactivity disappeared within 24O mins. In the untreated animals, the rapid

disappearance of [3H]CE in HDL was accompanied by the appearance of fglCg m

VLDL/LDL and its peak radioactivity reached within 60 mins. In comparison, the appearance

of [3H]CE in VLDL/LDL was delayed and the peak radioactivity was lower in the treated

animals.

5.3.4 Development of the model

In order to qualify the flux of CE among lipoproteins within plasma as well as the flux of CE

out of plasma, a two-compartmental model was developed. The model was based on generally

accepted pathways of CE metabolism (Figure 5.2). Assumptions are made in the model are

listed as follows: (1) There was no VLDL CE pool in the model as the concentration of CE in

VLDL is not directly measured and its contribution to CE transfer is assumed to be

insignificant. (2) Based on the known mechanism of CETP in CE transport in plasma, and the

observed relationship between the decay of [3H]CE in HDL and the appearance of [3H]CE in

LDL,k(z,I) represents the transfer of CE from HDL to LDL. (3) It was also assumed that

ffilCg in LDL could be transferred back to HDL and this pathway was represented by k(\,2)

(4) The disappearance of [3H]CE in HDL certainly exceeded the appearance of [3H]CE in
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LDL in both the untreated and treated animals, that could only be explained by a net loss of

fUlCg out of plasma. Thus, k(0,1) and k(0,2) represented the net loss of fHlCg in HDL and

LDL, respectively. (5) In the actual analysis, the robustness of the model was scrutinised by

forcing either k(0,1) or k(0,2) to zero (i.e. net loss from HDL or LDL out of plasma to zero)

and the CE losses from LDL and HDL (i.e. k(0,2) or k(0,1)) were re-calculated.

5.3.5 Parameters of the model

The steady-state fluxes between compafiments are shown in Table 5.2.The salient points are

as follows: (1) In the control (untreated) animals, no matter whether the net CE flux was lost

via HDL or LDL, the total CE fluxes out of plasma are the same in either model. When the

net CE flux was lost exclusively via HDL, the CE flux was 3.2 pmollLlmin. When the net CE

flux was lost exclusively via LDL, the CE flux was 3.I pmollLlmin.

The fractional catabolic rates and cholesterol flux of the various pathways are shown in

Figure 5.3 and Table 5.2.The concentration of HDL CE significantly increased from 0.46

mmol/L in the untreated animals to 0.86 mmol/L in the treated animals (p < 0.05). The FCR

of HDL CE was significantly reduced by 567o from 0.0072 pools/min in the untreated animals

to 0.0032 pools/min in the treated animals (p < 0.05). Thus, the lost of CE from HDL was

significantly increased from 1.65 pmollLlmin in the untreated animals to2.72 pmollLlminin

the treated animals (p < 0.05). In contrast, the concentration of LDL CE significantly

decreased from 0.28 mmol/L in the untreated animals to 0.11 mmol/L in the treated animals

(p < 0.05). The FCR of LDL CE was reduced from 0.0062 pools/min in the untreated animals

to zero in the treated animals (p < 0.05). Thus, the loss of CE from LDL was significantly

reduced from 1.46 ymollLlmin in the untreated animals to zero in the treated
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animals (p < 0.05). In another word, the percentage of CE cleared via HDL increased from

547o in the untreated animals to l0O7o in the untreated animals.
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Table 5.2: Steady-state fluxes and fractional catabolic rates (FCRs) from
compartmental analysis

Table 5.2.12 Steady-state fluxes and fractional catabolic rates (FCRs) in untreated
animals if CE flux is lost from LDL compartment

Control C1 c2 c3 C4 c5 C6 Mean Stdev

Fluxcs (pmoWmin)

FLUX(0,1)

FLUX(0,2)

FLUX(I,2)

FLUX(2,1)

0

26

0.8

35

0

4.7

15.2

193

0

27

4.6

J ..J

0

3.3

1.6

4.9

0

3.0

15 0

17.9

10

3.6

0

3.1

6.3

9.4

0

LO

0

0.6

69

I .-'\

FCRs (pools/mìn)

k(0,1)

k(0,2)

k(1,2)

k(2,1)

0

0.03

0.01

0.01

0

0.03

0.09

0.03

0

0.05

0.23

0.05

0

0.05

0.08

0.02

0

0.04

008

o.o2

0

0.04

0.02

0.01

0

0. 15

0.06

0.01

0

b.oo

0.08

o.o2

Table 5.2.2; Steady-state fluxes and fractional catabolic rates (FCRs) in untreated
animals if CE flux is lost from HDL compartment

Control C1 c2 C3 C4 c5 C6 Mean Stdev

Fluxes (pmoUL/mìn)

FLUX(0,1)

FLUX(0,2)

FLUX(1,2)

FLUX(2,1)

2.9

0

2.3

2.3

4.2

0

179

t7.9

2.7

0

5.8

5.8

3.5

0

189.1

1 89.1

3.0

0

17 8

178

2.8

0

0.2

o2

3.2

0

38.8

388

0.6

0

74.0

740

FCRs (pools/min)

k(0,1)

k(0,2)

k(1,2)

k(2,1)

0.006

0

0.02

0.01

0.008

0

0.10

003

0.006

0

0.09

0.01

0.005

0

5

0.29

0.007

0

030

0.05

0.010

0

0.01

0

0 001

0

200

0.11

0 007

0

o.92

0.06



Table 5.2 (cont): Steady-state fluxes and fractional catabolic rates (FCRs) from
compartmental analysis

Table 5.2.32 Steady-state fluxes and fractional catabolic rates (FCRs) in treated
animals, thus net CE flux is lost from HDL compartment

cETPi Cil ci2 ci3 ci4 ci5 ci6 Mean Stdev

Fluxes (pmoUL/mín)

FLUX(0,1)

FLUX(0,2)

FLUX(I,2)

FLrIx(2,1)

2.7

0

0.8

0.8

2.9

0

8.3

8.3

3.0

0

8.1

8.1

1.6

0

0.8

0.8

3.4

0

10.8

108

2.7

0

1.4

1.4

2.1

0

5.0

5.0

0.6

0

45

45

FCRs (pools/mín)

k(0,1)

k(0,2)

k(1,2)

k(2,1)

0.003

0

0.10

0.01

0.004

0

0.40

0.003

0

0.01

0

0.003

0

0.10

0.01

0.003

0

o.t2

0.01

0.003

0

001

0

0.003

0

o.72

0.01

0

0

0.14

00



Table 5.3: Kinetic parameters of HDL CE and LDL CE in untreated and
treated animals

Untreated animals
(n=6)

Treated animals (n=6)

Fractional catabolic rate
(poolV min)

HDL CE
LDL CE

Cholesterol fl ux (pmoUllmin)
Total CE
HDL CE tO LDL
LDL CE tO HDL
CE lost from HDL
CE lost from LDL

Vo CE cleared via HDL

Vo IJDL CE transported to
LDL

A.0072 + 0.0015
0.0062 t 0.0007

3.Il x.O.24
5.47 x.0.86
4.O2 + O.73

L65 ¡0.20
L46 ¡ 0.27

54.0 x.7.57o

75.8 x.3.27o

0.0032 t 0.0003 t
0t0t

2.72 x.O.24
5.02 ¡ 1.84
5.03 + 1.80
2.72 + 0.24 t
0t0t

I007o x.O%io'l

52.3 ¡ 10.07o t

Values are presented as mean + SEM. tp < 0.05 as assessed by paired t-tests

Note: CE: Cholesteryl esters
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5.4 Discussion:

The aim of this study was to quantify the contribution of CETP to the fate of CE originating

from HDL CE. This kinetic study using rHDL containing fnlCn has shown that the loss of

CE from plasma is not altered in the presence of CETP inhibition. Since there is no loss of CE

from LDL in the presence of CETP inhibition, the CE flux out of HDL must be increased in

the presence of CETP inhibition. These results are consistent with the observation that HDL

CE uptake pathways are not saturable at physiological or elevated levels of HDL, at least in

the rabbit model.

The mechanism for the increased uptake of CE from HDL is uncertain. While factors such as

gene activation by polyunsaturated fatty acids (Spady et al. 1999) or depletion of hepatic

cholesterol stores (Wang et al. 1996) appear to upregulate the expression of one of the HDL

receptors, SR-BI, there is currently no evidence to suggest that HDL CE receptors can be

upregulated by higher plasma HDL CE concentrations. In fact, two previous study by the

same investigators suggested that receptor-dependent HDL CE uptake in the liver and

adrenals was saturated at physiological HDL CE concentrations (Woollett and Spady 1997;

Spady et al. 1998). By infusing HDL into hamsters or apoA-I knockout mice, they were able

to estimate the concentrations of HDL CE necessary to achieve half-maximal transport via

receptor-dependent transport (Km) in the liver and adrenal glands were similar to the

physiological concentration of HDL CE in the controls in both models. In the current study,

The CE uptake from HDL in various tissues was not measured but our results suggests that

the overall CE loss from HDL was increased when plasma HDL CE concentration was

elevated by CETP inhibition. Previous studies on HDL CE kinetics were mainly carried out in

mice which lack endogenous CETP activity. Cholesteryl esters are also mainly transported by
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HDL in plasma in mice. The hepatic clearance of HDL CE is likely to be different in mtce

and CETP-rich animals such as rabbits and humans.

In this study, the CETP-mediated pathway accounts for 467o of CE clearance originating from

HDL in the untreated animals. In contrast, a previous study using HDL containing

cholesterol-[1-14C]oleate and f'aC]cholesteryl-oleyl ether showed that the CETP-mediated

pathway might account for up to707o of CE clearance originating from HDL in rabbits

(Goldberg et al. 1991). The reason for this difference is unceftain but may be related to the

preparation of the tracer in the current study. In the current study, CE is prepared by

exogenous esterification of UC into CE in HDL by LCAT. The resultant cholesteryl ester in

spherical rHDL is potentially hydrolysable while the oleate and oleyl ether in Goldberg's

study is not. Considering both studies together, the current study and Goldberg's study

estimate CETP mediates about 46-707o of CE clearance originating from HDL.

The kinetic analysis used in this study is robust. When evaluating the pathways in the multi-

compartmental model, no matter whether the irreversible loss of CE from plasma was

constrained to HDL- or LDl-mediated pathways, the CE flux remains similar at3.I9 x.O.57

pmollLlminvs 3.0610.59 pmollLlmin Even when both pathways are considered

simultaneously, the CE flux is still comparable at 3.11 + O.24 pmollLlmin These results

suggest that CE equilibrates rapidly between HDL and LDL pools once it is introduced into

the plasma in the presence of high CETP activity in rabbits. The kinetics of CE in HDL and

LDL pools becomes indistinguishable from each other and behaves like a single pool.

In fact, CETP inhibition does not significantly alter the overall CE loss from plasma. This

finding agrees with another study using a different approach. In a species that lacks plasma
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CETP activity, it was demonstrated that the flux of cholesterol from the periphery to the liver

was unaltered in mice expressing variable amount of simian CETP when compared with

controls (Osono et al. 1996). Although the overall CE flux remains the same, the activity of

CETP does determine the proportion of CE flux cleared by the HDL- and LDl-mediated

pathways.

CETP inhibition leads to a significant increase in plasma cholesterol concentration. This new

steady state is the result of the redistribution of CE in the HDL and VLDL/LDL fractions

(Table 5.1). As shown in Table 5.3, the percentage of HDL CE transported to LDL is reduced

from75.87o in the untreated animals to 52.37o in the treated animals. This reduced transport

of CE from HDL to LDL in the treated animals explains the higher concentration of HDL CE

and lower concentration of VLDLILDL CE in the treated animals, CETP inhibition also leads

to an increase in plasma apoA-I concentration. Previous study using a monoclonal antibody

against CETP also demonstrated similar changes in the plasma cholesterol profile but failed to

demonstrate an increase in apoA-I concentration (Whitlock et al. 1989). The duration of

inhibitory activity of the monoclonal antibody was brief and CETP activity recovered to 557o

of the treatment level after 48 hours. This may explain how the long-acting oral CETP

inhibitor leads to a sustained increase in apoA-I concentration.

The effect of CETP inhibition on cholesterol metabolism was investigated in one prevlous

study (Whitlock et al. 1989). The FCR of [3H]CE in HDL was estimated from the initial slope

of each decay curve. It was concluded that the clearance of [3H]CE from HDL was delayed in

the presence of CETP inhibition. Unfortunately, that study was difficult to interpret. After the

injection of monoclonal antibody, plasma concentration of HDL CE did not reach a steady

state until 24to 48 hours. The inhibitory effect of the monoclonal antibody also deteriorated
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during the study period. The initial slope of the decay curve in treated animals may not reflect

the true clearance of HDL CE. In contrast, the current study mandated the pre-treatment of

treated animals for 5 days. CETP inhibition by the chemical inhibitor was potent and

sustainable. After 4 days, plasma CETP activity was inhibited by almosf 90%o. A new steady

lipid profile was achieved prior to the injection of tracer and sustained during the study

period. The FCR of HDL CE is 56%o higher af 0.0O72 pools/min in the untreated animals

when compared with 0.0032 pools/min in the treated animals. Howevet, the loss of CE from

HDL is much higher at2.72 pmollLlminin the treated animals when compared with 1.65

pmollLlmin in the untreated animals due to the higher HDL CE concentration in the treated

animals.

The current study has a number of limitations. Firstly, the loss of CE from LDL is based on

the transfer of CE from HDL to LDL. This poses some difficulties in estimating the loss of

CE from LDL when CETP activity is markedly inhibited in the treated rabbits. The amount of

radioactivity of CE in LDL becomes too low for accurately estimating the loss of CE from

LDL. This problem could have been overcome by introducing a LDL tracer containing

radiolabelled CE. However, this does not hinder the aim of the study, as it is the intention to

determine the fate of CE in plasma when introduced as a component of HDL.

Secondly, it is not possible to determine the maximum capacity of the HDL CE uptake

pathways in the curent study. Contrary to previous studies that demonstrated saturable HDL

CE uptake at physiological HDL CE levels (Woollett and Spady 1997; Spady et al. 1998), the

loss of CE from HDL does not appear to plateau at physiological HDL CE levels in the

control rabbits or at elevated HDL CE levels induced by CETP inhibition. However, the
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maximum capacity of HDL CE uptake pathways could be explored by infusing HDL or

increasing the cholesterol content in the diet and CETP inhibition.

The uptake of HDL CE by the liver and its subsequent secretion into the bile is thought to be

an important pathway in reverse cholesterol transport. Mechanisms that enhances hepatic

HDL CE uptake are thought to be anti-atherogenic. This study demonstrated that CETP

inhibition increases the concentration of CE in HDL, the flux of CE from HDL and the

percentage CE cleared via HDL without altering the overall cholesterol flux out of plasma.

These results suggest that CETP inhibition does not impair the total CE flux out of plasma.

By achieving a new steady state that favours the retention of cholesterol in HDL and inhibit

the concentration of CE in the pro-atherogenic VLDLILDL. CETP inhibition appears to

enhance the clearance of CE via the HDL CE uptake pathways. A number of studies have

already demonstrated the usefulness of this strategy in inhibiting atherosclerosis in

cholesterol-fed animals (Sugano et al. 1998; Okamoto et al. 2000; Rittershaus et al. 2000). Its

usefulness in man is yet to be determined.
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6 The feasibility of utilising in vivo LCNI activity to convert

discoidal rHDL containing isotopic unesterified cholesterol into

spherical HDL containing isotopic cholesteryl esters for kinetic

studies

6.I Rationale

In the previous chapter, the invivo metabolism of CE in HDL was studied by injecting

spherical rHDL containing radiolabelled CE into rabbits. The preparation of the spherical

rHDL is quite complicated and utilises large quantity of purified LCAT. The purpose of this

chapter is to explore whether sufficient amount of isotopic UC could be converted into

isotopic CE by endogenous LCAT activity when discoidal rHDL containing [3FI]UC are

injected into rabbits.

It has been established in chapter 3 that when introduced into plasma or injected into rabbits,

discoidal rHDL are rapidly remodelled into particles that resemble spherical HDL. This

process is mediated by LCAT and the results in chapter 3 suggest that both exogenous and

endogenous LCAT can rapidly remodel discoidal HDL to spherical HDL invivo.Inthe

previous chapter, exogenous source of LCAT was used to convert discoidal rHDL containing

fHIUC into spherical rHDL containing fHlC¡. This ln vitro incubation requires large

amount of LCAT purified from human plasma. The preparation of LCAT and the subsequent

purification of spherical rHDL containing ffilCg are labour intensive. If the rate of HDL

remodelling is as rapid as shown in the chapter 3, afrcr injecting discoidal rHDL containing

ttHlUC into rabbits, endogenous LCAT may have the capacity to convert sufficient amount

of HDL containing fHlCe to study the metabolism of HDL CE in rabbits.
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Obviously, apart from the LCAT mediated conversion of HDL UC into HDL CE, UC in HDL

has a number of other potential fates. Firstly, it can be transferred to VLDL/LDL and other

HDL particles via passive aqueous diffusion. Secondly, it can be transported by HDL to the

liver, excreted into the bile and irreversibly lost from the plasma. Thirdly, it can be

transported back to the peripheral tissues. CETP is not known to affect any UC metabolism

among plasma lipoproteins. However, via the action of LCAT, UC can be converted to CE in

HDL and subsequently acted upon by CETP. This chapter will aim to determine whether

sufficient amount of HDL containing t'glCg can be generated by LCAT in the presence of

other competing pathways when discoidal rHDL containing ff{UC are injected into rabbits.

If this is successful, it will greatly simplify the preparation of HDL tracer containing isotopic

CE for the study of HDL CE kinetics.

Specifically, discoidal rHDL containing ['HIUC were prepared and injected into rabbits. The

discoidal rHDL containing fF{UC were reconstituted from its constituents, i.e.

phospholipids, apoA-I and [3F{UC, using cholate dialysis, and resulted in the formation of

discoidal rHDL that were radiolabelled only in the UC moiety. These particles resemble the

nascent HDL when accepting UC from peripheral tissues. It will be determined whether

endogenous LCAT act on these particles to form enough spherical rHDL containing fUlCn

for kinetic study.
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6.2 Methods

6.2.1 Rabbits

The studies were carried out in mature male New ZealandWhite (NZW) rabbits purchased

from the Institute of Medical and Veterinary Science in Adelaide. The rabbits were fed on a

normal rabbit chow diet. The oral CETP inhibitor, CP-456,Ø3, was provided by Pfizer Inc,

Connecticut, USA. A stock solution of CP-456,643 (600 mg/ml) was prepared by dissolving

the compound in chloroform. The rabbit chow was mixed with CP-456,643 and the solvent

was vaporised in a fume hood overnight.

Rabbits were divided into two groups. One group was given normal rabbit chow and the other

was given 5 mg/kg of CP-456,643 for 5 days in addition to the normal rabbit chow.

6.2.2 Measurement of CETP activity

Plasma CETP activity was measured before and four days after the administration of the oral

CETP inhibitor. Activity of CETP was assessed as the transfer of fHICE from ['H]CE-HDLs,

to LDL (Burstein et al. l97O: Tollefson et al. 1988) and the methods were described in

Chapter 2. Activity of CETP is expressed in nmol of CE transferred per mL of plasma per

hour (nmol CE transferred/ml/h).

6.2.3 Purification of apoA-I and preparation of radioactive tracers

The purification of rabbit apoA-I was described in Chapter 2.The methods for preparing

discoidal rHDL containing fHIUC were described in Chapter 2.
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6.2.4 In Vivo Studies

The experimental protocols were reviewed and approved by the animal ethics committees at

the Institute of Medical and Veterinary Science, Adelaide, Australia. 5.4 mCi of discoidal

rHDL containing fHIUC was injected into 6 control rabbits and 6 rabbits treated with CP-

456,643. Blood samples were collected over 60 mins. The storage, processing and analysis of

plasma samples were described in Chapter 2.

6.3 Results:

6.3.L Characterisation of discoidat rHDL containing fHIUC

The molar ratio of PLPC/CE/FC/apoA-I in the discoidal rHDL was 74:0:12:I.The diameter

of discoidal rHDL was 10.0 nm and there were two molecules of apoA-I per particle. The

respective electrophoretic mobility of the discoidal rHDL was -0.49 ¡m.s-l/V.cm-t. The

specific activity of labelled fHIUC ranged between 8 x 108 and 9 x 108 cpm/7.rmol of

cholesterol. Radioactivity was confined to the UC in the discoidal rHDL.

6.3.2 Lipid profile of rabbits treated with CETP inhibitor

The protocol for the administration of CETP inhibitor to the rabbits has been described in the

methods section. As shown in Table 6.1, CETP inhibitor, CP-456,&3, effectively inhibited

the plasma CETP activity in the treated animals from25.6 + 2.5to2.0 + I.3 nmol CE

transferred/ml plasma/h, a relative reduction of 927o. CP-456,643 had no effect on the

plasma activity of PLTP. The inhibition of plasma CETP activity resulted in a number of

changes to the lipid profile of the treated rabbits. The plasma total cholesterol concentration

was significantly increased from 0.86 mmol/L to 1.19 mmol/L (p < 0.05). HDL UC

concentration increased from 0.11 mmol/LtoO.22 mmol/L (p < 0.05) while VLDL/LDL UC
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concentration remained unchanged (p = ns). CETP inhibition also resulted in a significant

increase in the plasma concentration of apoA-I from 0.41 mg/ml to 0.69 mg/ml (p < 0.05)

6.3.3 Endogenous conversion of [SH]UC into [3H]CE after injecting

discoidal rHDL containing fHIUC into rabbits

A tracer amount of discoidal rHDL containing t'f{UC was injected into both treated and

untreated rabbits. The apparent rates of disappearance of HDL UC were similar in both the

treated and untreated animals (Figure 6.1). There \vas a rapid disappearance of [3F!UC in

HDL within 10 mins of injection.By 2O mins, < IOTo of the injected fHIUC remained in the

HDL fraction. The radioactivity in HDL CE peaked at about 7%o and IlTo of the injected dose

approximately 5 mins after the injection into the untreated and treated animals. The clearance

of HDL CE appeared more rapid in the untreated than in the treated animals. By 60 mins,

about 47o and I07o of the injected activity remained in HDL CE in the untreated and treated

animals, respectively.

After discoidal rHDL containing fFilUC was injected into rabbits, it was apparent that a

small proportion of the injected activity was detected as [3H]CE in HDL. The rate of transfer

of CE from HDL to VLDL/LDL has already been determined in the previous chapter. In the

current study, a low level of CE was detected in HDL and peaked at 5 mins after the injection

of discoidal rHDL containing t'HlUC. Thus, alarge proportion of the injected activity must

be distributed to other compartments before any conversion of UC to CE took place. In order

to clarify the fates of [3f4UC within the plasma compartments, the clearance of UC in other

plasma lipoprotein fractions was measured and the parameters were fitted into a multi-

compartmental model.
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Table 6.1: Lipid profîIe and plasma factor activities of wild-type rabbits before and after CETP inhibition

No. of rabbits

Plasma total cholesterol (mmol/L)

Plasma unesterified cholesterol (mmol/L)

Plasma cholesteryl esters (mmol/L)

HDL total cholesterol (mmol/L)

HDL unesterified cholesterol (mmol/L)

HDL cholesteryl esters (mmol/L)

VLDLILDL total cholesterol (mmol/L)

VLDLiLDL unesterified cholesterol (mmol/L)

VLDL/LDL cholesteryl esters (mmol/L)

ApoA-I (mg/ml)

CETP activity (nmol CE transferredl rnL plasma/h)

PLTP activity (nmol PL transferredl mL plasma/h)

Rabbits with no CETP
inhibition

6

0.85 t 0.14

0.28 t 0.04

0.57 t 0.11

0.34 t 0.05

0.11 t 0.02

O.23 x O.O3

0.51 r 0.14

0.17 t 0.04

0.34¡0.04

0.41 r 0.08

Rabbits with CETP
inhibition (pre-inhibition)

Rabbits with CETP
inhibition (day 4 post-
inhibition)

6

0.86 r 0.12

0.19 + 0.04

0.67 t 0.09

0.47 r 0.08

0.11 t 0.04

0.37 t 0.05

0.39 t 0.06

0.09 t 0.02

0.30 t 0.04

O.4I x.O.O7

25.6 x.2.5

1433 ¡.61

6

I.I9 x.O.2l

0.30 t 0.05 t
0.89 + 0.I7 t
0.87 + 0.13 t
0.22 ¡ 0.04 t
0.66 + 0.10 t
0.31 r 0.10

0.08 t 0.02

O.24 + 0.08 t
0.69 + O.I2t

2.0 + 7.3 t
I3A3 ¡82

Values are presented as mean + SEM. tp < 0.05 as assessed by paired t-tests

Note: CE: Cholesteryl esters; CETP: Cholesteryl ester transfer protein; PL: Phospholipids; PLTP: Phospholipid transfer protein



o
(t,
ot
Eort-¡
oo

:;
o

èe

100o/o

8Oo/o

60%

4Oo/o

20o/o

o%

0 10 20 30 40

Time (min)

50 60
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6.3.4 The fate of unesterified cholesterot in HDL within the plasma

compartment

After the injection of discoidal rHDL containing t'glUC into the both treated and untreated

rabbits, about 2O7o of the injected activity appeared as UC in VLDL/LDL at the earliest time

point of 1 minute (Figure 6.2).The radioactivity in VLDLILDL UC decreased rapidly to a

level close to zero within 10-20 mins. There was no significant difference in the decay profile

between the treated and untreated animals. On the other hand, about I-27o of the injected

radioactivity was detected as CE in VLDL/LDL in both the treated and untreated animals

(Figure 6.3). The radioactivity in VLDL/LDL CE reached a plateau at approximately 5-10

mins. The overall clearance of UC in the whole plasma paralleled that of UC in the HDL

fraction (Figure 6,4). These observations are consistent with the fact that a large proportion of

the injected UC radioactivity in the form of discoidal rHDL was rapidly cleared from the

plasma compartment. The tissue sites of uptake cannot be determined from these studies.
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6.3.5 Development of the model

A multi-compartmental model was constructed based on generally accepted pathways of

cholesterol metabolism in the plasma compartment (Figure 6.5). Assumptions made in the

model are listed as follows: (1) Based on the results in chapter 3 that demonstrated the rapid

remodelling of discoidal HDL into particles resembling spherical HDL in plasma, this model

assumes that discoidal rHDL containing UC are converted into HDL UC and this conversion

is represented by k(2,1) (2) A proportion of UC in discoidal rHDL is also thought to transfer

to LDL via passive aqueous diffusion and this transfer is represented by k(3,1). (3) The

current study demonstrated the rapid disappearance of UC in HDL from the plasma

compartment after injecting the tracer into rabbits. The rate of loss of UC in HDL in plasma

paralleled that of UC from the whole plasma compartment. Thus, k(0,2), is introduced into

the model to represent the only significant route of UC loss from the plasma compartment.

Potential acceptors of UC from HDL via this route include red cell membrane and other

peripheral end organs, including the liver. (4) k(3,2) and k(2,3) represent the exchange of UC

between the HDL and LDL compartments via passive aqueous diffusion. (5) An

exchangeable pool, q5, is created to represent an additional compartment that has the potential

to exchange UC with HDL within the plasma. This exchangeable pool may represent red cell

membrane and other peripheral tissues. The bi-directional exchange of UC between HDL and

compartment 5 is represented by k(5,2) and k(2,5). (6) Passive aqueous exchange of UC

between LDL and VLDL is represented by k(4,3) and k(3,4). (8) Finally, based on the results

of the current study, the amount of [3FilUC in HDL converted into fH]CE in HDL and

VLDL/LDL by endogenous LCAT activity appeared minor. The plasma compartments for

HDL CE and VLDL/LDL CE are therefore not included in the model because the amount of

fHlCp in HDL and VLDL/LDL is low and unreliable.
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6.3.6 Parameters of the model

The steady-state fluxes between compafiments are shown in Table 6.2.The salient points are

as follows: (1) CETP inhibition increased the UC fluxes between all the compartments. (2)

CETP inhibition increased the steady-state bi-directional exchanges between various

compartments to the same extent. (3) The net flux of HDL UC out of the plasma

compartment, flux(O,2), was increased in the presence of CETP inhibition. Flux(O,2)

increased from 15.6 + 2.4 þ¿mollLlmin in the untreated animals to 27 .5 + 3.I pmolllimin in

the treated animals (p < 0.05). Although the FCRs of HDL UC were similar at 0.19 + 0.02

pools/min and 0.16 x.O.O2 pools/min in the untreated and treated animals (p = ns), the

doubling of the plasma concentration of HDL UC in the treated animals led to a net increase

in the total HDL UC flux out of the plasma compartment.
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Table 6.2: Steady-state fluxes and fractional catabolic rates (FCRs)
from compartmental analysis: Control animals

Control Cl c2 C3 C4 c5 c6 Mean Stdev

Fluxes (pmoWmùt)

FLUX(0,2)

FLUX(2,1)

FLUX(2,3)

Flrrx(2,s)

FLUX(3,1)

FLUX(3,2)

Fl,rrx(3,4)

FLUX(4,3)

FLUX(5,2)

21..6

10.8

91.3

24.8

10.8

80.5

2.1

2.1

24.8

18.5

9.3

40.8

18 5

9.3

31.5

no

0.9

l8 5

10.1

50

21.2

90

50

161

11

1.1

9.0

224

172

53.6

19.4

11.2

42.4

1.1

1.1

19.4

9.0

4.5

21.6

10.3

4.5

t7.o

03

0.3

10.3

11.9

6.0

30.1

9.6

60

241

05

0.5

9.6

15.6

'78

431

15.3

7.8

35.3

1.0

1.0

15.3

6.0

3.0

26.1

65

30

242

06

0.6

6.5

FCRs @ooß/mìn)

k(0,2)

k(2,1)

k(2,3)

k(2,s)

k(3,1)

k(3,2)

k(3,4)

k(4,3)

k(5,2)

o.t2

0.80

1.59

0.03

0.80

o.46

o.o2

0.04

0.14

018

0.56

t.69

0.05

0.56

0.30

001

0.04

018

0.24

0.23

0.4'7

o.02

0.23

0.38

0.00

0.03

0.21

o.2l

0.66

t.47

0.04

0.66

0.39

001

0.03

018

0.16

0.33

1.23

0.05

0.33

0.29

0.00

o02

0.18

0.25

0.47

1.02

0.05

047

0.51

000

0.02

0.20

0. 19

0.51

1.24

0.04

0.51

0.39

0.01

0.03

0.18

0.05

0.21

0.45

0.01

021

009

0.01

0.01

0.03



Table 6.2 (cont): Steady-state fluxes and fractional catabolic rates
(FCRs) from compartmental analysis: Animals treated with CETP
inhibitor

CETPi ci1 ci2 ci3 ci4 ci5 ci6 Mean Stdev

Fluxes (pmoUL/nin)

FLrrx(0,2)

FLUX(2,1)

FLrrx(2,3)

FLUX(2,5)

FLUX(3,1)

FLrrx(3,2)

Flrrx(3,4)

FLUX(4,3)

FLUX(5,2)

36.3

18.1

t26.6

47.1

181

1 08.5

4.2

42

47.1

33.8

16.9

137.O

35.8

16.9

120.1

1.0

1.0

358

16.6

8.3

21.2

12.8

8.3

12.9

0.1

0.1

12.8

30.7

154

41.8

53.9

15.4

26.4

0.2

0.2

53.9

27.3

13.6

135.0

475

13.6

t21.4

0.9

0.9

47.5

20.5

10.2

31.3

3 3.1

10.2

21.1

1.2

72

3 3.1

27.5

13.8

82.2

38.4

13.8

68.4

1.3

1.3

38.4

77

3.8

56.0

14.8

38

53.2

15

1.5

14.8

FCRs (pools/mìn)

k(0,2)

k(2,1)

k(2,3)

k(2,5)

k(3,1)

k(3,2)

k(3,4)

k(4,3)

k(5,2)

0.12

o'73

2t2

0.05

0.73

0.36

0.04

o07

0.16

0.16

0.85

r.94

0.04

0.85

057

0.01

001

o.t7

0.27

0.54

1.26

0.07

0.54

0.21

0.00

0.01

0.21

014

0.36

1.09

0.06

0.36

0.t2

0.00

0.00

0.25

0.12

0.40

2.20

008

0.40

0.52

0.00

001

0.20

0.14

|.47

0.97

0.02

1.47

0.14

001

0.04

0.23

016

0.73

1.60

006

0.73

0.32

0.01

o.o2

020

0.06

0.41

0.55

0.02

0.41

0.19

0.02

0.02

0.03
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6.4 Discussion

This study was intended to explore the possibility of utilising endogenous LCAT activity to

convert the injected discoidal rHDL containing ffilUC into sufficient amount of HDL

containing t'UlCg for the study of invivo HDL CE metabolism. It became apparent that the

amount of [3H]CE generated by endogenous LCAT activity was insufficient for HDL CE

metabolic study. Within the 10 min of injection, only 5-117o of the injected radioactivity was

detected as [tHlCE in HDL. In fact, the amount of [3H]CE in VLDL/LDL was so low that it

was not possible to differentiate CETP-mediated transfer of CE from HDL to VLDL/LDL

from the possible contamination during lipoprotein separation. The net clearance of [3H]UC in

HDL paralleled that of [3H]UC in the whole plasma and this indicated that HDL UC is cleared

from the plasma rather than being re-distributed to other lipoproteins or other components in

plasma. The results were unexpected given the high in vitro and in vivo activity of LCAT in

plasma. It appears that LCAT is capable of remodelling discoidal rHDL rapidly into spherical

particles as demonstrated in chapter 3 but is unable to esterify adequate amount of UC in

discoidal HDL into CE in spherical particles invivo. After considering the steady states in

multi-compartmental model, it is consistent that the in vivo esterification rate of UC in HDL

is low in comparison with other UC exchange pathways within plasma and the net loss of UC

from HDL. The results suggest that the various uptake, transfer or exchange processes of UC

from HDL were more rapid than the rate of invivo esterification of UC to CE in HDL.

However, the results should be interpreted with caution due to a number of limitations in the

proposed compartmental model. Firstly, as stated earlier, it was not the intention of this study

to examine HDL UC metabolism in plasma. As a result, only discoidal rHDL containing

fUIUC were injected into the rabbits. The net flux of HDL UC out of plasma was high in

comparison to the amount of [3FI]UC transferred to other lipoproteins or the amount of
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fHICE generated in plasma. As a result, the specific activity of [3F{UC in VLDL/LDL was

low and therefore the relationship of UC in VLDL/LDL with other compartments could not

be accurately estimated in this compartmental model. These limitations could only be

resolved by simultaneously injecting a VLDLILDL tracer containing a different isotopic UC

(for example, ¡toClUC¡ and a discoidal rHDL tracer containing fUIUC into rabbits. Secondly,

the amount of [3H]UC in red blood cells was not measured. Thus, the model could not

differentiate the flux of HDL UC transferred to peripheral tissues from that to the red cells.

However, previous studies suggested that the equilibration of UC between HDL and red cells

was not complete for 2-3 hours (Halloran et al. 1978; Schwartz et al. I978b), the net flux of

UC from HDL to other peripheral tissues could still be estimated within 60 min in the current

study. Thirdly, the amount of fHIUC in peripheral tissues, liver and bile was not measured.

Apart from the bile, it is technically impossible to sample the radioactivity in the liver and

other peripheral tissues at regular intervals during the experiment. The fate of fHIUC in

peripheral tissues therefore could not be quantified. Fourthly, the highly exchangeable nature

of UC among lipoproteins complicated the isolation process of lipoproteins for analysis. This

technical difficulty was apparent when analysing the UC flux data in different animals, which

was likely a result of the unavoidable contamination during lipoproteins isolation. Finally, it

was not possible to include HDL CE and VLDL/LDL CE compartments into the model due to

the very low rate of endogenous esterification. The "noise" in CE in HDL and VLDL/LDL

was too high for any kinetic analysis. This limitation could only be overcome by injecting a

labelled HDL CE or VLDL/LDL CE in combination with other tracers into the rabbits. Given

the limited number of suitable isotopes for labelling UC and CE, the kinetics of various

compartments could only be resolved by injecting two tracers at a time into a large number of

animals.
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Nevertheless, the metabolism of plasma UC has been studied by a number of important

human studies (Halloran et al. 1978; Schwartz et al. I978a. Schwartz et al. 1978b; Schwartz

et al. 1993) Schwartz et al. (1978a) injected radiolabelled mevalonic acid and

[l4C]cholesterol into bile fistula human subjects. Mevalonic acid represented the precursor of

the newly synthesised cholesterol while [laC]cholesterol represented UC released into the

plasma. Serial samples of bile and plasma were collected and the radioactivities in the bile

acids, biliary cholesterol, plasma UC and plasma CE were measured. Based on the observed

radioactive decay of UC and CE in the measured components, a multi-compaftmental model

was developed. According to that model, the major portion of the cholesterol entering the bile

acid (587o) and biliary cholesterol (7I7o) precursor sites was derived from the plasma UC

compartment of either HDL or LDL in origin. Unfortunately, the study did not differentiate

between the contribution of HDL UC and LDL UC in bile synthesis. The plasma CE

compartment contributed I7%o of the input into the bile acid site. In contrast, the newly

synthesised cholesterol contributed only 3I%o and2OTo of the respective total flux into the bile

acid and biliary cholesterol precursor compartments. When comparing with the current study,

it appears that a substantial proportion of the plasma clearance of HDL UC could be delivered

to the liver for bile acid synthesis. In two other studies, Halloran et al. (1978) and Schwartzef

al. (1978b) simultaneously injected HDL containing [3H]UC and LDL containing [14C]UC

into bile fistula human subjects. The radioactivities in red blood cells and bile acid were

measured. The detection of radioactivities was consistently and significantly lower in the red

blood cells than in the bile acid over 2-3 hours. Those two studies were the first reported

studies that demonstrated the possibility of estimating hepatic uptake of HDL UC despite of

the passive aqueous exchange of UC between HDL and red blood cells. Thus, in the current

study that lasted for only t hour, a substantial proportion of clearance of UC from the plasma

compaftment could have been delivered to peripheral tissues and the liver rather than red
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blood cells. Halloran et al. (1973) and Schwartz et al. (1978b) have also established the

preferential utilisation of HDL UC over LDL UC in bile-acid synthesis, an observation that

could not be detected in the current study due to the low level of UC in LDL. Finally, in a

comprehensive kinetic study by Schwartz et al. (1992), a number of radiolabelled tracers

including radiolabelled albumin-UC, mevalonic acid, HDL UC, HDL CE and LDL FC were

prepared. In each bile-fistula subject, two or three of the radiolabelled tracers were

simultaneously injected. The number of pools in the multi-compartmental model was

expanded when comparing with their previous study in 7978.In particular, plasma

lipoproteins were separated into B-lipoproteins (VLDLILDL) and a-HDL by heparin-MnCl,

precipitation, a method also used in the current study. The plasma UC pool was subdivided

into VLDLILDLUC and HDL UC pools. The plasma CE pool containing VLDL/LDL and

HDL was regarded as a single pool. A more detailed multi-compartmental model was

developed. In agreement with the current study, no matter whether cholesterol precursor was

introduced into the plasma compartment as albumin-UC, mevalonic acid or HDL UC, the

specific activity of CE in plasma increased at a slow rate, which suggests a relatively slow iru

vivo esterification rate. When radiolabelled HDL UC was injected into subjects, the specific

activities of UC in HDL and VLDL/LDL reached equilibrium within 30 min, which suggests

the passive exchange of UC between HDL and VLDL is complete within that duration. In

terms of the specific activity in bile, after a delay of I0-2O min after administration of HDL

UC, specific activity in bile increased rapidly. The specific activity in bile peaked earlier

when isotopic UC was introduced as a constituent of HDL rather than LDL, indicating the

preferential utilisation of HDL UC in bile synthesis. In conclusion, these studies demonstrated

the possibility of studying HDL UC kinetics before passive exchange with red blood cells and

other peripheral tissues is complete. Endogenous esterification of HDL UC into HDL CE is

lower than expected in a closed system due to the number of competing pathways in vivo.
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HDL UC is preferred over HDL CE as a substrate for bile synthesis. Mechanisms that

increase plasma concentration of HDL UC, such as CETP inhibition in this study, have the

potential of shuttling more UC to the liver for bile synthesis.

Although the initial objective of generating sufficient isotopic HDL CE from discoidal rHDL

containing ffilUC was not realised, the current study does provide interesting insights into

the regulation of UC metabolism in plasma. In particular, the results suggest that the flux of

HDL UC out of plasma is significantly influenced by the plasma concentration of HDL UC.

In this case, elevation of plasma concentration of HDL UC by a CETP inhibitor did not alter

the FCR of HDL UC but effectively increased the net flux of HDL UC. Previous kinetic

studies suggest that this HDL UC flux is a major contributor towards the precursor pools of

bile acids and biliary cholesterol (Schwartz et al. IWSb; Schwartz et al. 1993). It will be of

great clinical interest to inject various combinations of isotopic lipoprotein tracers and re-

examine the effects of CETP inhibition on cholesterol fluxes and hepatic bile synthesis.
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7 General discussion

Numerous clinical trials have established the benefits of LDl-cholesterol lowering, notably

by HMG-CoA reductase inhibitors, in reducing the risk of myocardial infarction in both

primary and secondary prevention settings. HMG-CoA reductase inhibitors, also known as

statins, significantly lower plasma LDl-cholesterol and marginally elevate HDl-cholesterol

The effect of statins on actual plaque regtession appears subtle but the clinical benefits have

been impressive. This discrepancy between coronary plaque regression and clinical benefits

has been attributed to statin's possible plaque stabilisation and anti-inflammatory properties,

also known as pleiotropic effects. Despite of the success of statin therapy, coronary heart

disease continues to occur. In fact, statintherapy has only resulted in 30 percent reduction in

coronary artery disease in the highest risk groups. There are still a substantial number of

patients who are not completely protected by LDl-cholesterol lowering. Obviously, other

preventive strategies to reduce coronary artery disease should be considered. One ofthe

potential candidates is HDL because of its widely accepted role in the return of "excess"

cholesterol from extrahepatic tissues to the liver for excretion.

An important question in reverse cholesterol transport is to determine which form of

cholesterol, unesterified cholesterol (UC) or cholesteryl esters (CE), contributes to the major

proportion of cholesterol flux from extrahepatic tissues to the liver for excretion rather than

re-utilisation. There is no doubt that the main form of cholesterol in plasma is CE. This

observation probably led to the prevailing proposition that the bulk of cholesterol destined for

hepatic uptake (and elimination) is CE. Cholesterol is effluxed from peripheral cells in the

form of UC and is accepted by plasma HDL. In order to conform with the proposed reverse

cholesterol transport, an obligatory step of esterification of UC into CE in HDL needs to
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occur before its uptake by the liver. A number of studies have re-examined the importance of

the two forms of cholesterol in reverse cholesterol transport. In order to determine the relative

conrriburion of HDL UC and HDL CE in bile secretion, HDL labelled with I'HIUC or I'FIICE

were separately injected into bile-fistula rats (Bravo et al. 1994). The liver preferentially took

up 58.2Vo of the injected HDL fHIUC dose when compared with 6.87o of fhe injected HDL

ÉHlCg dose during the first 180 min. Furthermore, alarger proportion of HDL UC (8.87o)

than HDL CE (3.3%o) was recovered in bile during the same duration. These results suggested

the HDL UC is preferentially taken up by the liver and subsequently secreted into bile.

Similar comparative study was performed in human bile-fistula subjects (Schwartz et al.

1981). Subjects were injected with HDL (or LDL) labelled with fHlCE, [3FI]UC and

[14C]UC. Kinetic analysis concluded that lipoproteins UC was the main source of cholesterol

in bile. HDL CE only accounted for 2O7o of biliary steroid production. However, one of the

difficulties in studying UC kinetics is related to the rapid exchange of UC among plasma

lipoproteins. Lipoproteins associated UC taken up by the liver is also rapidly mixed with

hepatically synthesised UC in a single hepatic pool. Thus, the highly exchangeable nature of

UC poses a significant problem when determining the origin of UC in bile in kinetic studies.

One novel study attempted to overcome this issue by perfusing rat livers with VLDL, LDL

and HDL derived from patients with hereditary phytosterolaemia that were rich in plant

sterols (Robins and Fasulo 1997). Plant sterols are not normally absorbed in the diet. Plant

sterols in donor lipoproteins therefore act as a surrogate of UC and this technique enables the

distinction of lipoproteins associated UC from hepatically synthesised UC in bile. When

comparing with VLDL or LDL, perfusion of HDL led to a significant three-fold increase in

plant sterols in bile. That study and others confirmed three important points: (1) the

preferential uptake of UC from HDL over other lipoproteins by the liver, (2) the preferential
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uptake of HDL UC over HDL CE by the liver, and (3) the preferential utilisation of HDL UC

over HDL CE in bile synthesis.

Nevertheless, HDL CE is sequestered in the liver but to a lesser extent when comparing with

the amount of HDL UC taken up by the liver (Bravo ef al. 1994). A small proportion of

hepatic CE is hydrolysed into UC and entered the hepatic UC pool for bile secretion. The rate

of hydrolysis of hepatic CE is closely linked to the rate of appearance of cholesterol of CE

origin in bile (Robins et al. 1989) and is probably regulated by the activity of hepatic 7a-

hydroxylase (Bjorkhem and Akerlund 1988). The fate of the rest of the un-hydrolysed hepatic

CE is unclear but is believed to be re-secreted into plasma via VLDL.

According to the proposed reverse cholesterol transpott, the esterification of UC to CE in

HDL is a prerequisite to achieve mass transport of cholesterol from extrahepatic tissues back

to the liver. Chapter 6 highlighted one potential problem with the proposal. When

radiolabelled HDL UC was injected into plasma, endogenous LCAT activity was unable to

esterify most of UC to CE in HDL before the exchange or transfer of HDL UC out of plasma

took place. Thus, it suggested another inconsistency in the proposed reverse cholesterol

transport. Thus, despite of its abundance among plasma lipoproteins, endogenous LCAT does

not appear to esterify newly introduced UC into CE in plasma when other competing

pathways exist.

In this case, what are the roles of HDL CE and how are they linked to their fates? In humans,

the mass transport of CE in HDL appears to be governed by three pathways: (1) selectively

uptake by the liver, (2) transfer to VLDL/LDL via the action of CETP and (3) transfer to

extrahepatic tissues. Apart from the minor proportion of hepatic CE being hydrolysed and
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excreted as bile, it appears that all the other pathways aim at conserving total body cholesterol

and promoting cholesterol homeostasis in extrahepatic tissues.

Figure 7.1 illustrates a suggested modification to the proposed reverse cholesterol transport

according to the latest cholesterol kinetic studies. It highlights the new roles of HDL UC and

HDL CE in cholesterol metabolism. This new proposal supports a role of HDL in shuttling

UC from extrahepatic tissues to the liver for excretion. After unloading UC to the liver, HDL

recirculate and accept more UC from extrahepatic tissues. A proportion of UC is esterified to

CE in HDL. No matter which pathway is followed, a substantial amount of CE ultimately

redistributes back to extrahepatic tissues.

A better understanding of HDL cholesterol metabolism enables the identification of potential

targets for therapeutic intervention. Chapter 5 and 6 suggest that cholesterol flux from each

compartment is not only determined by the fractional catabolic rate of each compartment but

also the plasma concentration of HDl-cholesterol (HDL-C). In general, any intervention that

results in an elevation of HDL cholesterol is potentially anti-atherogenic. However, the

elevated HDL-C must be accomplished by a clear pathway that leads to the elimination of

"excess cholesterol" by the liver rather than the result of an accumulation of HDL-C in the

circulation. The latter statement needs further clarification. A number of interventions can

potentially raise plasma HDL-C concentration. These interventions include (1) an increased

production of precursors such as apoA-I and overexpression of ABCA1, (2) aninhibition of

plasma factors that normally promotes HDL degradation, (3) an overexpression of plasma

factors that leads to HDL-C retention, and (4) the downregulation of hepatic HDL receptors

such as SR-BI.
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7.L Increased production of HDL precursors

Precursors of HDL include lipid-free apoA-I, discoidal HDL, and recombinant apoA-I such as

apoA-I (Milano). Overexpression of human apoA-I in transgenic mice has been shown to

inhibit early atherogenesis (Rubin et al. 1991). Fibrates such as gemfibrozil can increase HDL

production. In the VA-HIT trial, the use of gemfibrozil in subjects with coronary artery

disease and normal LDL-C levels has been proven beneficial in reducing coronary risk

(Rubins ef al. 1,999). Plasma HDL can also be transiently raised by HDL infusion. The

infusion of native HDL (Badimon et al. 1989; Badimon et al. 1990) or recombinant apoA-I

(Milano)/ phospholipid complex have reduced plaque progression in animal models (Ameli et

al. 1994; Soma et al. 1995; Shah et al. 1998; Chiesa et al.2002). Recently, the first human

trial using recombinant apoA-I (Milano)/ phospholipid complex has been published and the

results are highly encouraging (Nissen et al.2O03). Finally, the recent discovery of the role of

ABCAl in mediating cellular cholesterol efflux has made it a potentialtargef for intervention.

The overexpression of ABCAlin cholesterol-fed mice inhibits atherosclerosis but its

overexpression of ABCAl in apoE knockout mice paradoxically increased atherosclerosis

(Joyce et al. 2OO2). The study highlighted the importance of apoE in cholesterol metabolism

and atherosclerosis. The clinical application of ABCA1 is yet to be explored.

7.2 Inhibition of plasma factors that increase HDL catabolism

A number of plasma factors have the potential to increase HDL catabolism. These plasma

factors include hepatic lipase (HL) and cholesteryl ester transfer protein (CETP). As

highlighted in chapter 3 and 4,HL reduces the size of HDL and led to an increases clearance

of HDL from plasma. Hepatic lipase transgenic rabbits also have lower plasma HDL-C

concentration, presumably from the increased clearance of HDL. The significance of HL in
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atherogenesis remains controversial and the clinical application of HL remains a subject of

debate (Santamarina-Fojo et al. 1998; Thuren 2OOO; Jansen et al. 2002). On the other hand,

the inhibition of CETP has inhibited the progression of atherosclerosis in some animal models

(Sugano et al. 1998; Okamoto et al.2OOO; Rittershaus et al. 2000). Both chapter 5 and 6 have

highlighted some of the potential mechanisms in inhibiting atherosclerosis. Rabbits treated

with the CETP inhibitor have an anti-atherogenic lipid profile consisting of high HDL-C and

low LDL-C. This alteration in lipid profile comes about as a result of the redistribution of CE

between HDL and LDL. Thus, CE is retained in the anti-atherogenic HDL and diverted from

the pro-atherogenic LDL. A CETP inhibitor has been studied in a human phase II trial and

similar anti-atherogenic lipid profile was also observed (de Grooth ef al.2OO2). The clinical

efficacy of CETP inhibitor is yet to be determined.

7.3 Overexpression of plasma factors that lead to HDL-C

retention

LCAT promotes the esterification of UC to CE in HDL. Overexpression of LCAT in

transgenic rabbits led to a significant increase in HDL-C concentration (Hoeg et al. 1996a)

and prevented diet-induced atherosclerosis (Hoeg et al. I996b). However, the benefit of

LCAT overexpression in reducing atherosclerosis appears to relate to CETP status of the

animal rnodel. LCAT transgenic mice also demonstrated the favourable increase in HDL-C

concentration but paradoxically had increased susceptibility to diet-induced atherosclerosis

(Berard et al. 1997). The co-expression of CETP and LCAT in transgenic mice attenuated the

development of atherosclerosis (Foger et al. 1999). These studies demonstrated how

mechanisms resulting in elevated HDL-C concentration could be influenced by the

interactions of various plasma factors.
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This thesis has made a number of contributions and has demonstrated (1) the sequence of

events in the remodelling of HDL by plasma factors, (2) the effects of HL on HDL

remodelling and how a reduction in HDL size resulted in the enhanced clearance of HDL, (3)

how CETP inhibition led to an increase in CE clearance via HDL without affecting the overall

CE flux out of plasma, and (4) the slow in vivo esterification of UC to CE in HDL and how

such an observation complimented other previously published cholesterol kinetic studies in

proposing an alternate reverse cholesterol transport pathway.
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