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ABSTRACT

The pathogenesis of atherosclerosis is a complex process involving the 
interaction of a variety of components with cells of the arterial wall. Central to 
an understanding of the pathogenesis of this disease is the role of lipoproteins 
and their metabolism by foam cells of the developing atherosclerotic lesion. 
These cells are mainly monocyte-derived macrophages which have 
accumulated large quantities of cholesteryl ester in their cytoplasm due to the 
activity of the enzyme acylCoA:cholesterol acyltransferase (ACAT). There is 
now considerable evidence to suggest that the formation of foam cells may 
occur as a result of uptake of modified LDL, probably oxidised LDL (oxLDL), via 
the scavenger on the surface of macrophages.

In the present study the effects of native and modified lipoproteins on 
cholesterol estérification by ACAT were investigated in a human macrophage 
cell line THP-1. Lower cholesteryl ester accumulation was observed when 
oxLDL or native LDL were incubated with the cells when compared to that 
using acetylated LDL (acLDL). This is probably not due to inhibition of ACAT 
by oxidation products of LDL because five different oxysterols, 
lysophosphatidylcholine and two hydroperoxides (13-HPODE and 15-HPETE) 
did not inhibit the enzyme. In fact oxysterols acted as substrates for ACAT and 
the hydroperoxides caused slight inhibition of ACAT but only at high 
concentrations. Although oxLDL themselves showed cytotoxic effects to the 
cells, none of the tested oxysterols showed any significant cytotoxicity except 
for 25-0H cholesterol. The presence of an ACAT inhibitor had no effect on the 
cytotoxicity indicating that a potential build up of oxysterols was no more 
cytotoxic to the cells. Measurement of the accumulation within the cells of 
fluorescently-labelled lipoproteins by flow cytometry revealed that both acLDL 
and oxLDL were taken up into these cells to the same extent. Use of the 
scavenger receptor ligands, polyinosinic acid and fucoidan, indicated that both 
acLDL and oxLDL were taken up via the scavenger receptor. Taken together, 
these results suggest that the lower cholesteryl ester accumulation observed 
with oxLDL relative to acLDL may be the result of differential intracellular 
processing rather than a difference in lipoprotein uptake or in inhibition of 
ACAT by lipoprotein-derived oxidation products.



"A student is not an empty vessel to be filled, 
but a lamp to be lit"
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CHAPTER 1 

MAIN INTRODUCTION



Chapter 1 : Main introduction

Coronary artery disease and strokes are the leading cause of deaths in 
industrialised countries. The underlying pathological changes that leads to the 
clinical manifestation of coronary artery disease and strokes are called 
atherosclerosis. Atherosclerosis is considered to be a slow degenerative 
disease of medium to large arteries beginning in childhood and progressing 
through middle age or later. It is characterised by a progressive thickening of 
the arterial intima. Risk factors of developing the disease include smoking, 
obesity, dietary habits such as a high intake of fat and also other complications 
such as diabetes and hypertension. Hypercholesterolaemia has been 
identified as an independent risk factor linked to increased mortality due to 
myocardial infarction (Anderson et a/., 1987). It is characterised by elevated 
levels of plasma total cholesterol and low density lipoprotein (LDL) cholesterol 
which have been shown to correlate with increased atherosclerosis (Kannel at 
a/., 1981). A low plasma level of high density lipoprotein (HDL), which removes 
excess cholesterol from extrahepatic cells, could also predispose an individual 
to atherosclerosis (Johnson at ai, 1991).

1.1 Development of atherosclerosis

The arterial wall consists of layers of smooth muscle cells bound by an internal 
and external elastic lamina, with the lumen of the vessel being lined with a 
single layer of endothelial cells. The outside of the artery is protected by the 
adventitia. The development of atherosclerosis involves interactions between 
different cell types within arteries and other cell types that may infiltrate from 
the blood. In the early stages, it is believed that damage to the endothelium 
induces an inflammatory response, causing the release of chemotactic factors 
such as MCP-1 (Yoshimura at a/., 1989) which attract monocytes from the 
circulation to the site of damage (Willerson and Buja, 1980). The precise 
sequence of events and the initial cause of damage are as yet unknown. It has 
been demonstrated that adherence of blood borne monocytes to the vascular 
endothelium occurs at an early stage in the development of atherosclerosis in 
fat-fed animals (Gerrity, 1981). This adhesion is a specific event involving the 
surface expression of endothelial leukocyte adhesion molecules (ELAMs & 
VCAM) and a variety of cytokines such as interleukin-1 R (Springer, 1990;



Schwartz et a/., 1993; Frostegard et al., 1993). Monocyte infiltration between 
the endothelial cells into the sub-endothelial space is then thought to be 
orchestrated by site specific adherence reactions (Berliner et a!., 1990). The 
monocytes in the sub-endothelial space then undergo transformation to 
become macrophages (Gerrity, 1981). These macrophages accumulate LDL- 
derived cholesterol in an unregulated fashion and form foam cells which are the 
hallmark of the atherosclerotic process and are predominant in the early stages 
of atherogenesis (Aviram, 1991b) (see section 1.7). Accumulation of both free 
and esterified cholesterol within foam cells is an early manifestation of the 
developing atherosclerotic plaque. As monocyte recruitment and LDL influx 
through the endothelium continues, the lesion grows and develops into a fatty 
streak (Stary, 1989). Subsequent foam cell necrosis with the release of growth 
factors causes intimai migration and proliferation of smooth muscle cells 
(Jonasson et a/., 1986) leading to the established atherosclerotic lesion, the 
fibrous plaque. Macrophages may also release lytic enzymes that degrade the 
fibrous cap, in particular lipid-rich fibrous caps, (Falk, 1992; Moreno et a/., 
1994) and therefore produce rupture of the atherosclerotic plaque (Welgus et 
al., 1990). Rupture of coronary plaques is probably the most important 
mechanism underlying the sudden onset of acute coronary syndromes such as 
myocardial infarction (Fuster ef a/., 1992).

1.2 Lipoproteins and their metabolism

Cholesterol in humans is derived either by absorption from the diet or by 
endogenous biosynthesis, principally in the liver and intestine (reviewed by 
Goldstein et al, 1983). The exogenous pathway concerns the transport of 
dietary triglycerides and cholesteryl esters by chylomicrons from the intestine 
to the liver. The endogenous pathway mediates the transport of cholesterol 
and triglycerides between the liver and extra-hepatic tissues. There are four 
functionally distinct classes of plasma lipoprotein namely very low density 
lipoprotein (VLDL), intermediate density lipoprotein (IDL), low density 
lipoprotein (LDL) and high density lipoprotein (HDL) (see Table 1.1). These 
lipoproteins have essentially three functions. They are responsible for carrying 
the cholesterol in the blood from the liver to the body tissues where it is 
required for membrane synthesis and steroid hormone production. They 
transfer cholesterol to the liver for excretion, and also they supply adipose 
tissues and muscle cells with free fatty acids. The apolipoproteins (Table 1.1)



Table 1.1 Composition of lipoproteins

Lipoprotein Apolipoprotein Major lipid Site of production

Chylomicrons ApoB-100, ApoB-48 
ApoE, ApoA-IV, 

ApoC-1,11,111

Triglyceride Intestine

VLDL ApoB-100,
ApoC-1,11,111

Triglyceride Liver and intestine

IDL ApoB-100, ApoE Cholesterol and 
triglyceride

Metabolic by
product of VLDL 

catabolism

LDL ApoB-100 Cholesterol Metabolic end 
product of VLDL 

catabolism

HDL ApoE, ApoA-l, 
ApoA-ll, ApoA-lV, 
ApoC-1,11,111, ApoD

Cholesterol and 
phospholipid

Liver and intestine, 
and metabolic end 
product of chylo 

catabolism
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provide the structural components of lipoproteins but are also very important as 
ligands for specific receptors on the surface of essentially all mammalian cells.

Each class of lipoprotein exhibits a degree of heterogeneity (Myant, 1990). 
The liver secretes triglyceride-rich VLDL into the circulation to supply the 
peripheral tissue with fatty acids derived from triglycerides (TGs). When VLDL 
reaches the capillaries, lipoprotein lipase's on the surface of vascular 
endothelial cells hydrolyse the TGs to free fatty acids, which are taken up by 
adipose tissue and muscle cells. With increased hydrolysis, the VLDL lose 
most of their TGs resulting in lipoproteins with an intermediate density (IDL). 
The majority of IDL bind tightly to liver cells, but the remaining IDL in the 
circulation are transformed by further hydrolysis with lipoprotein lipase's and 
loss of the protein apo-E into LDL. LDL are left with apoB-100 as its sole 
protein. LDL, the major carriers of cholesterol, have a longer half life in the 
circulation (1-2 days) as compared to VLDL and IDL (1-2h). In normolipidemic 
persons, the serum LDL content is usually about 700mg protein/l in plasma 
(Miller, 1984). Typically this LDL carries about 60% of the total serum 
cholesterol (Myant, 1990). The uptake of LDL by cells occurs via a receptor 
mediated pathway (see section 1.4). The highest concentration of LDL 
receptors is found in the liver therefore most of the LDL cholesterol is 
converted by the liver to bile acids, which are secreted into the duodenum. The 
adrenal gland and the ovary are comparably rich in LDL receptors due to their 
steroidogenic activities which require cholesterol. The cholesterol of LDL is 
also used by all cells for membrane biosynthesis.

HDL are believed to play an important role in transport of cholesterol from 
extrahepatic cells to the liver known as reverse cholesterol transport (Johnson 
et a/., 1991). HDL can accept cholesterol from cells, reacts with 
lecithin:cholesterol acyltransferase and as a result of the action of cholesterol 
ester transfer complex, cholesterol esters will be transferred to VLDL which 
finally reach the liver as VLDL remnants (Glomset and Norum, 1973). HDL 
also serve as a carrier of cholesterol to the endocrine organs to provide 
precursor cholesterol for steroid synthesis. Although produced mainly in the 
liver and intestine, HDL may also be derived as metabolic by-products of VLDL 
catabolism. HDL subdivide into four subclasses, HDL-|, HDL2 a. HDL2 b and 
HDL3  (Wilson at ai, 1992). The metabolism of these subclasses is interrelated 
and their plasma concentration is correlated with the atherosclerotic process.



1.3 Structure and composition of LDL

LDL are generally believed to be large spherical particles with a diameter of 
19-25nm and molecular weights between 1.8 and 2.8 million (Esterbauer et a/., 
1992). A central hydrophobic core contains about 1600 molecules of 
cholesteryl ester and 200 molecules of triglycerides. The core is surrounded 
by a polar phospholipid coat (700 molecules) and 600 molecules of free 
cholesterol. Most of the fatty acids in LDL are polyunsaturated fatty acids, 
mainly linoleic acid (C-18:2, w-6 ) with minor amounts of arachidonic acid 
(C-20:4, w-6 ). The phospholipid molecules (mainly phosphatidylcholine with 
lesser amounts of sphingomyelin and lysophosphatidylcholine) are arrayed so 
that their hydrophilic moieties are on the outside of its spherical structure 
allowing LDL to be soluble in the blood. Embedded in this outer monolayer is a 
large protein termed apolipoprotein B-100 (apoB-100) (Esterbauer at a/., 1990). 
This is an exceptionally large protein consisting of 4536 amino acids. 
ApoB-100 has a-helical and (3-sheet structures that enable the protein to 
associate with the phospholipid monolayer of LDL (Yang at a/., 1987). In native 
LDL it is this protein that is recognised by the LDL receptor.

1.4 The LDL Receptor

The endogenous and exogenous pathways of cholesterol metabolism are finely 
tuned by several control mechanisms so that the serum cholesterol level 
remains constant (reviewed by Dietschy at a/., 1993). The level of hepatic LDL 
receptor activity is influenced by the net cholesterol balance across the liver 
and by the types of fatty acids reaching the hepatocyte from the diet. Diets 
high in saturated fatty acids and cholesterol may decrease the number of 
hepatic LDL receptors and decrease the production rate of LDL, by inhibition of 
the rate limiting enzyme 3-hydroxy-3-methyIgIutaryI CoA (HMG CoA) 
reductase, at the transcription level. Thus the concentration of the plasma LDL 
rise. It was noted that individuals with a deficiency or absence of the high 
affinity receptor for LDL are prone to atherosclerosis and premature coronary 
heart disease (Brown at a/., 1974). These familial hypercholesterolaemia 
patients have very high plasma cholesterol levels.

The amount of cholesterol entering each cell is also tightly regulated by the 
LDL receptor, which is a cell surface acidic glycoprotein that removes LDL from
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the plasma by endocytosis (Brown et al., 1974). The mature LDL receptor 
consists of 839 amino acids (Yamamoto at a/., 1984), with a molecular weight 
of 160,000 daltons (Brown & Goldstein, 1986). The ligand for the LDL 
receptor, apoB-100, is known to contain positively charged lysine and arginine 
residues that are crucial for receptor binding via electrostatic forces (Mahley 
and Innerarity, 1983). When cells require cholesterol they synthesise LDL 
receptors, which are processed in the cells and assemble in coated pits of the 
cell membrane. The initial LDL binding occurs on the sinusoidal surface of the 
cell, from which the receptor-1 igand complex moves to a coated pit (Havel, 
1985). LDL enter the cell via receptor mediated endocytosis. After 
endocytosis, the primary endosomes fuse and migrate into the cell. The 
endosomes are then acidified by an ATP-driven protein pump, and the reduced 
pH dissociates LDL from the receptor, which recycles to the cell surface. 
Primary lysosomes fuse with late endosomes and release hydrolases that 
hydrolyse the cholesteryl ester to free cholesterol and the proteins to amino 
acids (Havel, 1985). The amount of free cholesterol in the cell is regulated by 
three different biochemical processes; 1. The cholesterol itself suppresses 
HMG-CoA reductase, the enzyme responsible for cholesterol biosynthesis, 
therefore stopping the production of cholesterol within the cell. 2. Acyl 
CoA:cholesterol acyltransferase (ACAT), the enzyme that re-esterifies excess 
cholesterol for storage within the cytoplasm, is activated (discussed in more 
detail in section 1.7.2). 3. LDL receptor synthesis is suppressed reducing 
further LDL uptake. Overall these processes tightly regulate cholesterol 
homeostasis within the cells (Brown & Goldstein, 1983). Although the LDL 
receptor pathway efficiently controls the cellular cholesterol content in most 
cells, under certain pathological conditions, macrophages become 
overwhelmed with cholesterol and form foam cells. This overloading is mainly 
caused by the entry of modified lipids (e.g. lipoprotein particles modified in or 
near the artery). These particles bypass the normal tight control exercised by 
the cells surface receptors and enter the cells by a different scavenger pathway 
which has no such control (Goldstein at a!., 1979).

1.5 The scavenger receptor

A chemical modification achieved by the treatment of LDL with acetic anhydride 
led to a form of LDL which entered cells via a receptor-mediated endocytosis 
which was not under feedback control, leading to massive cholesterol loading

11
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A number of different scavenger receptors have now been identifieqi (e.g. Fey 
R2B2, CD36, the 94-97kDa receptor)



within macrophages (Goldstein et al., 1979). An important factor of the 
acétylation reaction is the direct chemical modification of the positively charged 
6-amino groups of lysine residues on the protein causing a conformational 
change in the LDL particle (Brown at a!., 1980b). This results in an increase in 
the net negative charge of acetylated LDL (ac-LDL). Once the lysine residues 
are blocked, acLDL does not bind to the LDL receptor but becomes recognised 
by another receptor (or possibly a family of receptors), the scavenger receptor 
(Brown at a/., 1980a, b). The presence of this receptor in vivo has been 
deduced from studies where acLDL was injected into animals and was cleared 
from the plasma by cells of the reticulo-endothelial system within minutes (Pitas 
at ai, 1985).

Macrophage scavenger receptors are trimeric glycoproteins (Kodama at ai, 
1988). This receptor has recently been cloned and characterised in detail 
(Kodama at ai, 1990; Matsumoto at ai, 1990). Molecular cloning has 
disclosed two types of cDNAs for functional scavenger receptors. Two types of 
receptor* subunits exist and both of these receptor proteins contain two 
extracellular domains that are predicted to form a long triple-stranded alpha- 
helical coiled coil and a collagen like triple helix. Immunohistochemical studies 
using antibodies raised against the receptors revealed that the type I and type 
II receptor proteins are coexpressed in macrophages from various human 
organs and that they are localised on the cell surface and endocytotic vesicles, 
suggesting that both types of receptor actually function in vivo (Naito at ai, 
1992). Both type I and type II macrophage scavenger receptors consist of six 
domains. They share five domains, and the only structural difference in the two 
receptors is that the type I receptor contains an extra cysteine-rich domain of 
110 amino acids at the C-terminus, but type II has a short C-terminus without 
cysteine.

The expression of the scavenger receptor^is universal and has been shown in 
human monocyte-derived macrophages, mouse peritoneal macrophages, 
Kupffer cells and established lines of macrophage tumours from humans 
(THP-1 and HL-60) and mice (J-774, IC-21 and RAW-246.7) (Auwerx, 1991). 
Scavenger receptors are also found on endothelial cells and smooth muscle 
cells, but only in small numbers (Stein and Stein, 1980; Pitas, 1990). The 
scavenger receptor has a broad specificity for large polyanionic 
macromolecules including modified forms of LDL (Brown at ai, 1980b) 
(discussed in more detail in Chapter 5). The characteristics of LDL uptake by
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this receptor are quite different to those of the native LDL receptor. Since the 
scavenger receptor is not feedback regulated, the macrophage therefore has 
the potential to take up excessive amounts of modified LDL-derived 
cholesterol. This overload of free cholesterol cannot be compensated for by 
inhibition of intracellular cholesterol biosynthesis and thus foam cell formation 
occurs (see section 1.7).

1.6 Modification of LDL

1.6.1 Discovery of LDL oxidation

It has been known for years that isolated lipoproteins, particularly LDL, are very 
susceptible to oxidation. In experiments which led to the discovery that cells 
can oxidise LDL, LDL was incubated with cultured rabbit aortic endothelial cells 
for 24h (Henrickson et a/., 1981; Steinbrecher at a/., 1984). After the 
incubation, the medium contained thiobartituric acid reactive substances 
(TBARS) (breakdown products formed by oxidation of polyunsaturated fatty 
acids (PUFA)), and the LDL was no longer recognised by the high affinity LDL 
receptor but was bound by scavenger receptors on macrophages. In the same 
investigation it was also found that LDL incubated in the medium, but in the 
absence of any cells, became oxidised to a similar if not identical extent as with 
the cell-modified LDL (increased TBARS, relative electrophoretic mobility and 
lysophosphatidylcholine content). The medium (Hams F10) involved in this 
incubation had trace amounts of transition metal ions present (0 .0 1  pM copper 
ions and 3pM iron) and since no modification took place in the presence EDTA 
or in Dulbecco's modified Eagles medium (no Cu2+) it was postulated that 
metal ions are crucial for oxidation (Heineke at a/., 1984). It was subsequently 
found that oxidative modification could be caused by other cells found in the 
artery wall including macrophages and smooth muscle cells (Hiramatsu at a/., 
1987; Cathcart at a/., 1985; Morel at a/., 1984; Leake and Rankin, 1990). 
There have now been a number of publications describing the phenomenon of 
oxidation using different cell lines and different media (summarised by 
Esterbauer at a/., 1990).

The origin(s) of oxidised LDL (oxLDL) remain a matter of speculation, however 
it is widely believed that formation probably does not take place in the blood 
stream due to the antioxidant properties of the plasma serum (Leake and 
Rankin, 1990). It is proposed that the sub-endothelial space is a likely place
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for oxidation to occur as the cellular components of the vessel may mediate 
LDL oxidation (Steinberg et al., 1989; Parthasarathy et al., 1986). The 
presence of low plasma levels of apo B-100 (Schuh et al., 1978), cholesterol 
oxides (Hodis et al., 1991) and lipid peroxides (Yagi, 1987) suggest that 
lipoprotein particles enriched in products of lipid oxidation do exist. Use of 
antibodies specific for malondialdehyde (MDA) and 4-hyroxynonenal (4-HNE) 
conjugated LDL have been used to identify the presence of oxLDL in 
atherosclerotic plaques (Palinski et al., 1989; Yla-Hertualla et al., 1989). In 
addition, LDL isolated from atherosclerotic lesions were shown to possess lipid 
peroxides, have a reduced content of PUFA, to be susceptible to aggregation 
and show fragmentation of apoB-100 resulting in a net negative charge 
(Yla-Hertualla et al., 1989; Yla-Hertualla et al., 1990a). Ceroid (insoluble 
material derived from oxidation of lipid) has also been shown to be present in 
human atherosclerosis (Mitchinson, 1990). A role of oxidative modification in 
atherogenesis is supported by studies in which lipid-soluble antioxidants were 
able to inhibit plaque formation in hyperlipidémie rabbits. Probucol, protected 
against lesion development in most (Carew et al., 1987; Kita et al., 1987) but 
not all studies and butylated hydroxytoluene (BHT) has also been shown to 
protect against atherosclerosis (Bjorkhem et ai, 1991).

1.6.2 Mechanism of LDL oxidation

Oxidation of the fatty acids in LDL may arise as a result of reactive oxygen 
species such as superoxide, hydroxyl radical and singlet oxygen which are 
released from cells as a result of their metabolic activities and are elevated in 
certain pathological conditions (Henriksen et ai, 1983; Morel et ai, 1984) 
(discussed later in this section). The process of oxidation does not proceed at 
an appreciable rate until the endogenous antioxidants such as p-carotene and 
Vitamin E have been exhausted (Esterbauer et ai, 1989; Jessup et ai, 1990) 
(see section 1.8.1). Lipid peroxidation is a common process in biological and 
chemical systems and the reactions involving the interaction of free radicals 
and lipids is now well understood (Fig. 1.1). The first step of lipid peroxidation 
is known as initiation. This involves any primary free radical which has 
sufficient energy to extract a hydrogen atom from an allylic methylene group on 
a fatty acid to form an alkyl radical. The alkyl radical then reacts with oxygen to 
form a peroxyl radical which is capable of regenerating itself and forms 
peroxides. Raised plasma concentrations of lipid peroxides have been
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Fig. 1.1 Scheme showing the major events occurring during oxidation of LDL.
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Taken from Esterbauer et a/., 1992.
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reported in patients with coronary heart disease and peripheral artery disease 
(Stringer et al., 1989). Peroxyl radicals are converted to hydroperoxides as a 
result of abstraction of a hydrogen atom from another molecule of unsaturated 
fatty acid, initiating a chain reaction. This is called the propagation stage. The 
polyunsaturated fatty acids of phospholipids and cholesteryl esters in LDL are 
rich in linoleic and arachidonic acid. The presence of more than one double 
bond in their side chain makes them highly susceptible to chemical oxidation by 
peroxides (Hoff and Gaubatz, 1982). For example 9- and 13-hydroperoxy 
isomers will be formed from linoleic acid (Halliwell and Gutteridge, 1989), 
whereas 5-, 8 -, 9-, 11-, 12- and 15-hydroperoxy isomers will be formed from 
arachidonic acid (Pace-Asciak and Asotra, 1989). Therefore, the fatty acid 
composition of an LDL particle should influence the ability of an LDL particle to 
act as a substrate for peroxidation. Recently it was shown that enrichment of 
LDL with oleic acid, which has only one double bond, increases its resistance 
to oxidation in both laboratory animals and humans (Parthasarathy at a/., 1990; 
Reavan eta!., 1991).

Termination reactions are those that result in loss of the radicals upon which 
propagation depends. The peroxidation reaction is also limited by the 
availability of substrates for oxidation and the presence of antioxidants 
endogenous to the LDL particle. Termination reactions involve the donation of 
a hydrogen atom to the peroxyl radical to form a hydroperoxide that in the 
absence of transition metals is relatively stable. Peroxy radicals can attack the 
fatty acid of which it is a part and cause scission of the alkyl chain. This results 
in the formation of alkenals and alkanals such as 4-hydroxynonenaI (4HNE), 
(Esterbauer ef a/., 1987, 1988; Pryor and Porter, 1990), with malondialdehyde 
(MDA) as a minor product (Esterbauer at a/., 1991b). Cholesterol is also 
readily oxidised at this stage to form a number of different products called 
oxysterols (reviewed by Smith and Johnson, 1989) and 
lysophosphatidylcholine is formed from oxidation of phoshatidylcholine (some 
of the oxidation products are tabulated in Table 1.2 and are discussed in more 
detail in Chapters 3 and 4). In LDL the formation of aldehydes leads to a 
secondary process; apolipoprotein modification by condensation with the
8-amino groups of lysine residues on the surface of the apoB-100 molecule 
(Steinberg at a/., 1989; Esterbauer at a/., 1990). The lysine residues at the 
C-terminal form Schiff bases with the aldehydes formed during peroxidation 
resulting in an increase in the net negative charge and causing a change to its 
electrophoretic properties. This parallels the progressive decrease in
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Table 1.2 Lipid oxidation products of iow-density lipoproteins

From fatty acids

malondialdehyde
4-hydroxynonenal
4-hydroxyoctenal
4-hydroxyhexenal 
hexanal 
pentanal 
butanal 
propanal 
nonanal 
octanal

13-hydroxydienoic acids (cis/cis and cis/trans)
9-hydroxydienoic acids (cis/cis and cis/trans)
5-hydroxyeicosate traenoic acid 
8,9-hydroxyeicosate traenoic acid 
12-hydroxyeicosate traenoic acid 
15-hydroxyeicosate traenoic acid

hvdroperoxv derivatives of HODEs and HETEs named above

Ivsophoshatidvlcholine

oxysterols

including:
7-OH cholesterol (a and p)
22-OH cholesterol 
25-OH cholesterol 
7-keto cholesterol 
5,6-epoxy cholesterol
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lipoprotein affinity for the high affinity LDL receptor, therefore becoming a 
ligand for the scavenger receptor (Brown et al., 1980b, Haberland at a!., 1984). 
Fragmentation of the apoB-100 arises from the cleavage of the polypeptide 
chain by lipid peroxy radicals. ^

Although the mechanisms of lipid peroxidation are well understood, a major 
difficulty is to establish the source of the radicals which will initiate the chemical 
process. It has been suggested that the enzyme 15-lipoxygenase, present in 
macrophages, initiates the oxidation of LDL (Yla-Hertualla eta!., 1990b; Rankin 
at a/., 1991). Various mechanisms to explain the apparent pro-oxidant effect of 
lipoxygenase have been proposed. The lipoxygenase enzyme could act 
directly on the fatty acid side chains of the LDL particle and produce a peroxy 
or alkoxyl radical (Kalyanaraman at a/., 1990). Another possibility is that free 
radicals are generated during the catalytic cycle of the enzyme, and these 
could be released from the cell and diffuse into the LDL molecule initiating 
peroxidation (Cathcart at a/., 1991; McNally at a/., 1990). The association of 
15-lipoxygenase and its lipid products with atherosclerotic lesions provides 
compelling evidence for an important role for this enzyme in the disease (Yla- 
Hertualla ef a/., 1990b).

It is widely accepted that oxygen centred radicals are released from cells in the 
artery wall and could facilitate lipid peroxide decomposition. However, the 
precise mechanisms by which cells modify LDL, despite extensive 
investigations in recent years, remain unclear (Jessup at a/., 1991). Cells such 
as monocytes and macrophages, as part of their biological function, generate 
large amounts of superoxide anion and hydroxyl radicals that are thought to be 
able to initiate lipid peroxidation (Heinecke at a/., 1987; Steinbrecher, 1988). 
The hydroxyl radical is so reactive that in a biological environment it is likely to 
react in close proximity to its site of generation. Halliwell and Gutteridge 
(1986) suggest that hydroxyl radical is formed from the iron dependant 
decomposition of hydrogen peroxide. Iron and copper may be available in the 
artery wall to catalyse the reaction (Smith at a!., 1992). The copper binding 
caeruloplasmin is capable of catalysing the macrophage-mediated modification 
of LDL at acidic pH, either by releasing Cu^+ or making it accessible for 
oxidative reactions (Lamb and Leake, 1994).

An alternative suggestion states that hydroxyl radical is involved in the 
interaction of free radicals nitric oxide and superoxide to peroxynitrous acid, a
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moderately stable compound that could decompose at a site of action to form 
hydroxyl radical (Beckman et al., 1990; Hogg et al., 1992). Nitric oxide, 
previously termed endothelial derived relaxing factor, is produced continuously 
in the artery wall (Moncada et al., 1991). An additional route for oxidation 
could be the simultaneous production of nitric oxide and superoxide that is 
thought to be formed by endothelial cells (Nakazono et al., 1991). 
Macrophages can also produce nitric oxide and it has been suggested that, 
while together with superoxide anion radical, nitric oxide can oxidise LDL 
(Darley-Usmar et al., 1992). Other investigators have suggested that haem 
proteins, myoglobin and haemoglobin, whose normal function is to transport 
oxygen, may initiate lipid peroxidation (Dee et al., 1991). In addition, it has 
been shown that the iron porphyrin complex, hemin, can also catalyse lipid 
peroxidation (Balia et al., 1991). For this to occur, these iron complexes must 
be oxidised to a high oxidation state or ferryl form by either hydrogen peroxide 
or possibly lipid peroxides. If this mechanism were to occur in vivo, it would 
require the lysis of either muscle cells to release myoglobin or red
blood cells to release haemoglobin, and is therefore likely to be particularly 
relevant in the later stages of coronary heart disease.

1.6.3 The biological properties of oxidised LDL

The biological properties of oxLDL have been intensively investigated and it is 
now recognised that oxLDL is a highly heterogeneous substance (illustrated in 
Fig. 1.2). The variation in its properties depends on the extent of oxidation, 
which determines the relative lipid peroxide content, aldehyde content and 
amount of modification of apo B-100 protein (Esterbauer et al., 1990).

Ox LDL have been shown to be cytotoxic to endothelial cells (Quinn et al., 
1985; Cathcart et al., 1985; Hodis et al., 1994) and it is thought that oxidation of 
the lipid moiety is the responsible cytotoxic property (Hessler et al., 1983). The 
components present in the LDL particle which mediate this toxicity are 
therefore probably products of lipid decomposition such as aldehydes or 
lipidhydroperoxides*^(Chisolm, 1991; Esterbauer et al., 1991b). The lipid 
products 4-HNE and lysophosphatidylcholine have both been shown to be 
cytotoxic in the arterial wall (Esterbauer, 1993; Stary, 1985). The cytotoxicity of 
oxLDL is likely to be an important property associated with their ability to 
mediate atherogenesis (discussed in more detail in Chapter 4). Since the 
macrophage is able to bind and sequester oxLDL then it is likely that the
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Fig. 1.2 The effects of oxidised low-density lipoproteins on arterial cells. A
schematic outline of the oxidative modification hypothesis, showing the several ways 
in which oxLDL is potentially more atherogenic than nLDL. Taken from Bruckdorfer. 
1990.
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macrophage is subjected to a severe oxidative stress. This form of toxic insult 
can result in cell death if the cells antioxidant defences are overwhelmed 
(Kuzuya et al., 1989). It is therefore of some interest to know how the 
macrophage responds to the oxidative challenge presented by oxLDL (see 
Chapter 4).

It has also been clearly demonstrated that oxLDL exhibit a chemotactic activity 
for human monocytes (Quinn et a!., 1987). They can stimulate the release of 
MCP-1 from endothelial cells in culture (Cushing et a!., 1990). Thus oxidative 
modification of LDL, in addition to favouring the accumulation of cholesterol 
stores in developing foam cells, could play an important role in recruitment of 
monocyte/macrophages into the subendothelial space. After monocyte 
recruitment and differentiation into tissue macrophages, oxLDL have been 
shown to inhibit macrophage mobility and prevent their exit from the vessel wall 
back into the circulation (Quinn et al., 1987). This could establish a vicious 
circle of monocyte recruitment to the lesion site and retention of the 
macrophages there.

OxLDL have also been shown to stimulate smooth muscle cell proliferation 
(Chatterjee, 1992; Tasaki et al., 1994) and induce platelet activation and 
aggregation (Bruckdorfer, 1989; Ardlie et al., 1989; Aviram et al., 1989a). 
Recently oxLDL were shown to induce the secretion of macrophage 
interleukin-1 p which, in the arterial wall, can stimulate smooth muscle cells to 
express platelet derived growth factor (PDGF) receptors leading to smooth 
muscle cell proliferation (Ku et al., 1992). The list of possible effects of lipid 
oxidation in atherogenesis is almost certainly incomplete. In addition, LDL in 
which minor oxidation of the lipid phase has occurred but with little change in 
the apolipoproteins, often referred to as minimally modified LDL (Berliner et al.,
1990), have several properties distinct from native LDL that are potentially 
atherogenic. These include, induction of endothelial cell production of colony 
stimulating factors and the secretion of chemotactic and growth factors (Liao et 
al., 1991). Minimally modified LDL stimulate endothelial cells to release a 
number of biologically-active factors such as monocyte-chemotactic proteins, 
endothelial-leucocyte adhesion molecules (ELAMS) and growth factors for 
monocytes (Cushing et al., 1990; Rajavashisth et al., 1990; Leake, 1991) and 
also increases the binding of monocytes to cultured endothelial cells (Berliner 
et al., 1990). Minimally modified LDL also induces tissue factor expression in 
endothelial cells, which suggests that minimally oxidised LDL may be a local
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mediator promoting thrombosis (Drake etal., 1991).

1.6.4 Alternative mechanisms of LDL modification

There is much evidence that the principle lipoproteins susceptible to the 
modification leading to foam cell formation are LDL (reviewed by Steinberg et 
a/., 1989). There are many modifications that can influence LDL structure and 
function, but the in vivo relevance of most of these forms is not clear. The 
discovery of oxidation of LDL led to a number of suggestions as to how LDL 
modification takes place in vivo. Direct chemical modification of the positively 
charged s-amino groups of lysine residues on the apoB-100 can be achieved 
by conjugation with malondialdehyde (Fogelman et a/., 1980), resulting in a 
conformational change in the LDL particle (Haberland et a/., 1984). Additional 
suggestions have been made to explain how modification might occur, 
including aggregation, proteolysis of the LDL molecule or glycosylation of 
apoBrlOO (Hoff et a/., 1992; Tertov et a/., 1989; Witztum et a/., 1982). These 
are all ways in which LDL may be modified thereby causing recognition by the 
scavenger receptor. Modification of LDL may also occur through interaction 
with cells of the artery wall (Heinecke et a/., 1986; Leake and Rankin, 1990), 
with plasma constituents of immune complexes (Griffith et a/., 1988) and also 
\Mth components of the arterial wall matrix such as proteoglycans (Hurt-Camejo 
et a/., 1992). Cells of the artery wall have been shown to contain lipoprotein 
lipase, cholesterol esterase, phospholipases and lipoxygenases which all could 
cause enzymatic modification of LDL under certain conditions (Aviram et a/., 
1988; Heinecke et a/., 1991). The exact nature of the modification affecting 
LDL in vivo responsible for its recognition and its unregulated uptake by 
macrophages, is as yet unknown, although currently it is thought that the most 
likely mechanism, relevant to atherosclerosis, is that of oxidation (Witztum and 
Steinberg, 1991).

1.7 Foam cell formation

Macrophages have an important role in the immune and inflammatory 
responses of the body. They act as phagocytes, heal wounds, kill microbes 
and also act as potent secretary cells, secreting growth factors, cytokines, 
proteases and prostaglandins (Nathan, 1987; Aviram et a/., 1989b). The 
presence of macrophages in the atherosclerotic lesion has been clearly 
established by the use of monoclonal antibodies specific for macrophages

22



(Aquel etal., 1985; Bowyerand Mitchinson, 1989). Although macrophages are 
known to provide a general protective role for other cells in the arterial wall, it is 
still far from clear whether the macrophage performs a protective function in 
atherosclerosis. The formation of foam cells may render the macrophage 
incapable of leaving the subendothelial space because of its greatly increased 
size (Brown and Goldstein, 1983). Subsequent death of these foam cells may 
actively contribute to the pathophysiology of the disease by release of toxic 
products such as damaging enzymes and oxygen radicals into the lesion 
causing damage to other cells.

One of the most important biochemical changes which occurs when monocytes 
become macrophages is that they lose specific native LDL receptors and 
express scavenger receptors (Hara at a/., 1987; Hassall, 1992). Expression of 
the scavenger receptor is not subject to down-regulation by cellular cholesterol 
as is the native LDL receptor (see sections 1.4 and 1.5) and therefore can lead 
to massive cholesterol accumulation. When the cells take up more cholesterol 
than they can excrete, the cholesterol is converted by the enzyme ACAT to 
cholesteryl esters (see section 1.7.2) and stored in the cytoplasm in the form of 
cholesteryl droplets, and finally the macrophages become converted to foam 
cells. Even though most of the excess cholesterol is derived from modified- 
lipoproteins taken up via the scavenger receptor, phagocytosis of aggregated 
lipoproteins might also mediate the accumulation of cholesteryl esters by 
macrophages (Khoo at a/., 1988). In addition, oxLDL may induce antibody 
responses leading to the uptake of lipoproteins through the macrophage Fc 
receptors (Klimov ate!., 1985).

1.7.1 Metabolism of LDL in foam cells

The principle pathways involved in the catabolism of modified lipoproteins are 
shown in Fig. 1.3. The modified LDL enters the cell via receptor-mediated 
endocytosis and is delivered to the lysosomes (Brown at a!., 1979) (as 
described in section 1.4). A reduction in pH dissociates the LDL from the 
receptor, which is recycled to the cell surface. In the lysosomes, the 
cholesteryl linoleate is hydrolysed to free cholesterol by an active acidic 
cholesterol esterase and the proteins are broken down to amino acids. It is 
thought that the unesterified cholesterol is then released into the cytoplasm 
causing an expansion of a specific intracellular cholesterol pool (Xu & Tabas,

23



Oxidised LDL

Immune complexes scavenger 
receptor 
•Fc receptorfree

cholesterol
Oholesterol 
ester droplet

HDL receptor 
Y Antibody

4 NCEH

apo E 
synthesisAggregated LDL

H D L / plasma membrane

apo E

Reverse cholesterol transport

Fig. 1.3 Foam cell formation in macrophages. This scheme illustrates some of the 
mechanisms involved in foam cell formation in the macrophage. Oxidised LDL enters 
the cell via the scavenger receptor, phagocytosis of aggregated particles or possibly 
as immune complexes. Uptake results in an increase in intracellular free cholesterol 
and activation of ACAT leading to the formation of cholesteryl ester stores. Neutral 
cholesterol ester hydrolase (NCEH) converts this cholesteryl ester to free cholesterol 
which is transported from the cell by HDL. Other products of lipid and protein 
oxidation are retained within the cell as residues known as ceroid. Taken from Darley- 
Usmar and Hassall, 1993.

24



this transport



1991). This excess cholesterol activates the microsomal ACAT to re-esterify 
cholesterol to cholesteryl ester. These cholesteryl esters, which are rich in 
oleate, are stored as lipid droplets in the cytoplasm of the cell giving them their 
characteristic appearance (Brown et a/., 1980a) and hence their name, foam 
cells (Gerrity, 1981). The cytoplasmic ester droplets are not inert, but 
constantly undergo hydrolysis and re-esterification (Brown and Goldstein, 
1983). The cholesteryl ester cytoplasmic pool can be hydrolysed by a neutral 
cholesteryl ester hydrolase (Brown et ai, 1980a; Khoo et s i, 1981; Small et ai, 
1989). This cholesteryl ester hydrolase is thought to be under hormonal 
regulation and can be activated by phosphorylation by cyclic AMP (cAMP) 
dependent protein kinase (Hajjar et ai, 1983; Goldberg and Khoo, 1990). In 
the presence of a cholesterol acceptor in the medium, such as HDL, excess 
free cholesterol migrates through the cell membrane and is available for 
transport out of the cell by HDL (Brown and Goldstein, 1983). It has been 
shown that cAMP increases the rate of intracellular cholesteryl ester hydrolysis 
and allows the cells to clear esterified cholesterol in the presence of HDL 
(Bernard et ai, 1991). Binding of HDL to a receptor on cholesterol-loaded 
macrophages appears to promote translocation of intracellular cholesterol to 
the plasma membrane, followed by cholesterol efflux into the medium (Oram et 
ai, 1987; Slotte et ai, 1987; Aviram et ai, 1989b). The mechanism of 
cholesterol translocation from intracellular pools to the plasma membrane is 
unknown. It is possible that receptor binding of HDL invokes a signal 
transduction process that stimulates transport of cholesterol-laden vesicles to 
the cell surface. The role of signal transduction through protein kinase C in 
HDL receptor-dependant cholesterol translocation and efflux was supported in 
experiments using cholesterol-loaded cultured human skin fibroblasts (Mendez 
et ai, 1991). Results by Oram et al. (1987) suggest that reversible binding of 
HDL to its cell surface receptor without subsequent endocytosis of receptor- 
HDL complexes is the mechanism by which HDL receptors facilitate cholesterol 
transport from cells. The precise nature of thistransport mechanism is still 
unknown.

1.7.2 Role of ACAT in foam cell formation

ACAT, a membrane protein located in the endoplasmic reticulum, is the 
enzyme responsible for the estérification of long chain fatty acids and free 
cholesterol to cholesteryl esters. This enzyme regulates the amount of free
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and esterified cholesterol within the cells (Brown etal., 1980a) and activation of 
ACAT in macrophages is an important event in atheroma foam cell formation. 
ACAT activity is normally low in macrophages cultured in the absence of an 
exogenous cholesterol source, but the enzyme is activated in response to the 
endocytosis and degradation of modified lipoproteins. It has been 
demonstrated that cholesterol feeding of guinea pigs promotes approximately a 
five to ten fold increase in hepatic ACAT activity (Drevon, 1978). In 
macrophages incubated with acLDL, the activity of ACAT is increased, thereby 
diverting the incoming excess cholesterol to a storage form (Brown and 
Goldstein, 1983). The direct mechanism whereby lipoprotein-derived 
cholesterol stimulates ACAT activity is unknown (discussed in more detail in 
Chapter 3). Indirect evidence suggests that the ACAT enzyme itself is not 
upregulated by lipoproteins, but rather ACAT activity is stimulated by increased 
provision of substrate and/or allosteric activation (Suckling and Stange, 1985). 
Thus, modified lipoproteins would activate ACAT by delivering their newly 
hydrolysed lipoprotein cholesterol from the site of hydrolysis (lysosomes) to 
ACAT (residing in the endoplasmic reticulum). It is thought that cholesterol 
estérification rates reflect the relative activity of ACAT which is a direct function 
of intracellular substrate pool size (Tabas etal., 1988).

Previous biochemical studies in some mouse macrophage systems have 
determined that the cholesterol component of cholesteryl ester droplets 
constantly turns over with a half time of 24h by a cyclic process of de- 
esterification and re-esterification (Brown et al., 1980a). It is thought that the 
ACAT enzyme uses a fatty acyl CoA derivative that requires ATP for its 
synthesis. The cholesteryl ester cycle has the net effect of breaking down one 
molecule of ATP to AMP and pyrophosphate. These studies have established 
the important concept that the cholesteryl ester lipid droplets are in a state of 
dynamic flux. They are continually being broken down by a non-lysosomal 
cholesteryl esterase into free cholesterol and fatty acids. The enzyme 
responsible for the hydrolytic phase of the cholesteryl ester cycle and therefore 
responsible for the mobilisation of stored cholesteryl esters is neutral 
cholesteryl esterase (Hajjar etal., 1983) (see section 1.7.1).

An understanding of the mechanisms whereby macrophages accumulate 
esterified cholesterol is of importance in understanding the pathogenesis of 
atherosclerosis (see Chapter 3). Studies of the regulation of both ACAT and 
cytoplasmic cholesteryl ester hydrolysis could yield fundamental information
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regarding the processes of atherogenesis and regression and suggest possible 
therapeutic approaches to inhibit atherogenesis.

1.8 Inhibition of foam cell formation

The severe clinical complications associated with atherosclerosis, along with its 
high incidence in man, have focused attention on the prevention of this 
vascular disease state. Lowering plasma lipids is an indirect approach to 
reducing the accumulation in atherosclerotic lesions and thus inhibiting the 
development of the disease. The central role of the macrophage-derived foam 
cells suggests that modulating the biology of this cell may prevent excess lipid 
accumulation. Potential therapeutic strategies target intimai 
monocyte/macrophage recruitment, stimulation of the HDL-mediated reverse 
cholesterol transport system or inhibition of ACAT (see section 1.8.2). If 
oxidation of LDL in the artery wall does indeed lead to excessive uptake of 
these lipoproteins by macrophages and thus contribute to the progression of 
atherogenesis, then antioxidants or free radical scavengers could have anti- 
atherosclerotic properties (see next section).

1.8.1 Antioxidants

In human plasma, circulating lipids, proteins and cells are protected from 
oxidative damage by the presence of antioxidants. Enzymatic antioxidants 
(superoxide dismutase, catalase, glutathione peroxidase, glutathione reductase 
and glutathione transferase) are present in only small concentrations in the 
plasma and their function remains unclear. Augmentation of the activity of 
arterial superoxide dismutase or glutathione peroxidase may have therapeutic 
benefit as may inhibition of the cyclo-oxygenase/ lipoxygenase pathways. 
Transferrin and ceruloplasmin provide antioxidant protection by sequestering 
transition metals thereby making them incapable of stimulating free radical 
reactions. According to Frei et a/., 1989, (the water-soluble) ascorbic acid 
(Vitamin C) is qualitatively the key antioxidant in the plasma. It completely 
protects all classes of lipid by preventing initiation of lipid peroxidation by 
scavenging peroxyl radicals in the aqueous phase of the plasma, before they 
can diffuse into plasma lipoproteins. The LDL particle is also protected from 
free radical attack and oxidation by several lipophilic antioxidants such as
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vitamin E (a-tocopherol), carotenoids (p-carotene) and ubiquinol, that are 
located within the particle itself. The antioxidants to polyunsaturated fatty acid 
ratio in normolipidemic individuals is about 1:160 but both the content and this 
ratio can vary considerably between individuals, probably due to different 
dietary habits. Vitamin E (on average 6  molecules/LDL particle) prevents 
propagation of lipid peroxidation by scavenging the peroxyl radicals. Vitamin E 
is the principal if not the sole chain-breaking lipophilic antioxidant (Ingold et al., 
1987) and may constitute a critical protective factor against coronary artery 
disease (reviewed by Janero, 1991 ). Gey at a/. (1991 ) found that mortality from 
coronary heart disease was strongly inversely related to dietary vitamin E when 
they compared several different European populations. Ascorbate can also 
protect LDL from oxidation, apparently by maintaining vitamin E and p-carotene 
in a reduced antioxidant state (Jialal and Grundy, 1991; Kagan etal., 1992).

Some experimental studies with vitamin E, butylated hydroxytoluene (BHT) and 
probucol demonstrated that an improved antioxidant status can actually reduce 
progression of atherosclerosis (Steinberg, 1991; Steinberg et al., 1992). it has 
also been shown that antioxidants that prevent LDL oxidation in vitro also 
inhibit lesion development in hypercholesterolaemic animals (Witztum and 
Steinberg, 1991; Verlangieri and Bush, 1992). Probucol, a 
hypercholesterolaemic drug which has antioxidant properties (Parthasarathy et 
ai., 1986) has been shown to diminish the severity of atherosclerosis in 
Watanabe rabbits, the animal counterpart of human hypercholesterolaemia 
(Carew et ai., 1987; Kita et al., 1987; Hodis et al., 1992). BHT, a commercial 
antioxidant widely used in the food industry, has been shown to retard 
atherogenesis in the cholesterol fed rabbit (Bjorkem et al., 1991). Prevention of 
LDL oxidation by antioxidants could have a great potential for prevention of 
atherosclerosis (Esterbauer etal., 1992).

1.8.2 Inhibition of ACAT

Since the intracellular accumulation of cholesteryl esters is a hallmark of the 
atherosclerotic plaque, controlling ACAT activity may be of importance in 
regulating the development of atherosclerosis. Whereas ACAT is used by cells 
of the body to store cholesterol as cholesteryl ester, it may also play a key role 
in the intestinal absorption and metabolism of cholesterol (Heider et al., 1983; 
Suckling and Stange, 1985). The site of greatest ACAT activity is the jejunum
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which coincides with the major site of cholesterol absorption (Suckling and 
Stange, 1985).

It seems a potent ACAT inhibitor might have beneficial therapeutic affects in 
atherosclerosis by acting at three different sites. Firstly, in the gut, where 
estérification of dietary cholesterol appears to play a pivotal role in chylomicron 
assembly and subsequent secretion into the lymphatic system, providing an 
effective means of lowering cholesterol levels (Suckling and Stange, 1985). 
The hypocholesterolaemic action of the ACAT inhibitor BAYo2752 has been 
shown in rats to be due to the inhibition of intestinal cholesterol absorption via 
ACAT inhibition (Harnett et al., 1989). In addition CL277,082 an absorbable 
compound produces hypocholesterolaemic effects in cholesterol-fed rats by 
inhibiting absorption of dietary cholesterol (Largis at al., 1989). The second 
site at which ACAT inhibitors could provide a therapeutic affect is in the liver, 
by a decrease in the secretion of VLDL particles. Studies carried out in vitro 
have shown that the concentration of cholesteryl esters in VLDL is directly 
correlated with ACAT activity (Khan at al., 1988) and that the enzyme is 
necessary for the secretion of apo B-100 containing lipoproteins by cultured 
hepatocytes (Carr and Rudel, 1990). Thirdly, ACAT inhibitors may have 
beneficial effects in the artery by reducing cholesteryl ester deposition and 
thereby directly arresting the progression of atheromatous plaques. The 
inhibition of intracellular estérification of cholesterol by ACAT inhibitors, can 
significantly reduce the accumulation of cholesterol in macrophages in vivo 
(Kelley at al., 1988). Brown at al. (1980a) demonstrated that the cholesteryl 
ester cycle could be interrupted by the chemical inhibition of ACAT using 
therapeutic levels of progesterone. The ACAT inhibitor Cl 976 has been shown 
to reduce femoral lesion cholesteryl ester content and foam cell area in New 
Zealand white rabbits (Bocan at al., 1990) and the compound 58-035 has been 
found to inhibit cholesteryl esters in arterial smooth muscle cells in culture 
(Ross atal., 1984).

Thus a potent ACAT inhibitor could have utility as both a hypocholesterolaemic 
agent and potentially as an anti-atherosclerotic compound. A number of 
compounds have been reported to inhibit ACAT such as local anaesthetics 
(Bell, 1981) and tranquillisers (Bell, 1983). Melinamide is the only ACAT 
inhibitor marketed so far (Natori at al., 1986). A number of potent intestinal 
ACAT inhibitors of widely diverse structures are known which are extremely 
effective in preventing the absorption of cholesterol in animal models (reviewed
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by Sliskovic and White, 1991). Some of these compounds are currently 
undergoing development as hypolipidemic agents. Specific properties that 
might be considered desirable for such an agent include potent inhibition of 
ACAT in vivo (IC50<100nM), sufficient chemical and metabolic stability for the 
compound to survive passage through the gut thus allowing oral administration 
and also moderate lipophilicity and adequate water solubility in order to 
achieve good systemic availability (Dennis, 1990).

1.9 THP-1 monocyte/macrophages as an in vitro model for foam cell 
formation

The use of a continuous cell line rather than monocytes/macrophages freshly 
isolated from mammalian sources for elucidating cellular lipoprotein 
metabolism has many clear advantages. These include viability of cells, ease 
of preparation and homogeneity in differentiation. In addition, the number and 
the types of experiments undertaken with cell lines are not limited by animal 
costs. The unlimited growth potential of these lines provides a continuous and 
well-defined source of material. Cell lines however must be used with caution 
because they do not necessarily possess all the essential characteristics of the 
cell type from which they are derived. However, the THP-1 cell line has many 
characteristics of the human monocyte with respect to a number of criteria such 
as morphology, distinct monocytic surface markers, enzymatic activities and 
expression of genes involved in lipid metabolism such as lipoprotein lipase and 
apolipoprotein E (referred to later in this section) (Tsuchiya et a/., 1980; 
Auwerx, 1991; Tajimaef a/., 1985).

THP-1 cells were originally isolated by Tsuchiya at a/. (1980) from a young 
male suffering from acute monocytic leukaemia. These cells are blocked at a 
certain step of the differentiation process (Fig. 1.4). However they can be 
artificiallyinduced to differentiate into macrophage-like cells by the phorbol 
ester, PMA (Tsuchiya at a/., 1980). Compared to other human myeloid cell 
lines, such as HL-60, U937, KG-1 or HEL cell lines, differentiated THP-1 cells 
behave more like native monocyte-derived macrophages (Auwerx, 1991). 
Differentiation of THP-1 monocytes into macrophages has been associated 
with an alteration in membrane antigens such as the complement receptor and 
Fc receptors, triggering phagocytic and microbicidal reactions (Tsuchiya at a/., 
1980; Auwerx at a/., 1991). THP-1 macrophages have also been shown to
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Fig. 1.4 Hematopoietic differentiation of monocytes and macrophages. An
outline of the differentiation of hematopoietic stem cells to monocytes and 
macrophages. Some of the more frequently used myeloid leukaemia cell lines are 
underlined. The arrows indicate their differentiation potential.
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secrete a wide variety of physiologically active substances ranging from 
polypeptide hormones and enzymes to reactive oxygen species and these have 
been summarised by Auwerx (1991). In addition, the macrophages secrete a 
variety of biologically active products such as chemotactic factors (MCP-1), 
potent cytokines (IL-1 and TNF), proteases and growth factors (PDGF) 
(Matsushima et al., 1989; Cochran and FinchArietta, 1989; Nathan, 1987; 
Sariban and Kufe, 1988). During the course of differentiation of THP-1 cells, 
as for blood monocyte-macrophages, some of the proteins related to lipoprotein 
metabolism are regulated. THP-1 cells synthesise and secrete apoE and 
lipoprotein lipase into the culture medium, especially after the cells were 
differentiated into macrophages (Tajima eta!., 1985; Menju eta!., 1989).

Expression of LDL receptors changes during THP-1 cell differentiation. The 
monocyte cells degrade nLDL after uptake by the LDL receptor, but the 
differentiated cells degrade chemically modified LDL, such as acLDL, via the 
scavenger receptor (Hara at a/., 1987). The scavenger receptor therefore is 
functional in delivering cholesterol to phorbol ester stimulated THP-1 cells (Via 
at a/., 1989). This phenomenon will be discussed in more detail in Chapter 5. 
The THP-1 cells are capable of forming foam cells in response to modified 
lipoproteins (Banka at a/., 1991). Thus, the THP-1 cell line is a valuable tool in 
both further characterisation of the scavenger pathway and in defining its 
relevance in the pathogenesis of atherosclerosis.

1.10 Aims of the present work

There is now considerable evidence that foam cells which are a characteristic 
of atherosclerotic lesions may occur as a result of exposure of oxLDL to 
macrophages. For this reason the effects of oxLDL on macrophages may be 
important to the understanding of atherogenesis. In the present thesis, the 
effects of oxLDL (compared to acLDL and nLDL) are investigated on the 
accumulation of cholesteryl esters, via the enzyme ACAT, within human 
macrophages using THP-1 as a model system.

Although the macrophage has the potential to remove oxLDL from the artery 
wall, the products resulting from LDL oxidation which include lipid peroxides, 
lysophosphatidylcholine and oxysterols may subject the macrophages 
themselves to oxidative stress. Therefore, in this thesis the effects of oxidation
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products on the enzyme ACAT (Chapter 3) and the cytotoxic effects on the 
THP-1 macrophages themselves are studied (Chapter 4). The uptake and 
internalisation of the lipoproteins were also studied (Chapter 5) using flow 
cytometric techniques. ACAT inhibitors, as mentioned in section 1.8.2, are 
currently of interest to the pharmaceutical industry as anti-atherosclerotic 
drugs. Although these may inhibit the formation of foam cells, the non- 
esterified oxidised cholesterol and lipid remaining in the cell may have other 
deleterious effects. Therefore an ACAT inhibitor 447C88 was used to examine 
the consequences of such inhibition.
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CHAPTER 2 

MATERIALS AND METHODS
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Chapter 2: Materials and Methods

2.1 PREPARATION OF LDL AND HDL

Low density lipoprotein (LDL) and high density lipoprotein (HDL) were isolated 
from the plasma of healthy volunteers (age 20-50) of either sex, by 
discontinuous density gradient ultracentrifugation (modification of Chung et a/., 
1980). Blood (120ml) was added to 20ml Sterilin tubes containing 4ml of the 
anticoagulant acid citrate dextrose (ACD; 113.8mM glucose, 29.9mM trisodium 
citrate, 72.6mM NaCI, 2.8mM citric acid). The tubes were centrifuged at 3000 
rpm in a Centra IEC4 refrigerated centrifuge for 20min at 16°C to sediment the 
red and white blood cells. The plasma was aspirated off and the density 
adjusted to 1.063g/ml with NaBr (32g / 70ml of plasma). Aliquots of 24ml of 
0.9% NaCI solution containing lOmM EDTA were placed into 6  Beckman 
polycarbonate tubes and layered below this was 11.5ml of the NaBr-adjusted 
plasma. These were centrifuged in a Beckman XL70 ultracentrifuge with a 
fixed angle (70Ti) rotor at 50000 rpm for 2.5h at 16°C. This procedure 
separated the major lipoprotein classes. The tight orange bands located in the 
middle (LDL), or at the bottom of the tubes (HDL), were removed using a 
syringe and cannulae and pooled. Approximately 10ml of the pooled 
lipoprotein fractions were mixed with 6.5ml of 1.151g/ml density solution in 
25ml Beckman polycarbonate tubes. The tubes were then topped up with 
1.063g/ml density solution. Both density solutions had been degassed for 
30min and contained ImM EDTA and 20pM DTPA (metal chelators). The 
tubes were then recentrifuged, to remove any contaminating lipoprotein, at 
50000 rpm for 16h at 1G°C. The LDL located at the top of the tubes were 
removed using a syringe and then concentrated in Centriprep 100 
concentrators (Amicon) to approximately 3-4ml. Isolated lipoprotein 
preparations were sterilised with a 0 .2 2 pm filter and dialysed against several 
changes of 12.5mM-Tris (hydroxymethyl)methylamine HCI (Tris) / 
140mM-NaCI, pH 7.4. Dialysis was carried out at 4°C for 24h. The 
lipoproteins were stored at 4°C until ready for use and were no longer used 1 

week after isolation.
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2.2 PROTEIN ASSAYS

LDL protein concentration were determined using either a modification of the 
Lowry method (Schacterle & Pollack, 1973) which was undertaken at the Royal 
Free Hospital or using the Pierce bicinchonic acid (BCA) protein assay reagent 
which was undertaken at Wellcome research laboratories.

2.2.1 Lowry Method 

Lowry solution A:
Na2 C0 3  (Anhydrous): 10% w/v
NaOH: 2% w/v
Potassium Sodium Tartrate.4H20; 0.2% w/v
CUSO4 .5 H2 O: 0.05% w/v

Lowry solution B:
One volume of folins Ciocalteu's Phenol reagent to 14 volumes of distilled 
water, prepared immediately before use.

The protein standard used was BSA. A concentration range of the standard 
from zero to lOOpg in a total volume of SOOpI was added to 4ml cuvettes. LDL 
(5, 10 and 15pl samples) were made up to 500pl with distilled water. Lowry 
solution A (0.5ml) was added to the standards and samples and mixed 
thoroughly. After a period of 20min, 2ml of Lowry solution B was added and left 
at room temperature for a further 30min. The absorbance of each standard and 
sample was recorded at 650nm in a Beckman DU-65 spectrophotometer. The 
assay was performed in triplicate. A first order regression line was fitted to the 
standards from which the LDL concentration was estimated.

2.2.2 Pierce-BCA Protein Assay

The bicinchonic acid (BCA) protein assay is a sensitive method for the 
spectrophotometric determination of protein concentration. The protein 
reduces Cu2+ in an alkaline medium to produce Cu+ which reacts with two 
molecules of BCA to form a soluble purple product which absorbs at 562nm. 
This allows the spectrophotometric quantitation of protein in aqueous solution
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therefore allowing accurate total cellular protein to be measured.

The working assay reagent consisted of 50 volumes reagent A (sodium 
bicarbonate, sodium carbonate, bicinchonic acid and sodium tartrate in 0.1M 
NaOH) and 1 volume of 4% (w/v) CUSO4 .5 H2 O. A standard curve was 
prepared over the range 0-0.1 mg protein/ml using bovine serum albumin (BSA) 
dissolved and diluted in PBS. Appropriately diluted samples of protein (lOOpI) 
and aliquots of standards (lOOpI) were transferred to plastic cuvettes and 2ml 
working reagent added. Cuvettes were incubated at 370C for 30min, cooled 
under running water and the absorbance at 562nm measured within lOmin. 
Protein concentrations (pg protein/ml) were calculated from the standard curve.

2.3 MODIFICATION OF LDL

2.3.1. Acétylation

Acetylated LDL was prepared by chemical modification of native LDL in vitro by 
treating LDL with acetic anhydride (Basu et a/., 1976). LDL was diluted to 2mg 
protein/ml with saline and then an equal volume of saturated sodium acetate 
was added to bring the LDL concentration to Img protein/ml. Five aliquots of 
lOpI of 1M acetic anhydride were added over a period of 1h at 4°C. The 
acetylated LDL was then dialysed overnight against PBS / EDTA (ImM).

2.3.2. Oxidation

Transition metals catalyse the breakdown of peroxides in LDL leading to the 
propagation of further peroxidation of polyunsaturated fatty acids (PUFA) (refer 
to Chapter 1, section 1.6.2). Copper sulphate can be used in vitro to prepare 
oxLDL which exhibits many of the properties associated with cell-modified LDL 
(Parthasarathy et al., 1989).

LDL was diluted to Img protein/ml with PBS. Copper sulphate was added to 
give concentrations in the range 0-300pM and incubated at 37°C for 1 Bh. The 
preparations were dialysed against PBS/EDTA (ImM) to remove the copper 
before use. Agarose gel electrophoresis was used to determine the relative
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electrophoretic mobility of each oxidised LDL sample, and therefore helped to 
determine the concentration of CUSO4  required for optimal oxidation, to be 
used throughout the present work (see next section).

2.3.3 Agarose Gel Electrophoresis

Acétylation or oxidation of LDL results in the neutralisation of s-amino groups of 
lysine residues of apoB-100, conferring upon it a net increase in 
electronegative charge which can be detected by agarose gel electrophoresis 
(Steinbrecher, 1987) (see Chapter 1, section 1.6.2). Agarose gel 
electrophoresis was undertaken using a Paragon Lipoprotein (Lipo) 
Electrophoresis Kit which included reagents and ready made lipo-gels, 
intended for the electrophoretic separation of lipoproteins. The principle of 
electrophoresis is based upon the fact that the lipoproteins, when placed in an 
electrical field, will migrate toward one of the electrode poles (Noble, 1968).

2.3.3.1 Reagent preparation

Barbital buffer, pH 8 .6  : Contents of the buffer bottle were dissolved in 1500ml 
deionized water. The reconstituted buffer was stored in a closed container and 
was stable for up to 60 days.

Lipoprotein working stain : Paragon Lipo stain (3ml) was added to 165ml 
ethanol. To this 135ml deionized water was added while stirring continuously 
for 5-10min. The working Lipo Stain was stable for 7 days when stored in a 
closed container at room temperature.

Fixative solution ; To 180ml ethanol, 90ml of deionized water and 30ml glacial 
acetic acid were added and mixed thoroughly.

Destain solution : Ethanol (450ml) and deionized water were mixed and stored 
in a closed container at room temperature.

38



2.3.3 2 Electrophoretic procedure

The electrophoretic mobility of native and modified lipoproteins was determined 
using a Beckman Paragon system. Each compartment of the Paragon 
electrophoresis cell was filled with 45ml of the Barbital buffer (see section 
2.3.3.1). The pre-packed gel was opened and with the template applicator 
firmly sealed, 4pl of lipoprotein (1mg protein/ml native or modified LDL) was 
applied to each template slot. After allowing diffusion of the sample into the gel 
(5min) the applicator was removed and the gel was placed on the gel bridge 
assembly. The gel bridge was then inserted into the power supply. Following 
electrophoresis for 30min at 100 volts the gel was placed in fixative solution for 
5min and then dried. The gel was then processed with the following sequence: 
Lipoprotein working stain (5min), Destain solution 1 (3 dips), Destain solution 2 
(3 dips) and Destain solution 3 (5min). The gel was then allowed to dry for 
approximately 30min in the drying chamber.

2.3 3.3 Detection of lipoprotein modification by electrophoretic mobility

LDL oxidised with 0-300pM CUSO4  was analysed by agarose gel 
electrophoresis. A concentration of 50|iM CUSO4  was chosen for all 
experiments because it caused a maximal increase in electrophoretic mobility 
with no fragmentation of the lipoprotein particle (Fig. 2.1a). AcLDL showed a 
greater electrophoretic mobility than oxLDL (Fig. 2.1b). Modification of each 
LDL preparation was confirmed by this technique prior to use in all 
experiments.

2.3.4 Thin Layer Chromatography of oxidation products of LDL

Lipids were extracted from either 40pg protein native LDL or 40pg protein 
oxidised LDL by addition of 3.75ml of 2:1 (v/v) CHCIs MeOH and vortexed for 
15s (according to Bligh and Dyer, 1959). CHCI3  (1.25ml) was added and 
vortexed for 15s, followed by 1.25ml of H2 O and vortexed for 15s. The 
extraction mixture was centrifuged for 5min at 5000 rpm in a bench top 
centrifuge. The CHCI3  lower layer was transferred to a fresh tube and blown to 
dryness under N2  The lipids were reconstituted in 250pl CHCI3  and stored at 
-20°C. The extracted lipids were then loaded on Whatman K6  250p silica gel
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Fig. 2.1a Agarose gel showing the electrophoretic changes of LDL apo B-100 
treated with increasing concentrations of CUSO4 (10-300pM). Native LDL (Img 
protein/ml) was isolated and treated with the indicated concentration of CUSO4  for 
18h at 37°C. Each sample (4pl) was applied to the agarose gels and subjected to 
electrophoresis in a Beckman Paragon System (as described in Section 2.3.3.2). 
Lane 1: nLDL; Lanes 2-8; 5. 10, 50. 100, 150, 200, 300pM CuSO^-oxidised LDL
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Fig. 2.1b Agarose gel showing the electrophoretic changes of LDL apo B-100 on 
oxLDL and acLDL compared to nLDL. Native LDL (Img protein/ml) was isolated 
and treated with 50pM CUSO4  or acetic anhydride (refer to sections 2.3.1 and 2.3.2). 
Each sample (4pl) was applied to the agarose gels and subjected to electrophoresis in 
a Beckman Paragon System (as described in Section 2.3.3.2). Lanes 1&2: nLDL; 
Lanes 4&5: oxLDL and Lanes 7&8: acLDL.
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plates along with standard cholesterol, cholesteryl oleate and oxysterols 
(100pg 7-ketocholesteroi; 4pg 7-OH cholesterol; 4pg 22-OH cholesterol; 10pg 
25-OH cholesterol and 10pg 5,6 epoxycholesterol) (as described by Zhang et 
al., 1990). The plates were placed into tanks and developed in hexane- 
acetone-acetic acid 80:20:1 (v/v). Spots were visualised by spraying with 5% 
aqueous sulphuric acid, 5% acetic acid, 0.05% (w/v) FeCl2  snd heating at 
1550C for 10 min.

2.4 CULTURE OF THP-1 MONOCYTE I MACROPHAGES

THP-1 cells were routinely passaged in RPMI 1640 medium containing 
L-glutamine plus 25mM-Hepes and supplemented with 10% FBS, 
2mM-L-glutamine, penicillin/streptomycin (100 units / 100 pg/ml) and 20pM 
mercaptoethanol (Medium A) (Via at a/., 1989). Cells at an initial concentration 
of 1 X 10^ cells/ml were incubated at 37°C in a humidified atmosphere of 95% 
air, 5% CO2  until the cell concentration was approximately 1 x 10^ viable 
cells/ml (7 days).

2.4.1 Determination of cell number and viability

Cell number was determined using a haemocytometer with two counting 
chambers and a coverslip. One volume of trypan blue (1% (w/v) in phosphate- 
buffered saline) was added to one volume of cell suspension. A drop of these 
cells was drawn under the coverslip by capillary action and allowed to settle for 
Imin. The cells enclosed in the middle area represented by 25 squares were 
counted using a 40X objective. The volume occupied by these 25 squares 
represents a Imm^ area. Since the depth of the haemocytometer chamber is 
0 .1mm, the total volume represented by the Imm^ area is 0 .1  mm^ or 1x1 0 "^ 
ml. Therefore the number of cells per ml can be represented by the following 
equation :

Number of cells/ml = n x 10^ x dilution

Viable cells exclude the trypan blue and non-viable cells are stained blue. The 
percentage viability is calculated from the following equation :
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%Viability = (Number of viable cells/Total number of cells) x 100

The growth curve for THP-1 cells, for a culture initiated at a cell concentration 
of 1x10^ viable cells/ml is shown in Fig. 2.2. The cell doubling time during the 
logarithmic phase of growth was 24h with a 24h lag phase (Fig. 2.2). Cells 
reached a concentration of 1x10® cells/ml in the plateau phase (7 days) and 
retained greater than 98% viability. Routine passage was required at this 
stage for monocytes to continue proliferating. This involved dilution of the cells 
after 168h of growth (approximately 1x1 0 ® viable cells/ml) by a factor of ten into 
RPMI 1640 medium (Medium A-see section 2.4).

2.4.2 Differentiation of THP-1 monocytes to macrophages

In order to differentiate THP-1 monocytes to macrophages, 1x10® cells were 
seeded into 6 -well Falcon plates in medium A with Hepes omitted (Medium B). 
At this stage the monocytes were small, regular and round in shape (Fig. 2.3a). 
The phorbol ester PMA was made up as a stock solution of 1 mM in dimethyl 
sulphoxide (DMSO) and diluted in PBS to lOpM. The PMA was added to the 
medium in PBS (Via et a/., 1989) to a final concentration of 25nM (0.05% 
DMSO) and the cells were incubated for 7 days in a humidified incubator of 95 
air, 5% CO2  at 37°C. The medium was aspirated and replaced with medium of 
the same composition every 2-3 days. Over the 7 day incubation the cells 
became adherent to the culture plates, increased in size and became flat and 
amoeboid in shape (Fig. 2.3b). These differentiated cells were then washed 
three times with PBS and then incubated in medium B in which FBS was 
replaced by 0.2% BSA (Medium C) for 24h. At this stage the cells were ready 
for experimentation.

2.5 INCORPORATION OF [14q  OLEATE INTO CHOLESTERYL ESTERS

Acyl-coenzyme A: cholesterol acyltransferase (ACAT) is an intracellular 
enzyme that catalyses the conjugation of long chain fatty acids and cholesterol 
to form cholesteryl esters (Stokke and Norum, 1970) (refer to Chapter 1, 
section 1.7.2). Experimentally, the formation of cholesteryl esters can be
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Fig. 2.2 Growth curve for THP-1 cells. Cells were seeded at an initial concentration 
of 1x10^ cells/ml. Cell counts were made using a haemocytometer and cell viability 
assessed by trypan blue exclusion at the times shown. Results are the mean+S.D. of 
three separate experiments performed in triplicate.
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B.

Fig. 2.3 Morphology of cultured THP-1 cells in the presence or absence of PMA.
Photographs show THP-1 cells cultured (A), in the absence (magnification x80) or (B). 
in the presence (magnification x180) of PMA (25nM) over a period of 7 days. Cells 
were cultured as described in Section 2.4.
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demonstrated in vitro by measuring the incorporation of oleate into 
cholesteryl esters (Goldstein et a/., 1979). The cholesterol substrate for this 
reaction may be derived from endogenous cholesteryl esters in LDL or by 
direct addition of oxysterols. Cells were therefore incubated with ["*^0] oleate 
plus the appropriate substrate (nLDL, oxLDL, acLDL or oxysterols) and the 
incorporation of radiolabel into cholesteryl esters measured.

2.5.1 Preparation of [I^CJoleate label

BSA (12g) was added to 35ml of 150mM-NaCI in SOmM-Tris HCI, pH 7.4, 
(solution 1), in 2g aliquots over a 5h period, stirring continuously at room 
temperature. The pH was adjusted to 7.4 with 5M NaOH and the volume made 
up to 50ml with solution 1. This was stored at -20°C until required (Solution 2).

Oleic acid (90mg) was dissolved in 2ml ethanol plus lOOpI 5M-NaOH. This 
solution was dried under nitrogen and 10ml of solution 1. added. This was then
heated to 60°C for 3-5min and then 12.5ml ice-cold 24% BSA in solution 1/
added and the resulting solution was stirred rapidly for lOmin. The volume was 
adjusted to 25ml and stored at -20°C until required (Solution 3). An aliquot of 
250pCi [**^C] oleic acid (50-60mCi / mmol) was dried under nitrogen and then 
resuspended in 4.35ml solution 3. To this 0.8ml solution 2 plus 0.8ml solution 
1 were added and stirred gently for 4-6h at room temperature. This solution 
(solution 4) was stored at -20°C in 1 ml aliquots in glass vials.

2.5.2 Incubation of cells with [14c]oleate

Adherent macrophages (see section 2.4.2) were incubated with varying 
concentrations (25-150pg protein/ml) of native LDL, oxidised LDL, acetylated 
LDL or HDL. Alternatively, the macrophages were incubated with oxidation 
products of LDL (refer to Chapter 1, section 1.6.2) over a concentration range 
of 1 0 -8  to 2x1Q-8m. These were oxysterols (7p-0H cholesterol, 22-OH 
cholesterol, 25-OH cholesterol, 5,6-epoxycholesterol or 7-ketocholesterol), 
lysophosphatidylcholine, cumene hydroperoxide, 13-HPODE or 15-HPETE. 
These compounds were added to 1 ml of medium C (refer to section 2.4.2) but 
with 0.8% BSA (medium D) and with lOpI / well [^^C] oleate-BSA complex 
(solution 4, section 2.5.1). The incubation was carried out at 37^0 in a
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humidified incubator of 95 air, 5% CO2 for 24h.

2.5.3 Preparation of [^H] cholesteryl oleate internal standard

Cholesteryl oleate (50mg) was dissolved in 10ml of chloroform:methanol (1:2) 
with 50mg oleic acid and 56|j| triolein. To this I O j j I  of [ ^ H ]  cholesteryl oleate 
was added. This stock solution was stored at -A^O until required for use (see 
section 2.5.4).

2.5.4 Lipid extraction

Cells were washed three times with 2ml PBS. PBS (1ml) was placed into each 
well and the cells were dislodged by scraping with a cell lifter (Costar). Each 
1ml aliquot was removed by glass pipette and placed into a glass culture tube 
(12 X 100 mm). Samples were vortexed for 15s and lOOpI removed for a 
protein determination; this was replaced with lOOpI PBS. Samples were then 
subjected to lipid extraction with chloroform/methanol (Bligh & Dyer, 1959) after 
addition of the internal standard [^H] cholesteryl oleate (lOpI) (section 2.5.3). 
The chloroform layer (2ml) was dried down under nitrogen. Dried samples 
were resuspended in 50pl cholesteryl oleate and loaded onto Whatman LK5D 
thin layer chromatography plates, developed using petroleum etherdiethyl 
ether:acetic acid (90:5:0.5) and visualised using iodine. Each isolated 
cholesteryl oleate fraction was scraped from the plate, placed in glass vials 
with 5ml scintillation fluid. The content of and 1^C radioactivity was 
determined for each sample and standards of and 1^C by dual-label 
scintillation counting using a Beckman scintillation counter.

2.6 FLOW CYTOMETRY

2.6.1 Principles of Flow Cytometry

Flow cytometry is a technique that can not only count and size particles, but 
can rapidly quantitate multiple physical and biological properties on a large 
number of individual cells. Therefore, in contrast to other biomedical
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techniques that generally give averages over large numbers of cells, the flow 
cytometer measures individual cells in large numbers.

In the flow cytometer, cells in suspension are forced by air pressure from the 
specimen container, through a sample tube and into a special chamber (flow 
chamber) (Fig. 2.4). It is the special geometry of the flow chamber and a fast- 
moving stream of cell-free fluid (sheath fluid) that force the cells into single file 
to the centre of the stream, (hydrodynamic focusing). The cells then interact 
with an intense beam of a high intensity light source, a LASER, which is 
precisely focused on the cells (the detection zone). LASERS (Light 
Amplification by Stimulated Emission of Radiation) emit very bright, stable, 
monochromatic, parallel light with high power output.

Interaction of the cells with the light beam may scatter some of the light and/or 
result in the excitation of fluorescent molecules present on the surface or 
interior of the cell. A series of lenses placed around the detection zone collect 
the scattered light and pass it to photomultiplier tubes which convert the optical 
signals to electrical pulses, which are proportional to the amount of scattered or 
fluorescent light (Fig.2.5 shows the optic and detector set up for the EPICS 
ELITE flow cytometer used in the present study). For the analysis of 
fluorescent signals, optical filters (used to focus the laser beam) which consist 
of dye molecules that absorb some wavelengths and passes light of other 
wavelengths, are used to remove light at the incident wavelength and pass only 
fluorescent light of the desired wavelength. The electrical signals generated by 
the photodetectors are amplified and passed to a computer for conversion 'to 
digital form.

The laser light scattered at different angles yields information about cells size 
(forward angle scatter) and the light reflected from the cell surface and internal 
structures corresponds to internal granularity of the cell (side angle scatter). 
The flow cytometer may also have photodetectors capable of measuring green 
fluorescence (525nm) and red fluorescence (575nm). Data are displayed in a 
number of ways. A '2-Parameter Histogram' also known as a 'Dot Plot' is the 
simplest form of data display. Each 'dot' on the screen represents a single cell. 
The X- and Y-axes of the display are chosen for the parameters of interest. 
Dot plots of forward angle scatter and side angle scatter are used to determine 
the number and physical properties of each population in a cell suspension. 
Populations of cells of interest are analysed by placing a 'gate' around the
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Fig. 2.4 Close up of a flow chamber on a flow cytometer. Cells in suspension are 
forced by air pressure into the flow chamber. Cells are drawn into the sheath fluid by 
laminar flow. The speed of the sheath fluid and the special geometry of the flow 
chamber, force the cells into single file. Cells then interact with the laser beam (refer 
to section 2.6.1).
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Fig. 2.5a EPICS ELITE flow cytometer used in the present study for the analysis 
of cells.

OPTICS AND OETECTOm SET UP OF EPJOS ELITE FLOW CYTOMETER

•wrest nrrvihw

Fig. 2.5b Optics detector set up of the EPICS ELITE flow cytometer.
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cells. Cells outside the gate are excluded of further analysis thus allowing 
detection of a homogenous population of cells. During analysis of a 
fluorescent signal, a histogram (cell number v's fluorescent intensity or channel 
number) is generated. For example, the fluorescent dye in the cell is excited 
by the laser light causing emission of a fluorescent signal which is collected by 
optics and converted to an electrical pulse by the PMTs. The height of the 
pulse is proportional to the amount of fluorescent light, the amount of dye in the 
cell and the amount of material being measured. A fluorescent histogram is 
generated expressing the fluorescent intensity on either a log or linear scale.

2.6.2 Measurement of Oil-labelled lipoprotein uptake into THP-1 
macrophages by Flow Cytometry

Uptake and internalisation of LDL into macrophages was measured with a 
labelling procedure using the fluorescent compound 3,3'- 
dioctadecylindocarbocyanine (Dil) (Pitas et a/., 1983). Dil is a lipophilic, 
fluorescent probe that intercalates into the surface monolayer of lipoproteins 
(Suzuki et al., 1990) (explained in more detail in Chapter 5). The flow 
cytometer can be used for the quantitative measurement of accumulation of Dil- 
labelled lipoproteins into macrophages.

2.6.2.1 Preparation of Dll-labelled LDL

LDL was isolated as described previously (section 2.1). KBr adjusted plasma 
was centrifuged using a vertical wall rotor (VTiSO) in a Beckman L8-70M at 
50,000 rpm for 2.5h at 16^0. The LDL band was removed (approx. 9mI/tube) 
using a syringe and cannulae and centrifuged in Amicon filters at 2600 rpm at 
20°C for 15min. Centrifugation was repeated until the LDL was concentrated 
to approximately 8 mg/ml. The LDL was filtered through 0.8/0.2pM Acrodisc 
filters (Gelman Sciences) and then desalted by passage through a PD10 
column (Pharmacia). After protein determination (BCA Protocol, section 2.2.2) 
the LDL was diluted to Img protein/ml. A solution of Dil (15mg/ml in DMSO) 
and the LDL were warmed to 37°C, then lOpI (ISOpg) Dil per mg LDL protein 
was added and incubated at 37°C for 18h. The labelled-LDL was centrifuged 
at density 1.063g/ml for 1h at 100,000 rpm in a Beckman TL100 centrifuge to 
remove any unincorporated Dil. After desalting again through a PD10 column.
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sterile filtering using a 0.8/0.2(iM Acrodisc filter, and determining the protein 
concentration, the labelled LDL was incubated with the THP-1 cells (see 
section 2.G.2.3).

2.6 2.2 Fluorometric analysis of Dll-labelled LDL

To allow comparisons between results for different Dil labelled LDL, it was 
necessary to determine the amount of Dil incorporated into the LDL particle per 
mg protein. Standard solutions of Dil were prepared in chloroform with a 
concentration range of 10-1000ng/ml. Fluorescence was determined in a 
Perkin Elmer Model LS-5 spectrofluorometer with excitation and emission 
wavelengths set at 520 and 578nm, respectively. An aliquot of lOOpI Dil- 
labelled LDL was extracted using chloroform/methanol by the Bligh and Dyer 
technique as described previously for lipid extraction (refer to section 2.5.4). 
The fluorescence of the chloroform layer was determined as described above. 
The specific activity of Dil-LDL was then calculated as the amount of Dil (ng) 
incorporated into 1 pg of LDL.

2.6 2.3 Preparation of cells for Flow Cytometry

THP-1 macrophages cultured in the presence of PMA for 7 days (as described 
in section 2.4) were incubated with the indicated concentration of Dil-labelled 
lipoprotein for a period of 24h. The macrophages were washed twice in PBS 
and then fixed with 1% paraformaldehyde. The cells were lifted from the dish 
with a single stroke of a cell lifter (Costar) and transferred to microcentrifuge 
tubes. Following thorough mixing to prevent the formation of cell clumps the 
cells were examined under light microscopy. If clumps were still present, the 
sample was passed through a 33pm filter (Spectrum, Los Angeles, CA) in a 
Swinnex holder (Millipore).

2 6.2.4 Flow cytometric analysis

Flow cytometric analysis of THP-1 cells was performed using an Epics Elite 
flow cytometer (Coulter, Hialeah, FL as shown in Fig.2.5), equipped with a 
15mW, 488nm argon laser (Cyonics model 2201, San Jose, CA). Data
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acquisition was performed with software provided by Coulter. Forward angle 
light scatter, side angle light scatter and fluorescence intensity were collected 
for each separate probe and stored as Listmode data files. Cells were gated 
on forward scatter (FS) and side scatter (SS) at 488nm using linear 
amplifications: fluorescence emissions for Dil were collected above 520nm 
using a 520nm long pass filter (Glen Spectra, Middlesex). Analysis was 
performed on 5000 gated events at a data rate of 80-100 cells per second for 
each sample. The mean fluorescence intensity of unlabelled cells 
(autofluorescence) was set to a basal fluorescence value of 1 .0  (arbitrary 
units). Fluorescence intensity data were collected on a three decade log scale 
and the mean fluorescence of each cell sample was determined by linear 
gating using standard instrument software.

2.6.3 Analysis of cell viability using flow cytometry

Cytotoxicity can be measured on a per cell basis using the flow cytometer and 
two fluorescent probes, fluorescein diacetate (FIDiAc) which measures viable 
cells and propidium iodide (PI) which measures non-viable cells (Talbot et al., 
1987) (described in detail in Chapter 4).

2.6.3.1 Cell staining

THP-1 macrophages were incubated for a period of 24h with nLDL, oxLDL or 
oxidation products of LDL (oxysterols, lysophosphatidylcholine, 15-HPETE or 
13-HPODE). The cells were then incubated for a period of lOmin at 37^C with 
1 ml trypsin/ EDTA causing the cells to lift from the growth surface. PCS (lOOpI) 
was added and the cells were then transferred to micro centrifuge tubes. 
FIDiAc stock solution was made up by dissolving 5mg of FIDiAc in 2ml of 
DMSO. The Pi stock solution was prepared by dissolving 1 mg of PI in 1 ml of 
distilled water. The fluorescent probes PI (25pl) and FIDiAc (Ipl) were then 
added to the cells, mixed and left for 5min before analysis by flow cytometry.

2.6.3 2 Flow cytometric analysis

Analysis of the cells by flow cytometry was performed using an Epics Elite flow

52



cytometer (Coulter, Hialeah, FL), as described previously (section 2.6.2.4) with 
a 15mW, 488nm argon laser (Cyonics model 2201, San Jose, CA). Forward 
angle light scatter, side angle light scatter and fluorescence intensity were 
collected for each separate probe and stored as Listmode data files. Cells 
were gated on forward scatter (FS) and side scatter (8 8 ) at 488nm using linear 
amplifications. Fluorescence emissions for PI (dead cells) and FIDiAc (viable 
cells) were collected using a 550nm dichroic long pass filter together with a 
625nm band pass filter and a 525nm band pass filter. Thus fluorescent 
emissions for PI were collected above 625nm and for FIDiAc above 525nm. 
Analysis was performed on 5000 gated events at a data rate of 80-100 cells per 
second for each separate sample. The mean fluorescence intensity of 
unlabelled cells (autofluorescence) was set to a basal fluorescence value of 1 .0  

(arbitrary units). Fluorescence intensity data were collected on a three decade 
log scale and plotted as a two parameter histogram (explained in detail in 
Chapter 4, section 4.2.2 and illustrated in Fig. 4.1). The number of viable and 
non-viable cells could then be quantitated.

2.7 ANALYSIS OF CELL VIABILITY BY MEASURING LACTATE 
DEHYDROGENASE RELEASE FROM THP-1 MACROPHAGES

Lactate dehydrogenase (LDH) is a cytosolic enzyme which catalyses the 
conversion of pyruvate to lactate with the parallel conversion of reduced 
nicotine adenine dinucleotide (NADH) to its oxidised form, NAD+. When cells 
die, they release LDH into the surrounding medium. The levels of LDH in the 
medium can then be assessed by the CytoTox 96 Assay (Promega) which 
quantitatively measures LDH released upon cell lysis into the medium. 
Released LDH in culture supernatants is measured with a 30min coupled 
enzymatic assay which results in the conversion of a tétrazolium salt (INT) into 
a red formazan product (Korzeniewski and Callewaert, 1983). The amount of 
colour formed is proportional to the number of lysed cells. Visible wavelength 
absorbance data are collected using a standard ELI8 A plate reader.

The general chemical reactions of the CytoTox 96 Assay are as follows:

NAD+ + lactate LDH  ̂ pyruvate + NADH 

NADH + INT Diaphorase  ̂ NAD"*" + formazan(red)
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2.7.1 Assay procedure

Assays for cytotoxicity were carried out according to the method of Decker and 
Lohmann-Matthes (1988) using the CytoTox 96 protocol and kit (Promega). 
THP-1 macrophages were incubated with the indicated concentration of either 
nLDL, oxLDL or oxidation products (oxysterols, lysophosphatidylcholine, 
15-HPETE or 13-HPODE) in RPMI 1640 culture medium (Medium B-refer to 
section 2.4.2). After incubation in a humidified incubator of 95% air, 5% CO2  

at 3 7 0 c  for 24h the medium from each well was transferred to 1ml eppendorf 
tubes and centrifuged in a bench top micro-centrifuge at 1000 rpm for 5min. 
Aliquots of medium (50pl) from all the wells were transferred to a fresh 96 well 
flat bottom (enzymatic assay) plate. The phenol red in culture medium can 
contribute to background fluorescence using the CytoTox 96 Assay and 
therefore a culture medium control was included for background correction. 
Another important control to use with this assay is the total release of LDH by 
lysing the cells with lOpI of lysis solution (0.8% Triton X). Assay buffer (12ml) 
was thawed to room temperature and added to one bottle of the Substrate Mix. 
This was inverted and shaken gently to dissolve the Substrate Mix and then 
50^1 added to each well of the assay plate (containing samples and controls). 
The plate was then covered with foil to protect it from light and incubated for 
30min at room temperature. Stop solution (50pl) was then added to all wells 
and the absorbance measured at 492nm with a plate reader.

2.7.2 Calculation of results

The average absorbance values from the culture medium background control 
were subtracted from all absorbance values. The corrected values obtained 
were used to calculate percentage cytotoxicity for each compound tested.

% Cytotoxicity = Absorbance X 100
Total LDH release

54



2.8 STATISTICAL ANALYSIS

All experiments were performed at least three times, each sample in triplicate. 
Averages were expressed as mean ± SEM. Statistical significance was 
analysed by Students T-test. A significant difference between values were 
considered statistically significant at p<0.05.
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CHAPTER 3

EFFECTS OF OXIDATION PRODUCTS ON 
CHOLESTEROL ESTERIFICATION
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Chapter 3: Effects of oxidation products on cholesterol estérification

3.1 Introduction

The involvement of oxidised LDL in the initiation and progression of 
atherosclerosis is now well established. A number of studies have 
demonstrated that both oxLDL and acLDL are avidly taken up by macrophages 
via scavenger receptor(s), which are not subject to down regulation, and thus 
result in massive cholesteryl ester accumulation within the cells (Goldstein et 
al., 1979; Steinberg et al., 1989; Koren et al., 1990). However, oxLDL have 
been shown to cause less cholesteryl ester accumulation than acLDL (Roma et 
al., 1990; Zhang et al., 1990; Maor and Aviram, 1994). Oxidation of LDL is 
accompanied by a substantial reduction (approximately 50%) in LDL total 
cholesterol, due to the formation of oxysterols (Zhang et al., 1990). However 
even after correction for the amount of intact cholesterol delivered to the cells, 
acLDL were found to be two times more efficient at stimulating cholesterol 
estérification than oxLDL in mouse peritoneal macrophages (Zhang et al., 
1990). It is possible that the products of LDL oxidation could be responsible for 
the reduced ACAT activity of oxLDL in comparison to acLDL.

The major changes that LDL undergo upon oxidation causing changes to their 
structure and composition are loss of polyunsaturated fatty acids (Steinbrecher 
et al., 1984), hydrolysis of phosphatidylcholine to lysophosphatidylcholine 
(lysoPC), fragmentation of apolipoprotein B-100 (Fong et al., 1987) and a 
decrease in esterified cholesterol resulting in the formation of oxidised 
derivatives of cholesterol (Schuh et al., 1978; Tanaka and Kanamaru, 1993; 
Zhang et al., 1990). Many different products are formed as a result of LDL 
oxidation (see Chapter 1, section 1.6.2). At least thirty oxidation products of 
LDL have been identified (Smith, 1981; Esterbauer et al., 1988) some of which 
are shown in Table 1.2, Chapter 1.

In recent years attention has been focused on the biological properties of the 
oxysterols (reviewed by Smith and Johnson, 1989 and Peng et al., 1991). 
Oxygenated sterols display a wide spectrum of biological activity, including 
immunological effects, and can be found in the blood and many other tissues 
(Smith, 1981; Smith, 1987). Moog et al. (1990) reported a strong inflammatory 
response when a combination of 25-OH and 7p-0H cholesterol were injected
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intraperitoneally into mice. They demonstrated a massive influx of 
macrophages and neutrophils into the abdominal cavity. A similar inflammatory 
response induced by oxysterols was reported in 1982 by Baranowski et al. in 
the rat. Oxidatively modified LDL (or one of its components) have been shown 
to stimulate monocyte recruitment thus contributing to atherogenesis (Quinn at 
al., 1987). Oxysterols are also cytotoxic (as described in Chapter 4) and 
angiotoxic (toxic alteration of aorta) (Peng and Taylor, 1984) and certain 
oxysterols may also be carcinogenic or mutagenic (Addis, 1986). Oxysterols 
have been shown to be injurious to the endothelium both in vitro and in vivo 
(Peng at ai., 1991). This may disrupt endothelial integrity resulting in alteration 
of the barrier function of the vascular endothelium and allowing increased 
penetration of plasma components, such as LDL. Therefore, oxysterols have 
detrimental effects on cells of the arterial wall which could be implicated in 
mechanisms leading to atherosclerosis (Guyton at ai., 1989).

Oxysterols have also been reported to be highly active in the control of sterol 
biosynthesis (Goldstein and Brown, 1984; Taylor at ai., 1984; Saucier at ai., 
1985). A number of oxysterols suppress HMG CoA reductase activity, the rate 
limiting enzyme in cholesterol biosynthesis, (Brown at ai., 1974) and could 
therefore decrease rates of cholesterol biosynthesis even in the absence of 
feedback regulation by cholesterol itself. In fact, in cultured fibroblasts a 
variety of oxysterols, including 7-(a and P)OH cholesterol and 7-keto 
cholesterol, were four times more effective in inhibiting endogenous sterol 
synthesis than cholesterol itself even though relatively large amounts of 
cholesterol accumulated intracellularly (Kandutsch and Chen, 1973). Many 
studies have been concerned with the effects of oxysterols on the biosynthesis 
of cholesterol and more specifically on HMG CoA reductase activity (reviewed 
by Peng at ai., 1991). Less attention has however been directed towards the 
effects of oxysterols on LDL metabolism. Oxysterols (25-OH cholesterol and 
7-keto cholesterol) have been reported to stimulate ACAT in fibroblasts (Brown 
at ai., 1975) whereas in cultured mouse peritoneal macrophages oxysterols 
had either a modest stimulatory or inhibitory effect on ACAT (Zhang at ai., 
1990).

Oxidation of LDL also causes an extensive conversion of phosphatidylcholine 
to lysophosphatidylcholine (lysoPC). In oxLDL, 10-20 fold higher 
concentrations of lysoPC have been shown compared to nLDL (Yokoyama at 
ai., 1990). A major role of lysoPC is its involvement in chemotactic
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mechanisms recruiting monocytes to sites of lesion formation during 
atherogenesis (Quinn et a/., 1987), thus indicating that lysoPC can exert 
biologically active properties in vivo.

Hydroperoxy fatty acids are formed by oxidation of the major unsaturated fatty 
acids in LDL and may play a role in the initiation and progression of an 
atherosclerotic plaque (Mathur and Field, 1987). Oxidation of human LDL with 
20pM CUSO4  results in very large increases in the major monohydroxy 
derivatives of linoleic acid (9- & 13-hydroxy derivatives) and arachidonic acid 
(5-, 8 -, 9-, 11-, 12-, & 15-hydroxy derivatives) in the LDL lipids (Wang at al.,
1992). Lipoxygenase catalysed oxidation of LDL results in the formation of 
oxygenated polyenoic fatty acids (13-HPODE & 15-HPETE) (Belkner at a/.,
1993).

The present study confirmed the reduced effect of oxLDL on cholesteryl ester 
accumulation and investigated whether the oxidation products of LDL might be 
responsible for the lower incorporation of ['^^Cjoleate into cholesteryl 
['•^Cjoleate. The oxysterols, 7-keto cholesterol, 7p-0H cholesterol, 22-0H 
cholesterol, 25-OH cholesterol and 5,6-epoxy cholesterol have been shown by 
others to cause both modest inhibition and stimulation of ACAT in mouse 
peritoneal macrophages (Zhang at al. 1990). These oxysterols were therefore 
tested in the human monocytic cell line THP-1. In addition, cumene 
hydroperoxide, lysoPC, or lipid hydroperoxides namely 13-HPODE and 
15-HPETE were tested for inhibition of ['^^Cjoleate estérification by ACAT.
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3.2. Results

3.2.1 Accumulation of cholesteryl [^^C]oleate in THP-1 macrophages 
loaded with native, oxidised or acetylated LDL or HDL

Incorporation of [1^C]oleate into cholesteryl esters has been studied in the 
presence of different exogenously added lipoproteins in the concentration 
range 10 to ISOpg/ml protein (Fig. 3.1). Estérification is expressed as 
nanomoles of cholesteryl [^^Cjoleate formed per mg of total cell protein/24h. 
The presence of HDL (10-150pg/ml protein) in the extracellular medium did not 
lead to the incorporation of ['l^cjoleate into cholesteryl ester. AcLDL resulted 
in the highest accumulation of newly synthesised cholesteryl oleate. The 
maximum incorporation was 6.69nmol ['•^cjoleate incorporated/24h per mg of 
LDL protein. In contrast, this accumulation was not achieved in the presence 
of nLDL. Rather, the maximum incorporation was 4.1 nmol ['^^Cjoleate 
incorporated/24h per mg protein. Therefore addition of unmodified LDL to the 
medium over the same concentration range as acLDL also caused cellular 
cholesteryl ester formation, but to a lesser extent than that observed with 
acLDL. When oxLDL was added there was less cholesterol estérification than 
with acLDL over the same concentration range. The rate of oleate 
incorporation into the THP-1 cells in the presence of oxLDL was 4.52nmol 
['^^CJoleate incorporated/24h per mg protein, comparable to that in the 
presence of nLDL. The possibility that the reduced cholesteryl ester 
accumulation in the presence of oxLDL compared to acLDL was due to 
inhibition of ACAT by the products of LDL oxidation was investigated.

3.2.2 Thin Layer Chromatography of oxidised LDL

The composition of lipids extracted from nLDL compared to lipids extracted 
from oxLDL was analysed by TLC (Fig. 3.2). Oxidised lipids illustrated a loss of 
esterified cholesterol (migration position labelled CE) and revealed multiple 
new bands that co-migrated with the five reference oxysterols used (7-keto 
cholesterol, 7p-0H cholesterol, 22-OH cholesterol, 25-OH cholesterol and 5,6- 
epoxy cholesterol). The loss of esterified cholesterol was not quantitated by 
densitometry or GLC, but nevertheless visual analysis alone detected a 
decrease in cholesteryl ester content. Quantification of the loss of cholesteryl
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esters, on a per mg protein basis by densitometry has previously been 
demonstrated (Meyer, 1994).

3.2.3 Effect of oxysterols on cholesteryl ester accumulation

Each oxysterol was incubated with the THP-1 cells for 24h in the presence of 
[1^C]oleate (as described in the Materials and Methods, section 2.5). The 
accumulation of cholesteryl [1"^C]oleate when the different oxysterols were 
added at increasing concentrations are shown in Fig. 3.3. The amount of ester 
formed was clearly increased by the oxysterols tested, which indicates that the 
oxysterols themselves could have been acting as substrates for ACAT or 
causing the release of endogenous cholesterol from membranes to act as a 
substrate. The most significant effect on estérification was seen with 25-OH 
cholesterol which began to show an increase in cholesteryl ester synthesis at a 
concentration of 10~^M. Maximal incorporation of ['^^CJoleate was observed at 
a concentration of lO'^M which suggests that maximal cholesteryl ester 
synthesis was reached at this extracellular concentration of 25-OH cholesterol. 
The maximum cholesteryl ester synthesis under these conditions was 
11.07nmol [1^C]oleate incorporated/24h per mg protein.

Three oxysterols (22-OH, 7-keto and 5,6-epoxy cholesterol) all reached a 
maximal cholesteryl ester synthesis of between 4 and 5nmol [1"^C]oleate 
incorporated/24h per mg protein. Concentrations between 10"®M and 10~®M 
showed no significant increase in incorporation but from 10’^M incorporation of 
oleate into cholesteryl ester increased. The oxysterol 7p-0H cholesterol had 
little effect on the incorporation of ['•^CJoleate into cholesteryl esters when 
THP-1 cells were exposed for 24h to concentrations of up to 2x1 Cĥ M.

3.2.4 Inhibition of ACAT activity with the potent inhibitor 447088

The ACAT inhibitor 447C88 was incubated with the THP-1 macrophages in the 
presence of a fixed concentration of each oxysterol and the incorporation of 
['*^C]oleate into cholesteryl [^^Cjoleate determined. Before using this ACAT 
inhibitor it was necessary to first determine the IC50 of the compound in the 
presence of oxidised LDL. Fig. 3.4. shows the accumulation of cholesteryl 
['*^C]oleate when the THP-1 macrophages were incubated with oxLDL and
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above the maximum estérification observed in the presence of 25-OH 
cholesterol alone.



increasing concentrations of 447C88, thus representing an inhibition curve. 
The IC50 value was 102.3nM and therefore the concentration used for further 
experiments with 447C88 was 1pM, a value ten times the IC50 value, to give a 
80-90% inhibition of ACAT. At this concentration (1pM), 447088 inhibited ester 
accumulation in the presence of each individual oxysterol by 60-87% (Fig. 3.5) 
confirming that cholesteryl ester accumulation in the presence of each 
oxysterol was a result of ACAT activity.

3.2.5 Cholesteryl ester accumulation with oxysterols In the presence of 
native or acetylated LDL

Oxysterols were incubated with THP-1 cells for 24h in the presence of native or 
acetylated LDL, to determine whether the oxysterols cause any inhibitory or 
stimulatory effects on cholesterol estérification induced by the cholesterol from 
the extracellularly added substrates. Results in Fig.3.6a show the effect of 
increasing concentrations of 25-OH cholesterol in the absence or in the 
presence of either nLDL (lOOpg protein/ml) or acLDL (lOOpg protein/ml). The 
maximum accumulation of cholesteryl ester in the presence of 25-OH 
cholesterol alone was 11.07nmol/mg cell protein per 24h at an extracellular 
sterol concentration of 10'^M. At this same concentration in the presence of 
nLDL or acLDL, the maximum rates of estérification were 11.96 and 10.03nmol 
ester synthesised/mg protein per 24h respectively. The incorporation of 
['^^Cjoleate into ester in the presence of nLDL with no oxysterol present was 
2.28nmol/mg protein per 24h. Therefore the increased estérification observed 
when 25-OH cholesterol was incubated with nLDL may be due to additive 
effects of the two substrates rather than to any activation on the enzyme ACAT. 
Alternatively, 25-OH cholesterol may be causing the release of membrane 
cholesterol which in turn could act as a substrate for ACAT or indeed cause 
activation of the enzyme. The incorporation of ['•^CJoleate into cholesteryl 
ester in the presence of acLDL was 6.29nmol/mg cell protein per 24h. 
However in the presence of lO'^M 25-OH cholesterol, no increase in the 
estérification was observed^rather the value of ['^^Cjoleate accumulation was 
10.03nmol/mg protein per 24h. This may indicate that the enzyme was 
saturated at the extracellular concentration of 10‘ ^M 25-OH cholesterol.

As shown in Figs. 3.6b, c and d, 22-OH cholesterol, 7-keto cholesterol, and 
5,6-epoxy cholesterol also resulted in this similar pattern of ['l^CJoleate
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incorporation. With 7-keto cholesterol the maximum rate of estérification was 
6.18nmol/mg protein per 24h and in the presence of nLDL or acLDL rates were 
12.17 and 11.30nmol/mg protein per 24h respectively. An additive effect of the 
two substrates reaching a maximal incorporation of cholesteryl esters at around 
11 nmol/mg protein per 24h may again be occurring (as mentioned in section 
3.2.5). The oxysterol, 5,6-epoxy cholesterol in the presence of acLDL however 
did not increase estérification achieved with acLDL alone (Fig. 3.6d). In the 
case of 7P-0H cholesterol no significant estérification by ACAT was observed 
with the oxysterol alone. In addition there was no increase in estérification 
when this oxysterol was incubated with either nLDL or acLDL (Fig. 3.6e).

The effect of the oxysterols on estérification in the presence of a smaller 
concentration of lipoprotein (native or acetylated; 5pg/ml) was also investigated 
because modest inhibitory and stimulatory effects at this concentration have 
been observed previously (Zhang et a/., 1990). The results again show that the 
estérification may be due to an additive effect of the two substrates causing 
estérification in the presence of oxysterol and lipoprotein (Fig. 3.7). In contrast 
to the studies of Zhang at al., 1990, no inhibitory effects were observed.

3.2.6 Additional products of LDL oxidation

The effects of additional products of LDL oxidation namely lysoPC, 13-HPODE 
and 15-HPETE and also the synthetic hydroperoxide, cumene hydroperoxide, 
were investigated on the accumulation of cholesteryl esters induced by nLDL or 
acLDL. These oxidation products are thought to contribute to atherogenesis 
(refer to Chapter 1, section 1.6.2 and to the introduction of the present 
chapter). Neither lysoPC, cumene hydroperoxide, 13-HPODE (a linoleic acid 
product) or 15-HPETE (an arachidonic acid product) stimulated estérification of 
cholesteryl esters by ACAT when incubated with the THP-1 macrophages on 
their own. LysoPC over the concentration range 10"®M to 2x10‘ ^M caused no 
significant increase in estérification in the presence of nLDL, acLDL or 25-OH 
cholesterol (Table 3.1). Similarly, cumene hydroperoxide over the same 
concentration range exhibited no significant change to the estérification in the 
presence of nLDL, acLDL or 25-OH cholesterol (Table 3.2).

The two hydroperoxy acids 13-HPODE and 15-HPETE at the three 
concentrations tested (within the range 1 0 "8  to 2x10‘ ^M) exhibited no
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significant change when estérification was induced by nLDL. However when 
estérification was induced by acLDL, a 45% decrease in the incorporation of 
['^^Cjoleate into cholesteryl ester was observed with 13-HPODE and a 53% 
decrease was observed with 15-HPETE at a concentration of 2x10’^M (Table 
3.3).
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Fig. 3.1 Effects of lipoproteins (native, oxidised, acetylated LDL and HDL) on the 
Incorporation of ['^^CJoieate Into cholesteryl esters In THP-1 macrophages. Cells 
were incubated with increasing concentrations of the indicated lipoprotein for a period 
of 24h in RPMI 1640 medium containing 0.2% BSA. Cell lipids were then extracted, 
the cholesteryl esters separated by TLC and then analysed for the incorporation of 
['•^C] oleate into cholesteryl ['^^CJoleate by liquid scintillation counting (as described 
in Materials and Methods). Each result is the mean±S.D. of three separate 
experiments performed in triplicate. ^Significant difference compared with values for 
oxLDL, p<0.05.
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FIg. 3.2 Thin layer chromatography of sterols in oxLDL. Lipids were extracted 
from nLDL and from oxLDL and separated on silica gel G using hexane-acetone- 
acetic acid SC 20.1 (v/v) vas described in Materials and Methods), Cholesterol and 
oxysterols were run as standards Lane 1: nLDL. lane 2: oxLDL: lane 3: cholesterol" 
lane 4 7-keto cholesterol; lane 5: 5.6-epoxy cholesterol; lane 6: 25-OH cholesterol, 
lane 7 22(R)-0H cholesterol: and lane 8: 7p-0H cholesterol.
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Fig. 3.3 Effect of individual oxysterols on estérification by ACAT in THP-1 
macrophages. Cultured cells were incubated in serum free medium for 24h with 

oleate and increasing concentrations of the indicated oxysterol. Cell lipids were 
then extracted, the cholesteryl esters separated by TLC and then analysed for the 
incorporation of ['^^Cjoleate into cholesterol [''^CJoleate by liquid scintillation counting 
(as described in Materials and Methods). Each value is the meantS.D. of three 
independent experiments performed in triplicate.
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Fig. 3.4 Inhibition curve of 447C88 in the presence of oxLDL. Oxidised LDL 
(50 îM CUSO4 ) was incubated with the cells in serum free medium for a period of 24h 
with increasing concentrations of the ACAT inhibitor 447088. Cell lipids were then 
extracted, the cholesteryl esters separated by TLC and then analysed for the 
incorporation of [^^C] oleate into cholesterol [1^C]oleate by liquid scintillation 
counting (as described in Materials and Methods). Results are the mean±S.D. of 
three independent experiments performed in triplicate.
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Fig. 3.5 inhibition of oxysterol estérification with the ACAT inhibitor 447088.
Cultured cells were incubated in serum free medium with each oxysterol at a 
concentration of lO’^M, either in the absence or presence of 447088 (IpM) for a 
period of 24h. Cell lipids were then extracted, the cholesteryl esters separated by 
TLC and then analysed for the incorporation of ['•^Cjoleate into cholesterol 
[^^Cjoleate by liquid scintillation counting (as described in Materials and Methods). 
Results are the mean±S.D. of three independent experiments performed in triplicate.
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Fig. 3.6a Effect of 25-OH cholesterol on cholesterol estérification In the 
presence of native or acetylated LDL. THP-1 macrophages were incubated with 
lOÔ ig protein/ml of either native or acetylated LDL with increasing concentrations of 
25-OH cholesterol for a period of 24h in RPMI 1640 medium containing 0.2% BSA. 
Cell lipids were then extracted, the cholesteryl esters separated by TLC and then 
analysed for the incorporation of [^^C]oleate into cholesterol ['•^cjoleate by liquid 
scintillation counting (as described in Materials and Methods). Results on the graph 
represent the incorporation of ['^^Cjoleate with 25-OH cholesterol in the presence of 
nLDL or acLDL, compared to results obtained with 25-OH cholesterol in the absence 
of externally added lipoprotein. Results are the meaniS.D. of three independent 
experiments performed in triplicate.
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Fig. 3.6b Effect of 22-OH cholesterol on cholesterol estérification in the 
presence of native or acetylated LDL. THP-1 macrophages were incubated with 
lOOpg protein/ml of either native or acetylated LDL with increasing concentrations of 
22-OH cholesterol for a period of 24h in RPMI 1640 medium containing 0.2% BSA. 
Cell lipids were then extracted, the cholesteryl esters separated by TLC and then 
analysed for the incorporation of ['^^Cjoleate into cholesterol [^^C]oleate by liquid 
scintillation counting (as described in Materials and Methods). Results on the graph 
represent the incorporation of [^^C]oleate with 22-OH cholesterol in the presence of 
nLDL or acLDL, compared to results obtained with 22-OH cholesterol in the absence 
of externally added lipoprotein. Results are the mean±S.D. of three independent 
experiments performed in triplicate.
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Fig. 3.6c Effect of 7-keto cholesterol on cholesterol estérification in the 
presence of native or acetylated LDL. THP-1 macrophages were incubated with 
100|ig protein/ml of either native or acetylated LDL with increasing concentrations of 
7-keto cholesterol for a period of 24h in RPMI 1640 medium containing 0.2% BSA. 
Cell lipids were then extracted, the cholesteryl esters separated by TLC and then 
analysed for the incorporation of ['*^C]oleate into cholesterol ['•^CJoleate by liquid 
scintillation counting (as described in Materials and Methods). Results on the graph 
represent the incorporation of ['*^C]oleate with 7-keto cholesterol in the presence of 
nLDL or acLDL, compared to results obtained with 7-keto cholesterol in the absence 
of externally added lipoprotein. Results are the meaniS.D. of three independent 
experiments performed in triplicate.
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Fig. 3.6d Effect of 5,6-epoxy cholesterol on cholesterol estérification in the 
presence of native or acetylated LDL. THP-1 macrophages were incubated with 
lOÔ ig protein/mi of either native or acetylated LDL with increasing concentrations of 
5,6-epoxy cholesterol for a period of 24h in RPMI 1640 medium containing 0.2% BSA. 
Cell lipids were then extracted, the cholesteryl esters separated by TLC and then 
analysed for the incorporation of ['^^CJoleate into cholesterol [1^C]oleate by liquid 
scintillation counting (as described in Materials and Methods). Results on the graph 
represent the incorporation of ['•'^CJoleate with 5,6-epoxy cholesterol in the presence 
of nLDL or acLDL, compared to results obtained with 5,6-epoxy cholesterol in the 
absence of externally added lipoprotein. Results are the mean±S.D. of three 
independent experiments performed in triplicate.
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Fig. 3.6e Effect of 7-OH cholesterol on cholesterol estérification In the presence 
of native or acetylated LDL. THP-1 macrophages were incubated with lOOng 
protein/ml of either native or acetylated LDL with increasing concentrations of 7-OH 
cholesterol for a period of 24h in RPMI 1640 medium containing 0.2% BSA. Cell 
lipids were then extracted the cholesteryl esters separated by TLC and then analysed 
for the incorporation of [ '^CJoleate into cholesterol [^^C]oleate by liquid scintillation 
œunting (as described in Materials and Methods). Results on the graph represent the 
incorporation of ['*'^C]oleate with 7-OH cholesterol in the presence of nLDL or acLDL, 
compared to results obtained with 7-OH cholesterol in the absence of externally 
added lipoprotein. Results are the meaniS.D. of three independent experiments 
performed in triplicate except for oxysterol + acLDL which was performed twice in 
triplicate.

74



0) 
-4—'

03
0)
O
O

c
o
05

O
Q .t—
Oo
c

cy
O)
E
ô
E
c

18 —I

1 6 -

1 4 -

12 M

1 0 -

oxysterol 
I I oxysterol + nLDL 

oxysterol + acLDL

7-OH 22-OH 25-OH 7-keto 5,6-epoxy

Oxysterol + lipoprotein

Fig. 3.7 Effect of Individual oxysterols on cholesterol estérification. Cultured 
THP-1 cells were incubated with the cells in serum free medium for 24h with 
['•^CJoleate and 5|ig protein/ml of the indicated oxysterol in the absence or in the 
presence of 5 îg protein/ml nLDL or acLDL. Cell lipids were then extracted, the 
cholesteryl esters separated by TLC and then analysed for the incorporation of 
[^^C]oleate into cholesterol ['•^CJoleate by liquid scintillation counting (as described in 
Materials and Methods). The values for nLDL and acLDL in the absence of any 
oxysterol present were 1.99 nmol/mg protein per 24h and 1.64 nmol/mg protein per 
24h respectively. Results are the mean±S.D. of three independent experiments 
performed in triplicate.
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Table 3.1 Effect of lysophosphatidylcholine (lysoPC) on cholesterol 
estérification in THP-1 macrophages. THP-1 cells were incubated in serum free 
medium with oleate and increasing concentrations of the lysoPC in the absence 
or in the presence of nLDL (100|ig protein/ml), acLDL (lOÔ ig protein/ml) or 25-OH 
cholesterol (10"^M). Cell lipids were then extracted, the cholesteryl esters separated 
bv TLC and then analysed for the incorporation of ['•^CJoleate into cholesterol 
[ '^C]oleate by liquid scintillation counting (as described in Materials and Methods). 
Results are the mean±S.D. of three independent experiments performed in triplicate.

Incorporation of ['*^C]oleate 
(nmol/mg/24h)

LysoPC Cone (M) LysoPC + 
nLDL

LysoPC + 
acLDL

LysoPC + 
25-OH

0 2.65±0.30 6.48±0.5 10.20±0.3
10-8 3.01±0.10 6.75±0.4 10.30±0.7
10-^ 2.59±0.40 5.40±0.3 10.39±0.5
10-6 2.44±0.02 5.95±0.6 11.59±0.6
10-5 2.14±0.10 5.18±0.6 13.30±1.0

2X10-5 1.99±0.50 4.99±0.4 11.75±0.4
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Table 3.2 Effect of cumene hydroperoxide on cholesterol estérification in THP-1 
macrophages. THP-1 cells were incubated in serum free medium with [^^C] oleate 
and increasing concentrations of the cumene hydroperoxide (CumH) in the absence 
or in the presence of nLDL (lOÔ ig protein/ml), acLDL (100pg protein/ml) or 25-OH 
cholesterol (10"^M). Cell lipids were then extracted, the cholesteryl esters separated 
bv TLC and then analysed for the incorporation of ['*^C]oleate into cholesterol 
["'^CJoleate by liquid scintillation counting (as described in Materials and Methods). 
Results are the mean±S.D. of three independent experiments performed in triplicate.

Incorporation of [*'^C]oleate 
(nmol/mg/24h)

CumH +nLDL CumH + CumH +
Cumene H. Conc(M) acLDL 25-OH

0 2.83±0.1 6.96±0.1 9.87±0.8
10-8 2.81±0.0 7.08±0.2 9.87±0.5
1Cr7 2.78±0.1 7.28±0.8 9.91±0.4
10-6 3.02±0.0 7.00±0.1 9.92±0.1
10-8 2.78±0.1 7.05±0.9 9.30±1.2

2X10-8 2.82±0.1 7.09±0.3 10.11±1.5
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Table 3.3 Effect of 13-HPODE and 15-HPETE on cholesterol estérification in 
THP-1 macrophages. THP-1 cells were incubated in serum free medium with [^^C] 
oleate and increasing concentrations of the indicated LDL oxidation product in the 
absence or in the presence of nLDL (lOÔ ig protein/ml), acLDL (lOOpg protein/ml). 
Cell lipids were then extracted, the cholesteryl esters separated by TLC and then 
analysed for the incorporation of [^^C]oleate into cholesterol ['*^C]oleate by liquid 
scintillation counting (as described in Materials and Methods). Results are the 
mean±S.D. of three independent experiments performed in triplicate. * P<0.05; 
**P<0.01.

Incorporation of ['■^Cjoleate 
(nmol/mg/24h)

Oxidation
product

Cone (M) Oxidation
product

Oxidation 
product + 

nLDL

Oxidation 
product + 

acLDL

13-HPODE 0
10-8

10-6
2X10-6

0.70±0.1
0.79±0.1
0.77±0.1
O.BOiO.O

2.50±0.6
2.96±0.1
2.14±0.3
2.50±0.0

6.81±0.3
5.68±0.5
5.70±0.2*
3.70±0.2**

15-HPETE 0
10-8
10-6

2X10-6

0.68±0.06
0.72±0.02
0.70±0.03
0.75±0.14

2.60±0.5
2.82±0.3
2.40±0.2
2.36±0.5

6.93±0.3
4.89±0.1
4.52±0.6*
3.20±0.2**
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3.3 Discussion

Several lines of evidence have indicated that oxidative modification of LDL can 
occur in arterial intima and may play a crucial role in atherogenesis (Steinberg 
et a/., 1989; Kita at a/., 1987; Carew at a/., 1987). Modified lipoproteins are 
taken up avidly by macrophages resulting in massive cholesteryl ester 
accumulation within the cells (M^Gookey and Anderson, 1983). However 
studies including the present study, have shown that oxLDL cause less 
cholesteryl ester accumulation than the same concentrations of acLDL. In fact 
in the present study, oxLDL resulted in a similar incorporation of cholesteryl 
esters as nLDL. The fact the nLDL caused such levels of cholesteryl ester 
accumulation was itself unexpected, as nLDL would be expected to be limited 
by the amount of nLDL receptors on the surface of the THP-1 macrophages, 
thus not causing an activation of ACAT. It is possible that nLDL may have 
been taken up via alternative mechanisms or is in fact becoming modified by 
the macrophages themselves (discussed in more detail in Chapters 5 and 6 ). 
Jialal and Chait (1989), in agreement with the present study, reported that 
oxLDL resulted in a lower cholesteryl ester accumulation than acLDL. They 
suggested an actual inhibition of ACAT activity in cultured human umbilical 
endothelial cells may be responsible for the decreased cholesterol 
estérification. It is possible that the products resulting from the oxidation of 
LDL may affect ACAT activity.

Due to the low solubility of cholesterol, many investigators have used oxidised 
cholesterol (oxysterols) to study intracellular cholesterol metabolism. These 
findings have led to the proposal that a sterol other than cholesterol itself may 
be of importance for intracellular regulation of cholesterol metabolism (Bell at 
a/., 1976; Kandutsch and Chen, 1973; Havel at a/., 1979). The oxysterol 
25-OH cholesterol exerts similar effects as nLDL-derived cholesterol on 
cholesterol metabolism in that it suppresses endogenous cholesterol 
biosynthesis (Brown at a/., 1974) and the number of nLDL receptors (Brown at 
a/., 1975; Carlson and Kotte, 1989). The oxysterols 25-OH cholesterol and 
7-keto cholesterol were demonstrated to suppress HMG CoA reductase activity 
and also produce a marked stimulation in the rate of estérification of cellular 
cholesterol (and therefore presumably of ACAT activity) in fibroblasts (Brown at 
ai 1975). A number of oxysterols were also shown to diminish the activity of 
HMG CoA reductase and the inhibitory activities of these oxysterols was
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associated with specific structural features such as the 7-ketone and 7-hydroxyl 
functions (Kandutsch and Chen, 1973). In addition, the effects of 47 oxysterols 
were tested for their ability to suppress HMG CoA reductase activity in mouse 
fibroblast cell cultures (Taylor et al. 1984). The potency of inhibition was found 
to vary over a wide range of oxysterols, governed by a number of structural 
features. It has been suggested that a specific cytosolic binding protein may 
be required to recognise the different oxysterols and mediate subsequent 
cellular responses (Taylor et al. 1984; Saucier et al. 1985). An oxysterol- 
binding protein involved in the regulation of HMG CoA reductase has indeed 
been found in the cytosol of many lines of culture cells (Kandutsch and 
Thompson, 1980).

Whereas the above studies are mostly involved with the effects of oxysterols 
on HMG CoA reductase activity, the present study was undertaken to 
determine whether different oxysterols and additional products resulting from 
LDL oxidation, such as lysoPC or the oxygenated polyenoic acids 13-HPODE 
or 15-HPETE, could affect ACAT activity in THP-1 macrophages.

Oxidation of LDL has been shown to cause a significant fall in the unesterified 
and esterified cholesterol content (Zhang et a/., 1990; Meyer, 1994), while 
oxysterols such as 7-OH and 7-keto derivatives were formed from cholesterol 
during this oxidation process (Tanaka and Kanamaru, 1993). The TLC in the 
present study indicated that oxidative modification of LDL by copper sulphate 
ions led to changes in the physiochemical properties and lipoprotein 
composition (also refer to agarose gels in Chapter 2, section 2.3.3). The five 
standard oxysterols matched both the colour reaction and migration position of 
bands that had appeared in the copper oxidised LDL, thus showing that these 
oxysterols appear to exist in oxLDL. Zhang et al. (1990) have previously 
published data in which they substantiated their own TLC results using gas 
chromatography coupled with mass spectrometry to conclusively identify these 
oxysterols. Their findings suggested that 7-keto cholesterol was the major 
oxysterol present in oxLDL. Jialal and Grundy, (1991) also found 7-keto 
cholesterol to be the predominant oxysterol in copper-oxidised LDL. Recently 
Tanaka and his co-workers reported quantitative analysis by GC, indicating 
7-OH cholesterol and 7-keto cholesterol to be the major oxysterols present in 
copper-oxLDL (Tanaka & Kanamaru, 1993). In addition, it has recently been 
reported that 7p-0H cholesterol is not only the predominant oxysterol in the
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copper-catalysed oxidation of LDL but also in the modification resulting from 
incubation with mouse peritoneal macrophages (Carpenter ef a/., 1994).

The present study demonstrated that oxysterols caused estérification via ACAT 
to different extents. The fact that the ACAT inhibitor 447C88 reduced 
estérification in the presence of all the oxysterols demonstrated that the 
accumulation of cholesterol esters was indeed via the enzyme ACAT. However 
it is not known how the oxysterols actually activate the enzyme. It has 
previously been established that 25-OH cholesterol and 7-keto cholesterol 
stimulate cholesterol estérification in several cell types (Erickson et al., 1980; 
Drevon et al., 1980; Doolittle and Chang, 1982) and that the oxysterol 22-OH 
cholesterol causes inhibition of ACAT (Bates et al. 1983). The process of 
activation of ACAT by 25-OH cholesterol is insensitive to the protein synthesis 
inhibitor cyclohexamide (Doolittle and Chang, 1982), implying that the elevation 
of ACAT activity is not due to a change in enzyme content. Drevon et al. 
(1980) found that addition of 25-OH cholesterol to isolated microsomes, without 
preincubation, increased ACAT activity suggesting that the effect was most 
probably directly evoked by 25-OH cholesterol itself, rather than by a 
metabolite or by some indirect metabolic action of the sterol. Their data 
support the interpretation that 25-OH cholesterol itself may affect ACAT activity 
by changing its configuration, either by a direct interaction with the enzyme 
protein (allosteric modification) or by a less specific effect on the lipid 
environment of the enzyme in the microsomal membrane. Studies by Bates et 
al. (1983) found 22-OH cholesterol to inhibit the estérification of cholesterol in 
smooth muscle cells and human skin fibroblasts. The mechanism by which 
22-OH cholesterol decreases cholesterol estérification is unknown, although its 
action was thought again to be direct on the enzyme itself due to the rapidity of 
the inhibitory action observed. Both the above mentioned studies are rapid 
with the effects of the oxysterols being demonstrable within 4h. The rapidity of 
the activation process has been observed in other observations (Doolittle and 
Chang, 1982; Cheng et al., 1995). The present study only looked at the effects 
of cholesteryl ester accumulation after a period of 24h and therefore could 
either be due to a direct effect on the enzyme protein as mentioned above or 
could involve metabolic consequences as a result of incubation of the cells with 
the different oxysterols. For example the oxysterols could cause the release of 
cholesterol from membrane sources causing an increase in cholesterol 
substrate for ACAT.
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The molecular mechanism(s) by which oxysterols stimulate ACAT activity 
remains to be elucidated. Since cholesterol is a substrate of ACAT it may be 
that 25-OH cholesterol or the other oxysterols may be alternative substrates. 
However, it cannot be determined whether the stimulatory effect of the 
oxysterols was due to their effect as a substrate, or as an activator, or as both. 
The cloning of the human ACAT cDNA (Chang et a/., 1993) should enable the 
investigation of ACAT biochemistry and molecular biology whereby stimulation 
of ACAT by oxysterols can be readily demonstrated. Recently the human 
ACAT cDNA has been transfected into an ACAT deficient mutant cell line which 
has then expressed ACAT activity. Using this cell-free system it has been 
demonstrated that cholesterol itself served as an ACAT activator (Cheng at a/., 
1995) and thus can act as a physiological regulator of ACAT. The molecular 
mechanism by which cholesterol activates ACAT activity is as yet unclear but it 
is possible that 25-OH cholesterol or indeed other oxysterols could act in the 
same way as cholesterol to activate ACAT.

Additional studies using different cell lines have been undertaken involving the 
effects of oxysterols on ACAT estérification. It has been shown in mouse 
peritoneal macrophages that oxysterols (the same five as used in the present 
study) caused modest stimulation or inhibition of ACAT in the presence of 
acLDL (Zhang at a/., 1990). No such inhibition was observed in the present 
study with THP-1 macrophages. Having found no inhibitory effect of the 
oxysterols tested on ACAT activity, it was decided to determine whether these 
oxysterols would have minor inhibitory effects on the ACAT activity in the 
presence of a smaller concentration of each of the lipoproteins. Even with 
concentrations as low as 5pg lipoprotein/ml, no inhibitory effect by the 
oxysterols on estérification was observed in contrast to other studies where 
minor inhibitory effects were observed (Zhang at a/., 1990).

In the present studies, increases in the accumulation of cholesteryl esters in 
the presence of 25-OH cholesterol plus externally added lipoprotein may be a 
result of the added substrates from the lipoprotein plus the oxysterol, rather 
than a stimulatory effect on ACAT as suggested by others. Maximal 
incorporation of cholesteryl esters occurred at around 11 nmol ['•4c]oleate/mg 
of cell protein per 24h. An accumulative effect of two substrates (cholesterol 
from nLDL or acLDL and the oxysterol itself) indeed may be the case with all 
the oxysterols tested with the THP-1 cells in this study. This idea is stressed 
by the fact that 7-OH cholesterol, did not have any effect on estérification either
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in the absence or in the presence of native or acetylated LDL. The fact that 
only small changes in the side chain of the oxysterols are required to 
dramatically affect the estérification by ACAT suggests that the nature and 
position of the side chains is important in the binding of substrate to the active 
site (Tavani et a/., 1982). The lack of estérification found with 7-OH cholesterol 
may be due to some sort of steric hindrance effect such that this oxysterol 
cannot bind to the active site of the enzyme. Alternatively, the involvement of 
sterol carrier proteins as mentioned earlier for regulation of HMG CoA 
reductase activity may be involved that recognises oxysterols with different 
affinity and mediates subsequent cellular responses, it has been reported that 
sterol carrier protein2  (SCP2 ) can function to increase cholesterol estérification 
in microsomes and may play a role in transporting exogenous cholesterol or 
oxysterols to ACAT (Hirai, 1994).

One of the characteristic features of oxLDL is its dramatically increased 
concentrations of lysoPC. Because lysoPC is a polar phospholipid and can be 
liberated into aqueous solution during oxidative modification, some oxLDL 
preparations may contain significant amounts of lysoPC dissociated from LDL 
particles. LysoPC has been demonstrated to be a selective chemoattractant 
for mononuclear leukocytes (Quinn at a/., 1988; Quinn at a/., 1991) and 
appears to be the component of oxLDL responsible for its inhibitory effect on 
endothelial-dependent vasodilation (Kugiyama at a/., 1990; Yokoyama at a/.,
1990). LysoPC can selectively induce iCAM-1 and VCAM-1 in arterial 
endothelial cells, which was associated with increased adhesion of monocytes 
(Kume at a/., 1992) and this action in addition to its chemoattractant activity, 
may play a role in monocyte recruitment into atherosclerotic lesions (Gerrity at 
a/., 1979). Furthermore, the concentration of lysoPC is increased in 
atherosclerotic lesions in animals fed an atherosclerosis diet (Portman and 
Alexander, 1969). Although all the above mentioned actions of lysoPC infer 
that lysoPC is a rather potent compound involved in the development of 
atherosclerosis in several different respects, lysoPC does not have any 
inhibitory effects on ACAT in THP-1 macrophages.

Studies by Mathur at al. (1988) provided evidence that a change in chain 
length or a change in the number of double bonds within a fatty acid only 
modestly altered ACAT activity. The addition of an hydroxyl group, as in 
12-HETE, significantly decreased ACAT activity as compared with ACAT 
activity with a fatty acid such as arachidonic acid with comparable chain length
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and saturation. This suggested that the monohydroxyeicosatetraenoic acids 
are poorer substrates than the non hydroxylated fatty acids. Cumene 
hydroperoxide and the two peroxy acids tested had no effect on ACAT 
suggesting that these fatty acids could not act as substrates for the enzyme. 
However 13-HPODE and 15-HPETE did cause an inhibitory effect (although 
only at high concentrations) on ACAT in the presence of acLDL.

Whether or not oxysterols, 13-HPODE or 15-HPETE play a significant role in 
ACAT regulation and atherosclerosis remains to be determined. How the 
oxysterols actually stimulate estérification is not known and further experiments 
will be necessary to determine their action. It could be a direct effect on the 
enzyme itself although as mentioned earlier direct effects on the enzyme are 
observed rapidly within 4h. The oxysterols within the cells could become 
incorporated within the cell membrane causing the release of free cholesterol 
therefore increasing the amount of cholesterol made available as substrate for 
ACAT. Exposure of J774 macrophages to nLDL and acLDL stimulated 
movement of plasma membrane cholesterol into intracellular sites that were 
accessible to ACAT (Tabas et al., 1988). Hashimotp and Dayton (1977) have 
shown that ACAT activity in microsomes isolated from the rabbit aorta is related 
linearly to the concentration of free cholesterol in the microsomes therefore 
reflecting the need for available substrate. Alternatively the oxysterols 
themselves could act as substrates for ACAT resulting in sterol ester 
accumulation or indeed activate the enzyme in some way (Cheng at a!., 1995). 
Diverting oxidation products through the ACAT pathway would be viewed as a 
mechanism by which the macrophage-derived foam cell in an atherosclerotic 
plaque can store the sterols and thus regulate the amount of oxidation products 
in the subendothelial space. ACAT, by catalysing the estérification of 
cholesterol oxidation products to sterol esters, may play a significant role in this 
regulation. This chapter is the first description of an ACAT-catalysed 
estérification of products derived from oxidation of LDL in THP-1 cells. Such 
results demonstrate the sensitivity of the estérification process to oxygenated 
sterols although the exact mechanisms by which the oxysterols affect ACAT 
causing an increase in the accumulation of cholesteryl esters remains to be 
determined.
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CHAPTER 4

CYTOTOXIC EFFECTS OF OXIDISED LDL AND 
PRODUCTS RESULTING FROM LDL OXIDATION
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Chapter 4: Cytotoxic effects of oxidised LDL and products resulting from
LDL oxidation

4.1 Introduction

There is increasing evidence that oxLDL make an important contribution to the 
pathogenesis of atherosclerosis. Their increased uptake by macrophages in 
vitro (Brown et al., 1980b), their ability to attract monocytes chemotactically and 
to inhibit migration of differentiated macrophages could all contribute to this 
disease process (Quinn et a!., 1987). OxLDL may also be toxic to the cells of 
the artery wall. A number of studies in vitro have shown that oxLDL can be 
toxic to fibroblasts, endothelial cells and smooth muscle cells (Morel et al., 
1983; Messier et al., 1983; Messier et al., 1979). Macrophages were then 
shown to be capable of oxidising LDL with resulting toxicity to fibroblasts in 
culture (Cathcart et al., 1985). Modis et al. (1994) reported oxLDL (isolated 
from hypercholesterolaemic monkeys) to be far more cytotoxic in subconfluent 
and at higher concentrations in confluent rabbit aortic endothelial cells relative 
to nLDL. The toxicity in the subconfluent cells may involve injury to DMA 
synthesis affecting the cell growth cycle, but at higher doses perturbations in 
membrane structure could account for toxicity to the confluent cells. They 
suggest that these toxic effects may, at least in part, be responsible for the 
atherogenicity of LDL isolated from hypercholesterolaemic plasma. Mowever in 
atherosclerosis, the main cells undergoing necrosis are macrophage foam cells 
(Aqel et al., 1985) and very little data appear to exist on the question of 
whether macrophage-mediated lipid oxidation is toxic to the macrophages 
themselves. It has been shown that the addition of Cu2+-oxLDL to mouse 
peritoneal macrophages caused toxicity to the cells (Reid and Mitchinson, 
1993). The degree of membrane permeability increased with increasing 
concentrations of oxLDL up to 18h incubation, after which toxicity was 
independent of the concentration used. Reid's group found that toxicity was 
significantly reduced when the antioxidant vitamin E was added to the LDL 
before artificial oxidation.

Cytotoxicity, which is a recognised atherogenic property of oxLDL, has been 
attributed to the lipid fraction of the particle, and possibly to the lipid oxidation 
products (Messier et al., 1983). Whether the increased cytotoxicity of oxLDL
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relative to nLDL is due to the difference in oxysterol (or other oxidation product) 
content remains undetermined.

In the preparation of cholesterol diets to induce experimental atherosclerosis, 
chow is mixed with a solution of cholesterol in an organic solvent, then air dried 
to remove the solvent, thereby exposing cholesterol to ideal conditions for 
autooxidation. The more extensive atherosclerosis in the cholesterol-fed 
chicken may well have been due to cholesterol oxidation products (Peng et al.,
1991). No toxicity of pure cholesterol has as yet been demonstrated either 
using in vitro or in vivo studies. However, it has been suggested that the 
atherogenic potential of cholesterol may be due to its autooxidation products 
(Imai et a/., 1980). The chemistry of autooxidation and the biological properties 
of oxysterols have been reviewed by Smith and Johnson, (1989) and are also 
discussed in Chapter 1 and Chapter 3. Small amounts of cholesterol oxides 
have shown significant toxicity to many mammalian cell lines including vascular 
endothelial and smooth muscle cells (Cox et ai., 1988; Peng et al., 1979; 
Naseem and Heald, 1987). Some oxygenated derivatives of cholesterol have 
been demonstrated to exert a cytotoxic effect on proliferating and tumour cell 
cultures (Smith and Johnson, 1989). One of these oxysterols, 7p-0H 
cholesterol, is lethal to the cultured cells in their growth phase (Hietter et al., 
1986). Recently Kupferberg et al. (1990) demonstrated that 7p-0H cholesterol 
(20pM) was cytotoxic to spontaneously transformed cell lines derived from 
neonatal rat astrocyte, but not to the maternal cells.

Continuous exposure to oxysterols may present a substantial oxidative and 
cytotoxic burden to vascular tissues. The reported toxicity of oxysterols to 
endothelial cells suggests that plasma oxysterols are a contributing factor to 
vascular injury. Oxysterols therefore could be responsible for at least some of 
the toxicity described for oxidatively-modified lipoproteins (Messier et al., 1983). 
Cell injury induced by oxysterols may lead to disruption of endothelial integrity 
or endothelial permeability properties, allowing further penetration of LDL, 
which could potentiate events in atherogenesis.

The toxicity of oxysterols and other oxidation products has not been examined 
in any detail in cultured human macrophages. The observed conversion of 
these compounds into cholesterol ester droplets by ACAT (Chapter 3) may 
provide a mechanism to protect the cell from their potential toxicity. The aim of 
this chapter is to determine whether oxidised lipoproteins and their oxidation
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products are cytotoxic to human macrophages using THP-1 as a model system. 
Inhibition of ACAT would prevent estérification of oxysterols thereby increasing 
their concentration in the cytoplasm which could lead to increased cytotoxicity. 
Therefore the effects of the specific ACAT inhibitor, 447C88, on the cytotoxicity 
of THP-1 cells were investigated in the presence of the individual products of 
oxidation.

There are many different methods currently in use to measure cytotoxicity in 
cells. The ability to assay and quantitate cytotoxicity has been one of the 
essential tools in the study of the effector function of the immune system. 
Methods currently used relating directly to target cells include: trypan blue 
exclusion (Evans and Schulemann, 1914); ethidium bromide dye exclusion; 
vital dye uptake, reduction and retention (Mossman, 1983; Green et al., 1984); 
release of target cell cytoplasmic enzymes (Korzeniewski and Callewaert, 
1983); DMA fragmentation by ^^^lUdR release; and ^^Cr release assay 
(Brunner at a/., 1968). The most common methods are ^H adenine release, 
trypan blue exclusion and lactate dehydrogenase release. Each of the 
methodologies above has specific advantages, disadvantages and limitations.

In this chapter we have compared two different techniques for measurement of 
cytotoxicity (LDH release and flow cytometric analysis) in THP-1 macrophages. 
LDH, a stable cytosolic enzyme, is released from a cell when the cell 
membrane is damaged. CytoTox 96 is a colorimetric assay that quantitatively 
measures LDH released upon cell lysis (Decker and Lohmann-Matthes, 1988). 
The assay is based on the conversion of a tétrazolium salt (INT) into a red 
formazan product. The amount of colour formed is proportional to the number 
of lysed cells. This assay has many advantages over other such assays which 
use radioactivity in that labelling of target cells prior to experimentation is 
eliminated. The isotope purchase, disposal costs as well as radiation safety 
paperwork are eliminated and the data are recorded in 96 well plates at a 
visible wavelength. Despite these advantages, this assay is still not very 
sensitive as the cells have to be substantially damaged before any LDH is 
released.

The use of fluorescent labels in the measurement of cell-mediated cytotoxicity 
was originally developed by Bruning at al. (1980) who used a diacetate form of 
carboxyfluorescein as the label and an automated microfluorimeter. McGinnes 
at al. (1986) successfully developed methodology utilising carboxyfluorescein
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diacetate and flow cytometry to measure NK-mediated cytotoxicity. 
Carboxyfluorescein was also shown to be non toxic to cells and did not change 
their morphology or viability. A sensitive fluorescence assay was then 
developed to measure the fluorescence of live cells and at the same time the 
fluorescence of dead cells (Talbot et al., 1987). This assay permits single cell 
experiments in the flow cytometer with a combination of probes, fluorescein 
diacetate (FIDiAc) and propidium iodide (PI). The methodology described for 
measuring live cells (FIDiAc) takes advantage of a phenomenon called 
fluorochromasia in which a non-polar fluorogenic substrate readily passes 
through the cell membrane of viable cells. The fluorescent molecule is readily 
retained by the cell and consequently accumulates in the cytoplasm. In viable 
labelled cells, if membrane damage occurs, the dye is almost instantaneously 
released and the cell is no longer able to take up or retain the dye (Elves, 
1973). Propidium iodide is a membrane impermeable, irreversible RNA/DNA 
fluorescent dye that measures cell death. As cell damage proceeds the more 
susceptible cells would first lose membrane integrity and then lyse. Lysed cells 
are not detected when counting the number of dead ceils with exclusion dyes 
which leads to an underestimation of cell death and thus the toxic effect. The 
number of cells excluding PI provides a direct, biological measure of cell 
viability (Leeder eta!., 1989).
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4.2 Results

THP-1 macrophages were treated in RPMI 1640 with PMA for 7 days (as 
described in Materials and Methods, section 2.4) and then incubated with the 
indicated lipoprotein or lipoprotein product for a period of 24h prior to 
measurement of cytotoxicity.

4.2.1 Lactate dehydrogenase measurements

LDH is a cytosolic enzyme which catalyses the conversion of pyruvate to 
lactate with the parallel conversion of reduced NADH to its oxidised form 
NAD'*'. When cells die or are injured they release LDH into the surrounding 
medium which can be detected and quantified by the CytoTox 96 Assay (see 
Materials and Methods, section 2.7.1).

4.2.1.1 LDH release from THP-1 cells loaded with different oxysterols

Table 4.1 shows the percentage release of LDH from THP-1 macrophages 
incubated with 7p-0H cholesterol, 22-OH cholesterol, 25-OH cholesterol, 
7-keto cholesterol or 5,6-epoxy cholesterol either in the absence or in the 
presence of externally added nLDL (50pg protein/ml) or acLDL (50pg 
protein/ml). No significant cytotoxic effect was observed with any of the 
oxysterols over the concentration range 10"® M to 2x10"^ M either in the 
presence or the absence of nLDL or acLDL. The highest percentage release of 
LDH (12.85%) was observed with 25-OH cholesterol (2x10"^ M) in the 
presence of native LDL and 8.03% release of LDH was observed in the 
presence of acLDL. This level of release of LDH from cells is considered to be 
due to only minor cytotoxic effects (Decker and Lohmann-Matthes, 1988). 
Therefore in this cell line and with this particular method none of the oxysterols 
had any significant cytotoxic effect on the cells.
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4.2.2 Flow cytometric analysis of cytotoxicity

Flow cytometry allows measurement of cytotoxicity on a cell to cell basis. The 
method presently used for cytotoxicity involved the use of two fluorescent dyes; 
propidium iodide (PI) and fluorescein diacetate (FIDiAc). PI is highly 
membrane impermeable and will stain the DNA of dead or dying cells. FIDiAc 
stains the cytosol of cells and leaches out into the extracellular medium. The 
flow cytometer measures the cell-associated fluorescence, which will be of 
greater intensity for viable cells than for non-viable cells due to increased 
permeability of the latter. Using a combination of these labels, the flow 
cytometer could detect live, permeabilised or dead cells (see Materials and 
Methods, sections 2.6.1 and 2.6.3).

A typical histogram display is shown in Fig. 4.1. The first histogram shows the 
scatter profile of the THP-1 cells and the gate used to determine the cells for 
analysis. The log fluorescence values of FIDiAc and PI are illustrated in the 
next two histograms. The fourth histogram shows Quad-stats analysis of the 
live versus dead cells. Quad-stats analysis is quantification of the number of 
cells into different quadrants so that individual calculations can be made. 
Quadrant one (FI) contains the number of cells that are still alive (cells 
fluorescing with FIDiAc) and quadrant 4 (F4) contains the number of cells that 
are dead (cells that are fluorescing with PI). F2 shows the spread of cells that 
are permeable. The cells in quadrant F2 are gradually losing FIDiAc and 
taking up PI which indicates that they are dying, a phenomenon not easily 
measured by other techniques. The quadrant F3 is a measure of cell debris. 
The percentage of cells in each quadrant is tabulated below the histogram 
displays. The example given in Fig. 4.1 is that of a control group of cells (with 
only medium present during incubation). In this case there were 93.8% live 
cells, 1.4% dead cells and 4.1% cells were permeable.

4.2.2.1 Flow cytometric measurements of cell viability upon incubation of 
THP-1 macrophages with lipoproteins in the presence and absence of 
447C88

Results obtained when nLDL was incubated with the cells for a period of 24h 
followed by analysis of dead and live cells by flow cytometry are shown in 
Table 4.2. Native LDL showed no significant cytotoxic effects to the cells up to
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the concentration of 300ng protein/ml. Likewise, nLDL exhibited no cytotoxic 
effects to the THP-1 cells when incubated with the cells in the presence of the 
ACAT inhibitor, 447088 (IpM).

OxLDL exhibited cytotoxic effects to the THP-1 cells when tested over the 
concentration range 0-300pg protein/ml (Fig. 4.2). Use of oxLDL at 75pg 
protein/ml resulted in nearly 20% of the total cells losing FIDiAc and staining 
with PI, indicating non-viability. At 300pg protein/ml no cells remained viable 
and 70% were contained within quadrant F4 as dead cells. The other 30% 
were in quadrant F3 which contains cell debris, in flow cytometry the intensity 
of light scattered at different angles yields information about cell size (forward 
angle scatter) and light reflected from cell surface and internal structures 
corresponds to internal granularity of the cell (side angle scatter). The two- 
parameter histogram for the cells incubated with 300pg protein/ml oxLDL had 
changed, (the cells were smaller as read from forward scatter and denser as 
read from side scatter) (Fig. 4.3b). This suggested that the cells had lost their 
characteristic shape (as compared with the two-parameter histogram shown in 
Fig. 4.3a of a control group of cells) probably as a result of the toxic effect of 
the high concentration of oxLDL.

The results in Fig. 4.2 show only live or dead cells but there is also a certain 
percentage of dying cells (Table 4.3) as measured in the F2 quadrant. 
Incubation of the THP-1 macrophages with oxLDL at a concentration of 150pg 
protein/ml resulted in 11.3% of the cells becoming permeabilised. The 
presence of 447C88 together with oxLDL did not increase the cytotoxicity which 
shows that potential accumulation of unesterified cholesterol derived from 
oxLDL (as a result of ACAT inhibition) is no more toxic to the cells (Table 4.3).

4.2.2.2 The effect upon cell viability of incubating oxysterols with THP-1 
macrophages in the presence and absence of 447C88, as assessed by 
Flow Cytometry

Oxysterols were tested for cytotoxic effects on THP-1 cells. 25-OH cholesterol 
was the only oxysterol from five examined to cause significant cytotoxicity to 
THP-1 cells (Fig. 4.4a). At a concentration of 10"^ M 25-OH cholesterol only 
56.4% of the total cells remained viable. The presence of the ACAT inhibitor 
447C88, which is known to inhibit estérification of oxysterols (Chapter 3, Fig.
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3.5), had no effect on the cell viability (Fig. 4.4b). This could indicate that 
either a potential build up of oxysterols was not cytotoxic to the cells or that the 
cell must be able to cope with the oxysterols by an alternative mechanism.

4.2.2 3 The effect upon cell viability of incubating additional products of 
LDL oxidation with THP-1 macrophages in the presence and absence of 
447C88, as assessed by Flow Cytometry

Additional oxidation products of LDL were tested for cytotoxic effects on THP-1 
macrophages. LysoPC showed no significant effects on cell viability at 
concentrations of 10"®M and 2x1 O^M in the absence or in the presence of the 
ACAT inhibitor 447C88. The hydroperoxides however did cause significant 
effects on the number of viable and non-viable cells. Incubation of the cells 
with 13-HPODE caused a 5% decrease in the number of viable cells and 
caused approximately 7% of the cells to fluoresce with PI, thus dead cells, at 
concentrations of 10"®M and 2x1 O^M. (Table 4.4). IStHPETE caused an 8 % 
decrease in the number of viable cells at a concentration of 10“®M and a 17% 
decrease in the number of viable cells at a concentration of 2 x1 O^M both in the 
absence and presence of 447C88. In addition, 15-HPETE at both 
concentrations caused approximately 7% of the cells to die.
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Table 4.1 Percentage release of LDH after incubation of THP-1 macrophages 
with different oxysterols in the absence or in the presence of nLDL or acLDL.
The cultured THP-1 macrophages were incubated for a period of 24h with increasing 
concentrations of each of the indicated oxysterol either in the absence or presence of 
SÔ ig protein/ml nLDL or 50̂ ig protein/ml acLDL. The extracellular medium was then 
assayed for the presence of LDH using the CytoTox 96 assay as described in 
Materials and Methods. Results are the meantS.D. of three independent experiments 
performed in triplicate.

Percentage LDH release

Cone of 6 ,6 -epoxy 7-keto 25-OH 22-OH 7-OH
oxysterol cholesterol cholesterol cholesterol cholesterol cholesterol

(M)

10-8 0 .0 0 0 .0 0 0.31±0.5 0 .0 0 1.8410.3
10-^ 0 .00 0.18±0.3 0 .10±0.1 0 .0 0 0 .0 0
10-8 0.08±0.1 0.06±0.1 0.16±0.2 ; 0 .0 0 0.5810.6
10-8 2.97±5.0 0.06±0.1 2.15±2.6 0 .0 0 0 .0 0

2x10-8 2.87±1.2 0 .0 0 4.29±1.1 ' 2.0010.3 0.8011.0

nLDL + nLDL + nLDL + nLDL + nLDL +
5,6-epoxy 7-keto 25-OH 22-OH 7-OH

nLDL 0.94±1.0 1.04±0.2 0.35±0.6 0.2810.3 0.0310.1
10-8 0.49±0.8 0.98±0.3 0.56±0.9 0.3510.1 0.5710.8
10-7 1.18±0.2 0.50±0.8 0.16±0.2 0.5010.1 0.4010.3
10-8 0.64±1.1 0.99±0.5 0.63±1.0 0.3210.2 0.2910.2
10-8 3.32±0.5 0.72±0.3 0 .8 8±1.1 0.3510.3 0.2810.4

2x10-8 2.26±0.3 0.30±0.3 12.8 ±0.7 2.7710.9 0.6710.3

acLDL + acLDL + acLDL + acLDL + acLDL +
5,6-epoxy 7-keto 25-OH 22-OH 7-OH

acLDL 0 .0 0 2.80±0.4 0.57±0.4 0.7510.1 0 .0 0
10-8 0 .00 3.45±0.5 0.7611.0 0.6510.1 0 .0 0
10-7 0 .0 0 2.52±3.0 0.5010.8 0.5110.3 0 .0 0
10-8 0.47±0.8 2.49±0.4 0.5810.6 0.9310.1 0 .0 0
10-8 1 .2 2 ±2.1 3.20±0.5 3.6411.0 1 .1 11 0 .2 0 .0 0

2 x10-8 2.99±0.9 2.57±4.0 8.0310.9 2.2310.9 0 .0 0
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Fig. 4.1 Histogram display using flow cytometric analysis to measure 
cytotoxicity on THP-1 macrophages. After a 24h incubation with RPMI-1640 
medium, the cells were lifted from the culture plates and labelled with fluorescent 
probes FIDiAc (which detects viable cells) and PI (which detects dead cells). Analysis 
by flow cytometry determined the cytotoxic effects on the cells (see Materials and 
Methods). The cells were gated and the log fluorescence values of FIDiAc and PI 
recorded. Quad-stats analysis of the live versus dead cells was recorded giving a 
measure of live, dead and permeable cells. The percentage of cells in each quadrant 
is tabulated below the histogram displays. This is a typical example of a control group 
of cells.
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Table 4.2 Cytotoxicity of nLDL on THP-1 macrophages in the absence or 
presence of an ACAT Inhibitor. The cells were incubated with increasing 
concentrations of nLDL in the absence or presence of 447C88 (l^iM). After 24h, the 
cells were lifted from the culture plates using trypsin/EDTA, mixed with the fluorescent 
probes (Ipl of FIDiAc stock and 25pl of PI stock solutions) and analysed for cell 
viability by flow cytometry (see Materials and Methods). Results are the mean±S.D. of 
three independent experiments performed in triplicate.

Native LDL Native LDL + 447C88

Native LDL 
(iLig protein/ml)

Live cells 
(%)

Dead cells 
(%)

Live cells 
(%)

Dead cells 
(%)

Control 93.6±1.3 2.5±0.4 93.210.6 2.410.1
25 90.5±0.4 3.1 ±0.3 91.611.3 4.210.1
75 91.3±0.6 3.010.2 92.311.4 3.610.1
150 89.6±0.2 3.810.1 90.810.1 3.510.0
300 89.4±1.0 4.210.9 90.011.2 3.211.0
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Fig. 4.2 Cytotoxicity of oxLDL on THP-1 macrophages. The cells were incubated 
with increasing concentrations of oxLDL in RPMI-1640 medium for a period of 24h. 
The cells were then lifted from the culture plates using trypsin/EDTA, mixed with the 
fluorescent probes (Ipl of FIDiAc stock and 25pl of PI stock solutions) and analysed 
for cell viability by flow cytometry (see Materials and Methods). FIDiAc gives a 
measure of viable cells and PI gives a measure of non-viable cells, the percentages of 
which are illustrated on the graph. Results are the meaniS.D. of three independent 
experiments performed in triplicate.
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Fig. 4.3 Two-parameter histogram of THP-1 macrophages incubated with oxLDL 
(300pg protein/ml). The cells were incubated in (a). RPMI-1640 medium (control 
sample) and compared in parallel with cells incubated in (b). RPMI-1640 medium with 
oxLDL (SOOpg protein/ml incubated with 50pM CUSO4 ) for 24h. The cells were then 
lifted from the culture plates using trypsin/EDTA and gated on linear forward scatter 
(FS) and linear side scatter (S3) using an Epics Elite flow cytometer (see Materials 
and Methods).
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Table 4.3 Cytotoxicity of oxLDL on THP-1 macrophages in the absence or 
presence of an ACAT inhibitor. The cells were incubated with increasing 
concentrations of oxLDL in the absence or presence of 447C88 (VM). After 24h, the 
cells were lifted from the culture plates using trypsin/EDTA, mixed with the fluorescent 
probes (l^il of FIDiAc stock and 25̂ 1 of PI stock solutions) and analysed for cell 
viability by flow cytometry (see Materials and Methods). Results are the mean±S.D. of 
three independent experiments performed in triplicate. *P<0.05; +P<0.02; **P<0.01; 
++P<0.002; ***P<0.001.

oxLDL
(̂ g

protein/ml)

Oxidised LDL Oxidised LDL + 447088

Live cells 
(%)

Dead cells 
(%)

Dying
cells
(%)

Live cells 
(%)

Dead cells 
(%)

Dying
cells
(%)

Control 94.5±1.0 2.8±0.3 2.4±0.1 90.3±1.2 3.4±0.1 6.3±0.3

25 87.8±2.6* 6.2±0.5 4.7±0.6 89.4±1.0 3.7±0.2 5.910.1

75 76.7±1.3** 15.0±0.1*** 6.4±0.3 78.6±2.5+ 13.7±0.6++ 2.410.1

150 69.4±1.2‘* 18.8±0.1++ 11.3±1.0 69.3±3.2** 28.1 ±0.9++ 1 2 .6 1 0 .6

300 5.3±0.5*“ 66.4±2.3*** 0.7±0.2 6 .6 ±0 .2 “ * 62.6±2.2*** 0.710.1
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Fig. 4.4a Cytotoxicity of oxysterols on THP-1 macrophages. Cells were incubated 
with the indicated concentrations of oxysterol. After 24h, the cells were lifted from the 
culture plates using trypsin/EDTA, mixed with the fluorescent probes (1pl of FIDiAc 
stock and 25pl of PI stock solutions) and analysed for cell viability by flow cytometry 
(see Materials and Methods). Results are the meantS.D. of three independent 
experiments performed in triplicate. *P<0.05; +P<0.02; **P<0.01.
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Fig. 4.4b Cytotoxicity of oxysterols on THP-1 macrophages in the presence of an 
ACAT inhibitor. Cells were incubated with the indicated concentrations of oxysterol 
in the presence of the ACAT inhibitor 447C88 After 24h, the cells were lifted
from the culture plates using trypsin/EDTA, mixed with the fluorescent probes (1|il of 
FIDiAc stock and 25|xl of PI stock solutions) and analysed for cell viability by flow 
cytometry (see Materials and Methods). Results are the meantS.D. of three 
independent experiments performed in triplicate. *P<0.05; +P<0.02; **P<0.01.
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Table 4.4 Cytotoxicity of oxidation products on THP-1 macrophages in the 
absence or presence of an ACAT inhibitor. Cells were incubated with the indicated 
concentrations of oxidation product in the absence or in the presence of the ACAT 
inhibitor 447C88 After 24h, the cells were lifted from the culture plates using
trypsin/EDTA, mixed with the fluorescent probes (1̂ 1 of FIDiAc stock and 25̂ 1 of PI 
stock solutions) and analysed for cell viability by flow cytometry (see Materials and 
Methods). Results are the meantS.D. of three independent experiments performed in 
triplicate. *P<0.05; +<0.02; **P<0.01.

Oxidation product Oxidation product + 447088

Oxidation
product

Live cells 
(%)

Dead cells 
(%)

Live cells 
(%)

Dead cells 
(%)

Lyso-PC
0

10-8 m
2x10-5m

92.111.6
92.311.2
87.712.5

1.510.3
1.410.6
1 .2 10 .2

92.110.9
92.310.9 
98.710.2

1.510.3
1 .810 .6
1.910.8

13-HPODE
0

10-8m
2x10-5m

92.310.3 
87.311.3* 
87.411.1 +

2 .0 10 .6
7.610.8+
7.010.3**

92.611.4
85.311.2*
84.911.0+

2 .0 10 .6
6.310.2**
5.410.6*

15-HPETE
0

10-8 m
2x10-5m

91.411.3
83.810.1**
75.512.0**

2.510.3
7.811.7*
6.410.7*

91.611.0
85.611.3*
77.811.8**

2.510.3
7.211.0+
7.010.5**
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4.3 Discussion

Two distinct methods for measuring cellular toxicity, namely LDH release and 
flow cytometric analysis, were utilised to assess the effect of exposure of 
THP-1 macrophages to lipoproteins and products resulting from LDL oxidation. 
The flow cytometric assay was superior to the LDH assay because its higher 
sensitivity permitted the use of fewer cells. Furthermore it assessed the 
viability of each cell individually and indicated the number of cells which were 
becoming increasingly permeable. The large physical size of the enzyme LDH 
means that this assay only measures cell damage which is severe enough to 
allow its release. In addition the LDH assay does not grade the cells with 
respect to the degree of cell damage as is the case for the flow cytometric 
analysis.

Native LDL was shown to have no harmful cytotoxic effects on the THP-1 cells 
even at protein concentrations up to 300pg protein/ml. This is in agreement 
with studies undertaken in rabbit aortic endothelial cells (Hodis et al., 1994). 
However the lipoprotein particle did become cytotoxic following oxidation with 
cupric ions (Fig. 4.2). This suggests that the oxidation of LDL may at least in 
part be responsible for the atherogenicity of LDL isolated from 
hypercholesterolaemic plasma (Hodis at a/., 1994). A similar study to the 
present study using mouse peritoneal macrophages found lower concentrations 
of oxLDL (lOOpg protein/ml incubated with 5|iM CUSO4 ) to be significantly toxic 
to the cells as measured by ^H adenine release (Reid & Mitchinson, 1993). 
However the antioxidant defence systems could be more potent in human cells 
than mouse cells therefore providing better protection against oxLDL (the 
defence systems of human macrophages are described later in this 
discussion).

The cascade of biochemical events leading to cell death following exposure of 
cells to toxic compounds is poorly understood. Results of a study undertaken 
by Morel at ai. (1983) show that free radicals (superoxide and/or hydrogen 
peroxide) are involved in the LDL oxidation that renders LDL cytotoxic to 
human skin fibroblasts. The presence of BHT or vitamin E (both free radical 
scavengers), during the preparation of oxLDL, abolished the cytotoxic effects of 
the lipoprotein indicating that oxidation was essential for cytotoxicity and that 
the free radicals themselves were not cytotoxic. Peroxidation of serum 
lipoproteins may account for the toxicity to the endothelium and underlying
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tissues (Henri ksen et a/., 1979; Messier et al., 1983; Esterbauer et al., 1990). 
If the lipid peroxide-associated cytotoxicity we have observed in vitro also 
occurs in vivo, lipoprotein borne lipid peroxides may be an important link 
between oxidative free radical generation and tissue damage accompanying 
diseases where lipid peroxides and free radicals are elevated such as 
atherosclerosis, diabetes and liver disease (Gavind et al., 1952; Nishigaki et 
al., 1981; DiLuzio and Hartman, 1967).

Kuzuya et al. (1991) reported that toxicity of oxLDL depended on the presence 
of residual copper ions complexed to the oxLDL. Trace amounts of transition 
metals have been found in atherosclerotic plaques (Smith et al., 1992) and 
therefore this phenomenon could be true in vivo. It is unlikely however that the 
observed cytotoxicity of oxLDL in the present study is caused by the presence 
of, Cu2+ ions because the CUSO4  was dialysed out of the LDL prior to 
incubation with the cells.

The harmful effect of oxLDL to cells of the arterial wall has been attributed to 
the lipid fraction of the particle, possibly lipid oxidation products (Messier et al., 
1983). The fact that oxLDL, an oxysterol-enriched particle, could induce 
cytotoxicity in THP-1 cells prompted a study to investigate the effect of 
individual oxysterols on cytotoxicity in these cells. The results from flow 
cytometric analysis showed that only 25-OH cholesterol, at high 
concentrations, had any cytotoxic effects on THP-1 macrophages. The LDH 
assay only detected slight cytotoxic effects after incubation of the cells with 
25-OH cholesterol. This was presumably due to its lower sensitivity as 
mentioned earlier. A study undertaken with the same five oxysterols as the 
present study also found cytotoxicity (indicated by morphological changes to 
the mouse peritoneal macrophages) with only 25-OH cholesterol (Zhang et al., 
1990). In addition, studies utilising cultured rabbit aortic smooth muscle cells 
showed that 25-OH cholesterol was the most potent cholesterol autooxidation 
product responsible for angiotoxicity (Taylor et al., 1979).

Lysophosphatidylcholine (lysoPC) has been shown to suppress rabbit aorta 
endothelium dependent relaxation (Mangrin et al., 1993) and at high 
concentrations has been shown to have cytotoxic effects in vivo in the human 
coronary artery intima (Stary, 1985). However, the results presented in this 
study showed lysoPC to have no cytotoxic effects in human THP-1 cells. It is
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possible that re-esterification of lysoPC could account for the lack of any 
cytotoxic effect observed.

To cope with oxidative stress, macrophages possess an elaborate system of 
defence. This includes antioxidants in the form of enzymes and vitamins 
(Evenson et a/., 1983). Antioxidants such as vitamin E have been found to 
inhibit macrophage-mediated lipid oxidation and might therefore be able to 
prevent or reduce cytotoxicity (Carpenter at a/., 1990).

Oxidised LDL contains high concentrations of lipid peroxides and aldehydes 
which are known to be cytotoxic (Cathcart at a/., 1985). The principal 
detoxification pathway for lipid peroxides is through glutathione peroxidases 
(Thomas at a/., 1990). Intracellular glutathione plays an important role in the 
defence of endothelial cells and it has already been shown that endothelial 
cells which are depleted of glutathione are more sensitive to the toxic effects of 
oxLDL (Kuzuya, 1989). It has also been demonstrated in THP-1 macrophages 
that intracellular da novo synthesis of glutathione is stimulated by oxLDL 
(Darley Usmar at a/., 1991). Inhibition of this glutathione synthesis renders 
oxLDL cytotoxic to macrophages at a concentration well tolerated by untreated 
cells (Gotoh at a/., 1993). The lack of cytotoxicity of LDL oxidation products in 
THP-1 macrophages presented in the present study may therefore be 
explained by increased glutathione synthesis. The use of buthionine 
sulphoximine, which inhibits glutathione synthesis, would help to ascertain 
whether or not this is indeed the case. The glutathione status of macrophages 
in the artery wall could be important in both controlling foam cell formation and 
detoxification of oxLDL.

The present results suggest that the onset of necrosis of foam cells in 
atherosclerosis might be partly due to the toxicity of oxLDL. The site of 
oxidation of LDL is unknown, but the ability of macrophages to oxidise LDL 
suggests that they may be contributing to their own destruction. The source of 
toxicity could in theory be oxidation of either the lipid or the protein moiety of 
the LDL, or both. It is known that toxicity does reside in the lipid phase 
(Hessler at a/., 1983). However evidence presented here suggests that lipid 
oxysterols are probably not the main cause of toxicity in macrophages. The 
study of equivalent concentrations of oxysterols in another cell type (e.g. 
fibroblasts) may help to establish whether oxysterols are cytotoxic but that 
macrophages are particularly resistant to their cytotoxic effects. The detailed
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mechanism of cell damage induced by oxLDL and the identity of the toxic 
substance(s) remain unknown. The agents present in the LDL particle which 
mediate toxicity are most probably products of lipid decomposition such as 
aldehydes or lipid hydroperoxides (Esterbauer et al., 1991b). Indeed 15- 
HPETE and to a lesser extent 13-HPODE, in the present study, did exhibit 
cytotoxic effects to the THP-1 macrophages causing a decrease in cell viability. 
Linoleic acid hydroperoxide and the aldehyde 4-hydroxynonenal (4HNE) have 
been shown to be cytotoxic towards endothelial cells and fibroblasts 
(Esterbauer et a!., 1993). Radu and Moldavan (1991) also showed 4HNE to 
disrupt gap-junction communications in cultured endothelial cells. A disruption 
in junctional communications is one of the prerequisite for uncontrolled cell 
proliferation.

It must be remembered that atherosclerosis under most conditions is a subtle 
and slowly progressing disease and perhaps lipid components may have a 
synergistic cytotoxic effect over a period of time. This study only looks at the 
effect of individual oxysterols and oxidation products. A cocktail of oxysterols 
which is more likely to be found in oxLDL in vivo could be required to produce a 
significant cytotoxic effect. Alternatively the localisation of oxLDL within the 
macrophages may be different from applied oxysterols. The method described 
for measurement of cytotoxicity by flow cytometry is an excellent technique by 
which to carry out further studies which assess the effects of combinations of 
lipid oxidation products and the influence of antioxidants.
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CHAPTER 5

FLOW CYTOMETRIC ANALYSIS OF 
MACROPHAGE LIPOPROTEIN UPTAKE
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Chapter 5: Flow cytometric analysis of macrophage lipoprotein uptake

5.1 Introduction

Various modifications of LDL, which include acétylation (Goldstein et al., 1979), 
conjugation with malondialdehyde (MDA) (Fogelman at a!., 1980) and oxidative 
modification, whether induced by endothelial cells (Henricksen at a!., 1981) or 
copper ions (Parthasarathy at a!., 1985), confer a net negative charge on 
apolipoprotein B-100. Many types of cells including mouse peritoneal 
macrophages (Goldstein at a!., 1979), human monocyte-macrophages 
(Fogelman at a/., 1980) and endothelial cells (Stein and Stein, 1980) have the 
capacity to take up charge-modified LD lf through a mechanism distinct from 
that for nLDL. Modified forms of LDL are taken up by these cells with high 
efficiency through interaction with the scavenger receptor. The scavenger 
receptor, a protein of approximately 250kDa, mediates uptake of chemically- 
modified LDL by human monocyte-macrophages (Via at ai, 1985). Scavenger 
receptor expression is relatively low in circulating monocytes, decreases further 
during their initial adherence to the endothelium but then increases 
dramatically when the adherent monocyte crosses the endothelial cell lining 
into the intima and transforms into a macrophage (Fogelman at ai, 1981). 
THP-1 cells upon differentiation by exposure to the phorbol ester PMA, have 
increased expression of the scavenger receptor (Mara at ai, 1987; Via at ai, 
1989). In contrast to the nLDL receptor the scavenger receptor is not down- 
regulated by high intracellular cholesterol levels and exposure of macrophages 
to modified lipoproteins therefore leads to an accumulation of intracellular 
cholesteryl ester causing overloading of the cells and thus foam cell 
development (Goldstein at ai, 1979). Antibodies raised against the scavenger 
receptor (Matsumoto at ai, 1990) have been used to identify the presence of 
this receptor in atherosclerotic plaques (Naito at ai, 1992) which implicates 
that this uptake mechanism is of importance in foam cell formation in vivo.

Although progress has been made in purifying the scavenger receptor(s) from 
macrophage cell lines (Kodama at ai, 1990; Matsumoto at ai, 1990), the ligand 
specificity of this receptor has not yet been defined. Increased net negative 
charge certainly leads to uptake via this receptor because receptor interaction 
was blocked by various unrelated negatively charged compounds including 
fucoidan and polyinosinic acid (Brown at ai, 1980b). The increase in net

108



negative charge of the apoB-100 has been shown to be accompanied by 
extensive fragmentation (Schuh et al., 1978). This might influence the 
increased recognition of oxLDL by macrophages. MDA-modified LDL are also 
recognised by this receptor and it was proposed that a conformational change 
resulting from lysine modification might expose receptor binding domains on 
apoB-100 (Haberland et a!., 1982). The expression of recognition sites 
appears to depend on the charge modification of the critical lysine residues of 
the LDL protein rather than the net negative charge of the lipoprotein complex 
(Haberland et a/., 1984). Charge modification of the lysines may be one 
mechanism for promoting expression of the recognition determinants. It is 
possible for example that a change in conformation of the apoB-100 
polypeptides may also occur in response to changes in the lipid composition of 
the lipoprotein complex, as occurs with endothelial cell-modified LDL 
(Henricksen et ai, 1983).

The most common method employed to study receptor binding is to use 
radiolabelled ligands. So far, the detection methods used to identify ligands 
have relied primarily on '*25|.|abelled LDL. Thi? technique requires care 
experimentally due to its ionising radiation and may cause oxidation of LDL 
during the labelling procedure. Identification of uptake and internalisation of 
lipoproteins can alternatively be achieved using 1,T-Dioctadecyl-3,3,3',3'- 
tetramethyl-indocarbocyanine perchlorate (Dil), a lipophilic, fluorescent probe 
(Suzuki et ai, 1990). Dil (as shown in Fig. 5.1) has two positively charged 
carbocyanine groups that intercalate into the surface monolayer of lipoproteins 
and is therefore taken up by macrophages with the lipoprotein. Once the Dil- 
labelled lipoprotein is taken up by the cell and degraded by lysosomes, it 
accumulates in the lysosomal membranes (Voyta et ai, 1984). Dil-labelled 
LDL have been extensively used in morphological and microscopic studies of 
receptor-mediated metabolism in many cell lines (Reynolds & St. Clair, 1985; 
Barack & Webb, 1981; Havekes et ai, 1983). Until recently, the use of this 
fluorescent probe in a quantitative assay of LDL receptor activity has not been 
widely used in studies with multiple samples due to the lack of a practical 
method for quantitatively recovering cell-associated Dil (Stephan and 
Yurachek, 1993). Thus, the Dil technique has been primarily limited to 
morphological and microscopical studies of the LDL receptor (Rayner et ai, 
1990; Reynolds & St. Clair, 1985). Detection by '•25|_|abelled LDL has 
therefore remained the method of choice for assaying LDL receptor activity 
rapidly and reliably.
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Studies by Pitas et al. have described a labelling technique using Dil-labelled 
nLDL and acLDL to visually identify macrophages, fibroblasts and smooth 
muscle cells in both pure and mixed culture systems (Pitas at a/., 1981; Pitas at 
a/., 1983). Their studies involved the use of a flow cytometer which can detect 
and quantitate the amount of fluorescence in a rapid, simple and non
radioactive way. The method presented in this thesis is a simple measurement 
using flow cytometry which can be used for quantitative measurement of the 
accumulation of Dil-labelled lipoproteins into THP-1 macrophages. The 
method has advantages over other techniques by using appropriate gating of a 
homogenous group of cells, permitting exclusion of fluorescence generated by 
cellular debris, dead cells and low levels of contaminating material. Quenching 
and bleaching, which are hazards of fluorescence microscopy, are minimised 
by the very short duration of excitation of the cells (as explained in the 
Materials and Methods, section 2.6.1). Separate cell counts are unnecessary 
because flow cytometry makes correlated measurements on individual cells.

The purpose of the present study was to assess thé accumulation of Dil- 
labelled native, oxidised and acetylated lipoprotein^ into THP-1 macrophages 
using fluorescence microscopy and flow cytometry. Since the scavenger 
receptor(s) recognises not only several modified lipoproteins but also a diverse 
group of polyanionic macromolecules, including polyinosinic acid and fucoidan, 
these compounds have been used in this study to assist in clarifying the nature 
of the binding/uptake of the different lipoproteins. Confocal fluorescence 
microscopy was also used to visualise the cellular sites to which the different 
lipoproteins accumulated.
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5.2 Results

5.2.1 Visualisation of fluorescence In THP-1 macrophages

Examination of differentiated THP-1 cells under light microscopy showed single 
cells with many intracellular granules, and demonstrated that the cells were 
homogenous (Fig. 5.2a). One stroke with the cell lifter was sufficient to provide 
enough cells for analysis and minimise the risk of cell damage.

Further examination using fluorescence microscopy showed fluorescent 
droplets within the cells (Fig. 5.2b). Examination of the cells prior to 
measurement of fluorescence using the flow cytometer should always be 
performed to ensure the cells are in fact fluorescing. Under the fluorescent 
microscope, no difference in fluorescence could be detected between cells 
loaded with the same concentrations of Dil-labelled native, oxidised or 
acetylated lipoproteins. Examples of all three are illustrated in Fig. 5.3.

5.2.2 Profile of THP-1 cells by flow cytometry

THP-1 cells were incubated with different Dil-labelled lipoproteins for 24h and 
then analysed using an Epics Elite Flow Cytometer. The THP-1 cells were 
gated on forward scatter (FS) and side scatter (SS) at 488nm using linear 
amplifications (as described in Materials and Methods, section 2.6.1). A typical 
profile of the cells is shown in the flow cytometry histogram (Fig. 5.4). Gates 
were set to ensure analysis was of a homogenous population of cells and 
therefore excluding cell debris and clumped cells. These conditions were the 
same for each cell treatment with each separate probe. In all experiments, a 
population within the same gate and the same number of THP-1 cells were 
assessed by flow cytometry.

5.2.3 Analysis of the time course of expression of Dil-labelled lipoprotein 
internalisation

The first approach in using fluorescently-labelled native, oxidised and 
acetylated lipoproteins was to study the time-dependent ability of THP-1
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macrophages to accumulate these lipoproteins over a period of 48h. 
Macrophages exposed to a concentration of lOOjig protein/ml Dil-labelled 
nLDL, oxLDL and acLDL all demonstrated an increase in the fluorescence 
emission, indicating accumulation by the macrophages over the time period 
tested (Fig. 5.5). In the case of nLDL, under the culture conditions used (RPMI 
1640 medium with 10% lipoprotein-deficient serum) less than 5 mean 
fluorescent intensity units (arbitrary units) of Dil-nLDL were detected at 4h. Dil 
fluorescence almost doubled by 8 h and by 24h fluorescence had increased to 
2 0  mean fluorescent intensity units (arbitrary units). At 48h the Dil 
fluorescence had only increased to 2 2 .1  mean fluorescent intensity units 
(arbitrary units) (Fig. 5.5a). Fig. 5.5b demonstrates incubation with oxLDL, 
indicating a time-dependent increase in the accumulation of Dil-labelled oxLDL. 
The fluorescence reached maximum fluorescence of Dil again by 24h, as by 
48h the amount of fluorescence had decreased by 14% relative to the amount 
of fluorescence at 24h. THP-1 macrophages were also demonstrated to 
accumulate acLDL in a similar time-dependent manner to both native and 
oxidised lipoproteins. The accumulation of Dil-acLDL v/ithin these cells again 
reached a steady state plateau by 24h (Fig. 5.5c), suggesting accumulation of 
acLDL by THP-1 cells had reached its maximum at this point.

The previous experiments were undertaken to determine what time period 
should be used for experiments to measure accumulation of the different 
lipoproteins. In all three cases there was no further increase in Dil- 
fluorescence after 24h and this was the time point at which all the following 
experiments in the present chapter were terminated in order to measure 
maximum fluorescence.

5.2.4 Surface binding of lipoproteins at 4^C

To test if the observed fluorescence was due to binding to the cell surface 
receptors with no internalisation of the lipoprotein, macrophages were 
incubated with Dil-LDL on ice, washed with ice-cold buffer, immediately fixed 
and analysed by flow cytometry. The surface binding of LDL did not rise above 
2 fluorescence intensity units (arbitrary units) (Table 5.1). In comparison with 
the results displayed in Fig. 5.5, the data indicates that the cell association at 
37°C is approximately 50 to 100-fold higher than the binding determined at 
4°C with each lipoprotein. Uptake of Dil-lipoproteins was therefore prevented
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when the cells were incubated at 4°C, indicating that at this temperature the 
lipoproteins were only surface bound, whereas at 37°C both surface binding 
and accumulation within the THP-1 cells occurred.

5.2.5 Determination of the probe to protein ratio for normalisation

The measurements of accumulation of native, oxidised and acetylated LDL in 
Fig. 5.5 cannot be compared against each other because the amount of 
fluorescence per mg lipoprotein particle was not known at the time. Therefore 
correction of the amount of fluorescence per LDL particle had to be determined 
by extraction of the Dil from the lipoprotein, as described in Materials and 
Methods, section 2.6.2.2. The Dil concentration of the lipoproteins was then 
determined by spectrofluorometric analysis on the chloroform extract of each 
lipoprotein preparation. The Dil standard curve was linear over a range of 10- 
lOOOng Dil/ml chloroform with lOng Dil/ml chloroform being the limit of 
sensitivity. Concentrations were expressed as ng Dil/pg LDL protein. The 
mean incorporation of Dil into nLDL for the preparations used in these 
experiments was 9.49±1.0 ng Dil per pg LDL protein. The mean incorporation 
of Dil into oxLDL was 13.0±1.2 ng Dil per pg protein and for acLDL was 4.6±0.8 
ng Dil per pg of protein. These figures were then used to standardise the data 
for direct comparisons.

5.2.6 Comparison of accumulation of Dil-labelled lipoproteins within 
THP-1 macrophages

Dil-labelled lipoprotein accumulation within THP-1 macrophages during a 24h 
incubation at 37^0 was analysed both by microscopy and flow cytometry. By 
using the latter technique, the accumulation of Dil-labelled native and modified 
LDL by THP-1 macrophages was determined. In a typical experiment, cells 
were treated with PMA in order to maximise receptor expression. Cells were 
then incubated with the indicated amount of Dil-labelled lipoprotein for 24h and 
then analysed for Dil-fluorescent emissions using the flow cytometer (see 
Materials and Methods, section 2.6.24). THP-1 macrophages were 
demonstrated to accumulate lipoproteins in a dose-dependent manner by 
analysing Dil-fluorescent emissions (Fig. 5.6). When comparing the 
accumulation experiments, nLDL showed the largest increase in fluorescent
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emissions over the same concentration range to oxLDL and acLDL (0-150ng 
protein/ml). The accumulation of Dil-nLDL by THP-1 cells was linear between 
the concentrations O-SO^g protein/ml. The accumulation then plateaued at 
100-150|ag protein/ml at 118 fluorescent intensity units (arbitrary units). The 
accumulation of tlcLDL by the THP-1 macrophages was maximum at 57.5 
fluorescent intensity units (arbitrary units), a value 2  fold lower than that 
observed with nLDL. Dose response studies of internalised Dii-oxLDL showed 
a similar accumulation to acLDL reaching maximum uptake of 65 fluorescent 
intensity units (arbitrary units).

5.2.7 Effect of 447C88 on lipoprotein uptake

The flow cytometric assay was used to determine whether the ACAT inhibitor, 
447088, could modulate LDL accumulation within THP-1 macrophages. 
Incubation of the THP-1 cells with 447088 for 24h in the presence of the three 
types of lipoprotein did not alter the accumulation of Dil-lipoproteins, over the 
same concentration range (Table 5.2). Rather the fluorescent intensity values 
were almost identical to the previous results with the lipoproteins in the 
absence of the AOAT inhibitor. This indicates that blockage of AOAT and thus 
an increase in the amount of unesterified cholesterol within the THP-1 
macrophages had no effect on the accumulation of the lipoproteins into these 
cells.

5.2.8. Competition of Dil-labelled lipoprotein accumulation in THP-1 
macrophages in the presence of 10X excess unlabelled lipoproteins

Competition assays were performed to test whether or not the cell associated 
fluorescence observed in the presence of the Dil-labelled lipoproteins could be 
decreased in the presence of other lipoproteins with differing specificity for 
receptor uptake. The Dil-labelled lipoproteins were incubated in the presence 
of 10X the amount of unlabelled lipoproteins, for a period of 2h. The cell- 
associated fluorescence with Dil-nLDL was not competed for by excess nLDL 
(Fig. 5.7), suggesting that the accumulation of Dil within the cells does not 
occur via the nLDL receptor. Control nLDL (nLDL treated as labelled nLDL 
without the addition of Dil) also failed to decrease the fluorescence associated 
with Dil-nLDL, suggesting that the label itself may be responsible for an altered
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uptake of Dil-nLDL. Lipoproteins with differing specificity to nLDL, namely 
oxLDL and acLDL, did compete with the accumulation of Dil-nLDL within the 
THP-1 macrophages. The cell associated fluorescence with Dil-nLDL was 
reduced by 40% with acLDL and to a far greater extent with oxLDL (78%).

Fig. 5.7 illustrates that unlabelled nLDL, oxLDL and acLDL could all reduce the 
cell associated fluorescence obtained with Dil-oxLDL. Unlabelled nLDL 
reduced the fluorescence by 30%, unlabelled oxLDL by 63% and unlabelled 
acLDL by 57%. The data demonstrates that the oxLDL may be being 
internalised into the THP-1 macrophages via different scavenger receptors, 
one that recognises acLDL and one that does not recognise acLDL. The 
receptor may also recognise in part nLDL, otherwise an alternative process is 
responsible for the reduction in the Dil-oxLDL fluorescence. The ability of 
unlabelled lipoproteins (10X excess) to compete with labelled acLDL for its 
uptake by THP-1 macrophages is also shown in Fig. 5.7. The cell associated 
fluorescence obtained with Dil-acLDL was reduced by 80% with a lOx excess 
of unlabelled acLDL. The fluorescence was also competitively inhibited by a 
10 fold excess of oxLDL (50%) ^  significant reduction in fluorescence was 
obtained with an excess of unlabelled nLDL.

5.2.9 Competition experiments in the presence of scavenger receptor 
ligands

Dil-labelled lipoproteins were incubated with THP-1 cells in the presence of 
fucoidan or polyl. Both these compounds are ligands for the scavenger 
receptor due to their negative surface charge. Polyl reduced the cell 
associated fluorescence observed with all three lipoproteins (Table 5.3). Polyl 
caused an 80% reduction in the fluorescence of Dil-nLDL, an 8 6 % reduction in 
the fluorescence of oxLDL and an 84% reduction in the fluorescence of acLDL. 
Fucoidan, a sulphated polysaccharide also competed with the cell associated 
fluorescence observed with Dil-nLDL (reduction of 70.2%) and a 77% and 60% 
reduction in the fluorescence of Dil-oxLDL and Dil-acLDL respectively (Table 
5.3). These results indicate the that scavenger receptor ligands could reduce 
the fluorescence obtained with all three Dil-labelled lipoproteins, thus strongly 
suggesting that the scavenger receptor may be involved in the accumulation of 
Dil-nLDL, Dil-oxLDL and Dil-acLDL by the THP-1 macrophages.
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5.2.10 Localisation of lipoproteins in the cytoplasm

Confocal microscopy was used to analyse the cellular distribution of Dil- 
labelled lipoproteins in the THP-1 macrophages. Although this technique is 
insufficient to determine the exact location of the internalised Dil-lipoproteins 
without many more experiments of different depths of the cells, the pattern of 
uptake of labelled lipoproteins by macrophages is illustrated in Fig. 5.8. 
Incubation with Dil-nLDL caused accumulation of fluorescent lipid just inside 
the plasma membrane of the macrophage (Fig. 5.8a). Examination of the cells 
after incubation with Dil-oxLDL showed the fluorescent lipoproteins in large 
vesicular pools (Fig. 5.8b). Unfortunately fluorescence within the THP-1 
macrophages could not be observed after incubation with Dil-acLDL despite 
several attempts.
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Fig. 5.1 Structure of 1,1 -dioctadecyl-3,3,3,3-tetr$methyl Indocarbocyanine 
perchlorate (Dil). The fluorescent compound contains two positively charged cationic 
membrane probes that intercalate into the phospholipid layer of lipoproteins with high 
efficiency in the same manner as phospholipids.
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Fig. 5.2a Visualisation of THP-1 macrophages under the light microscope. After 
a 24h incubation with lOOug protein/ml Dil-labelled nLDL (as described in h/laterials 
and Methods), the THP-1 cells were fixed with 1% paraformaldehyde and examined 
under the light microscope at a x180 magnification This checks whether the cells 
after the Dil-treatment were homogenous and had not clumped together prior to 
analysis by flow cytometry

Fig. 5.2b Visualisation of Dil-lipoprotein uptake and lipid droplets in THP-1 
macrophages. THP-1 cells were incubated for 24h with lOOug orotein/ml Dil-labelled 
nLDL (as described in Materials and Methods) The cells were then fixed with 1% 
paraformaldehyde and examined for fluorescence at a x180 magnification under the 
fluorescence microscope The results are typical of those obser\/ed in three separate 
experiments
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Fig. 5 3 Visualisation of Dil-lipoprotein uptake in THP-1 macrophages. THP-1 
cells were incubated with lOOug protein/ml Dil-label!ed nLDL î a) oxLDL (b) and 
acLDL (c) for a period of 24h (as described in Materials and Methods). The cells were 
then fixed with paraformaldehyde and examined for fluorescence at a x180 
magnification under a fluorescence microscope The results are typical of those 
observed in three separate experiments
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Fig. 5.4 Histogram profile of THP-1 macrophages by flow cytometry. The THP-1 
macrophages were gated on forward scatter (FS) and side scatter (SS) at 488nm 
using linear amplifications on an Epics Elite flow cytometer (as described in Materials 
and Methods). A gate was drawn round the cells (marked A on the figure) allowing 
analysis of a homogenous population of cells. The above histogram was typical for 
the cells in all experiments undertaken.
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Fig. 5.5 Time course of Dil-labelled lipoprotein internalisation into THP-1 
macrophages. The cultured cells were incubated with lOÔ ig protein/ml Dil-labelled 
nLDL (a), oxLDL (b) and acLDL (c) for increasing periods of time up to 48h. The cells 
were then fixed with 1 % paraformaldehyde, removed from the growth surface at the 
indicated time points, and analysed for fluorescence emissions at 488nm using an 
Epics Elite flow cytometer (see Materials and Methods). Results are the mean±S.D. 
of three independent experiments performed in triplicate.
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Table 5.1 Surface binding of Dil-labelled lipoproteins to THP-1 macrophages at 
4®C. The cultured cells were incubated with Dil-labelled lipoproteins at 4°C for 0-24h. 
The cells were then washed with ice cold buffer, immediately fixed with 1% 
paraformaldehyde and analysed for surface binding by flow cytometry (see Materials 
and Methods). Results are the meantS.D. of three independent experiments 
performed in triplicate.

Lipoprotein 
(lOÔ ig protein/ml)

Time of incubation 
(h)

Dil fluorescence 
(arbitrary units)

Native LDL 0 0.34±0.10
4 0.69±0.02
24 2.16±0.60

Oxidised LDL 0 0.32±0.01
4 0.75±0.05
24 0.77±0.02

Acetylated LDL 0 0.42±0.05
4 0.64±0.10
24 0.78±0.03
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Fig. 5.6 Internalisation of Dil-labelled lipoproteins into THP-1 macrophages. Dil- 
nLDL, Dil-oxLDL and Dil-acLDL were incubated with the cultured THP-1 macrophages 
for 24h at 37°C. Cells were then fixed with 1% paraformaldehyde, removed from the 
growth surface and analysed for fluorescent emissions at 488nm using an Epics Elite 
flow cytometer (see Materials and Methods). Results are corrected for the amount of 
Dil per mg of LDL protein. Results are expressed as the meantS.D. of three 
independent experiments performed in triplicate. ^^Significant difference compared 
with values for both oxLDL and acLDL, P<0.01 ; +P<0.02.
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Table 5.2 Comparison of lipoprotein internalisation into THP-1 macrophages in 
the presence of the ACAT inhibitor 447C88. THP-1 macrophages were incubated 
with the indicated lipoprotein either in the absence or in the presence of 1pM 447C88 
for 24h. The cells were then fixed with 1% paraformaldehyde, removed from the 
growth surface and analysed for the amount of fluorescence at 488nm by flow 
cytometry (see Materials and Methods). Results are the meantS.D. of three 
independent experiments performed in triplicate. ‘ ‘ Significant difference compared 
with values for both oxLDL and acLDL, P<0.01; +P<0.02.

Dil Fluorescence 
(arbitrary units)

Lipoprotein Concentration 
(ng protein/ml)

Lipoprotein Lipoprotein + 
447088

Native LDL 25 62.8±5.2+ 57.6±2.3“
50 97.9±3.4“ 90.6±2.9“
100 111.3±5.5“ 110.5±5.5“
150 118.3±7.8“ 120.3±6.7“

Oxidised LDL 25 32.5±2.3 30.5±2.3
50 43.3±2.9 43.9±4.2
100 55.7±5.5 56.6±2.2
150 57.5±0.7 53.2±4.9

Acetylated LDL 25 39.2±2.1 34.6±2.1
50 52.0±2.7 47.2±2.7
100 54.0±0.9 54.2±0.9
150 65.0±2.0 62.0±2.0
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Fig. 5.7 Competition for macrophage receptor binding of LDL by unlabelled 
nLDL, oxLDL, acLDL and a control native LDL. Competition studies were 
performed using 50pg protein/ml LDL incubated with a 10x excess of the indicated 
lipoprotein for 2h at 37°C. Cells were then removed from the growth surface, fixed 
and analysed by flow cytometry (see Materials and Methods). Control nLDL (cN) is 
LDL treated as the labelled LDL without the addition of Dil. Results are the 
mean±S.D. of three experiments performed in triplicate. +P<0.02; **P<0.01; 
++P<0.002.
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Table 5.3 Competition of lipoprotein internalisation in THP-1 macrophages with 
Polyl and Fucoidan. Competition studies were performed using 50pg protein/ml of 
the indicated lipoprotein and SÔ ig /ml polyl or SÔ g /ml fucoidan.
Following a 2h incubation the cells were fixed with 1% paraformaldehyde, removed 
from their growth surface and then analysed by flow cytometry (see Materials and 
Methods). Results are the mean±S.D. of three independent experiments performed in 
triplicate. *P<0.05; +P<0.02; ++P<0.002; ***P<0.001.

Dil Fluorescence 
(arbitrary units)

Lipoprotein Lipoprotein 
(SÔ g protein/ml)

Lipoprotein + Polyl Lipoprotein + 
Fucoidan

Native LDL 37.0±1.5 7.4±0.4*** 11.0±0.7++

Oxidised LDL 21.5±0.6 3.0±0.2*** 4.8±0.2***

Acetylated LDL 24.7±3.8 3.8±0. In- 9.6±0.8*
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Fig. 5.8 Visualisation of Dil-labelled lipoprotein internalisation in THP-1 
macrophages by confocal microscopy. Cells were incubated with 100|ig protein/ml 
Dil-labelled nLDL (a), oxLDL (b) for a period of 24h. Cells were then fixed with 1% 
paraformaldehyde and examined for Dil-fluorescence by confocal microscopy. The 
above figures are from one experiment.
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5.3 Discussion

The present chapter reports the use of a rapid, simple and non-radioactive 
method for the determination of lipoprotein accumulation in THP-1 
macrophages using the fluorescent probe, Dil. Dil intercalates into the 
phospholipid layer of lipoproteins with high efficiency and has a metabolically 
non-releasable nature (Stephan and Yurachek, 1993). Under appropriate 
conditions Dil, derived from the uptake of Dil-labelled LDL, is retained by the 
cells and can be measured by fluorometric analysis (Reynolds and St Clair, 
1985).

In order to make direct comparisons between the accumulation of Dil-labelled 
nLDL, oxLDL and acLDL, the amount of Dil label incorporated into each 
lipoprotein per pg of protein was determined. Chloroform was used to 
quantitatively extract Dil from Dil-labelled LDL in order to determine its labelling 
efficiency, as described by Stephan and Yurachek (1993). The labelling 
efficiency obtained with the method used by Stephan was five times greater 
than that described by other investigators (Pitas ef a/., 1981; Kreiger et a/., 
1983; Herman and Albertini, 1984). These differences in the degree of 
labelling are probably attributable to a number of factors including minor 
differences in methodology of labelling or differences in the source and 
composition of the lipoproteins. Increasing the number of Dil molecules per 
particle of LDL does not appear to affect the chemical, physical or biological 
nature of the LDL (Barak and Webb, 1981). In the present study, nLDL and 
oxLDL resulted in a good incorporation of Dil, whereas acLDL did not exhibit 
such a good labelling efficiency. Reynolds and St Clair (1985) also found a 
reduced efficiency of Dil labelling on acLDL (5.9ng Dil/pg lipoprotein). The Dil 
is thought to associate with the surface of the lipoprotein in much the same 
manner as phospholipids (Barak and Webb, 1981). Therefore, the reduced Dil 
labelling of the acLDL may be the result of steric hindrance by the acetyl 
groups for access of Dil to the lipoprotein surface. Therefore if a higher degree 
of labelling of acLDL is desired, it is better to label with Dil before acétylation 
(Reynolds and St Clair, 1985).

It has been concluded from cell culture studies (Brown and Goldstein, 1983; 
Steinberg, 1988) that since nLDL uptake is regulated by a feedback 
mechanism, macrophages or foam cells do not take up nLDL at all, or only to a 
very limited extent. Various types of modified LDL are however taken up in an
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unregulated way and foam cells can be formed by the incubation of 
macrophages with modified LDL in vitro. Goldstein et al. (1979), using mouse 
peritoneal macrophages, demonstrated that these cells possess a high affinity 
binding site that recognises acLDL but not nLDL. The important property of the 
acLDL binding site is that it facilitates the rapid uptake of the bound lipoprotein 
and its delivery to lysosomes. In addition to acLDL this binding site recognised 
maleyl-LDL and the negatively charged polysaccharides, fucoidan and dextran 
sulphate, suggesting that the binding site recognises, at least in part, regions of 
multiple negative charge (Goldstein eta!., 1979; Brown eta!., 1980b).

The present study unexpectedly showed an accumulation of cell-associated 
fluorescence after incubation of THP-1 macrophages with Dil-nLDL. The 
binding studies conducted at 4°C as compared to studies at 37°C with the Dil- 
labelled nLDL indicated that binding to a cell surface receptor did occur 
followed by internalisation when the temperature was raised to 37°C. 
Competition experiments were then performed in order to determine whether 
nLDL were internalised by a receptor-mediated process. The data 
demonstrated an accumulation of cell-associated fluorescence after incubation 
with Dil-nLDL that was not competed for by excess nLDL. It is therefore 
unlikely that nLDL were causing an accumulation of cell-associated 
fluorescence due to a native LDL receptor uptake phenomenon. The fact that 
other lipoproteins (oxLDL and acLDL) with differing specificity could reduce the 
fluorescence makes it even less likely to be nLDL-receptor dependent. In 
addition the cell-associated fluorescence of nLDL was not decreased in the 
presence of 447C88. It would be expected that an increase in free cholesterol 
of the cells incubated with the ACAT inhibitor would down regulate the nLDL 
receptor. Thus it can be concluded that the Dil-nLDL is probably not being 
recognised and taken up via the nLDL receptor. The present data is 
insufficient however to determine the exact nature of the Dil-nLDL 
accumulation within THP-1 macrophages. No competition of Dil-nLDL uptake 
was seen with control nLDL (LDL treated in the same way as the Dil-labelled 
LDL but without the addition of the Dil label). This suggested that the nLDL 
may have been altered during the experimental procedure of Dil labelling so 
that it is no longer recognised by the nLDL receptor. Experiments undertaken 
using polyl and fucoidan indicate that the majority of Dil-nLDL, in this case, 
may be recognised by the scavenger receptor. Indeed the scavenger receptor 
ligands, oxLDL and acLDL, did compete with the Dil-nLDL reducing the cell- 
associated fluorescence observed. It may well be that a combination of a
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number of events could contribute to the accumulation of nLDL within the 
THP-1 macrophages.

Various mechanisms exist for the uptake of macromolecules by macrophages. 
Internalisation of oxLDL occurs through coated vesicle formation involving the 
interaction of lamellipodia structures with oxLDL and is clearly different from 
pseudopodia engulfing matter during phagocytosis (Esbach et a/., 1993). 
However it is possible that nLDL may have been taken up by the THP-1 
macrophages via phagocytotic mechanisms. Preaggregated LDL has been 
shown to be internalised by macrophages via phagocytosis (Khoo et a/., 1988; 
Heinecke et al., 1991). In the present study, large aggregates of the LDL were 
unlikely because very fresh preparations of lipoproteins were used which were 
always sterile-filtered immediately prior to addition to the culture medium, thus 
reducing the risk of aggregation. However the 0.2pm filters used would not 
filter out small aggregates. It has been demonstrated that small aggregates of 
LDL form at early stages of oxidation (Meyer, 1994). Therefore the THP-1 
macrophages may be engulfing the aggregated nLDL via phagocytotic 
mechanisms.

The fact that nLDL is recognised by macrophages has been noted by other 
investigators (Wiklund et a!., 1991; Keidar et a!., 1992). Wiklund et al. (1991) 
showed active uptake of nLDL into foam cells of the atherosclerotic rabbit 
aorta. Four times as much acLDL was taken up compared to nLDL suggesting 
the presence of a scavenger receptor. However, in their competition 
experiments uptake of nLDL were reduced by 40% with a lOx excess of acLDL 
suggesting that nLDL to some extent were taken up by the same mechanism as 
acLDL. The studies of Wiklund et al. suggest that nLDL uptake by the 
scavenger receptor could possibly have been due to modification of the particle 
involving an oxidative process, as the uptake was prevented by the presence of 
the antioxidant vitamin E. Parthasarathy et al. (1985) reported that incubation 
of nLDL with rabbit aortic endothelial cells in Ham's FIG medium at 37^C for 
24h resulted in complete loss of intact apoB-100 and appearance of many 
smaller polypeptides. The disappearance of intact apoB-100 during incubation 
paralleled the formation of TBA-reactive substances and the breakdown could 
be completely prevented by the addition of antioxidants or metal chelators 
(Fong et al., 1987). This suggested that the modification of LDL was linked to 
an oxidative attack on the polypeptide chain.
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However it has recently been reported that human monocytes or the human cell 
line, U937 could cause oxidation of LDL in the presence of RPMI-1640 medium 
when they were stimulated (Cathcart et al., 1995).



Media such as RPMI 1640 which was used in the present study does not 
support the oxidative modification of LDL, probably due to its lower 
concentrations of metals such as copper and iron (Steinbrecher et al., 1984; 
Heinecke et al., 1984). The requirement of metals to support cell-mediated 
oxidation was also indicated by the complete inhibition of modification by low 
concentrations of EDTA. However loss of intact apoB-100 during LDL 
preparation may occur at times simply due to oxidative damage with only low 
levels of copper ions. Fong et al. (1987) reported that there are certain areas 
in the apoB-100 protein that are peculiarly sensitive to cleavage. The close 
association of the hydrophobic regions of the protein with fatty acyl chains 
could provide opportunities for peroxyl radicals to interact selectively with 
adjacent portions of the polypeptide chain. In addition, cultured endothelial 
cells and smooth muscle cells have been shown to modify LDL in a way that 
leads to massive uptake by macrophages (Henriksen et ai, 1981; Steinbrecher 
et ai, 1984). It was concluded that these cells produced superoxide that was 
an important mediator of the modification of LDL by cells (Steinbrecher, 1988). 
It is therefore possible in the present study that modification of nLDL could 
occur by the THP-1 macrophages during the incubation period. The lipoprotein 
oxidation could be mediated by exposure to free radicals from macrophages.

Another possibility for the accumulation of Dil-nLDL in the present study is that 
nLDL has become modified through treatment with Dil. In a previous study in 
the same cell line, nLDL were not internalised by the cells, but in that case the 
nLDL were only labelled for 2h (Hassall, 1992). Thus, modification of the 
native lipoprotein could have occurred during the 18h incubation time in the 
presence of Dil, thereby causing the increased uptake. Agarose gels (as 
described in Materials and Methods, section 2.3.3), performed to analyse the 
extent of apoB-100 modification prior to incubation with the cells, showed no 
increase in the net negative charge of Dil-nLDL. Only substantial oxidation 
with CUSO4  caused a significant increase in the net negative charge as 
described in Materials and Methods, section 2.3.3 3. Therefore, the Dil itself 
may somehow be responsible for the altered recognition of nLDL without 
affecting the net charge of the apoB-100. Haberland ef a i (1984) found that 
binding to the scavenger receptor did not directly correlate with net charge 
change and hypothesised that a change in protein conformation rather than the 
lysine modification was the important determinant in receptor binding. It may, 
therefore, be possible that Dil causes a conformational change in the apoB-100
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protein or that oxidation occurred to a limited extent sufficient to induce a 
conformational change.

It is thought that macrophages possess, in addition to the nLDL receptor, 
several scavenger receptors (Steinberg et a/., 1989; Brown and Goldstein, 
1983). Competition experiments in mouse peritoneal macrophages revealed 
that the macrophage receptors for modified LDL consist of at least three 
receptors, two of which are specific for oxLDL and acLDL respectively and a 
common receptor that recognises both oxLDL and acLDL. (Aria et a/., 1989; 
Hoff et a/., 1992). Other studies also suggest the presence of more than one 
scavenger receptor for modified lipoproteins and that oxLDL and acLDL are not 
identical ligands with respect to recognition and uptake (Sparrow et a/., 1989; 
Steinberg, 1991). The evidence of Sparrow et al. (1989) implies the existence 
of at least two classes of saturable receptors for oxLDL, one that recognises 
both oxLDL and acLDL with similar affinities and another that recognises 
oxLDL but not acLDL. Aviram observed that both uptake mechanisms for 
oxLDL and acLDL were inhibited by fucoidan, a ligand for the scavenger 
receptor (Aviram, 1991a). In summary, it can be poncluded from the above 
studies that peritoneal macrophages have one receptor capable of binding both 
ligands and two additional receptors, one specific for acLDL and one specific 
for oxLDL. Studies by Esbach et al. (1993) suggest that more than one type of 
scavenger receptor is present on human and rat liver macrophages. Also in 
human and rat liver macrophages Van Berkel et al. (1991) found that besides 
the acLDL receptor, which recognises acLDL and oxLDL, an additional 
receptor was found that recognised oxLDL but not acLDL.

In agreement with the observations above the results presented in the present 
study suggest that more than one scavenger receptor may exist on the surface 
of THP-1 macrophages. Both oxLDL and acLDL were first bound and then 
internalised by a receptor-mediated process. This process was inhibited by 
scavenger receptor ligands Polyl and Fucoidan, indicating that a scavenger 
receptor was involved in the accumulation of Dil within the cells.

OxLDL uptake was not completely inhibited by a ten-fold excess of unlabelled 
oxLDL indicating that accumulation via an additional process may be involved. 
It seems oxLDL are recognised in part by the same receptor as acLDL. 
However, the present data is also consistent with the interpretation that, in 
addition to the scavenger receptor, oxLDL are recognised by another receptor
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or by a subfamily of the scavenger receptor not recognised by acLDL (a ten
fold increase in unlabelled nLDL inhibited oxLDL uptake by 30%, whereas the 
same concentration of unlabelled nLDL failed to inhibit acLDL accumulation). 
Thus it seems that oxLDL may be recognised by the same receptor that 
recognises nLDL and acLDL. Therefore it is possible that there are more than 
two classes of receptors involved in oxLDL uptake.

OxLDL are heterogeneous ligands and therefore different receptors may 
recognise different epitopes present in the population of oxLDL particles. 
AcLDL mimic only a fraction of the various epitopes on oxLDL (Sparrow et a/.,
1989). For example, conjugation of lysine amino groups with some of the many 
fatty acid fragments generated during oxidation may create epitopes 
recognised differently to those generated by acétylation alone of apoB-100 
(Esterbauer et a/., 1987). Another possibility is that oxidation affects amino 
acid residues in addition to lysine. Amino acid analysis of oxLDL has shown 
that there is a loss of histidine residues (Fong et a/., 1987). Alternatively 
scavenger receptor recognition may depend on the exposure of critical sites on 
apoB-100 that are normally hidden, and oxidation exposes more or different 
sites than does acétylation.

It is noteworthy that in the present competition assays, accumulation of Dil- 
oxLDL was not completely reduced by an excess of oxLDL or acLDL. In a 
study by Yla-Hertualla et al. (1989) uptake of oxLDL in atherosclerotic lesions 
could not be completely competed for by any of the tested ligands, suggesting 
that more than one process was responsible for the uptake. The presence of 
IgG might suggest that the macrophage Fc receptor-mediated mechanisms 
may also be involved in the metabolism of LDL in the lesions. Thus uptake via 
phagocytotic mechanisms may also be involved in the accumulation of the Dil- 
labelled lipoproteins. Hoff et el. (1992) showed that polyl even at high 
concentrations caused only a 50% inhibition of oxLDL uptake and suggested 
that small aggregates of LDL in the oxLDL samples that could have been taken 
up by phagocytosis rather than receptor-mediated endocytosis.

The results presented in this chapter are inconclusive with respect to the 
identification of the actual LDL receptors involved and many more experiments 
would be necessary to clarify the mechanisms of lipoprotein uptake into the 
THP-1 macrophages. The present results suggested that accumulation of Dil- 
nLDL may well occur through a combination of a number of events from
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phagocytosis, surface non-specific binding, to potential modification of the LDL 
by the Dil procedure or by incubation with the macrophages during the 
incubation period and thus recognition by a scavenger receptor. The results 
also suggest the presence of different scavenger receptors on the THP-1 
macrophages although further experiments with different ligands and ligand 
concentration ranges will be required to assess the complexity of modified LDL 
uptake by the THP-1 macrophages.
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CHAPTER 6 

FINAL CONCLUSIONS
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Chapter 6: Final Conclusions

The accumulation of cholesteryl ester-laden foam cells is a striking 
characteristic of early atherosclerotic plaque formation. Foam cells in early 
lesions are thought to derive from peripheral blood monocytes that have 
migrated to the subendothelial space (Ross, 1986). Modified lipoproteins, 
particularly oxLDL, have been implicated as a major source of cholesterol for 
cholesteryl ester storage by foam cells in vivo (Steinberg et al., 1983). 
Oxidative modification of LDL is accompanied by several alterations in their 
chemical and biological properties that enhance their atherogenicity. OxLDL 
are taken up more easily by macrophages (Henricksen at a/., 1981), are 
cytotoxic to endothelial cells (Messier at el., 1979; Morel at al., 1984), and have 
a higher chemotactic activity than nLDL (Autio at a/., 1990). The removal of 
oxLDL from the intimai space by macrophages may protect the endothelium 
and other arterial cells from the detrimental effects of oxLDL. However, since 
macrophages can bind and internalise oxLDL, it is highly likely these cells are 
themselves exposed to a severe oxidative stress. Potential atherogenic effects 
due to the accumulation of oxLDL derived-products within macrophages have 
yet to be determined. The present thesis has focused on oxidative modification 
of LDL and on the mechanism of cholesterol estérification in vitro, using the 
human monocytic cell line THP-1. These monocyte-derived macrophages 
could be induced to store cholesteryl esters by exposure to both native (nLDL) 
and modified LDL (acLDL and oxLDL). An understanding of the processing of 
lipoproteins by macrophages is of central importance in characterisation of the 
atherosclerotic disease process.

6.1 Accumulation of lipoproteins within THP-1 macrophages

6.1.1 Native LDL

The internalisation of native, oxidised and acetylated lipoproteins into THP-1 
macrophages was measured by flow cytometry (Chapter 5). It was shown that 
Dil-labelled nLDL caused an increase in cell-associated fluorescence relative 
to Dil-labelled oxLDL or acLDL (Fig. 5.6). Indeed nLDL also caused an 
accumulation of cholesteryl esters within the THP-1 macrophages (Fig. 3.1), 
indicating again that these lipoproteins were being internalised by the cells,
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leading to an activation of the enzyme ACAT and cholesteryl ester formation. It 
is known that down regulation of the nLDL receptor occurs when the amount of 
cholesterol within the cells increases (Brown et a/., 1974). This suggests that 
the nLDL were not being internalised via the nLDL receptor, since ACAT was 
activated resulting in the formation of cholesteryl esters. A further increase in 
the free cholesterol content of the cells by inhibition of ACAT with 447C88 
failed to decrease the internalisation of nLDL (Table 5.2). This supported 
further the idea that nLDL was being taken up by the cells via an alternative 
mechanism. It is possible that nLDL had been modified by the pretreatment 
with Dil or modified by incubation with the macrophages themselves, resulting 
in some uptake by the scavenger receptor. Indeed a decrease in cell- 
associated fluorescence observed in the presence of fucoidan (70%) and polyl 
(80%) suggested that the scavenger receptor was responsible for the majority 
of the uptake of Dil-labelled nLDL (Table 5.3). The concentration of fucoidan 
and polyl used have been shown previously to be saturating with respect to 
inhibition of the scavenger receptor (Goldstein et a/., 1979; de Rijke et al., 
1992). Furthermore, the uptake of Dil-labelled nLDL were not decreased in the 
presence of a ten-fold excess of nLDL which had undergone the exact same 
labelling procedure but without the addition of the Dil label. This suggested 
that the reason for the unexpected accumulation of Dil-labelled nLDL may 
possibly have been due to a specific effect of the Dil itself.

No modification of the Dil-labelled nLDL apo 8-100 was detected by agarose 
gel electrophoresis (see Materials and Methods, section 2.3.3) immediately 
prior to incubation with the cells. It is possible therefore that the LDL was 
modified during the incubation with the macrophages themselves. 
Macrophages have been reported previously to cause oxidative modification of 
LDL (Cathcart et a/., 1985; Hiramatsu et a/., 1987; Jessup et al., 1990; Leake 
and Rankin, 1990). It would therefore be of interest to reisolate the nLDL after 
incubation with the macrophages to determine if oxidative modification had 
taken place and to what extent. The oxidation of LDL has previously been 
demonstrated by measuring the formation of lipid peroxides (Jessup et al.,
1990), the detection of thiobarbituric acid reactive substances (TBARS) 
(Hiramatsu et al., 1987; Lamb and Leake, 1992; Wilkins and Leake, 1994) or 
by electrophoretic mobility (Parthasarathy et al., 1986). It is believed that LDL 
oxidised with copper ions must reach a certain relative electrophoretic mobility 
(REM) relative to nLDL before the lipoprotein is recognised by the scavenger 
receptor (Darley-Usmar et al., 1990). Since, as mentioned above, at least 70%
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of the nLDL in the present study were recognised by the scavenger receptor, 
then future experiments would be important to determine the exact nature of 
the modification of nLDL with the macrophages. Use of antioxidants would also 
be helpful in this case to determine whether oxidative modification was indeed 
taking place.

It has been demonstrated that accelerated uptake of nLDL by macrophages 
isolated from the arterial intima can be attributed largely to phagocytosis of 
LDL-containing aggregates (Heinecke et a/., 1991) and this mechanism could 
account for the 20-30% of nLDL accumulation not inhibited by fucoidan or 
polyl. Minor modifications of the nLDL could have occurred which were not 
detectable by altered electrophoretic mobility but which may have contributed 
to aggregation. It has been shown that small aggregates of LDL occur early in 
the oxidative process (Meyer, 1994) and that these aggregated LDL were taken 
up by mouse macrophages. It is possible therefore that aggregated LDL may 
have been taken up by the THP-1 macrophages in the present study via 
phagocytotic mechanisms. In addition, a recent study showed that THP-1 
macrophages secreted lipoprotein lipase (LPL) (Rumsey et al., 1992) which 
potentiated the binding of LDL to the cells, thereby increasing their cellular 
uptake and degradation. This process does not appear to involve the classical 
lipoprotein receptor pathways. Therefore the presence of LPL in the present 
study may enhance cellular uptake of the nLDL possibly via phagocytotic 
mechanisms.

6.1.2 Modified lipoproteins

The flow cytometry results in the present study demonstrated that both oxLDL 
and acLDL were effectively bound and internalised by THP-1 macrophages via 
the scavenger receptor (Fig. 5.6). However even though the oxLDL and acLDL 
were internalised by the cells to a similar extent, oxLDL resulted in less 
cholesteryl ester accumulation than acLDL (Fig. 3.1). It has also previously 
been noted that acLDL results in far greater cholesterol estérification via ACAT 
relative to oxLDL (Roma et a/., 1990; Zhang et a/., 1990; Maor and Aviram, 
1994). Oxidation of LDL is accompanied by a substantial reduction in LDL total 
cholesterol, due to the formation of cholesterol oxides (Zhang et al., 1990). 
However, even after correction for the amount of intact cholesterol delivered to 
the cells, acLDL were twice as efficient at stimulating cholesterol estérification
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than oxLDL in mouse peritoneal macrophages (Zhang et al., 1990). Some of 
the effects of internalised oxLDL and products resulting from LDL oxidation 
were investigated to determine why oxLDL should result in less cholesteryl 
ester formation than acLDL.

6.2 Inhibitory effects of oxidation products of LDL on cholesterol 
estérification

One possibility for the decreased rate of cholesteryl ester synthesis supported 
by oxLDL relative to acLDL is inhibition of this pathway by oxidation products of 
LDL (Chapter 3). An inhibitory effect of the lipid moiety of oxLDL on ACAT in 
human umbilical vein endothelial cells has been reported by Jialal and Chait 
(1989). It was also concluded by Zhang et al. (1990) that some oxysterols 
present in oxLDL appeared to have modest inhibitory effects on cholesterol 
estérification in the presence of extracellularly added lipoproteins although 
other oxysterols showed modest stimulation. In the present study only the 
hydroperoxides, 13-HPODE and 15-HPETE, exhibited any reduction of this 
estérification and only at high concentrations and in the presence of acLDL but 
not nLDL (Table 3.3). No inhibitory effects with the oxysterols tested nor with 
lysoPC or cumene hydroperoxide were observed in THP-1 macrophages. 
Rather, the accumulation of cholesteryl esters was increased in the presence 
of all the oxysterols except 7p-0H cholesterol (Fig. 3.6a-e). This increase 
could be due to the additive accumulation of steryl esters if both the lipoprotein 
cholesterol plus the oxysterol are substrates for ACAT. Indeed, oxysterols 
added to the cells without the addition of an extracellular cholesterol substrate 
did cause accumulation of steryl esters (Fig. 3.3), which indicated that they 
either served as substrates or alternatively they may have caused the release 
of cholesterol from membrane sources into intracellular pools by exchange 
mechanisms.

6.3 Cytotoxic effects of oxidation products of LDL on THP-1 
macrophages

The lack of any inhibitory effects on ACAT (Chapter 3) raised the possibility 
that the decreased accumulation of cholesteryl esters observed with oxLDL 
might have been due to toxic effects on the cells rather than to a direct effect
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on ACAT (Chapter 4). Toxicity to the THP-1 macrophages was observed with 
oxLDL but no cytotoxic effect was found in the present study with any of the 
oxidation products except for 25-OH cholesterol at high concentrations (Fig.
4.2 and Fig. 4.4). 25-OH cholesterol was also found to be cytotoxic to mouse 
peritoneal macrophages (Zhang et al., 1990). It seems that the toxic effects 
observed with oxLDL are not due to the individual oxidation products tested 
although other products of oxidation or a cocktail of products may still have 
caused cytotoxic effects. Aldehydes resulting from lipid peroxidation have 
recently been reported to have disruptive effects in endothelial cells by 
disrupting gap-junctions and causing DMA damage (Esterbauer at a/., 1991b). 
These aldehydes themselves could contribute to atherogenesis.

6.4 Possible routes of metabolism of oxLDL and acLDL in macrophages

The results in the present study suggest that the reduced cholesteryl ester 
accumulation observed with oxLDL as compared to acLDL were probably not 
due to any inhibitory effects of LDL oxidation products. It is possible that the 
cytotoxic effects of oxLDL could have detrimental effects on the cells resulting 
in the reduced ACAT activity although the cytotoxic product was not identified.

As mentioned in section 6.1.2 oxLDL and acLDL were internalised by the 
THP-1 macrophages to a similar extent via the scavenger receptor (Fig. 5.6). 
There are a number of different scavenger receptors that take up a variety of 
modified lipoproteins (Sparrow at al., 1989). The competition experiments in 
the present study (Fig. 5.7) indicated that oxLDL and acLDL were being 
internalised by the same scavenger receptor, but oxLDL was also internalised 
by an additional scavenger receptor that did not recognise acLDL. Binding of 
modified lipoproteins to different receptors can result in metabolism of these 
lipoproteins by alternative pathways within the cells (Tabas at al., 1990; Van 
Lenton and Fogelman, 1990; Aviram and Maor, 1993). This could explain why 
acLDL and oxLDL are taken up to the same extent by THP-1 macrophages 
(Fig. 5.6), but there is a decreased intracellular accumulation of cholesteryl 
ester in the presence of oxLDL compared to acLDL (Fig. 3.1).

It has been reported that acLDL are degraded almost completely after 
incorporation in mouse peritoneal macrophages, whereas oxLDL are rather 
resistant to lysosomal hydrolysis (Lougheed at al., 1991; Jessup at al., 1992;
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Roma et al., 1992). It has also been noted that 50% of internalised oxLDL 
were not degraded and hence might not be available as a substrate for ACAT 
(Zhang eta!., 1990). A study undertaken with J774 macrophages found only a 
small fraction of the free [^HJcholesterol generated in the lysosomes was 
esterified which resulted in a doubling of free cholesterol content (Mahlberg et 
al., 1990). Sparrow et al. (1989) found such a pool of free cholesterol during 
the degradation of acLDL, but a much larger pool was observed during the 
degradation of LDL oxidised by exposure to endothelial cells. A number of 
models could explain this observation (Sparrow et al., 1989). For example, 
oxLDL may be degraded more slowly by lysosomal enzymes, leading to a 
larger pool of intracellular free cholesterol. Alternatively, oxidised lipids of 
oxLDL may interact with an endosomal or lysosomal component and thus 
disrupt the normal processing pathway.

It is possible that oxLDL may have had a different metabolic fate to acLDL. A 
study with murine J774 macrophages found similar results to those presented 
in this thesis with THP-1 cells, in that oxLDL result in less cholesteryl ester 
formation by ACAT compared to acLDL (Roma et al., 1990). Binding and 
fluorescence microscopy studies have shown internalisation of oxLDL into 
murine macrophages leading to an accumulation of unesterified cholesterol in 
organelles with density properties similar to those of lysosomes (Roma et al., 
1992). In addition, a much higher content of free cholesterol was found in cells 
preincubated with oxLDL as compared to acLDL. The intracellular 
accumulation of oxLDL may depend in part on the resistance of apoB-100 to 
proteolytic digestion by cathepsins (Lougheed et al., 1991). However, studies 
undertaken in the mouse macrophage cell line J774, showed that lysosomal 
hydrolysis of both acLDL and oxLDL were similar and cell fractionation 
revealed that the unesterified cholesterol from oxLDL was trapped in the 
macrophage lysosomal fraction and the unesterified cholesterol from acLDL 
was rapidly transported to the cytosolic compartments (Roma et al., 1992).

The data discussed above and the data presented in the present study could 
be explained by the presence of a cellular pathway specific for oxLDL not 
leading to significant degradation of the internalised lipoprotein. Thus 
cholesterol transported by oxLDL into macrophages is sequestered into a pool 
which is not readily available to ACAT. Lysosomal trapping of free cholesterol 
from oxLDL may also be related to the association of other components of the 
lipoprotein such as the fragmented apoB-100 or the oxidised phospholipids.
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Alternatively, lysosomal accumulation of cholesterol from oxLDL may be related 
to the effect of oxysterols present in oxLDL and not acLDL as incubation of 
acLDL with oxysterols has recently been shown to result in the accumulation of 
unesterified cholesterol (Maor and Aviram, 1994). Whatever the mechanism, 
the inability of cells to release products of oxLDL degradation to the cytoplasm 
after internalisation may be important both to the observed cytotoxicity of 
oxLDL (Chapter 4) and also to the fact that oxLDL, but not acLDL, induces 
ceroid formation in mouse peritoneal macrophages (Ball et al., 1986).

Phagocytotic uptake of cholesteryl ester droplets by either vascular smooth 
muscle cells (Jerome at al., 1991) or by J774 macrophages (Mahlberg at al., 
1990; Tangirala at al., 1993) also resulted in lysosomal accumulation of 
unesterified cholesterol leading to formation of monohydrate crystals within 
lipid-filled lysosomes (Tangirala at al., 1994). An alternative uptake 
mechanism of oxLDL other than the scavenger receptor was suggested in the 
present study (Chapter 5). Phagocytosis could be responsible for some of the 
uptake of oxLDL leading to a different metabolic route and lysosomal 
accumulation of oxLDL, which would be unavailable as a substrate for ACAT. 
Such a process may lead to deposition of free cholesterol and cholesterol 
monohydrate crystals in macrophage foam cells during the progression of 
atherosclerosis (Tangirala atal., 1994).

6.5 ACAT inhibitors as a therapeutic approach to atherogenesis

The potent ACAT inhibitor, 447C88, in the present work was shown to 
decrease the cholesteryl ester formation in THP-1 macrophages in the 
presence of oxLDL or the oxysterols (7p-0H cholesterol, 22-OH cholesterol, 
25-OH cholesterol, 7-keto cholesterol and 5,6-epoxy cholesterol). 
Furthermore, it was shown that a potential build up of oxLDL and oxidation 
products by inhibiting ACAT, was no more cytotoxic to the THP-1 macrophages 
than that observed in the absence of 447C88. The ACAT inhibitor which would 
increase the amount of unesterified cholesterol within the cells was also 
demonstrated in the present study to have no effect on the uptake of 
lipoproteins into the THP-1 macrophages. ACAT inhibitors could be useful as 
therapeutic agents by reducing cholesteryl ester deposition and thus foam cells 
and preventing the progression of atherosclerosis. The present study 
demonstrates that the use of an ACAT inhibitor would indeed reduce the
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amount of cholesteryl esters within THP-1 macrophages and may indeed inhibit 
the formation of foam cells. In addition the present results suggest that the 
build up of non-esterified oxidised cholesterol and oxysterols remaining in the 
cell does not cause cytotoxic effects on the THP-1 macrophages or affect the 
receptors on the surface of the macrophages.

6.6 Final Comments and scope for future work

Overall the results presented in this thesis suggest that THP-1 macrophages, 
used as a model system for human monocyte-macrophages, may respond in 
different ways to native, oxidised and acetylated lipoproteins. Characterisation 
of these responses are important in determining the role that macrophages play 
in atherogenesis.

Most studies, including the present study, have involved the use of highly 
oxidised LDL which are no longer recognised by the LDL receptor, but are 
recognised by the scavenger receptor, and have been postulated to play a role 
in foam cell formation (Brown and Goldstein, 199Ô). Extensive oxidation of 
lipoproteins within the plasma is in fact unlikely; nevertheless, minor 
modifications may occur. In addition, it is unlikely that oxidative modification of 
LDL generates a single, reproducible form of modified LDL. More likely, the 
oxidised LDL are a heterogeneous mixture of particles containing molecules 
that have been modified to different degrees. It seems unlikely that all the 
particles in lesion LDL are modified in a similar way or to the same extent, 
since some of the particles may have just entered the intima whereas others 
may have been retained in the lesion for a long time.

Berliner et al. (1990) hypothesised that, if LDL retention was the first step in 
lesion development, initially there would be relatively few cells present in the 
subendothelial space to oxidise LDL to the extent that it would be recognised 
by the scavenger receptor. Therefore minimally oxidised LDL (mmLDL) could 
be very important with respect to the initial stages of the development of 
atherosclerosis. MmLDL are believed to play a role in the attraction of 
monocytes into the lesion (Rajavashisth at al., 1990; Cushing at al., 1990), one 
of the early cellular events in atherogenesis. As the monocytes migrate into 
the subendothelial space and differentiate into macrophages, further 
modification of LDL could occur as a result of the release of metabolites from 
the macrophages into the microenvironment. The resulting highly modified LDL
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would then be taken up by the scavenger receptor, producing foam cells. 
These heavily lipid-laden cells cannot leave the intima and therefore 
accumulate in the intimai space and contribute to the bulk of the atherosclerotic 
lesion.

It would be of interest to continue the experiments undertaken in the present 
study using oxLDL modified to different extents, especially LDL oxidised only to 
minor levels. As described in section 6.1.1 it is possible that incubation of 
nLDL with THP-1 macrophages may result in LDL that has been modified, most 
probably partially oxidised, by the macrophages themselves. This obviously 
requires further investigation and would provide an understanding of the 
modification of LDL by macrophages. A greater understanding of the oxidative 
process of LDL and their effects on macrophages would help towards possible 
therapeutic approaches to atherosclerosis.
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Appendix A : Abbreviations

ACAT acyl coenzyme A: cholesterol acyltransferase
AGO acid citrate dextrose
AcLDL acetylated low density lipoprotein
AMP adenosine 5'-monophosphate
ApoB apolipoprotein B-100
ApoE apolipoprotein E
ArA arachidonic acid
BOA bicinchonic acid
BHT butylated hydroxytoluene
BSA bovine serum albumin
cAMP cyclic adenosine monophosphate
coA coenzyme A
Dil 1,1-dioctadecyl-3,3,3,3-tetramethyl-indocarbocyanine perchlorate
DMSO dimethyl sulphoxide
DTPA diethylenemamine pentaacetic acid
EDTA ethylenei>iamine tetraacetic acid
ELAM endothelial-leukocyte adhesion molecule
ER endoplasmic reticulum
FBS foetal bovine serum
FIDiAc fluorescein diacetate
GO gas chromatography
HDL high density lipoprotein
HPLC high performance liquid chromatography
4HNE 4-hydroxynonenal
I CAM intracellular adhesion molecule
IDL intermediate low density lipoprotein
IL-1 interleukin-1
LDL low density lipoprotein
LDH lactate dehydrogenase
lysoPC lysophosphatidylcholine
MDA malondialdehyde
MCP-1 monocyte chemotactic protein
nCEH neutral cholesteryl ester hydrolase
nLDL native low density lipoprotein
oxLDL oxidised low density lipoprotein
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PBS phosphate buffered saline
PDGF platelet derived growth factor
PMA phorbol 1 2 -myri state 13-acetate
PMTs photomultiplier tubes
PI propidium iodide
Polyl polyinosinic acid
PUFA polyunsaturated fatty acids
SCP-2 sterol carrier protein-2

TBARS thiobarbituric acid reactive substances
TG triglycerides
TLC thin layer chromatography
INF tissue necrosis factor
VCAM vascular cell adhesion molecule
VLDL very low density lipoprotein
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Appendix B : Source of Materials

Amersham International, Amersham, Bucks.

[1-1 oleic acid, [^H] cholesteryl oleate

Beckman Instruments, Inc, Fullerton, CA

Paragon electrophoresis kit

BDH Chemicals Ltd., Poole, Dorset

Acetic anhydride 
Paraformaldehyde

Gibco BRL, Paisley, Scotland

RPMI 1640 medium with L-glutamine + 25 mM HEPES
RPMI 1640 medium with L-glutamine
L-glutamine
Penicillin/streptomy ci n
Trypsin

ION Flow

Foetal bovine serum (FBS)

Molecular Probes 

Dil
Fluorescein diacetate 
Propidium iodide

Sigma Chemical Company Ltd. Poole, Dorset

BOA protein assay reagents, BSA (essentially fatty acid free), cumene 
hydroperoxide, dimethyl sulphoxide (DMSO), 5,6-epoxy cholesterol,
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ethyldiaminotetraacetic acid (EDTA), 7p-0H cholesterol, 22-0H cholesterol, 
25-OH cholesterol, 7-keto cholesterol, lysophosphatidylcholine, 2- 
mercaptoethanol, oleic acid, PMA, propidium iodide, sodium acetate, triolein, 
triton X-100, trypan blue
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