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Cardiovascular diseases are the main cause of mortality in Western countries. The
development of atheromatous plaques plays a key role in the progression of such diseases.
The extent of lipid accumulation within the plaque is a major determinant of its stability
and is a potent risk factor for myocardial infarction and stroke. Recent studies have
indicated that the unsaturated fatty acid composition of lipid within the plaque may have
an impact on its stability. The relationship between the fatty acid composition of dietary
fat and of plaque lipid is unknown, although dietary intake influences the fatty acid
composition of the lipoprotein pool from which plaque lipid is derived. The aims of this
study were to determine the effects of moderate supplementation with n-3 and n-6
polyunsaturated fatty acids (PUFA) on the fatty acid profile and oxidisability of plasma
low density lipoprotein (LDL) and of lipid fractions isolated from atherosclerotic plagues
from patients undergoing carotid endarterectomy.

Patients (n = 54/group) were given placebo, sunflower oil (SO) or fish oil (FO) in
capsules (6 g of oil/day) for at least two weeks (mean eight weeks) before undergoing
surgery. The FO capsules provided 0.86 g eicosapentaenoic acid (EPA) and 0.5 g
docosahexaenoic acid (DHA) per day. Blood samples were taken before and after
supplementation. Copper-induced oxidation of isolated LDL (conjugated diene
formation) and the fatty acid composition of lipid classes from LDL and from plaques
were determined, as well as LDL and plasma triacylglycerol (TAG), cholesterol and lipid
peroxide concentrations. The cell populations involved in the inflammatory activity in the
carotid atherosclerotic lesions were characterised with cell specific monoclonal
antibodies.

FO supplementation increased the amount of EPA and DHA in LDL and plaque,
phospholipid (PL), TAG and cholesteryl ester (CE) fractions, and in adipose tissue.
Supplementation with SO resulted in increased levels of linoleic acid in LDL PL and CE
fractions. Plasma TAG concentration decreased by 29% and the lag time of copper
induced-LDL oxidation was significantly decreased (-26%) after FO supplementation.
Peroxide levels in LDL were not affected by any of the supplements.The incorporation of
n-3 PUFA into plaques led to decreased levels of macrophages.

The results of this study show that a moderate supplementation of fish oil in patients with
carotid atherosclerosis results in incorporation of the long chain n-3 PUFA (EPA and DHA)
into LDL fractions, adipose tissue and atherosclerotic plaques. Plasma TAG concentrations
were decreased but LDL was more susceptible to oxidation. However, the incorporation of
n-3 PUFA into atherosclerotic plaques led to a lower macrophage content which may make
these plaques more stable and less likely to rupture.
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1 General Introduction
1.1 Fatty acids

1.1.1 Structure of fatty acids

The most important component of dietary fat is triacylglycerol (TAG) and in the
United Kingdom TAG typically represents >95% of dietary fat. Dietary fat also contains
phospholipids, glycolipids, sterols and their esters and fat-soluble vitamins. Each
triacylglycerol molecule is composed of three fatty acids attached to a glycerol backbone;
phospholipids, glycolipids and sterol esters also include fatty acids in their structure.
Thus, fatty acids are an important component of the diet. Fatty acids are hydrocarbon
chains of alternating -CH,- units with a methyl group at one end and a carboxyl group at
the other; the carboxyl group is esterified to the glycerol backbone in triacylglycerols,
phospholipids and glycolipids and to cholesterol in cholesterol esters. Saturated fatty
| acids (SFA) are the most abundant fatty acids in the typical Western diet (see section
1.1.3) and these have straight chains with an even number of carbon atoms. Fatty acids
can contain double bonds these and are termed unsaturated fatty acids. The number and
position of the double bonds differs among different unsaturated fatty acids; if there are
two or more double bonds the fatty acid is termed a polyunsaturated fatty acid (PUFA).

Fatty acids have systematic names but most also have common names and are
described by a shorthand nomenclature (Table 1.1). This indicates the number of carbon
atoms in the chain, the number of double bonds and the position of the first double bond
from the methyl terminus of the chain (Figure 1.1). The position of the first double bond
in the hydrocarbon chain is indicated by the n-7, n-9, n-6 or n-3 part of the shorthand
notation. Therefore an n-3 fatty acid has the first double bond on carbon 3 counted from

the methyl terminus and an n-6 fatty acid has the first double bond on carbon number 6

from the methyl terminus (Figure 1.1).
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Table 1.1: Some commonly found fatty acids and their nomenclature

Systematic name Common name Shorthand
Saturated fatty acids (SFA)

Octanoic Caprylic 8:0
Decanoic Capric 10:0
Dodecanoic Lauric 12:0
Tetradecanoic Myristic 14:0
Hexadecanoic Palmitic 16:0
Octadecanoic Stearic 18:0
Monounsaturated fatty acids (MUFA)

9-Hexadecenoic Palmitoleic 16:1n-7
9-Octadecenoic Oleic 18:1n-9
trans 9-Octadecenoic Elaidic 18:1n-9
11-Eicosaenoic Gadoleic 20:1n-9
13-Docasenoic Erucic 22:1n-9
15-Tetracosaenoic Nervonic 24:1n-9
Polyunsaturated fatty acids (PUFA)

9,12-Octadecadienoic Linoleic 18:2n-6
9,12,15-Octadecatroenoic a-Linolenic 18:3n-3
6,9,12-Octadecatrienoic y-Linolenic 18:3n-6
11,14,17-Eicosatrienoic Mead 20:3n-9
8,11,14,17-Eicosatetraenoic Dihomo-y-linolenic 20:3n-6
5,8,11,14-Eicosatetraenoic Arachidonic 20:4n-6
5,8,11,14,17-Eicosapentaenoic Eicosapentaenoic 20:5n-3
4,7,10,13,16-Docosapentaenoic Docosapentaenoic 22:5n-3
4,7,10,13,16,19-Docosahexaenoic  Docosahexaenoic 22:6n-3

All double bonds are in the cis configuration unless otherwise stated.



Figure 1.1: Structure of linoleic and a-linolenic acids
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1.1.2 Synthesis of polyunsaturated fatty acids

Mammals can synthesise saturated fatty acids (SFA; Table 1.1) de novo from
simple precursors such as glucose and amino acids. Monounsaturated fatty acids (MUFA;
table 1.1) such as oleic acid can also be synthesised de novo in mammals, due to the
presence of the 69-desaturase enzyme (Figure 1.2). Liver and adipose tissue are the main
sites of de novo fatty acid synthesis. However, in Western countries there is little
requirement for synthesis of SFA and MUFA as they are supplied in excess by the diet.
Mammals cannot insert double bonds between carbon number 9 and the methyl terminus
of oleic acid. Thus, mammals cannot convert oleic acid (18:1n-9) into linoleic acid
(18:2n-6). The enzyme which does this is called 612-desaturase and this is found only in
plants. Likewise, mammals cannot convert linoleic acid into a-linolenic acid (18:3n-3).
The enzyme which does this is called 615-desaturase and again this is found only in
plants. In mammals linoleic and a-linolenic acids are required for normal growth and
physiological integrity and therefore must be supplied by the diet and are thus termed
‘essential’ fatty acids. Also, because mammalian tissues do not contain the 615-
desaturase they cannot interconvert n-6 and n-3 fatty acids.

Four distinct families of unsaturated fatty acids result from the process of
desaturation, the n-6 and n-3 families are shown in Figure 1.2. Members of each family
compete for the desaturase and elongase enzymes and therefore one family influences the

metabolism of other families. Substrates which are members of different families compete
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for the 66-desaturase, but this enzyme has different affinities for different substrates (a.-
linolenic acid > linoleic acid > oleic acid) (Hrelia er al., 1990). However, because the
Western diet contains more linoleic acid than o-linolenic acid (Table 1.2) the most
important conversion in quantitative terms is that involving the n-6 family, which results
in the conversion of linoleic acid into arachidonic acid (Figure 1.2). This probably
accounts for the high proportion of arachidonic acid in human tissues. Plant tissues and
plant oils tend to be rich sources of linoleic acid and o-linolenic acid. For example,
linoleic acid contributes over 50% and often up to 80% of the fatty acids found in corn,
sunflower, safflower and soybean oils. Rapeseed and soybean oils are also good sources
of a-linolenic acid and this fatty acid contributes between 5 and 15% of the fatty acids
present. However, the richest source of a-linolenic acid is linseed oil, and this fatty acid
can contribute as much as 60% of the fatty acids present. If the dietary intake of linoleic
acid is low, other C18 substrates are able to compete effectively for the 66-desaturase,
especially oleic acid if it is abundant. Desaturation of oleic acid by 66-desaturase and the
subsequent elongation and desaturation of 18:2n-9 results in the formation of mead acid
(Table 1.1). This is believed to be an indicator of essential fatty acid deficiency. Using the
same pathway (Figure 1.2) dietary a-linolenic acid can be converted into EPA and DHA.
Alpha-linolenic acid (18:3 n-3) is the principal PUFA that occurs in the green tissue of
plants. These fatty acids therefore occur in the meat of animals which eat plants, though
in ruminants the amounts are diminished by hydrogenation in the rumen. Marine plants,
in particular unicellular algae and phytoplakton, contain high activities of the enzymes
enabling them to carry out chain elongation and desaturation of a-linolenic acid to yield
EPA and DHA. These very long chain n-3 PUFA are then transferred through the food
chain to the tissues of some marine mammals (e.g. whales, seals) and fish (e.g. herring,
mackerel, tuna: known as oily fish). Therefore the only concentrated edible sources of

these PUFA are oily fish and the oils derived from them.
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Figure 1.2: Metabolic pathways for the synthesis of PUFA
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1.1.3 Fatty acids and the UK diet

The average intake of fat in Western countries is 75 to 150 g per day and fat
generally contributes 35 to 45% of dietary energy (Table 1.2; Department of Health,
1991). The major fatty acids in the diet of adults in the United Kingdom are medium and
long chain SFA, especially myristic, palmitic and stearic, the MUFA oleic and the PUFA
linoleic and a-linolenic (Table 1.2). According to the Adult Survey (Gregory et al., 1990)
the daily diet of the average adult male in the United Kingdom contains 42 g SFA, 31 g
MUFA and 15.8 g PUFA. The main PUFA in the diet are linoleic acid (intake is
approximately 13.8 g/day for adult males) and a-linolenic acid (about 2 g/day). Six per
cent of dietary energy in the diet of the UK population comes from n-6 PUFA and 0.7%
comes from n-3 PUFA. Since 1970 the absolute consumption of SFA in the United
Kingdom has declined by 40%, while the consumption of MUFA has declined by 30%.
The consumption of PUFA increased by 25% over this period of time (Department of
Health, 1991). This was largely due to increased consumption of linoleic acid which
became generally available in margarines and cooking oils. Total PUFA intake increased
from 5% of dietary energy in 1980 to 7% in 1992 (Department of Health, 1994) and the
long-term safety of diets rich in n-6 PUFA has been questioned (Ulbricht and Southgate,
1991). An estimate of the change in intake of n-3 fatty acids for the population as a whole
over the past few years is available from the Total Diet Surveys for 1991 and 1995
(Ministry of Agriculture Fisheries and Food, 1997a). In 1991, total n-3 fatty acid intake
was 1.61 g per day. By 1995, this had risen to 1.8 g per day. During this same period,
total intake of n-6 fatty acids fell from 10.66 g per day to 10.2 g per day. One current
recommendations for dietary PUFA is as follows: linoleic acid should supply 6% of
energy, a-linolenic acid 1% of energy, long chain n-3 PUFA 0.5% energy and total
PUFA intake should be 7.5% of dietary energy (Table 1.2; British Nutrition Foundation,
1992 ,1999).
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Table 1.2 : The actual and recommended fatty acid intakes of the UK population

Average intake Recommended intake Recommended intake
(1991) (1999)
% Energy g/day (men) % Energy  g/day (men) % Energy  g/day (men)
SFA 15.4 39 11 27 - -
MUFA 11.6 28 13 33 - -
Total PUFA 5.8 15 6.5 15 7.5 19
n-6 PUFA 5.1 13 6 15 6 15
n-3 PUFA 0.8 2 - - 1.0 3

Very long chain
n-3 PUFA <0.1 0.25 - - 0.5 1

Total fat Approx. 40 100 35 88 35 88

Data are from the British Nutrition Foundation (1992) (based on Department of Health, 1991) and the
British Nutrition Foundation (1999)
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1.1.4 Lipid transport and lipoprotein metabolism

Non-esterified fatty acids are carried in the bloodstream bound to albumin. In
contrast, the transport of both TAG and cholesterol occurs in specialised structures known
as lipoproteins. Because' TAG and cholesterol are carried by the same system, their
metabolism is closely interrelated. Lipoproteins are particles with a highly hydrophobic
core and a relatively hydrophilic outer surface. A typical lipoprotein particle contains a
core of TAG and cholesteryl ester, with an outer layer of phospholipid and free
cholesterol. Each particle has associated with it one or more protein molecules called
apolipoproteins, which have hydrophobic domains, which ‘dip into’ the core and anchor
the protein to the particle, and hydrophilic domains which are exposed at the surface.

Lipoproteins are separated into different classes based on the density at which
they float during ultracentrifugation. These classes are further subdivided by particle size,
chemical composition, physical properties and metabolic function, but are linked by the
common role of lipid transport. The characteristics of the major lipoprotein fractions are
listed in Table 1.3. Chylomicron and very-low-density lipoprotein (VLDL) particles are
relatively rich in TAG and are often referred to as the TAG-rich lipoproteins; their main
function is transporting TAG in the blood. The smaller low-density lipoprotein (LDL) and
high-density lipoprotein (HDL) particles are more involved with the transport of

cholesterol between the liver and extra-hepatic tissues.
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Table 1.3: Characteristics of the major lipoprotein classes
(Based on Frayn, 1996)

Fraction Chylomicrons VLDL LDL HDL

Density range (g/ml) <0.950 0.950-1.006  1.019-1.063  1.063-1.090

Diameter (nm) 80-1000 30-80 20-22 9-15

Major lipids Dietary Endogenous Cholesterol  CE and PL
TAG TAG and CE

Major B4§, A1, B100,C,E  BI00 Al,A2,C,E

apolipoproteins A2, C,E

Protein (% weight) 1 10 20 50

TAG (% weight) 90 65 10 2

Cholesterol 5 13 45 18

(% weight)

PL (% weight) 4 13 23 30
PL= phospholipid, CE= cholesteryl ester

1.1.4.1 Chylomicron metabolism: the exogenous pathway

The metabolism of chylomicrons is often called the exogenous pathway of
lipoprotein metabolism. This pathway transports dietary fat and this is shown in Figure
1.3. TAG and cholesterol are absorbed and re-esterified in the enterocytes and are
secreted as chylomicron particles, via the lymphatics, into the circulation. The newly
secreted chylomicron particles consist of a core of cholesteryl ester and TAG with a
surface of unesterified cholesterol and phospholipid and the apolipoproteins B48 and Al
(apo-B48 and apo-Al).
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Once in the circulation chylomicrons acquire apo-C2 from HDL, which makes
them substrates for lipoprotein lipase (LPL) as they pass through capillaries of tissues that
express this enzyme, such as adipose tissue and muscle. The TAG is hydrolysed and the
particles shrink as they pass through a number of capillary beds losing more TAG each
time. Chylomicrons also lose some surface coat by dissociating some unesterified
cholesterol, phospholipid and apolipoproteins which are taken up by other particles, such
as HDL. The smaller remaining particles are called chylomicron remnants; they are
enriched in cholesteryl ester since they have lost TAG. When they reach a certain size
they become ligands for a receptor (a2 - macroglobulin) on hepatocytes. Thus, dietary
TAG is delivered to the tissues, some unesterified cholesterol enters the HDL fraction

and some cholesteryl ester is delivered in the remnant particles to the liver.

1.1.4.2 VLDL and LDL metabolism

1.1.4.2.1 VLDL metabolism: the endogenous pathway

The endogenous pathway of lipoprotein metabolism distributes TAG from the
liver to other tissues and it is summarised in Figure 1.3 The liver secretes VLDL particles
which contain TAG, cholesteryl ester, apo-B100 and small amounts of apo-C and E. Like
all lipoproteins, VLDL have a surface coat of phospholipids and unesterified cholesterol.

VLDL particles are substrates for LPL in capillary beds and deliver TAG from the
liver to other tissues, thus distributing lipid energy to the tissues. LPL hydrolyses the
TAG core leading to redundant surface material which is passed to other particles
especially HDL. The cholesteryl ester-enriched particles that result have two possible
fates. Firstly, they may be taken up by a receptor on hepatocytes and other tissues, which
binds a homologous region in apo-B100 and apo-E. This is called the LDL receptor,
which thus serves to deliver cholesteryl ester to tissues. Secondly, these particles may
remain in the circulation until they have lost all surface components except apo-B100, a
shell of phospholipid and free cholesterol and have a core enriched in cholesteryl ester.

These VLDL remnants are otherwise known as LDL.
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1.1.4.2.2 LDL metabolism and regulation of cellular cholesterol content

LDL particles have a relatively long half-life, about 3 days, in the circulation.
They leave the circulation through uptake into tissues by the LDL receptor. This increases
the cellular cholesterol content of these tissues and has two effects. Firstly, biosynthesis
of cholesterol in these cells is suppressed by inhibition of the enzyme
hydroxymethylglutaryl-CoA reductase (HMG-CoA reductase) (Brown & Goldstein,
1986). Secondly, the synthesis of new LDL receptors is suppressed and the number of
receptors expressed on the cell surface is decreased (Goldstein & Brown, 1977).
Therefore, the increase in cellular cholesterol content caused by the uptake of LDL
cholesterol by the LDL receptor is self limiting.

Lipids present on LDL particles are prone to oxidation. This can ultimately result
in the addition of an aldehyde group to lysine residues of apo-B, thus modifying its
structure. This abolishes the ability of apo-B bind to the LDL receptor (Quinn et al.,
1987). The modified LDL is recognised and taken up by scavenger receptors on the
surface of certain cells, especially macrophages on the arterial wall (Steinberg et al.,
1989; Witztum & Steinberg, 1991). These receptors are not regulated by intracellular
cholesterol levels (Brown & Goldstein, 1983) and therefore, especially in people with a
high LDL cholesterol concentration, the macrophages may become excessively
cholesterol-laden. This may result in the development of ‘foam cells’ and ultimately
atherosclerosis (see section 1.2).

There is a positive correlation between serum LDL levels and the risk of
developing coronary heart disease, particularly atherosclerosis (Rose & Shipley, 1986).
This correlation is particularly evident for a LDL sub-population known as Lp(a) (Scott,
1991). Lp(a) is smaller and more dense than other LDL particles, as it contains an
additional protein to apo-B, apo-(a) (Groener & Kostner, 1987). Lp(a) concentrations
were initially thought to be genetically predetermined and independent of diet, but the
addition of trans-fatty acids (Mensink et al., 1992) and certain SFA (i.e. lauric and
myristic acids; Tholstrup et al., 1995) to the diet has been shown to increase LP(a)

concentrations by as much as 30%. Lp(a) concentrations may be decreased by fish oil

supplementation (1.3.2.2.3).
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Figure 1.3 The metabolism of lipoproteins
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1.1.4.3 HDL metabolism
LDL particles regulate the cholesterol content of cells by delivering cholesterol to
tissues, whereas HDL particles remove cholesterol which is then transported to the liver

for excretion.

1.1.4.3.1 HDL and reverse cholesterol transport

HDL particles begin as discoidal HDL which are secreted by the liver and they
consist mainly of phospholipid and apo-A1l. They receive unesterified cholesterol during
the action of LPL on TAG-rich lipoproteins. They also pick up unesterified cholesterol by
interaction with cells, thereby removing cholesterol from cells. The unesterified
cholesterol is esterified by the plasma enzyme lecithin-cholesterol acyltransferase
(LCAT), which is activated by apo-Al. The particles then develop a core of hydrophobic
cholesteryl esters and become spherical rather than discoidal. These large spherical
cholesteryl ester-enriched particles are known as HDL, (Figure 1.4). Their cholesteryl

ester can be taken up by hepatocytes in a number of ways:

e receptor-mediated uptaké of large HDL particles which contain apo-E
e uptake of cholesteryl ester from the larger HDL particles
e hydrolysis of the cholesteryl ester by hepatic lipase

e transfer of cholesteryl ester from larger HDL particles to TAG-rich lipoproteins

The smaller HDL particles that result are known as HDL; and are ready to accept more
cholesterol from peripheral tissues. By these mechanisms cholesterol is transferred from
peripheral tissues to the liver, and it can then be excreted as cholesterol and as bile salts
in the bile. This process of removing cholesterol from tissues, transport to the liver and
excretion from the body is the opposite of the delivery of cholesterol to tissues by LDL

and is known as reverse cholesterol transport (Figure 1.4).
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1.1.4.3.2 Cholesteryl ester-transfer protein

Cholesteryl ester-transfer protein (CETP) catalyses the exchange of hydrophobic
lipids (i.e. cholesteryl esters and TAG) between lipoprotein particles by diffusion along
concentration gradients. When plasma TAG concentration is high, for example after a
meal, CETP catalyses the exchange of cholesteryl ester from HDL to chylomicrons, while
TAG moves in the opposite direction. The cholesteryl esters remain with the chylomicron
particle until it is taken up by the liver as a chylomicron remnant. HDL is now enriched
with TAG and can be hydrolysed by hepatic lipase to give smaller cholesteryl ester-
depleted HDL; particles which can then pick up more cholesterol from cells as described

in the previous section (Figure 1.4).

Figure 1.4 HDL metabolism and reverse cholesterol transport
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1.2 Atherosclerosis

The principal cause of mortality and morbidity in the Western World is
cardiovascular disease and the underlying cause for most forms of cardiovascular disease
is atherosclerosis. Atherosclerosis can affect any vascular bed: myocardial infarction (MI)
and stable and unstable angina stem from coronary artery atherosclerosis while ischaemic
stroke and peripheral vascular disease (PVD) are peripheral artery related. Coronary heart
disease (CHD) and cerebrovascular disease (CVD) are in most instances due to
obstruction of coronary or carotid vessels, respectively, by atherosclerosis or thrombosis
singly or in combination. Atherosclerosis is the principal cause of heart attack, stroke and
gangrene of the extremities and is responsible for 50% of all mortality in the USA,
Europe and Japan (Ross, 1993). CHD accounts for 30% of all male deaths in the UK
compared with 23% of all female deaths, whereas stroke accounts for 15% of all female
deaths and 9% of male deaths (Office of Population Censuses and Surveys, 1982). The
tendency for CHD to run in families has been recognised for some time. Several studies
now show that familial aggregation of CHD is not exclusively mediated by classical risk
factors; risk is related to a strong family history of CHD, as demonstrated in the
Framingham study in which the incidence of MI in brothers was significantly related after
effects of cholesterol, blood pressure and smoking had been controlled for (Ball, 1988).

There is much evidence to indicate that atherosclerosis is a multifactorial process,
commencing during childhood (Stary, 1989) and becoming clinically manifest later in
life. Atherosclerosis is characterised by the thickening and hardening of arteries due to
accumulation of lipids, carbohydrates, blood products, fibrous tissue and calcium deposits
within the sub-endothelial space i.e. plaque formation. The general scientific consensus is
that the precursor stage of atherosclerotic plaques are the so-called "fatty streaks", these
being macroscopically distinguishable, cushion-like, whiteish, sub-endothelial intimal
areas that mainly comprise foam cells. The lesion is normally asymptomatic and may
either revert to normal or progress to more severe stages of the disease (Fagiotto and
Ross, 1984). The accumulation of monocytes and lipid-filled macrophages can be found
in coronary arteries before the age of ten years and increases during adolescence. Juvenile
fatty streaks occur in children of all societies, and are estimated to be present in half the

population of children aged 10 to 14 (Stary, 1989), including those in which adult
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symptoms of atherosclerosis are rare. The general consensus is that these lesions may
progress to fibrous plaques during adulthood.

Significant advances have been made in understanding the mechanisms
underlying this disease process, and there is considerable evidence to show that plaque
composition is a major determinant of the onset and severity of acute coronary syndromes
(Zaman et al., 2000). The atherosclerotic process may be a protective response to insults
to the endothelium and smooth muscle cells of the arterial wall and it consists of the
formation of fatty and fibrous lesions preceded and accompanied by inflammation (Ross,
1993). This process is initiated and maintained by a number of growth factors and
chemotactic agents released by the damaged endothelium, inflammatory cells and smooth

muscle cells (Strong, 1992).

1.2.1 Morphology of atherosclerotic lesions

Atherosclerotic lesions begin to appear very early in life. Fatty streaks, the
first alteration observed, are common findings in children and teenagers all over the world
(Montenegro, 1999). Figure 1.5 (A) shows the histology of the inner aspect of the aorta in
a 7-month-old child from Brazil, where several cells containing fat (stained red) are
present. Figure 1.5 (B) shows the aorta of a teenager where several isolated or confluent
red streaks are seen; these are fat deposits also stained red. In certain populations a few
years later a second type of lesion, the fibrous plaque begins to appear and the size of
these increases sharply with time. Figure 1.5 (C) is from the aorta of a middle-aged white
American and shows white prominent fibrous plaques. These plaques (Figure 1.5 (D)) are
made up of a loose centre containing abundant fat (stained red) covered by a fibrous cap.
Figure 1.5 (E) shows an ulcerated and thrombosed, complicated lesion. Lesions, may also
be complicated by calcification. Fatty streaks, fibrous plaques and complicated lesions
may occur in large and mid-sized arteries such as the aorta, the carotids, iliacs and
femurals, coronaries and cerebral arteries.

There are three main consequences of atherosclerosis. Firstly, the plaques protrude
into the lumen of the vessel that becomes stenosed (i.e. narrowed). The amount of blood
that passes through the stenotic areas may be adequate for the basal nutrition of the

tissues supplied by the artery. However, as soon as there is an increase in demand, such as

30



during exercise, the flow becomes insufficient and symptoms may appear. For example,
patients with certain types of angina pectoris feel severe chest pain during exercise and
the pain is relieved either by the use of vasodilator drugs or by ending the exercise. A
similar situation occurs when a leg artery is stenosed and the patient suffers severe
cramps after walking a few meters; the pain disappears when the exercise is stopped. A
second consequence of atherosclerosis is the sudden increase in the size of the plaque.
This leads to acute severe reduction or obstruction of the lumen. In the heart the sudden
reduction of the flow of blood leads to myocardial ischaemia and necrosis; that is a
myocardial infarct (i.e. heart attack), which is one of the leading causes of disease and
mortality in the modern world. The same occurs in the cerebral arteries causing cerebral
infarcts (i.e. stroke). The third consequence of atherosclerosis is dilation of the arteries
with the formation of aneurysms. Nutrition of the wall of large arteries, such as the aorta,
depends partly on diffusion of nutrients from the blood through the intima. The
thickening of the intima caused by atherosclerosis decreases diffusion and the
undernourished media loses elasticity and the vessel dilates. In addition, the
atherosclerotic plaques may grow into the media. Both of these factors lead to the
formation of aneurysms (Figure 1.5 (F)) (Montenegro, 1999).

The fatty streak represents a balance of the entry and exit of lipoproteins into the
intima and is accompanied by a local increase in the size of the extracellular matrix. If
there is a decrease in the circulating concentration of lipoprotein as a result of diet or
treatment, exit predominates and the lesions remain stable or may even regress. However,
if the circulating concentration of lipoprotein increases, the entry of lipids predominates
over exit, and so the plaque increases in size and this results in lipid-rich unstable plaques
which are separated from the lumen by a cap of connective tissue i.e. the fibrous cap. This
fibrous cap may be thick or thin with a variable content of inflammatory cells (Stary et
al., 1995). These differences in composition explain the variation in vulnerability to
haemorrhage, erosion and rupture of the plaque, with the consequent thrombosis and
partial or total acute obstruction. Thin caps found in lipid-rich plaques are much more
vulnerable to rupture whereas thick caps are more resistant (Stary et al., 1995). However,
other factors such as the presence of inflammatory cells and the local release of their

enzymes and cytokines may increase the vulnerability of plaques with thick fibrous caps
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to rupture. In the past it was thought that atherosclerotic lesions were relatively stable.
However, now it is known that they are dynamic lesions that grow when excess lipid
increases, regress when the level decreases and complicate as a result of erosion,

haemorrhage or rupture (Fuster et al., 1999).
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Figure 1.5 Morphology of atherosclerotic lesions

(from Montenegro, 1999). Picture (A) shows the aorta of a 7-month old child with numerous fat-
ladden (red) macrophages in a slightly thickened intima. Picture (B) shows aortas of young
teenagers with isolated and confluent red fatty streaks. Pictire (C) is the aorta of a middle aged
man with several white fibrous plaques. The surface between the plaques is stained red (fat).
Picture (D) is the aorta of an old adult with a fibrous plaque, there are several red (fat)
macrophages in the center. Picture (E) is the aorta of a middle-aged man. It contains several
fibrous plaques and in the center there is a complicated lesion which is ulcerated and thrombosed.
Picture (F) is the aorta of an old adult. The aotta is dilated (aneurysm) and the inner surface

covered by atherosclerotic fibrous plaques, some of them covered with mural thrombi.
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1.2.2 Pathogenesis of Atherosclerosis

Two major hypotheses for the origin of atherosclerosis - the thrombogenic and
lipid - were postulated in the nineteenth century (von Rokitansky, 1852). The
thrombogenic hypothesis proposed that the organisation of fibrin by fibroblasts,
associated with secondary lipid enrichment, leads to intimal thickening. This hypothesis
has been reinforced by several authors demonstrating that platelet activation on
dysfunctional or injured endothelium triggers the migration and proliferation of smooth
muscle cells (Ross, 1993) and the presence of fibrin in atherosclerotic plaques (Bini et al.,
1989). The lipid hypothesis proposes that lipid accumulation within arterial walls is the
consequence of an increased concentration of plasma lipids resulting from an imbalance
between the mechanisms responsible for lipid deposition and removal (Anitschow &
Chalatow, 1913). This is supported by experiments demonstrating the ability to induce
atherosclerotic-like lesions in several animal species (fed cholesterol-rich diets) and the
correlation between high plasma lipid concentrations, especially cholesterol, and
incidence of atherosclerotic disease in humans (Rose & Shipley, 1986).

LDL that has been modified by oxidation has been implicated in the development
of atherosclerosis. Modification can also be by acetylation or glycosylation. LDL can be
modified either in the bloodstream or during the transgression process through the
endothelial wall. Once in the subendothelial space, modified LDL acts as a
chemoattractant for monocytes that adhere to the endothelium, migrate into the
subendothelial space and become macrophages that transform into foam cells upon
uptake of moditied LDL (Fagiotto and Ross, 1984); these cells constitute the ‘fatty
streak’. Macrophages may become trapped inside the vascular endothelium and release
chemotactic substances, including platelet activating factor, that attract other white cells
and platelets. These cells interact with the vascular wall and stimulate the production of
growth factors that lead to hyperplasia and migration of smooth muscle cells which leads
to thickening of the intimal wall (Ross, 1986).

Modified LDL is taken up by endothelial cells, macrophages and smooth muscle
cells, all of which possess the LDL scavenger receptor that exclusively binds modified
LDL (Wick et al., 1995). Foam cell formation is also associated with the inhibition of

nitric oxide release from endothelial cells. Decreased nitric oxide release leads to reduced
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smooth muscle cell relaxation and increased vasoconstriction. Attention has been focused
on lipid oxidation as a major mechanism for the modification of LDL since the discovery
that LDL incubated with arterial endothelial cells was oxidatively modified and was no
longer recognised by the LDL receptor but was bound by the scavenger receptor on
macrophages (Quinn et al., 1987). These oxidative changes only seemed to occur if the
medium contained trace amounts of transition metal ions. The most likely candidates for
lipid oxidation would be the polyunsaturated fatty acids (PUFA) present in the TAG,
phospholipid and cholesteryl ester fraction of the lipoprotein.

These two hypotheses can be integrated into a single multifactorial hypothesis
involving a single step, that is endothelial dysfunction, to trigger successive events
leading to atherosclerotic lesions (Figure 1.6) (Fuster ef al., 1992, 1994; Badimon ef al.,
1993). A normal functioning endothelium is essential in limiting the development of
atherosclerosis. This is illustrated by the strong correlation between risk factors for
atherosclerosis (smoking, hyperlipidaemia, hypertension, obesity, diabetes, infection /
inflammation) and endothelial dysfunction. The endothelium has a critical role in vascular
haemostasis. It modulates the permeability of plasma lipoproteins, adhesion of
leukocytes, and release of prothrombotic and antithrombotic factors, growth factors and
vasoactive substances (Vanhoutte, 1989; Rubanyi, 1993). Alteration of these functions is
believed to play a central role in the development of atherosclerosis (Ross, 1993).
Endothelial cells are exposed to three types of mechanical forces: pressure from the
hydrostatic forces of blood within the vessel, circumferential stress resulting from
vasomotion of the vessel and shear stress resulting from blood flow within the vessel
(Traub and Berk, 1998). There is a strong correlation between endothelial cell
dysfunction and areas of low shear stress and oscillatory flow with flow reversal (Traub
and Berk, 1998). At branch points of the arterial tree where flow reversal and low shear
stress are present there is an increased incidence of atherosclerotic lesion development
(Ku et al., 1985). These sites have increased uptake of lipoproteins, presence of leukocyte
adhesion molecules, and secretion of growth factors and chemotactic factors which cause

proliferation of monocyte/macrophages and smooth muscle cells (Traub and Berk, 1998).



Figure 1.6: Multifactorial hypothesis of the origin of atherosclerosis

(modified from Zaman ez al., 2000)

Hyperlipidaemia Other risk factors

Increased LDL < 3  Endothelial lesion

permeability

v. .
p Platelet activation

Increased cellular

uptake (receptors) Release of PDGF

Synthesis of Infiltration Other

intracellular of leukocytes growth

matrix ¢ factors
Cholesterol " Smooth muscle cell
accumulation proliferation
\ v /
ATHEROMA

Injury to the arterial endothelium 1is induced in various ways such as
hypercholesterolaemia, mechanical stress by high blood pressure, free radical production
and smoking (Ross, 1993). Endothelial damage has been shown to increase the expression
of endothelial leukocyte adhesion molecules (ELAMS) (Chobanian, 1992, Van der Wal ef
al, 1992, Wood et al, 1993). These glycoproteins provide a site of attachment for
macrophages and T lymphocytes. Once attached, the leukocytes migrate between the
endothelial cells, under the influence of chemoattractants released by the endothelium,
leukocytes or smooth muscle cells (Ross and Agius, 1992, Collins and Fox, 1992,
Kisanuki et al, 1992, Clark, 1992). Simultaneous changes in endothelial permeability
allow LDL and other lipids to reach a sub-endothelial position. The macrophages then

ingest large quantities of lipid/LDL, become foam cells and together with the T
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lymphocytes form the fatty streak. The fatty streak can then progress to an intermediate
fibrofatty lesion and ultimately to a fibrous plaque. As the lesions accumulate more cells
and the macrophages scavenge the lipid, some of the lipid-laden macrophages may
emigrate back into the bloodstream by pushing apart the endothelial cells. On doing so
those sites such as branches and bifurcations of the blood vessel, may become
thrombogenic sites that lead to formation of platelet mural thrombi. Such thrombi can
result in release of many potent growth-regulatory molecules from the platelets that can
act along with those released by the activated macrophages, and possibly by smooth
muscle cells, within the lesion into the artery wall. Ultimately the formation and release
of numerous growth-regulatory molecules and cytokines from a network established
between cells in the lesion leads to progression of the lesions of atherosclerosis to a
fibrous plaque or advanced complicated lesion. Each of the stages of lesion formation is
potentially reversible (Figure 1.7). Thus, lesion regression can occur if the injurious
agents are removed or when protective factors intervene to reverse the inflammatory and
fibroproliferative processes.

Recently Ross (1999) has stated that every step of the molecular and cellular
responses leading to atherosclerosis is an inflammatory process. He states that endothelial
dysfunction alters the normal homeostatic properties of the endothelium, thereby
initiating inflammatory cell activation. Continued inflammation results in increased
numbers of macrophages and lymphocytes emigrating from the blood into the lesion.
Activation of these cells leads to release of hydrolytic enzymes, cytokines, chemokines
and growth factors causing overall growth of the plaque and ultimately leading to cellular
necrosis in advanced lesions. Initially the artery compensates by dilation but, at some
point it can no longer do so and the lesion protrudes into the lumen to alter the flow of
blood.

LDL is a major cause of injury to the endothelium and underlying smooth muscle
(Griendling and Alexander, 1997; Navab et al., 1996), especially after oxidation,
glycation (in diabetics) or incorporation into immune complexes (Navab et al., 1996;
Steinberg, 1997). Internalisation of modified LDL by macrophages leads to the formation
of lipid peroxides and facilitates the accumulation of cholesterol esters resulting in the

formation of foam cells. Removal and sequestration of modified LDL are important parts
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of the initial protective role of the macrophage in the inflammatory response (Han et al.,
1997; Diaz et al., 1997) and minimise the effects of modified LDL on endothelial and
smooth muscle cells. This initial inflammatory response mediated by
monocytes/macrophages leads to release of further mediators of inflammation such as
tumour necrosis factor o (TNFa), interleukin-1 (IL-1) interleukin-6 (IL-6) and
macrophage colony stimulating factor (MCSF) which in turn further increase binding of
modified LDL to the endothelium and smooth muscle cells. Thus, a vicious circle of
inflammation is maintained in the artery by the presence of lipids. If the inflammatory
response does not neutralise the offending agent(s), it can continue indefinitely leading to

plaque formation and rupture.
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Al

Figure 1.7 Endothelial cell dysfunction
(from Ross, 1993). Cells are colour coded: smooth muscle, blue; endothelium,

red;macrophage,violet; T cell, pink; platelet, green.
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1.3 Risk Factors for cardiovascular disease

CVD is a disease for which many risk factors have been identified. Family
history, age and gender predict prevalence, with heart disease being more common in
middle-aged men than middle-aged women, although prevalence rates are similar in older
men and women (Department of Health, 1994). In addition, there are a number of
characteristics of lifestyle, modification of which can influence risk. The most important
of these are smoking and lack of physical activity; however treatment of high blood
pressure and blood cholesterol, maintenance of an appropriate body weight, and
avoidance of a body distribution centred around the waist are also recognised as
important (Department of Health, 1994).

The major risk factors for atheroma are thought to act by providing mechanisms
for arterial damage, which changes both endothelial structure and function. Hypertension
can damage the endothelium by mechanical trauma, whilst smoking may provide
damaging chemical agents. One of the best documented risk factors, is
hypercholesterolaemia and in particular elevated plasma levels of LDL and Lp(a) have a
proven role in atherogenesis (Chobanian, 1992). LDL and Lp(a) are not thought to act
solely as substrates for macrophage ingestion; evidence shows that endothelial cells
oxidatively alter LDL to oxidised LDL (Ox-LDL) (Steinberg, 1991). Once formed Ox-
LDL has been shown to be significantly more atherogenic than its native form in several
ways (Steinberg, 1991). Ox-LDL is chemotactic for circulating monocytes, it is an
inhibitor of the motility of resident macrophages, it is cytotoxic for cells in culture and
may directly damage the endothelium, it can induce the formation of adhesive surface
glycoproteins by the endothelium and it can stimulate the release of a colony stimulating
factor and a monocyte chemotactic factor from endothelial cells (Ross, 1993; Steinberg,
1991). Lp(a) may provide a link between atheroma and thrombogenesis. It has been
shown to interfere with normal fibrinolysis, by binding to fibrinogen and to endothelial
binding sites for plasminogen. It has been suggested that Lp(a) not only promotes
thrombosis, but also prevents thrombolysis (Loscalzo, 1990).

Thrombogenesis has a major role to play in atheroma development. Normal intact
endothelium provides a surface that is highly resistant to thrombus formation. In

atheromatous disease this endothelium is changed in both structure and function. The
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endothelial cells express abnormal surface molecules and gaps may appear between the
cells exposing the underlying macrophages and T cells. Both of these processes allow
platelet adhesion and subsequent thrombogenesis. Once attached, the platelets release
various growth factors which can accelerate progression of the atheroma. There is also
evidence to suggest that LDL stimulates endothelial cells to release anti-fibrinolytic
agents, thus increasing the lifespan of thrombi once formed (Tremoli et al,, 1993).

The primary cause(s) or initiator of atherosclerosis is still largely unknown, but
epidemiological studies have demonstrated a large number of dietary factors, which

influence the course of atherosclerosis:

Promoting factors

B cholesterol-raising SFA
B thrombogenic SFA
Protective factors

B n-6 PUFA

® MUFA

® n-3 PUFA
B fibre

B antioxidants

1.3.1 Promoting factors

1.3.1.1 Hypercholesterolaemic fatty acids

A diet high in SFA is associated with high levels of circulating cholesterol (Keys
et al., 1965), which in turn are related to a high incidence of CHD (Rose & Shipley,
1986). The raised levels of cholesterol, especially of LDL cholesterol, appear to be
important in atheroma and in the formation of Ox-LDL which is taken up by
macrophages and deposited in the plaque. Inhibition of LDL oxidation slows the
progression of atherosclerotic lesions (Parthasarathy er al., 1990). Not all SFA are
hypercholesterolaemic: 18:0 (stearic acid) does not raise serum cholesterol (Bonanome

and Grundy, 1988), and neither do short-chain SFA (C10 and below). The atherogenic
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SFA are 12:0 (lauric), 14:0 (myristic), and 16:0 (plamitic) (Ulbricht and Southgate, 1991).
However it is thought that 16:0 may not be as potent as either 12:0 or 14:0 (Hayes, 1995)

1.3.1.2 Thrombogenic fatty acids

Many studies have shown that SFA can accelerate thrombus formation whereas
PUFA and MUFA do not (Hornstra and Lussenberg, 1975; McGregor e al., 1980,
Maclntyre et al., 1984, Renaud et al., 1986); it is the longer chain SFA (i.e. 14:0, 16:0
and 18:0) which are thrombogenic and thrombogenicity appears to increase with

increasing chain length (Hornstra and Lussenberg, 1975).

1.3.2 Protective factors

1.3.2.1 n-6 PUFA

The n-6 PUFA whose parent member, linoleic acid, is commonly found in
vegetable seed oils, have long been known to decrease serum total cholesterol and LDL
cholesterol concentrations (Ulbricht and Wheelock, 1989) and it has therefore been
widely recommended that SFA in the diet should be partly replaced by n-6 PUFA
(Department of Health, 1991). Low levels of adipose tissue linoleic acid (a reflection of
long term intake) are related to CHD incidence and mortality (Riemersma et al., 1986).
Thus, it has been concluded that an increase in the intake of n-6 PUFA is likely to be
beneficial in protecting against atheroma. However, as well as decreasing LDL
concentrations, diets high in these PUFA depress the concentration of HDL which is
protective against CHD, (Shepherd et al., 1978; Grundy, 1986) and may make LDL more

susceptible to oxidation (see Section 3.1.4)
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Figure 1.8: Prostanoids formed from different fatty acids
(Ulbricht and Southgate, 1991)
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In considering the role of n-6 PUFA in thrombosis one has to bear in mind that
there are three series of prostanoids (Figure 1.8) derived from three different 20 carbon
PUFA, dihomo-y-linolenic acid (DHLA), arachidonic acid (AA) and eicosapentaenoic
acid (EPA). DHLA and AA are metabolites of linoleic acid. In a normal functioning
healthy body vasodilatation has to prevail over vasoconstriction and adhesion to the
arterial wall and platelet aggregation are to be prevented. PGE, which is formed from
DHLA has antiaggregating activity (Ulbricht and Southgate, 1991) and the fact that
unstimulated platelets produce more PGE; than PGE, (Lagarde ef al., 1981) indicates that
the prostanoids of the first series are predominant in this state. The principal fatty acid
released in response to injury is AA, from which both thromboxane A, (TXA;), which
strongly aggregates platelets, and prostacyclin (PGl,), a potent antagonist of platelet
aggregation, are formed (Sinclair, 1984). Since PGI, is synthesised only by arterial
endothelium and PGE, from the small amount of its precursor available, the large amount
of AA released by platelets as a result of injury, is mainly converted to TXA; and PGE;
(which does not act on arterioles or platelets), leading to platelet aggregation (Ulbricht

and Southgate, 1991)
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Many studies indicate that long chain unsaturated fatty acids slow down intra-
arterial occlusion and platelet aggregation (Hornstra and Lussenberg, 1975, McGregor et
al., 1980, Maclntyre et al., 1984, Renaud et al., 1986). Linoleic acid is more anti-
thrombotic than MUFA. It has been suggested that diets which have a relatively high
content of SFA or a high ratio of n-6 to n-3 PUFA facilitate the production of TXA; and
the inhibitition of production of PGl,, thereby increasing the risk of thrombosis (Kinsella
et al., 1990).

1.3.2.2 MUFA

Diets high in MUFA are as effective as those high in n-6 PUFA in lowering
plasma total and LDL cholesterol concentrations but, in contrast to the effect of n-6
PUFA, MUFA do not lower HDL cholesterol concentrations (Mensink and Katan, 1989;
Wardlaw and Snook, 1990). LDL taken from rabbits fed with a high oleic sunflower oil is
highly resistant to oxidation (Parthasarathy et al., 1990) and this is also seen in humans
(see Section 3.1.4, Reaven et al., 1991; Berry et al., 1992) This suggests that diets
sufficiently rich in oleic acid, in addition to their LDL-lowering effect, may slow the
progression of atherosclerosis by generating LDL which is resistant to oxidation. As a
result of the reduction in the consumption of antioxidants this may make antioxidants
more available for other functions.

The antithrombogenic activity of MUFA has been studied much less than that of
PUFA. In some systems MUFA inhibit platelet aggregation, though less so than PUFA
(Maclntyre et al., 1984; Sinclair, 1984).
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1.3.2.3 n-3PUFA

1.3.2.3.1 n-3 PUFA and primary prevention of atherogenesis and coronary heart
disease

The observation that coronary heart disease is rare in Greenland Eskimos is well
known, and their low risk has been attributed to a high intake of long-chain n-3 PUFA
obtained from the consumption of marine animals and fish (Dyerberg and Bang, 1978).
Several studies have been performed investigating the effect of long-chain n-3 PUFA
intake and risk of CHD; five of these studies demonstrated an inverse correlation
(Miettinen et al., 1982, Kromhout et al., 1985, Shekelle et al., 1985, Norell et al., 1986,
Dolecek e al., 1989) and three reported no association (Curb and Reed, 1985, Vollset er
al, 1985, Lapidus ef al.,, 1986) between intake of long-chain n-3 PUFA and CHD. In the
studies that showed no association, habitual consumption of fish was already high. It is
possible therefore that consumption of a moderate amount of fish may be protective
against CHD and that continued consumption of large amounts does not provide
additional protection.

A study by Daviglus et al. (1997) looked at the association between fish
consumption and the 30-year risk of death from myocardial infarction (sudden or
nonsudden), coronary heart disease, cardiovascular diseases and all causes in the Chicago
Western Electric Study. The study participants were 1822 men who were 40 to 55 years
old and free of cardiovascular disease at baseline. Fish consumption as determined from a
detailed dietary history was stratified (0, 1 to 17, 18 to 34 and > 35 g per day). The
authors found an inverse association between fish consumption and death from coronary
heart disease, especially non-sudden death from myocardial infarction (Table 1.5).

Data from the prospective cohort US Physicians’ Health Study (Albert et al.,
1998) were examined to determine the relationship between the average amount of fish
consumed at baseline and the risk of sudden cardiac death for up to 11 years. Out of
20,551 men 133 sudden deaths occurred. Eating fish at least once a week, compared with
less than once a month, was associated with a greater than 50% lower relative risk by
multivariate analysis. However the risk of myocardial infarction was not lessened at any

level of fish consumption (Table 1.5).
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In the EURAMIC study (Guallar et al., 1999), 639 patients after a first myocardial
infarction were compared with 700 controls. The proportion of c-linolenic acid in the
adipose tissue was found to be lower in patients than in controls suggesting that increased
intake of a-linolenic acid might be protective. However, after adjustment for classical risk
factors, the effect of a-linolenic acid was no longer significant. No differences were

found for adipose tissue content of EPA or DHA between patients and controls.

1.3.2.3.2 n-3 PUFA and progression of atherosclerosis and secondary prevention of
coronary heart disease

A randomised controlled trial of fish consumption on mortality was reported by
Burr er al. (1989). In this study 2033 men who had suffered a recent myocardial
infarction were randomly allocated to fish advice or no fish advice groups. Those
allocated to the fish group were advised to consume at least two portions of fatty fish per
week; patients who could not tolerate fish were given fish oil capsules and asked to take
three daily. The patients advised to eat fish had a 29% reduction in two year all-cause
mortality compared with those not given this advice. However, the two year incidence of
reinfarction plus death from ischaemic heart disease was not significantly affected by any
of the dietary regimens. This study concluded that a modest intake of fatty fish might
reduce mortality in men who have recovered from an acute myocardial infarction.

The Study on Prevention of Coronary Atherosclerosis by Intervention with Marine
Omega-3 fatty acids (SCIMO) was a randomised, double-blind, placebo-controlled
single-centre trial (von Schacky et al., 1999, Table 1.5). It was hypothesised that the
ingestion of a fish oil concentrate for two years would reduce the progression of coronary
atherosclerosis, as assessed by standardised angiography at baseline. A total of 223
patients were randomly assigned to receive either 1.65 g EPA plus DHA per day or a
placebo reflecting the average fatty acid composition of the European diet. After two
years 162 patients had a repeat angiography. An expert panel evaluated all films pairwise
and rated the magnitude of any difference. It was found that patients who received fish oil
had less progression and more regression of coronary atherosclerosis. They also had

fewer cardiovascular events, but other clinical variables did not differ between the study
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groups. The authors concluded that supplementation with n-3 fatty acids modestly
mitigates the course of coronary atherosclerosis in humans.

The results of the Lyon Diet Heart Study (de Lorgeril et al., 1994; 1999) support
the view that n-3 PUFA decrease cardiovascular and all-cause mortality. Patients who
survived a first myocardial infarction were randomly assigned to either usual care or
advised to adopt a Mediterranean-type diet. The dietary group showed changes in plasma
fatty acids among which the increase of n-3 PUFA (a-linolenic acid and EPA) and the
decrease in n-6 PUFA were most prominent. The extended follow-up after 46 months was
recently reported (de Logeril et al., 1999): the risk of cardiac death and non-fatal
myocardial infarction combined was reduced by 72% in patients on the Mediterranean
diet compared with the usual care group. a-Linolenic acid in plasma was significantly
associated with improved prognosis and a trend towards protection was also observed for
DHA no improvement was reported for EPA.

Two recent randomised trials have shown a reduction in cardiac events after n-3
PUFA supplementation. Treatment with fish oil, mustard oil (containing «-linolenic
acid), or placebo for 1 year was compared in 360 patients with suspected myocardial
infarction (Singh er al, 1997, Table 1.5). Both n-3 PUFA groups experienced
significantly fewer total cardiac events and non-fatal myocardial infarctions, whereas the
reduction in cardiac deaths was restricted to the fish oil group. In 1999 results of the
Gruppo Italiano per lo Studio della Sopravvivenza nell-Infarto miocardico-Prevenzione
(GISSI-P) trial were published. This was a large trial that enrolled 11,324 patients who
had survived a myocardial infarction within the previous 3 months. Treatment with either
highly purified fish oil containing 850 mg EPA plus DHA, or 300 mg vitamin E, or both
for 3.5 years and was compared with no treatment, with respect to all-cause mortality,
non-fatal myocardial infarction, and non-fatal stroke (primary combined endpoint). An
intention-to-treat comparison of all patients who received fish oil versus all other patients
showed a 10% reduction of the primary combined endpoint; patients who only received
fish oil versus those who received neither fish oil nor vitamin E showed a 15% reduction.
This was due to a relative decrease in mortality: 20% for total death, 30% for
cardiovascular death, 45% for sudden death, whereas non-fatal myocardial infarction and

stroke were not substantially influenced by fish oil. The combination of fish oil with
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vitamin E did not increase the benefit compared with fish oil alone. Patients studied by
GISSI and SCIMO received state-of-the-art drug treatment for secondary prevention. In
both trials, the concentration of LDL cholesterol slightly increased in the n-3 PUFA
treatment groups. Therefore n-3 PUFA seem to be effective in addition to conventional

treatment and independently from lowering LDL.

1.3.2.3.3 n-3 PUFA and blood lipids

The impact of n-3 PUFA on blood lipoprotein concentrations has been examined
in many studies over the last 15 years in both animals and humans (Harris, 1996).
Elevated levels of Lp(a) in plasma appear to be a predictor for CHD events (see section
1.1.3.2.2, Scott, 1991). Hermann et al. (1989) studied patients with elevated levels of
Lp(a) and found that fish oil supplementation led to a significant reduction. However a
subsequent study could not confirm that fish oil decreased Lp(a) concentrations (Gries et
al., 1990). A small study in healthy volunteers observed a 15% decrease in Lp(a) levels
following EPA plus DHA supplementation (Haglund er al., 1994). However, a large
randomised trial in patients with elevated levels of LP(a) undergoing bypass surgery
failed to demonstrate a difference in Lp(a) serum levels after 6 months of treatment with
3.4 g EPA plus DHA compared with placebo (Eritsland et al., 1995). Therefore, although
Lp(a) concentrations are to a great extent genetically determined by the molecular weight
of the apolipoprotein A isoform, n-3 PUFA may lower Lp(a) levels.

The potent triglyceride lowering effect of n-3 PUFA was first demonstrated in
human studies and these were followed up with animal studies to determine the
mechanism of action. Harris (1996) has reviewed the reported effects of n-3 PUFA on
blood lipoprotein concentrations in 72 placebo controlled human trials, lasting at least
two weeks and providing 7 g or less of n-3 PUFA/day. He compared trials in
normolipidemic patients (triglycerides < 2.0mM; 177 mg/dL) to those in

hypertriglyceridemic patients (triglycerides > 2.0mM) and noted the changes shown in

Table 1.4.
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Table 1.4: Effects of n-3 PUFA on blood lipid concentrations.

Triglycerides <2.0mM Triglycerides > 2.0mM

Triglycerides 1 25% (p<0.0001) 4 28% (p<0.0001)
Total Cholesterol T 2% (p < 0.009) NS

LDL cholesterol T 4% (p < 0.02) T 7% (p < 0.0001)
HDL cholesterol T 3% (p< 0.008) NS

Summarised from Harris (1996)

Although the effect on triglyceride levels is also observed in rats (Jen ez al., 1989;
Yaqoob et al., 1995) and pigs (Weiner et al., 1986), it is rarely seen in mice (Renier et al.,
1993), rabbits (Kristensen et al., 1988), monkeys (Abbey et al., 1990), dogs (Cabhill et al.,
1988) or hamsters (Jones et al., 1990). N-3 PUFA have only a minor impact on
cholesterol concentrations in humans, although they often markedly lower both total
cholesterol and HDL concentrations in animals, especially monkeys (Harris, 1996).

Other factors believed to be involved in the pathogenesis of atherosclerosis also
appear to be affected by n-3 fatty acids. These include inhibition of intimal hyperplasia in
autologous vein grafts, as demonstrated in dogs (Landymore et al., 1986; Cabhill et al,
1988), decreased endothelial cell production of a platelet derived growth factor-like
protein (Fox and DiCorleto, 1988), increased production of endothelium-derived relaxing
factor (nitric oxide) (Shimokawa ef al, 1987), decreased production of TXA, (Needleman
et al, 1979) and a potential reduction in the intensity of the inflammatory response
through changes in eicosanoid and cytokine production (Lee et al, 1985; Fisher et al,
1986; Calder, 1996; Grimble, 1998).

PUFA differ in their anti-thrombogenic activity. EPA and DHA are particularly
effective in inhibiting platelet aggregation and act by inhibiting the conversion of
arachidonic acid to the prostanoid TXA; by platelets (Rao ef al., 1983). A diet high in n-3
PUFA will also facilitate the production of the prostanoid PGl; a potent inhibitor of
platelet aggregation, whereas the corresponding TXAj is a very weak platelet aggregator
(Editorial, 1988; British Nutrition foundation, 1992) Therefore, a high oily fish diet will

lead to anti-thrombotic changes in prostanoids. Thus, whereas the principal effect of
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increasing the intake of n-6 PUFA is believed to be anti-atherogenic (reduction of serum
lipid concentrations), that of increasing n-3 PUFA intake is anti-thrombotic (reduction of

platelet activity) (Renaud et al., 1986).
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Table 1.5: Key randomised trials and epidemiological studies on n-3 PUFA and cardiovascular disease

Follow-up Effect of n-3 PUFA on main Fish or n-3 PUFA
Reference  Design (years) Sample outcome measures Type of intervention intake per day
Burr et al. A 2 2033 Men with acute 29% Reduction in all-cause Dietary advice: more fish 0.34 g EPA
(1989) MI mortality versus more fibre versus less
(saturated) fat
Daviglusetal. C 30 1822 Men, free from 38% Reduction in CHD None (observation) > 35 g fish
CVD at baseline mortality, due to 67% reduction compared with
non-sudden death from Ml 0 g fish
Singh et al. B 1 360 Patients with 29% Reduction in total Purified fish oil 1.08 g EPA +
(1997) suspected acute M1 cardiovascular events, 49% in versus purified 0.72 ¢ DHA
non-fatal MI, 48% in cardiac deaths mustard oil
versus placebo
Albert et al. C Uptotl 20,551 Men, free 52% Reduction in sudden None (observation) > 1 Meal fish/
(1998) from CVD at baseline death week compared with
< 1 meal fish/month
Sacks et al. B 2.3 59 Patients with No change in minimal Purified fish oil 6 g EPA + DHA
(1995) angiographically luminal diameter and % versus olive oil
documented CHD stenosis as assessed by QCA
von Schacky B 2 223 Men and women Less progression, more Purified fish oil 1.65 g EPA +
et al. (1999) with angiographically regression of coronary versus placebo DHA (3.3 g during
documented CHD atherosclerosis (angiography/ first 3 months)
expert panel)
GISSI-P A 3.5 11,324 Men and women  15% Reduction in death, Purified fish oil 0.85-0.88 g EPA
(1999) with recent acute Ml non-fatal MI and stroke versus vitamin E + DHA

(combined)

Versus no treatment

(1997)

Design A, randomised controlled trial, factorial design; design B, randomised controlled trial, double-blind; design C, prospective cohort study. ALA, a-linolenic acid; CHD,
coronary heart disease; CVD, cardiovascular disease; MI, myocardial infarction; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; GISSI-P, Gruppo Italiano per lo Studio

della Sopravvivenza nell-Infarto miocardico-Prevenzione; QCA, quantitative coronary angiography.
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1.3.2.4 Fibre and antioxidants

Also linked with an increased heart disease risk are a low intake of fruit and
vegetables (which provide antioxidants and other phytochemicals), a low intake of
sources of soluble fibre (helps to decrease blood cholesterol concentration) and a poor
folate status. Folate (folic acid) is a B vitamin that is known to be associated with
metabolism of certain amino acids. When supplies are inadequate, the amount of the
amino acid homocysteine present in the blood rises and this has been recognised as a

predictor of heart disease risk (Boushey et al., 1995).

1.4 Summary of introduction and aims of this study

Cardiovascular disease involves the formation of atherosclerotic plaques. These
dynamic structures include lipid, largely derived from circulating LDL, particularly
following its oxidation, and inflammatory cells. These inflammatory cells can be
responsible for LDL oxidation. Plaques can be destabilised, and if they rupture they can
block the circulation resulting in a myocardial infarction (if in the coronary artery) or a
stroke (if in the carotid artery).

Dietary fatty acids are strongly linked to the process of atherosclerosis. SFA
increase the risk by increasing plasma cholesterol concentrations, and n-6 PUFA decrease
risk by decreasing plasma cholesterol concentrations. However, n-6 PUFA are believed to
be pro-thrombotic and pro-inflammatory and these effects might negate the decrease in
plasma cholesterol. n-3 PUFA decrease risk by decreasing plasma TAG concentrations
and they are anti-thrombotic and ant-inflammatory. Large studies show protection of
primary and secondary cardiovascular events with increasing n-3 PUFA consumption.
Both n-6 and n-3 PUFA are substrates for oxidation and therefore increasing their
amounts in LDL might increase LDL oxidation and so counteract some of the benefits of
increased consumption of these fatty acids. It is not clear whether these fatty acids are
incorporated into active atherosclerotic plaques, and if they are, whether they act to
stabilise or destabilise the plaque.

The aims of this study were to examine the relationship between fatty acids in the

diet, risk factors for CVD, and atherosclerotic plaque structure and composition in
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patients undergoing carotid endarerectomy. To do this the effects of moderate
supplementation with n-3 and n-6 PUFA on plasma lipid concentrations, the fatty acid
profile and oxidisability of plasma LDL and of lipid fractions isolated from atherosclerotic
plaques, and the cell populations involved in the inflammatory activity in the carotid

atherosclerotic lesions were characterised.
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Chapter 2

Study design and characteristics of patients
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2 Study design and characteristics of patients

2.1 Introduction

2.1.1 Carotid atherosclerosis and carotid endarterectomy

Atherosclerotic lesions can be observed throughout the body but certain areas of
the arterial tree are particularly prone to the development of lesions such as the aortic
arch, branching sites of larger vessels (artery bifurcation) and the carotid and coronary
arteries. These are all sites subject to increased haemodynamic stress, due to increased
shear stresses damaging the endothelial sutface and the presence of non-laminar blood
flow. The human carotid bifurcation is a high-risk region for the development of
atherosclerotic plaques, which may lead to complications such as thrombosis, arterio-
arterial embolism and stroke ( Figure 2.1, Eliasiw et al., 1994).. The atherosclerotic
plaques usually develop in the outer wall just opposite the carotid bifurcation ( Zarins et
al., 1987). It has been estimated that 50-60% of all acute strokes are related to
atheromatous disease of the carotid bifurcation (Pessin et al, 1977; Stehbens, 1982;
Bogousslavski et al, 1986; Gelabert and Moore, 1991). Carotid endarterectomy was
introduced in 1954 as a procedure for the prevention of ischaemic strokes caused by
carotid artery stenosis. Carotid endarterectomy is particularly beneficial to certain groups
of patients with ischaemic cerebral symptoms secondary to carotid artery atherosclerosis

(Gelabert and Moore, 1991).

Figure 2.1 Microscopic image of a lesion from a carotid artery




2.1.2 Aims

The aims of this chapter are to describe the study design used and to describe the
characteristics of the patients studied. Particular attention was paid to the habitual nutrient

intakes, especially those of fat and fatty acids, and the plasma lipid concentrations.

2.2 Methods

2.2.1 Patients and study design

This study was approved by he Southampton and South West Hampshire Local
Research Ethics Committee. Patients destined to undergo carotid endarterectomy were the
patients used in this study. Patients were recruited from those attending the outpatients
clinic of Mr. C.P Shearman, Consultant Vascular Surgeon, Southampton University
Hospitals Trust. Patients were offered carotid endarterectomy on clinical grounds, as is
the current practice in the Southampton University Hospitals Trust. If the patients agreed
to participate in the study they were asked to give informed consent and were randomly
assigned to one of three intervention protocols 1) habitual diet plus control oil capsules,
2) habitual diet plus sunflower oil capsules and 3) habitual diet plus fish oil capsules.
Patients requiring emergency surgery were not included in the study. A total of 54
patients were assigned to each group. Randomisation was stratified for gender and this
was a double blind study.

At the time of commencing the study, a fasting blood sample and a narrow gauge
needle subcutaneous adipose tissue biopsy from the abdominal wall were taken. Patients
were then given dietary record sheets and weighing scales and instructed in their use for
completing a 7-day weighed food diary. Patients then commenced dietary
supplementation with capsules until their operation (Figure 2.1). Operative removal of
carotid plaques was performed at various times over a time scale ranging from two to 27
weeks. It is current clinical practice for a period of between two and 27 weeks to elapse
between the time when the decision is made that a patient requires surgical removal of a
carotid plaque and the time when the operation is performed. Supplementation occurred

during this period, thus providing supplementation periods of various lengths. This
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strategy allowed the time course of changes in the fatty acid composition of the plaque,
plasma and adipose tissue to be assessed.

Immediately prior to surgery a second fasting blood and adipose tissue sample
were taken and the plaque was removed (Figure 2.1) by Mr. C.P. Shearman and processed

as described later (see section 4.2.1)

Figure 2.2 Study protocol
Patients identified at clinic ——¢p Randomly assigned to one ——p Food diaries
of three groups (n=54/group)

Supplement diet with:
a) Control oil

b) Sunflower oil

¢) Fishoil

(Each 6 g/day)

v v v
BLOOD LAQUE ADIPOSE TISSUE

v Histochemistry Peroxide content

PLASMA Histology

| ' '

LDL » Lipid classes Lipid extraction

<~

Oxidisability Fatty acid Composition
Peroxide content
Vitamin E
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2.2.2 Composition of capsules and assessment of dietary fatty acid intake

Fatty acid intake was assessed for each patient by analysis of a seven day weighed
food diary, and by measurement of the fatty acid composition of two adipose tissue
biopsies, the first taken at the time that the decision was made to operate on the patient
(i.e. prior to supplementation) and the second at the operation. Food diaries were analysed
by staftf at the Public Health Nutrition Group, University of Southampton using a non-
commercial programme developed in SPSS and a nutrient composition database based
upon values from McCance and Widdowson (5™ edition, 1991) bought from the Royal
Society of Chemistry.

Alterations in the dietary intake of n-3 and n-6 PUFA were achieved by
supplementation of the patient’s habitual diet with encapsulated fish oil or sunflower oil.
Patients consumed capsules containing 1 g of oil at a rate of two, three times a day with
food (i.e. 6 capsules/day). The placebo capsules consumed by the control group
contained the same amount of fat as the test capsules and were a blend (80:20) of palm oil
and soya bean oil. The fatty acid composition of this blend is very similar to that of the
average UK diet, as shown in Table 2.i. Data for the fatty acid composition of the
‘average’ UK diet were from the British Nutrition Foundation (1992) and are from the
survey of British adults in the late 1980s published by Gregory et al. (1990). A recent
briefing paper (British Nutrition Foundation, 1999) states that these data are the most
recent data of this type available. All capsules contained the same level of vitamin E
(approx. 300 pg/g oil). Supplementation of the diet with 6 g sunflower oil or fish oil per
day added approximately a further 1.6% and 0.8% to dietary energy in the form of n-6
and n-3 PUFA, respectively. Patients in the sunflower oil group consumed an extra 3.8 g
linoleic acid per day. Patients in the fish oil group consumed an extra 0.8 g EPA and 0.5 g
DHA per day. Patients were required to cease taking any dietary oil supplements prior to

entry into the study. Compliance with the dietary regimens was checked verbally and

from diary returns.
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Table 2.1 Fatty acid composition of capsules used and the average UK diet
Fatty acid (g/100 g total fatty acid)

Fatty acid UK diet Control oil Sunflower oil Fish oil
12:0 0.9

14:0 2.1 1.5 6.2
16:0 45.0* 34.9 8.6 20.4
16:1n-7 2.0 1.0 12.3
18:0 3.7 3.5 5.7
18:1n-9 33.0 33.8 18.6 10.1
18:2n-6 14.0 18.9 62.8 2.3
18:3n-3 2.0 1.8 1.4 4.6
18:3n-6 1.0
20:4n-6 1.2 1.1
22:4 ' 1.4
20:5n-3 14.3
22:5n-3 1.5
22:6n-3 8.3

UK diet data are from the British Nutrition Foundation (1992). (*Indicates total SFA)

2.2.3 Measurement of plasma and LDL lipid concentrations

Blood was obtained from patients at the point when the decision was made that
they should go to surgery and they had agreed to participate in the study and again
immediately prior to operation. Blood was taken into vacutainers using EDTA (15%; 0.12
ml) as an anticoagulant. Plasma was isolated by low-speed centrifugation (2500 rpm for

10 min).

2.2.3.1 LDL Preparation
Plasma was adjusted to a density of 1.24 g/ml by the addition of 381.6 mg solid

potassium bromide (KBr) per ml plasma. A two-step density gradient was formed by

layering 1.7 ml of density-adjusted plasma underneath 3.3 ml of phosphate-buffered
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saline (d = 1.006 g/ml) in centrifuge tubes. They were then sealed and centrifuged in an

Optima ultracentrifuge (TLA-100.4 rotor) at 100,000 rpm for 2 h at 15°C 1o separate
VLDL, LDL and HDL fractions (Sattler et al., 1992). Each lipoprotein fraction was then
removed separately by firstly removing the VLDL fraction from the top of the tube using
a needle and syringe. The top of the tube was then cut off and the remaining VLDL, along
with the LDL and HDL fractions were removed separately using pasteur pipettes. VLDL
and HDL were frozen for use in other studies. Aliquots of the LDL fractions were saved
for the lipid peroxide assay and conjugated diene measurements (see section 3.2.2) and

the remaining LDL was frozen (-70°C) for later analysis.

2.2.3.2 Total Cholesterol
The cholesterol concentration of plasma and LDL was measured using an

enzymatic assay (Sigma Diagnostics, Procedure No.352).

Principle:
In this assay cholesterol esters are first hydrolysed by cholesterol esterase to

cholesterol (reaction 1). The cholesterol produced by hydrolysis is oxidised by cholesterol
oxidase to cholest-4-en-3-one and hydrogen peroxide (reaction 2). The hydrogen peroxide
produced is then coupled with the chromagens, 4-aminoantipyrine and p-
hydroxybenzenesulfonate in the presence of peroxidase to yield a quinoneimine dye
(reaction 3) which has an absorbance maximum of 500 nm. The intensity of the colour

produced is directly proportional to the total cholesterol concentration in the sample.

Cholesterol
(1) Cholesterol Esters + H,O ———3 Cholesterol + Fatty acids

Esterase

Cholesterol
(2) Cholesterol + O, P Cholest-4-en-3-one + H,0,
Oxidase

Peroxidase
(3) 2H,0; + 4-Aminoantipyrine + p-Hydroxybenzenesulfonate ——®  Quinoneimine Dye +
4H,0
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Procedure:

1. Cholesterol reagent was prepared according to instructions.

2. The spectrophotometer wavelength was set to 500 nm, the absorbance reading was set
to zero with water as reference.

3. A series of cuvettes were set up for the blank, standard and samples.

4. The reagent was warmed to assay temperature.

5. 1 ml of reagent was pipetted into each cuvette.

6. 10 pl of deionised water (blank), cholesterol standard and sample were added to the
appropriate cuvettes. They were mixed by gentle inversion.

7. The cuvettes were incubated for 10 min at room temperature.

8. The absorbances were read at 500 nm.

9. The cholesterol concentration in the sample was calculated as follows:

ATesT - ABLANK
Cholesterol (mg/dL) = x Standard concentration (mg/dL)

AsTANDARD - ABLANK

To convert to mmol/L multiply by 0.0259.
Calibration: The procedure was calibrated using a cholesterol standard also from Sigma.

Precision: To test intra-assay variation the same sample was analysed ten times and the

results were as shown in Table 2.2

Table 2.2 Intra-assay variability of the total cholesterol assay

Plasma 1 Plasma 2
Mean (mmol/L) 2.8 49
SD (mmol/L) 0.05 0.06
CV (%) 1.9 1.3
Number of Assays 10 10
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2.2.3.3 HDL Total Cholesterol

The concentration of total cholesterol in HDL was calculated by using the

Friedewald’s formula (Friedewald et al., 1972).

TAG J
HDL cholestero! = Total cholesterol — LDL cholesterol — [
2.2

2.2.3.4 Free Cholesterol

The concentration of free cholesterol in plasma and LDL was measured using an
enzyme assay kit (Boehringer Mannheim Cat. No. 139 050). The assay was modified for

reading on a microtitre plate reader.

Principle:
Cholesterol is oxidised by cholesterol oxidase to cholestenone (reaction 1). In the

presence of catalase, the hydrogen peroxide produced in this reaction oxidises methanol
to formaldehyde (reaction 2). The latter reacts with acetylacetone forming a yellow
lutidine-dye in the presence of NH," ions (reaction 3). The concentration of the lutidine-
dye (3,5-diacetyl-1,4-dihydro-lutidine) formed is stoichiometric to the amount of
cholesterol and is measured by the increase of light absorbance in the visible range at 405

nm.

Cholesterol oxidase
(1) Cholesterol + O, ———» Cholestenone + H,0,
Catalase
(2) Methanol + H,O; —® Formaldehyde + 2 H,O

(3) Formaldehyde + NH,"+ 2 acetylacetone — Lutidine-dye + 3 H,O
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Procedure:

1. Sample (40 pl) and 0.5 ml of cholesterol reagent mix were mixed thoroughly in glass

tubes. These are the sample blanks.

2.Cholesterol-oxidase (2 pl) was placed in a second set of glass tubes. To this 250 pl of

the mixture from the first set of tubes was added.

3. The tubes were mixed, covered and incubated at 37°C for 60 min.

4. The tubes were cooled to room temperature.

5. 200 pl of each sample was transferred to a flat bottomed 96 well microtitre plate and

the absorbance read on a plate reader at 405 nm.
7. The amount of free cholesterol in the sample was calculated as follows:

VxMWxdilnx A

Free cholesterol (g/l) =
exdxvx 1000

\% = final assay volume (ml)
v = sample volume (ml)

MW = molecular weight of cholesterol (g/mol)

d  =light path (cm)

& = extinction coefficient of the lutidine-dye at 405 nm = 7.4 (I x mmol™' x cm™)
diln. = 1.008 (0.252/0.25)

A = (absorbance of sample) - (absorbance of sample blank)

To convert to mg/dL multiply by 100, and multiply by 0.0259 to convert to mmol/L.

Calibration: The procedure was calibrated using a cholesterol standard also from

Boehringer Mannheim.

Precision: Intra-assay precision was checked by analysing the same samples ten times

and the results were as shown in Table 2.3
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Table 2.3 Intra-assay variability of the free cholesterol assay

Plasma 1 Plasma 2
Mean (mmol/L) 0.91 1.58
SD (mmol/L) 0.02 0.04
CV (%) 2.2 2.5
Number of Assays 10 10

2.2.3.5 Esterified Cholesterol
The concentration of esterified cholesterol in plasma and LDL was calculated by
subtracting the concentration of free cholesterol from the concentration of total

cholesterol.

2.2.3.6 Triacylglycerols
The concentration of triacylglycerols in plasma and LDL was measured using an

enzyme assay kit (Sigma Diagnostics, Procedure No. 337).

Principle:
Lipoprotein Lipase
(1) Triacylglycerols ———® Glycerol + Fatty acids
GK
(2) Glycerol + ATP ——Glycerol-1-phosphate + ADP
GPO
(3) Glycerol-1-phosphate + O2 —® Dihydrooxyacetone + H202

PO
@) HZO2 +4-AAP + ESPA___p Quinoneimine Dye + HzO

Triacylglycerols are first hydrolysed by lipoprotein lipase to glycerol and three free fatty
acids (reaction 1). Glycerol is then phosphorylated by adenosine triphosphate (ATP)
forming glycerol-1-phosphate and adenosine-5- diphosphate (ADP) in the reaction
catalysed by glycerol kinase (GK) (reaction 2). Glycerol-1-phosphate is then oxidised by
glycerol phosphate oxidase (GPO) to dihydroxyacetone phosphate and hydrogen peroxide
(H202) (reaction 3). A quinoneimine dye is produced by the peroxidase (PO) catalysed

coupling of 4-aminoantipyrine (4-AAP) and sodium N-ethyl-N-(3-sulfopropyl)m-
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anisidine (ESPA) with H202 (reaction 4) which shows an absorbance maximum at 540

nm. The increase in absorbance at 540 nm is directly proportional to the concentration of

triacylglycerols in the sample.

Procedure:

1. Triglyceride Reagent A and Reagent B were prepared according to the instructions.

2. The spectrophotometer was set to 540 nm and the absorbance reading was set to zero
with water as reference.

3. The reagents were warmed to room temperature.

4. A series of cuvettes for blank, standard and sample were set up.

5. Reagent A (0.8 ml) was pipetted into each cuvette.

6. Deionised water, standard and sample (10 pl) was added to the cuvettes. These were
then mixed by gentle inversion.

7. Cuvettes were incubated for 5 min at room temperature.

8. The initial absorbance (1A) of blank, standard and sample cuvettes was read at

540 nm vs. water as reference.

9. Then reagent B (0.2 ml) was added to each cuvette, and the contents were mixed and
incubated for a further 15 min at room temperature.

10. The final absorbance (FA) of blank, standard and sample cuvettes was read.

11. The concentration ofitriglycerides in the sample was calculated as follows:

FAsampLe - {AsampLex F)
X Concentration of Standard

FAstanparp - (IApLank X F)

Where F (dilution factor) = 0.81/1.01 = 0.80
To convert to mmol/L divide by 92.

Calibration: Sigma diagnostics glycerol standard was used for calibration of the assay.
Precision: To test intra-assay variation the same sample was analysed ten times and the

results were as shown in Table 2.4
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Table 2.4: Intra-assay variability of the triglyceride assay

Plasma 1 Plasma 2
Mean (mmol/L) 1.74 1.96
SD (mmol/L) 0.02 0.03
CV (%) 1.6 1.9
Number of Assays 10 10

2.2.4 Adipose tissue fatty acid composition

At the time of commencing the study and at surgery a narrow gauge needle
subcutaneous adipose tissue biopsy was taken from the abdominal wall. The adipose
tissue samples were then frozen at —70°C until the time of analysis.

Total lipid was extracted from adipose tissue using chloroform/methanol/water
(2:1:0.8 vol/vol/vol). The homogenate of sample and solvent was closed under nitrogen
and then vortexed vigorously for 1 min and chloroform and KCI (0.88%) were added.
Again the sample was closed under nitrogen, vortexed and the lower phase was then
collected after centrifugation (10 min, 2500rpm). The procedure was repeated from the
point of addition of chloroform and KCI (Bligh and Dyer, 1957).

Fatty acid methyl esters were formed by reaction of the total lipid extract with hot
methanolic boron trifluoride for one hour at 80°C. The fatty acid methyl esters were then
purified using hexane/butylated hydroxytoluene and saturated aqueous sodium chloride
solution. The methyl esters were then separated by gas chromatography (GC) in a
Hewlett-Packard 6890 gas chromatograph (Hewlett-Packard Ltd., Bracknell, Bucks.,
U.K.) fitted with a 25 m x 0.32 mm SGE BPX70 capillary column with a film thickness
of 0.25 um. Helium at 1 ml/min was used as the carrier gas, and the split/splitless injector
was used in the split mode with a split ratio of 20:1. Injector and detector temperatures
were 280°C and 275°C, respectively, and the column oven temperature was held at 170°C
for 12 min and then programmed to increase by 5°C/min until it reached 200°C. The
detector was a flame ionising detector (FID). Fatty acid methyl esters were identified by

comparison with standards run previously.
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2.2.5 Statistical analysis

All values are presented as means = SEM. Comparison of treatment group means
was performed using one-way ANOVA followed by the least-significant difference post
hoc test. Comparison of means before and after supplementation for each treatment group
was performed using paired t-tests. Correlations were determined as Pearson correlation

co-efficients. In all cases a statistical significance was assumed if p<0.05.
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2.3 Results

2.3.1 Patient characteristics

The characteristics of patients by dietary treatment group are shown in Table 2.5.
There were more males than females in each of the dietary groups, but the numbers of
each were evenly distributed among the three groups. The age of the patients ranged from
38-85 years; mean ages were the same among groups and were the same for males and
females. Patient’s height and weight were measured and used to calculate body mass
index (BMI). BMI for this group of patients ranged from 18.7 to 42.4; mean BMI values
were the same among groups and they were not different between males and females.

BMI distributions for each group are shown in Table 2.6 and were not different among

groups.

Table 2.5 Characteristics of patients by treatment group

GENDER AGE (years) BMI (kg/m?)
N range (mean) range (mean)

M 35 52-84 (63.7) 18.7-35.8 (25.9)
Fish Oil

F 20 56-84 (70.0) 20.2-42.4 (26.4)

M 34 44-81 (68.1) 20.1-34.1 (26.1)
Sunflower Qil

F 21 57-83 (71.3) 20.7-33.6  (25.5)

M 37 38-85 (70.4) 20.2-37.1 (26.8)
Control

F 21 57-78 (70.0) 19.1-35.7 (26.4)

(M = male and F = female)

68



Table 2.6 BMI distributions by treatment group

BMI (% patients)
Diet <25 25-30 >30
Fish Oil 47% 42% 11%
Sunflower oil 42% 47% 11%
Control 35% 49% 16%

2.3.2 Nutrient intakes of patients

The intakes of energy, of macronutrients and of selected micronutrients for
patients by treatment group are shown in Table 2.7. Not all patients completed the
weighed diaries and therefore the data presented are for about 68% of patients in each
dietary group. Mean energy intake across all groups was 1916 kcal/d and did not differ
among groups. Mean intake of fat was on average 60 g/day and represented about 28% of
energy. Mean carbohydrate intake was 244 g/day and represented 51% of energy and
mean protein intake was 75.5 g/day and represented 16% of energy. Mean intakes of
nutrients were generally similar between groups, although total carbohydrate intake in the
fish oil group was higher than in the control group (p = 0.03), dietary fat as a percent of
energy in the control group was higher than in the fish oil group (p = 0.04) and vitamin E
intake in the sunflower oil group was higher than in the fish oil group ( p =0.05).

The intakes of individual fatty acids in the different treatment groups are shown in
Table 2.8 (as g/day) and 2.9 (as % energy). Of the 28% of energy consumed as fat, 9%
was as cis-MUFA, 10.8% as SFA and 4.8% as cis-PUFA. Total n-3 fatty acid intake in
this group of patients was 1.3 g/day, while total n-6 intake was 9.0 g/day.

The intakes of individual fatty acids were generally similar between groups, but
mean intake of lauric acid (12:0) as a percent of energy in the control group was higher
than in the fish oil group (p = 0.05) and mean intake of y—linolenic acid (18:3n-6) as a
percent of energy in the control group was significantly higher than the fish oil group (p =
0.03). Mean intakes of linoleic acid (18:2n-6) and a-linolenic acid (18:3n-3) were 8.6
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g/day and 0.9 g/day, respectively and were not different among treatment groups. Mean
intakes of EPA (20:5n-3), DPA (22:5n-6) and DHA (22:6n-3) were 0.1, 0.03 and 0.13

g/day, respectively and were not different among treatment groups.

Table 2.7 Daily energy and nutrient intakes of patients by treatment group

Nutrient Fish oil Sunflower oil Control
(n=35) (n=39) (n=41)
Energy (kcals) 2003.8 £ 74.4 1911.2+79.8 1833.4 +59.2
Fat (g) 60.0 £3.3 59.7+3.8 60.3 £2.8
(% en) 26.8 £ 1.0° 27.7+1.0 29.5+0.8°
CHO (g) 262.0+11.7° 239.2+10.3 230.2 + 8.66"
(% en) 52.1+1.1 50.2+0.9 50.1£1.0
Protein (g) 78.2+2.9 752£2.9 73.1+£2.6
(%o en) 15.9+0.5 16.1+0.4 162+0.5
Alcohol (g) 57+1.9 84+1.9 53+1.3
(%o en) 1.95+0.54 2.76 +0.59 1.84+0.43
B—carotene (mg) 1.96 £0.23 1.88 £0.20 2.04£0.19
Vitamin C (mg) 80.8 £ 8.0 73.0+ 7.4 70.0 £ 6.2
Vitamin E (ug) 58%0.6° 7.6 £0.7° 6.3+0.6
Copper (mg) 1.28+0.11 1.10 +£0.07 1.12 £0.09
Zinc (mg) 9.4+0.4 8.7+0.4 83+04
Iron (mg) 12.9+0.9 11.1£0.6 112£0.6
Selenium (uig) 56.3+3.9 61.4+3.6 59.6+3.8

Data are presented as mean = SEM. CHO = carbohydrate. Statistical significance (one way

ANOVA): groups with different letters are significantly different.
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Table 2.8: Fatty acid intakes of patients by treatment group (g/day)

Fatty acid Fish oil Sunflower oil Control
(n=35) (n=39) (n=41)
SFA (g) 22.88 £1.50 23.30£2.01 2326 £1.24
MUFA (g) 19.92 £1.23 18.79 £ 1.13 19.58 £1.00
PUFA (g) 9.60 £ 0.80 10.56 +0.77 10.07 £0.54
n-3 PUFA (g) 1.30+£0.11 1.20 £ 0.09 1.33+£0.11
n-6 PUFA (g) 8.51+£0.73 9.56+0.78 8.91+£0.53
12:0 (g) 0.79 £0.08 0.88 £0.10 0.91 £0.08
14:0 (g) 2.22+£0.21 2.37+0.28 233+£0.17
16:0 (g) 12.2+£0.70 12.4 £0.98 12.1 £ 0.64
18:0 (g) 5.02+0.32 5.04 £0.42 520+0.29
18:1n-9 (g) 16.6 £ 0.93 15.7+1.0 159+0.8
18:2n-6 (g) 8.14+£0.70 9.21+0.79 8.50£0.53
18:3n-3 (g) 0.98 £ 0.08 0.82 £0.05 0.91 £0.08
18:3n-6 (g) 0.02+0.01 0.03 £ 0.01 0.04 £0.02
20:3n-6 (g) 0.02£0.00 0.02 £0.00 0.02 £0.00
20:4n-6 (g) 0.05+0.00 0.05 £0.00 0.06 £ 0.00
20:5n-3 (g) 0.08 £0.01 0.11£0.01 0.11£0.02
22:5n-3 (g) 0.03 £0.00 0.03 £0.00 0.03 £ 0.00
22:6n-3 (g) 0.10£0.02 0.13£0.02 0.15+0.03

Data are presented as mean + SEM. SFA = saturated fatty acids, MUFA = monounsaturated fatty

acids, PUFA = polyunsaturated fatty acids.
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Table 2.9: Fatty acid intakes of patients by treatment group (% energy)

Fatty acid Fish oil Sunflower oil Control
(n=35) (n=39) (n=41)

SFA (% en) 10.28 £ 0.54 10.63 £0.61 11.36 £ 0.42
MUFA (% en) 8.88 £0.37 8.73£0.30 9.54+0.32
PUFA (% en) 428 £0.29 5.06 £0.33 4.96 +0.22
n-3 PUFA (% en) 0.58 £0.04 0.59 £ 0.04 0.65£0.05
n-6 PUFA (% en) 3.80 £0.28 456 £0.34 4.40+0.23
12:0 (% en) 0.36 +0.03° 0.40 £0.03 0.44 £ 0.03*
14:0 (% en) 1.00 £ 0.09 1.08 £0.10 1.14 £ 0.07
16:0 (% en) 551+0.24 5.69£0.28 5.90 £0.21
18:0 (% en) 225%0.11 2.30+£0.12 2.53£0.10
18:1n-9 (% en) 7.40+0.28 7.24+0.26 7.76 £0.28
18:2n-6 (% en) 3.64+£0.27 4.41 £ 0.36 4.20+0.23
18:3n-3 (% en) 0.43£0.03 0.40£0.02 0.44 £ 0.03
18:3n-6 (% en) 0.01 +0.00° 0.01 £0.00 0.02 £0.01°
20:3n-6 (% en) 0.01+£0.00 0.01 £0.00 0.01 £0.00
20:4n-6 (% en) 0.02 £ 0.00 0.03 £0.00 0.03 £ 0.00
20:5n-3 (% en) 0.03 £0.00 0.05 +£0.01 0.06 £0.01
22:5n-3 (% en) 0.01+£0.00 0.01£0.00 0.01 +£0.00
22:6n-3 (% en) 0.04 £0.00 0.07£0.01 0.07 £0.01

Data are presented as mean + SEM. SFA = saturated fatty acids, MUFA = monounsaturated fatty
acids, PUFA = polyunsaturated fatty acids. Statistical significance (one way ANOVA): groups

with different letters are significantly different.
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2.3.2.1 Adipose tissue fatty acid composition

Table 2.10 shows the fatty acid composition of adipose tissue samples before
supplementation. There were no differences in fatty acid composition of adipose tissue
between groups. The largest contributor to adipose tissue fatty acid composition was
MUFA, of which the major component was oleic acid (18:1n-9). The second largest
contributor was SFA, mainly from palmitic acid (16:0).

The fatty acid composition of adipose tissue before supplementation was
compared to data from the food diaries to assess the relationship between habitual fatty

acid intake (in g/day) and adipose tissue fatty acid composition.

Table 2.10 Fatty acid composition of adipose tissue from patients in the different

dietary groups before supplementation

Fatty acid Fish oil Sunflower oil Control

(n=48) (n=151) (n=55)
14:0 4.00£0.18 4.1+0.16 4.00£0.16
16:0 25.25 £0.40 25.73 £0.61 24.95+0.46
16:1n-7 6.04 £0.32 6.38 £0.39 6.60 £0.36
18:0 3.78 +£0.20 3.76 £0.14 3.61£0.18
18:1n-9 43.85+0.50 43.46 £0.55 43.55+0.52
18:2n-6 13.63 £ 0.51 13.53 £ 0.54 14.21 £0.55
18:3n-3 1.01 £0.05 1.08 £0.10 1.09+£0.07
20:1n-9 0.69 £0.08 0.86 £0.15 0.62 £0.07
20:4n-6 0.42 £0.05 0.41 £0.03 0.36 £0.02
20:5n-3 0.08 £0.03 0.06 £ 0.01 0.09 £0.02
22:6n-3 0.20 £0.02 0.24 £0.05 0.20 £0.02

Data are the mean + SEM g/100g total fatty acid.



2.3.2.1.1 Adipose tissue fatty acid composition and SFA intake

There were significant positive correlations between the intakes of 16:0 (r = 0.20,
p<0.04) and 18:0 (r = 0.18, p<0.05) and total SFA (r = 0.21, p<0.03) and the proportion
of 16:0 in adipose tissue. However, no correlation was seen between intakes of 16:0, 18:0
and SFA and the proportion of 18:0 and SFA within adipose tissue. Significant negative
correlations were found between 16:0 (r = -0.24, p<0.01), 18:0 (r = -0.28, p<0.01) and
SFA (r =-0.34, p<0.001) in the diet and the proportion of 18:2n-6 in adipose tissue.

2.3.2.1.2 Adipose tissue fatty acid composition and MUFA intake

There was a significant negative correlation between intake of palmitoleic acid
(16:1n-7) and the proportion of 18:2n-6 in adipose tissue (r = -0.22, p<0.02). A
significant positive correlation was found between total MUFA intake and the proportion
of arachidonic acid (20:4n-6) in adipose tissue (r = 0.25, p<0.03). However, no

correlation was seen between intake of 18:1n-9 and the proportion of 18:1n-9 in adipose

tissue.

2.3.2.1.3 Adipose tissue fatty acid composition and n-6 PUFA intake

Table 2.11 shows the relationship between adipose tissue fatty acid composition
and n-6 PUFA intake. There were highly significant positive correlations between 18:2n-
6, total n-6 PUFA and total PUFA in the diet and the proportion of 18:2n-6 and total n-6
PUFA in adipose tissue. Figure 2.2 shows the relationship between dietary intake of
18:2n-6 and the proportion of 18:2n-6 in adipose tissue. In addition there was a
significant positive correlation between dietary 18:2n-6 intake and the proportion of
20:4n-6 in adipose tissue (Table 2.11). A negative correlation was found between total
dietary n-6 and total PUFA intake, and the proportion of 16:1n-7, 18:1n-9 and total

MUFA in adipose tissue.
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Table 2.11 Relationship between adipose tissue fatty acid composition,
n-6 PUF A and total PUFA intake

Adipose Dietary fatty acid
fatty acid 18:2n-6 20:4n-6 n-6 PUFA PUFA
16:1n-7 r -0.053 -0.056 0.166 -0.176
p NS NS NS 0.048
18:1n-9 r 0.074 0.031 -0.189 -0.147
p NS NS 0.037 NS
18:2n-6 r 0.589 0.278 0.562 0.541
p <0.0001 NS <0.0001 <0.0001
20:4n-6 r 0.254 0.184 0.012 0.064
p 0.041 NS NS NS
MUFA r -0.245 -0.044 -0.263 0.227
p 0.01 NS 0.006 0.016
PUFA r 0.421 -0.214 0.414 0.327
p 0.002 NS 0.002 0.013

r = Pearson correlation coefficient; NS = not significant

Figure 2.3 Relationship between intake of 18:2n-6 and the proportion of 18:2n-6 in

adipose tissue.
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2.3.2.1.4 Adipose tissue fatty acid composition and n-3 PUFA intake

A negative correlation was found between 18:3n-3 intake and the proportion of
18:2n-6 in adipose tissue (p<0.02). A positive correlation was found between total n-3
PUFA intake and the proportion of total PUFA in adipose tissue (p<0.04). In addition,
intake of DHA was positively correlated to the proportion of DHA in adipose tissue

(p<0.05). However, no correlation was seen between intake of 18:3n-3 and the proportion

of 18:3n-3 in adipose tissue.

2.3.3 Plasma, LDL and HDL lipid concentrations

2.3.3.1 Plasma lipid concentrations

Plasma total, free and esterified cholesterol and triacyglycerol (TAG)
concentrations for the different treatment groups are shown in Table 2.12. Plasma total
cholesterol concentrations ranged from 2.96-10.95 mmol/L and plasma TAG
concentrations ranged from 0.40-9.98 mmol/L. Seventy per cent of patients had plasma
total cholesterol concentrations below 5.2 mmol/L and 66% of patients had plasma TAG
concentrations below 2.0 mmol/L. There were no significant differences between dietary

groups for any of the plasma lipid concentrations.

Table 2.12: Plasma lipid concentrations in the different treatment groups before

supplementation
Fish oil (n = 583) Sunflower oil (n = 55) Control (n =57)

Range Mean +SEM Range  Mean £SEM Range  Mean £tSEM
TC 2.96-8.25 476 £ 0.15 297-739  472+£0.13 3.26-1095 4.84+0.17
FC 0.33-1.70 0.70+£0.04 0.41-1.51 0.71£0.02 0.32-1.53 0.71 +£0.03
CE 2.45-747 4.08+0.14 2.47-6.55 4.00£0.11 2.68-9.99 4.16+0.16
TAG 0.40-9.98 1.70+0.18 0.63-5.20 1.75 +0.15 0.56-4.26 1.67x0.11

TC = Total cholesterol, FC = Free cholesterol, CE = Cholesterol ester, TAG = Triacyglycerol. All

values are mmol/L.
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Plasma lipid concentrations were analysed according to whether patients were being
treated with statins or not (Table 2.13). 56 patients were being treated with statins; 19
(12%) in the control group, 19 (11%) in the fish oil group and 18 (11%) in the sunflower
oil group. When all patients were analysed as one group at baseline plasma free, total and
esterified cholesterol concentrations were all lower in patients being treated with statins
compared to those not on statins. Plasma total, esterified and free cholesterol all tended to
be lower in patients treated with statins in all three treatment groups. However the only
significant difference was free cholesterol, which was lower in the fish oil and sunflower

oil groups if patients were treated with statins.

Table 2.13 Plasma lipid concentrations in the different treatment groups according

to statin treatment before supplementation

Treatment Statin N FC CE TC TAG
FO Y 19 0.62+0.03 3.85+£0.19 4.43+0.20 1.57+0.13
N 34 0.75+£0.05* 4.20+0.19 4,94 +£0.20 1.76 £ 0.28
SO Y 18 0.61+£0.03 3.79+£0.27 4.42 +0.27 1.83 £0.25
N 37 0.76 £0.05* 4.09+0.12 4.87+0.13 1.70£0.19
C Y 19 0.70£0.07 3.88£0.38 4.57+0.39 1.69+0.19
N 38 0.72+0.03 4.30+0.15 4.99+0.16 1.66 £ 0.14
All patients Y 56 0.65+0.03 3.84+0.17 4.48+0.18 1.64+0.10
N 109 0.74+£0.03* 4.20+£0.09* 4.93+£0.09* 1.70+0.12

FO = fish oil, SO = sunflower oil, C = control oil. TC = Total cholesterol, FC = Free cholesterol,
CE = Cholesterol ester, TAG = Triacyglycerol. All values are mmol/L. Data are mean = SEM,

statistical significance (t-test): *denotes significantly different from statin treatment.
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2.3.3.2 LDL and HDL lipid concentrations

LLDL total, free and esterified cholesterol and TAG concentrations and HDLU total

cholesterol concentration for the different treatment groups are shown in Table 2.14.

Ninety four per cent of patients had LDL total cholesterol concentrations below 3.5

mmol/L. There were no differences between treatment groups

concentrations or in HDL total cholesterol concentration.

in LDL

lipid

Table 2.14: LDL and HDL lipid concentrations in the different treatment groups

before supplementation

Fish oil (n=53)

Sunflower oil (n=48 )

Control (n=53)

Range  Mean :SEM Range  Mean +SEM Range  Mean £SEM
LDL TC 0.90-4.01 1.99 £ 0.09 0.80-3.69 1.93x£0.10 0.58-6.53 1.96 £ 0.14
LDL FC 0.14-0.51 0.27x0.01 0.11-0.48 0.25+0.01 0.08-0.60 0.27+£0.02
LDL CE 0.73-3.50 1.77 £0.09 0.68-3.25 1.73 £ 0.11 0.50-5.93 1.83 £ 0.17
LDL TAG 0.08-0.48 0.21+0.01 0.10-0.56 0.21 +£0.01 0.10-0.77 0.21 £ 0.01
HDL TC 0.04-6.53 1.95+0.13 0.14-3.51 1.98 £0.09 0.22-3.86  2.19+0.10

TC = Total cholesterol, FC = Free cholesterol, CE = Cholesterol ester, TAG = Triacyglycerol.

All values are mmol/L.
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LDL and HDL lipid concentrations were analysed according to whether patients were

being treated with statins or not (Table 2.15). When all patients were analysed as one

group at baseline there were no significant differences in LDL or HDL lipid

concentrations between patients being treated with statins and those who were not. All

values tended to be lower in the statin treated group. However, the only significant

difference was found in HDL total cholesterol in the sunflower oil group. Patients taking

statins had lower HDL total cholesterol than those not taking statins in the sunflower oil

group.

Table 2.15 LDL and HDL lipid concentrations in the different treatment groups

according to statin treatment before supplementation

Treatment Statin N LDL FC LDL CE LDL TC LDL TAG HDL TC
FO Y 20 025+£0.02 1.62+0.16 1.77+0.15 021+£0.02 197=x0.11
N 33 0.28£0.02 1.87+0.10 2.11+0.11 0.22+0.01 1.97+0.20
SO Y 16 023+£0.03 1.75+0.27 1.85+021 023+£0.03 1.73£0.12
N 32 026+0.02 1.74+0.12 197+0.11 0.20+£0.01 2.1040.12*
C Y 17 024+£004 1.78+0.48 190+0.33 022+0.04 2.06=x0.16
N 36 0.28+0.02 1.86+0.16 2.04=+0.14 0.20£0.01 2.25+0.13
All Patients Y 53 024+002 1.70+0.17 1.84+0.13 0.22+0.02 1.92+0.08
N 101 027£0.01 1.82 i 0.01 2.04+0.01 0.20+£0.00 2.11£0.09

FO = fish oil, SO = sunflower oil, C = control oil. TC = Total cholesterol, FC = Free cholesterol,

CE = Cholesterol ester, TAG = Triacyglycerol. All values are mmol/L. Data are mean + SEM,

statistical significance (t-test): *denotes significantly different from statin treatment.
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2.4 Discussion

The aims of this chapter were firstly to describe the study design used, secondly to
assess the characteristics of dietary intake, especially fatty acid intake, of patients with
substantial atherosclerotic plaques, and thirdly to measure plasma lipid concentrations in
these patients before dietary supplementation.

In this study patients were randomised to one of three dietary groups. Therefore, it
was important to determine that there were no major differences in patient characteristics
between groups. Indeed there were no major differences found between groups in terms
of age, gender distribution, BMI, intakes of macro or micronutrients, blood lipid
concentrations, adipose tissue fatty acid composition or proportion of patients being
treated with statins.

In adults a useful surrogate for direct measurement of body fatness is the body
mass index (BMI), which is weight (kg) divided by height (m)®. Categories of BMI
suggested for the UK are: under 20: underweight; 20-25: normal (desirable) range; 25-30:
overweight; above 30: obese. It was found that values for this group of patients ranged
from 18.7 to 42.4. About 40% of patients had values below 25, 46% had values between
25 and 30 and 14% had values above 30. Therefore, half of this patient group would be
considered to be overweight and 14% would be considered obese; this is in general
agreement with published data on the British population. In England between 1980 and
1991, the proportion of adults with a BMI between 25-30 increased from 35 to 40% of
men and from 24 to 26% of women. In 1986/87 in Great Britain, 12% of women and 8%
of men (aged 16-64) were obese (Gregory et al., 1990), compared to 8% and 6%
respectively in 1980 (OPCS, 1984). By 1991 these figures had increased to 15% and 13%
respectively (White et al., 1993). Data from the Health Survey for England 1996
(Prescott-Clarke and Primatesta, 1998) shows that the prevalence of obesity is still
increasing, they reported that 18% of women and 16% of men were obese. The
prevalence of obesity has, therefore, more than doubled in only 16 years. Obesity results
from chronic energy consumption in excess of expenditure. Excess fatness is associated
with metabolic changes which increase the risk of cardiovascular and other diseases.

These changes include increased plasma TAG and LDL cholesterol concentrations
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Blood lipid concentrations measured in plasma and LDL at baseline were not
different between groups. However, the concentrations of LDL cholesterol and HDL
cholesterol reported in this thesis were unusual in that the concentration of LDL
cholesterol was lower than expected and that of HDL cholesterol was higher than
expected. Expected concentrations would be 3.5 mM for LDL cholesterol and 1.2 mM for
HDL cholesterol (Harris, 1997). The reason for this discrepancy most probably relates to
the methodology used. In this study total plasma cholesterol concentration was measured
and LDL was purified by centrifugation and the cholesterol concentration of the LDL
fraction was measured. Recovery of LDL may have been less than 100% meaning that the
LDL cholesterol concentration measured was less than the true value. Because HDL
cholesterol concentration was calculated by a formula using the difference between total
and LDL cholesterol concentration (See section 2.2.3.3) the HDL cholesterol
concentration would be overestimated. Nevertheless, the plasma TAG and total
cholesterol concentrations are considered to be correct. It will be important to reanalyse
these samples for LDL and HDL cholesterol concentrations using a more appropiate
method such as precipitation of VLDL and LDL with magnesium chloride and measuring
the residual HDL cholesterol concentration. According to the data obtained here, about
70% of these patients had plasma total cholesterol values < 5.2 mmol/L, the threshold
recommended by the European Atherosclerosis Society (1987). It was also found that
66% of patients had plasma TAG values < 2.0 mmol/L, and 94% had LDL total
cholesterol values < 3.5 mmol/L. These apparently ‘normal’ lipid concentrations may be
due to the fact that many patients may have modified their diets or lifestyles since being
diagnosed with CVD and a number were being treated with statins. About one third of
patients were taking statins with equal numbers in each of the lipid treatment groups
When plasma lipids were analysed together for all patients plasma total, esterified and
free cholesterol were all significantly lower in patients on statin treatment compared to
those not taking statins. However when plasma lipids were analysed according to
treatment group the lipid lowering effect of statins was not as significant but this is
probably due to small number of patients in each group. HDL total cholesterol was lower
in patients taking statins in the sunflower oil group but no other differences were found in

LDL or HDL lipid concentrations according to statin treatment.
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In 1986/87 the mean serum total cholesterol concentration in Britain was 5.8
mmol/L for both sexes and increased with age: 32% of males had serum cholesterol
concentrations in the desirable range of < 5.2 mmol/L compared to 36% for females
(Gregory et al., 1990). Amongst patients in the 1991 Health Survey for England who
were aged 19-64 and who were not taking lipid lowering drugs, the mean serum
cholesterol concentration was 5.7 mmol/LL for both sexes: 31% of men and 30% of
women had concentrations less than 5.2 mmol/L. (White et al., 1993).

The background diet of patients was measured by using a 7-day weighed intake. It
is possible that this method of dietary analysis can lead to under-reporting of intake or
changes in intake. This is because subjects may be inclined to alter or mask their habitual
intake of food because their diet is under scrutiny. Nevertheless it was important in this
study to obtain a measure of nutrient intake and all available methods are subject to
errors. Mean energy ‘intake was 1916 kcal/d, compared with the estimated average
requirement for this age group of 2100 kcal/d (Department of Health, 1991). The energy
intake which is only 95% of the estimated average requirement may indicate under-
reporting to a certain extent. Intake of fat averaged 60 g/day and represented 28% of
energy, 9% was as cis-MUFA, 10.8% as SFA and 4.8% as cis-PUFA. It is recommended
that no more than 35% of total dietary energy including alcohol should come from fat.
SFA should provide no more than 11% of total dietary energy, cis-MUFA should provide
13% and cis-PUFA should provide 7.5% of total dietary energy and should be derived
from a mixture of n-6 and n-3 PUFA (Department of Health, 1991). Therefore in this
group of patients intakes of PUFA and MUFA are lower than they should be, but this is
due to the lower than recommended total fat intake.

Total n-3 PUFA intake in this group of patients was 1.3 g/day with 0.9 g/day
coming from a-linolenic acid, n-6 PUFA intake was 9.0 g/day with 8.6 g/day coming
from linoleic acid. Intakes of EPA, DPA and DHA were 0.1, 0.03 and 0.13 g/day
respectively. Current recommendations for dietary PUFA are as follows: linoleic acid
should supply 15 g/day, a-linolenic acid 3 g/day, long chain n-3 PUFA 1 g/day and total
PUFA intake should be 19 g/day (British Nutrition Foundation, 1999). Total PUFA intake
in this group of patients was 10.3 g/day or 4.8 % of energy which is lower than the

82



current recommendation of 19 g/day or 7.5 % of energy, but again this largely reflects the
low total fat intake among these patients.

The average intake of fat in Western countries is 75 to 150 g each day and fat
generally contributes 35 to 45% of dietary energy. Intake of fat was considerably lower in
this study, it averaged 60 g/day and represented 28 % of energy. This apparently lower
intake of fat in these patients may be due to under-reporting and/or due to changes in
dietary habits. The major fatty acids in the diet of adults in the United Kingdom are
medium and long chain SFA, especially myristic, palmitic and stearic, the MUFA oleic
and the PUFA linoleic and a-linolenic (see Table 1.2). Since 1970 the absolute
consumption of SFA in the United Kingdom has declined by 40%, while the consumption
of MUFA has declined by 30%. The consumption of PUFA increased by 25% over this
period of time (Department of Health, 1991). This was largely due to increased
consumption of linoleic acid which became generally available in margarines and
cooking oils. According to the Adult Survey (Gregory et al., 1990) the daily diet of the
average adult male in the United Kingdom contains 42 g SFA, 31 g MUFA and 158 g
PUFA. In the current study intakes of all fatty acids were lower than the average adult
male, the intake of SFA was 23 g/day, MUFA was 19 g/day and PUFA was 10 g/day.
The main PUFA in the diet is linoleic acid, intake is approximately 13.8 g/day for adult
males, and oa-linolenic acid contributes about 2 g/day. 0.7% of dietary energy in the diet
of the UK population is n-3 PUFA and 6% is n-6 PUFA. However in the current study
intake of linoleic acid was 8.6 g/day and a-linolenic acid was 0.9 g/day, total PUFA
intake was 4.8% of energy again lower than average intakes. Total PUFA intake
increased from 5% of dietary energy in 1980 to 7% in 1992 (Department of Health, 1994)
and the long-term safety of diets rich in n-6 PUFA has been questioned (Ulbricht and
Southgate, 1991). An estimate of the change in intake of n-3 fatty acids for the population
as a whole over the past few years is available from the Total Diet Surveys for 1991 and
1995 (Ministry of Agriculture Fisheries and Food, 1997a). In 1991, total n-3 fatty acid
intake was 1.61 g per day. By 1995, this had risen to 1.8 g per day. During this same
period, total intake of n-6 fatty acids had fallen from 10.66 g per day to 10.2 g per day.

Adipose tissue fatty acid composition was compared to dietary intake data as it

has been suggested that the fatty acid composition of adipose tissue is a good marker of
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long term dietary intake. Circulating TAG, which originates partly from digestion of
dietary TAG, is a major source of fatty acids for adipose tissue. Once incorporated into
the tissue the fatty acids are known to have a relatively long half-life. For example, the
half-life of linoleic acid (18:2n-6) in adipose tissue has been suggested to be
approximately 2 years (Garland et al., 1998). Adipose tissue fatty acid composition is
therefore considered a strong indicator of long term dietary intake (Garland ez al., 1998).
In this study there was a strong positive correlation between linoleic acid (18:2n-6) and
total n-6 PUFA intake and the proportions of linoleic acid, arachidonic acid and total n-6
PUFA in adipose tissue. There was a positive correlation between n-3 PUFA intake and
the proportion of total PUFA in adipose tissue and between DHA intake and its
proportion in adipose tissue. These results show that there is a strong relationship between
dietary PUFA intake and the fatty acid composition of adipose tissue. No significant
correlation was seen between total SFA and MUFA intake, and the proportions of these
fatty acids in adipose tissue. Other studies have investigated the relationship between diet
and adipose tissue composition. The results of a study carried out by Garland ef al. (1998)
on the relationship between dietary intake and adipose tissue composition of selected fatty
acids in women are supported by the data from this study. They did not find significant
correlations between intakes of SFA and MUFA and the proportion of these fatty acids in
adipose tissue However, they found significant correlations between total PUFA intake
and the proportion of total PUFA in adipose tissue. Andersen et al. (1999) found
significant positive correlations between intakes of linoleic acid, a-linolenic acid, EPA
and DHA and the proportion of these fatty acids in adipose tissue. Leaf et al. (1995)
found that plasma concentrations of n-3 PUFA (EPA, DPA, DHA and total n-3)
significantly correlated with corresponding proportions of fatty acids in adipose tissue.
The findings of this study support the results of these earlier studies. Therefore, it can be
concluded that the PUFA composition of adipose tissue is a good marker of dietary PUFA
intake.

The data from this study would suggest that intakes of fat and fatty acids for this
group of patients are lower than intakes for the UK population which may seem
surprising given that they have advanced atherosclerosis. The average diet of the patients

within this study could be considered ‘healthy’ and not likely to promote atherosclerosis

84



and the onset of cardiovascular disease. However it must also be considered that these
patients already have severe atherosclerosis and have been treated for this for a long
period of time. Therefore, it is likely that these patients were given dietary advice about
healthy eating and have modified their diets and other lifestyle factors accordingly in

preparation for surgery.
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Chapter 3
LDL oxidisability and fatty acid composition
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3 LDL oxidisability and fatty acid composition

3.1 Introduction

3.1.1 LDL oxidation

There is evidence that oxidative modification increases the atherogenicity of LDL
(Steinberg et al., 1989; Salonen et al., 1992). The presence of products of LDL oxidation
in atherosclerotic lesions of rabbits and humans (Palinski et al., 1989) is supportive of a
role for oxidised LDL in the atherogenic process. The role of dietary fat and fatty acids in
modifying the fatty acid composition of LDL, and thus its susceptibility to oxidation are
of growing interest. It has been clearly shown that the oxidation of LDL is a lipid
peroxidation process (Steinbrecher er al. 1984, Esterbauer ef al. 1987, Steinbrecher, 1987)
in which the PUFA of LDL are successively degraded to a variety of products. These
lipid peroxidation products and their interactions with apoB are likely the cause for the
altered functional properties of Ox-LDL (Esterbauer et al. 1987, Steinbrecher, 1987,
Haberland and Fogelman, 1987, Haberland, 1988).

3.1.2 Lipid peroxidation

Lipid oxidation is a free radical-initiated process leading to oxidative deterioration
of PUFA. Peroxidation involves direct attack on the unsaturated fatty acids in lipid
molecules by oxygen. The reaction may be chemical, catalysed by metal ions
(autoxidation), or enzymic, catalysed by the enzyme lipoxygenase. Lipid peroxidation is
initiated when a hydrogen atom is removed from a methylene (-CH-) group in the
hydrocarbon chain of a lipid molecule (Stage 1 in Figure 3.1). The molecular species that
is formed is chemically reactive and is known as a free radical. There are many initiators
of lipid peroxidation. One is ‘singlet’ oxygen, which itself may be formed from the
normal form (ground state) of oxygen by ‘sensitisers’ such as chlorophylls, bilirubin,

porphyrins and haem compounds, in the presence of light. Another common initiating
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species is the hydroxyl radical (OH’), generated from superoxide anions (Oy") by ferric
ion catalysis. Sensitisers and ferric ions are common in foods and biological tissues.

After initiation, the process of propagation gives rise to chemical rearrangements
of the lipid molecules and further reaction with oxygen to form fatty acid peroxy- and
hydroperoxy-radicals (Stage 2 in Figure 3.1). Once the process has started, it continues by
a chain reaction of propagation steps which can be terminated (Stage 3 in Figure 3.1) in
two ways: two lipid radicals can combine to form polymeric products, or fatty acid
peroxyradicals can undergo cyclisation and the resulting cyclic endoperoxide breaks
down into a range of end-products characteristic of lipid peroxidation, including
malondialdehyde, other medium chain aldehydes, oxyacids and hydrocarbons.

One important factor in ensuring protection against uncontrolled lipid
peroxidation is a well-organised membrane structure, especially in organelles involved in
oxidative metabolism such as the mitochondria. Any tendency for membrane structure to
break down will increase the chances of peroxidative damage. A second important
protective factor is the presence of adequate antioxidant capacity. Antioxidants can be
either preventative antioxidants or chain-breaking antioxidants.

Preventative antioxidants reduce the rate of chain-reaction initiation by converting
peroxide radicals into inactive non-radical species: the enzymes catalase (which degrades
hydrogen peroxide) and glutathione peroxidase are examples. Chain-breaking
antioxidants interfere with chain propagation by trapping chain propagating radicals, for
example LOO" or L* (Figure 3.1). Examples are the enzyme superoxide dismutase (which
degrades superoxide) and vitamin E. Vitamin E is the major lipid soluble, chain-breaking
antioxidant in human tissues. Vitamin C and the carotenoids are involved in the

reconstitution of reduced vitamin E.
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Figure 3.1 The process of lipid peroxidation
(L indicates a fatty acid chain)
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3.1.3 Markers of lipid peroxidation

The extent of lipid peroxidation in vivo, in vitro or in model systems can be
followed by the appearance of marker molecules (Halliwell, 1999; Esterbauer, 1996;
Moore and Roberts, 1998). Most frequently oxidative damage to lipids is determined by
measuring thiobarbituric acid-reactive substances (TBARS), an assay to determine
malondialdehyde, a water-soluble product of lipid peroxidation. Another non-specific
method is based on the measurement of conjugated dienes which are intermediates of
lipid peroxidation (Esterbauer et al., 1989). A number of different methods are available
to determine lipid hydroperoxides. Recently the analysis of isoprostanes has been
introduced as a measure of lipid peroxidation (Morrow and Roberts, 1997). It has been
demonstrated the urinary excretion of Fo-isoprostanes increases in situations of oxidative

stress (Proudfoot et al., 1999). In the process of lipid peroxidation volatile products such
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as ethane and pentane are also formed: they are exhaled with the breath and can be

measured as a marker of lipid peroxidation (Kohlmuller and Kochen, 1993).

3.1.4 PUFA and LDL oxidation

All LDL is subject to peroxidation and the most common method used to measure
this is copper- or iron-induced oxidation ex vivo which gives rise initially to conjugated
dienes. The conjugated diene method has become one of the most frequently used assays
to assess resistance of LDL to oxidation. The time course of oxidation forming
conjugated dienes shows three consecutive phases: a lag-phase during which the diene
formation increases only slowly, a propagation phase with a rapid increase in the diene
formation and finally a decomposition phase. The increase in conjugated diene
concentration is highly correlated with the increase in production of malondialdehyde
(MDA) and lipid hydroperoxides. The susceptibility of LDL to oxidation is influenced by
its PUFA content (i.e. the amount of substrate available to oxidise) and its antioxidant
content (resists oxidation). Under in vivo or in vitro conditions, competition exists
between oxidative and protective processes that depend on PUFA composition and on
antioxidant levels. Therefore, for a given antioxidant content (especially vitamin E)
increasing PUFA content should increase the susceptibility of LDL to oxidation, so
decreasing lag time and increasing the amount of total oxidation products formed.
However, for a given PUFA content increasing antioxidant content should increase lag
time and so make LDL less susceptible to oxidation. The generation of oxidised LDL
leads to enhanced uptake by macrophages via the scavenger receptor, stimulation of
macrophage acyl-CoA: cholesterol acyltransferase (ACAT) activity and foam cell
formation in arterial walls (section 1.2.2). The susceptibility of LDL to oxidation has been
investigated in human studies, and effects of MUFA, n-6 PUFA and n-3 PUFA have been
studied.

Several studies have demonstrated that the fatty acid composition of LDL is
influenced by diets rich in oleic acid (Parthasarathy ez al, 1990; Reaven et al., 1991,
Berry ef al., 1992) and by supplementation of the diet with n-3 PUFA (Tripodi et al.,
1991; Nenseter et al., 1992; Harats et al., 1991). Oleate-rich LDL particles from patients

consuming diets rich in oleic acid were reported to be highly resistant to oxidation, based
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on formation of TBARS and conjugated dienes (Parthasarathy ef al., 1990; Reaven et al.,
1991; Berry et al., 1992). In a study by Nenseter et al. (1991), the effect of dietary
supplementation with fish oil on the susceptibility of LDL to oxidative modification was
investigated. The patients received supplements of six capsules daily for four months;
each capsule contained 1 g of n-3 PUFA (85% EPA plus DHA) or corn oil (56% linoleic
acid and 26% oleic acid). LDL from both the fish oil and corn oil supplemented groups
showed similar susceptibility to copper-catalysed lipid peroxidation. This was indicated
by the amount of lipid peroxides formed during the oxidation process and by degradation
of oxidatively modified LDL by J774 macrophages as a function of copper oxidation
time. Frankel ef al. (1994) looked at the effect of n-3 PUFA supplementation on copper-
catalysed oxidation of LDL. Nine hypertriglyceridemic patients consumed 5.1 g of fish
oil for 6 weeks. The volatile oxidation products from LDL were measured. Propanal and
hexanal were the major volatile products formed in the oxidation of n-3 and n-6 PUFA
respectively. Fish oil supplementation resulted in a significant increase in propanal
formation and a small decrease in pentanal formation. However, total volatiles remained
unchanged. This was interpreted as indicating that fish oil intake did not alter the overall
oxidative susceptibility of human LDL. However, in other studies n-3 PUFA have been
shown to enhance the susceptibility of LDL to oxidative modification. In a randomised
double-blind cross-over study of fish oil and corn oil consumption by hypertensive
patients, Suzukawa ef al. (1995) examined changes in blood lipids, in lipoprotein
composition and size and susceptibility of LDL to copper-induced and macrophage-
mediated oxidation. They found that fish oil significantly decreased lag time before onset
of copper-induced LDL oxidation and significantly increased production of TBARS
during oxidation compared with corn oil. Corn oil had no significant effect on lag time or
production of TBARS. Fish oil increased macrophage uptake of copper-oxidised LDL
and of macrophage modified-LDL; corn oil was without effect. Therefore, the effects of
dietary n-3 PUFA on the susceptibility of LDL to oxidation are contradictory.

Diets enriched with linoleic acid increase the linoleic acid content of LDL and, in
some studies, increase LDL susceptibility to oxidation. In the studies referred to above in
which corn oil was used as a placebo to study the effects of fish oil there was no effect of

corn oil on LDL oxidisability (Nenseter ef al., 1991, Suzukawa et al., 1995). Abbey et al.
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(1993) fed 12 men a daily diet supplement containing 35 g linoleic acid-rich oil in one
period and 35 g oleic rich-oil in the other period (2 x 3 wk crossover). The formation of
conjugated dienes was measured. They found that LDL oxidised faster after linoleic acid
supplementation than after oleic acid and produced more conjugated dienes in proportion
to the increase in LDL linoleic acid content. However lag time was not altered by linoleic
acid supplementation. Louheranta et al. (1996) studied the associations between the
intake of dietary fatty acids and the susceptibility of plasma VLDL and LDL to oxidation,
induced with either copper or hemin and hydrogen peroxide. The lipoproteins were from
a population-based sample of middle aged men with “usual” fatty acid intakes and with
no antioxidant supplementation. Dietary linoleic acid was the most important determinant
of the maximal oxidation velocity for hemin-induced oxidation. For copper-induced
oxidation the strongest determinant of maximal oxidation velocity was serum TAG and
dietary linoleic acid was the second strongest determinant. Therefore, a high linoleic acid
intake may be associated with increased susceptibility of atherogenic lipoproteins to

oxidation.

3.1.5 Aims

The aims of this chapter were firstly to measure the fatty acid composition and
oxidisability of plasma LDL in patients with advanced carotid atherosclerosis and
secondly to determine whether plasma LDL fatty acid composition and oxidisability can
be changed by short term increases in n-3 and n-6 PUFA intakes in these patients and to

measure the time course for these changes.
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3.2 Methods

3.2.1 Measurement of plasma and LDL lipid concentrations

LDL was prepared and LDL and plasma total cholesterol, free cholesterol and

triacylglycerol concentrations were measured using the methods described in Section

2.2.3.

3.2.2 LDL Oxidation

3.2.2.1 Lipid Peroxides
Principle:

The method of El-Saadani ef al. (1989) was used to measure the concentration of
lipid peroxides in freshly-prepared LDL. The quantitation of lipid peroxides serves as a
direct index of the oxidative status of tissues or membranes. This method provides a
direct measure of lipid peroxides and it makes use of the oxidative capacity of lipid
peroxides to convert iodide to iodine, which can be measured spectrophotometrically at

365nm.

Procedure:

LDL concentration was determined as mg protein/ml using the Lowry method.
Bovine serum albumin was used as the standard. LDL was diluted with phosphate
buffered saline (PBS) to 0.5 mg protein/ml. To an eppendorf, 20 ul EDTA (10 uM final
concentration), 20 pl butylated hydroxytoluene (BHT) (10 uM final concentration), 100
pl LDL and 1 ml colour reagent (0.12 M potassium iodide, 0.15 mM sodium azide, 2 g/L.
Triton X-100, 0.1 g/L. benzalkonium chloride, 10 pM ammonium molybate in 0.2 M
potassium phosphate, 0.2 M sodium hydroxide, pH 6.2) were added. The tube was
vortexed and the contents transferred to a cuvette and incubated for two hours in the dark
at room temperature to allow the oxidation of iodide to iodine to be completed before the
absorbance was measured at 365 nm against the colour reagent only as the blank.

The concentration of lipid peroxides in the samples was calculated using the molar

absorptivity of I3 measured at 365nm (e = 2.46 x 10° M'. ecm™).



A = gC (where A = absorbance, € = molar absorptivity of Is; and C = concentration of
lipid peroxides)

A Volume in cuvette
C = X
g Volume of LDL
Therefore A 1140
C = —— x mol/L
2.46 x 10° 100

The concentration of lipid peroxides (mol/L) was then converted to nmol/L. To express
the result as nmol/mg LDL protein, the concentration of lipid peroxides in nmol/L was

divided by the protein concentration of LDL used (normally 0.1 or 0.5 mg/ml).

3.2.2.2 Conjugated Diene Formation
Principle:

The primary products of lipid peroxidation are lipid hydroperoxides of the
general structure -CH=CH-CH=CH-CHOOH- with an absorption maximum around 234
nm. Since Ox-LDL is, like native LDL, fully soluble in buffer, the generation of such
conjugated lipid hydroperoxides can be directly measured by recording the UV spectrum
of the aqueous LDL solution.

Conjugated dienes in LDL were measured using the method of Princen et al.
(1998) which is an adaptation of the method described previously by Esterbauer et al.
(1989). This is used as a measure of the lag time for oxidation of LDL, which is
considered to be a good indicator of the antioxidant status of an individual and of the
susceptibility of LDL towards oxidative conditions. The kinetics of the oxidation of
human LDL can be measured by continuously monitoring the change of absorbance at
234 nm. The kinetics of the diene formation i.e. the change in absorbance vs. time can be
clearly divided into three phases. A first phase during which the dienes do not or only
very slowly increase, a second phase during which the dienes very rapidly increase to a
maximum value and a third phase during which the dienes strongly decrease again. The
first two phases are termed the lag-phase and the propagation phase (Figure 3.2). During
the lag phase the lipophilic antioxidants protect the PUFA against oxidation and thus
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prevent the lipid peroxidation process entering into the propagating chain reaction. As
shown in Figure 3.3 the protective action of the antioxidants progressively decreases

since they are inactivated and consumed if they scavenge free radicals.

Figure 3.2 Kinetics of oxidation of LDL measured by continuous monitoring of the

absorbance at 234nm. Three phases of oxidation are evident lag, propagation and

decomposition.
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Figure 3.3 Time-course of the consumption of antioxidants and formation of

conjugated dienes during oxidation of LDL (from Esterbauer ez al., 1989)
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Preliminary experiments:

A series of preliminary experiments were performed to identify the optimal
concentrations of copper and LDL protein to use in this protocol. Concentrations of
copper used were 5 uM, 25 uM, 50 uM, 100 pM and 50 uM was found to be optimal.
Concentrations of LDL protein used were 0.05 mg, 0.1 mg 0.25 mg, 0.5 mg and 0.1 mg

was found to be optimal.

Procedure:

LDL was diluted with PBS to 0.1 mg protein/ml, and CuSQO,4 was added to give a
final copper concentration of 50 uM; this initiated lipid peroxidation. The absorbance of
the sample at 234 nm was followed continuously for almost 3 hours to record the
formation of conjugated dienes. These data were used to calculate the lag time, the time
taken to reach half the maximum (T'%), the maximum rate of oxidation and the maximum
amount of conjugated dienes formed in the LDL. Absorbance curves of LDL preparations
obtained from patients before and at the end of the intervention period were determined in
parallel to avoid inter-assay variability. To test intra-assay variability the same LDL
sample was oxidised in six consecutive oxidation runs on the same day. The results are

presented in Table 3.1

Table 3.1: Intra-assay variability of Cu-induced oxidation of LDL

Mean +SD CV
Oxidation rate 6.45+038 59%

(nmol diene/min/mgL.DLprotein)

Maximum diene formation 578 +20 3.4%
(nmol diene/mg LDL protein)

Lag time (min) 80.1+6.8 8.4%
T v, (min) 1076 +54 5%

96



3.2.2.2.1 Role of vitamin E in preventing the oxidation of LDL

LDL was isolated from plasma (from a patient before and after fish oil
supplementation) as previously described (section 2.2.3.1). LDL was diluted to 0.1 mg
protein/ml. LDL was then enriched with a-tocopherol by incubating 1 ml of LDL with 5
nmol a-tocopherol for several hours: the a-tocopherol was dissolved in ethanol and 10 ul
containing the desired amount were added to 1 ml LDL solution. A control sample of
LDL with just ethanol added was oxidised at the same time. The LDL was then oxidised
and the formation of conjugated dienes was measured as previously described (section

3.2.2.2). The lag time of oxidation was then calculated.

3.2.3 LDL fatty acid composition

Total lipid was extracted from LDL using chloroform/methanol/water as
described earlier for adipose tissue (Section 2.2.4). Each lipid extract was then separated
into cholesteryl ester (CE), triacylglycerol (TAG), and phospholipid (PL) by thin-layer
chromatography (TLC) using hexane/ether/acetic acid (90:30:1 vol/vol/vol) as the elution
phase. Fatty acid methy! esters from each lipid fraction were formed by reaction with hot
methanolic boron trifluoride. The fatty acid methyl esters from each fraction were then
purified using hexane/BHT and saturated aqueous NaCl. The fatty acid composition of
each fraction was then determined by gas chromatography as described earlier (Section

2.2.4)

3.2.4 LDL Vitamin E content

a-Tocopherol, with tocopherol acetate added as an internal standard, was
extracted from LDL with diethyl ether prior to reverse phase chromatography with UV

detection at 292 nm.
Extraction of LDL
1. 100 pl of internal standard (tocopherol acetate 687.5 uM) was added to 100 pl of a-

tocopherol standards (37.5 pM and 75.0 pM), sample or control.

2. 200 pl of methanol was added and the tubes were vortexed vigorously for 15 seconds.
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3. 1 ml of diethyl ether was added and the tubes were then stoppered and vortexed for 1
minute and then centrifuged at 10,000 rpm for 5 minutes in a micro-centrifuge.

4. Using a glass pasteur pipette the upper diethyl ether layer was transferred into a glass
extraction tube.

5. The samples were then evaporated under nitrogen at room temperature and then
stored at —20°C until analysis.

The samples were analysed by HPLC by Robin West in the Department of Chemical

Pathology, Southampton General Hospital.

3.2.5 Statistical analysis

All values are presented as means = SEM. Comparison of treatment group means
was performed using one-way ANOVA followed by the least-significant difference post
hoc test. Comparison of means before and after supplementation for each treatment group
was performed using paired t-tests. Correlations were determined as Pearson correlation

co-efficients. In all cases a statistical significance was assumed if p<0.05.
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3.3 Results

3.3.1 Treatment period

Patients received fish oil (6 g/day providing 1.7 g/day n-3 fatty acids) for 7-173
(mean 54) days depending on the time of their planned carotid endarterectomy. Over the
entire study period the total amount of n-3 fatty acids provided via the capsules varied
from 11.9 to 294 (mean 92) g depending on the length of fish oil treatment before
surgery.

Patients received sunflower oil (6 g/day providing 3.8 g/day n-6 fatty acids) for 9-
170 (mean 52) days depending on the time of their planned carotid endarterectomy. Over
the entire study period the total amount of n-6 fatty acids provided via the capsules varied
from 34 to 646 (mean 198) g depending on the length of sunflower oil treatment before
surgery.

Patients received placebo oil (6 g/day) for 9-189 (mean 45) days depending on the

time of their planned carotid endarterectomy.

3.3.2 Plasma Cholesterol and triacylglycerol concentrations

Plasma cholesterol and TAG concentrations were lowered significantly in each of
the three treatment groups (Table 3.2). However, fish oil supplementation lowered plasma
cholesterol and TAG concentrations to a greater extent than in the other two groups. The
difference in esterified cholesterol and TAG between visits was significantly greater in
the fish oil group compared to the control group. Fish oil supplementation caused a 15 %
decrease in total cholesterol concentration, a 17% decrease in esterified cholesterol
concentration and a 29 % decrease in TAG concentration. The TAG lowering effect of
FO was not different between males and females (Table 3.3). Sunflower oil
supplementation caused a 13 % decrease in total cholesterol concentration, a 13%

decrease in esterified cholesterol concentration and a 12 % decrease in TAG

concentration.
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Table 3.2 Plasma cholesterol and triacylglycerol concentrations of patients in the

different treatment groups before and after supplementation

Fish oil Sunflower oil Control
(n=53) (n = 55) (n=57)
TC \%! 4.8+0.1 47402 4.8+0.2
V2 4.140.1% 4.1+0.1% 4.4+0.2%

V2-VI  p71+0.14 -0.59 +0.12 -0.40 £0.10
CE \%! 4.140.1 4.0%0.1 42402
V2 3.4+0.1% 3.5+0.1% 3.8 £0.2%

V-Vl 969+0.13° 0.43£0.11 -0.30 £0.10°
FC \%! 0.7+0.0 0.7£0.0 0.7+0.0
V2 0.6 +0.2% 0.7 £0.2% 0.6 +0.2%

V2-V1  0.08+0.03 -0.06 £ 0.02 -0.08 +0.02
TAG \%! 1.740.2 1.7£0.1 1.7£0.1
V2 1.2+0.1* 1.5+0.1% 1.5+0.1%

V2-VI 043 +0.18° -0.25 +0.09 -0.18 +0.08°

TC = Total cholesterol, FC = Free cholesterol, CE = Cholesterol ester, TAG = Triacyglycerol. All
values are mean £ SEM mmol/L. before (V1) and after (V2) supplementation. Statistical
significance: groups with different letters are significantly different (one way ANOVA),

*significantly different from visit 1 (paired t-test).

Table 3.3 The effect of gender on plasma TAG concentrations in the fish oil group

TAG V2-V1 V2-V1
n (mmol/L) (mmol/L) (% change)
Males 35 visit 1 1.8+ 0.27
visit 2 1.3+0.15%  -05+0.2 27+7.6
Females 18 visit | 1.5+£0.10
visit 2 1.0+ 0.07* -0.4+0.08 -31+£4.0

Data are mean + SEM. Statistical significance: *significantly different from visit 1 (paired t-test).
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The effect of lipid treatments upon plasma cholesterol and triacylglycerol
concentrations were analysed according to whether patients were taking statins or not
(Table 3.4). Free cholesterol was lower in the group taking statins after both FO and SO
supplementation and total cholesterol was lower after FO supplementation in the group
taking statins compared to the group not taking statins. Total and esterified cholesterol
were lower in both statin groups after FO supplementation whereas only patients not

taking statins had significantly lower plasma total and esterified cholesterol after SO

supplementation.

Table 3.4 Plasma cholesterol and triacylglycerol concentrations in the different

treatment groups according to statin treatment before and after supplementation

Treatment Statin n Visit FC CE TC TAG
FO Y 19 1 06+00 39402 44+02*° 1.6+0.1
N 34 1 08+£0.1% 42+02° 49+02° 1.8+03
Y 19 2 06+£00 32+0.1° 3.8+02° 1.2+0.1
N 34 2 07+£00% 35+02° 42+02% 12+02
SO Y 18 1 06+00 38+03 44+03 1.8+03
N 37 1  08=0.1* 41£01° 49+0.1° 1.7+02
Y 18 2 05+£00 3.1£03 37+£03 1401
N 37 2 07+£00% 3.6+01° 43+02° 1502
C Y 19 1 07+01 39+04 46+£04 1.7£02
N 38 1 07+00 4302 50+02 1.7+0.1
Y 19 2 06+00 35+04 41+04 1.5£0.1

N 38 2 07+£00 4.0+£02 4.6+0.2 1.5+0.2

FO = fish oil, SO = sunflower oil, C = control oil. TC = Total cholesterol, FC = Free cholesterol,
CE = Cholesterol ester, TAG = Triacyglycerol. All values are mean £ SEM mmol/L. Visit 1=
before supplementation, visit 2 = after supplementation. Statistical significance (t-test):
*significantly different between statin treatments, groups with different letters are significantly

different between visits.
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3.3.3 LDL and HDL cholesterol and triacylglycerol concentrations

No significant changes were observed in LDL TAG or cholesterol concentrations
in patients receiving control capsules (Table 3.5). Supplementation with fish oil resulted
in a significant decrease in LDL esterified cholesterol (-11%) and HDL total cholesterol
(-15%) concentration; no significant changes were seen in LDL TAG concentrations.
Sunflower oil supplementation caused a sighiﬁcant decrease in LDL total cholesterol

concentration (-5%).

Table 3.5 LDL and HDL cholesterol and triacylglycerol concentrations of patients in

the different treatment groups before and after supplementation

Fish oil Sunflower oil Control
(n=153) {n = 48) {(n = 53)
LDLTC V1 2.0 £0.1 1.9+0.1 2.0£0.1
V2 1.8 £0.1 1.8 +£0.1* 1.8 0.1

V2-VI 016+ 0.09 -0.17 +£0.01 -0.16 +0.10
LDL CE \%! 1.8£0.1 1.7 +0.1 1.8+0.2
V2 1.6 +£0.1% 1.5+0.1 1.5+0.1

V-Vl p22+0.11 -0.16 £0.01 -0.15£0.13
LDL FC \%! 0.3+0.0 0.3+0.0 0.3+0.0
V2 0.2+0.0 0.2+0.0 0.3+0.0

V2-V1  0.00+0.01 -0.01 £0.01 0.02 £ 0.01
LDL TAG \%! 0.2:£0.0 0.2+0.0 0.2+0.0
\2 0.2+0.0 0.2%0.0 0.2+0.0

V2-VI (.01 40.01 0.01 £0.01 0.00 £ 0.01
HDL TC \'! 2.0+0.1 2.0+0.1 2.2+0.1
V2 1.7 +£0.1% 1.7+0.1 2.0+0.1

V2-V1  036+0.15 024 +0.13 0.23 +0.13

TC = Total cholesterol, FC = Free cholesterol, CE = Cholesterol ester, TAG = Triacyglycerol. All values
are mean + SEM mmol/L before (V1) and after (V2) supplementation. Statistical significance: groups
with different letters are significantly different (one way ANOVA), * significantly different from visit 1

(paired t-test)
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The effect of lipid treatments upon LDL and HDL lipid concentrations were analysed
according to whether patients were taking statins or not (Table 3.6). LDL total and
esterified cholesterol concentrations were lower in patients taking statins compared to

those not on statins after FO and SO supplementation.

Table 3.6 LDL and HDL cholesterol and TAG concentrations in the different

treatment groups according to statin treatment before and after supplementation

Treat- Statin n Visit LDLFC LDLCE LDLTC LDLTAG HDLTC

ment

FO Y 20 1 02+00 1.6+0.2 1.8+ 0.1 0.2+0.0 2.0£0.1
N 33 1 03+£00 19+0.1 2.1£0.1 0.2+£0.0 2.0+£0.2

FO Y 20 2 02£00 13=x0.1 1.5+ 0.1 0.2+£0.0 1.7+0.1
N 33 2  03+00 1.8+0.1* 20£0.1* 02%0.0 1.7 £0.1

SO Y 16 1 02+00 1.7+0.3 1.8+0.2 0.2+ 0.0 1.7+0.1
N 32 1 03+£00 1.7+0.1 2.0£0.1 02+0.0 2.1+£0.1*

SO Y 16 2 02+£00 13+0.1 1.5+0.1 0.2+£0.0 1.7+£0.2
N 32 2 0200 1.7+0.1* 19+0.1* 02£0.0 1.8 £0.1

C Y 17 1 02+00 1.8+0.5 1.9+0.3 0.2+0.0 2.1£0.2
N 36 1 03+£00 1902 20+0.1 0.2+0.0 2.2+ 0.1

C Y 17 2 0200 14=+=03 1.7+£04  0.2£0.0 1.9+0.1

N 36 2 03+00 1.6=0.1 1.9+0.1 0.2+0.1 2.0£0.1

TC = Total cholesterol, FC = Free cholesterol, CE = Cholesterol ester, TAG = Triacyglycerol. All
values are mean * SEM mmol/L. Visit 1= before supplementation, visit 2 = after

supplementation. Statistical significance (t-test): * significantly different between statin treatment,

groups with different letters are significantly different between visits.
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3.3.4 Fatty acid composition of LDL

The fatty acid composition of PL, TAG, and CE of purified LDL were determined
(Tables 3.7, 3.8, 3.9). Not all samples were analysed because of constraints on time and
also it was not necessary to analyse all samples to observe the significant affect of
treatment (Tables 3.7, 3.8, 3.9). Fewer samples of TAG and CE than of PL were analysed.
The details of the patients whose LDL fatty acid composition were analysed are given in
Table 3.6a. By comparing this information with that for the treatment group as a whole
(Table 2.5; section 2.3.1) it is apparent that the patients whose fatty acid composition was

determined are representative of the treatment group.

Table 3.6a Characteristics of patients whose LDL fatty acid composition was

determined

Fraction Treatment N  Male Female Age BMI Statin

(N) (N) (years) (kg/m®) (% patients)
PL FO 42 29 14 69.1 26.5 13
SO 40 28 12 69.6 26.1 9
C 44 26 18 70.8 26.0 10
TAG FO 34 22 12 69.4 26.3 11
SO 36 23 13 70.6 25.6 8
C 36 22 14 72.1 25.9 9
CE FO 32 21 11 69.3 26.2 12
SO 35 23 12 70.4 25.6 10
C 34 21 13 70.9 25.9 10

Data for age, BMI and statin are presented as mean.
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Some changes were observed in LDL fatty acid composition in the control group.
The proportions of 16:0 in LDL PL and 18:2n-6 in LDL TAG increased after
supplementation (Tables 3.7 and 3.8). SO supplementation significantly enriched LDL
CE in 18:2n-6 (Table 3.9). The proportion of 18:2 n-6 in LDL PL and CE after SO
supplementation was significantly higher than in the FO group (Table 3.7 and 3.9). In
contrast, FO supplementation significantly enriched LDL CE, PL and TAG in long-chain
n-3 PUFA (i.e. EPA and DHA) (Tables 3.7, 3.8 and 3.9). The proportion of EPA was 3-
times higher and the proportion of DHA was twice as high in the LDL fractions after fish
oil supplementation. The proportion of docosapentaenoic acid (DPA) was also higher in
LDL PL and TAG after FO supplementation (Table 3.7 and 3.8). The proportions of n-6
fatty acids and 18:1n-9 decreased in all LDL lipid fractions after fish oil supplementation.

The length of FO supplementation was significantly correlated with the proportion
of EPA (r = 0.54, p = 0.002, Figure 3.4) and DPA (r = 0.53, p = 0.003, Figure 3.5) in
LDL PL. The duration of FO supplementation did not appear to be related to the
accumulation of DHA in LDL PL (r = 0.20, p = 0.32, Figure 3.6). The length of FO
supplementation was not significantly correlated with the accumulation of EPA or DHA

in LDL TAG or CE (Figures 3.7, 3.8 ,3.9, 3.10).
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Table 3.7 Fatty acid composition of LDL phospholipids of patients in the different

treatment groups before and after supplementation

Fatty acid Visit Fish oil Sunflower oil Control
(n = 43) (n=42) (n = 45)

16:0 1 30.0 0.4 30.5+ 0.4 30.1£0.3
2 31.6 +0.3% 30.9%0.5 31.4 £0.3%

16:1n-7 | 0.8+0.1 0.7+0.1 0.8+0.1
2 0.740.0 0.7+0.1 0.7+0.0

18:0 1 13.3+0.1 13.3+0.2 13.6£0.2
2 13.6 £0.2 13.2+0.2 13.5+0.2

18:1n-9 1 11.7+0.3 11.6+0.3 11.440.3
2 10.6 £0.2* 11.0 £0.3% 112+0.2

18:2n-6 1 204404 19.9 +0.4 19.54£0.5
2 17.7 £ 0.4 20.8 £0.5° 20.1£0.4°

18:3n-3 1 0.2+0.0 0.3+0.0 0.2+0.0
2 0.3+0.1 0.4 +0.1 02+0.0

20:3n-6 1 3.4+0.1 3.2+0.1 3.4+0.1
2 2.3 40.1% 3.3+0.1° 3.440.1°

20:4n-6 | 8.7+0.3 8.340.3 8.8+0.3
2 7.8 +0.2% 8.6 +0.3° 8.7+0.3°

20:5n-3 1 1.3+0.2 1.3+0.1 1.0+ 0.1
2 3.7 +0.2% 1.1£0.1° 1.0+0.1°

22:5n-3 1 1.9+ 0.1 2.0+0.2 1.8+0.1
2 2.1+0.1° 1.7 £0.15% 1.7+0.1°

22:6n-3 1 3.440.2 3.740.2 33402
2 6.0 + 0.2 3.7+0.2° 3.6+0.2°

Data are the mean + SEM g/100 g total fatty acid before (visit 1) and after (visit 2)
supplementation. Statistical significance: groups with different letters are significantly different

(one way ANOVA), *significantly different from visit 1 (paired t-test).
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Figure 3.4 Effect of length of supplementation with FO on EPA accumulation in
LDL PL

EPA visit 2 - visit 1 (g/100g total fatty acids)
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Length of supplementation (days)

Figure 3.5 Effect of length of supplementation with FO on DPA accumulation in
LDL PL

DPA visit 2 - visit 1 (g/100g total fatty acids)
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Figure 3.6 Effect of length of supplementation with FO on DHA accumulation in
LDL PL

DHA visit 2 - visit 1 (g/100g total fatty acids)
o

Length of supplementation (days)
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Table 3.8 Fatty acid composition of LDL TAG of patients in the different treatment

groups before and after supplementation.

Fatty acid Visit Fish oil Sunflower oil Control
(n=34) (n=36) (n = 36)

16:0 1 26.4+0.5 27.3+0.7 26.7+0.5
2 27.0+0.6 27.0£0.6 27.3+0.5

16:1n-7 1 3.8+0.2 44+03 42%0.2
2 3.9+0.2 3.8 £0.2% 4.1+02

18:0 1 4.1+0.1 45+0.2 4.1+0.1
2 42+0.1 50%1.0 4.140.1

18:1n-9 1 41.4%0.5 41.6+0.7 41.4%0.5
2 37.8 £ 0.6% 39.4 +1.0% 40.7+0.6°

18:2n-6 1 15.4+0.6 14.7£0.9 15.0 0.7
2 15.0+0.7 16.5+0.9 16.2+0.7*

18:3n-3 1 0.9+0.1 0.8+0.1 0.9+0.1
2 1.1£0.1% 0.8+0.1 0.9+0.1

20:3n-6 1 0.4+ 0.0 0.4+0.1 0.4+0.0
2 0.6+0.4 0.4+0.1 0.4+0.1

20:4n-6 1 1.7+0.1 1.6+0.1 1.6+0.1
2 1.6 0.1 1.8 £0.1% 1.7 +0.1%

20:5n-3 1 0.5+0.0 0.5+0.1 0.5+0.1
2 1.7 +£0.2%* 0.6+0.2° 0.4%0.1°

22:5n-3 1 0.5+0.1 0.5+0.1 0.4+0.1
2 1.3 +0.3% 0.6+0.1° 0.5+0.1°

22:6n-3 1 0.9+0.1 1.0+0.1 0.9+0.1
2 2.2 +0.2% 1.1+0.2° 1.0£0.1°

Data are the mean + SEM g/100 g total fatty acid before (visit 1) and after (visit 2)

supplementation. Statistical significance (one way ANOVA): groups with different letters are

significantly different, *denotes significantly different from visit 1 (paired t-test).
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Figure 3.7 Effect of length of supplementation with FO on EPA accumulation in
LDL TAG

EPA visit 2 - visit 1 (g/100g total fatty acids)
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Figure 3.8 Effect of length of supplementation with FO on DHA accumulation in
LDL TAG

DHA visit 2 - visit 1 (g/100g total fatty acids)
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Table 3.9 Fatty acid composition of LDL CE of patients in the different treatment

groups before and after supplementation

Fatty acid Visit Fish oil Sunflower oil Control
(n=32) (n =35) (n=34)

16:0 I 12.5+0.3 12.840.2 12.7+0.3
2 13.7 +0.3* 13.0£0.2 12.8£0.2

16:1n-7 1 3.6+0.2 4103 3.940.3
2 3.7+0.3 3.8+0.3 4.0%0.3

18:0 1 0.7+0.1 0.7 +0.0 1.3+0.6
2 1.2+0.5 0.8 +0.0 0.8 +0.1

18:1n-9 1 19.2+0.4 19.4 £ 0.4 19.4+0.8
2 20.0+1.2 18.0 £0.5*% 18.6 £ 0.4*

18:2n-6 | 49.4+0.7 48.3+0.9 492+ 1.5
2 46.7 +0.8°* 51.3 £0.9%* 487+ 1.3

18:3n-6 I 0.8 £0.0 0.8 £0.1 0.8+0.1
2 0.6 +0.1° 0.9+0.1° 1.0+0.1°

18:3n-3 I 0.6 + 0.0 0.6+ 0.0 0.7 +0.0
2 0.6 +0.0 0.5%0.0 0.6 0.0

20:3n-6 1 0.7 +0.0 0.8+0.0 1.0+0.2
2 0.7£0.0 0.8£0.0 0.8£0.0

20:4n-6 1 6.7+0.3 7.0+0.3 6.1+0.2
2 5.9+0.3* 6.6+0.3 , 6.2+0.2

20:5n-3 | 1.2+0.1 1.3+0.1 1.1+0.1
2 4.2 +0.3% 1.2+0.1° 1.0£0.1°

22:6n-3 1 1.0+0.1 1.0£0.1 1.0£0.1
2 2.1 £0.2% 1.240.1° 1.2+0.1°

Data are the mean + SEM g/100 g total fatty acid before (visit 1) and after (visit 2)
supplementation. Statistical significance (one way ANOVA): groups with different letters are

significantly different, *denotes significantly different from visit 1 (paired t-test).
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Figure 3.9 Effect of length of supplementation with FO on EPA accumulation in
LDL CE

EPA visit 2 - visit 1 (g/100g total fatty acids)
[s]

Length of supplementation (days)

Figure 3.10 Effect of length of supplementation with FO on DHA accumulation in
LDL CE
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3.3.5 LDL Oxidation

3.3.5.1

Conjugated Diene Formation

The lag time of copper-induced LDL oxidation and TV2 were significantly

decreased in patients who received fish oil (-26% and -13% respectively), but the

maximum rate of oxidation and the maximum amount of conjugated dienes formed were

unchanged (Table 3.10). Lag time was significantly increased in patients on control

capsules (17%), and T2 was significantly increased in patients who received sunflower

oil (13%).

Table 3.10 Oxidisability of LDL from patients in the different treatment groups

before and after supplementation

Visit Fish oil Sunflower oil Control
(n =40) (n=38) (n=48)
Lag Time (min) 1 942+7.1 85.0+11.0 83.7+72
2 69.8 +8.0%*  82.4+9.3 101.0 + 8.7
V2-VI  284+69° -1.44+846° 156+59°
T (min) 1 93.5+3.6 77.9+4.6 85.1+5.4
2 80.9+4.0%*  88.2+4.5% 93.7 £ 6.4
V2-VI 143+50° 11.8+45° 59+6.1°
Maximum Diene 1 4558 +16.0 4674 +18.0 456.0 + 14.1
Production 2 475.7+21.0 470.8+20.8 461.2+195
(nmol diene/mg LDL protein) ~ V2-VI 3664208  -5.1+16.5 1.0+ 16.5
Oxidation rate (nmol 1 7.27 £0.59 8.22+0.37 8.08 £0.54
diene/min/mg LDL protein) 2 6.64+0.48  8.28+0.56 7.96 £0.70
VZ2-VI 026+040  0.00+0.50 0.17 £0.62

Data are presented as mean + SEM before (visit 1) and after (visit 2) supplementation. Statistical

significance: groups with different letters are significantly different (one way ANOVA), *

significantly different from visit 1 (paired t-test).
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3.3.5.1.1 Role of Vitamin E in preventing the oxidation of LDL

The lag time of copper induced LDL oxidation and was decreased by 27% in this
patient who received fish oil (Table 3.11). However, when the LDL was enriched ex vivo
with vitamin E lag time was increased by 6% for the sample collected before fish oil
supplementation and by 20% for the sample collected after fish oil supplementation.
Therefore, the reduction in lag time after fish oil supplementation was partly abolished by
enriching the LDL with vitamin E ex vivo. Lag time was decreased by 17% compared

with visit 1 as opposed to 27%.

Table 3.11 Lag time of copper-induced LDL oxidation with and without addition of

a-tocopherol

Sample o-tocopherol added Lag time (mins)
LDL (visit 1) None 126.9
LDL (visit 1) 5 nmol 134.4
LDL (visit 2) None 92.4
LDL (visit 2) 5 nmol 110.8
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3.3.5.2 Lipid Peroxides

No significant changes were observed in peroxide levels in freshly isolated LDL

after any of the treatments (Table 3.12).

Table 3.12 Lipid peroxide concentrations in LDL from patients in the different

treatment groups before and after supplementation

Group Visit n Peroxides (nmol/mg LDL protein)
Fish oil 1 33 37.35+5.00
2 33 35.05£5.70
V2-V1 -2.30£3.30
Sunflower oil 1 31 32.59£5.49
2 31 33.07£5.30
V2-V1 0.90£3.70
Control 1 33 40.78 £5.67
2 33 40.10 £5.66
V2-Vi -0.67+4.11

Data are presented as mean = SEM

115



3.3.5.3 LDL Vitamin E Concentrations

LDL vitamin E was significantly higher in patients after sunflower oil
supplementation but did not change in the control or fish oil groups (Table 3.13).There
was no relationship between LDL vitamin E concentrations and lag time of copper-

induced LDL oxidation.

Table 3.13 Vitamin E concentrations in LDL from patients in the different

treatment groups before and after supplementation

Group Visit n Vitamin E
(nmol/mg LDL protein)

Fish oil 1 37 142+1.2
2 37 4.1+1.1
V2-Vi 1.01 £0.96
Sunflower oil 1 37 12.8+1.2
2 37 15.1 £ 1.3*%
V2-VI 3.17+£1.14°
Control 1 37 13.4£0.6
2 37 12.1 £ 1.1
V2-VI -0.90 £1.04°

Data are presented as mean = SEM before and after supplementation. Statistical: groups with
different letters are significantly different significance (one way ANOVA), *significantly

different from visit 1 (paired t-test).

Total PUFA content of LDL CE and PL did not differ in the different treatment
groups, but FO increased the number of PUFA double bonds in LDL CE and PL (Table
3.14 and 3.15). LDL vitamin E was expressed in relation to total PUFA content and the
number of PUFA double bonds in LDL CE and PL (Table 3.14 and 3.15). No significant
differences were found in LDL vitamin E content between treatment groups before or
after supplementation or within treatment groups between visits. However LDL vitamin E
expressed in relation to total PUFA content and the number of PUFA double bonds

tended to decrease in LDL CE but not PL after fish oil supplementation.
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Table 3.14 LDL CE PUFA content and Vitamin E concentrations from patients in

the different treatment groups before and after supplementation

Group Visit n Total PUFA Vit E/ PUFA*DB Vit E/
PUFA PUFA*DB
FO 1 15 60.39x 0.84 0.23£0.02 143.31 £ 1.81 0.10 £0.01
2 10 60.18£0.97 0.16 £0.02 154.50 £ 1.86™*  0.06 = 0.01
SO 1 18 59.88 £0.96 0.22+0.03 143.62 £2.24 0.09 £0.01
2 18 61.81x1.18 0.20£0.02 146.52 +2.42° 0.08 £0.01
C 1 19 60.76 £0.91 0.22 £0.02 142.96 £ 1.95 0.09 £0.01

2 14 59.95+£1.07 0.18£0.03 141.79 £2.32°  0.08 £0.01

Data are presented as mean = SEM before and after supplementation. PUFA = Total PUFA in
CE (g/100 g total fatty acids); VitE/PUFA = nmol vit E / mg LDL protein/ PUFA; PUFA*DB =
PUFA * number of double bonds. Statistical significance: groups with different letters are

significantly different (one way ANOVA), * significantly different from visit 1 (paired t-test).

Table 3.15 LDL PL PUFA content and Vitamin E concentrations from patients in

the different treatment groups before and after supplementation

Group Visit n Total PUFA Vit E/ PUFA*DB Vit E/
PUFA PUFA*DB
FO 1 12 37.51£ 0.87 0.28£0.06 116.24+2.55 0.09 £ 0.02
2 13 40.22+£0.97 032£0.03 141.80+3.29°* 0.09+0.01
SO 1 13 3786+ 0.79 025+0.04 117.88+3.79 0.08 + 0.01

2 8 39.65+1.27 0.31£0.06 124.86+4.40° 0.10 £0.02

C 1 15 37.72+£0.80 0.35+0.04 11548£2.59 0.11 £0.01
2 10 37.43+£0.90 030£0.08 11337+3.48°  0.10+0.03

Data are presented as mean = SEM before and after supplementation. PUFA = Total PUFA in
PL (g/100 g total fatty acids); VitE/PUFA = nmol vit E / mg LDL protein/ PUFA; PUFA*DB =
PUFA * number of double bonds. Statistical significance: groups with different letters are

significantly different (one way ANOVA), *significantly different from visit 1 (paired t-test).
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3.4 Discussion

The aims of this chapter were firstly to measure the fatty acid composition and
oxidisability of plasma LDL in patients with advanced carotid atherosclerosis and
secondly to determine whether plasma LDL fatty acid composition and oxidisability can
be changed by short term changes in n-3 and n-6 PUFA intakes in these patients and to
measure the time course for these changes. It was found that supplementation with fish oil
lowered plasma cholesterol and triacyglycerol concentrations, altered the fatty acid
composition of plasma LDL lipid fractions (all fractions were altered in the same way)
and decreased the lag time of copper-induced oxidation of LDL. Supplementation with

sunflower oil lowered plasma cholesterol concentration but had few other effects.

3.4.1 Plasma and LDL cholesterol and TAG

It has generally been assumed that n-6 PUFA (and 18:2n-6 in particular) have a
favourable effect on CHD risk by means of a decrease in blood cholesterol
concentrations (European Atherosclerosis Society, 1987). Burr et al. (1989) showed a 2%
decrease, Woodhill et al. (1978) an 11% decrease and Leren (1970) an 18% decrease in
cholesterol concentrations after increasing linoleic acid intake. In the current study a 13%
decrease in plasma total and esterified cholesterol and a 5% decrease in LDL total
cholesterol concentration occurred after supplementation with sunflower oil rich in
linoleic acid. Thus, the magnitude of the effect observed in the current study is consistent
with that reported in the literature. The mechanism of the linoleic acid-induced decrease
in plasma cholesterol concentration is thought to be an increased rate of removal of LDL
by the hepatic receptor—dependent pathway when linoleic acid replaces saturated fatty
acids (Spady and Dietschy, 1989). It was found that plasma free cholesterol and LDL
total and esterified cholesterol were all lower after SO supplementation in patients taking
statins compared to those not taking statins. However only patients not taking statins had
lower plasma total and esterified cholesterol after SO supplementation but this may be
due to the small number of patients taking statins.

There have been numerous studies investigating the effects of fish oil or its

constituent n-3 fatty acids on serum or plasma lipid concentrations. It seems that a



reduction in total cholesterol concentration occurs only if large doses (4.5-6 g EPA or 6.5-
10 g total n-3 fatty acids per day) are given (Davidson et al., 1987). Smaller amounts of
n-3 fatty acids appear to have little effect, or even to cause a slight increase in total
cholesterol concentration (Burr ef al, 1989). However in the current study
supplementation with 1.7 g n-3 fatty acids per day (or 860 mg EPA) resulted in a 15%
decrease in plasma total cholesterol a 17% decrease in plasma esterified cholesterol, an
11% decrease in LDL esterified cholesterol and a 15% decrease in HDL total cholesterol
concentrations. Plasma and LDL total cholesterol, plasma free cholesterol and LDL
esterified cholesterol concentrations were all lower in patients taking statins after fish oil
supplementation. However plasma total and esterified cholesterol were lower after FO
supplementation in all patients whetheror not they were taking statins.

Epidemiological studies have demonstrated that the incidence of CHD is inversely
associated with consumption of n-3 PUFA (Bang and Dyerberg, 1972). The DART and
GISSI trials provide evidence that relatively low doses of n-3 PUFA reduce the risk of
secondary coronary events (Burr et al, 1989; GISSI-P, 1999). Plasma TAG
concentrations are significantly decreased by n-3 PUFA, in a dose-dependent fashion and
this may partly explain the cardio-protective effect of n-3 PUFA. In a review of 72
placebo-controlled human studies which supplemented a range of 1.0 to 7.0 g EPA plus
DHA daily for at least two weeks, fasting plasma TAG concentrations were consistently
decreased by 25-30% (Harris, 1996). In the current study a moderate supplementation
with fish oil has been used, approximately 1.7 g/d of n-3 PUFA, and plasma TAG
concentration was reduced by 28%. This was equivalent to a mean decrease of
approximately 0.47 mmol/L. Males and femaleswere equally sensitive to the TAG
lowering effect of FO. This shows that a moderate intake of n-3 PUFA, which could be
achieved by dietary intervention or as a supplement, has a positive effect on whole body
TAG metabolism in this group of patients. The mechanism of decreased TAG
concentrations caused by n-3 PUFA is believed to be due to decreased hepatic TAG
synthesis (Sanders et al., 1985; Harris et al., 1990.).

Traditionally, elevated plasma triacylglycerol (TAG) concentrations have been
associated with an increased risk of CHD, but their role as an independent risk factor was

unclear (Roche and Gibney, 1999). A meta-analysis of seventeen population-based



prospective studies showed that an increase in plasma TAG concentration was associated
with a significant increase in risk of CHD (Hokanson and Austin, 1996). The analysis of
this large cohort (n = 57,277) showed that plasma TAG concentration was an independent
risk factor for CHD, particularly in women: a one mmol/L increase in plasma TAG
concentration was associated with an increased cardiovascular risk of 32% in men and

76% in women.

3.4.2 LDL fatty acid composition

It has previously been found that when fish oil is incorporated into the diet
plasma concentrations of EPA and DHA increase several-fold within a few weeks (Harris
and Connor, 1980). In the current study it was found that supplementation with fish oil
caused a significant enrichment in long chain n-3 PUFA in all LDL lipid classes. LDL has
been shown to be quantitatively the most important source of lipid for atherosclerotic
plaques. Therefore, if a moderate supplementation of fish oil as used in this study (1.7 g
n-3 fatty acids/day) affects LDL composition it may also affect atherosclerotic plaque
composition. Rapp er al. (1991) investigated the incorporation of n-3 PUFA into
obstructive atherosclerotic plaques. N-3 PUFA consumption ranged from 16.0-21.3
g/day. There was significant enrichment of n-3 fatty acids in all plasma lipid classes (CE,
PL, and TAG) after supplementation, although they did not look at LDL lipid classes. The
n-3 PUFA content of atherosclerotic plaques was also greater when compared with that of
plaques removed from 18 non-fish oil-supplemented controls. In the study by Rapp ef al.
(1991) dietary n-3 fatty acids were shown to be incorporated into the lipid classes of
advanced atherosclerotic lesions and changes in the fatty acid compositions of plasma
lipids were reflected in changes in plaque fatty acid composition. However, fish oil was
provided at a very high dose and it is not currently known whether more moderate
alterations in the intake of n-3 PUFA of a magnitude likely to be achievable in free living
patients will alter plaque fatty acid composition and the speed at which such changes will

occur. This will be investigated in chapter four.
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3.4.3 LDL oxidation

There is increasing evidence that oxidatively modified LDL is an important
mediator in the pathogenesis of atherosclerosis (Steinberg e al., 1989; Salonen et al.,
1992). The conjugated diene method has become one of the most frequently used assays
to assess resistance of LDL to oxidation. The resistance of LDL to oxidation depends on
intrinsic properties of the lipoprotein and on the experimental conditions (Gieseg and
Esterbauer, 1994). PUFA in LDL lipids are protected from peroxidation so long as
endogenous antioxidants are present (Esterbauer et al., 1987). Subsequently, PUFA are
oxidised producing a number of breakdown products such as aldehydes and conjugated
dienes. Some of the reduction in heart disease risk because of increased dietary intake of
PUFA may be negated by increasing the availability of unsaturated bonds to oxidative
processes.

The effects of dietary n-3 PUFA on the susceptibility of LDL to oxidation are
contradictory (see Section 3.1.4). In a study by Nenseter et al, (1991), the effect of
dietary supplementation with n-3 PUFA on the susceptibility of LDL to oxidative
modification was investigated. LDL from both fish oil and corn oil supplemented groups
showed similar susceptibility to copper-catalysed lipid peroxidation (see Section 3.1.4).
Frankel et al. (1994) looked at the effect of n-3 PUFA supplementation on copper-
catalysed oxidation of LDL. The volatile oxidation products from LDL, i.e. propanal and
hexanal, were measured. Total volatiles remained unchanged thus iﬁdicating that fish oil
intake did not alter the oxidative susceptibility of human LDL. However, in other studies
n-3 PUFA have been shown to enhance the susceptibility of LDL to oxidative
modification. Suzukawa ef al. (1995) found that fish oil consumption (3.4 g n-3 fatty
acids /day for 6 weeks) decreased lag time before onset of copper-induced LDL oxidation
and significantly increased production of TBARS during oxidation compared with corn
oil (see Section 3.1.4). Under in vivo ébnditions, competition exists between oxidative
and protective processes that depend on PUFA composition and on antioxidant levels. In
the current study it was found that supplementation with 1.7 g n-3 fatty acids/ day caused
an increase in the number of PUFA double bonds in LDL CE and PL, therefore making
more substrate available to oxidise, and led to a 26% decrease in lag time. Therefore, fish

oil supplementation may adversely affect the susceptibility of LDL to oxidation. LDL
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vitamin E concentration was not changed after fish oil supplementation despite the fact
that all capsules contained vitamin E. However when LDL from a patient who received
fish oil was enriched with vitamin E ex vivo, the reduction in lag time after fish oil
supplementation was partly abolished. This confirms that by increasing antioxidant
content the lag time of LDL oxidation can be increased and so make LDL less susceptible
to oxidation and suggests that the effect of fish oil is related to the changed relationship
between the amount of PUFA and the amount of vitamin E in LDL.

It has been shown that diets enriched with linoleic acid increase the linoleic acid
content of LDL and increase its susceptibility to oxidation (Parthasarathy er al., 1990,
Reaven et al., 1993; Abbey er al., 1993). However, in the current study supplementation
with linoleic acid did not cause any changes in the susceptibility of LDL to oxidation
although there was more linoleic acid in LDL CE.

In summary, it has been shown that plasma LDL fatty acid composition and
oxidisability can be changed by short term changes in n-3 and n-6 PUFA intakes in

patients with advanced carotid atherosclerosis.
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Chapter Four

Plaque and adipose tissue fatty acid composition and

measures of plaque morphology
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4 Plaque and adipose tissue fatty acid composition and measures of’

plaque morphology
4.1 Introduction

4.1.1 Plaque lipid composition

Lipids are a major component of atheromatous plaques (see Section 1.2). The
accumulation of lipid in plaques is a major determinant of disease progression, plays a
major role in thrombosis and is a potent risk factor for coronary heart disease and stroke
(Davies et al., 1993; Department of Health, 1994). Fatty acids are transported in the blood
mainly as components of lipoproteins (see Section 1.1.3). Lipoprotein composition is
strongly influenced by the fatty acid composition of lipid absorbed from the diet; in the
current study this was confirmed for LDL lipid fractions. Plaques acquire lipid mainly
from LDL (Shaikh ef al., 1991). The process of lipid accumulation is accelerated and
plaque growth stimulated if oxidative damage has occurred to LDL (Steinberg ef al.,
1989). Macrophages play a major role in the increase in plaque lipid content by engulfing
lipids (e.g. Ox-LDL) from the bloodstream. Lipid-laden foam cells develop. The death of
foam cells releases their lipid contents thereby enlarging the plaque lipid core (Ball ez al.,
1995). Plaque lipid composition may thus reflect the fatty acid composition of dietary fat.
However, there have been few reports relating dietary fatty acid intake to plaque fatty

acid composition and this is one of the topics investigated in this study.

4.1.1.1 Dietary PUFA and the composition of aortic plaques

Dietary fatty acids differ in their influence on the incidence of coronary heart
disease (Wood and Oliver, 1992). Epidemiological studies show that increased
consumption of PUFA is associated with a reduced incidence of coronary heart disease
(Wood and Oliver, 1992; Kromhout ef al., 1985). It has been shown that after ingestion of
fish oil, n-3 PUFA accumulate in plaques in human coronary arteries (Rapp et al., 1991).
How dietary PUFA influence atherogenesis is unknown, but the susceptibility of LDL to

oxidative modification suggests that esterified forms may promote LDL infiltration into
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the vessel wall. Oxidised LDL is readily taken up by macrophages resulting in lipid
accumulation and lesion formation (Steinberg es al., 1989).

Recent evidence suggests that although n-3 and n-6 PUFA decrease the risk of
thrombosis and decrease plasma cholesterol concentrations, respectively, they may
accelerate the atherosclerotic process (Felton et al, 1994). How the long-term dietary
intake of essential fatty acids affects the fatty acid content of atherosclerotic plaques is
not clear. In a study by Felton et al. (1994) the fatty acid composition of atherosclerotic
plaques was compared with that of post-mortem serum and adipose tissue to assess the
extent to which plaque fatty acid content is affected by long-term dietary intake of fatty
acids. They analysed the fatty acid composition of these tissues from nine white men (age
44-73) from consecutive necropsies and found positive associations between serum and
plaque n-6 and n-3 PUFA and monounsaturates and between adipose tissue and plaque n-
6 PUFA. No associations were found with SFA. The positive correlation found between
plaque 18:2 n-6 content and serum and adipose tissue 18:2 n-6 were taken to suggest that
dietary intake of this essential fatty acid directly influences plaque composition.

Alterations in the composition of lipids in plaque have structural and functional
implications. An increase in unsaturation may increase peroxidative damage and plaque
growth (Frankel et al., 1994; Suzukawa ef al, 1995). Inflammation plays a key role in
atherogenesis (Hajjar and Pomerantz, 1992; Mitchinson, 1994). Changes in the
proportions of n-3 and n-6 PUFA in the phospholipids of plaque cell membranes will
change the amount and nature of eicosanoids, diacylglycerols and phosphatidic acids
produced, thereby modulating inflammation (Grimble and Tappia, 1995).

The findings of Felton et al. (1994) and Rapp et al. (1991) support the hypothesis
that dietary n-6 and n-3 PUFA significantly influence the composition of human
atherosclerotic plaques. However, at present it is not clear whether the incorporation of
PUFA into human atherosclerotic plaques is advantageous or disadvantageous. These
observations raise the question of the potency, magnitude and speed of the dietary
influence on the fatty acid composition of the lipids of LDL and the plaque. These will be

addressed in the current study.
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4.1.1.2 Dietary EPA and DHA from fish oil and their incorporation into

atherosclerotic plaques

EPA and DHA are ordinarily present in only very small quantities in both plasma
and atherosclerotic plaque of individuals consuming a diet low in marine products (Harris
et al, 1983; Rapp et al, 1983). When fish oil is incorporated into the diet plasma
concentrations of EPA and DHA increase several-fold within a few weeks (Harris and
Connor, 1980). Therefore, substantial changes in plasma lipid fatty acid composition
induced by diet could, over time, alter the fatty acid composition of the lipid classes of
human atherosclerotic plaques.

Rapp er al. (1991) investigated the incorporation of n-3 PUFA into obstructive
atherosclerotic plaques removed from eleven patients fed fish oil for 6-120 days before a
planned arterial endarterectomy. The amount of fish oil was calculated so that the n-3
fatty acid content of the diet equalled 6% of total calories. Depending on height, weight,
age and physical activity, fish oil consumption ranged from 48 to 64 g/day (16.0-21.3
g/day of n-3 fatty acids). Over the entire study period the total n-3 fatty acid consumption
varied from 115 to 2,256 g depending on the length of the fish oil feeding period before
surgery. The mean n-3 fatty acid content increased greatly in plasma, from 0.9% to 14.8%
of fatty acids in CE, from 3.8% to 22.1% of fatty acids in PL and from 1.3% to 21.9% of
fatty acids in TAG. The n-3 fatty acid content of atherosclerotic plaques was also greater
when compared with that of plaques removed from 18 non-fish oil-fed controls. The
mean n-3 fatty acid content in CE of plaques was 4.9% in the experimental group and
1.4% in control plaques, in PL it was 8.8% versus 1.8% and in TAG it was 4.7% versus
0.7%. DHA and EPA behaved differently compared with plasma: relatively more DHA
than EPA was deposited into plaques. The increase in n-3 fatty acids in plasma reached a
plateau three weeks after initiation of fish oil feeding. However, in plaques the
accumulation of n-3 fatty acids increased with time. Mean total n-3 fatty acid
accumulation in the CE fraction of plaques was 2.8% among the seven patients fed fish
oil for less than 58 days and 7.3% for the four patients fed fish oil for 58 days or longer.
Therefore in this study dietary n-3 fatty acids were shown to be incorporated into the lipid
classes of advanced human atherosclerotic lesions. Changes in the fatty acid composition

of plasma lipids were reflected in changes in plaque fatty acid composition. Because n-3
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fatty acids affect many factors predisposing to both thrombosis and atherosclerosis these
data may have clinical implications. Fish oil was fed at a very high dose in the study of
Rapp et al. (1991) (6% of dietary energy) and at the moment it is not known whether
more moderate alterations in the intake of n-3 PUFA of a magnitude likely to be
achievable in free living patients will alter plaque fatty acid composition and the speed at

which such changes will occur. This was investigated in the current study.

4.1.2 Plaque lipid composition and morphology and how it affects plaque stability

Thrombus formation following disruption of a coronary artery plaque is
responsible for the majority of incidents of acute myocardial ischaemia (Davies and
Thomas, 1984, Falk, 1985). Thrombus formation may occur after plaque disruption when
the plaque core becomes exposed to blood from the arterial lumen. The plaque core is rich
in tissue factor, collagen and lipid all of which are potent thrombogenic agents (Wilcox,
1991). The reasons why some plaques fissure and others do not are not fully understood,
but the propensity to disruption depends on the balance between the forces acting on the
plaque and its inherent mechanical strength (Davies ez al., 1993; 1994). Plaque disruption
appears to result from connective tissue degradation, a process possibly influenced by
intraplaque lipid content and macrophage activity (Davies et al., 1994, Tracy et al., 1985,
Kragel et al., 1991). Differences in lipid composition and distribution between stable and
unstable plaques may reflect differences in lipid pools and the degree of macrophage
involvement. The study of these differences and their interactions with indices of plaque
stability, such as cap thickness, may help to determine whether plaque lipids influence
plaque stability and may lead to strategies to render unstable plaques less vulnerable to
disruption; such studies are part of the current investigation.

The chances of atherosclerotic plaques disrupting may be influenced by both their
lipid content and the distribution of these lipids within the plaque. To investigate this,
Felton et al. (1997) analysed the morphological and lipid profiles of 668 human aortic
plaques from 30 men aged 44-69 years who died as a result of an acute ischemc event.
Patients who were known to have a history of hypertension or diabetes mellitus were
excluded because of the possibility of atypical plaques. Plaques were classified as

disrupted or as intact types A or B, the latter distinction being based on the absence or
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presence, respectively, of disrupted plaques within the same aorta. They found that
disrupted plaques had a greater content of lipid and macrophages as well as a thinner cap
than intact plaques. Lipid concentrations were positively associated with macrophage
accumulation in all plaque types and were negatively associated with minimum cap
thickness at the edge of disrupted plaques. Free cholesterol concentration at the centre of
type B plaques only was inversely associated with minimum cap thickness. Esterified
cholesterol concentrations were higher at the centre of type B plaques and those of free
cholesterol were higher at the centre of disrupted plaques. The concentrations of all fatty
acids were increased at the edge of disrupted plaques compared with the centre, but as a
proportion of total fatty acids n-6 PUFA were lower at the edge possibly reflecting
oxidation of PUFA. These data demonstrate differences in lipid composition and
intraplaque lipid distribution between intact and disrupted plaques. At the edge of
advanced plaques increased esterified lipid concentrations were inversely associated with
cap thickness; this may reflect macrophage activity and a predisposition to rupture.

The study of Felton ez al. (1997) shows that histological determinants of plaque
stability such as cap thickness are inversely associated with increased plaque lipid
concentration. The data confirm that disrupted plaques are characterised by an increased
cross-sectional area occupied by lipid and macrophages when compared with intact type
A and type B plaques. It has also shown that disrupted plaques have a significantly
reduced minimum cap thickness compared with type A and type B plaques and also that
minimum cap thickness is negatively associated with lipid area in type B and disrupted
plagues.

Reduced proportions of n-6 PUFA and total PUFA at the edge of disrupted
plaques compared with the centre may reflect oxidative damage. Such damage to PUFA
may promote connective tissue degradation and influence the prevalence of disruption at
this site. Both PUFA and sterol oxidation products have been detected in the human
arterial wall (Fogelman er al., 1980, Sevanian and McLeod, 1987). These are toxic to
most arterial cells in vitro (Hodis et al., 1991) and to macrophages in particular (Reid et
al, 1992, Clare et al., 1995) and may provide a milieu for connective tissue degradation.
Increased concentrations of proaggregatory SFA and oxidised derivatives of PUFA which

can inhibit endothelial prostacyclin synthetase (Hu ef al., 1990, Moncada and Vane,



1978) at a site of disruption may influence the degree of thrombus formation.

4.1.3 Adipose tissue composition

The fatty acid composition of adipose tissue is determined to some extent by the
type of dietary fat consumed (Field et al., 1985). Given an approximate 600 day half-life
of fatty acids in human adipose tissue (Beynen er al, 1980) fatty acid analysis of
biopsied adipose tissue provides an index of habitual dietary fat intake over the preceding
2-3 years (Heffernan, 1963). In the current study it was found that the PUFA composition
of adipose tissue was a good marker of dietary PUFA intake, however only the proportion
of 16:0 in adipose tissue correlated with SFA intake and no significant correlation was
seen between total MUFA intake, and the proportion of MUFA in adipose tissue (see
Section 2.3.2.1). Serum and adipose tissue fatty acid concentrations of the essential fatty
acids, linoleic (18:2 n-6) and a-linolenic (18:3 n-3) acids, which cannot be synthesised by
man, are largely determined by dietary intake (Heffernan, 1963; Hirsch ez al., 1960;
Beynen ez al., 1980). Therefore, adipose tissue composition has served as a biological
marker of chronic ingestion of many dietary PUFA, and this has been confirmed in this
study. Chronic ingestion of n-9 fatty acids has also been reflected in the fatty acid
composition of aspirated adipose tissue samples in some studies (Hirsch et al., 1960;
Beynen et al., 1980), although in the current study this was not found (see Section
2.3.2.1). Quantitative data about the rate of incorporation into, and levels of n-3 fatty
acids in, adipose tissue as a function of dietary intake are scarce.

A study by Leaf et al. (1995) looked at the effect of daily dietary supplementation
with > 10 g fish oil for >12 months. Twelve people who were patients of the Oregon
Health Sciences University Lipid Disorders Clinic were the patients used in this study.
Seven of these 12 patients had already received marine fish-oil supplements for the
treatment of dyslipidemic disorders and were used as the study group. Five patients who
had not received fish-oil supplementation served as control patients. The remaining three
control patients were healthy volunteers. The patients received a minimum of 10 g fish
oil/d (range 10-15 g/d). This provided a minimum of 1.8 g EPA and 1.0 g DHA, and a
total of 2.8 g n-3 fatty acids/d for 1 y or longer (range 12-27 months). They found
significantly greater proportions of EPA, DPA and DHA in adipose tissue of
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supplemented patients compared with non-supplemented control patients. In another
study by Katan ef al. (1997), 58 men were fed 0, 3, 6 or 9 g/d fish oil for 12 months and
the fatty acids in subcutaneous fat were measured during and after supplementation. EPA
levels in adipose tissue rose, the change after 6 months was 67% of that after 12 months
in gluteal and 75% in abdominal fat. After 12 months each gram of fish oil per day caused
an 0.11 £ 0.01 mass % rise in gluteal fat for EPA, 0.53 + 0.07 for DPA and 0.14 = 0.03
for DHA. In a study by Sacks er al. (1995), patients with angiographically documented
coronary heart disease and normal plasma lipid levels were randomised to receive either
fish oil capsules (n = 31), containing 6 g of n-3 fatty acids, or olive oil capsules (n = 28)
for an average duration of 28 months. At the end of the trial EPA in adipose tissue
samples was 0.91% in the fish oil group compared with 0.20% in the control group
(p<0.0001). These studies indicate that the long-term ingestion of large amounts of n-3
fatty acids in humans results in their incorporation into the adipose tissue fatty acids.
Further studies are needed to identify the effects of lower intakes of n-3 fatty acids on
adipose tissue composition, and also to clarify the time course of n-3 fatty acid

incorporation into adipose tissue. These will be addressed in this chapter.

4.1.4 Aims

The aims of this chapter were firstly to measure the fatty acid composition of
adipose tissue and atherosclerotic plaques removed from living patients, and secondly to
determine whether adipose tissue and plaque fatty acid composition can be changed by
short term changes in n-3 and n-6 PUFA intakes and to measure the time course for these
changes. The third aim of this chapter was to investigate the morphology of plaques
removed from patients in the different treatment groups, with the aim of identifying
whether the incorporation of n-3 and n-6 PUFA into plaques alters the morphology or

structure of the plaque and signs of inflammation within the plaque.
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4.2 Methods

4.2.1 Collection of samples

At the time of entering the study and at surgery a narrow gauge needle
subcutaneous adipose tissue biopsy was taken from the abdominal wall of each subject.
The adipose tissue samples were then frozen at —70°C until the time of analysis.

At endarterectomy the atheromatous intima was removed in one piece. The overall
length of the plaque was measured and serial transverse 3-4 mm sections were cut. The
sections were then named alphabetically starting from the distal end of the internal carotid
artery plaque and ending at the common cartid artery plaque. Alternate sections of the
plaque were used for biochemical analysis (Section 4.2.2) and for immunohistochemistry
(Section 4.2.3). The sections for biochemical analysis were snap frozen in liquid nitrogen
and were stored at —70°C. The section closest to the bifurcation was frozen (-70°C) in
OCT compound (Agar Scientific Ltd.) to be sectioned later using a cryostat and used for |

immunohistochemistry (Section 4.2.3)

4.2.2 Plaque fatty acid composition

Total lipid was extracted from the plaque using chloroform/methanol as described
by Rapp et al. (1991). Plaque lipid was separated into CE, TAG and PL by thin layer
chromatography as described earlier for LDL (Section 3.2.3). Fatty acid methyl esters
were formed by reaction with hot methanolic boron trifluoride. The fatty acid methyl
esters of each fraction were then purified using hexane/BHT and saturated aqueous
sodium chloride solution. The fatty acid composition of each fraction was then

determined by gas chromatography as described earlier (Section 2.2.4).



4.2.3 Immunohistochemistry on plaque sections

This is the localisation of cellular or tissue components (antigens) in situ by the

use of an antibody:antigen reaction. Streptavidin horseradish peroxidase was used as the

detection system. Sections of plaque where the specific primary antibody had been

omitted served as negative controls. Normal human tonsillar tissue was used as a positive

control. All antibodies used were titrated to determine the optimal concentration and

conditions for use.

1.

10.

11.

4-6 um cryostat sections of the frozen plaques were mounted on organosilan-coated
microscopic slides.

The slides were then air dried overnight, and either stained the following day or
wrapped in Parafilm-foil “face-to-face™ and stored in a closed box at —~70°C until they
were needed.

If the slides were frozen they were left to reach room temperature before unwrapping.
Then the slides were fixed in acetone for 10min at 4°C, and air dried briefly for 2min.
The tissue sections were then encircled with an ‘Immedge Pen’ (Vector Laboratories,
Cat. No. H-4000).

The endogenous peroxidase activity was blocked using 50 mg sodium azide + 500 pl
hydrogen peroxide (30%) in 50 ml Tris buffered saline (TBS) for 20min at room
temperature. The slides were then rinsed three times with TBS.

The sections were covered with normal goat serum (NGS) (10%) and incubated for
15min at room temperature.

The NGS was blotted off and the sections were incubated with the primary antibodies
(diluted in TBS containing 1% BSA) for 60 min at room temperature; see Table 4.1
for antibodies and dilutions used.

Sections were washed in TBS;, secondary antibodies were applied and sections were
incubated for 30 min at room temyperature. Secondary antibodies were diluted in TBS
containing 10% human AB serum, see Table 4.1 for antibodies and dilutions used.
Sections were washed in TBS and Strepavidin/HRP reagent (DAKO, P397) was
applied to the slides (diluted 1:400 in TBS + 1% BSA), and incubated for 30 min at
room temperature.

Sections were again washed in TBS and enzyme activity was detected using 3,3-
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12.

14.
15.

After plaque sections were stained for the various antigens, they were then ranked and

given a score of 0, 1 or 2 according to the staining intensity (0 = no staining present, 1 =

amino-9-ethyl carbazole (AEC).
Peroxidase activity using AEC (Graham et al., 1965)
Stock solution: 25 mg AEC (Sigma A5754) and 25ml N,N dimethylformamide
Mix:
H,O 45m]
AEC stock solution 2.5ml
Acetate buffer (1.0 M, pH 4.9)  2.5ml
Filter immediately
20 pul H,O, (30%) added just before use.

Sections stained for 10 min at room temperature.

. Sections were fixed with 4% buffered formalin for 5 min, washed with running tap

water for 5 min and counterstained with Harris haematoxylin for 15 sec.

Sections were differentiated in an acid solution (0.1% HCI) for 15 sec and washed

again in running tap water for 5 min.

Coverslips were then placed on the sections using an aqueous mounting medium

(glycerin-gelatin, DAKO).

moderate amount of staining and 2 = heavily stained).



Table 4.1 Description of primary and secondary antibodies used

Antigen Primary Source  of Dilution Secondary  Source
Antibody Antibody used Antibody (dilution)

T-cell, Leu4 Mouse anti- BD 1/20 Goat anti- DAKO

(CD3) human, (347340) mouse (1/200)
monoclonal (biotin)

VCAM-1 Goat  anti- R&D 1/500 Swine anti- DAKO
(CD106) human, Systems goat (1/100)
polyclonal (BBA 19) (biotin)

ICAM-1 Mouse anti- R&D 1/500 Goat  anti- DAKO
(CD54) human, Systems mouse (1/200)
monoclonal  (BBA 3) (biotin)

KP1 Mouse anti- DAKO 1/100 Goat  anti- DAKO
(CD68) human, M 0814) mouse (1/200)
monoclonal (biotin)

PGM1 Mouse anti- DAKO 1/200 Goat  anti- DAKO
(CD68) human, (M 0876) mouse (1/200)
monoclonal (biotin)

T-cells= T lymphocytes, VCAM-1= vascular cell adhesion molecule-1, ICAM-1= intercellular

adhesion molecule-1, KP1= macrophage marker, PGM = macrophage marker.
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4.2.4 Adipose tissue fatty acid composition

Adipose tissue fatty acid composition was determined as described in Section

2.2.4.

4.2.5 Statistical analysis

All values are presented as means £ SEM. Comparison of treatment group means
was performed using one-way ANOVA followed by the least-significant difference post
hoc test. Comparison of means before and after supplementation for each treatment group
was performed using paired t-tests. Correlations were determined as Pearson correlation
co-efficients. Mean ranks between treatment groups for immunohistotochemical findings
were compared using the Kruskal-Wallis and Jonckheere-Terpstra tests. The observed
and expected frequency of ranks were compared using the Chi-Square test. In all cases a

statistical significance was assumed if p<0.05.
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4.3 Results

4.3.1 Plaque fatty acid composition

The fatty acid composition of plaque PL, TAG and CE were determined for about
45 patients (82 %) in each treatment group: some plaque samples were not analysed
because of time consttraints and because it was not necessary to analyse all samples to see
significant differences between groups. The details of the patients whose plaque fatty acid
composition were determined are shown in Table 4.1a. By comparing this information
with that for the treatment group as a whole (Table 2.5; section 2.3.1) it is apparent that
the patients whose fatty acid composition was determined are representative of the

treatment group.

Table 4.1a Characteristics of patients whose plaque fatty acid composition was

determined

Fraction Treatment N  Male Female Age BMI Statin
™) ™) (years) (kg/m?) (% patients)

PL FO 45 24 21 69.9 26.4 11
SO 45 30 15 70.0 25.3 9
C 51 37 14 69.7 26.9 14

TAG FO 44 24 20 69.1 26.5 10
SO 37 24 13 70.3 253 9
C 48 34 14 69.5 26.8 14

CE FO 44 29 15 69.6 26.7 11
SO 45 30 15 69.3 25.6 11
C 51 28 23 69.5 26.3 12

Data for age, BMI and statin are presented as mean.
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Some differences were observed in plaque fatty acid composition between the
treatment groups. The proportion of 20:2n-6 in plaque CE and TAG in the control group
was higher compared to the other two groups (Table 4.2 and 4.4) and the proportion of
20:3n-6 in plaque PL was also higher compared to the fish oil group (Table 4.3).

Dietary supplementation with sunflower oil caused a decrease in the proportion of
18:1n-9 in plaque CE compared to the control group. There was also an increase in the
proportion of 16:1n-7 in plaque PL compared to the control group after SO
supplementation. The proportion of 18:2n-6 in plaque TAG was increased after SO
supplementation compared to the other two groups, however this was not significant.

Dietary supplementation with fish oil appeared to result in the incorporation of the
long chain n-3 PUFA into advanced atherosclerotic plaques (Tables 4.2, 4.3, 4.4). EPA in
plaque CE in the FO group was 35% higher (p<0.01) than in the control group and 28%
higher (p<0.03) than in the SO group. DHA in plaque CE was 27% higher (p<0.01) than
in the control group and 20% higher than in the SO group (Table 4.2). The total n-3 fatty
acid content in CE of plaques was 4.1% in the FO, 3.4% in the SO and 3.2% in the
control group (Table 4.2). The duration of feeding did not appear to affect the
accumulation of DHA or EPA in plaque CE (Figures 4.1 and 4.2). The change in EPA in
LDL CE (see Figure 3.10) was compared to the proportion of EPA in plaque CE (Figure
4.3). There was a highly significant positive correlation between EPA in the CE fraction
of plaque and LDL (r = 0.7, p = 0.004).

EPA in plaque PL in the FO group was 85% higher (p<0.001) compared to the SO
group and 93% higher than in the control group (p<0.001). DHA in plaque PL in the FO
group was 22% higher than in the SO group (p< 0.01) and 9% higher than in the control
group (Table 4.3). The total n-3 fatty acid content in PL of plaques was 7.1% in the FO
group, 6.4% in the SO group and 6.7% in the control group. The length of FO
supplementation was significantly correlated with the proportion of EPA (r = 031, p =
0.04, Figure 4.4) plaque PL). The duration of FO supplementation did not appear to be
related to the accumulation of DHA in LDL PL (Figure 4.5).

EPA in plaque TAG in the FO group was 77% higher (p<0.001) compared to the
SO group and 85% higher than in the control group (p<0.001). DHA in plaque TAG in
the FO group was 16% higher than in the SO group (NS) and 32% higher than in the
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control group (p< 0.03, Table 4.4). The total n-3 fatty acid content in TAG of plaques was
2.7% in the FO group, 2.2% in the SO group and 2.1% in the control group. The duration
of feeding did not affect the accumulation of EPA or DHA in plaque TAG (Figures 4.6
and 4.7).

138



Table 4.2 Fatty acid composition of plaque CE of patients in the different treatment

groups
Fatty acid Fish oil Sunflower oil Control
(n=45) (n = 45) (n=51)
14:0 0.91+0.04 1.03 +£0.07 1.00 £0.05
16:0 14.53 £ 0.25 15.00 +0.29 14.48 +0.25
16:1n-7 3.77+0.13 4.10+0.19 3.97+0.19
18:0 0.74 +0.09 0.69+0.10 0.97 + 0.24
18:1n-9 26.58 +0.49 25.72 +0.53° 27.33 + 0.60°
18:2n-6 39.47 +£0.82 40.38 +0.82 38.61 +0.84
18:3n-3 0.27 +0.03 0.30 +0.03 0.28 +0.03
18:3n-6 0.34 +0.04 0.41 +0.05 0.65 +0.23
20:1n-9 0.10+0.02 0.06 + 0.02 0.10 + 0.02
20:2n-6 0.50 +0.06 0.49 +0.05° 0.68 £0.07°
20:3n-6 2.18+0.16 2.08 +0.12 2.38+0.15
20:4n-6 6.78 +0.16 6.64+0.15 6.58+0.19
20:5n-3 1.45+0.07° 1.13+0.14° 1.08 £0.06
22:5n-3 0.44 +0.07 0.33+0.06 0.34 +0.06
22:6n-3 1.95+0.12° 1.63 £0.10° 1.54 +0.08°

Data are the mean + SEM, g/100g total fatty acid. Statistical significance {one way ANOVA):

groups with different letters are significantly different.
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Figure 4.1 Effect of length of supplementation with FO on the proportion of EPA in
plaque CE
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Figure 4.3 Relationship between EPA in plaque CE and LDL CE
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Table 4.3 Fatty acid composition of plaque PL of patients in the different treatment

groups
Fatty acid Fish oil Sunflower oil Control
(n = 45) (n = 45) (n=51)
14:0 1.02 +0.04 1.02 £0.05 1.03 +0.05
16:0 39.84 +0.66 39.07 £ 0.60 39.12 +0.49
16:1n-7 0.78 £0.07 1.22+0.27° 0.74 +0.06
18:0 14.91 +£0.23 14.90 +0.31 14.78 £0.25
18:1n-9 14.23 £0.31 13.72 £0.25 14.07 +0.23
18:2n-6 9.93 +0.24° 11.20 £0.29° 10.90 +0.29°
20:2n-9 0.34 +0.03 0.35+0.04 0.34 +0.04
20:3n-6 1.91 +0.09° 1.94 +0.07 2.14 +0.06°
20:4n-6 9.89 +0.30 10.06 £ 0.33 10.12 £0.25
20:5n-3 1.08 +0.08* 0.58 +0.07° 0.56 +0.06°
22:5n-3 2.43+0.31 2.93 +0.34 2.84 +0.33
22:6n-3 3.56£0.18 2.92£0.16° 3.25+0.17

Data are the mean + SEM, g/100g total fatty acid. Statistical significance (one way ANOVA):

groups with different letters are significantly different.
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Figure 4.4 Effect of length of supplementation with FO on the proportion of EPA in
plaque PL
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Figure 4.5 Effect of length of supplementation with FO on the proportion of DHA in
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Table 4.4 Fatty acid composition of plaque TAG of patients in the different

treatment groups

Fatty acid Fish oil Sunflower oil Control
(n = 44) (n=37) (n = 48)
14:0 2.1440.12 2.03£0.12 2.04+0.16
16:0 27.44 +0.67 28.83+0.52 28.88 £0.72
16:1n-7 3.78 £ 0.36 3.41£0.16 3.71£0.25
18:0 5.67+0.17 5.78 +0.22 5924028
18:1n-9 38.75 + 0.64 37.55+0.46 37.76 £ 0.63
18:2n-6 15.06 + 0.44 16.39 +0.53 15.90 £0.58
18:3n-3 0.39 +0.05 0.34 +0.05 0.49+0.16
20:1n-9 0.16 = 0.04 0.15+0.03 0.12+0.03
20:2n-9 0.21 £0.04° 0.28 £0.05 0.29 £0.06
20:3n-6 0.82 £ 0.07 1.10£0.14 1.11£0.11
20:4n-6 1.97 +0.09 2.20+0.13 2.11£0.13
20:5n-3 0.43 £ 0.05° 0.24 +0.04° 0.23 +0.04°
22:5n-3 0.63 +0.08 0.51 £0.08 0.46 +0.06
22:6n-3 1.24 £0.10° 1.06 £0.11 0.94 +0.08

Data are the mean + SEM, g/100g total fatty acid. Statistical significance (one way ANOVA):

groups with different letters are significantly different.
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Figure 4.6 Effect of length of supplementation with FO on the proportion of EPA in
plaqueTAG

1.4 -
12 «

1.0 = o

EPA (g/100g total fatty acids)

Length of supplementation (days)
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4.3.2 Immunohistochemistry on plaque sections

The cell populations involved in the inflammatory activity in the carotid
atherosclerotic lesions were characterised with cell specific monoclonal antibodies.
Plaque sections were stained for T-lymphocytes, VCAM-1, ICAM-1, and macrophages.
Examples of heavily stained plaque sections for each antigen are shown in Figures 4.8 to
4.12, the brick red colour represents positive staiining and blue colour represents
background staining.

Staining was performed on only a limited number of sections. This is because
attempts to stain with these antibodies on paraffin sections of the first 100 plaques
collected showed poor staining and so it was decided to switch to frozen sections.
Unfortunately this meant that it was not possible to quantify immunological/inflammatory
markers in the first 100 plaques. The details of the patients whose plaques were
characterised are shown in Table 4.4a. By comparing this information with that for the
treatment group as a whole (Table 2.5; section 2.3.1) it is apparent that the patients whose

plaques were characterised are representative of the treatment group.

Table 4.4a Characteristics of patients whose plaque sections were stained

Treatment N Male Female Age BMI Statin
(N) N) (years) (kg/m?) (% patients)
FO 25 16 9 67.8 26.2 12
SO 20 11 9 67.3 26.1 11
C 23 15 8 67.9 27.1 11

Data for age, BMI and statin are presented as mean.
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The results for the five antigens investigated are shown in Table 4.5. Mean ranks
for each antigen were compared between treatment groups, it was found that the mean
rank for KP1, a macrophage marker, was significantly lower in the fish oil group
compared to the other two groups. No other differences were found between groups,
although there was a trend for the PGM1 macrophage marker to also have a lower mean
rank in the fish oil group.

The frequency of ranks in each treatment group for each antigen was compared.
The frequency of ranks for T-lymphocytes and PGM1 were not different between the
three treatment groups but they were different from the expected frequencies with the
majority of cases being heavily stained. In the sunflower oil and control groups VCAM-1
and ICAM-1 staining was quite evenly distributed between the three ranking groups,
whereas after fish oil supplementation very few cases had a score of zero and the
majority were heavily stained. The frequency of ranks for KPl was similar in the
sunflower oil and control groups, but was different from the expected frequency with the
majority of cases being heavily stained. However, in the fish oil group less cases were
heavily stained and more had a moderate amount of staining. Again this distribution of

frequencies was different from expected.



Table 4.5 Immunohistochemistry scores

Antigen Treatment n  Rank Frequency (% cases) Mean
0 1 2 Rank
T-cell,Leud  FO 25 0 26.1  73.9% 33.41
(CD3) SO 20 50 300 65.0% 30.20
C 23 48  19.0  76.2% 33.69
VCAM-1 FO 25 83 333 58.3% 37.58
(CD106) SO 20 368 263 368 27.18
C 23 174 304 522 34.46
ICAM-1 FO 25 95 143  76.2* 32.74
(CD54) SO 20 125 438 43.8 24.63
C 23 21.1 21.1 519 27.08
KP1 FO 25 0 38.1 61.9* 51.10°
(CD68) SO 200 0 19.4  80.6% 61.82°
C 23 26 132 84.2% 63.54°
PGM1 FO 25 23 279 69.8% 58.84
(CD68) SO 20 0 237 76.3% 63.17
C 23 0 24.4 75.6% 62.74

T-cells= T lymphocytes, VCAM-1= vascular cell adhesion molecule-1, ICAM-1= intercellular
adhesion molecule-1, KPI= macrophage marker, PGMI1= macrophage marker. Statistical
significance (Jonckheere-Terpstra test): groups with different letters are significantly different,

* indicates significantly different from expected frequency (Chi-Square test).
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Figure 4.8 Microscopic image of CD3 T-cell staining on a carotid plaque
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Figure 4.10 Microscopic image of ICAM-1 staining on a carotid plaque

Figure 4.11 Microscopic image of KP-1 macrophage staining on a carotid plaque
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Figure 4.12 Microscopic image of PGM1 macrophage staining on a carotid plaque
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4.3.3 Adipose tissue fatty acid composition

Table 4.6 summarises the differences in adipose tissue fatty acid composition
between the different dietary groups before (visit 1) and after (visit 2) supplementation.
There were no differences in fatty acid composition of adipose tissue between groups
before supplementation (see Section 2.3.2.1). After supplementation the proportion of
18:3n-3 was higher in the SO group than in the FO group (p<0.04). The proportions of
DHA and EPA were higher after FO supplementation than in the control group
(p<0.0land p<0.03).

Dietary supplementation with fish oil resulted in the incorporation of the long
chain n-3 PUFA into adipose tissue. EPA and DHA in adipose tissue in the FO group
were significantly higher after supplementation. The proportions of 18:3n-3 and 16:0 were
significantly decreased in the FO group after supplementation. The duration of fish oil
supplementation did not appear to be related to the accumulation of EPA (r = 0.42, p =
0.08; Figure 4.8) or DHA (r =0.36, p = 0.08; Figure 4.9) in adipose tissue.

Supplementation with sunflower oil resulted in an increased proportion of 20:4n-6
and a decreased proportion of 16:1n-7. There was also a tendency for an increased
proportion of 18:2n-6 after SO supplementation however this was not significant. In the
control group the proportions of 16:0, 16:1n-7, and 18:3n-3 were decreased after

supplementation.
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Table 4.6 Fatty acid composition of adipose tissue from patients in the different

treatment groups before and after supplementation

Fatty acid Visit Fish oil Sunflower oil Control
(n = 48) (n=51) (n = 55)

14:0 1 4.00+0.18 4.08+0.16 4.00£0.16
2 3.95£0.17 3.79+£0.14 3.75+0.15

16:0 1 25.25+0.40 25.73 £0.61 24.94 +0.46
2 24.51+£0.51% 24.16 +0.40 23.84 £ 0.34*

16:1n-7 1 6.04 £0.32 6.38 £0.39 6.60 £ 0.36
2 5.34+0.31 5.58 £0.27% 5.96 + 0.36*

18:0 1 3.78 £0.20 3.76 £0.14 3.60+0.18
2 3.56 £0.15 3.79+0.16 3.53+0.17

18:1n-9 1 43.85+0.50 43.46 +0.55 43.55+0.51
2 43.96 £ 0.38 43.87 £0.42 43.83 +0.41

18:2n-6 1 13.63 £ 0.51 13.53 +0.54 14.22 £0.55
2 13.43 +£0.54 14.02 £0.62 14.14 £0.62

18:3n-3 1 1.01 £0.05 1.08 £0.10 1.09 £ 0.06
2 0.88 £ 0.04%* 1.01 £0.05° 0.92 £0.03*

20:1n-9 1 0.69 £0.08 0.86 £0.15 0.62 +0.07
2 0.53 +£0.04 0.54 +0.05 0.49 = 0.04

20:4n-6 I 0.42 £0.05 0.41 £0.03 0.36 £0.02
2 0.48 £ 0.05 0.45 +0.03* 0.44 +0.04

20:5n-3 1 0.08 £0.03 0.06 +£0.01 0.09 £0.02
2 0.14 £0.02* 0.12 £0.03 0.06 +0.01°

22:6n-3 1 0.20 £0.02 0.24 £0.05 0.20 £0.02
2 0.29 £0.03* 0.24 +£0.03 0.20 £0.02°

Data are the mean += SEM g/100g total fatty acid before (visit 1) and after (visit 2)
supplementation.. Statistical significance: groups with different letters are significantly different

(one way ANOVA), *significantly different from visit 1 (paired t-test).

153



Figure 4.13 Effect of length of supplementation with FO on EPA accumulation in

adipose tissue

EPA visit 2 - visit 1 (g/100g total fatty acids)

0 20 40 60 80 100 120 140 160 180
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Figure 4.14 Effect of length of supplementation with FO on DHA accumulation in

adipose tissue

DHA visit 2 - visit 1 (g/100g/total fatty acids)
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4.4 Discussion

4.4.1 Plaque fatty acid composition

One aim of this study was to determine whether moderate supplementation with n-
3 and n-6 PUFA could change plaque fatty acid composition and to measure the time
course for these changes.

Cholesterol esters are the predominant lipid fraction in atherosclerotic plaques and
triglycerides are the least abundant lipid (Felton et al., 1997; Smith, 1960). In this study,
dietary n-3 fatty acids were shown to be incorporated into the CE TAG and PL classes of
advanced human carotid atherosclerotic lesions. These results agree with other published
data (Rapp et al., 1991), but in this study fish oil was provided at a much lower dose than
in the study by Rapp e/ al. (1991). Patients in this study received 6 g fish oil providing 1.7
g n-3 fatty acids/day (0.8 g EPA plus 0.5 g DHA), whereas in the study by Rapp et al.
(1991) fish oil was fed at a dose providing 16-21.3 g n-3 fatty acids/day, over ten times
higher. Habitual intake of total n-3 fatty acids for the patients in the current study was
estimated to be 1.3 g/day (see section 2.3.2). Therefore, in this study patients in the FO
group more than doubled their intake of total n-3 fatty acids. The habitual intakes of EPA
and DHA by patients in this study were estimated to be 0.1 g/day and 0.13 g/day
respectively (see section 2.3.2). Therefore, during supplementation with FO, intakes of
EPA were 8-times higher and DHA almost 4-times higher than habitual intakes. EPA in
plaque CE in the FO group was 52% higher than in the control group and 24% higher
than in the SO group. DHA was 30% higher compared to the other two groups. Rapp et
al. (1991) found an increase of 79% in EPA and 69% in DHA in plaque CE. In the
current study EPA in plaque PL from the FO group was 125% higher compared to the SO
group and 104% higher than in the control group. DHA was also slightly increased in the
FO group compared to the SO (29%) and control (11%) groups. Rapp et al.(1991) found
an increase of 90% and 72%, respectively, for EPA and DHA in plaque PL. In this study
no effect of FO feeding was seen in the plaque TAG fraction, whereas in the study by
Rapp et al. (1991) they found a 92% increase in EPA and a 94% increase in DHA in the
plaque TAG fraction. Fish oil was fed at a very high dose in the study by Rapp et al.

(1991), whereas in this study a more moderate dose of fish oil was used. The differences



between the two studies most likely relate to the dose of fish oil used. Nevertheless, the
lower dose of fish oil used here resulted in significant alterations in plaque fatty acid
composition.

Patients received sunflower oil at a dose of 6 g/day. This represented 3.8 g of n-6
PUFA/day. Habitual intake of n-6 PUFA for this group of patients was estimated to be
9.0 g/day (see Section 2.4) . Therefore, patients in the SO group increased their intake of
n-6 PUFA by about 42%. This is quite a small increase in comparison to the increase in n-
3 fatty acid intake in the FO group, and no significant differences were seen in plaque n-6
PUFA composition between groups.

Dietary n-3 fatty acids have been previously demonstrated to associate themselves
rapidly with the CE, PL. and TAG moieties of the plasma lipoproteins (Bromsgust-
Schonte et al,1981). This was confirmed in this study (see section 3.3.3). It is known
that the isotopically-labelled cholesterol of lipoproteins will also exchange with the
cholesterol of atherosclerotic plaques resulting in net cholesterol accumulation in the
plaque (Lin et al., 1980; Jagananthan et al, 1974). The information from the current
study indicates that long chain n-3 fatty acids can also accumulate in plaques.

It is possible that these findings have clinical significance. N-3 fatty acids have
discreet yet powerful biologic effects. They inhibit the production of thromboxane A,
(Needleman et al,1979), stimulate the production of nitric oxide (Shimokawa et
al.,1987), decrease the endothelial cell production of a platelet-derived growth factor like
protein (Fox and DiCorleto, 1988 ) and reduce the inflammatory response (Lee et al,
1985; Fisher et al,, 1986). While the influx of n-3 fatty acids from plasma into the
atherosclerotic arterial wall, as shown in this study. could have an ameliorating effect on
the atherosclerotic process, as yet there are no data on the effect of fish oil feeding on pre-
existing atherosclerotic lesions, even in experimental animals. Since lipid peroxidation
has been shown to be an important stimulus for macrophage uptake of lipoproteins
(Fogelman et al., 1980, Henriksen et al., 1981), loading the plaque with n-3 fatty acids
could theoretically promote atherogenesis. In this study it was found that the lag time of
copper-induced LDL oxidation decreased in patients who received fish oil (see section
3.3.4) . Therefore, fish oil supplementation may make LDL more susceptible to oxidation,

and therefore more readily taken up by macrophages. However, there are studies showing



the inhibition of atherosclerosis by n-3 fatty acids in monkeys, pigs (Davis et al., 1987,
Weiner ef al., 1986) and mice (Renier ez al., 1993). This inhibition occurred even though
the plasma cholesterol levels remained high and HDL was low. In the SCIMO and GISSI
trials (see Section 1.3.2.3.2) the concentration of LDL cholesterol slightly increased in
the n-3 PUFA treatment groups. Therefore n-3 PUFA seem to act through mechanism(s)
other than simply an alteration of plasma lipid concentrations.

In this study it has been shown that moderate supplementation with PUFA is able to
induce changes in the fatty acid composition of advanced atheromatous plaques. A recent
study by Felton ez al. (1997) has shown that disrupted plaques have a higher content of
PUFA and a PUFA/SFA ratio thre’é-fo"l'

suggested that increased lipid has an adverse influence on plaque stability. Therefore, the

g “than intact plaques. Felton et al. (1997) also
incorporation of PUFA into plaques of patients with advanced atherosclerosis may in fact

make these plaques more unstable and therefore could promote an atherosclerotic event.

4.4.2 Immunohistochemistry on plaques

Atherosclerotic plaque formation resulis from complex cellular interactions in the
intima of arteries, which take place between resident cells of the vessel wall (smooth
muscle cells and endothelial cells) and cells of the immune system (leukocytes). Local
flow disturbances and lipids as a driving force appear to be obligatory in this process
(Ross, 1993). Once an atherosclerotic plaque has formed, it shows the highly
characteristic architecture of a fibrous cap encaging a central core of extracellular lipids
and debris: the atheroma. Fibrous tissue provides the structural integrity of a plaque,
whereas the atheroma is soft, weak and highly thrombogenic. It is rich in extracellular
lipids and is bordered by a rim of lipid-laden macrophages.

The intrinsic features that characterise a plaque as vulnerable are an increased
lipid content, an increased macrophage, foam cell and T lymphocyte content, and a
reduced collagen and smooth muscle content (Gertz et al., 1990). Rupture tends to occur
at the margins or 'shoulder region' of plaques where the overlying fibrous cap is necrotic,
very thin and extensively infiltrated by macrophages and adjacent to relatively normal
tissue (Constantinides, 1990). However the exact mechanisms causing plaque rupture are

not yet completely known.
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In this study some of the cellular and vascular components of surgically excised
carotid endarterectomies were analysed. In other words, some of the cell populations
involved in the inflammatory activity in atherosclerotic lesions were characterised with
cell specific monoclonal antibodies. It was found that after fish oil supplementation the
expression of KPI, a macrophage marker, was less intense than in the other two
treatment groups and there was also a similar trend for PGMI another macrophage
marker. This may suggest that there is less macrophage activity in these plaques and thus

that these plaques are more stable and less likely to rupture.

4.4.3 Adipose tissue fatty acid composition

Serum and adipose tissue fatty acid concentrations are largely determined by
dietary intake, especially for the essential fatty acids, linoleic (18:2n-6) and a-linolenic
(18:3n-3) acids, which cannot be synthesised by man. Adipose tissue composition has
served as a biological marker of chronic ingestion of many dietary PUFA. In this study it
was found that there is a strong relationship between dietary PUFA intake and fatty acid
composition of adipose tissue (see Section 2.3.2.1) .

Dietary supplementation with fish oil resulted in the incorporation of the long
chain n-3 PUFA into adipose tissue.. EPA and DHA in adipose tissue in the FO group
were significantly higher after supplementation. Patients received fish oil at a dose of 6
g/day this represented 1.7 g n-3 fatty acids/day for 1 to 24.7 weeks. Previous studies have
shown similar findings but generally with a higher dose of n-3 PUFA and for a longer
supplementation period (see Section 4.1.2). These studies indicate that the long-term
ingestion of large amounts of n-3 fatty acids in humans results in their incorporation into
the adipose tissue fatty acids. However, the results of the current study show that lower
intakes of n-3 fatty acids for a shorter period of time can still result in the incorporation of
EPA and DHA into adipose tissue.

In summary, it has been shown that adipose tissue and plaque fatty acid
composition can be changed by short term changes in n-3 PUFA intake in patients with
advanced carotid atherosclerosis and that the incorporation of n-3 PUFA into carotid

plaques may make them more stable.
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Chapter 5
General Discussion
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5 General Discussion

Cardiovascular disease involves the formation of atherosclerotic plaques. These
dynamic structures include lipid, largely derived from circulating LDL particularly
following its oxidation, and inflammatory cells. The inflammatory cells can be
responsible for LDL oxidation. Plaques can be destabilised and if they rupture can block
the circulation resulting in a myocardial infarction (if in the coronary artery) or a stroke
(if in the carotid artery). It is not clear whether n-6 and n-3 PUFA are incorporated into
active atherosclerotic plaques and, if they are, whether they act to stabilise or destabilise
the plaque.

The aims of this study were to examine the relationship between fatty acids in the
diet, risk factors for CVD, and atherosclerotic plaque structure and composition in
patients undergoing carotid endarterectomy. To do this the effects of moderate
supplementation with n-3 and n-6 PUFA on plasma lipid concentrations, the fatty acid
profile and oxidisability of plasma LDL and of lipid fractions isolated from atherosclerotic
plaques, and on the characteristics of atherosclerotic plaques in these patients were
determined.

It was found that supplementation with fish oil containing n-3 PUFA lowered
plasma cholesterol and triacyglycerol concentrations, altered the fatty acid composition of
plasma LDL lipid fractions, adipose tissue and atherosclerotic plaques and decreased the
lag time of copper induced oxidation of LDL. Supplementation with sunflower oil rich in
n-6 PUFA lowered plasma cholesterol concentrations and resulted in increased levels of
linoleic acid in LDL CE.

It has generally been assumed that n-6 PUFA (and linoleic acid in particular) have
a favourable effect on CHD risk by means of a decrease in blood cholesterol
concentrations (European Atherosclerosis Society, 1987). Burr et al. (1989) showed a 2%
decrease, Woodhill ef al., (1978) an 11% decrease and Leren (1970) an 18% decrease in
cholesterol concentrations after increasing linoleic acid intake. In the current study a 13%
decrease in plasma total cholesterol concentration occurred after supplementation with
sunflower oil rich in linoleic acid. There have been numerous studies investigating the
effects of fish oil or its constituent n-3 fatty acids on serum or plasma lipid

concentrations. It seems that a reduction in total cholesterol concentration occurs only if
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large doses (4.5-6 g EPA or 6.5-10 g total n-3 fatty acids per day) are given (Davidson et
al., 1987). Smaller amounts of n-3 fatty acids appear to have little effect, or even to cause
a slight increase in total cholesterol concentration (Burr er al., 1989). However in the
current study supplementation with 1.7 g n-3 fatty acids per day (including 860 mg EPA)
resulted in a 15% decrease in plasma total cholesterol concentration.

Epidemiological studies have demonstrated that the incidence of CHD is inversely
associated with consumption of n-3 PUFA (Bang and Dyerberg, 1972). The DART and
GISSI-P trials provided evidence that relatively low doses of n-3 PUFA reduce the risk of
secondary coronary events (Burr et al, 1989; GISSI-P, 1999). Plasma TAG
concentrations are significantly reduced by n-3 PUFA, in a dose dependent fashion and
this may partly explain the cardio-protective effect of n-3 PUFA. In a review of 72
placebo-controlled human studies which supplemented a range of 1.0 to 7.0 g EPA plus
DHA daily for at least two weeks, fasting plasma TAG concentrations were consistently
decreased by 25-30% (Harris, 1996). In the current study a moderate supplementation
with fish oil has been used, providing approximately 1.7 g/d of n-3 PUFA, and plasma
TAG concentration was reduced by 29%. This shows that a moderate intake of n-3
PUFA, which could be achieved by dietary intervention or as a supplement has a positive
effect on TAG metabolism in this group of patients.

It has previously been found that when fish oil is incorporated into the diet plasma
concentrations of EPA and DHA increase several-fold within a few weeks (Harris and
Connor, 1980). In the current study it was found that supplementation with fish oil caused
a significant enrichment in long chain n-3 PUFA in all LDL lipid classes. LDL has been
shown to be quantitatively the most important source of lipid for atherosclerotic plaques.
Therefore, if a moderate supplementation of fish oil as used in this study affects LDL
composition it may also affect atherosclerotic plaque composition.

In this study of human atherosclerotic plaques, dietary n-3 fatty acids were found
to be incorporated into the CE and PL classes of advanced atherosclerotic lesions. These
results agree with other published data (Rapp et al., 1991) but in this study fish oil was
provided at a much lower dose than in the study by Rapp et al. (1991). Patients in this
study received 6 g fish oil providing 1.7 g n-3 fatty acids/day (0.8 g EPA and 0.5 g DHA),
whereas in the study by Rapp er al. (1991) fish oil was fed at a dose of 16-21.3 g n-3 fatty



acids/day, over ten times higher. This explains the smaller changes seen in the current
study. Nevertheless, the lower dose of fish oil used here resulted in significant alterations
in plaque fatty acid composition. The influx of n-3 fatty acids from plasma into the
atherosclerotic arterial wall could have an ameliorating effect on the atherosclerotic
process. However, lipid peroxidation has been shown to be an important stimulus for
macrophage uptake of lipoproteins (Fogelman et al., 1980, Henriksen er al., 1981) and
therefore loading the plaque with n-3 fatty acids could theoretically promote
atherogenesis. A recent study by Felton et al. (1997) has shown that disrupted plaques have
a higher content of PUFA and a P/S ratio threefold greater than intact plaques. Felton er al
(1997) also suggested that increased lipid has an adverse influence on plaque stability.
Therefore, the incorporation of PUFA into plaques of patients with advanced atherosclerosis
may in fact make these plaques more unstable and therefore could promote thrombosis and
rupture of plaques.

There is increasing evidence that oxidatively modified LDL is an important
mediator in the pathogenesis of atherosclerosis (Steinberg et al, 1989; Salonen et al.,
1992). Some of the reduction in heart disease risk because of increased dietary intake of
PUFA may be negated by increasing the availability of unsaturated bonds to oxidative
processes. The effects of dietary n-3 PUFA on the susceptibility of LDL to oxidation are
contradictory. In a study by Nenseter er al. (1991), the effect of dietary supplementation
with n-3 PUFA on the susceptibility of LDL to oxidative modification was investigated.
LDL from both the fish oil and corn oil supplemented groups showed similar
susceptibility to copper-catalysed lipid peroxidation. Frankel et al. (1994) looked at the
effect of n-3 PUFA supplementation on copper-catalysed oxidation of LDL. The volatile
oxidation products from LDL (propanal and hexanal) were measured. Total volatiles
remained unchanged thus indicating that fish oil intake did not alter the oxidative
susceptibility of human LDL. However, in other studies n-3 PUFA have been shown to
enhance the susceptibility of LDL to oxidative modification. Suzukawa et al. (1995)
found that fish oil decreased lag time before onset of copper-induced LDL oxidation and
significantly increased production of thiobarbituric acid-reactive substances (TBARS)
during oxidation compared with corn oil. In the current study it was found that

supplementation with 1.7 g n-3 fatty acids/day caused a 26% decrease in lag time.



Therefore, fish oil supplementation may adversely affect the susceptibility of LDL to
oxidation. It has been shown that diets enriched with linoleic acid increase the linoleic
acid content of LDL and increase its susceptibility to oxidation (Parthasarathy er al.,
1990; Reaven er al, 1993; Abbey er al, 1993). However, in the current study
supplementation with linoleic acid did not cause any changes in the susceptibility of LDL
to oxidation.

Adipose tissue composition has served as a biological marker of chronic ingestion
of many dietary PUFA. In this study a strong relationship between dietary fatty acid
intake and fatty acid composition of adipose tissue was demonstrated, although this
relationship was not always direct. No significant correlation was seen between total SFA
and MUFA intake, and adipose tissue SFA and MUFA content respectively. PUFA intake
however was much more strongly correlated with PUFA content of adipose tissue. In this
study dietary supplementation with fish oil resulted in the incorporation of the long chain
n-3 PUFA into adipose tissue. Previous studies have shown similar findings, but generally
with a higher dose of n-3 PUFA than used here and for a longer supplementation period.
A study by Leaf er al. (1995) looked at the effect of daily dietary supplementation with >
10 g n-3 fatty acids from fish oil for > 12 months. They found significantly greater EPA,
22:5n-3 and DHA concentrations in adipose tissue of supplemented patients compared
with non-supplemented control patients. In another study by Katan ez al. (1997), 58 men
were fed 0, 3, 6 or 9 g/d fish oil for 12 months and fatty acids monitored in subcutaneous
fat during and after supplementation. They found that levels of EPA in adipose tissue
increased after supplementation, in a dose dependent manner. In a study by Sacks et al.
(1995), patients with CHD were randomised to receive either fish oil capsules, containing
6 g of n-3 fatty acids, or olive oil capsules for an average duration of 28 months. At the
end of the trial EPA in adipose tissue samples was 0.91% in the fish oil group compared
with 0.20% in the control group. These studies indicate that the long-term ingestion of
large amounts of n-3 fatty acids in humans results in their incorporation into adipose
tissue. However, the results of the current study show that lower intakes of n-3 fatty acids

for a shorter period of time can still result in the incorporation of EPA and DHA into

adipose tissue.



The results of this study show that a moderate supplementation of fish oil in patients
with carotid atherosclerosis results in incorporation of the long chain n-3 PUFA (EPA and
DHA) into LDL fractions, adipose tissue and atherosclerotic plaques. Plasma TAG and total
cholesterol concentrations were decreased but LDL was more susceptible to oxidation.
However the incorporation of n-3 PUFA into atherosclerotic plaques led to a lower
macrophage content which may make these plaques more stable and less likely to rupture.

Atherosclerotic plaques can be destabilised, and if they rupture they can block the
circulation resulting in a myocardial infarction (if in the coronary artery) or a stroke (if in
the carotid artery). Previous studies have shown protection of primary and secondary
cardiovascular events with increasing n-3 PUFA consumption (see Section 1.3.2.3). This
study has also shown beneficial effects of increasing n-3 PUFA consumption largely through
decreasing lipid levels and through the incorporation of n-3 PUFA into active atherosclerotic
plaques, which may act to stabilise them. However further work is needed to look at the
stability of these plaques by investigating other factors that may affect plaque stability such
as matrix metalloproteinases, activated T-cells and inflammatory cytokines. Also it is not
known if the effects seen in this study on carotid plaques would also occur in other
atherosclerotic plaques for example in the coronary artery and this warrants further
investigation. There is emerging consensus that plaque instability rather than progression
should be the target for new therapies, because it is instability that underlies most clinical
events. The ability to identify plaque composition and monitor its progression can therefore
give valuable information regarding the development of acute coronary syndromes and
target areas for intervention to reduce or prevent the socio-economic impact of

cardiovascular disease.
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7 Appendix

The results presented in this thesis formed part of a larger study (see Figure 2.2) and as is
common in such studies a number of individuals made vital contributions to this work.
These were as follows:

Patient recruitment and randomisation: Adhisabandh Chulakadabba (Research Fellow),
Kittipan Rerkasem (Research Fellow), Jenny Williams (Research Nurse).

Initiation on seven day weighed intakes Adhisabandh Chulakadabba (Research Fellow),
Jenny Williams (Research Nurse).

Analysis of Food Diaries: Rachel Thompson and staff in the Public Health Nutrition
group, University of Southampton.

Interaction with patients: Jenny Williams (Research Nurse).

Collection of blood and adipose tissue: Adhisabandh Chulakadabba (Research Fellow),
Kittipan Rerkasem (Research Fellow), Jenny Williams (Research Nurse).

Surgical removal of plaques: Cliff Shearman (Professor of Vascular Surgery).

Plasma lipid measurements, lipoprotein separation, and LDL oxidation: Jennifer Garry.
LDL vitamin E analysis: Jennifer Garry (extraction and preparation); Robin West
(Department of Chemical Pathology; HPLC analysis).

Fatty acid composition of LDL, adipose tissue and plaque: Frank Thies, Jennifer Garry,
and Parveen Yaqoob.

Plaque morphology: Frank Thies, Jennifer Garry (under supervision of Patrick

Gallagher).



