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Abstract

Atherosclerosis is a major cause of morbidity and mortality in Westernised societies.
Unfortunately, the disease remains largely silent until clinical symptoms ensue. Secreted
chemokines and shed forms of adhesion molecules are found in the circulation, and it was
hypothesized that systemic levels of these molecules could prove useful ‘markers’ of the
monocyte recruitment that characterises atheroma development.

Serum concentrations of CC (JE/Monocyte Chemotactic Protein-1 [MCP-1]) and CXC
(KC, Macrophage Inflammatory Protein-2 [MIP-2]) chemokines, and/or soluble adhesion
molecules, Vascular Cell Adhesion Molecule-1 [VCAM-1] and Intercellular Adhesion Molecule-1
[ICAM-1], were measured during development of atherosclerosis in apoE*3 Leiden mice and
their non-transgenic littermates, fed diets high in fat and cholesterol containing sodium cholate
(HFC/C), deficient (HFC/LAO) or supplemented with (HFC/HAQ) antioxidant vitamins.

ApoE*3 Leiden mice developed marked hypercholesterolaemia and lesions that

progressed from early Type | ‘fatty streaks’ to more complex fibrous plaques; by contrast, their
non-transgenic  littermates  (C57BL/6J) exhibited a much less  pronounced
hypercholesterolaemia, and developed small fatty streak lesions, after consuming the same
HFC/C diet. Interestingly, antioxidant vitamins signally failed to reduce atheroma development
in either apoE*3 Leiden or non-transgenic mice fed HFC/HAO compared with HFC/LAO.
Rapid increases in serum concentrations of KC appeared to be associated with early
development of atheroma in apoE*3 Leiden mice fed diet HFC/C, compared with their non-
transgenic littermates. By contrast, circulating levels of JE/MCP-1 were elevated to a similar
degree in both groups of mice consuming the HFC/C diet, and coincided with development of
hypercholesterolaemia. However, systemic JE and KC levels were unaffected by consumption
of either HFC/HAO or HFC/LAO forms of this diet.

Circulating levels of sICAM-1 were elevated in both apoE*3 Leiden mice, and the non-
transgenic controls consuming HFC/C diet. Systemic levels of these molecules were sensitive
to the presence of dietary antioxidants, with high levels of sVCAM-1 and sICAM-1 noted in non-
transgenic mice consuming the HFC/LAO diet.

Hepatic expression of JE and KC mRNA were detected by in-situ hybridisation in both
groups of animals fed HFC/C diet. Aortic expression of JE mRNA, but not KC, mRNA was seen
within macrophage-rich atherosclerotic lesions in apoE*3 Leiden mice. However, RT-PCR
detected the presence of both JE and KC mRNA in aortic and hepatic tissues.

In summary, it is clear that the systemic markers investigated in this thesis were not
specific to atheroma and did not provide greater predictive value, in terms of lesion progression,
than measurement of more established ‘risk factors’ such as serum cholesterol. The resuits
suggest that multiple inflammatory sites may be involved in their production, consequent to the
atherogenic diet and the development of gross hyperlipidaemia. Indeed, the atherogenic diet
used may have masked any subtle differences in systemic chemokine and adhesion molecule
concentrations that were caused directly by the atherosclerotic lesions.
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-I- Homozygous knockout

ACAT AcylCoA: Cholesterol Acyltransferase

ANOVA Analysis of Variance

Apo Apolipoprotein

APP Acute Phase Protein(s)

APR Acute Phase Response

APRF Acute Phase Response Factors

ATBC Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study
bp base pair
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EDTA Ethylenediaminetetraacetic Acid
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ENA-78 Endothelial Cell Derived Neutrophil Activating Peptide-78
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FC Free Cholesterol

FD Familial Dysbetalipoproteinaemia
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Guanosine Triphosphate

hour(s)

Hanks Balanced Salt Solution

High Density Lipoprotein

High Fat/High Cholesterol/Sodium Cholate Diet
Hydrogen Peroxide

Heart Outcomes Prevention Evaluation Study
Haptoglobin

Hydroperoxyeicosatetraenoic acid
3-Hydroxy-3-Methyliglutaryl Coenzyme A
Intercellular Adhesion Molecule-1, CD54
Intermediate Density Lipoprotein
Immunohistochemistry

Inhibitor of NF-xB

Immunoglobulin Gene SuperFamily

IxB Kinase

Isopropyl-thiogalactoside

Interleukin-1a

Interleukin-1p

Interleukin-4

Interleukin-8

Inositol 1,4,5-triphosphate
Interferon-Inducible Protein of 10kd

Murine homologue of MCP-1

kilobase

Murine Ligand for the IL-8RH

Luria-Bertani

Luria-Bertani agar or broth containing ampicillin (50 pg/ml)
Lecithin: Cholesterol Acyltransferase
Low-Density Lipoprotein

Low-Density Lipoprotein Receptor

Leukocyte Function Associated molecule-1, CD11a/CD18, aLp2
Low Fat/Cholesterol diet
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Lp(a)
LPS
LOX-1
LRP
Mac-1
MCP-1/2/3/14
M-CSF
MIG
mIL-8RH
min
MIP-1a
MIP-1B
MIP-2
mmLDL
MONICA
mRNA
NAP-2
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NIK

NK
NF-xB
NTG
ORO
oxLDL
PAF-AH
PBP
PBS
PCR
PECAM
PEIPC
PF-4
PGPC
PIP,
PKC
PNPP
PON1
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P-selectin
PSGL-1
PTCA
RANTES
RT

Lipoprotein(a)

Bacterial endotoxin / Lipopolysaccharide

Endothelial oxidised LDL receptor

LDL receptor Related Protein

CD11b/CD18, amB:

Monocyte Chemotactic Protein-1/2/3/4

Macrophage Colony Stimulating Factor

Monokine Induced by Interferon-y

Murine homologue CXCR2

minute(s)

Macrophage Inflammatory Protein-1a

Macrophage Inflammatory Protein-1

Macrophage Inflammatory Protein-2, Murine Ligand for miL-8RH
minimally modified LDL

MONItoring trends and determinants of CArdiovascular disease
Messenger Ribonucleic Acid

Neutrophil Activating Peptide-2

First National Health and Nutrition Examination Survey
NF-xB Inducing Kinase

Nuclear Factor

Nuclear Factor-Kappa B

Non-Transgenic

Oil-Red-O

Highly oxidised LDL

Platelet Activating Factor-Acetyl Hydrolase

Platelet Basic Protein

Phosphate Buffered Saline

Polymerase chain reaction

Platelet Endothelial Cell Adhesion Molecule-1

1-Palmitoyl-2(5,6-EpoxyisoprostaneE,)-sn-Glycero-3-Phosphorylcholine

Platelet Factor-4
1-Palmitoyl-2-Glutaroyl-sn-Glycero-3-Phosphoryicholine
Phosphatidyl Inositol 4,5 Bisphosphate

Protein Kinase C

disodium P-NitroPhenyl Phosphate

Paraoxonase 1
1-Palmitoyl-2(5-Oxovaleroyl)-sn-Glycero-3-Phosphoryicholine
PADGEM, CD62P

P-Selectin Glycoprotein Ligand-1

Percutaneous Transluminal Coronary Angioplasty

Regulated on Activation Normal T-cell Expressed and Secreted
Room Temperature



) second

SAA Serum Amyloid A

SAP Serum Amyloid P

SCR Short Consensus Repeat domains

SSC Sodium chloride/Sodium citrate

sICAM-1 Soluble ICAM-1

sVCAM-1 Soluble VCAM-1

SDF-1 Stromal Cell-Derived Factor-1

SPACE Secondary Prevention with Antioxidants of Cardiovascular Disease in
Endstage Renal Disease

SRA Scavenger Receptor A

SR-Al/lI Scavenger Receptor-Al/ll

SR-B1 Scavenger Receptor-B1

SSC Saline Sodium Citrate

TAE Tris/Acetate buffer

TAMRA 6-carboxyl-tetramethyl-rhodamine

Taq Thermus aquaticus

TBST Tris-buffered saline/Tween

B-TG B-Thromboglobulin

tlc thin layer chromatography

TMB 3,3’, 5,5'-tetramethylbenzidine

TNF-a Tumour Necrosis Factor-o

TRL Triglyceride Rich Lipoproteins

VCAM-1 Vascular Cell Adhesion Molecule-1, CD106

VLA-4 Very Late Antigen-4, CD49/CD29, o484

VLDL Very Low Density Lipoprotein

X-gal 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside
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Chapter 1

Introduction



1 Introduction

1.1 Atherosclerosis

Atherosclerosis is the main cause of coronary heart disease (CHD), cerebral
ischaemia and gangrene of the lower extremities '. It is presently the leading cause of
morbidity and mortality in Western society and contributes globally to a third of all
mortalities (www.who.ch). The disease develops progressively over a period of years,
and involves the formation of increasingly complex vascular lesions, which protrude
into the lumen of the artery and impede blood flow '. Plaque rupture can result by
occlusive thrombosis and as a consequence the clinical symptoms of angina,
myocardial infarction or stroke ensue. Unfortunately, the disease advances silently
until a late stage of progression, making early diagnosis and treatment difficult. The
search for an early and reliable indicator of atherosclerosis is ongoing and provides the
rationale for the work contained in this thesis.

1.1.1 Risk factors for atherosclerosis

Many risk factors for atherosclerosis have been identified by epidemiological
studies. These can be grouped under two sub-headings: factors with a genetic
component, and those that are largely environmental . Risk factors containing a
strong genetic component include hyperlipidaemia, hypertension, diabetes, obesity,
elevated levels of lipoprotein(a) (Lp(a)) and male gender . Environmental factors may
include diet, cigarette smoking, lack of physical exercise and possibly exposure to
infectious microorganisms such as Chlamydia pneumoniae .

1.1.2 Hyperlipidaemia, a major risk factor for atherosclerosis

Studies have shown that raised plasma low-density lipoprotein (LDL)
cholesterol is a significant risk factor for the development of atherosclerosis 2
Population, migration and epidemiological studies have all indicated a strong
association between eating a ‘Western diet' (a high fat, high cholesterol diet) and the
1

development of atherosclerosis Indeed, similar diets are usually required in

experimental animals to induce the development of atherosclerosis *°.

Hyper or dyslipidaemia refers to a derangement in plasma lipid profiles, such as
hypercholesterolaemia and/or hypertriglyceridaemia, that predisposes individuals to
atherosclerosis. The relative abundance of particular ‘atherogenic’ lipoproteins in the
plasma appears to be a significant risk factor in the development of atherosclerosis. In
particular, elevated levels of apolipoprotein B (apoB) containing lipoproteins, such as

18


http://www.who.ch

LDL, very low-density lipoproteins (VLDL) and chylomicron remnants are associated
with an increased incidence of CHD %  To understand the significance of
hyperlipidaemia it is necessary to look briefly at lipid transport mechanisms.

1.1.2.1 Lipoproteins

Blood lipids, due to their insolubility in water, are carried in specialised
structures known as lipoproteins. These typically consist of a highly hydrophobic core
of triglyceride and cholesteryl ester, with a hydrophilic outer surface monolayer of
phospholipid and free cholesterol. Associated with each particle are one or more
proteins termed apolipoproteins (apo). These proteins have hydrophobic domains,
which anchor the protein to the particle, and hydrophilic domains, which are exposed
on the surface. Some of the apolipoproteins have a largely structural role within
lipoproteins while others direct the metabolism and clearance of lipoproteins within the
circulation ’.

Lipoproteins are divided into several classes that can be distinguished by
composition, size and density. These are chylomicrons, VLDL, intermediate density
lipoproteins (IDL), LDL and high-density lipoproteins (HDL). Lipoprotein fractions can
be separated by ultracentrifugation on the basis of their density and flotation values, by
electrophoresis on the basis of their mobility in an electric current, and by column
chromatography (Section 2.3.3) on the basis of their size. The characteristics of the
major lipoprotein fractions are listed in Table 1-1. Each class has a specific role in the
transport of lipid, but all act in a concerted manner to control lipid flux throughout the
body . In addition, enzymes are found associated with lipoproteins. For example,
lecithin: cholesterol acyltransferase (LCAT), an enzyme that esterifies free cholesterol
is located on HDL as well as paraoxonase (PON1), which has a less, defined
physiological role (Section 1.9.5).

The transport of lipids around the body can be divided into three major
pathways: the exogeneous pathway, the endogenous pathway and the reverse
cholesterol transport pathway. The exogenous pathway (Figure 1-1) is associated with
the transport of dietary lipids in the form of chylomicrons (Section 1.1.2.1.1), from the
intestine to other tissues. In contrast, the endogenous pathway (Figure 1-2) distributes
lipids of hepatic origin as VLDL (Section 1.1.2.1.2). The reverse cholesterol transport
pathway (Figure 1-3) is involved in the transport of cholesterol from peripheral tissues
to the liver (Section 1.1.2.1.6).
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The realisation of the importance of lipoproteins with regard to atherosclerosis
began with the observation that elevated LDL cholesterol levels are characterised by
an increased incidence of atherosclerosis and its clinical consequences ® In contrast,
elevated HDL levels are associated with a decreased risk of atherosclerosis and CHD

Furthermore, individuals with elevated postprandial triglyceridaemia, a condition
characterised by elevated levels of triglyceride rich lipoproteins (TRL) such as

chylomicrons and their remnants, also have increased risk of CHD

Lipoprotein Main source Main Density Electrophoretic
apolipoproteins range g/ml mobility
Chylomicron Small B-48, A-l, E, 0 <0.950 Origin
intestine
VLDL Liver + B-100, E, A-l, 0 0.950-1.006 Pre-p
intestine
LDL In the B-100 1.019-1.063 P
circulation
from IDL
HDL Liver + A-l, A-ll 1.063-1.21 a
intestine
Table 1-1 Characteristics of the major lipoprotein classes.

Adapted from

1.1.2.1.1 Chylomicrons

Dietary triglycerides and cholesterol are absorbed and re-esterified by
enterocytes in the intestinal wall and secreted as chylomicron particles
Chylomicrons consist of a core of triglyceride and cholesteryl ester, with a surface of
free cholesterol and phospholipids, and the apolipoproteins, apoB-48 and apoA-l |\
The newly secreted or nascent chylomicrons reach the plasma via the lymphatic

system and acquire apoC-Il and apoE from HDL

In the circulation, chylomicrons are hydrolysed by lipoprotein lipase, perhaps
the most important enzyme in triglyceride metabolism Lipoprotein lipase is found
bound to proteoglycans on the surface of capillary endothelial cells of adipose tissue,
cardiac and skeletal muscle The lipolysis of the chylomicron particle by lipoprotein
lipase is dependent on the presence of apoC-Il As the triglyceride is hydrolysed, the
particle shrinks and becomes known as the chylomicron remnant. During this process
the chylomicron loses its A- and C- apolipoproteins, which are transferred to HDL

together with excess phospholipid and free cholesterol The chylomicron is now
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Dietary fat

ApoB-48 + Ti
Intestine
0O 0 > Chylomicron
HDL O
Lipoprotein Y Fatty acids
Lipase (Apocn) glycerol
Chylomicron
remnant
(ApoE)
Remnant uptake by liver
Liver
Figure 11 Overview of the exogenous lipoprotein pathway

Chylomicrons are synthesised in intestinal epithelial cells, secreted into the lymph and pass into
the blood. Once in the bloodstream, chylomicrons undergo metabolism. Their function is to
deliver dietary triacylglycerol to peripheral tissues, like adipose tissue and skeletal muscle (not
shown). Nascent chylomicrons pick up apoE and apoC-ll from HDL. The triacylglycerol core of
the chylomicron is hydrolysed to fatty acids and glycerol by the action of lipoprotein lipase. This
causes the chylomicron particle to become much smaller until it is termed a chylomicron
remnant. It is then recognised by means of apoE, via members of the LDL receptor family such
as the LDL receptor related protein (LRP) or the LDL receptor (LDLR).
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ApoBIOO

ApoC-ll
ApoE
Lipoprotein A Fatty acids +
Lipase glycerol
|
Hepatic > IDL
Lipase

> Extrahepatic
tissues

Figure 1-2 Overview of the endogenous lipoprotein pathway

VLDL metabolism is very similar to that of the chylomicron; the VLDL particles gain
apoE and apoC-ll from HDL. The triacylglycerol is again hydrolysed by lipoprotein
lipase, expressed on skeletal muscle, or adipose tissue, and the particle shrinks as the
core is removed. The ultimate remnant generated from VLDL metabolism is termed
LDL. This particle contains only apoB-100, and is recognised by the LDLR in the liver
and other tissues.
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O o ] o o

Figure 1-3 Overview of the reverse cholesterol transport pathway

Discoidal HDL is secreted from the liver and acquires free cholesterol (FC) from
peripheral cells. The cholesterol is esterified by the action of LCAT to a spherical
particle, now termed HDL3. Some of the cholesteryl ester (CE) in the core of the HDL3
particle is exchanged for some of the triacylglycerol core in the VLDL/chylomicrons,
this process is mediated by cholesteryl ester transfer protein (CETP). The acquired
triacylglycerol increases the size of the HDL particle, now termed HDL2. The HDL2 is
now metabolised by the liver - the CE is delivered to the liver via the HDL receptor
(scavenger receptor-B1 [SR-B1]), and the triacylglycerol is hydrolysed by hepatic
lipase.
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relatively enriched in cholesteryl ester and is transported to the liver where, via apoE it
is recognised and taken up by members of the LDL receptor family, including the LDL
receptor related protein (LRP) or the LDL receptor (LDLR) ™.

1.1.2.1.2 Very low density lipoproteins

In the liver, exogenous and endogenous lipids are assembled with apoB-100,
as well as small amounts of apoE and apoC, to form VLDL ’. As these particles are
synthesised in the liver, their lipid content tends to reflect that of the hepatocyte .

In the circulation, the content of apoE and apoC on the VLDL particle increases
due to the transfer from other lipoproteins, in particular HDL 7. The triglycerides
present in VLDL are hydrolysed in the same way as chylomicrons, by the action of

10,12

lipoprotein lipase The remaining remnant is known as IDL and can be cleared

from the circulation by the liver in the same way as chylomicron remnants °.

1.1.2.1.3 Intermediate density lipoproteins

Intermediate density lipoproteins are also known as VLDL remnants, as they
can be generated from VLDL by the action of lipoprotein lipase ''. Intermediate density
lipoproteins contain apoB-100 and apoE and can be cleared from the circulation by the
liver or further catabolised by hepatic lipase to LDL ''. Compared with other species,
such as the rabbit, humans have relatively low levels of this lipoprotein fraction '°.

1.1.2.1.4 Low density lipoproteins

The majority of cholesterol in the plasma is carried in LDL 7. It has a role in the
delivery of dietary cholesterol to extrahepatic organs ', although the majority of LDL is
cleared from the circulation by the liver. Elevated plasma LDL is a major risk factor for

atherosclerosis '%'°

16-20

and much evidence has accumulated to explain its atherogenic
effects in vivo

Low-density lipoprotein is generated by the hydrolysis of IDL by hepatic lipase
activity. The only apolipoprotein present in this particle is apoB-100 ’. Subclasses of
LDL exist that appear to possess differing atherogenic potential. In normolipidaemic
subjects, 3 subclasses can be readily identified: LDL I, LDL Il and LDL Ill 2. Of these,
small dense LDL Il is thought to be the most atherogenic and is associated with
increased risk of CHD 2%, However, the reason why this is more atherogenic than the
other subclasses of LDL has yet to be established. One possible explanation is given

24-26

by the ‘response-to-retention’ hypothesis This states that once in the
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subendothelial space, atherogenic lipoproteins are retained by extracellular matrix
molecules leading to prolonged residence time of these particles in the intima. In turn,
this may lead to their oxidative modification, generating biological responses that
promote lesion formation. Small dense LDL binds more readily to proteoglycans on the
arterial wall and is better retained than normal buoyant LDL #. It is also more
susceptible to oxidation than native LDL 8. These factors when taken together may
enhance its atherogenicity (Section 1.9.2).

Native LDL is taken up by LDLR in the plasma membrane and internalised.
This process is mediated by apoB-100, however, the LDLR will also bind apoE
containing ligands such as chylomicron remnants '. Once in the cell, lipoproteins are
delivered to lysosomes where they are degraded and the receptor is recycled back to
the plasma membrane. The lysosomes break down the cholesteryl ester core of the
lipoprotein into free cholesterol, which is subsequently released into the cytosol
triggering cellular cholesterol homeostasis mechanisms *'. Firstly, the cell can store
excess free cholesterol as cholesteryl ester, by activating the enzyme Acyl CoA:
Cholesterol AcylTransferase (ACAT) 7. Secondly, the over accumulation of cholesterol
leads to the down regulation of LDLR gene expression, so that the uptake of any
further lipoprotein derived cholesterol is prevented ’. Finally, the cell limits any further
endogenous biosynthesis of cholesterol by repressing expression of the gene encoding
the enzyme 3-Hydroxy-3-MethylGlutaryl Coenzyme A reductase (HMG-CoA reductase)
. Thus, cholesterol uptake into the cell via the LDLR is tightly regulated, and cannot
result in excessive lipid accumulation.

1.1.2.1.5 Lipoprotein(a)
Lipoprotein(a) is an LDL-sized cholesterol rich lipoprotein particle. It contains

apoB-100 which is linked via a disulphide bond to apo(a). Lp(a) has been identified in

29,30

atherosclerotic tissue and studies have indicated that elevated levels of Lp(a) are

31,32

associated with increase risk of CHD and stroke Lp(a) is retained in the artery

wall more avidly than LDL possibly because it can bind to extracellular matrix
molecules by both its apo(a) and apoB component *. Mice overexpressing human
apolipoprotein (a) and liver apoB-100 develop high circulating levels of Lp(a) and
develop 8-fold greater aortic fatty streak lesions compared with their non-transgenic

controls 34,
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1.1.2.1.6 High density lipoproteins

HDL is synthesised by the liver and small intestine and is the smallest and most
dense of the plasma lipoproteins ”. It contains apoA-l as the predominant protein
constituent and has associated with it a number of enzymes including LCAT, platelet
activating factor acetyl hydrolase (PAF-AH) and PON1. "'®. Classically, HDL can be
separated into two major subfractions: HDL, and HDL; (Figure 1-3).

HDL is involved in reverse cholesterol transport, a role that is believed to
explain the strong inverse correlation between plasma HDL levels and CHD observed

in many studies %

. HDL particles begin life as a discoidal particle consisting mainly
of apoA-l and phospholipid ”. These particles ‘pick up’/accept free cholesterol from
cells, and from the surface layer of triglyceride rich lipoproteins, which are
subsequently esterified by the action of LCAT. The particle, therefore, acquires a core
of cholesteryl ester and becomes spherical rather than discoidal. Cholesteryl esters in
HDL are then either taken to the liver or exchanged for triglyceride in VLDL by the

action of CETP ".

Recently, studies in transgenic mice overexpressing human apoA-l, the
apolipoprotein present in most subfractions of HDL, have confirmed the anti-
atherogenic role of HDL. These animals have increased HDL-cholesterol and resist
atherosclerosis induced by diet *, apoE deficiency * or the human Lp(a) transgene **.

Other athero-protective effects of HDL may be associated with its antioxidant
)40,41-

properties (Section 1.9.5

1.1.2.1.7 Remnant lipoproteins
Remnant lipoproteins are produced when chylomicrons and VLDL are
catabolised by lipoprotein lipase. Compared with their nascent forms, TRL remnants

are depleted of triglyceride, A- and C-apolipoproteins and relatively enriched in

12,42

cholesteryl esters, apoB and apoE, reviewed in . Transfer proteins such as CETP,

which moves cholesteryl ester to TRL from HDL, may enrich the cholesteryl ester

12,42

content of TRL, particularly in hypertriglyceridaemic patients . Such remnants are

smaller and denser than their nascent precursors and have slower electrophoretic
12,42

mobility . For example, normal VLDL has a pre- electrophoretic mobility whereas

its remnant has P electrophoretic mobility and is known as p-VLDL 242

. However, (-
VLDL can be secreted directly from the liver, particularly from mice fed high fat/high
cholesterol diets (Section 1.2.1) ** and are implicated in the pathogenesis of

atherosclerosis '%'2.
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1.1.2.1.8 Remnant lipoproteins and atherosclerosis
In healthy individuals remnant lipoproteins are rapidly cleared from the

circulation by the liver %2

However, individuals with type lll hyperlipoproteinaemia
have impaired apoE-mediated clearance of partially hydrolysed TRL, a marked
accumulation of remnant lipoproteins such as B-VLDL, and are at increased risk of
coronary and carotid atherosclerosis and peripheral vascular disease, reviewed in '*'2,
Experimental mice fed atherogenic diets enriched in cholesterol have increased

circulating levels of B-VLDL *4¢

, and this is believed to be responsible for their
accelerated development of atherosclerosis. Indeed, B-VLDL has been shown to
heighten monocyte adhesion to endothelial cells, increase endothelial production of
Monocyte Chemoattractant Protein (MCP-1) and Macrophage Colony-Stimulating

Factor (M-CSF) and promote foam cell formation, reviewed in '**2

Smaller partially catabolised TRL (TRL remnants) are believed to be more

atherogenic than their nascent forms '2*?

. Evidence linking remnant lipoproteins to the
development of atherosclerosis is increasing: (i) remnant TRL due to their small size
are more likely to penetrate the endothelium compared with their larger nascent forms
45. (i) due to their small size, enriched apoE content and association with lipoprotein
lipase, TRL remnants are more likely to be retained within the arterial intima by
proteoglycans (Section 1.1.2.1.4) “%; (i) TRL remnants from hypertriglyceridaemic

patients, have been shown to induce cholesteryl ester accumulation in macrophages
47

1.1.2.2 Apolipoproteins

Apolipoproteins are the protein component of lipoproteins. They confer
functional specificity and help solubilise cholesterol and triglyceride for transport ’.
Some apolipoproteins serve to define the type of receptor with which the lipoprotein
may bind, while other apolipoproteins activate lipoprotein-specific enzymes (Table 1-2).
Five broad groups of apolipoproteins have been described ’. According to current
nomenclature, group A are found in the highest amounts in HDL, while group B are
associated with VLDL, LDL and chylomicrons. Members of group C and E exchange
between several classes of lipoprotein with HDL acting as the distributor. ApoD acts to
facilitate the transfer of esters of cholesterol between lipoproteins.
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Apolipoprotein Function

A-l Activates LCAT

A-ll Enhances hepatic lipase activity

B-I00 Directs binding of LDL particles to the LDL receptor

B-48 Structural component of chylomicrons and their remnants
C-l Activates LCAT

C-l Activates lipoprotein lipase and LCAT

C-lll Inhibits lipoprotein lipase
D Acts on cholesteryl ester transfer protein to facilitate the movement

of cholesteryl esters from HDL3 to other lipoproteins
E Directs binding of chylomicron remnants to hepatic lipoprotein
receptors
Table 1-2 Apolipoproteins: their functions.

Adapted from reference 7.

1.1.2.2.1 Apolipoprotein A

There are three main isoforms of apoA: apoA-l, apoA-ll and apoA-IV. These
apolipoproteins are not related, however, they often occur together in lipoprotein
fractions. The intestine is capable of synthesising all the apoA proteins but only apoA-|
and apoA-Il are synthesised in the liver. ApoA-l is the main apolipoprotein on HDL and
has been shown to be important in reverse cholesterol transport * Like apoA-l, apoA-Il
is also found on HDL and both these proteins act as cofactors for LCAT. The majority
of apoA-lV is free in plasma, however it is also found on chylomicrons and in small
amounts on HDL. Its function is not entirely clear, but may also act as an activator of

LCAT.

1.1.2.2.2 Apolipoprotein B

ApoB is predominantly found on chylomicrons, VLDL and LDL. There are two
isoforms: apoB-48 and B-100 ApoB-48 is produced by intestinal cells and
incorporated into chylomicrons In contrast, apoB-100 is produced by the liver and
incorporated into VLDL Both isoforms are products of the apoB-100 gene; apoB-48
is produced by a specific enzyme, apo Bee, which edits the messenger RNA to
introduce a stop codon Unlike the other apolipoproteins, apoB is not exchanged
between lipoproteins. ApoB is an integral component of VLDL, IDL and LDL, and
functions as a ligand for the LDLR and LRP Both apoB isoforms are essential for

plasma triglyceride and cholesterol metabolism
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1.1.2.2.3 Apolipoprotein C

There are three main forms of apoC: apoC-l, apoC-li and apoC-lll ’. They are
present on HDL from where they can be transferred to VLDL and chylomicrons.
ApoC-l is an activator of LCAT and also binds phospholipid 7, while apoC-ll is an
essential activator of lipoprotein lipase 7. ApoC-lll is the most abundant of the C-
apolipoproteins, and appears to have an inhibitory effect on the hydrolysis and
clearance of chylomicrons and VLDL via lipoprotein lipase ’.

1.1.2.2.4 Apolipoprotein D
ApoD acts on CETP to facilitate the movement of cholesteryl esters from HDL
to other lipoproteins ’.

1.1.2.2.5 Apolipoprotein E

ApoE is predominantly synthesised by hepatocytes and intestinal cells;
however, it is also synthesised by a wide range of peripheral cells including brain and
macrophages “°. It exists in three major isoforms apoE2, apoE3 and apoE4, and is
involved in the hepatic uptake of chylomicron and VLDL remnants via members of the
LDL receptor family. The different isoforms have different affinities for the receptors
and contribute to variations in lipoprotein levels within a population **. The most
common phenotype is apoE3; apoE3 is therefore considered to be the wild-type form
of the protein, with apoE2 and E4 as variants *°. ApoE2 is the rarest variant and is
associated with recessive forms of type lll hyperlipoproteinaemia due to defective
receptor binding *°*. ApoE4 displays normal receptor binding but is a risk factor for
restenosis °' and is implicated in the pathogenesis of Alzheimer’s disease *.

1.1.3 Basic structure of blood vessels

All blood vessel walls except for the very smallest (capillaries) are composed of
three concentric layers or tunics of tissues. These surround the vessel lumen and
have different functions, which shall be briefly explained. A typical diagram of a large
artery is shown in Figure 1-4.

1.1.3.1 Tunica intima

The innermost layer is known as the tunica intima. This layer is in intimate
contact with circulating blood contained in the lumen of the artery. The intima contains
a continuous layer of squamous endothelial cells, the endothelium, which forms a
smooth surface reducing friction as blood flows through the vessel. A subendothelial
layer is also present in blood vessels greater than 1 mm in diameter. The
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subendothelium is a layer composed of loose connective tissue and smooth muscle
cells, both of which are arranged longitudinally. Beneath the subendothelium is the

internal elastic lamina, which separates the tunica intima from the tunica media *.

1.1.3.2 Tunica media

The central or middle layer is known as the tunica media, which consists of
circularly arranged smooth muscle cells and a stromal network of elastic fibres,
collagen and proteoglycans. Large muscular arteries such as the aorta have an
external elastic lamina, which separates this layer from the tunica adventitia >

1.1.3.3 Tunica adventitia

The outermost layer of the blood vessel wall is called the tunica adventitia. This
layer is composed of fibroblasts, collagen fibres and longitudinally arranged elastic
fibres. The adventitia is penetrated by nerve fibres and, in larger blood vessels, a
system of tiny capillaries known as vasa vasorum, which literally translated means
‘vessels of the vessel. The vasa vasorum function to nourish the cells located in the

media and adventitia, whilst the intima obtains nutrients directly from circulating blood
53

Atherosclerosis affects all layers of the vessel wall, the intima most severely
and the adventitia least. This suggests that the intima has greater exposure to
initiating factors. It is therefore pertinent to look at the endothelium in more detail.

1.1.4 The endothelium

The entire circulatory system is lined with a continuous single cell thick
membrane, known as the endothelium. This is made up of a layer of flattened,
elongated tear shaped cells with oval nuclei. The long axes of these cells are arranged
parallel to the direction of blood flow. The endothelium was once believed to be a
functionally inert semi-permeable membrane; however, this is far from the truth.

In health, the vascular endothelium forms a multifunctional interface between
circulating blood and various body organsi/tissues. It provides a selectively permeable
barrier for macromolecules, as wells as a non-thrombogenic and non-adhesive
container that actively maintains the fluidity of the blood and the vessel tone *. As
endothelial activation is thought to be an important primary event in atherogenesis it
will be discussed in more detail below.
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Figure 1-4 A schematic diagram of a normal large artery

A large artery consists of three concentric layers of tissue. The intima, the innermost
layer is composed of a monolayer of endothelial cells. The media, the middle layer,
consists of smooth muscle cells. The adventitia, the outermost layer, consists of

fibroblasts, collagen fibres and longitudinally arranged elastic fibres.
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1.1.4.1 Endothelial activation

Endothelial activation is a pivotal process in the chronic inflammation that
typifies atherogenesis, as it modulates mononuclear cell adhesion and plays an
important role in the initiation, progression and clinical emergence of the disease. The
progression of atherosclerosis or atherogenesis may be viewed as a ‘response to
injury
damage to the endothelium. Rather, the endothelium becomes ‘primed’ by activating

* %It must be noted that the word ‘injury’ does not necessarily imply physical

15

species Elevated plasma lipoproteins and other components associated with

coronary artery disease (CAD) risk may be considered putative ‘activating species’
1908 Examples of potential atherogenic activating species include
hypercholesterolaemia, by-products of cigarette smoke, glycosylated products
associated with diabetes or ageing, altered blood dynamics, oxidative stress (including
oxygen species, free radicals and oxidised lipids) and infection with viruses or bacteria
(Figure 1-5) “'°. Indeed, in vivo and in vitro studies have observed that all of these

56-60

factors can increase the expression of adhesion molecules (Section 1.4) and

chemokines (Section 1.6) &%

necessary for leukocyte recruitment (Section 1.3) and
may enhance the permeability of the endothelium to macromolecules such as LDL.
Furthermore, the ‘injury’ also induces the endothelium to have pro-coagulant rather
than anti-coagulant properties and to produce cytokines and growth factors '. If the
injurious agent is not effectively removed, then the inflammatory response continues
unabated and atherogenesis is initiated '°. Equally, monocytes once in the
subendothelial space can produce cytokines, matrix degrading enzymes and oxidising

species, which can maintain/exacerbate the inflammatory response (Section 1.1.5).

1.1.5 Pathogenesis of atherosclerosis

The formation of atherosclerotic plagque involves the focal accumulation of
lipids, macrophages, T-lymphocytes, smooth muscle cells and extracellular matrix in
the intima of large arteries °. Table 1-3 illustrates the classifications of the various
types of lesions found during the progression of atherosclerosis. One of the earliest
detectable events in human and experimental atherosclerosis is the increased
expression of adhesion molecules by the ‘activated’ endothelium (Section 1.1.4.1).

This is followed by the accumulation of macrophages in the arterial wall *%%

, @ process
that involves adhesion of circulating monocytes (Section 1.3) to the endothelium, their
transendothelial migration, and differentiation into tissue macrophages *. Once in the
subendothelial space, the macrophages ingest modified LDL via scavenger receptors
(Section 1.9.2) . Lipid uptake via this route is not regulated, the macrophage

accumulates excessive amounts of lipoprotein cholesterol, and is transformed into
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lipid-laden macrophage foam cells (Section 1.9.2) *°*. Macrophage derived foam cells
can produce cytokines, growth factors and matrix metalloprotease enzymes
contributing to the development of the lesion. Monocyte/macrophages are, therefore,
considered to have a central role in atherogenesis.

Each characteristic atherosclerotic lesion (Table 1-3) represents a different
stage in a chronic inflammatory process in the artery and, that will if unabated and
excessive, result in advanced complicated lesions '°. The fatty streak is the earliest
lesion of atherosclerosis and consists of areas of focal intimal thickening produced by
the accumulation of lipid-laden macrophage foam cells, surrounded by the extracellular
matrix and containing a variable number of T-lymphocytes (Figure 1-6). These lesions
are not clinically significant but are the precursors of more advanced lesions. Fatty
streaks are predominantly localised to the aorta in the first decade of life, in the
coronary arteries in the second decade and the cerebral arteries in the third or fourth
decade '. They tend to develop in specific arterial sites, at regions of low shear stress,
especially in areas of arterial branching or curvature where blood flow is disturbed ®¢.
Fatty streaks have the potential to progress into fibrous lesions. Foam cells die and
release their lipid content and smooth muscle cells migrate into the intima and enclose
the lipid rich necrotic core to form a fibrous cap (Figure 1-7). Fibrous lesions can
become increasingly complex, with calcification and haemorrhage from small
neovessels that grow into the lesion from the media of the blood vessel wall (Figure
1-8) ".
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Activating Species:

ACTIVATION
oxLDL Pathogens Oxidative  Cigarette Hypercho- Glycosylated Inflammatory
blood flow  stress smoke lesterolaemla end-products  Cytokines
o , . Growth factors
Leukocyte Altered Procoa®ant .hemoattractants
adhesion permeability (chemokines)
RESPONSE
Figure 1-5 Inflammation in atherogenesis: Endothelial activation
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Nomenclature Sequences in Main growth
and main progression mechanism
histology

Type 1(initial) lesion 1

isolated macrophage
foam cells.

Type Il (fatty streak) I
lesion mainly

intracellular lipid
accumulation. :
1]
Type Il (intermediate)
lesion. Type Il changes
and small extracellular
lipid pools. v
Type IV (atheroma)
lesion, Type Il changes
& core of extracellular :
lipid
........... \2 < —
Type V (fibroatheroma) Accelerated
lesion, lipid core & smooth
fibrotic layer, or multiple muscle
lipid cores & fibrotic and
layers, or mainly calcific, collagen
or mainly fibrotic increase
F "
Type VI (complicated) Thrombosis
lesion, surface defect, Haematoma
haematoma-
haemorrhage, thrombus
Table 1-3 Lesion pathology and classification.

Figure adapted from reference 67.
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Figure 1-6 A schematic diagram of a fatty streak lesion

The fatty streak initially consists of lipid-laden macrophage foam cells together with |-
lymphocytes. Later, smooth muscle cells migrate from the media and join the
inflammatory cells in the intima.
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Figure 1-7 A schematic diagram of a fibrous plaque

As fatty streaks progress to intermediate and advanced lesions, they form fibrous caps
that ‘wall off the lesion from the vessel lumen. This is composed of smooth muscle
cells, which migrate into the intima and secrete extracellular matrix. @ Monocytes
continue to enter the subendothelial space and eventually become lipid-laden foam
cells. The death of macrophage foam cells leaves behind a growing mass of
extracellular lipid and other cellular debris (necrotic core). The size of the lipid pool in
the core of the lesion and the thickness of the fibrous cap relates directly to the stability
of the atherosclerotic plaque. Lipid rich plaques with thin fibrous caps, containing an
increased number of inflammatory cells are known as vulnerable plaques. Plaques
can become weakened or vulnerable to rupture by the action of matrix
metalloproteases, especially in the shoulder regions.
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Thrombus formation

Necrotic core

Figure 1-8 A schematic diagram of a complex lesion

The fibrous cap can rupture exposing tissue factor and collagen in the necrotic core
leading to thrombus formation and obstruction of the artery. Thinning of the fibrous cap
is usually apparent at the shoulder regions of the lesion. This is due to the continuing
influx and activation of macrophages, which release matrix metalloprotease enzymes
at these sites. These enzymes degrade extracellular matrix and can cause
haemorrhage from the vasa vasorum or from the lumen of the artery leading to
thrombus formation. Acute myocardial infarctions and strokes are usually due to the
rupture of an atherosclerotic lesion in a coronary or carotid artery.
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1.2 Mouse models of atherosclerosis

Mice are useful experimental animals because of their small size, short
generation time, large litter size, easy maintenance and potential for genetic
manipulation. The main disadvantage of the mouse with regard to the study of
atherosclerosis is that they do not readily develop the disease: wild-type mice on a
chow (non-atherogenic) diet do not develop atherosclerosis **®. This is thought to be
a consequence of their low plasma cholesterol concentrations and protective
lipoprotein profile, which consists mainly of anti-atherogenic HDL *. However, the
mouse has two unique advantages compared to other mammals. Firstly, many inbred
strains exhibit genetic variations relevant to lipoprotein metabolism and altered
susceptibility to atherosclerosis e.g. C57BL/6J (Section 1.2.2) ®. Secondly, the
construction of transgenic and gene targeted (knockout) animals is more advanced in
the mouse than in any other animal ®. This allows the genes involved in lipoprotein
metabolism and disease pathogenesis (Section 1.1.5) to be manipulated. At present,
mice have been generated with a wide range of lipid profiles, which mimic normal and
abnormal human lipoprotein profiles, and these have been widely adopted as useful
models of atherosclerosis. Genetically modified mice, such as the apoE™, apoE*3
Leiden transgenic and LDL receptor”, develop lesions which are histologically similar
to those found in human coronary arteries (Table 1-6). Indeed, these mice have been
used for exploring the role of other genes implicated in atherosclerosis "*7°. Table 1-4
outlines the major differences and similarities in atherogenesis and lipoprotein
metabolism in humans and mice.
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Mice
On a normal chow diet, the majority of plasma
cholesterol is transported in HDL (mice lack
CETP
On an atherogenic diet, the majority of plasma

cholesterol is contained in the VLDL fraction -
generation of p-VLDL.

Liver and intestine can edit apoBIOO to apoB48
Most murine models develop atherosclerosis due to
hyperlipidaemia.

Extreme cholesterol levels seen in apoE™, LDLR™
and apoE*3 Leiden mice fed atherogenic diets.
Mouse knockout experiments are the genetic
equivalent of recessively inherited conditions in
humans.
Mutations in single genes

can cause

atherosclerosis in mice e.g. apoE*3 Leiden mice

Lesion distribution is predominantly in the aortic
arch where particular haemodynamic conditions
may exist (mice use 4 legs)

Development of lesions can be mapped from initial
insult to fibro-fatty lesion

Plaque rupture and thrombosis is not a common
feature of mouse atherosclerosis. This feature is

only observed after extended feeding of

atherogenic diets to apoE'»" and LDLR"A" mice

Humans

The majority of plasma cholesterol is carried in the

LDL fraction (HDL exchanges CE for TG in VLDL).

Editing of apoBIOO only occurs in the intestine.
Hyperlipidaemia is only one of the many risk factors
for atherosclerosis.

Extreme cholesterol levels would be rarely
observed in humans. Also being completely null for
the apoE or LDLR gene is rare and therefore these
types of conditions only make a small contribution
to total human burden of atherosclerosis.

Pattern of inheritance of atherosclerosis in humans

is more compatible with polygenic inheritance - a

combination of multiple small changes in gene
function.
The distribution of lesions in humans is

predominantly in the abdominal aorta.

Biopsy and autopsy material used. Initiating factors
are therefore difficult to determine.

Plaque rupture and thrombosis are major problems
in human atherosclerosis leading to myocardial

infarction and stroke.

Mice and humans are genetically quite similar, since they carry, with few exceptions, the same set of

genes to control lipoprotein metabolism

Rubin and Smith compared the results of various genetic manipulations on atherosclerosis in mice to see

what would be predicted to occur in humans.

mouse result and the predicted human result

Table 1-4
metabolism

40

They found complete agreement between the observed
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1.2.1 Diets

Prior to the development of atherosclerosis prone genetically modified mice,
many studies were performed using in-bred mice fed chow-based diets supplemented
with varying amounts of saturated fats, cholesterol and sodium cholate ®%. Of these,

3487 is frequently

the semi-synthetic diet developed by Beverley Paigen and colleagues
used to accelerate lesion development in in-bred mice, and genetically modified
strains. The diet typically contains cholesterol (usually 1%) and cocoa butter (15%) as
the major fat source as well as sodium cholate (0.5%). The high levels of cholesterol
and sodium cholate are primarily required to accelerate disease development *.
Although fatty streak lesions still occur if lower cholesterol and sodium cholate levels

are used, however, the feeding period must be extended considerably *.

Before the Paigen diet was developed, non-defined diets were used in
laboratory mice. Commercial pelleted rat chow (4% fat) served as the low fat control
diet and a mixture of the Thomas-Hartroft diet (30% cocoa butter, 5% cholesterol & 2%
sodium cholate) and the rat chow, served as the atherogenic diet (1 part Thomas-
Hartroft diet and 3 parts breeder chow; 15% fat, 1.25% cholesterol & 0.5% sodium
cholate) . As the chow was made from natural products, the exact amount and the
source of the fat, carbohydrate and protein was undefined. Therefore, the composition
from batch to batch varied markedly. These differences could affect experimental
results and so Paigen’s group set out to formulate a diet of defined composition that
would produce aortic lesions 3.

Paigen’s group compared 8 synthetic diets ®. They investigated the effects by
varying the concentration of cocoa butter or cocoa oil, glucose or sucrose whilst
keeping the cholesterol (1.25%) and sodium cholate (0.5%) levels constant. These
experimental diets were compared with the control atherogenic diet (Thomas-Hartroft
diet and breeder chow; 1:3). A combination of cocoa butter (15%) and sucrose (50%)
was found to be the most effective. Only mice receiving this diet had lesion
development, depressed HDL-C and elevated VLDL/LDL levels similar to those fed the
control atherogenic diet 2.

Importantly, Nishina et al observed that these semi-synthetic diets produced

fewer pathological changes in the liver and decreased gallstone formation *%.

Many
investigators have based the composition of their atherogenic diets on the Paigen diet,
but have varied the amount of cholesterol and sodium cholate present (Table 1-5). For

example, Groot et al * used a low fat/cholesterol diet (6.2% fat, 0.01% cholesterol), a
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high fat/cholesterol diet (15% fat, 0.25% cholesterol), and a severely atherogenic diet
(15% fat, 1% cholesterol and 0.5% sodium cholate) to investigate lesion development

in apoE*3 Leiden mice (Section 1.2.5).

Nishina et al * also observed that the type of saturated fat included in the diet
markedly influenced lesion development. Diets rich in monounsaturated and
polyunsaturated fats decreased plasma cholesterol whereas diets high in saturated fat

were positively correlated to plasma cholesterol levels

Diet % Fat (w/w) % Cholesterol % Cholate (w/w)
(wiw)
Low fat/low cholesterol (LFC) 4 to 6.2% 0.01%
Western’ type diet 21% 0.25% -
High fat/cholesterol 15% 0.25 to 1.25%
(MFC)
High fat/high 15% 1% 0.5%

cholesterol/cholate (HFC/C)

Table 1-5 Typical compositions of experimental diets

1.2.2 C57BL/6J mouse

The inbred mouse strain, C57BL/6J develops hypercholesterolaemia, and aortic
and coronary fatty streak lesions, when maintained on a HFC/C diet (Table 1-6)
In general, lesion development in this model occurs first at the base of the aortic sinus
and then progresses upwards towards the valve attachments (type I) and free aortic
wall (type Il). After 5 to 7 week of diet challenge, type | fatty streaks are evident at the
base of the aortic sinus and after 9 to 11 weeks type Il lesions have developed
After 12 months consumption of this diet, sizeable fatty streak lesions have developed,
but remain confined to the aortic origin Fatty streaks have also been observed, but

to a lesser extent, in the ascending aorta

Although C57BL/6J mice have been widely used in atherosclerosis research
and initially provided promising results, there are a number of disadvantages inherent
to this model. Firstly, atherosclerosis is limited to the fatty streak stage and therefore it
can only be viewed as a model for the very early events in atherosclerosis
Secondly, extended periods of time (> 3 months) are required for the development of

these small lesions.
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1.2.3 LDL receptor knockout mouse (LDL receptor™)

The LDL receptor provides cells with lipoprotein cholesterol, especially
hepatocytes, and cells within the adrenal glands, ovaries and testes. These cells
require large amounts of cholesterol for the synthesis of bile acids and steroid
hormones. The LDL receptor plays an essential role in cholesterol homeostasis
(Section 1.1.2.1.4). Both IDL and LDL accumulate in the plasma of patients with
familial hypercholesterolaemia, who have dysfunctional LDL receptors ’.

LDL receptor-deficient mice consuming a non-atherogenic diet have elevated
levels of plasma IDL and LDL %. These changes are not sufficient to cause
atherosclerosis, however, when fed a ‘Western’ type diet (Table 1-5) these mice
develop lipid-rich, necrotic lesions ®. LDL receptor” mice are mainly used to study
atherosclerosis in the context of hyperlipidaemia. This condition can be reversed in
mice by inoculating them with an adenovirus containing the LDL receptor gene *°.

1.2.4 ApoE knockout mouse (apoE™)

ApoE is a component of chylomicrons and very low-density lipoprotein
remnants and functions as a ligand for receptor-mediated uptake of these particles
from the blood by the liver *°. In mice and humans, the apoE gene is one of the major
genes determining plasma lipid levels and the importance of this apolipoprotein is well
illustrated in familial dysbetalipoproteinaemia (FD), whose underlying cause is one of
the several mutations in the apoE gene (usually apoE2) resulting in the production of
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dysfunctional apoE or its absence from plasma Individuals with FD are

characterised by marked increases in remnant lipoproteins, the presence of B-VLDL

and develop premature atherosclerosis “>°'.

Mice deficient in apoE have a severely altered lipoprotein profile showing a very
high level of atherogenic VLDL, which induces extreme susceptibility to atherosclerosis
(Table 1-6). When fed a normal chow diet, fatty streak lesions develop after 10 weeks
of age and by 15 week old complex lesions characterised by a fibrous cap and necrotic
core can be seen %% Qiao et al *® noted that aortic lesions in apoE knockout mice
after twenty weeks on a normal diet were more than ten times larger than those seen in
C57BL/6J mice maintained for thirty weeks on an HFC/C diet. ApoE™ mice develop
extensive lesions throughout the aortic tree, at similar atherosclerosis prone sites as
observed in human atherosclerosis . Furthermore, lesions in the apoE™ mice appear
to resemble human lesions, in that they progress from fatty streaks through to
fibroproliferative lesions, with thick fibrous caps *.
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Recently, attention has focused on the role of macrophage-derived apoE.
Lesion macrophages express apoE, and macrophage apoE synthesis and secretion is

% Studies have

up-regulated in vivo by intracellular cholesterol accumulation
indicated that apoE plays a role in cholesterol efflux, reviewed in *® and that the
synthesis of apoE by macrophages in the vessel wall may pro or anti-atherogenic
effects ¥*°. ApoE’ mice may also be a model for lipoprotein oxidation: oxidation
specific epitopes have been observed in their atherosclerotic lesions and their plasma

contains high titres of autoantibodies to oxidized LDL "%'**,

1.2.5 ApoE*3 Leiden transgenic mouse

ApoE*3 Leiden is a human dysfunctional apoE variant, which is characterised
by a tandem duplication of codons 120 through 126 in the apoE gene '®.
Consequently, the protein has an extra seven amino acids. The additional amino acids
present in apoE*3 Leiden are responsible for an alteration in LDL receptor binding in
vitro '®, and leads to impaired clearance of VLDL and chylomicrons from the blood by
the liver. Individuals with this mutation develop type Il hyperlipoproteinaemia, which is
characterised by an increase in plasma cholesterol and triglyceride, due to the
accumulation of chylomicron and VLDL remnants. The presence of a single apoE*3
Leiden allele is associated with a dominantly inherited form of FD '°'®*. This may be
due to the high affinity of the dysfunctional apoE*3 Leiden protein for triglyceride-rich

lipoproteins which results in delayed clearance of these particles from the circulation
106

Transgenic mice with an apoE*3 Leiden — apolipoprotein Cl gene construct
develop hyperlipidaemia, comparable to the human condition, which can be greatly
enhanced by maintaining these animals on a HFC or HFC/C diet (Table 1-6) **'%.
Consequently, these animals develop premature atherosclerosis in the aortic root and
in the thoracic and abdominal aortae, which is proportional to cholesterol levels in
VLDL and LDL-sized lipoproteins *. The progression through the different stages of
atherogenesis in this model is similar to that seen in apoE” mice. Groot et al *
observed a 5 to 10-fold increase in lesion area when these mice were fed an
atherogenic diet compared to their non-transgenic littermates on the same regime.
Complex lesions, with an extracellular lipid core, covered by a fibrous cap are found

after three months exposure to this diet .
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The apoE*3 Leiden mouse model of atherosclerosis has been used in all
studies contained in this thesis. As with any animal model, there are a number of
advantages and disadvantages, and the reasons why this transgenic murine model
was chosen shall be discussed in more detail. ApoE*3 Leiden mice fed an atherogenic
diet will develop early and advanced atherosclerotic lesions in similar sites of

predilection as the human disease **°.

Fatty streak lesions develop in the intima and
contain macrophage foam cells, and a variable number of T-cells '”’. Thereafter, a
fibrous cap forms, while at later stages, a necrotic core, calcification and cholesterol
clefts are evident *'%. The lesions observed in these animal are well characterised
and contain adhesion molecules, oxidised epitopes, scavenger receptors and

macrophage foam cells #4809

. Thus, atherogenesis in apoE*3 Leiden mice seems to
involve the major pathophysiological features of the human disease. Importantly, the
development of atherosclerosis in apoE*3 Leiden mice is diet dependent, so that lesion
formation can be controlled by the type of diet administered and the duration of the
experimental period *. For this reason, our collaborators (GSK) have used them to test

108

established and novel hypolipidaemic compounds and anti-atherosclerotic

therapies.

However, apoE*3 Leiden mice develop less severe atherosclerotic lesions than
apoE™ and LDLR™ mice. This may be due to several reasons. For example, apoE™
mice do not require an atherogenic diet to drive lesion formation. Lesions will develop
gradually when these animals are fed a normal chow diet. One major drawback to
atherogenesis in the apoE™ model fed a chow diet is that it shows a lack of correlation
between total cholesterol and lesion size. This suggests that apoE deficiency has an
impact on atherosclerosis in ways not relating to serum cholesterol, which may be
related to the impact of apoE deficiency on cholesterol homeostasis at the vessel wall.
Furthermore, apoE*3 Leiden mice still synthesise functional endogenous apoE. As
lesional macrophages can synthesise large quantities of apoE '®, local arterial

production of apoE may attenuate atherosclerosis %%

Thus, the presence of
endogenous apoE synthesised by the liver, macrophages and other tissues makes the
apoE*3 Leiden mouse a useful model of atherosclerosis, as they allow the investigation
of atherosclerosis while macrophage function is undisturbed. Thus, apoE*3 Leiden

mice provide a useful model of hyperlipidaemia-induced atherogenesis.

The main disadvantage of the apoE*3 Leiden mouse model is the HFC/C diet
required to drive lesion formation. Other semi-synthetic diets such as the HFC diet
have been tested in the apoE*3 Leiden mice. However, lesion development is slowed
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down considerably and the length of study required to achieve a fibrous cap with
cholesterol core is approximately 30 weeks, whereas these lesions are seen after 12
weeks on a HFC/C diet Although formulated according to Nishina et a/ this diet
can induce hepatic inflammatory responses As controls, therefore, C57BL/6J
mice (non-transgenic littermates) consuming the same diet were used. These animals
will develop small fatty streak lesions after approximately 12 weeks consumption of this
diet. Thus, the use of these two strains of mice allowed investigation of whether
putative 'markers’ of disease progression and/or inflammation could discriminate
between groups of animals experiencing an identical dietary regime but possessing

differing degrees of hypercholesterolaemia and rates of atherogenesis.

Model Atherogenic Cholesterol level Lesion Type
Stimulus (diet)
C57BL/6J VLDL, IDL 200 to 300 mg/di Fatty Streak (aortic
(P-VLDL) (HFC/C diet) sinus)
LDL Receptor ™ IDL, LDL 1500 mg/dl (HFC/C Fatty streak,
(p-VLDL) diet) progressing to

necrotic core but
without fibrous
plaque. Lesions
develop throughout
the aortic tree

ApoE Chylomicron and 400 to 600 mg/dl Fatty streak,
VLDL remnants (P- (LFC) progressing to fibrous,
VLDL) throughout the aortic

tree especially at
branch points of major

vessels.
1500 to 2000 mg/dl Same pattern as for
(Western type diet) low-cholesterol, low-

fat diet, but with larger
lesions and faster
progression.

ApoE*3Leiden Chylomicron and 1600 to 2400 mg/dl Fatty streak
VLDL remnants (p- (HFCI/C) progressing to fibrous
VLDL) plaques develop

throughout the aortic
tree particularly at
branch points

Table 1-6 Characterisation of mouse models of atherosclerosis.

Adapted from reference 68.
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1.3 Mononuclear cell recruitment during atherogenesis

Endothelial activation (Section 1.1.4.1) in response to inflammatory stimuli,
triggers changes in endothelial adhesiveness by the localised up-regulation of cell
adhesion molecules and is a prerequisite for the selective and focal recruitment of
circulating monocytes and T-lymphocytes %1% |t has been estimated that 80% of
cells in early lesions are monocyte/macrophages, whereas 10-20% are T-lymphocytes
"8 Initially, circulating mononuclear cells roll along the endothelium via transient
interactions with members of the selectin family (Section 1.4.1). Selectins considerably
slow down the speed of the cell and allow it to sense the presence of locally secreted
chemokine gradient (Section 1.6). Binding of chemokines to a receptor on monocytes
triggers integrin conformational changes and increases the strength of integrin binding
to members of the Immunoglobulin gene SuperFamily (IgSF) '"". Figure 1-9 depicts the
process of monocyte recruitment during atherosclerosis.

1.4 Adhesion molecules

The attachment of leukocytes and their subsequent transmigration into the
subendothelial space is mediated by specific adhesion molecules expressed on the
endothelial cell membrane '"®'?°. Endothelial adhesion molecules belong mainly to two
protein families, namely the IgSF and the selectins. Each family has a distinct function
and provides ‘traffic signals’ for leukocytes. Their expression is up-regulated in
response to pro-inflammatory cytokines such as interleukin-1p (IL-1p), interleukin-4 (IL-

4) and tumour necrosis factor-o. (TNF-a) '2'12?

. Expression of adhesion molecules on
unactivated endothelium is either absent, or at basal levels. Immunohistochemical
studies of both experimental and human atherosclerotic lesions have demonstrated
increased expression of adhesion molecules Vascular Cell Adhesion Molecule-1
(VCAM-1) '?*'2* InterCellular Adhesion Molecule-1 (ICAM-1) '®'% and E and P-

selectin 125177

1.4.1 Selectins

Leukocyte adhesion to the activated endothelium starts with the capture of cells
from the bloodstream. The selectins mediate the initial attachment to the vessel wall
through transient adhesions, which causes leukocytes to roll slowly in the direction of
blood flow. Selectins have a characteristic extracellular domain composed of an
amino-terminal lectin domain that binds carbohydrate ligands, an epidermal growth
factor domain, and two to nine short consensus repeat (SCR) units homologous to

9

domains found in complement proteins '*°. Members of this family include P-, E- and

L-selectin.
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Figure 1-9 Process of monocyte recruitment

Monocytes are attracted to sites of inflammation by the presence of a chemotactic
gradient (A). Initially, they roll along the endothelium, a process mediated by members
of the selectin family of adhesion molecules (not shown). Chemokines present on the
artery wall engage specific G-protein receptors (chemokine receptors) expressed on
the monocyte (not shown). This initiates conformational changes in the integrin
molecules expressed on the surface of the monocyte, and mediates firm adhesion to
their endothelial counter-receptor, VCAM-1 or ICAM-1 (B). This causes the monocyte
to come to a halt and to migrate via the aid of platelet-endothelial cell adhesion
molecule-1 (PECAM-1) into the subendothelial space (C + D). Once within the intima,
the monocyte differentiates into a tissue macrophage (E). During the inflammatory
process, the endothelium can release truncated, but functional adhesion molecules into
the blood. Chemokines are also secreted directly into the circulation or presented by
proteoglycans on the artery wall to attract further mononuclear cells to the inflammatory
site. Adapted from reference 128.
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1.4.1.1 P-selectin

P-selectin (CD62P), previously named Platelet Activation Dependent Granule
External Membrane protein (PADGEM), has nine SCR domains and acts as a receptor
for neutrophils and monocytes. It is found in a pre-formed state co-localised with von
Willebrand factor in Weibel-Palade bodies of endothelial cells and alpha granules of
platelets '*°, and can be rapidly translocated to the membrane within minutes of cell
activation. P-selectin interacts with P-selectin glycoprotein ligand-1 (PSGL-1) its major

co-receptor which is expressed on monocytes.

1.4.1.2 E-selectin

E-selectin (CD62E), previously known as Endothelial Leukocyte Adhesion
Molecule-1 (ELAM-1), has six SCR domains ' and binds to leukocytes expressing
sialyated Lewis antigens, including neutrophils, monocytes and T-cells. E-selectin is
rapidly induced on activated endothelium and mediates a stronger interaction than P-
selectin with carbohydrate ligands such as sialyl Lewis X or PSGL-1 on monocytes '*°.

1.4.1.3 L-selectin
L-selectin (CD62L) has two SCR domains and was originally described as a
lymphocyte ‘homing receptor involved in the initial attachment of lymphocytes to

129

endothelial cells in lymph nodes However, L-selectin is widely distributed on

leukocytes, and contributes to both lymphocyte and neutrophil entry into inflammatory

129

sites '“". Cell activation by chemokines, or phorbol esters, down regulates L-selectin

expression on cells, by shedding the soluble form of this molecule into the plasma "',

1.4.2 Immunoglobulin gene superfamily

Selectin-mediated adhesion does not lead to firm adhesion and transmigration
of leukocytes unless members of the IgSF are involved. Following integrin activation,
leukocytes adhere strongly to members of this superfamily and then flatten before
extravasation can take place. IgSF members are characterised by the presence of
multiple immunoglobulin-like domains. Members of this family include VCAM-1, ICAM-
1 and PECAM-1. Leukocyte co-receptors for this family are the integrins,
heterodimeric proteins consisting of non-covalently-linked alpha and beta units.

14.2.1 VCAMA1
VCAM-1 (CD106) exists predominantly as a seven-domain transmembrane

132,133

glycoprotein (Figure 1-10) Domains 1-3 are homologous to domains 4-6

indicating an intergenic duplication event in the evolutionary history of the gene.
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Alternative splicing can lead to the addition, or deletion of domains, generating minor

isoforms "2,

In humans, an alternatively spliced six-domain form exists, the fourth
domain being absent '**. An identical six residue sequence found on domains one and
four, is critical for VLA-4 binding '*. In rabbits, an eight domain variant form has been
reported '*; and in mice an additional and unique truncated three-domain form with
glycophosphatidylinositol (GPI) linkage has been described '**. VCAM-1 expression is
absent on resting cells, but is induced by endothelial activation (Section 1.1.4.1) and is
involved in the transmigration and localisation of monocytes and lymphocytes, but not
neutrophils, at sites of inflammation. Leukocyte recruitment is mediated by the
interaction between VCAM-1 and its counter receptor, the B-1 integrin, very late
antigen-4 (VLA4, CD49d/CD29, a4p1) which is found on lymphocytes, monocytes,

eosinophils and basophils '¥'.

1.4.2.2 ICAM-1

ICAM-1 (CD54) exists as a five domain transmembrane glycoprotein (Figure 1-
10) "8 It promotes adhesion of monocytes, neutrophils and lymphocytes via the
interaction with the B, integrins, leukocyte function associated molecule-1 (LFA-1,
CD11a/CD18, o B;) which binds to extracellular domain 1 '*¥ and Mac-1
(CD11b/CD18, omB2), which binds to the third extracellular domain '*°. ICAM-1 is
expressed weakly under resting conditions in vivo, but is induced upon endothelial
activation (Section 1.1.4.1).

1.4.2.3 PECAM-1

PECAM-1 (CD31) is expressed in large amounts on endothelial cells at
intercellular junctions, on T-Cell subsets, platelets, monocytes and neutrophils.
PECAM-1 is required for transendothelial migration of leukocytes through intercellular
junctions of vascular endothelial cells by inducing PECAM-1-PECAM-1 (homotypic)
adhesion. It may also induce integrin activation, and is itself phosphorylated in the
cytoplasmic domain following activation '8,

1.5 Adhesion molecules and atherosclerosis
Levels of certain adhesion molecules, in particular VCAM-1, ICAM-1, E- and P-

124-127,140 In

selectin are elevated in human or experimental atherosclerotic lesions
particular, VCAM-1 is thought to contribute to early lesion development in animal
models, because its expression has been detected focally on endothelial cells, where

monocytes first accumulate. For example, VCAM-1 was observed in rabbits after just
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one week on an atherogenic diet and appeared to be an early indicator of initiation of
atherogenesis *°. ApoE” mice, prone to the development of hyperlipidaemia and
atherosclerosis, express VCAM-1 and ICAM-1 at aortic sites predisposed to lesion
formation ''2'*!. Recently, Zibara et a/ '*? found that endothelial VCAM-1 was highly
expressed over fatty streak lesions and was decreased on fibro-fatty and complex
lesions in apoE™ mice.

Interestingly, VCAM-1 expression is largely restricted to lesion and lesion prone
sites, whereas ICAM-1 appears to be constitutively expressed in all regions of the aorta

including lesion-protected areas '+

. This would suggest different roles for VCAM-1 and
ICAM-1 during atheroma development. Mice deficient in VCAM-1 have major
developmental abnormalities, which have hindered attempts to study the role of this
protein in atherogenesis "**'*®. However, blocking VLA-4 (VCAM-1 co-receptor) by the
continuous administration of an anti-VLA-4 peptide decreases leukocyte entry and fatty

t 7. Recently, Cybulsky et al "',

streak lesion formation in mice consuming HFC/C die
generated a homozygous VCAM-1 domain 4 knockout mouse on an LDL receptor™
background (VCAM-1°4?®?/ DL receptor”). Domains 1 and 4 contain VLA-4 binding
sites; these mice therefore, have only one ligand-binding site (Section 1.4.2.1).
Interestingly, these animals express markedly reduced levels of VCAM-1 mRNA and
protein (less than 10% of wild-type) and as a consequence have reduced foam cell
formation throughout the aorta. Similar results have been obtained when the apoE™

model was used as the background strain .

ICAM-1, P-selectin and E-selectin deficient mice have been generated on an

apoE™ background 7°'4°

. These animals also develop smaller atherosclerotic lesions
than controls indicating a possible role for these adhesion molecules in atherogenesis.
However, it must be noted that some investigators have reported that ICAM-1
deficiency did not affect the development of atherosclerosis. For example, Cybulsky et
al ™" found that ICAM-1 deficiency on an LDL receptor’” background did not influence

foam cell formation either alone or when combined with VCAM-124P/P40,

Analysis of human atherosclerotic lesions has revealed that, as the disease
develops, a number of cell types present within the lesion express adhesion molecules.
These include endothelial cells, vascular smooth muscle cells and macrophages '®. In
advanced lesions, expression of E-selectin, ICAM-1 and VCAM-1 were more prevalent
in the deeper portions of the plaque, in areas of neovascularisation, rather than on

arterial lumenal endothelium. O’Brien et al '*° observed a strong correlation between
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Figure 1-10 Structures of VCAM-1 and ICAM-1

VCAM-1 and ICAM-1 are members of igSF characterised by repeated domains similar
to those found in immunoglobulins (lg), in the extracellular, amino terminal portion of
the molecule. Each Ig-like domain is usually encoded by a discrete exon and consists
of a primary sequence of 70-110 amino acid residues arranged in a p-barrel stabilized
with a disulphide bridge to form an Ig fold’. The extracellular portion is N-glycosylated.
Both ICAM-1 and VCAM-1 have a transmembrane region and a short cytoplasmic tail.
Adapted from www.rndsvstems.com
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macrophage accumulation and VCAM-1 expression on neovasculature and on non-
endothelial cells in established atherosclerotic plaques '*°. Therefore, this suggests
that VCAM-1 may mediate the recruitment of monocytes to sites located deep within
the lesion via neovessels. Furthermore, after endothelial penetration, monocytes must
be retained in the intima to exert their pathological role in atherogenesis. This may
involve adherence to activated smooth muscle cells expressing VCAM-1 '*', which may

encourage a more permanent residence of monocytes in the lesion '*2.

E-selectin and
P-selectin were also detected in areas of neovascularisation, but no association was
found between expression of these molecules and the accumulation of macrophages
1% However, a significant correlation was observed between the degree of
macrophage infiltration and the prevalence of E-selectin and ICAM-1 on the arterial
surface. This observation was not true of VCAM-1 '*°. Thus, adhesion molecules
appear to be involved in the recruitment of mononuclear cells via the intima and

regions of neovascularisation.

1.6 Chemokines
Chemokines are an important group of secreted proteins that exhibit selective
chemoattractant properties for target leukocytes, thereby ensuring the correct

153 At least four

leukocyte is recruited, or activated, into sites of inflammation
subfamilies have been described based on the arrangement of the first two of four-
conserved cysteine residues '*°. In the CXC or alpha (o) subfamily, these two
cysteines are separated by a single amino acid, whereas in the CC or beta (B)
subfamily they are adjacent (Figure 1-11) '**. Members within each subfamily exhibit
25 - 70% sequence identity, while the amino acid identity between members of the
both subfamilies range from 20 - 40% '**. In general, the first cysteine residue forms a
disulphide bond with the third cysteine, and the second with the fourth, resulting in a
similar tertiary structure for many chemokines '**. However, the quatemnary structures
of members of these subfamilies are completely different '**. A diagram illustrating the
tertiary structures of the prototypical members of the each family, MCP-1 and
Interleukin-8 (IL-8) respectively is shown in Figure 1-12. Two chemokines that do not
fit into either the CC or the CXC subfamiles have been described: lymphotactin (C),
with only two rather than four cysteine residues, and fractalkine (CXXXC), a membrane
bound glycoprotein in which the first two cysteine residues are separated by three
amino acids. Lymphotactin and fractalkine could be representatives of two additional
chemokine subfamilies '*°.
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CC chemokines predominantly act as chemoattractants for monocytes and T-

193.1%6.157  whereas, CXC chemokines primarily induce the

153,156,157

cells, but not neutrophils

migration of neutrophils and not monocytes

1.6.1 CC chemokines

The CC subfamily of chemokines, in general, do not attract neutrophils, but act
with variable selectivity on monocytes, eosinophils, basophils and lymphocytes (Table
1-7) ¥®. The amino acids preceding the first cysteine residue of the CC chemokines
are of critical importance to their biological activity and leukocyte selectivity. The
function of MCP-1 can be altered dramatically, by adding or deleting one amino acid

158,159

near the N-terminus For example, the addition of an amino acid residue,

158

significantly reduces the ability of MCP-1 to chemoattract monocytes ™, while the

deletion of an amino acid residue changes MCP-1 from an activator of basophils to an

attractant of eosinophils '*°.

1.6.2 CXC chemokines

The CXC subfamily of chemokines can be further sub-divided into those that
contain the sequence glutamate-leucine-arginine (ELR), immediately preceding the first
cysteine residue, near the amino (N) terminus, and those that do not (Table 1-8). The
presence of this structural motif determines the ability of CXC chemokines to attract
and activate neutrophils, and promote angiogenesis. Chemokines lacking the ELR

sequence attract lymphocytes and inhibit angiogenesis '%%1%7:1¢,

1.6.3 Chemokine receptors

The biological activities of chemokines on target cells are mediated by
members of a superfamily of 7-transmembrane spanning G-protein coupled receptors
(Figure 1-13) "**'®' " G-protein coupled receptors are the largest known family of cell
surface receptors and mediate transmission of stimuli as diverse as hormones,
neurotransmitters, inflammatory mediators, taste and smell molecules '®'. To date, 18
human chemokine receptors have been identified and their nomenclature has been
assigned according to which chemokine subfamily they bind to '®'. Receptors that bind
to CXC chemokines are designated CXCR, and those that bind CC chemokines, CCR.
One exception, the Duffy antigen receptor complex (DARC), expressed on red blood
cells and endothelial cells, binds both CXC and CC chemokines. DARC does not
appear to be coupled to a G-protein and therefore the precise physiological role of this
receptor has yet to be elucidated '*'. However, it may function as a ‘sink’ for clearing

excess chemokines from the circulation, thereby maintaining a positive concentration
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gradient from tissues to bloo . Chemokines far outnumber their receptors, and for

this reason chemokine-receptor interactions may either be exclusive or promiscuous
117,160,163

1.6.4 Intracellular signalling by chemokine receptors
Intracellular signalling by chemokine receptors depends upon coupling to

161

heterotrimeric G-proteins composed of afiy subunits (Figure 1-13) ™'. G-proteins are

inactive when guanosine diphosphate (GDP) is bound to the G-protein subunit, but

161 For

they become active after exchange of GDP for guanosine triphosphate (GTP)
example, IL-8 induced activation of the CXCR-1 or CXCR-2 facilitates the exchange of
GDP for GTP on the G-protein. This subsequently allows the dissociation of Ga from
GBy subunits. The latter activates the membrane associated enzyme phospholipase C
which in tum cleaves phosphatidylinositol 4,5-bisphosphate to form
phosphatidylinositol 1, 4, 5-triphosphate (IP3) and diacyl-glycerol (DAG). DAG and IP;
are second messengers, which activate protein kinase C (PKC) and elicit the release of

intracellular calcium (Ca*") respectively.

After activation, chemokine receptors have altered sensitivity to repeated
stimulation with the same agonist(s) and become desensitised '®. This may involve
phosphorylation of the serine and threonine residues in the C-terminus of the receptor
by G-protein coupled receptor kinases and the subsequent binding of arrestin
molecules. Receptors are also sequestered by internalisation resulting in down
regulation of the receptor at the cell surface. Desensitisation and down-regulation may
be of critical importance in the ability of the cell to sense the presence of a

chemoattractant gradient '°'.
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cxc chemokine

cc chemokine

Figure 1-11 A diagram showing the arrangement of the conserved cysteine
residues in CC and CXC chemokines.

Chemokines can be separated into two major subfamilies based on whether the first
two of four cysteine residues are separated by an amino acid (CXC) or are adjacent

(CC). Adapted from
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MCP-1

Figure 1-12 Tertiary structures of MCP-1 and IL-8

Images representing the tertiary structures of two canonical chemokines (MCP-1 and
IL-8), taken from GATH website at www.biochem.ucl.ac.uk/bsm/cath_news.
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c-C

p-Chemokines

Chemokine and target cell Biological activity in vitro
Monocyte chemotactic protein-1 (MCP-1), Mouse JE
Monocles Chemotaxis, adhesion, superoxide release, arachidonic
T-cells acid activity, phagocytosis, killing
Mast cells Chemotaxis
Basophils Chemotaxis, histamine release
Stem cells Chemotaxis, histamine release leukotriene synthesis

Inhibited colony formation (CPU GM)
Monocyte chemotactic protein-2 (MCP-2)

Monocytes Chemotaxis

T-cells Chemotaxis

Mast cells Chemotaxis, histamine release

Eosinophils Chemotaxis

Monocyte chemotactic protein-3 (MCP-3)

Monocytes Chemotaxis, arachidonate activity

T-cells Chemotaxis

Mast cells Chemotaxis, histamine release

Eosinophils Chemotaxis

Dendritic cells Chemotaxis

Monocyte chemotactic protein-4 (MCP-4)

Monocytes Chemotaxis

T-cells Chemotaxis

Eosinophils Chemotaxis

Monocyte chemotactic protein-5 (MCP-5) mouse

only Chemotaxis

Monocytes Chemotaxis

T-cells Chemotaxis

Eosinophils

Eotaxin

Eosinophils Chemotaxis

Macrophage inflammatory protein-la (MIP-1a)

Monocytes Chemotaxis, respiratory burst

T-cells Chemotaxis, adhesion, collagenase release, tumour
cytotoxicity

B-cells Chemotaxis

Natural killer cells Chemotaxis, adhesion, tumour cytotoxicity

Mast cells Chemotaxis, histamine release

Eosinophils Chemotaxis, cationic protein release

Basophils Chemotaxis, histamine release

Dendritic cells Chemotaxis

Stem cells Inhibited colony formation (CFU-S)

Macrophage inflammatory protein-1p (MIP-ip)

Monocytes Chemotaxis

T-cells Chemotaxis, adhesion

Stem cells Antagonises anti-proliferative effects of MIP-1 a

Regulated on activation normal T-cell expressed and
secreted (RANTES)

Monocytes Chemotaxis
T-cells Chemotaxis, adhesion
Natural killer cells Chemotaxis
Eosinophils Chemotaxis, cationic protein release
Basophils Chemotaxis, histamine release
Dendritic cells Chemotaxis
1-309
Monocytes Chemotaxis
Table 1-7 CC chemokines, their target cells and biological activity

Adapted from reference 157.
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C-X-C

a-Chemokines

ELR containing chemokines and target
cells

Interleukin-8 (IL-8),
Neutrophils

T-cells
Natural killer cells
Kératinocytes
Basophils
Endothelial Cells
Growth related oncogene-a (GRO-a)/ Mouse KC
Growth related oncogene-p (GRO-P)/ Mouse MIP-2a
Growth related oncogene-y (GRO-y)/ Mouse MIP-2P
Neutrophils
Endothelial cells
Mouse macrophage inflammatory protein-2 (MIP-2)
Neutrophils
Epithelial cell derived neutrophil
(ENA-78)
Neutrophils
Granulocyte chemotactic protein-2 (GCP-2)
Neutrophils
Platelet basic protein (PBP)

Connective tissue activating peptide 111 (CTAP
111)

p-Thromboglobulin (P-TG)

Neutrophil activating peptide-2 (NAP-2)
Fibroblasts
Neutrophils

Non-ELR chemokines and target cells

activating peptide-78

Interferon-inducible protein of 10kd (IP-10)
T-cells

Natural killer cells

Endothelial cells

Monokine induced by interferon-y (MIG)
Monocytes

Activated T-cells

Natural killer cells

Platelet factor-4 (PF-4)

Monocytes

Neutrophils

Endothelial Cells

Stromal cell-derived factor-1 (SDF-1)
Lymphocytes

Monocytes

Table 1-8

Adapted from reference 157.
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Biological activity in vitro

Chemotaxis,
release, killing.
Chemotaxis
Chemotaxis
Mitogenesis
Chemotaxis, histamine release
Angiogenesis

adhesion, superoxide release, granule

Chemotaxis, adhesion, activation
Angiogenesis

Chemotaxis, adhesion, activation

Chemotaxis, activation

Chemotaxis

Chemotaxis
Chemotaxis

Biological activity in vitro

Chemotaxis, adhesion
Chemotaxis, cytolytic activity
Inhibits angiogenesis

Chemotaxis
Chemotaxis
Chemotaxis

Chemotaxis
Chemotaxis
Inhibits angiogenesis

Chemotaxis
Chemotaxis
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Figure 1-13 Chemokine receptor activation

G proteins contain a, p and y subunits and exist in either an inactive GDP-bound or an
active GTP-bound state. When a chemokine binds to its receptor, the GDP on the a
subunit is exchanged for GTP. This causes the Ga-GTP complex to dissociate from
the Py subunit and activate the appropriate enzyme such as phospholipase C. This in
turn can hydrolyze phosphatidyl inositol 4,5 bisphosphate (PIP2), a phospholipid in the
plasma membrane into the second messengers inositol 1,4,5-triphosphate (IP3) and
diacylglycerol (DAG). IP3 causes the rapid release of Ca** from intracellular stores,
whereas DAG activates protein kinase C. The system is controlled by an inherent
GTPase activity which causes the bound GTP to slowly hydrolyze back to GDP, such
that the a, p and y subunits reunite in the inactive GDP bound form (not shown). The
cascade nature of the pathway ensures that each bound chemokine can result in many
Ga-GTPs to generate an amplified response. Adapted from reference 117.
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1.7 Chemokines and atherosclerosis

Recently, the role of chemokines in atherogenesis have become the focus of
intense interest and discussion. This is primarily due to their ability to attract different
subsets of leukocytes, which has led to the proposition that they are key components in

156 In

the pathogenesis of diseases with characteristic leukocyte infiltrates
atherosclerosis, monocyte-macrophages and T-cells are the chief inflammatory cells
detected at all stages of the disease '°. Macrophages are the precursors of lipid-laden
foam cells and as a source of growth factors and inflammatory mediators are central to
atherogenesis *°. Thus, chemokines implicated in recruiting monocytes to artery wall
are thought to be key initiators of atherogenesis and, therefore, targets for drug

therapy.

1.7.1 Monocyte chemoattractant protein-1

As members of the CC chemokine subfamily predominantly chemoattract
monocytes and lymphocytes they are intrinsically linked to the mononuclear infiltrate
that characterises atherogenesis. Extensive experimental evidence supports the role
of the prototypical CC chemokine, MCP-1, in the recruitment of monocytes to
atherosclerotic lesions. Expression of MCP-1 is up-regulated in human atherosclerotic

165-167 167

lesions and is found in the arteries of rabbits '®” primates '® and transgenic mice

737518 consuming hypercholesterolaemic diets. Furthermore, monocyte transmigration
into the intima, has been found to correlate with MCP-1 expression, and is inhibited by
neutralising antibodies against MCP-1. Over-expression of the murine JE/MCP-1

transgene by leukocytes accelerates lesion formation in apoE™ mice '*°.

Equally,
absence of the murine homologue, JE/MCP-1 markedly reduces atherosclerosis in LDL
receptor’” mice consuming a high fat’high cholesterol diet ”>. MCP-1 deficiency also
reduces susceptibility to atherosclerosis in mice that over-express human apoB-100 7.
Similarly, absence of CCR-2, the major monocyte receptor for JE/MCP-1, reduces
monocyte migration '® and markedly inhibits lesion formation in apoE™ mice 7*'"".
However, while the absence of MCP-1 and/or CCR-2 can delay and diminish
atherosclerosis, it does not completely arrest the progression of this complex disease

process 74,75171

1.7.2 Interleukin-8

Interleukin-8 is the prototypical member of the CXC chemokine subfamily. As
this chemokine is a potent chemoattractant of neutrophils it was not envisaged that IL-8
would play a role in atherosclerosis. However, recent data implicates members of the
CXC chemokine subfamily in atherogenesis. In vitro studies have suggested that IL-8
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production and secretion by arterial cells is enhanced following incubation under pro-

atherogenic stimuli, including; cholesterol loading "%, oxidised LDL '™, oxysterols '™

' Furthermore, macrophages isolated from human

176

and inflammatory cytokines

atheromatous plaques show increased capacity to produce IL-8 and

immunoreactive IL-8, GRO-a and murine KC have been detected in macrophage-rich

177

areas of lesions However, despite the presence of IL-8 and the adhesion

molecules required for neutrophil recruitment (E-selectin, ICAM-1), few if any,

116

neutrophils are found in atherosclerotic lesions A possible explanation for this

paradox is that under certain conditions, IL-8 can inhibit neutrophil adhesion to cytokine

activated endothelium. Indeed, mice overexpressing human IL-8 have been shown to

8

have impaired neutrophil migration to inflammatory sites '’®. Furthermore, it has been

9

shown that the intravenous injection of IL-8 inhibits inflammation '°. This is maybe

due to the loss of the chemokine gradient needed for the attraction and transmigration

178

of leukocytes to sites of inflammation Alternatively, chronic high circulating

concentrations may induce receptor desensitisation and down regulation in leukocytes
(Section 1.6.4).

However, under certain conditions neutrophils are recruited to the vessel wall

and involved in arterial injury. Evidence suggests a role for neutrophils during

180-182

restenosis after percutaneous intervention and in experimental induced

183-185

arteriopathies For example, neutrophils accumulate in the tunica media

following the first few hours after balloon injury following percutaneous transluminal
) 183

coronary angioplasty (PTCA

186,187

and after myocardial injury as a result of an acute
myocardial infarction Recently, transient but significant rises in serum
concentrations of IL-8 were observed during the very early phase of acute myocardial

186

infarction Thus, IL-8 may be an important mediator in the development of

myocardial injury during acute myocardial infarction.

The contribution of IL-8 to atherogenesis is not yet fully elucidated. Studies in
vitro have established the ability of IL-8 to chemoattract lymphocytes and promote

neovascularisation of the cornea '%%'%°

These properties may be relevant for
lymphocyte recruitment into plaques, and neovascularisation of the intima. Recently,
however, an IL-8 receptor, CXCR-2, was discovered in macrophage-rich areas of
human atherosclerotic plaques '’. Furthermore, the murine homologue of CXCR2,
murine IL-8 receptor homologue (mIL-8RH), was also detected in macrophage-rich
areas of aortic lesions in LDL receptor” mice, consuming an atherogenic diet for

sixteen weeks. Significantly, the absence of this receptor (mIL-8RH™) in bone marrow
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derived peripheral blood leukocytes was associated with reduced lesion area, and
markedly reduced recruitment of miL-8RH positive and MOMA-2 (monocyte-
macrophage marker) positive cells '’ This implicates the CXCR2 chemokine receptor
in the recruitment of monocytes into atherosclerotic lesions. However, the effects of
receiving mIL-8RH” bone marrow were more pronounced at later stages of lesion
development in vivo, suggesting that this receptor may play a role in retention and
expansion of intimal macrophages, rather than in the initial process of monocyte
recruitment """ Other CXC chemokines that bind to CXCR-2, such as growth
related oncogene-a (GRO-a), may also be involved in atherogenesis; indeed
endothelial cell-bound GRO-a has been shown to promote monocyte adhesion "' and
both IL-8 and GRO-a are capable of inducing monocyte adhesion in vitro, particularly

under flow conditions %

1.7.2.1 Murine KC and MIP-2

Mice lack an IL-8 homologue '*® but have two GRO chemokines, KC and
macrophage inflammatory protein-2 (MIP-2), that interact with the murine equivalent of
the CXCR2, namely the mIL-8RH. The expression of KC, which shares 65% mRNA
sequence identity with human GRO-q, is regulated in a similar manner to human IL-8.
Thus, KC is up-regulated by pro-inflammatory cytokines, such as IL-1a., IL-1p and TNF-

162,194

a as well as bacterial lipopolysaccharide (LPS), and by oxidised LDL (oxLDL)

Furthermore, KC is a potent chemoattractant and activator of neutrophils 829,

causing the up-regulated expression of the B, integrin, Mac-1, on the surface of

162193195 and eliciting a respiratory burst in these cells '®2. KC has been

neutrophils
detected within atherosclerotic lesions in LDL receptor” mice consuming an
atherogenic diet '’’. MIP-2, which shares 60% mRNA sequence identity to human

GRO-B and GRO+y, is also a potent neutrophil chemoattractant and activator.

Interestingly, local expression of both KC and MIP-2 are elevated during hepatic

196,197

ischaemia-reperfusion injury Antibody neutralisation of these chemokines

significantly reduced hepatic neutrophil accumulation, oedema and tissue damage
198197 |t is tempting to speculate that neutralisation of these chemokines or their

human equivalents could reduce tissue damage during myocardial infarction.
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1.8 Transcriptional regulation of adhesion molecules and chemokines
1.8.1 Nuclear factor-kappa B

A possible link between risk factors for atherosclerosis and enhanced adhesion
molecule and chemokine expression is the nuclear factor-kappa B (NF-xB)
transcription factor pathway. Although adhesion molecules and chemokines are
structurally and functionally distinct, the genes for these molecules are induced at the
transcriptional level by this system ',

NF-xB consists of dimeric complexes of members of the Rel protein family of
which the heterodimer p50/p65 is the best characterised. In quiescent cells, NF-xB is
sequestered in the cytoplasm by the binding of an inhibitor from the inhibitor kappa B
family (IkB), to the p65 subunit of NF-xB. Upon activation of the cell, NF-xB inducing
kinase (NIK) phosphorylates the kB kinase complex which in turn phosphorylates kB
to signal its ubiquination and degradation (Figure 1-14). Degradation of IkB exposes a
nuclear localisation sequence on the p65 subunit of NFkB, which is then able to
translocate to the nucleus and bind to a specific promotional DNA sequence, thereby

influencing the transcription of NF-xB-dependent genes (Figure 1-14).

NF-xB and its inhibitor, IkB act in an autoregulatory mechanism. After removal of
the inflammatory stimulus, the IkB pool is replenished because NF-xB induces
expression of the gene for IkB. kB translocates to the nucleus and displaces the
transactivating form of NF-xB. The inactive NF-xB/IxB complex is transported back to
the cytoplasm, therefore reducing gene expression and returning the activated cell to
the resting state '®. In atherosclerosis, dysfunction of this control mechanism may
contribute to prolonged NF-kB activation and thus contribute to the changes in gene

expression during the disease '%.

The NF-xB system is activated by a variety of diverse pro-atherogenic stimuli
such as cytokines, bacterial LPS, oxidative stress, advanced glycosylation end
products and physical forces '*®. Conversely, antioxidants and other anti-inflammatory

agents are potent inhibitors of this system '%.

Atherosclerotic lesions contain many
molecules that can activate NF-xB, thereby enhancing the expression of genes for
monocyte recruitment. Indeed, there is increased expression of a variety of genes
regulated by NF-xB at sites of lesion formation including VCAM-1, ICAM-1, MCP-1 and
IL-8 "8, Recently, it was demonstrated that blocking NF-kB activity in endothelial cells,

using anti-sense oligonucleotides, inhibited ICAM-1 and MCP-1 expression '*°.
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Activated NF-xB has been identified in-situ in smooth muscle cells, macrophages and

0

endothelial cells of atherosclerotic lesions %°°; activated NF-xkB was not evident in

vessels obtained from healthy controls 2%

. Interestingly, a correlation exists between
pro-atherogenic agents and NF-xB activation, and anti-atherogenic factors and
stabilisation of the system, again suggesting that NF-xB may play a key role in

switching on genes involved in atherogenesis '*.

1.9 Oxidative stress and atherosclerosis

Oxidative stress can be regarded as an increase in free radical generation and/or
decrease in antioxidant defences. As such, it is thought to play an important
contributory role in the pathogenesis of many diseases including atherosclerosis. The
oxidation hypothesis of atherosclerosis proposes that LDL oxidation plays a key
causative role in early atherogenesis (Figure 1-15) 2"* Oxidised LDL has been

identified in atherosclerotic lesions 2°*2%°

and autoantibodies that recognise products of
LDL oxidation have been found in the serum of patients with carotid atherosclerosis *’.
Importantly, these autoantibodies have been shown to have some predictive value in

assessing the severity of atherosclerosis .

The process of LDL oxidation is believed to begin in the subendothelial space in
which all major cells, including endothelial cells, smooth muscle cells and
monocyte/macrophages are capable of oxidising LDL ’. Trapped LDL (Section
1.1.2.1.4) can undergo oxidative modification to become mildly oxidised. Mildly
oxidised LDL or minimally modified LDL (mmLDL) is a particle in which lipid
peroxidation and lipid hydroperoxide decomposition are in the early stages and the
apoB-100 molecule is still intact . Further oxidation leads to chemical alterations in the
apoB-100 component of the LDL molecule (oxLDL) such that the particle is now
recognised and internalised by macrophages via scavenger receptors . Biological

properties of mmLDL and oxLDL differ considerably 2.

For example, mmLDL does
not cause macrophage lipid accumulation, whereas oxLDL can be taken up by
scavenger receptors leading to eventual foam cell formation '*?%. Highly oxLDL is also
cytotoxic to cells leading to further endothelial damage and increased endothelial
permeability, which favours the entry of LDL, circulating monocytes and hence a

continuation of the disease process '%2'°.
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Figure 1-14 Activation of NF-kB.

NF-kB inducing kinase (NIK) activity (not shown) is induced following stimulation of the
cell with various agents including inflammatory cytokines, oxidative stress and
pathogens. This in turn phosphorylates IKB kinase (IKK) (not shown), which is
responsible for the phosphorylation of two critical serine residues on IKB. The
phosphorylated IKB is then ubiquinated by IKB ligase and subsequently degraded by
the 26S proteasome (not shown). NF-kKB is then free to enter the nucleus and initiate
transcription. Adapted from reference 198 and 211.
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Figure 1-15 Current ‘oxidation’ hypothesis

Low-density lipoprotein once in the subendothelial space can become minimally
modified by mechanisms, which have yet to be fully elucidated. Minimally modified
LDL can stimulate cells in the arterial wall to produce adhesion molecules and
chemokines via the activation of NF-KB. As a consequence, monocytes infiltrate the
intima and differentiate into tissue macrophages. Further oxidation of mmLDL initiates
changes in the apoB-100 moiety. Extensive lipid peroxidation generates aldelydic fatty
oxidation products and results in the modification of lysine residues in apoB-100. The
LDL particle is now highly oxidised and is recognised by the macrophage scavenger
receptor. Lipid uptake via this route is unregulated, and the macrophage engulfs vast
amounts of lipoprotein associated cholesteryl ester and becomes a lipid-laden
macrophage foam cell.
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Minimally modified LDL contains biologically active phospholipid oxidation
products which include 1-paimitoyl-2-(5-oxovaleryl)-sn-glycero-3 phosphocholine
(POVPC), 1 palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine (PGPC) and 1-palmitoyl-

22 These

2(5,6-epoxyisoprostane E,)-sn-glycero-3-phosphorylcholine (PEIPC)
oxidised phospholipids can bring about their effects by binding to a receptor similar to
the platelet-activating factor (PAF) receptor expressed on monocytes, endothelial and

3

smooth muscle cells 2'*. Indeed, all three of these oxidised phospholipids enhance

monocyte binding to endothelial cells >'*?'">. PGPC can induce the expression of
VCAM-1 and E-selectin, and it was shown that PGPC but not POVPC induce
neutrophil binding to endothelial cells '*. However, POVPC in the presence of PGPC

214 Navab et a/

inhibit neutrophil binding and E-selectin expression in endothelial cells
212 hypothesised that the ratio of POVPC and PGPC may determine whether an acute
(neutrophilic) or chronic (monocytic) inflammation would result in any given tissue. The
presence of these oxidised phospholipids have been demonstrated in rabbit

215

atherosclerotic lesions and autoantibodies, which recognise these oxidised

phospholipid products are present in apoE™ mice '°.

1.9.1 Mechanisms of LDL oxidation

For a number of years the association between elevated plasma LDL
concentrations and accelerated atherogenesis was poorly understood. Incubation with
native LDL does not generate foam cells, due to the highly regulated nature of the
LDLR (Section 1.1.2.1.4) and therefore it was proposed that LDL is modified by
oxidation within the vessel wall. However, the actual mechanism(s) by which LDL
becomes oxidised in vivo has yet to be elucidated. Lipoxygenase enzymes are
cytosolic enzymes that insert molecular oxygen into polyunsaturated fatty acids
yielding products such as hydroperoxyeicosatetraenoic acid (HPETE) 7 which could
‘seed’ LDL and increase susceptibility to oxidation. Mice deficient in 12/15-
lipoxygenase, on an apoE knockout background, have markedly reduced lesion area

217

compared with control animals “**. In contrast, the over-expression of 15-lipoxygenase

in LDL receptor” mice was associated with enhanced atherogenesis and LDL isolated

from these mice was more susceptible to ex vivo oxidation than LDL isolated from

218

control animals Moreover, 12/15-lipoxygenase mRNA and protein are highly

expressed in lesions and are associated with regions stained for the presence of

oxLDL 2*°. Other candidate oxidising species, which may be produced by cells in the

1,220

vessel wall, include peroxynitrite and myeloperoxidase . Peroxynitrite is formed by

the reaction of superoxide with nitric oxide and can promote LDL oxidation 2%.

Peroxynitrite reacts with tyrosine to yield a stable end product known as 3-nitrotyrosine.
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This has been detected in human atherosclerotic tissue ?*', suggesting that reactive

nitrogen species may be involved in the oxidation of LDL %*°.

Myeloperoxidase can
generate highly reactive species such as hypochlorous acid and tyrosyl radicals, which
may promote the oxidation of LDL in vivo. Indeed, this enzyme ?*2 and its oxidation
products ?* have also been identified in atherosclerotic lesions. Once oxidised, LDL
increases its suitability as a substrate for sphingomyelinase, an enzyme that is know to
aggregate LDL and thereby enhance its uptake by macrophages #°. Thus, it is likely
that as the lesion develops, multiple oxidising species may promote the oxidation of
LDL. The extent of oxidised LDL produced is likely to be determined by the balance

between pro- and anti-oxidant elements within the vessel wall.

1.9.2 OxLDL and generation of macrophage foam cells

One of the most important ways in which oxLDL is pro-atherogenic is that it
causes the deposition of large amounts of lipoprotein derived cholesterol within
macrophages. Indeed, the hallmark of atherosclerotic lesions is the macrophage foam
cell. Oxidised LDL is no longer recognised by the LDL receptor and is instead

recognised by macrophage scavenger receptors 2%

Uptake via this route is
unregulated, leading to internalisation and degradation of oxLDL in lysosomes. Thus,
cholesteryl ester is rapidly hydrolysed by lysosomal acid lipase and free cholesterol is
released into the cytosol where it is re-esterified via the action of ACAT. As scavenger
receptor expression is not down-regulated by cellular cholesterol content, the
macrophage take up excessive amounts of oxLDL to become a lipid-laden foam cell. A
number of scavenger receptors have been identified and include Scavenger Receptor
(SR)-Al/ll, SR-B1, CD36, CD68 and macrosialin '*??*. The effect of these receptors on
atherosclerosis has been examined in knockout murine models. For example,
Febbraio et al ?° demonstrated that the absence of CD36 decreases the severity of
atherosclerosis by 70% in apoE™ mice. Furthermore, Suzuki et al ?*® have shown that
knocking out SRA in apoE™ mice reduces lesion area but the effect was less striking
when compared with the CD36 x apoE” knockout mouse. Paradoxically, SR-Al/I
deficiency in apoE*3 Leiden mice did not affect, or slightly increased, development of
atherosclerotic lesions %7,

1.9.3 LOX-1, an endothelial receptor for oxLDL

Vascular endothelial cells intemalize and degrade oxLDL through a receptor-
mediated pathway that does not involve the classic macrophage scavenger receptor
22 The endothelial receptor for oxLDL is known as LOX-1. It is a membrane protein
that belongs structurally to the C-type selectin family and is expressed in vivo in
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vascular endothelium 2%,

LOX-1 does not share any structural homology with other
known molecules that can acts as a receptor for oxLDL ?*. LOX-1, like scavenger
receptors, does not internalise native LDL 2. Recently, it was demonstrated that TNF-
a stimulation 2° and fluid shear stress ?*' markedly upregulate LOX-1 gene expression
in endothelial cells. Indeed, oxLDL itself upregulates the expression of its own
endothelial receptor, in a concentration dependent manner 2. This characteristic may
be the basis of the increased uptake of oxLDL and endothelial activation and
dysfunction as plasma LDL concentrations rise.  Furthermore, oxLDL induces
apoptosis of human coronary artery endothelial cells via the action of LOX-1 2. This
process can be blocked by the addition of chemical inhibitors to LOX-1 or highly
specific antisense probes to LOX-1 mRNA 2%, This receptor is highly expressed in the
blood vessels of animals and humans with hypertension 2*2, diabetes mellitus %** and
atherosclerosis 2*?*°. Expression of this receptor may also be relevant in intra-arterial
thrombogenesis and myocardial ischemia- reperfusion injury 2. Thus, LOX-1 may
initiate endothelial injury in the presence of oxLDL.

1.9.4 Antioxidants
Antioxidants are a generic term used to describe both enzymatic and non-
enzymatic molecules, which scavenge free radicals and related reactive species and

7

thus guard against oxidative processes ?*’. Free radicals are atoms or molecules

containing an unpaired electron and include the hydroxy! radical (HO"), the peroxyl

radical (ROO) and the superoxide radical (O;) #*’. Reactive non-radical species
include hydrogen peroxide (H,0,), peroxynitrite (ONOO") and singlet oxygen ('O,) %%'.
Free radicals can cause damage to proteins, lipids and DNA either directly, or via the

generation of reactive non-radical compounds %’

Oxidative stress refers to an imbalance between the damaging effects of free
radicals and the protective action of antioxidants. The most prominent dietary
antioxidants are vitamin C (ascorbate), vitamin E (or a-tocopherol, the most biologically
active form of vitamin E) and p-carotene (Figure 1-16). Vitamin E is lipophilic and acts
as a chain breaking antioxidant: it inhibits lipid peroxidation and scavenges lipid peroxyl

radicals (Figure 1-17) %'

In doing so, vitamin E becomes a radical itself, the a-
tocopheroxy! radical, however, this species is much less reactive than the peroxyl
radical. Dietary sources of vitamin E include whole grains, nuts and seeds, vegetable
oils and animal fats. Studies have shown that vitamin E supplementation can reduce

LDL oxidation ex vivo >, and that vitamin E may have other athero-protective qualities
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2% and the suppression of

including the ability to decrease platelet aggregation
adhesion molecule and chemokine production from endothelial cells and monocytes
240 This may in part be due to the ability of vitamin E to inhibit the activation of NF-xB
transcription factor pathway #*'. Similarly, a-tocopherol decreases stimuli-induced
expression of B; and B, integrins on leukocytes and the adhesion of these cells to

cultured endothelial cells 242

. Importantly, vitamin E supplementation has been shown
to decrease oxidative stress as measured by the formation of F, isoprostanes in apoE™

mice consuming an atherogenic diet >*°

Vitamin C is a water-soluble antioxidant and an effective scavenger of the O,
H,0,, HO,, ROO and '0,. It also regenerates vitamin E from the vitamin E radical, and
dietary sources include fruit, especially citrus and green leafy vegetables. Studies on
the effects of vitamin C supplementation on ex-vivo LDL oxidation are sparse, primarily

4

because vitamin C is removed from LDL during its isolation from plasma 2*. However,

in-vitro studies have demonstrated that physiological concentrations of vitamin C

strongly inhibit LDL oxidation by vascular cells and neutrophils 24°24¢

. Vitamin C may
prevent oxidative modifications of LDL by scavenging free radicals in the aqueous
environment thereby preventing them from interacting with and oxidising LDL ?’. Also,
vitamin C can prevent the pro-oxidant activity of a-tocopherol by reducing a-
tocopheroxyl radical to a-tocopherol. Recently, the role of vitamin C in inhibiting cell

28 These individuals have decreased

adhesion has been examined in smokers
plasma concentrations of vitamin C and monocytes isolated from smokers showed
increased adhesion to cultured endothelial cells compared with monocytes isolated
from non-smokers 248%% This suggests that plasma vitamin C inhibits the upregulation
of ligands on monocytes possibly by inhibiting the activation of the NF-kB transcription

factor pathway.

B-Carotene is a natural lipophilic antioxidant, which is also present in lipoproteins.
Reactive oxygen species scavenged by this antioxidant are 'O, and ROO". B-Carotene
is the major dietary source of vitamin A and is found in fruit, carrots and green leafy
vegetables. Some studies have shown that of consumption of B-carotene increases

the resistance of LDL to ex-vivo oxidation 2*°, although conflicting reports exist 2°'2%,

1.9.4.1 Antioxidants and atherosclerosis
Since LDL oxidation in the artery wall is thought to be a key event in early
atherogenesis, agents that can prevent LDL oxidation, such as antioxidants, should, in
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theory, retard the development of atherosclerosis. Thus, dietary antioxidants such as
ascorbate, a-tocopherol and f-carotene can protect against the development and

243,253,254 Numerous

progression of atherosclerosis in experimental animals
observational studies have suggested that people with a higher intake of antioxidants
either from their diet or from supplements, have a lower incidence of coronary vascular
disease (CVD). Most trials have used vitamin E, the major lipid soluble antioxidant in
human plasma and lipoproteins. In a trial conducted in male healthcare professionals,
free from overt CHD, diabetes and hypercholesterolaemia, assessment of dietary
vitamin content revealed a lower risk of subsequent CHD among men with higher

5

vitamin E and B-carotene intakes ?*°. Similar effects of vitamin E and p-carotene in

protecting against CHD were observed in the Nurses’ Health Study 2*®

. Data provided
by the Massachusetts Elderly Cohort Study indicated the benefits of §-carotene on the
incidence CVD mortality 2. Finally, the First National Health and Nutrition
Examination Survey (NHANES) showed a negative correlation between vitamin C
intake and CV death 2°®. Furthermore, a reduction in CAD events were observed in the

elderly taking vitamin E compared with those not consuming additional vitamin E 2*°.

These promising earlier studies were followed up by large randomised clinical
trials, in order to confirm the benefits of consuming dietary antioxidants, like vitamin E,
vitamin C and B-carotene on CVD morbidity and mortality. However, the outcome of
these trials are often disappointing and conflicting. In the Alpha-Tocopherol, Beta-
Carotene Cancer Prevention Study (ATBC) which was designed to determine whether
supplements of vitamin E and B-carotene had any effects on cancer rates, a follow-up
study demonstrated no effects on CVD ?*°. The negative results of this study were
thought to be attributable to the dose of vitamin E employed, which was well below

those used in the observational studies 2%'.

The Beta-Carotene and Retinol Efficacy
Trial, represents another study with a primary end point on the incidence of cancer.
However, this trial was terminated before schedule as there was a 28% increase in
lung cancer in the supplemented group, and a non-significant 26% increase in CVD

mortality 2°2

. The Heart Outcomes Prevention Evaluation (HOPE) study, investigated
men and women over the age of 55 who were at high risk of a cardiovascular event
because they had CVD or diabetes, plus one or more risk factors 2°°. It found that no
significant difference in death or morbidity from cardiovascular causes between
patients receiving placebo or vitamin E. However, the study has been criticised for not
measuring plasma vitamin E levels to confirm supplementation and for using natural

vitamin E, which contains tocopherols and tocotrienols 2. Alpha tocopherol is the
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most potent member of the vitamin E family and therefore this may have bearings on
the results of this study. Similarly, some investigators in the Gruppo Italiano per lo
Studio della Sopravvivenza nell'Infarto Miocardico (GISSI) trial have reported negative

results 2%

. Endpoints of this study included death, non-fatal myocardial infarction and
stroke. However, others have questioned the data analysis of this study and instead
have reported a significant reduction (20%) in cardiovascular death in the vitamin E

supplemented group compared with the control group 2**.

Some trials have reported positive results using dietary antioxidants. I[n the
Cambridge Heart Antioxidant Study (CHAOS), a strikingly positive effect of vitamin E
supplementation in patients with documented CHD was observed 2%, 1t was found that
those receiving vitamin E experienced a significant reduction in CAD deaths and non-
fatal myocardial infarction. Furthermore, a significant inverse correlation of vitamin E
with mortality from CHD was observed in a vitamin sub-study of the MONItoring trends

and determinants of CArdiovascular disease (MONICA) trial %

. Finally, the Secondary
Prevention with Antioxidants of Cardiovascular Disease in Endstage Renal Disease
(SPACE) trial demonstrated an impressive 50% reduction in cardiac events in renal
patients with established disease receiving vitamin E 2. However, the trial was small

and of limited duration.

In summary then, there seems to be no clear consensus that antioxidant
supplementation in humans ameliorates the effects of atherosclerosis. The reasons for
this are as yet unclear, although several explanations have been proposed. One
possibility relates to the dose response between antioxidants and effects on CVD. It
could be that in a well nourished population, most individuals are receiving the
maximum benefits of antioxidant vitamins from a healthy diet. Another common
criticism is that antioxidant vitamins may be more effective in primary prevention rather
than secondary intervention. However, the only large-scale studies with positive

results used individuals with established disease 2%,
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Figure 1-17 Mechanism of action of a ‘chain-breaking’ antioxidant

In this lipid peroxidation reaction, a hydrogen (H) is removed from the fatty acid (LH) to
give a carbon centred radical (L) which reacts to give peroxyl radical (LOO’). The
peroxyl radical can attack another lipid molecule, thereby propagating lipid
peroxidation. However, if an antioxidant (AH) is present, hydrogen is donated to the
peroxyl radical generating a lipid peroxide which can be removed by glutathione
peroxidase. The resultant antioxidant is much less reactive than the peroxyl radical.
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1.9.5 Paraoxonase, LDL oxidation and atherosclerosis

Paraoxonase (PON1) is an esterase associated with HDL, thought to confer

8

protection against LDL oxidation in vivo 2. This activity may, in part, explain the anti-

8

atherogenic properties of this lipoprotein 2. PON1 can destroy biologically active

phospholipids and lipid peroxides (Section 1.9) 2%°.

In doing so, PON1 may protect
against the induction of inflammatory genes in arterial cells by destroying the

biologically active lipids in mildly oxidised LDL 2%

PON1 is a member of a multigene family with 2 other PON like genes
designated PON2 and PON3 ?’°. However, PON1 is the only allozyme that has been

268

found in human plasma to date . The gene product of PON2 has yet to be identified
in biological tissues whereas PON3 has been found on rabbit HDL, reviewed in
reference 269. Recent data suggests that PON3 has similar anti-atherogenic
properties as PON1 ?’'.  Major polymorphisms of PON1 include the replacement of
glutamine (Q) by arginine (R) at position 192, and of leucine (L) by methionine (M) at
position 55 2. PON1 variants possess different activities towards different substrates.
HDL isolated from individuals with the PON1 55 MM/PON1 192 QQ possessed the
greatest ability to protect against LDL oxidation ex vivo, reviewed in reference 269.
However, there is currently a great deal of controversy over whether certain
polymorphisms of the PON1 gene are associated with altered coronary heart disease

272,273

risk. Some studies suggest a positive association while others show no

relationship 27427,

Shih et al ?® examined the association between paraoxonase activity and
atherosclerosis in inbred strains of mice differing in their susceptibility to
atherosclerosis. C57BL/6J mice are susceptible to diet-induced fatty streak lesions
(Section 1.2.2) whereas C3H/HeJ mice are resistant to atherosclerosis. When both
strains were fed a non-atherogenic diet, the HDL from both strains protected against

LDL oxidation in vitro 2®,

However, when fed an atherogenic diet, HDL isolated from
C57BL/6J mice was unable to inhibit LDL oxidation whereas HDL isolated from
C3H/HeJ retained this property. The ability of HDL to prevent LDL oxidation was
correlated with levels of paraoxonase. The expression of paraoxonase was decreased
in C57BL/6J mice fed an atherogenic diet but maintained in the C3H/HeJ mice %™
Further, in mice derived from crossing C57BL/6J with C3H/HeJ, paraoxonase
expression co-segregated with the extent of atherosclerosis 2’¢. Notably, HDL isolated
from PON1 knockout (PON1"/C57BL/6J) mice failed to protect LDL against oxidation

7

and these animals were more susceptible to diet induced atherosclerosis . Recently,
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a PON17/apoE™ double knockout mouse has been generated ?®. These mice have

increased lipoprotein oxidation, higher levels of POVPC, PGPC and PEIPC in their IDL
and LDL fractions and markedly increased lesion development compared with apoE™

controls 278

Decreased levels of paraoxonase were also noted in apoE” and LDL
receptor’” mice after consumption of an atherogenic diet 2’°. Furthermore, serum
activity and hepatic expression of PON1 mRNA are dramatically decreased during the

acute phase response (APR, Section 1.10.5) by exposure to LPS, TNF-a or IL-1 ?7°.

Immunohistochemical analysis of atheromatous tissue removed from
individuals undergoing coronary artery bypass has shown PON1 accumulation to be
enhanced compared with arteries obtained from healthy controls *°. Low serum PON1
concentrations and activity are associated with several patient groups at increased risk
of atherosclerosis, such as individuals with hypercholesterolaemia, diabetes, patients

with vascular disease and those recovering from myocardial infarction 2

. Indeed,
Navab et a/ ' have suggested that apoJ/PON1 ratio to be a better marker of

atherogenic risk than the total cholesterol/HDL cholesterol ratio.

1.10 Serum markers of atherogenesis
1.10.1 Soluble adhesion molecules
Soluble forms of E-selectin, ICAM-1 and VCAM-1 were first discovered in the

supernatant of cytokine-activated cultured endothelial cells %2

, initiating a plethora of
studies looking at soluble adhesion molecules in relation to disease. The precise
mechanism by which adhesion molecules are released into the circulation is unclear.
Available evidence suggests that soluble P-selectin may be the product of alternative
splicing and not cleavage of a longer cell associated form '?®. In contrast, soluble
forms of VCAM-1, ICAM-1 and E-selectin appear to be generated by proteolytic
cleavage, at a site close to the transmembrane domain, releasing a virtually intact
extracellular domain which retains ligand binding activity. Recent data suggests the
enzyme responsible for VCAM-1 release may be a zinc dependent metalloprotease
activated by PKC ?®2. L-selectin, an adhesion molecule present on leukocytes can be

cleaved by the metalloproteinase L-selectin sheddase 2

. In mice, the truncated minor
isoform of VCAM-1, which is attached to the membrane via GPI linkage, is released by

phospholipase C '*¢.

Shedding of soluble adhesion molecules may provide a rapid means of de-
adhesion, down-regulating the inflammatory response and subsequent leukocyte
recruitment.  Alternatively, soluble adhesion molecules may compete with their
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membrane bound forms by acting as competitive inhibitors of cell-cell interactions 2.
In support of this, recombinant sVCAM-1, at the concentrations seen in patients with
hypertriglyceridaemia, was shown to significantly reduce monocyte adhesion to IL-1
stimulated cultured endothelial cells under flow conditions 2%°.

1.10.2 Soluble adhesion molecules and atherosclerosis

Elevated levels of soluble adhesion molecules are associated with a number of

disease states, including rheumatoid arthritis 2%, cancer *’ and tuberculosis 2.

Measurement of these molecules may also provide insights into the pathogenesis of
atherosclerosis.

In support of this, raised levels of soluble (s) P-selectin have been detected in

289 290 291

patients with acute myocardial infarction <°, unstable angina “°, stroke and

2

peripheral arterial vascular disease 2. Increased levels of sE-selectin are found in

patients with familial hypercholesterolemia 2*®, non-rheumatic aortic stenosis 2%,

295 2% patients with

unstable angina and during restenosis following angioplasty
ischaemic heart disease 2%, peripheral vascular disease ’ and unstable angina have
raised levels of SICAM-1 2°°. Furthermore, sICAM-1 concentrations have been found to

be elevated among apparently healthy men at risk of future myocardial infarction 2.

Finally, elevations in circulating sVCAM-1 levels have been found in patients
with aortic atherosclerosis 2*°, non-rheumatic aortic stenosis *** and unstable angina
2% Importantly, a strong correlation exists between VCAM-1 mRNA expression within
the atheromatous lesion and soluble VCAM-1 3. Recent evidence suggests that
sVCAM-1 is a better predictor of the extent and severity of the disease than other cell
adhesion molecules or plasma markers of inflammation tested to date, with its

concentration correlating strongly with intimal thickness ***.

1.10.3 Soluble adhesion molecules and dyslipidaemia
Severe dyslipidaemia is associated with elevated levels of soluble cell adhesion

molecules (CAM). Increased levels of sSICAM-1, sE-selectin and sP-selectin have been

302,303

found in patients with hypercholesterolaemia whereas increased levels of

sVCAM-1 and sICAM-1 have been noted in individuals with hypertriglyceridaemia 2°.
In patients with familial hypercholesterolaemia, LDL apheresis resulted not only in a

massive reduction in serum cholesterol, but also a marked decrease in both sE-

302

selectin and sICAM-1 levels ™. However, aggressive lipid lowering, by drug therapy,

293

appears to exert only limited effects on soluble levels of CAMs <. Thus, it is not clear
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whether dyslipidaemia causes endothelial dysfunction, resulting in an increased
expression of CAMs and their subsequent release into the circulation, or whether the
increased levels of circulating CAMs are a reflection of the underlying atheroma in
these individuals.

1.10.4 Circulating levels of chemokines and atherogenesis

Circulating levels of chemokines have been identified in a variety of acute and

63,304

chronic inflammatory and immune-related conditions , suggesting that their levels

may reflect enhanced tissue expression and secretion of these molecules during
disease. Little is known about circulating chemokines during atherogenesis but

elevated levels of CC **3%7 and/or CXC chemokines 3%3%3® have been reported in

305,308 309,310

, ischaemia-reperfusion injury , aortic

307

patients with congestive heart failure
aneurysms **® and after percutaneous transluminal coronary angioplasty *’. Recently,
circulating concentrations of MCP-1 was identified as a powerful independent predictor

%07 However, it is not known whether

of restenosis following coronary angioplasty
elevated serum concentrations of CC or CXC chemokines can directly modulate
leukocyte recruitment. As described earlier (Section 1.7.2), over-expression of
chemokines can destroy chemokine gradients, and prevent leukocyte infiltration to

sites of inflammation '8,

Prolonged exposure to circulating chemokines could result in
desensitisation and down regulation of chemokine receptors on circulating leukocytes
(Section 1.6.4). Alternatively, physiological levels of chemokines may be able to
activate leukocytes, increasing their migratory or inflammatory responses, achieving

the opposite result.

1.10.5 Circulating levels of acute phase proteins
Acute phase proteins (APP) are produced during the APR and are synthesised

predominantly by the liver during acute infection or trauma 3'".

A local inflammatory
stimulus can give rise to a series of changes that result in the generation of heat,
swelling and pain. However, localised inflammation can develop into a systemic
response characterised by changes in hormones and electrolyte levels, fever and
changes in a wide range of serum proteins. This is known as the APR, the purpose of
which is to provide optimal conditions for counteracting an inflammatory stimulus and
for the restoration of homeostasis *''. The magnitude of changes in the concentration
of individual APP can vary considerably. Plasma levels of major APP, increase
dramatically during the APR, and include C-reactive protein (CRP), serum amyloid A
(SAA) and serum amyloid P (SAP) *''. Other APP include complement and

coagulation proteins, proteinase inhibitors and metal-binding proteins *''. So-called
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‘negative’ APP are decreased in the plasma during the APR, presumably to allow the
liver to synthesise the induced APP. These include plasma proteins such as albumin
and apolipoproteins such as apoA-l and Ili. In general, the APR lasts only a few days;
however, in cases of chronic or recurring inflammation, continuation of some aspects of
the APR may contribute to the underlying tissue damage that accompanies disease *''.
This may explain the link between episodes of infection and risk of CHD 3'".

In general, in a given mammalian species, there is usually only one major acute
phase protein. For example, in man, CRP can increase by 1000-fold during the
inflammatory response, whereas SAP has an approximate serum concentration of 30
pg/ml, which remains constant during inflammation *''. By contrast, mice only produce
trace amounts of CRP *''. Major murine APPs are SAA and SAP circulating levels of,

which can increase by up to 50-fold and 100-fold respectively !

. Haptoglobin (Hp) is
one of the few APP in which increased synthesis during inflammation is conserved in

all vertebrate species *'".

1.10.5.1 Acute phase proteins and atherosclerosis

Recently, attention has focused on APP, in particular CRP, as potential indicators
of underlying atherosclerotic disease and predictors of future clinical events. Indeed,
there is evidence to suggest that CRP levels may be a useful indicator of future risk of
myocardial infarction, stroke and death in middle-aged men and women free of clinical

coronary disease and independent of other established risk factors 3'23'4

. However, it
remains to be demonstrated whether APP are causally involved in atherosclerosis, or
simply reflect the underlying disease process. It is therefore pertinent to discuss some

of the APP in relation to atherosclerosis.

1.10.5.1.1.1  Serum amyloid A

The serum amyloid A family of polymorphic proteins (SAA 1-5) are encoded by
multiple genes in a number of mammalian species *'°. They are multi-functional small
apolipoproteins that mediate immune responses to infection, trauma or stress 3'".
During the APR, they rapidly associate with HDL; and become the predominant

3" " This can diminish the

apolipoprotein on this fraction, displacing apoA-I in quantity
ability of HDL to mediate reverse cholesterol transport. In addition, levels of HDL are
depressed during the APR reflecting its status as a negative acute phase protein. Van
Lenten et al '® reported that HDL loses its PON1, PAF-AH and LCAT activities during
the APR and as a consequence, HDL is transformed from an anti-inflammatory

molecule to pro-inflammatory particle. In contrast anti-inflammatory HDL, the pro-
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inflammatory particle is unable to protect LDL against oxidation and can enhance LDL-

6

induced monocyte chemotaxis *'°. Furthermore, SAA when unassociated with HDL

can induce the recruitment of monocytes, neutrophils and T-cells and the expression of

adhesion molecules ®''.

Therefore, individuals with chronic or recurrent infection may
have a persistence of pro-inflammatory HDL, which may increase their risk of

atherosclerosis 2'2.

Although the liver is the primary site of synthesis of SAA, extrahepatic production
has been reported for most family members *'°. Hepatic production of SAAs can
increase up 1000-fold during the acute phase, reflecting the status of this molecule as

a major acute phase protein 3'°.

Serum amyloid A mRNA has also been detected in
human atherosclerotic lesions *'®, and induction of acute phase SAA mRNA by pro-
atherogenic oxLDL *'° suggests that SAA may also play a role in vascular injury and
atherogenesis. Elevated levels of these plasma proteins are associated with

atherosclerosis **°, and spontaneous and transplant cardiac coronary artery disease
321

1.10.5.1.1.2 Haptoglobin

Haptoglobin is a highly conserved dimeric plasma glycoprotein (af2) that binds
haemoglobin with high avidity, forming stable complexes that are responsible for the
rapid clearance of free haemoglobin from the plasma during haemolysis, thereby
preventing tissue damage by haemoglobin-driven lipid peroxidation **2. Haem iron can
catalyze the oxidation of LDL, which can then be taken up by macrophage scavenger
receptor. Therefore, Hp may protect against LDL oxidation by binding to free
haemoglobin. Indeed, LDL oxidation can be enhanced by haemoglobin loading of
macrophages *? but can be protected by the haemoglobin binding capacity of
haptoglobin %%,  Hepatic production of Hp is induced 3-fold during the APR,
categorising this molecule as a minor positive APP *''. In man, two common alleles
(Hp1 and Hp2) code for three main phenotypes: Hp 1-1, 2-1 and 2-2. The Hp 2-2

322

phenotype is associated with elevated serum cholesterol levels *“, essential arterial

hypertension **° and susceptibility to CAD 2. The Hp B chain has been found within

early fatty streak lesions in human aortae 3%

, and changes in the measured
concentration of Hp in serum are found in a number of inflammatory disorders,

including atherosclerosis %
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1.11 Aims of this thesis

The aim of this studentship was to investigate the utility of circulating levels of

serum chemokines, and soluble adhesion molecules, as ‘markers’ of atheroma

development in apoE*3 Leiden and C57BL mice, fed a diet high in fat and cholesterol

and containing sodium cholate.

Using this murine model of atherosclerosis, my objectives were:

(i)

(iD)

(iii)

To define the temporal relationships between circulating CC (JE) and CXC (KC
and MIP-2) chemokines and changes in serum lipids (cholesterol and
triglyceride) and lipoproteins, and to compare hepatic chemokine expression
and lipid accumulation with chemokine expression, macrophage content and
lesion development in the aortic root

To compare circulating concentrations of chemokines with serum levels of (a)
acute phase proteins, serum amyloid A and haptoglobin, and (b) paraoxonase
activity.

To establish the effects of dietary antioxidants (vitamin E, vitamin C and f-
carotene) on circulating concentrations of chemokines (JE, KC) and soluble
adhesion molecules (sICAM-1, sVCAM-1), compared with changes in serum
lipids, and with the development of atheroma in the aortic arch.
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Chapter 2

General Methods
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2 General Methods

2.1 Materials

All reagents/chemicals were obtained from either Sigma Chemical Company or
BDH Laboratory Supplies, except where stated in the text. Names and addresses of
suppliers are given in the Appendix 9.1.

2.2 Mice

Transgenic mice expressing both human apoE*3 Leiden and apoC1 transgenes
were generated as previously described **'®. Subsequent generations were produced
by mating male transgene carriers with C57BL/6J females. Non-transgenic littermates
(C57BL/6J) were used as controls. Mice had free access to food and water, and were
maintained in specific pathogen-free conditions throughout the study. Mice were bred
by members of the Department of Laboratory Animal Safety (GSK). All studies were
subjected to internal ethical review and were covered by UK Home Office regulations.
In addition, all studies were subjected to COSHH regulations.

ApoE*3 Leiden mice were developed to include the human apoCl gene because

6

it is close to a DNA element mediating liver expression '®. High-level expression of

apoCl in transgenic mice increased plasma cholesterol and triglyceride levels 3%,
suggesting that hyperlipidaemia in apoE*3 Leiden mice is caused by apoCl. However,
mice that express both human apoE and apoCl did not show hyperlipidaemia and had
no evidence of abnormal lipid profiles 3°. ApoE*3 Leiden mice were developed using a
similar construct as this model and therefore, it is likely that apoE*3 Leiden is the major

cause of hyperlipidaemia '%.

2.2.1 Analysis of murine phenotype : human apoE ELISA

Mice expressing human apoE*3 Leiden were identified using a sandwich
enzyme-linked immunoabsorbent assay (ELISA) for human apoE. This ELISA was
originally established by Mr John Yates and Dr Nigel Pearce (Dept. Vascular Biology,

GSK), in accordance with published methods 3%.

Purified goat anti-human apoE polyclonal antibody (Incstar, ATAB Atlantic) was
diluted in phosphate buffered saline (PBS) (26.8 mM KCI, 14.7 mM KH,PQ,, 56.4 mM
Na,HPO, and 1.5 mM NaN3, pH 7.5) and 100 pl of diluted antibody (final concentration
2.5 ug/ml) added to each well of a 96-well plate (Maxisorp ELISA plates, NUNC). After

an ovemight incubation (4°C), the contents of each well were removed by aspiration
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and non-specific binding sites blocked by the addition of 250 ul/well of blocking buffer:
50 mM Tris-HCI, 150 mM NaCl, 1 mM MgCl, pH 7.4, containing bovine serum albumin
(BSA) (1%, w/v). The plate was incubated for 1 h at 37°C, before the contents of each
well were aspirated, and washed (4x) with 300 pl/well of washing buffer (10 mM Tris,
150 mM NaCl pH 7.4, containing Tween-20 (0.05%, v/v)) using an automated plate
washer (Wallac). Mouse serum samples were diluted (1:100) with assay buffer (50
mM Tris, 150 mM NaCl, pH 7.4 containing BSA (0.5%, w/v), gamma-globulins (0.05%,
w/iv), Tween-20 (0.01%, v/v)). Human serum containing a known concentration of
apoE was used as a standard in the assay and diluted in assay buffer to a final
concentration of 160 ng/ml. Assay buffer was used as a negative control. Biotinylated
rabbit anti-human apoE polyclonal antibody (generated in-house at GSK) was diluted
to a final concentration of 2 pug/ml in assay buffer supplemented with normal goat
serum (1%, v/v), and 50 ul added to each well, followed by the addition of the diluted
(1:100) samples and standards (50 ul). The plate was placed on an orbital plate
shaker (Johnson & Johnson) and incubated at room temperature (RT) for 3 h. The
contents of each well were then aspirated and washed (5x) as before. Streptavidin-
horseradish peroxidase (Amersham) was diluted in assay buffer (1:2000) and 100 ul
added to each well (30 min). The wells were again aspirated and the plate washed
(4x) as previously. Immunoreactive human apoE was detected by incubating (30 min,
RT) with 100 ul of 3, 3, 5, 5'-tetramethyl benzidine (TMB) substrate (Pierce) containing
0.01% hydrogen peroxide (H.O,). The reaction was stopped by the addition of 100 pl
2M sulphuric acid (H.SO,), and the absorbance of each well was determined at 450
nm (Molecular Devices, Thermomax). Animals were positively identified as transgenic
for human apoE*3 Leiden, if they had high readings close to that of the positive control.

2.2.2 Diets

Normal mouse chow was purchased from Special Diet Services, UK (Diet RM1,
Appendix 9.2). The high-fat/high-cholesterol/cholate diet (Diet HFC/C) was from Hope
Farm, The Netherlands and contained, by weight, cocoa butter (15%), sodium cholate
(0.5%), cholesterol (1%), sucrose (40.5%), comstarch (10%), corn oil (1%), cellulose
(4.7%), casein (20%), 50% w/v choline chloride (2%), methionine (0.2%) and
vitamin/mineral mixture (5.1%). This highly atherogenic diet was formulated according
/ 3.4

to Nishina et a
Department of Laboratory Animal Safety (GSK).

in order to minimize liver damage. Animals were fed by the
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2.3 Collection and analyses of blood and serum samples
All blood sampling was carried out by the Department of Laboratory Animal
Safety (GSK). Serum was isolated by Nuala Murphy.

2.3.1 Blood sample collection

In-life blood samples were taken from the tail vein (200 pl), and collected into
capillary tubes (Sarstedt, Microvette). Terminal blood samples (~600 pl) were taken
from the aorta post mortem, and collected into 1 ml microfuge tubes. All blood
samples were taken at least 4 h into the light phase when food consumption is
expected to be minimal.

2.3.2 Preparation of serum samples

Serum was prepared by allowing blood samples to clot on melting ice. After 4
h, the samples were centrifuged (4°C, 3000 x g, 15 min) and the supematants
collected. Samples were then either stored at -80°C for analysis by ELISA and/or

enzyme assays at 4°C for lipoprotein determination.

2.3.3 Separation of serum lipoproteins

Lipoprotein profiles were analysed by size-exclusion chromatography using a
SMART™ micro-fast performance liquid chromatography (FPLC) system (Pharmacia,
Sweden) and a method similar to that described by Hennes et al **'. Briefly, equal
volumes of serum from all mice within each group were pooled, and filtered (0.2 pm
filter, Anotop 10, Whatman, UK) before being applied (30 pl) to a Superose 6 column.
The column was eluted at a constant flow rate of 65 ul/min, using an FPLC pump
system, and a solution containing NaCl (150 mM), ethylenediaminetetraacetic acid
(EDTA) (1 mM), and sodium azide (7.7 mM), pH 8.0. The first 920 ul of column eluate
represented the void volume. The lipoproteins were contained in the next 42 fractions
of 20 ul each, which were deposited in the wells of a 96-well plate (Costar). Each
fraction was assessed for cholesterol or triglyceride content as described in Section
2.3.4and 2.3.5.

2.3.4 Measurement of serum or lipoprotein cholesterol content
Cholesterol concentrations were determined using the SIGMA Diagnostic

cholesterol kit, which is based on a method by Allain 3%,

Cholesterol esters are first
hydrolysed by cholesterol esterase to free cholesterol and fatty acid. The cholesterol is

then converted to cholest-4-en-3-one and H,O, by cholesterol oxidase. The H,O,
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produced is then coupled with the chromogen, 4-aminoantipyrine and p-
hydroxybenzenesulfonate, in the presence of peroxidase to yield a quinoeimine dye
which has an absorbance maximum of 500 nm.

In brief, standards and diluted (neat - 1:10) samples (5 pl) were added to
appropriate wells of a 96-well plate, followed by the addition of cholesterol reagent (95
ul). The plate was then gently tapped to aid mixing and incubated for 10 min at 37°C.
The absorbance of each well was measured at 550 nm and the cholesterol
concentration determined by reference to the standard curve, which was linear from 0-
400 mg/dl.

2.3.5 Measurement of serum or lipoprotein triglyceride content

Triglyceride concentrations were determined using the SIGMA Diagnostic
triglyceride kit which is based on a method by Wako Pure Chemical Industries Ltd.,
with modifications by Fossati et al *** and McGowan et al ***. Triglyceride is first
hydrolysed by triacylglycerol lipase to free fatty acids and glycerol. The glycerol is then
phosphorylated by glycerol kinase, using adenosine triphosphate, to yield glycerol-3-
phosphate and adenosine diphosphate. The glycerol-3-phosphate is then oxidised to
dihydroxyacetone phosphate by glycerol-3-phosphate oxidase producing hydrogen
peroxide. The hydrogen peroxide produced is then coupled with the chromogen, 4-
aminoantipyrine and 3,5 dichloro-2-hydroxybenzene sulfonate in the presence of
peroxidase to yield a quinoeimine dye which has an absorbance maximum of 500 nm.
Assays were carried out exactly as described for cholestero!l (Section 2.3.4) except the
samples were diluted 1:1. The triglyceride concentration was determined by reference
to the standard curve, which was linear from 0 - 250 mg/dI.

2.3.6 Measurement of serum ICAM-1 concentrations

Murine soluble ICAM-1 was detected using a commercially available two-site
capture ELISA kit (Endogen). Serum samples were diluted 1:100 with the diluent
provided, and assayed in duplicate. Briefly, plate reagent (50 pl) was added to each
well, followed by the addition of samples and standards (50 ul). The plate was
incubated at RT for 2 h. The contents of each well were then aspirated, and the plate
washed (5x) by adding 200 pl of the wash buffer supplied to each well. Anti-mouse
sICAM-1 conjugate reagent (100 pl) was then added to each well and incubated for 1 h
at RT. The contents of each well were then aspirated and the plate washed, as before.
Premixed 3,3, 5,5-tetramethylbenzidine (TMB) substrate was added (100 pl) and the
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plate incubated at RT, in the dark, for 30 minutes. The reaction was halted by the
addition of 100 il of the stop solution provided in the kit. The absorbance of each well
was determined at 450 nm. Sample concentrations of sICAM-1 were calculated with
reference to the standard curve, which was linear from 0 - 1000 ng/ml.

2.3.7 Measurement of serum JE/MCP-1 concentrations

Murine soluble MCP-1 (JE) was determined by a two-site capture ELISA kit
(R&D Systems). Briefly, assay diluent (50 pul), supplied with the kit, was added to each
well, followed by the addition of diluted samples (1:1 - 1:4), standards or kit control (50
ul). The 96-well plate was incubated for 2 h at RT after which time it was thoroughly
washed (5x) with the supplied wash buffer; anti-mouse JE conjugate (100 ul) was then
added to each well and incubated for 1 h at RT. The wells were aspirated and washed
as previously (5x), before the addition of 100 ul of the substrate (TMB) solution
supplied; the plate was then developed in the dark for 30 min. The reaction was halted
by the addition of 50 ul stop solution provided in the kit, and the absorbances of each
well at 450 nm determined as described previously. Sample concentrations of JE were
calculated with reference to the recombinant JE standard curve, which was linear from
0 - 1000 pg/ml.

2.3.8 Measurement of serum KC concentrations

Murine soluble KC was detected by a two-site capture ELISA kit (R&D
Systems). This kit employs exactly the same method as described in Section 2.3.7.
Sample concentrations of KC were calculated with reference to the recombinant KC
standard curve, which was linear from 0 — 1000 pg/ml.

2.3.9 Measurement of serum MIP-2 concentrations

Murine soluble MIP-2 was detected by a two-site capture ELISA kit (R&D
Systems). This kit employs the same method as described in Section 2.3.7. Sample
concentrations of MIP-2 were calculated with reference to the recombinant MIP-2
standard curve, which was linear from 0 — 500 pg/mi.

2.3.9.1 Characterisation of murine chemokine ELISA’s

Hyperlipidaemic serum samples were ‘spiked’ with a known concentration of
recombinant chemokine protein to ensure that the lipaemia evident in these samples
was not adversely affecting the ELISA. Recovery of the recombinant protein was
between 98 - 100% (data not shown) and therefore these commercially available
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ELISAs are suitable for measuring chemokine concentration in hyperlipidaemic serum

samples.

2.4 Collection and preparation of tissue sections

Hearts, livers, kidneys, spleens and lungs were removed immediately post
mortem, snap-frozen in liquid nitrogen and fresh frozen sections cut as described in
Section 2.4.1.2 and 2.4.1.3. Perfuse-fixed hearts were either stored in formalin until
sectioning (Section 2.4.1.1) or were bisected immediately after perfusion, equilibrated
in OCT compound (Bayer Diagnostics) and frozen that day as described in Section
2411.

2.4.1 Cryostat sectioning of tissues
2.4.1.1 Perfuse-fixed hearts
The heart was perfused fixed in-situ as outlined in Section 3.2.1.6. Sections

were cut as previously described 3%,

Briefly, the hearts were bisected below the
level of the atrium and the apex discarded. The superior aspect of the heart plus the
aortic root were taken for analysis and equilibrated ovemight in OCT compound. The
heart was then immersed in OCT compound and orientated on a cryostat chuck (Bright
Instrument Company Ltd, UK) so that the aorta was facing the chuck. The tissue was
then frozen within the cryostat on the quick-freeze stage (-70°C) and then sectioned (-
20°C) perpendicular to the axis of the aorta, starting within the heart and proceeding in
the direction of the aorta. Alternate sections (10 um) were taken, from the site where
the three valve leaflets were first identified and mounted onto gelatinised slides.
Sections were air dried for 1 h before being stained with Oil-Red-O (ORO) and Coles

haematoxylin (Section 2.5).

2.4.1.2 Fresh frozen hearts

The hearts were removed immediately post mortem and bisected as described
in Section 2.4.1.1 leaving approximately 2 mm of aorta still attached. The superior
aspect of the heart plus aortic root were gently rinsed in saline and excess fluid
removed by placing the heart on absorbent paper. The heart was then orientated cut-
side down onto labelled cork discs and surrounded in OCT compound. The tissue was
snap frozen in liquid nitrogen, wrapped in cling film and stored at -80°C until sections
could be cut. Hearts were sectioned, starting at the aorta and proceeding in the
direction of the heart. After the aortic root had been identified by the appearance of the

three valve leaflets, sections (6 um) were taken and thaw mounted onto Superfrost
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Plus Gold slides, refrozen immediately and stored at -80°C awaiting analysis. Sections
were taken for lesion analysis, immunohistochemistry (IHC) or in-situ hybridisation as

described in Chapters 3 to 5.

2.4.1.3 Fresh frozen spleen and liver sections

The spleen and a lobe of liver were removed immediately post mortem, placed
onto labelled cork discs and immersed in OCT compound. The tissues were then
frozen in liquid nitrogen, wrapped in cling film and stored at -80°C awaiting analysis.
The cork disc was attached to the chuck as described previously (Section 2.4.1.2) and
sections (6 um), thaw mounted onto Superfrost Plus Gold slides, refrozen immediately
and stored at -80°C.

2.5 Histochemical analysis of aortic tissue sections
2,5.1 Oil-Red-O Staining

Oil-Red-O staining solution was prepared by mixing three parts of a saturated
ORO stock solution (ORO, 10% w/v in propan-2-ol) with two parts dextrin (1% w/v in
distilled water). The resulting solution was allowed to stand for 1 h and then filtered
through a piece of Whatman filter paper (grade 1). Transverse sections of aortae were
thaw mounted onto gelatinised slides or Superfrost Plus Gold slides as described in
Sections 2.4.1.1 and 2.4.1.2. Sections were allowed to air dry for 1 h before being
dipped briefly in isopropyl alcohol (60%) and then immersed in the ORO staining
solution. After 15 min, the slides were dipped in isopropyl alcohol (60%), and then
rinsed in running tap water (2 min). The sections were then counterstained in Cole’s
haematoxylin (15 s), washed in running tap water (5 min) and then coverslipped using
glycerol/gelatine as a mountant. Once the mountant had set the slides were cleaned
and the coverslip sealed with clear nail vamish.

2.5.2 Analysis of lesion area

Cross sectional lesion area was determined by morphometric evaluation of ten
sections of aortic root, commencing where the three valve leaflets first appeared *, as
described in Chapters 3 to 5. Images were analysed using an Olympus BH-2
microscope and video-imaging systems, exactly as described previously *. All images
were captured under identical lighting, microscope, camera and computer conditions.
Atherosclerotic lesion areas were quantified by drawing around the lesions using
Optimas software (version 6.1, Optimas Corp., USA). Colour thresholds were set that
quantified the areas stained red within the lesion. Absolute values for the cross-
sectional area of the lesion, and the regions stained red, were obtained by calibrating
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the software using a stored image of a micrometer slide taken at the same
magnification

2.6 Recombinant DNA methodologies

The techniques described in this section were used in the isolation of plasmid
DNA for use in the production of riboprobes. Subsequent methods employed in the
synthesis of riboprobes and their use during in-situ hybridisation are found in Section
424,

2.6.1 Transformation of JM109 competent cells

For each transformation, 100 pl aliquots of JM109 bacterial cells (Promega)
were thawed on ice (5 min). The cells were gently mixed, DNA (10 ng) (Section
4.2.4.2.5) added, and mixed well before being placed on ice (15 min). The cells were
heat shocked (45 s, 42°C) and placed back on ice (2 min) to induce a transient state of
competence, during which time the bacteria took up the plasmid DNA. Luria-Bertani
(LB) medium (Appendix 9.4.1) was added (900 ul) and the transformation reaction
incubated for 60 min (37°C, 225 rpm). LB agar plates (Appendix 9.4.2) containing 50
pg/ml ampicillin (LBamp, Section 4.2.4.2.2) were coated with 20 pl of 5-bromo-4-chloro-
3-indolyl-B-D-galactopyranoside (X-gal) (50 ug/ml) and 100 pl of isopropyl-
thiogalactoside (IPTG) (100 mM) and incubated for 30 min (37°C). The transformation
mix (100 pl) was plated out onto the LBaye agar plates and incubated overnight (37°C).
The inserted DNA will disrupt the /lacZ gene contained in the plasmid, which encodes
for the enzyme, B-galactosidase (which normally cleaves lactose into galactose and
glucose). This enzyme also metabolises X-gal in the presence of IPTG which ensures
that /acZ expression is not repressed. X-gal is broken down by the enzyme into a deep
blue product (4-chloro-3-bromo-indigo). Therefore, bacterial colonies containing non-
recombinant vectors are blue, whereas those harbouring recombinant vectors are
white.

2.6.2 Identification of recombinant clones

Eight white colonies were selected (Section 2.6.1), and cultured in LBaye medium
overnight (37°C, 225 rpm). Plasmid DNA was isolated (Section 2.6.3) and recombinant
clones verified by restriction digest using the enzymes Not | and BamH | and 1x
REACT buffer 3 (Life Technologies, Appendix 9.3) to release the KC insert and
analysed using electrophoresis. A correct clone was identified and the bacterial culture
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was scaled up as outlined in Section 2.6.4 so that there was enough plasmid DNA for
the transcription of the riboprobes.

2.6.3 Isolation of plasmid DNA — mini preparation

The QlAprep Mini Kit (Qiagen) was used to isolate and purify up to 20 pg of
plasmid DNA. The QIAprep miniprep procedure uses the modified alkaline lysis
method **%%¥_ The bacterial suspension (1.5 ml) was centrifuged (1 min, 7000 x g) in a
sterile microfuge tube (2 ml) and the supernatant discarded to leave a bacterial pellet.
The pellet was resuspended in buffer P1 (250 ul) and the bacteria lysed with buffer P2
(250 pl). After 5 min, buffer N3 was added (350 pl) and the solution gently inverted
several times and centrifuged (10 min, 13,000 x g). The supernatant was removed and
loaded onto a QlAprep spin column and centrifuged (30 s, 13,000 x g). The eluate was
discarded and the column washed with buffer PE (750 pl) and centrifuged again (30 s,
13,000 x g). Residual buffer remaining in the column was removed by centrifugation (1
min, 13,000 x g). The QlAprep column was placed in a clean microfuge tube (1.5 ml)
and the DNA eluted by adding 30 pl of sterile distilled water, incubating for 1 min and
then centrifugation (1 min, 13,000 x g). The DNA was stored at -20°C until required.

The purity and concentration of the plasmid preparation was measured by UV
spectrophotometry of diluted samples (typically 1/70 dilution) and determined using the
equation below. At 260 nm, an optical density (A.s0) of 1 corresponds to approximately
50 ug/ml of double stranded DNA.

Plasmid DNA concentration (ug/ml) = Axeonm x dilution factor x 50 pg/ml

The purity was estimated by the ratio between readings at 260 nm and 280 nm
(Azs0:A2s0). Protein and phenol contaminants have an absorbance at 280 nm. A ratio
of 1.8-1.9 indicated a pure solution of DNA, whereas samples with values less than
these were considered contaminated with phenol or protein and discarded.

2.6.4 Isolation of plasmid DNA - midi preparation

The Qiagen Plasmid Midi Kit and protocol were used to isolate and purify
plasmid DNA at a 20 — 100 pg level. The starter culture produced from one of the
recombinant clones was diluted 1/1000 into LB** medium (25 ml) and incubated
overnight (300 rpm, 37°C). The bacterial cells were harvested by centrifugation (6000
x g, 15 min, 4°C), and the bacterial pellet resuspended in buffer P1 (4 ml). Next, buffer
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P2 was added mixed gently by inversion (4-6x) and incubated at RT for 5 min. This
was followed by the addition of chilled buffer P3, inversion to mix (4 - 6 x) and
incubation on ice (15 min). The solution was centrifuged (20,000 x g, 30 min, 4°C), the
supernatant removed to a fresh tube and centrifuged again (20,000 x g, 15 min, 4°C) to
avoid particulate matter clogging the QIAGEN-tip 100. A QIAGEN-tip 100 was
equilibrated with 4 ml of QBT buffer, and the column emptied by gravity flow. The
supernatant was loaded onto the QIAGEN-tip promptly and allowed to enter the resin
by gravity flow. The QIAGEN-tip was washed with 2 x 10 ml of buffer QC and the DNA
eluted with buffer QF (5 ml) into a tube. The DNA was precipitated by adding
isopropanol (3.5 ml) and centrifuged (15,000 x g, 30 min, 4°C). The supematant was
carefully decanted and the DNA pellet washed with 2 ml of ethanol (70 %). The pellet
was air-dried (10 min, RT) and then redissolved in sterile distilled water. The DNA was
quantified as previously described (Section 2.6.3)

2.6.5 Separation of DNA fragments by agarose gel electrophoresis

The percentage of agarose used to isolate DNA fragments varied depending on
size; typically, 1% was used. The mini gel apparatus (Flowgen, UK) was set up as per
manufacturers instructions. Briefly, 1 x Tris/acetate buffer (TAE; 40 mM Tris acetate,
10 mM EDTA, Life Technologies) (50 ml) was added to the agarose (0.5 g), and the
mixture heated in a microwave oven with mixing at regular intervals until the agarose
had just dissolved. The solution was cooled to 50 - 60°C, ethidium bromide (0.5 ug/mi,
Life Technologies) added, and the gel poured into the cast. Ethidium bromide
intercalates with nucleic acids and allows visualisation within the gel matrix. The gel
was allowed to set (30 min, RT), the comb and blocks removed and enough 1 x TAE
buffer added to the tank so that the gel was completely covered. The restriction digest
was mixed with loading buffer (1:6) and loaded (10 - 30 pl) into the wells. A 100 bp
DNA ladder (Life Technologies) (1 ul of ladder per mm of lane) was also run to ensure
the correct size product had been released from the plasmid. The gel was run at a
constant voltage of 80 V for ~ 45 min or until the dye front had migrated 2 cm from the
bottom of the gel. After electrophoresis, the gel was visualised and photographed
under UV light (Eagle Eye I, Stratagene).

2.6.6 Extraction and purification of DNA from agarose gel

The cDNA of interest was extracted from the agarose gel using the QIAquick
Gel Extraction Kit (Qiagen) and protocol. This Kit is designed for the extraction of 70
bp to 10 kb DNA fragments from standard or low-melt agarose gels in TAE or TBE
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buffers. The digested DNA was run on an agarose gel (1%) (Section 2.6.5) and the KC
cDNA band was identified (under U.V illumination) and excised from the gel using a
sterile scalpel blade. The slice was weighed and added to a microfuge tube (1.5 ml).
Three volumes of buffer QG was added to 1 volume of gel (100 mg = 100 pl) and
incubated at 50°C for 10 min with vortexing every 2 min. A QIAquick spin column was
placed in the provided collection tube (2 ml). One gel volume of isopropanol was
added to the sample, mixed and then applied to the spin column. The column was
centrifuged (1 min, 13,000 x g) and the eluate discarded. The column was then
washed with buffer PE (750 pl), allowed to stand for 5 min and centrifuged (1 min,
13,000 x g). The flow through was discarded and the column centrifuged (13,000 x g)
for an additional 1 min. The column was then placed in a microfuge tube (1.5 ml) and
the DNA eluted by adding sterile distilled water (30 pl) to the centre of the column. The
column was allowed to stand for 1 min and then centrifuged (13,000 x g) for 1 min.
The DNA was quantified (Section 2.6.3), the KC insert excised (Section 4.2.4.2.3),
‘polished’ (Section 4.2.4.2.4) and then ligated into pPCR-Script Amp SK (+) cloning
vector (Section 4.2.4.2.5) before being transformed into JM109 bacterial cells (Section
2.6.1).

2.6.7 Wizard DNA Clean-up Kit

Linearised plasmid DNA (Section 4.2.4.2.7) was purified using a Wizard DNA
Clean-Up Kit and protocol (Promega). Wizard DNA Clean-Up Resin (1 ml) was added
to a microfuge tube (1.5 ml) and the DNA sample made up to 50 pl with sterile distilled
water. The sample was added to the resin and inverted several times to mix before
being loaded into a syringe barrel. The sample was gently pushed into the Minicolumn,
which was then washed twice with 2 ml of isopropanol (80%). The Minicolumn was
transferred to a microfuge tube (1.5 ml) and centrifuged (2 min, 10,000 x g) to dry. The
DNA was eluted by addition of 30 pul of sterile distilled water (70°C) to the Minicolumn
(1 min) and then centrifuging for 20 s at 10,000 x g. The purified DNA was stored at -
20°C until use.
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Chapter 3

Hypercholesterolaemia and circulating
levels of CXC chemokines in apoE*3

Leiden mice
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3 Hypercholesterolaemia and circulating levels of CXC chemokines in apoE*3
Leiden mice

3.1 Introduction

Chemokines are an important group of secreted proteins that exhibit selective
chemoattractant properties for target leukocytes, thereby ensuring the correct
leukocyte is activated and recruited to sites of inflammation '**. This has led to the
proposition that they are key players in the pathogenesis of diseases with characteristic

leukocyte infiltrates '*°.

Chemokines can be separated into two major subfamilies
based on whether the first two of four cysteine residues is separated by one amino acid

residue (CXC) or are adjacent (CC) (Section 1.6).

Members of the CC chemokine subfamily predominantly induce the migration of
monocytes and T-lymphocytes and are, therefore intrinsically linked with the monocytic
infiltrate that characterises atherosclerosis (Section 1.6.1). In contrast, CXC
chemokines are classically thought of as neutrophil chemoattractants and activators
(Section 1.6.2). Few neutrophils are found in atherosclerotic lesions ', and it was not
envisaged that CXC chemokines would play a central role in lesion development.
However, recent data suggests that CXC chemokines may play a hitherto
unrecognised role in monocyte recruitment during atherogenesis (Section 1.7.2 and
1.7.2.1). For example, GRO-ua "°' and IL-8 *** may trigger the adhesion of monocytes
under flow conditions to a model of vascular endothelium. Macrophages in human and
murine atherosclerotic lesions express CXCR-2 and miL-8RH respectively '’
Importantly, studies using bone marrow transplantation have demonstrated that the
absence of leukocyte mIL-8RH resulted in diminished monocyte recruitment and
reduced lesion size in the LDL receptor” model of atherosclerosis '"’. Thus, CXC
chemokines may play an important role in the recruitment of monocytes to
atherosclerotic lesions and we hypothesised that measurement of these molecules
could provide useful information on events occurring at the vessel wall during

atherogenesis.

The aim of this initial investigation was to examine whether circulating CXC
chemokines were elevated in response to an atherogenic diet in apoE*3 Leiden mice
and their non-transgenic littermates. ApoE*3 Leiden mice have impaired hepatic
clearance of chylomicrons and VLDL remnants from the blood and, when fed an
atherogenic diet, develop marked hyperlipidaemia and accelerated atherogenesis

6,44,106

compared with their non-transgenic littermates (Section 1.2.5) . Importantly,
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lesion development in apoE*3 Leiden mice is correlated to the duration of exposure to
elevated levels of serum lipoproteins; this means that atherogenesis can be regulated
in these animals, according to composition and duration of diet treatment. Indeed,
small type | and |l fatty streak lesions are visible in apoE*3 Leiden mice after 4 weeks
consumption of the HFC/C diet, allowing the hypothesis to be tested in a short
preliminary study. Accordingly, serum concentrations of CXC chemokines during the
early stages of ‘fatty streak’ development in apoE*3 Leiden and C57BL/6J mice
consuming the high fat/high cholesterol/sodium cholate (HFC/C) diet (Table 1-5) were
measured.

3.2 Methods
3.2.1 Study protocol
3.2.1.1 Mice

Mice were generated and phenotyped as described in Section 2.2. . Twenty-two
female apoE*3 Leiden mice and 20 female non-transgenic mice, aged 8-10 weeks,
were allocated randomly to experimental groups on the basis of age and litter.

3.2.1.2 Diets

Before the study, animals were maintained on RM1 diet, a standard mouse diet.
During the experimental period, groups of mice were fed either the high-fat/high-
cholesterol/cholate (HFC/C) diet or continued to receive RM1 diet (Section 2.2.2).
Fourteen apoE*3 Leiden mice, and 20 of their non-transgenic littermates were fed the
HFC/C diet and 8 apoE*3 Leiden mice were fed RM1 diet. Body weights were
measured prior to the start of the study and after 1 and 3 weeks of diet feeding. Half
the mice from each group were culled after two weeks, and the remainder after four
weeks. Body weights were measured by the Department of Laboratory Animal Safety
(GSK).

3.2.1.3 Collection of blood samples

In-life blood samples (Section 2.3.1) were taken prior to the start of the study
and then after 2 weeks of diet treatment. Terminal blood samples were taken from
each mouse by cardiac puncture under halothane anaesthesia after 2 and 4 weeks.
Serum was prepared and stored as described in Section 2.3.2.

3.2.1.4 Lipid and lipoprotein analysis
Cholesterol and triglyceride concentrations were measured enzymatically using
commercially available kits (Section 2.3.4 and 2.3.5). These assays were performed

97



by the Clinical Chemistry Department (GSK). Serum lipoproteins were separated by
agarose gel electrophoresis, using Lipo+Lp(a) gels (Sebia, UK) and stained for lipid
using Sudan Black. Briefly, samples (6 ul) were loaded onto the agarose gel and
allowed to diffuse. The gel was run at 50 V for 90 min using the Tris-Barbital buffer (pH
9.2) supplied in the kit and then dried at 80°C for 20 min. The migrated samples were
visualised by immersing the gel in Sudan Black staining solution (160 mi ethanol, 2 mi
Sudan Black staining solution and 140 ml distilled water, 15 min), followed by
destaining (45 % ethanol in distilled water; 5 min). The gel was then washed in distilled
water and dried as before.

3.2.1.5 Chemokine analysis

Serum concentrations of KC and MIP-2 were determined in diluted serum
samples (1:1 - 1:4), using commercially available ELISA kits as described in Section
2.3.8and 2.3.9.

3.2.1.6 Tissue preparation and sectioning of aortic root

Mice were killed by cervical dislocation, and their hearts perfuse-fixed in-situ
using oxygenated Krebs-Henseleit buffer (89.2 mM NaCl, 44 mM NaHCO,;, 5 mM KCI,
1 mM Na;HPO,.12H,0, 0.5 mM MgS0O,.7H,0, 0.04 mM Na,.EDTA.2H,0, 3.6 mM
fumaric acid, 5 mM L-glutamic acid, 10.1 mM D-glucose, 5 mM sodium pyruvate and
2.3 mM CaCl,) at 37°C under a pressure of approximately 110 cm of water via a
cannula inserted in the left ventricle and an outlet created by cutting the right atrium.
After 30 min, the buffer was replaced by neutral-buffered formalin and the perfusion
continued for a further 30 min. Hearts were dissected out, stored in neutral buffered
formalin and subsequently embedded in OCT compound, as described previously
(Section 2.4.1.1).

3.2.1.6.1 Assessment of atherosclerosis in sections of aortic root

Lesion cross-sectional areas were measured in altemate sections (10 um) of
the aortic root as described in Section 2.5.2. Sections were photographed at x40
magnification, using a Zeiss photomic lll photomicroscope and Fujichrome 50 Velvia
film.

3.2.2 Statistics

Statistical analysis was carried out by Phil Overend (Department of Statistical
Science, GSK). All the parameters except for body weight were log transformed in
order to normalise the variances and in these cases geometric means with 95%
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confidence intervals are quoted. The variance in body weight decreased with
increasing body weight. Prior to analysis it was, therefore, normalised by power
transforming the data using the fourth power. The treatment data for serum
cholesterol, triglyceride and body weights were analysed using a 2 way analysis of
variance (ANOVA) because the data were from mice culled after either 2 or 4 weeks.
MIP-2 and KC were analysed using a repeated measures ANOVA because these
parameters were measured on the same sub-set of mice throughout the 4 week study.
Comparisons were made between the apoE*3 Leiden mice fed the HFC/C diet and
either the apoE*3 Leiden mice fed normal diet or the non-transgenic mice using a
Dunnetts multiple comparison post-test. Differences between the apoE*3 Leiden mice
fed normal diet and the non-transgenic mice were analysed post-hoc using a
Bonferroni test. Pre-treatment data were transformed using the same method as the
treatment data and were then analysed using a 1-way ANOVA. Comparisons were
made as described above. Differences from initial values were analysed by separate
repeated measures ANOVAs for weeks 0 to 2 and O to 4 (weeks O to 1 and O to 3 for
body weights). Differences were considered to be statistically significant if p<0.05.

3.3 Results
3.3.1 Body weights

ApoE*3 Leiden mice fed RM1 diet gained weight during the study by 9% and
12% at weeks 1 and 3 respectively whereas the weights of the mice in the other groups
did not change significantly (Figure 3-1). As a consequence, the apoE*3 Leiden mice
fed normal diet were 14% and 11% heavier than the apoE*3 Leiden mice fed the
HFC/C diet at weeks 1 and 3 respectively.

3.3.2 Serum cholesterol and triglyceride

The effects of feeding HFC/C diet on serum cholesterol and triglyceride in
female apoE*3 Leiden mice, or their non-transgenic littermates are shown in Figure
3-2. Serum cholesterol levels were 28% and 42% lower (p<0.05) at the start of the
study in the non-transgenic mice than in the apoE*3 Leiden mice that were
subsequently fed either normal or HFC/C diet respectively. Serum cholesterol
concentrations decreased significantly from initial values (p=0.025) by week 4 of the
study in apoE*3 Leiden mice consuming normal diet. In contrast, serum cholesterol
increased dramatically (p=0.0001) by approximately 12 and 4 fold respectively in
apoE*3 Leiden mice and their non-transgenic littermates after two weeks consumption
of the HFC/C diet. Serum cholesterol was over 4-fold higher in the apoE*3 Leiden
mice fed HFC/C diet compared with their non-transgenic littermates (p<0.0001) (Figure
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3-2). No further changes in serum cholesterol were observed at week four in either
group fed the atherogenic diet.

Serum triglycerides were significantly lower (p=0.0001) than initial values
throughout the experiment in the apoE*3 Leiden and C57BL/6J mice fed HFC/C diet.
In apoE3* Leiden mice fed normal diet the reduction was only significant (p=0.01) after
4 weeks. Triglyceride levels were higher in both groups of apoE*3 Leiden mice,
compared with their non-transgenic littermates (Figure 3-2 B) throughout the feeding
period (p<0.05). At both 2 and 4 weeks, serum triglyceride levels in the non-transgenic
animals were approximately 30% of the levels seen in the apoE*3 Leiden mice
consuming the same HFC/C diet. However, serum triglyceride levels did not differ
significantly between the two groups of apoE*3 Leiden mice.

Agarose electrophoresis of the serum lipoproteins (Figure 3-3) showed that
prep migrating VLDL was the predominant lipoprotein fraction in serum isolated from
apoE*3 Leiden mice consuming normal RM1 diet, or from the non-transgenic mice fed
HFC/C diet. Consumption of the HFC/C diet was associated with an apparent decline
in HDL, as judged by Sudan black staining and, in apoE*3 Leiden mice, the generation

of a slower, B-migrating VLDL fraction.

3.3.3 Effects of HFC/C diet on serum CXC chemokines

The effects of feeding the HFC/C diet on serum KC and MIP-2 concentrations
(Figure 3-4) were analysed using terminal and in-life samples from subsets of mice,
derived from each of the 3 groups culled at four weeks. Analysis of the serum
cholesterol and triglyceride concentrations for each subset indicated that they did not
differ from the data presented for all the mice in each group (Figure 3-2 A and B). No
significant differences in serum KC or MIP-2 concentrations were evident at the start of
the study, and no significant changes in either chemokine were noted in apoE*3 Leiden
mice consuming the normal diet throughout the study.

Consumption of HFC/C diet, for 2 or 4 weeks, caused significant increases in
both KC and MIP-2 in both apoE*3 Leiden (p<0.0005) and C57BL/6J (p<0.05) mice,
compared with apoE*3 Leiden mice consuming normal RM1 diet (Figure 3-4). Serum
concentrations of KC in apoE*3 Leiden mice consuming HFC/C diet, were higher than
those found in their non-transgenic littermates (+ 109%, p<0.018) after 4 weeks (Figure
3-4). Although the geometric means for the serum concentrations of MIP-2 also
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tended to be higher in apoE*3 Leiden mice consuming the HFC/C diet for 2 or 4 weeks,
compared with their non-transgenic littermates, the differences were not significant.
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Figure 3-1  Effects of diet on body weights

Black squares: apoE*3 Leiden mice consuming HFC/C diet; black circles, non-
transgenic controls consuming HFC/C diet; open squares, apoE*3 Leiden mice
consuming RM1 diet. Values shown are geometric means + 95% confidence intervals.

3.3.4 Effects of HFC/C diet on lesion development in the aortic sinus
Consumption of the HFC/C diet for 2 or 4 weeks led to the formation of early,

Type | lesions in the apoE*3 Leiden mice (Figure 3-5 A). These stained intensely with

Oil-Red-O and were predominantly restricted to the aortic valve leaflet. No lesions

were evident in the non-transgenic mice (Figure 3-5 B) or in the apoE*3 Leiden mice

consuming the RM1 diet (Figure 3-5 C) at any time-point.
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Figure 3-2 Effects of diet and strain of mouse on serum lipids

Effects of diet and strain of mouse on serum cholesterol (A) and triglyceride (B)
concentrations (dark grey bar, apoE*3 Leiden mice consuming HFC/C diet; light grey
bar, non-transgenic controls consuming HFC/C diet; open bar, apoE*3 Leiden mice
consuming RM1 diet). Values shown are geometric means * 95% confidence intervals
(a = significantly different (p<0.001) to apoE*3 Leiden mice consuming HFC/C diet, b =
significantly different (p<0.05) to apoE*3 Leiden mice consuming RM1 diet).
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Figure 3-3 Lipoprotein analysis using gel electrophoresis.

Lane 1 & s human serum, lanes 2 & 3 apoE*3 Leiden mouse consuming the normal
RM1 diet, lanes 4 & 5 non-transgenic littermate consuming the HFC/C diet, and lanes s
& 7 apoE* 3 Leiden mouse consuming the HFC/C diet. Sudan black staining (Section
3.2.1.4).
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Figure 3-4 Effects of diet and strain of mouse on serum CXC chemokines

Effect of diet and strain of mouse on serum KC (A) and MIP-2 (B) concentrations (dark
grey bar, apoE*3 Leiden mice consuming HFC/C diet (n=6); light grey bar, non-
transgenic controls consuming HFC/C diet (n=6); open bar, apoE*3 Leiden mice
consuming RM1 diet (n=4)). Values shown are geometric means * 95% confidence
intervals (a = significantly different (p<0.02) to apoE*3 Leiden mice consuming HFC/C
diet, b = significantly different (p<0.05) to apoE*3 Leiden mice consuming RM1 diet).
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Figure 3-5 Photomicrographs of aortic root sections

Typical histological sections of aortic root (original magnification x40) taken from (A) apoE*3
Leiden mice and (B) non-transgenic littermate, following consumption of the atherogenic diet
HFC/C diet for four weeks. (C) ApoE*3 Leiden mice consuming the normal RM1 diet. Oil-Red-

O staining.
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3.4 Discussion

This study examined whether CXC chemokines were elevated during the
development of diet-induced hypercholesterolaemia in apoE*3 Leiden mice and their
non-transgenic littermates. Elevated serum levels of murine IL-8RH ligands, KC and
MIP-2 were seen in both apoE*3 Leiden mice and their non-transgenic littermates
consuming an atherogenic diet. Furthermore, KC was found to be significantly
elevated in apoE*3 Leiden mice compared with the non-transgenic animals, and was
associated with the grossly elevated serum cholesterol levels and fatty streak lesions
observed in this group. This raised the possibility that circulating levels of CXC
chemokines could reflect enhanced expression of these molecules during
atherogenesis and prove useful as serum markers of lesion development.

However, this study provided no information on the site(s) of production of these
elevated CXC chemokines. They may evolve from a number of different cells or
tissues. It is possible that the developing atherosclerotic lesions seen in apoE*3
Leiden mice consuming the HFC/C diet could contribute directly to the levels of
circulating KC and MIP-2. In vitro studies have suggested that IL-8 production and
secretion by arterial cells is enhanced following incubation under pro-atherogenic

174

stimuli, including; cholesterol loading '?, oxidised LDL '"°, oxysterols and

175

inflammatory cytokines Furthermore, macrophages isolated from human

172,174,176

atheromatous plaques show increased capacity to produce IL-8 and

immunoreactive IL-8, GRO-a and murine KC have been detected in macrophage-rich

areas of lesions '773%,

Alternatively, blood leukocytes may be an important source of serum
chemokines. Hypercholesterolaemia is a well-known risk factor for atherosclerosis
(Section 1.1.2). Recently, it was shown that monocytes isolated from
hypercholesterolaemic patients had enhanced IL-8 expression and secretion compared

to normocholesterolaemic individuals 3*°

. Furthermore, plasma concentrations of IL-8
correlated with IL-8 expression by blood mononuclear cells *°. Thus, activated blood

leukocytes may be an important contributing source of serum chemokines.

Elevated levels of circulating chemokines may also be derived from hepatic
cells. Consumption of an atherogenic diet by C57BI/6J mice is reported to induce
oxidative stress, inflammation and lipid accumulation in both aortic and hepatic tissues
10111 Moreover, atherogenic diets generate similar responses to injection of minimally

modified LDL, namely activation of NF-xB and induction of genes for macrophage-

106



colony stimulating factor, JE, KC, haem oxygenase and serum amyloid A in the liver
211011 1mportantly, susceptibility to hepatic oxidative stress and inflammation appear

to co-segregate with aortic atherosclerotic lesion formation '**.

Finally, serum CXC chemokine concentrations could be affected by the rate of
clearance of these molecules from the bloodstream. The mechanisms involved may
include binding to the IL-8RH **'3¥2 proteoglycans **° on cells or tissues, the Duffy
antigen receptor complex on red blood cells ***, or to high affinity antibodies generated

5

during inflammation 34°. Therefore, differences in both production and clearance of

chemokines may influence circulating levels of KC and MIP-2.

In summary, this study shows that circulating levels of murine KC and MIP-2 are
associated with the marked hypercholesterolaemia and accelerated atherosclerosis
seen in apoE*3 Leiden mice consuming an atherogenic diet. Serum chemokines may
not solely be derived from arterial cells, but from other sites including activated blood
leukocytes or hepatocytes. Therefore, although the site(s) of production, and
functional significance of these molecules have yet to be elucidated, circulating
concentrations of CXC chemokines could prove useful markers of the enhanced
immune activation and chronic inflammation that characterises atherogenesis.

This preliminary study raises a number of important issues, addressed by the work
in the remainder of this thesis. The temporai relationships between serum chemokine
concentrations, development of hypercholesterolaemia, and progression of lesion
development from early ‘fatty streak’ to more complex fibrous lesions are not known.
The site(s) of production of CXC chemokines contributing to elevated serum levels of
these proteins are also unclear; these molecules could be derived predominantly from
the artery wall, or from other sites such as the liver. Circulating levels of CXC
chemokines, KC and MIP-2, should be compared with serum concentrations of the
prototypic CC chemokine, JE/MCP-1, which plays an established role in monocyte
recruitment during atherogenesis. Further, although increases in soluble adhesion
molecules have been observed in individuals with the clinical complications associated
with overt atherosclerosis, the temporal relationships between circulating levels of
sVCAM-1 and sICAM-1 and the early stages of lesion development have not yet been
investigated. Equally, systemic ‘markers’ of inflammation, such as Hp, SAA and PON1
activity, have been associated with increased risk of CAD. Serum levels of these
proteins should be compared with putative ‘markers’ of monocyte recruitment,
chemokines and soluble adhesion molecules, in order to establish which, if any, of
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these molecules are predictive of atheroma development in apoE*3 Leiden, or
C57BL/6J, mice consuming an atherogenic (HFC/C) diet.
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Chapter 4

Temporal relationships between
circulating levels of chemokines,
adhesion molecules, systemic
inflammatory ‘markers’ and developing

atheroma in apoE*3 Leiden mice
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4 Temporal relationships between circulating levels of chemokines, adhesion
molecules, systemic inflammatory ‘markers’ and developing atheroma in
apoE*3 Leiden mice

4.1 Introduction

Atherosclerosis is a chronic inflammatory disease, characterised by silent
progression during the third, fourth and fifth decades of life, until the clinical symptoms
of angina and/or myocardial infarction become evident '. A systemic ‘marker of
atherogenesis, reflecting inflammatory events within the artery wall, with proven
predictive value, would therefore be a valuable diagnostic tool. Many studies have
demonstrated that a number of proteins are altered in the serum or plasma of patients
at risk of future CAD, or those with established atherosclerotic disease. These include
serum chemokines (Section 1.10.4), soluble adhesion molecules (Section 1.10.2),
positive acute phase proteins (Section 1.10.5.1) and paraoxonase (Section 1.9.5).
However, the temporal relationship between systemic concentrations of such ‘marker’
proteins and the initiation and progression of early fatty streak lesions to more complex
fibrous plaques is not known.

Circulating levels of CXC and CC chemokines may prove useful serum ‘markers’
of pathogenic changes occurring during lesion development. Specifically, this study
sought to repeat and extend the findings from the first preliminary investigation i.e. that
serum CXC chemokines were elevated during development of diet-induced
hypercholesterolaemia and were associated with accelerated lesion development in
apoE*3 Leiden mice (Chapter 3). The lesions developed by these mice alter in
composition and complexity over extended periods of high fat/high cholesterol feeding
(Section 1.2.5) ** and this study was therefore extended to 18 weeks in order to
investigate the temporal relationship between circulating CXC chemokines and lesion
development.

Members of the CC chemokine subfamily (Section 1.6.1) predominantly
chemoattract monocytes and T-lymphocytes, but not neutrophils, and extensive
experimental evidence supports a role for the prototypical CC chemokine, MCP-1, and
its receptor CCR2, in the monocytic infiltration that characterises atherogenesis *
75189171 " Therefore, in addition to the measurement of CXC chemokines, serum

concentrations of JE, the murine homolgue of MCP-1, were also examined.
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Further, in order to identify the possible site(s) of production of CC and CXC
chemokines, aortic, hepatic and spleen tissues were taken for immunohistochemical
and in-situ hybridisation analyses. These were supposed to allow investigation of
whether serum chemokine concentrations reflected expression at the vessel wall
during the development of the disease.

Cell adhesion molecules of the immunoglobulin gene superfamily (Section 1.4.2),
such as ICAM-1 are involved in the firm adhesion of monocytes to the endothelium

during atherogenesis **.

Soluble adhesion molecules are found in the circulation,
following ‘shedding’ of these molecules from cells by proteolytic cleavage at a site
close to the transmembrane domain (Section 1.10.1). Therefore, in this study
circulating levels of sICAM-1 during the early development of atheroma in apoE*3

Leiden mice was measured.

As chemokines and adhesion molecules are intimately involved in the
recruitment of mononuclear cells to sites of aortic inflammation, they seemed an
obvious choice to follow during the development of atherosclerosis. Recently, APPs
originating from the liver have been proposed to have some utility in predicting clinical
events associated with underlying atheroma. However, as these proteins are
predominantly expressed by the liver, it is unclear whether these proteins are simply
‘messengers of risk’, or whether they are pathologically involved in atherogenesis.
One possible link between the expression of APPs and the development of
atherosclerosis is provided by pro-inflammatory cytokines, including interleukin (IL)-6,
IL-1a/B and TNF-a. These cytokines may derive from the atherosclerotic lesion and
modulate the expression of APPs via nuclear factors (NF), such as NF-xB, NF-IL-
6/CAAT enhancer binding proteins  or  (C/EBPp or 8), AP-1 or acute phase response
factors (APRF). These nuclear factors interact with cis-acting elements in the promoter
regions of their genes *''. Positive acute phase proteins include CRP, Hp and SAA.
Serum PON-1 activity and hepatic expression of PON1 mRNA are dramatically
decreased during the acute phase response (Section 1.10.5) by exposure to LPS,
TNF-a or IL-1 #°. Thus, the potential predictive power of paraoxonase was also

investigated, in addition to the afore-mentioned APPs
In order to investigate whether these proteins, singly or in combination, can

provide a ‘signature’ for differing stages of lesion development, systemic levels of KC,
MIP-2, JE/MCP-1, siCAM-1, Hp, SAA and PON during the development of atheroma in
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apoE*3 Leiden mice and their non-transgenic littermates fed a HFC/C diet were

measured.

4.2 Methods
4.2.1 Study protocol
4.2.1.1 Mice

Mice were generated and phenotyped as previously described (Section 2.2).
Sixty female apoE*3 Leiden mice and 40 female non-transgenic mice, aged 8-10
weeks, were allocated randomly to experimental groups on the basis of age and litter,
and housed in groups of up to 8.

4.2.1.2 Diet

Animals were maintained on the normal mouse diet (RM1), before the
experimental period. During the study, mice were fed either RM1 or the atherogenic
HFC/C diet (Section 2.2.2). Mice were weaned onto the HFC/C diet over 4 days. In
total, 40 apoE*3 Leiden mice, and 40 of their non-transgenic littermates were fed the
HFC/C diet; 20 apoE*3 Leiden mice were fed RM1.

4.2.1.3 Collection of blood samples

After 2, 4, 8, 12 and 18 weeks of diet treatment, subgroups of 8 apoE*3 Leiden
mice (HFC/C), 8 non-transgenic mice (HFC/C) and 4 apoE*3 Leiden mice (RM1) were
culled and also terminal blood samples collected (Section 2.3.1). In-life blood samples
were also taken from mice remaining in the study at each time-point (Section 2.3.1).
Serum was prepared as previously described (Section 2.3.2)

4.2.1.4 Serum analysis
4.2.1.4.1 Lipid and lipoprotein analysis

Total cholesterol and triglyceride concentrations were measured enzymatically
using commercially available kits. Serum lipoproteins were separated by FPLC as
previously described in Section 2.3.3, and cholesterol and triglyceride concentrations
determined in each fraction of column eluate (Section 2.3.4 and 2.3.5).
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4.2.1.4.2 Chemokine analysis

JE, KC and MIP-2 concentrations were determined in diluted serum samples
(1:1 - 1:4) using commercially available ELISA kits as previously described in Sections
2.3.7,2.3.8and 2.3.9.

4.2.1.4.3 Paraoxonase activity assay

Serum PON activities were assessed by determining the hydrolysis of
phenylacetate as previously described *'. Briefly, the arylesterase activity of the
enzyme was measured by the hydrolysis of phenylacetate in 50 mM Tris acetate buffer
(pH 7.8) containing CaCl, (20 mM). The reaction was initiated by the addition of serum
(1:10, 10 wl) in a final volume of 1 ml. Increases in absorbances (270 nm) were
recorded every 30 s during 10 min incubation at RT. Values are expressed as units

(U) (1 umol hydrolyzed per min) per ml of serum.

4.2.1.4.4 Haptoglobin assay

Levels of Hp were assessed indirectly by measuring peroxidase activity
associated with this protein, using a kit provided by Tridelta Development Ltd. The
assay works on the principle that free haemoglobin exhibits peroxidase activity, which
is inhibited at low pH; Hp present in the sample combines with haemoglobin and at low
pH preserves the peroxidase activity of the bound haemoglobin. Preservation of the
peroxidase activity of haemoglobin is directly proportional to the amount of Hp in the
sample. Serum samples were diluted with the provided calibrator diluent (1:1) and
assayed in duplicate. Diluted samples or standards (7.5 pl) were added to the wells of
a 96-well plate, followed by the addition of premixed haemoglobin (100 pl). Pre-mixed
chromogen/substrate (140 ul) was then added to the wells and the plate incubated for
15 min at RT. The plate was read immediately at 630 nm. Sample concentrations of
Hp activity were calculated with reference to the Hp standards, at concentrations
ranging from 0.06 — 2 mg/ml.

4.2.1.4.5 Serum amyloid A

Murine SAA concentrations were determined using a commercially available kit
(BioSource International). Serum samples were diluted 1:100 with the provided
diluent, and assayed in duplicate. Briefly, the wells were washed with kit wash buffer
(2x 300 pl) and aspirated after each wash. Anti-mouse SAA (50 pul) was added to the
wells followed by the samples and standards (50 pl). The 96-well plate was incubated

for 2 h after which time it was thoroughly washed (3x 300 pl) with wash buffer. The
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substrate solution was prepared by adding two disodium p-nitrophenyl phosphate
(PNPP) tablets to PNPP substrate buffer (10 ml). Substrate was added (100 pl) to the
wells and the plate covered and incubated at 37°C for 1 h. The reaction was halted by
the addition of the provided stop solution (50 ul) and the absorbance of each well
determined at 405 nm. Sample concentrations of SAA were calculated with reference

to the recombinant SAA standards, at concentrations ranging from 0.23 - 3.80 pg/ml.

4.2.2 Tissue preparation

After 2, 4, 8, 12 or 18 weeks of the study, mice were culled by CO; inhalation,
and the heart, liver, kidneys, spleen and lungs dissected out immediately and prepared
as described in Section 2.4.1.2 and 2.4.1.3.

4.2.3 Tissue analysis
4.2.3.1 Lesion analysis

Cross-sectional lesion area was determined by morphometric evaluation of
every third section of the aortic root, commencing from the appearance of the three
valve leaflets (Section 2.4.1.2). Ten sections in total were analysed as previously
described in Section 2.5.2.

4.2.3.2 Macrophage immunostaining

Serial sections (6 um) of the aortic root, commencing from the appearance of
the valve leaflets were used to assess macrophage content. Briefly, sections were air-
dried (30 min) and fixed in acetone (-20°C, 5 min). All subsequent incubations were
carried out at RT with the exception of the primary antibody step (4°C). Endogenous
peroxidase activity was quenched by incubating sections with H,O, (0.3%, v/V) in
methanol. Sections were washed (3x) with Tris-buffered saline/Tween (TBST; DAKO),
and non-specific binding to endogenous biotin blocked using an avidin/biotin blocking
kit (Vector Labs). Sections were washed (3x) with TBST and then incubated overnight
at 4°C with either MOMA-2 (10 ug/ml) (Serotech) or the equivalent concentration of the
isotype control, rat IgG2; (Serotech). After washing (3x) with TBST, sections were
incubated with mouse preabsorbed goat anti-rat immunoglobulins (Biogenex), washed
(3x) with TBST and then incubated with streptavidin conjugated peroxidase (Biogenex).
Slides were washed again (3x) with TBST, and immunoreactive staining visualised by
the addition of diaminobenzidine tetrahydrochloride (DAB) substrate (Vector Labs).
Sections were counterstained with Mayer's haematoxylin, dehydrated through a graded
series of alcohols, cleared in xylene and mounted with DPX (Raymond A Lamb).
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4.2.3.3 Chemokine immunostaining
4.2.3.3.1 Culture of murine b.End5 cells

The murine endothelioma cell line, b.End.5 (European Collection of Cell
Cultures), was used to establish an immunostaining protocol for the detection of
chemokine proteins. Cells were grown in 75cm? flasks containing Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% v/v foetal bovine serum, 100 {U/ml
penicillin, 100 ug/ml streptomycin, 2 mM L-glutamine and 1% v/v non-essential amino
acids. Flasks (Triple Red) were incubated in a humidified atmosphere at 37°C with
5% CO..

4.2.3.3.2 Immunocytochemical analysis of murine b.End5 cells

Murine b.End 5 cells were seeded at a density of 250,000 cells per well on to
Tech well slides (NUNC), and incubated overnight at 37°C. Cells were treated for 4 h
(37°C) in DMEM medium (Section 4.2.3.3.1) +/- LPS (10 pug/ml). After this time, the
medium was removed and assayed for the presence of KC and JE (Section 2.3.7 and
2.3.8). The chamber boundaries were carefully removed from the slide, the cells
washed with Hanks Balanced Salt Solution (HBSS), and chamber sections defined
using a paraffin pen (DAKO). The cells fixed for 15 min with paraformaldehyde (4%,
w/v)/HBSS, and then probed for KC expression using a goat anti-mouse polyclonal
antibody (R&D Systems). Briefly, endogenous peroxidase activity was quenched by
incubating the slide in H,O, (0.5%, v/iV)/HBSS. After washing with HBSS, the primary
antibody (10 pg/ml) was applied for 45 min. Bound primary antibody was detected by
incubation with biotinylated rabbit anti-goat immunoglobulins (DAKO) diluted to 1:600
in neat rabbit serum; secondary antibody was detected by the addition of
StreptABComplex/horseradish peroxidase (1:600, DAKO). Immunoreactive staining
was visualised by the addition of DAB, followed by counterstaining with haematoxylin
and mounting with glycerol/PBS. Negative controls were provided by omission of the
primary antibody, or incubation with non-immune goat IgG (R&D Systems).

4.2.3.4 Analysis of hepatic iipid content
4.2.3.4.1 Bligh and Dyer extraction

Hepatic lipids were extracted using a modified version of the Bligh and Dyer
(1959) extraction method. Liver samples were removed from storage (-70°C),
defrosted, weighed and placed in 5 ml Tris/HCI buffer (50 mM Tris, 150 mM NaCl, pH
7.4) on ice. The samples were homogenised and further diluted (1:1) with Tris/HCI
buffer.
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The extraction efficiency was determined by incorporating radiolabelled [°H]
cholesterol, cholesterol [*H] oleate, [*H] phosphatidyl choline and ['*C] triolein into the
extraction buffer. Briefly, working stock solutions of each radiolabeled lipid containing
10° dpm/ml were prepared in extraction buffer (chloroform/methanol; 1:2 v/v). From
each working stock solution, 26.7 ul was added to 10 ml of extraction buffer to yield a
radioactive count of 2.6 x10* dpm/ml for each lipid. The radioactivity (dpm) associated
with each solution was checked by liquid scintillation counting (Beckman Coulter,
model LS5000CE). It must be noted that the concentration of each radiolabel added to
the extraction buffer was negligible (<1 uM).

The diluted liver homogenate samples (1 ml) were added to 3.75 ml of labelled
extraction buffer, and left to stand with intermittent shaking for 1 h. Chloroform (1.25
ml) and potassium chloride (1.25 ml) were added to give a final extraction ratio of
chloroform: methanol. potassium chloride of 10:10:9 by volume. The samples were
centrifuged (10 min, 300 x g) to assist phase separation and the lower organic phase
containing the lipids (2 ml) removed to a clean glass tube and dried under a steady
stream of nitrogen. The walls of the glass tube were rinsed with chloroform (1 ml) and
re-dried down under nitrogen to ensure the entire lipid extract was concentrated at the
base of the tube. An additional 100 ul of bottom phase was removed for liquid
scintillation counting in order to facilitate calculation of extraction efficiencies.

4.2.3.4.2 Separation of hepatic lipids by thin layer chromatography

Lipids were re-dissolved in chloroform (200 ul) and mixed thoroughly before
being placed on ice. Samples (50 pl) were applied to a thin layer chromatography
(t.).c) plate (Linear-K preadsorbent silica t.l.c plate, Whatman) and allowed to dry.
Standards of cholesterol, cholesteryl ester, triglyceride and phospholipid (2.5 mg/mi)
were also applied (25 pl) to aid identification of bands of interest. The t.l.c plate was
then placed in a solvent tank containing petroleum ether: diethyl ether: giacial acetic
acid (90:30:1 by volume) for approximately 45 min or until the solvent front had
migrated 2 inches from the top of the plate. The plate was allowed to dry and the
bands visualised with iodine vapour.
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4.2.3.4.3 Re-extraction of lipids using hexane and propan-2-ol

The triglyceride, phospholipid, free and esterified cholesterol bands were
scraped from the t.l.c plate and transferred to labelled glass tubes. The lipid was
extracted with hexane:propan-2-ol (3:2 v/v) and vortexed to aid the elution of lipid from
the silica. The eluate was transferred to a clean glass tube and evaporated to dryness

under nitrogen, as before.

4.2.3.4.4 Lipid assays

Each dried hepatic lipid extract was re-dissolved in 50 pl of propan-2-ol and
20 pl removed for liquid scintillation counting to check the efficiency of the elution
process. Further aliquots (5 pl) were removed to assess hepatic triglyceride, and free
and esterified cholesterol as described previously (Section 2.3.4 and 2.3.5).
Phospholipid content was quantitatively determined by an enzymatic colourimetric
method using the Phospholipids B kit (WAKQO). Phospholipids are first hydrolysed by
phospholipase D to release choline. The free choline is subsequently oxidised to
betaine with the simultaneous production of H,O,. The hydrogen peroxide oxidatively
couples 4-aminoantipyrine and phenol to yield a chromogen with an absorbance
maximum of 505 nm. Briefly, standards and samples were added in duplicate to
appropriate wells of a 96-well plate, followed by the addition of colour reagent (95 pl).
The plate was incubated at 37°C for 10 min and the absorbance of each well was read
at 550 nm. The phospholipid concentration was determined with reference to the
standard curve (0 — 300 mg/dl).

Equation for working out the recovery:

total dpm in extraction

L measured lipid solvent (3.75 ml) X 10
hepatic lipid content  _ (mg/ml) total dpm in
(mg/g wet weight) eluate (50 pi)

g liver (wet weight)

4.2.4 Localisation of KC and JE mRNA expression in tissue sections by in-situ
hybridisation
4.2.41 Probes
JE/MCP-1 and KC cDNAs were purchased from American Tissue Type
Collection (Rockville, MD, USA). The JE insert was contained within the plasmid
pGEM-1 (Figure 4-1). This plasmid was suitable for generating sense and anti-sense
riboprobes as the insert was flanked by T7 and Sp6 promotor sites. However, the KC
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insert was contained within plasmid pSP64 (Figure 4-1), which contained only an Sp6
promotor site and was therefore unsuitable for generating sense and anti-sense
riboprobes. Therefore, the KC cDNA was excised with restriction enzymes and cloned
into pPCR Script Amp SK (+) cloning vector (pPPCR-Script™ Cloning Kit, Stratagene)
which had T3 and T7 promotor sites. This is described in detail below and in Section
2.6.

4.2.4.2 Subcloning of KC insert
4.2.4.2.1 Microbiology .
Freeze-dried bacteria were innoculated into 5 ml of steriie LB medium
(Appendix 9.4.1) containing ampicillin (Section 4.2.4.2.2) (LBawp medium) and cultured
overnight in a gyratory shaker-incubator (37°C, 225 rpm). LB agar plates containing
ampicillin (LBawp agar; Appendix 9.4.2) were prepared and streaked with the bacterial
culture and incubated overnight (37°C). From this, a single colony was picked and
used to innoculate LBaywe medium (5 ml) to produce a starter culture (16 h, 37°C, 225

rpm).

4.2.4.2.2 Ampicillin selection

The antibiotic ampicillin interferes with a number of enzymes involved in
bacterial wall synthesis. Both the plasmid vectors used in this study contained an
ampicillin resistance gene and therefore ampicillin was used as a selectable marker at
a concentration of 50 pg/ml.

4.2.4.2.3 Restriction digest

Plasmid DNA was isolated as described previously (Section 2.6.3). The KC
cDNA was excised from the pSP64 vector using the restriction enzyme Pst | (Life
Technologies). Briefly, the plasmid (1 pg) was incubated (1 h, 37°C) with 1 unit of Pst |
and 1x REACT buffer 2 (Appendix 0). The restriction digest was analysed using gel
electrophoresis (Section 2.6.5) and the KC cDNA extracted from the agarose gel
(Section 2.6.6). To confirm the concentration and the size of the KC cDNA, an aliquot
(~200 ng) was run on an agarose gel (1%) against a DNA Mass ladder (Life
Technologies; 4 pl) and a 100 bp DNA ladder (Life Technologies).
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4.2.4.2.4 ‘Polishing’ of KC insert

The KC cDNA was ‘polished’ to remove sticky ends. This was achieved by
adding the purified insert (10 pl) (Section 4.2.4.2.3), deoxynucleotide triphosphate
(ANTP) mix (1 ul, 10 mM), 10x polishing buffer (1.3 ul) and cloned Pfu DNA

tTM

polymerase (1 pl, 0.5 U) in order to a microfuge tube (0.5 ml) (pPCR-Script ™ Cloning
Kit, Stratagene). The polishing reaction was mixed, and overlaid with a drop of mineral
oil. The reaction was then incubated for 30 min at 72°C. The KC cDNA was stored at

4°C until use.

4.2.4.2.5 Ligation of KC insert into the cloning vector

The KC insert was ligated into pPCR-Script Amp SK (+) cloning vector (pPCR-
Script™ Cloning Kit, Stratagene). The following components were added, in the stated
order, to a microfuge tube (0.5 mi): pPCR-Script Amp SK (+) cloning vector (1 ul, 10
ng/ul), PCR-Script 10x reaction buffer (1 pl), rATP (0.5 pl, 10 mM), blunted ended
(polished) KC insert (4 pl), Srf I restriction enzyme (1 pl, 5U/ul), T4 DNA ligase (1pl)
and sterile distilled water (1.5 ul). The ligation reaction was gently mixed, centrifuged
briefly and incubated for 1 h at RT. The reaction was incubated at 65°C for 10 minutes
and stored on ice until transformation (Section 2.6.1). A correct clone was identified
(Section 2.6.2) and the bacterial culture was scaled up as outlined in Section 2.6.4 so
that there was enough plasmid DNA for the transcription of the riboprobes.

4.2.4.2.6 Automated DNA sequencing

The pPCR-Script Amp SK (+) cloning vector containing the KC cDNA was
sequenced to determine the orientation of the insert so that sense and anti-sense
riboprobes could be synthesised. The vecior was sequenced on an ABI377 automated
sequencer (PE Applied Biosystems) by Gene Expression Sciences at GSK using T7
and T3 primers.

4.2.4.2.7 Linearisation of plasmid DNA to produce sense and antisense templates
The plasmids were linearised at an appropriate restriction site prior to
transcription so that sense and antisense transcripts were obtained virtually free of
vector sequence (Figure 4-2). Plasmid DNA containing the KC insert (10 pg) was
linearised with Not | (Life Technologies) to produce the KC sense template or BamH |
(Life Technologies) to produce the KC anti-sense template. Plasmid DNA containing
the JE insert (10 png) was linearised with Pvu Ii to produce the JE sense template or
BamH | to produce the JE anti-sense template. The plasmids were incubated for 2 h at
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37°C with the appropriate restriction enzymes and buffer to ensure the restriction
digest ran to completion. This is important because a small amount of undigested
plasmid DNA can give rise to very long transcripts, which may incorporate a substantial
fraction of the radiolabeled rUTP. Linearised plasmids were purified using a
commercially available kit (Wizard DNA Clean-Up Kit, Promega). To ensure the
plasmids had been linearised, 0.5 pg was run on an agarose gel (1%) along side some
uncut plasmid (0.5 png). As the uncut plasmid is more compact, it will migrate faster on
the gel than the linearised plasmid. The DNA was purified using the Wizard DNA
Clean-up Kit (Section 2.6.7).

4.2.4.3 Transcription of riboprobes

As mRNA is extremely sensitive to RNase degradation, care was taken to
prevent contamination at every stage of the protocol (including cryostat section cutting;
Appendix 9.5). Gloves were worn for all manipulations and, where possible disposable
RNase-free plasticware or baked (120°C) RNase free glassware were used. Pipettes
and work surfaces were sprayed with ‘Rnase-away’. In general, all solutions were
prepared with diethyl pyrocarbonate (DEPC; 0.1%) treated sterile distilled water and
autoclaved where possible.

Sense and anti-sense RNA probes were transcribed from the linear templates
and labelled with S UTP (Amersham Pharmacia Biotech) using Sp6 or T7
polymerase (Promega) and a riboprobe transcription kit (Promega). An RNA century
marker (Ambion) was also prepared to check that full-length riboprobes had been
transcribed successfully. Briefly, reaction mixes were set up in sterile microfuge tubes
as outlined in Table 4-1 and incubated at 37°C. After 40 min, another 1 ul of
appropriate RNA polymerase was added to the reaction mix and incubated for a further
40 min. RNase-free DNase (1 pl) was added to degrade the DNA template, followed
by RNasin (Promega, 1 ul) and incubated for 15 min at 37°C. Unincorporated
nucleotides were removed using G-50 Sephadex columns as outlined in section
42331

4.2.4.3.1 Purification of riboprobes

The radiolabelled RNA probes were purified to remove unincorporated
nucleotides using Quick Spin columns (Boehringer Mannheim) as per manufacturers
instructions. Briefly, the storage buffer was removed (1100 x g, 2 min, 4°C) and

discarded and the sample applied carefully to the centre of the column bed. The
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column was placed in a collection tube, centrifuged (1100 x g, 2 min, 4°C) and the
purified sample collected in a sterile tube. Prior to ethanol precipitation of the probe,
1ul of each reaction was run on a QuickPoint gel (Novex) to check for full-length
transcripts (Figure 4-3). The appearance of the transcript bands in the autoradiograph
(Figure 4-3) are faint, this is an unavoidable effect in reproduction.

4.2.4.3.2 QuickPoint rapid nucleic acid separation system

Full-length transcripts were identified using the QuickPoint gel electrophoresis
system (Novex). A pre-cast gel (polyacrylamide/urea) was loaded into the QuickPoint
cell as per manufacturers instructions. QP running buffer (Novex) was diluted to give
1x and 5x strength, and the lower buffer chamber of the cell filled with 1x QP running
buffer (55°C, 750 ml). The upper buffer chamber was filled with 5x QP running buffer
(65 ml) ensuring that the gel wells were completely covered. The gel was pre-run for 5
minutes at a constant voltage of 1200 V. Samples were diluted (1:1) with sample
loading buffer (Ambion) and 1 pl loaded into each well. Empty wells were loaded with
sample loading buffer (0.5 pul) to ensure a straight banding pattern and the gel run at a
constant voltage of 1200 V for 10 min. The gel cassette was opened leaving the gel on
the shorter notched glass plate. The gel was wrapped in Saran wrap, placed in a film
cassette with photographic film, exposed (-70°C) for 30 min and then developed
(Figure 4-3).

4.2.4.3.3 Ethanol precipitation of riboprobes

The riboprobes were ethanol precipitated by adding 20 pl of sodium acetate
(3M, pH 7.5), 10 pul tRNA and 250 pl of ice-cold ethanol (100%). The riboprobes were
incubated at -70°C for 30 min.

4.2.4.4 In-situ hybridisation of aortic root and liver sections
4.2.4.4.1 Preparation of sections for in-situ hybridisation

Cryostat sections of aortic root and liver (6 um) were thaw-mounted onto
Superfrost plus gold microscope slides as described in sections 2.4.1.2 and 2.4.1.3
and stored at -70°C until use. Sections were fixed in fresh paraformaldehyde (4%, w/v)
in DEPC treated PBS, pH 7.4, acetylated in acetic anhydride (0.25%
viv)ftriethanolamine (0.1 M)/NaCl (0.1 M) and dehydrated and delipidated through a
graded series of alcohols and chloroforms (Appendix 9.5). Sections were air-dried.
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Mix, ligate, transform, screen colonies

SP6 T7

Recombinant
Vector

Prepare plasmid with
an appropriate restriction
enzyme to linearize DNA

Add RNA synthesis reaction
components (appropriate RNA
polymerase and NTPs) and
incubate

run-off transcripts

Remove DNA template with
RNase free DNase

Purify RNA transcripts

Figure 4-2 Riboprobe in vitro transcription

Adapted from www.promega.com
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JE JE KC KC Century
sense anti-sense Sense anti-sense marker
Transcription 5 ul 5ul 5ul 5 ul 4l
buffer
DTT 2 ul 2 ul 2 ul 2 ul 2 ul
rATP 1l 1l 1l 1l 1l
(10 mM)
rCTP 1l 1 ul 1l 1l 1l
(10 mM)
rGTP 1ul 1l 1l 1l 1
(10 mM)
rUTP 1l 1l 1l 1l 1wl
(0.5 mM)
Rnasin 0.5l 0.5ul 0.5l 0.5u 0.5u
Template 3.5l 3.5l 3.5ul 3.5l 1l
¥S-UTP 6 pl 6 ul 6 ul 6 ul 6 pl
DEPC dH.0 3pul 3ul 3ul 3ul 4 pi
T3 RNA - - - 1l -
polymerase
T7 RNA - 1l 1ul - 2ul
polymerase
Sp6 RNA 1l - - - -
polymerase
Table 4-1 Reaction mixes for the generation of sense and antisense
riboprobes
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Figure 4-3 Autoradiograph of successfully transcribed anti-sense (AS) and

sense (S) KC riboprobes

4.2.4.4.2 In-situ hybridisation

The riboprobes were removed from the -70°C freezer and centrifuged (10 mins,
13,000 X g, 4°C). The supernatant was discarded and the pellet washed with ice-cold
ethanol (75%, 250 pi) and centrifuged (5 min, 13,000 x g, 4°C). The supernatant was
discarded and the pellet air-dried for 5 min at RT before being resuspended in
dithiothreitol (DTT, 10 mM, 100 pi). To 10 ml of scintillation fluid, 2 pi of sample was

added to measure emission of (3-radiation.

Sense and anti-sense riboprobes were resuspended at 25,000 cpm/pl in
hybridisation buffer (deionised formamide (50%), DTT (20 mM), Denhardts (1x)
containing sodium chloride (0.6M), sodium citrate (0.06M) polyadenylate (100 pg/ml),
denatured salmon sperm DNA (100 pg/ml), yeast tRNA (100 pg/ml), 4 x sodium
chloride (0.6 M)/sodium citrate (0.06 M) (4 x SSC)). Probes were applied to the
relevant labelled slide (80 pi) and a coverslip gently placed over the section. Slides

were incubated overnight in a sealed humid chamber at 55°C.
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4.2.4.4.3 Stringency washes

After hybridisation, the sections were washed with sodium chloride
(0.15M)/sodium citrate (0.015 M) (1 x SSC) (RT, 30 min), treated with RNase A
(20ug/ml) in buffer and then with buffer alone (NaCl (500 mM), Tris (10 mM), pH 8.0,
EDTA (1 mM), 30 min each at 37°C), washed with 1 x SSC (RT, 30 min), followed by a
high-stringency wash (0.6 x SSC at 65°C for 30 min) and 0.5 x SSC at room
temperature for 2 x 10 min. Slides were dehydrated through a series of alcohols, air-
dried and dipped in photographic emulsion (Amersham Pharmacia Biotech).

4.2.4.4.4 Slide development

Slides were exposed for 8 weeks at 4°C and developed using Kodak D19 (1:1
water), counterstained in toluidine blue, dehydrated through a graded series of alcohols
and coverslipped for microscope analysis.

4.2.5 Statistics

Statistical analysis was carried out by Phil Overend (Department of Statistical
Science, GSK). All the parameters described, except those indicated, were log-
transformed in order to normalise the variances, and geometric means with 95%
confidence intervals are quoted. Data for serum cholesterol, triglyceride, and
chemokines were analysed using a 2 way analysis of variance (ANOVA) because the
data were from mice culled after either 2, 4, 8, 12 or 18 weeks. Comparisons were
made between apoE*3 Leiden mice fed HFC/C or normal diets, or the transgenic mice
fed HFC/C diet, at each time-point using a Dunnetts test. Differences between the
apoE*3 Leiden mice fed normal diet and the non-transgenic mice were analysed post-
hoc using a Bonferroni method. Pre-treatment data were transformed using the same
method as the treatment data and then analysed using a 1-way ANOVA. Comparisons
were made as described above. For each time-point in the study, the data for the
available animals at that time was compared back to its baseline data using a repeated
measures analysis of variance. From this analysis, the within-animal variability was
used to estimate the change from baseline/initial values for each group, along with a
95% confidence interval. Where the data was log-transformed, the change from
baseline on the log scale was back-transformed to provide a ratio to baseline with
confidence interval. The data for total lesion area were log-transformed and all
sections analysed simultaneously using a split plot ANOVA. Comparisons of groups
were made on the data from each week at the middle aortic section using the
Bonferroni method. Differences were considered to be statistically significant if p<0.05
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4.3 Results
4.3.1 Serum cholesterol and triglyceride

The effects of feeding HFC/C diet on serum cholesterol and triglyceride
concentrations in apoE*3 Leiden mice, or their non-transgenic littermates, are shown in
Figure 4-4. In confirmation of previous results *, significant (p<0.05) differences in
serum cholesterol concentration were evident between all of the groups of animals,
throughout the study (Figure 4-4 A). Consumption of diet HFC/C for up to 18 weeks
resulted in serum cholesterol levels that were 4 - 8 fold higher in the apoE*3 Leiden
mice compared with their non-transgenic litermates (p<0.00001), and 10-18 fold
higher than those in the transgenic animals fed normal RM1 diet.

Serum triglyceride concentrations were higher in both groups of apoE*3 Leiden
mice, compared with their non-transgenic littermates (Figure 4-4 B) throughout the
study. Triglyceride concentrations in apoE*3 Leiden mice fed normal diet increased
with time, reaching a plateau after 4 weeks. At all time points, serum triglyceride levels
in the non-transgenic animals were between 20-38% of the levels seen in the apoE*3
Leiden mice consuming the same HFC/C diet. However, serum triglyceride levels in
the two groups of apoE*3 Leiden mice only differed significantly (p<0.05) at week 4 of
the study, when the group consuming HFC/C diet had serum triglyceride levels that
were 44% of those seen in the mice fed normal RM1 diet.
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Figure 44

Serum cholesterol (A) and triglyceride (B) from apoE*3 Leiden mice consuming the
HFC/C diet (W), their non-transgenic littermates on the same diet (®) and apoE*3
Leiden mice consuming the RM1 diet (D).
confidence intervals (a

mg/dl.

5 8 &

[Cholesterol] mg/di

1000
b
500 a,
a
0 T T T T 1
0 5 10 15 20
Study length (weeks)
m _
B) T
— 500 -
B
()]
£ 400
)
= 300
[}
S
§200
E

8

o

ab

5

10 15 20
Study length (weeks)

Effects of diet and strain of mouse on serum lipids

128

Values are geometric means + 95%
significantly different (p<0.05) to apoE*3 Leiden mice
consuming HFC/C diet, b = significantly different (p<0.05) to apoE*3 Leiden mice
consuming RM1 diet). Cholesterol 1 mM = 38.67 mg/dl, Triglyceride 1 mM = 87.94



4.3.2 Lipoprotein profiles

The distribution of cholesterol between differing lipoprotein fractions was
analysed by Superose 6B column chromatography, using pooled serum samples from
animals within the same experimental group. Lipoprotein profiles were determined at
2,4, 8, 12 and 18 weeks; after 4 weeks consumption of the HFC/C diet, the lipoprotein
profile for each group of animals did not alter substantially and so representative data
from this timepoint is shown in Figure 4-5. As expected *, consumption of diet HFC/C
increased the proportion of cholesterol within the VLDL/LDL-sized fraction in the non-
transgenic animals, but more dramatic increases in the VLDL/LDL-sized fraction were
seen in the apoE*3 Leiden mice.

400 -
VLDL -LDL HDL
350 +
300 -

250 +

200 -

150 -

[Cholesterol] mg/di

100 4

Fraction number

Figure 4-5 Lipoprotein analysis by FPLC

Lipoprotein profiles from apoE*3 Leiden mice consuming the HFC/C diet (®), their non-
transgenic littermates on the same diet (®) and apoE*3 Leiden mice consuming the
chow diet (O).

4.3.3 Hepatic lipids

The livers of mice consuming the HFC/C diet contained more total cholesterol
compared with those from apoE*3 Leiden mice consuming the RM1 diet (Table 4-2).
However, the triglyceride content of livers from both groups of mice consuming HFC/C
diet were 3 and 4 fold lower (p<0.05) than in apoE*3 Leiden mice consuming a normal
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diet. No significant differences in phospholipid or free cholesterol content were evident
in the three groups of animals.

Cholesterol
Free Esterified Esterified/  Triglyceride Phospholipid
Free

Group mg/g wet weight mg/g wet weight

E*3 Leiden 7.9+1.1 88.5+4.9° 11.7+1.5° 14.0+1.6° 15.8+1.6
(diet HFC/C)

C57BL/6J 6.6+0.8 92.5+14.1* 13.9+0.7° 18.1+2.3* 13.3+0.8
(diet HFC/C)

E*3 Leiden 9.5+1.9 7.410.7 0.910.3 48.0+11.1 16.3+4.5

(chow diet)

Table 4-2 Hepatic cholesterol, triglyceride and phospholipid content

Values represent the mean + S.E. of at least three animals per group, fed either the
HFC/C diet, or the standard RM1 for 18 weeks. The data was not log-transformed
prior to statistical analyses as described in section 4.2.5. ®significantly different to
apoE*3 Leiden mice consuming the RM1 diet.

4.3.4 Development of atherosclerosis in the aortic root

The atherosclerotic lesions observed in mice consuming the HFC/C diet were
quantified in cross sections of the aortic root using video image analysis (Figure 4-6).
Previously, it has been established that analysis of ten alternate sections, after the
appearance of the three valve leaflets, accurately reflects lesion development over this

region of the aorta 4%

. Lesion size was assessed by total area involved (Figure 4-6)
and area of Oil-Red-O staining (not shown). No lesions were detected in apoE*3
Leiden mice consuming the RM1 diet. As expected *, atherosclerotic lesions in
apoE*3 Leiden mice were almost two orders of magnitude larger (p<0.05) than those
seen in the non-transgenic controls. The latter developed small ‘fatty streak’ lesions
within the aortic arch after 12 to 18 weeks consumption of the atherogenic HFC/C diet
(Figure 4-7); at earlier time points (Figure 4-7), minimal Oil-Red-O staining was
present. By contrast, small intimal ‘fatty streak’ lesions were evident in the aortic sinus
of apoE*3 Leiden mice after 4 weeks consumption of HFC/C diet (Figure 4-7). After 8

weeks, larger intimal lesions had developed in apoE*3 Leiden mice, particularly in the
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aortic root (Figure 4-7) which progressed rapidly towards more complex fibrous
plaques at week 12 and 18 (Figure 4-7). After 18 weeks consumption of the HFC/C
diet some of the lesions observed in the transgenic mice had evidence of calcification

(data not shown).
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Figure 46 Effects of feeding HFC/C diet on cross-sectional area of
atherosclerotic lesions in the aortic roots of apoE*3 Leiden mice and their non-
transgenic controls

Total lesion area graph for apoE*3 Leiden mice (W, n=8) and non-transgenic litermates
(®, n=8) consuming the HFC/C diet. Values shown are geometric means + 95%
confidence intervals, Zsignificantly different (p<0.05) from non-transgenic mice
consuming HFC/C diet.
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C57BL/6J

Figure 4-7 Lesion development in apoE*3 Leiden mice and C57BL/6J
Photomicrographs of sections of aortic root sections from apoE*3 Leiden mice (n=8 at each time-point)
and their non-transgenic littermates (n=8 at each time-point) consuming the HFC/C for 2, 4, 8, 12 and 18

weeks. Sections were stained with ORO and haematoxylin as described in Section 2.5.1; original

magnification x 40.
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4.3.5 Macrophage staining

Aortic sections from half the mice in each group (4 apoE*3 Leiden: HFC/C, 4
non-transgenic. HFC/C and 2 apoE*3 Leiden: RM1) were stained using the
macrophage specific monoclonal antibody, MOMA-2. Positive staining is shown in
brown. No staining was detected in any of the experimental groups after 2 weeks of
diet treatment (Figure 4-8 A and Figure 4-9 A) or at any time in the apoE*3 Leiden mice
fed the chow diet (Figure 4-9 G). However, after 4 weeks consumption of the
atherogenic diet, early intimal lesions and MOMA-2 positive staining were evident in
the aortae from all (4/4) of the apoE*3 Leiden mice (Figure 4-9 C + D). Evidence of
MOMA-2 staining was visible in only one of the non-transgenic mice at week 4 (Figure
4-8 C). After 12 and 18 weeks consumption of the atherogenic HFC/C diet, more
advanced lesions were seen in sections isolated from the apoE*3 Leiden mice,
accompanied by extensive positive staining for macrophages within the core of the
lesion (Figure 4-9 F + I). The lesions observed in the non-transgenic litermates at
weeks 12 and 18 (Figure 4-8 E + F) appeared to stain similarly to those seen in the
apoE*3 Leiden mice on the same diet for 4 weeks (Figure 4-9 D).
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4 weeks HFC/C diet, IgGze 4 weeks HFC/C diet, MOMA-2
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Figure 4-8 Aortic root sections from non-transgenic mice, stained for the
presence of macrophages with MOMA-2 antibody.

Panel A. typical section of aortic root taken from a non-transgenic mouse consuming HFC/C diet for 2
weeks. Panels §+ C): sections from non-transgenic mice consuming the HFC/C diet for 4 weeks
(alternatg, sections from the same animal). Arrowheads indicate positive macrophage immunostaining.
Panels D‘éaortic sinus sections from non-transgenic mice consuming HFC/C diet for 12 (D + £) and 18
(F + G) weeks. When sections S + G) were incubated with the isotype-matched contral, no specific
staining was observed. Panels j B+§ original magnification x 40. Panels G, E ﬁ'l'G): original
magnification x 100.
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Figure 4-9  Aortic root sections taken from apoE*3 Leiden mice, stained for the
presence of macrophages with MOMA-2 antibody.

Panel A): typical section of aortic root taken from apoE*3 Leiden mouse consuming HFC/C diet for 2 weeks.
Panels B - D): sections from an apoE*3 Leiden consuming the HFC/C diet for 4 weeks. Panel D is a higher
magpnification image of panel C. Arrowheads indicate positive macrophage immunostaining. Panels E - F):
apoE*3 Leiden mice consuming the HFC/C diet for 12 weeks. Panels G - J) typical sections from apoE*3
Leiden mouse consuming the normal RM1 (G) or HFC/C (H - J) diet for 18 weeks. Panels I + J are higher
magnification images of H. When sections B, E + J) were incubated with the isotype-matched control, no
specific staining was observed. Panels A— C, G + H): original magnification x 40. Panels D - F, I + J): original
maghnification x 100
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4.3.6 Serum chemokines

The effects of feeding HFC/C diet on serum CC (JE) and CXC (KC and MIP-2)
chemokine concentrations (Figure 4-10) were analysed using terminal samples from
each group of mice culled at the time points indicated. At the start of the study, serum
JE concentrations were significantly higher (p<0.05) in the apoE*3 Leiden mice that
would subsequently be fed either normal RM1 chow or HFC/C diet than in the non-
transgenic mice (Figure 4-10 A). No significant differences were noted between the
groups of apoE*3 Leiden mice assigned to different dietary regimes at the start of the
study. Consumption of HFC/C diet caused rapid and approximately equivalent,
increases from baseline in serum JE in both apoE*3 Leiden mice and their non-
transgenic littermates. Serum JE concentrations were significantly (3-5 fold, p<0.05)
higher at 4, 8 and 18 weeks in the group of apoE*3 Leiden mice and 3-4 fold higher at
4, 12 and 18 weeks in the non-transgenic mice consuming diet HFC/C, compared with
the transgenic animals fed normal diet.

Serum levels of the CXC chemokine, KC, were also higher (p<0.05) at the start
of the study in the apoE*3 Leiden mice than in the non-transgenic animals (Figure 4-10
B), but there was no difference between the groups of apoE*3 Leiden mice assigned to
the different dietary groups. Consumption of HFC/C diet, for up to 18 weeks, caused
significant (p<0.05) increases from initial values in serum KC concentrations in apoE*3
Leiden mice and their non-transgenic littermates. However, serum KC levels increased
much more rapidly in apoE*3 Leiden mice, than in their non-transgenic littermates
(Figure 4-10 B). At 2 and 4 weeks, serum levels of KC were significantly (p<0.05)
higher (3.4 and 2.9 fold respectively) in the apoE*3 Leiden mice than in the non-
transgenic controls consuming the same diet. By week 12, serum KC levels were
approximately equivalent in the two groups of animals fed the atherogenic diet and
remained so at the end of the study (week 18). Serum KC levels were also
significantly higher (p<0.05) at weeks 4, 8 and 18 in apoE*3 Leiden mice and at weeks
4 and 18 in non-transgenic mice fed diet HFC/C, than in apoE*3 Leiden mice
consuming normal RM1.

Concentrations of the other mIL-8RH ligand, MIP-2, exhibited a more complex,
almost biphasic profile, and did not remain elevated throughout the study (Figure 4-10
C). At the start of the study, serum MIP-2 levels were higher (p<0.05) in the non-
transgenic animals compared with the groups of apoE*3 Leiden mice. Increases
(p<0.05) in serum MIP-2 concentrations were observed at weeks 2, 4, 8 and 12 in
apoE*3 Leiden mice fed HFC/C diet, but these increases were not sustained and by
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week 18 fell below initial values values. By contrast, serum MIP-2 levels were only
significantly elevated at week 2 in the non-transgenic controls. At weeks 2, 4 and 18,
levels of MIP-2 in apoE*3 Leiden and non-transgenic mice consuming HFC/C diet were
significantly higher (p<0.05) than those in the group of apoE*3 Leiden mice consuming
a normal chow diet. However, at no time point were serum levels of MIP-2 higher in
the apoE*3 Leiden mice compared with their non-transgenic littermates consuming the
same diet.
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Figure 4-10 Effects of diet and strain of mouse on serum chemokines
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Serum JE (A), KC (B) and MIP-2 (C) concentrations in apoE*3 Leiden mice fed the HFC/C diet (W), their non-transgenic littermates consuming
the same diet (®) and apoE*3 Leiden mice fed the normal RM1 diet (0J). Values shown are geometric means+95% confidence intervals (a =
significantly different (p<0.05) to apoE*3 Leiden mice consuming HFC/C diet, b = significantly different (p<0.05) to apoE*3 Leiden mice

consuming RM1 diet)




4.3.7 Chemokine expression on murine b.End.5 cells

In order to establish a protocol for the detection of chemokine proteins in aortic
valve leaflet sections, the murine endothelioma cell line, b.End.5 was used. These cells
showed enhanced KC and JE secretion into the cell culture media when stimulated with
LPS (Figure 4-11). Our successful immunostaining protocol detected positive cellular
expression of KC (Figure 4-12 A); no staining was observed with the relevant isotype
control (Figure 4-12 B). Stimulated murine b.End.5 cells were to be used as a positive
control to accompany staining experiments with aortic valve leaflet sections. However,
positive aortic chemokine staining could not be detected using the same technique despite
extensive attempts.

14000
—e— JE ;
12000 - _m@—KC N
_ 10000 |
E
E’ 8000 |-
¥
£ 6000 |
<]
§ 4000 |
=
o, »
2000 r— /. /
o @ & & @
0.01 0.1 1 10 100 1000 10000

[Lipopolysaccharide] ng/ml

Figure 4-11 Secretion of KC and JE by b.End.5 cells stimulated with LPS

Murine b.End5 cells were stimulated for 4 h with lipopolysaccharide (0 - 10pug/ml). The
‘conditioned’ medium was removed and assayed for KC (l) and JE (@) by ELISA, as
described in sections 2.3.7 and 2.3.8. Values shown are means + SEM.
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Figure 4-12 KC expression on murine b.End.5 cells stimulated with LPS

LPS stimulated murine b.End.5 cells {A + B), probed with an anti-mouse KC polyclonal
antibody {A) or non-immune goat IgG (B). Cells were counterstained with
haematoxylin. Immunoreactive staining is shown in brown. Original magnification
x100.

4.3.8 In-situ hybridisation of aortic and hepatic sections
4.3.8.1 Aortic root mRNA expression

As chemokine proteins could not be identified using immunohistochemistry
(Section 4.3.7), in-situ hybridisation was used in order to identify chemokine mRNA
expression within arterial sections. Using this technique, we were able to detect JE
mRNA expression in aortic tissue from this study. Aortic sections from half the animals
in each group (4 apoE*3 Leiden: HFC/C, 4 non-transgenic: HFC/C and 2 apoE*3
Leiden: RM1) were probed for JE or KC expression using specific anti-sense RNA
probes. Control sections were incubated with non-specific sense RNA probe. After 4
weeks consumption of the atherogenic diet, early intimai lesions were evident in the
aortae from all (4/4) of the apoE*3 Leiden mice probed. However, no expression of KC
mRNA was found, and expression of JE mMRNA was detected in aortic sections from
only one of four mice (1/4) in the apoE*3 Leiden group (data not shown). After 8
weeks consumption of this diet, larger intimai lesions had developed in apoE*3 Leiden
mice, particularly in the aortic root and this coincided with the sites of JE mRNA
expression (3/4 animals) (Figure 4-14 A - D). After 12 and 18 weeks consumption of
the HFC/C diet, more advanced lesions were observed and JE mRNA expression was
more prominent and appeared focally around single cells, possibly macrophages in the
lesion and in the adventitia (4/4 animals). Again, more extensive expression of JE
mRNA (Figure 4-14 G, J + K) but not KC mRNA, accompanied lesion development.
Early fatty streak lesions had developed in the non-transgenic littermates by week 18
and JE mRNA expression was observed in 1/4 animal at this time-point (Figure 4-13 C
+ D). Only minimal evidence of KC mRNA expression was detected by in-situ
hybridisation in this study (1 animal). JE (Figure 4-14 H) or KC mRNA expression was

not detected in apoE*3 Leiden mice consuming the RM1 diet at any time. Equally, no
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signal was detected when aortic sections were incubated with non-specific sense RNA
probes (Figure 4-14 L).

4.3.8.2 Hepatic chemokine expression

Hepatic sections from half the animals in each group were collected for
chemokine expression using in-situ hybridisation. The earliest time-point at which JE
and/or KC mRNA could be detected in both apoE*3 Leiden mice and their non-
transgenic littermates consuming the HFC/C diet was week 2 (Figure 4-15 A + B and
Figure 4-16 A + B). More extensive expression of both chemokines were evident in
mice consuming the atherogenic HFC/C diet for 4 weeks (data not shown). However,
no difference in either KC or JE expression was detected between these two groups at
any time probed. Indeed, after 4, 8, 12 and 18 weeks no obvious temporal differences
were observed within each group of mice and therefore only representative sections
from week 18 are shown (Figure 4-15 C + D and Figure 4-16 C + D). Expression of JE
or KC (Figure 4-16 E) was not detected in hepatic sections from apoE*3 Leiden mice
consuming the RM1 diet at any time. Equally, no expression was observed when
hepatic sections were incubated with sense RNA probes. The diffuse expression of
chemokine mRNA in the liver would suggest that the cells responsible for its production
are most likely to be infiltrating inflammatory cells.

4.3.8.3 Spleen expression

Spleen sections from half the animal in each group were analysed for
chemokine expression by in-situ hybridisation. No signal was observed at any time-
point with specific anti-sense probes for KC or JE (data not shown).
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Figure 4-13 Aortic chemokine expression in non-transgenic mice

Photomicrographs of cross sections of aortic root from non-transgenic animals. Panel A section of aortic
root from a mouse consuming_HEC/C diet for 12 weeks, incubated with JE anti-sense probe (AS), no
signal was detected. Panels B lj'sections of aortic root from a non-transgenic animals consuming the
HFC/C diet for 1 eeks, incubated with JE anti-sense probes. Panel D is a higher magnification image of
panel C. Panel o specific signal detected in this animal at week 18, whereas panel C, positive clusters
of JE found in the lesion and in the adventita. Arrowheads indicate positive expression of JE mMRNA. Ad =
adventitia, L = lumen, VL = valve leaflet. Panel A): original magnification x 40. Panel + C): original
magnification x 100. Panel D‘original magnification x 250.
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Figure 4-14 Aortic chemokine expression in apoE*3 Leiden mice

Photomicrographs of cross sections of the aortic root from apoE*3 Leiden mice. Panels A'£): sections of
aortic root from apoE*3 Leiden mice consuming HFC/C diet for 8 weeks, incubated with specific JE (A-D)
or KC (£) anti-sense probes (AS) Panel F + G ) section of aortic root from an apoE*3 Leiden mouse
consuming the HFC/C diet for 12 weeks, incubated with specific JE anti-sense probe. Panel G is a higher
magnification image of panel £ Panels H-L): sections of aortic root from apoE*3 Leiden mice consuming
RM1 (H) and HFC/C diet (/- L) for 18 weeks; incubated with JE anti-sense {H-K)or sense (8) (L) probes.
Arrowheads indicate positive expression of JE mRNA; L = lumen, VL = valve leaflet. Panels A, F +))
original magnification x 40. Panels B, C, E H, J + L) original magnification x 100. Panel D, G +
original magnification x 250.
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Hepatic chemokine expression in non-transgenic mice

Figure 4-15
Photomicrographs of hepatic sections i%-u ted with specific anti-sense (AS) probes to either KC or JE
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Arrowheads indicate positive clusters of chemokine expression.
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2 weeks HFC/C diet, KC-AS 2 weeks HFC/C diet, JE-AS

18 week HFC/C diet, KC-AS 18 weeks HFC/C diet, JE-AS

18 weeks RM1 diet, KC-AS

Figure 4-16 Hepatic chemokine expression in apoE*3 Leiden mice

Photomicrographs of hepatic sections in ated with specific anti-sense (AS) probes to either KC or JE
(original magpification x 250). _Panels A-Tfsections of liver from 3 Leiden m| consuming HFC/C
diet for 2 C) or 18 g weeks, incubated with either KC Z&B JE (C anti-sense probes,
Arrowheads indicate positive clusters of chemokine expression. Panel typlcal section from an apoE*3
Leiden mouse consuming the normal RM1 diet for 18 weeks, section incubated with specific KC anti-sense
probe
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4.3.9 SerumICAM-1

Soluble ICAM-1 (sICAM-1) concentrations in the serum of apoE*3 Leiden mice
and their non-transgenic littermates are shown in Figure 4-17. Serum levels of sSICAM-
1 were significantly lower (25 - 27%; p<0.05) in the non-transgenic animals than in the
apoE*3 Leiden mice at the start of the study. Consumption of the atherogenic HFC/C
diet induced significant increases in circulating sICAM-1 levels in the apoE*3 Leiden
mice (1.7 - 1.9 fold; p<0.05) and their non-transgenic littermates (1.7 - 2.5-fold;
p<0.05). Systemic levels of sSICAM-1 were significantly higher (1.6 — 1.9 fold; p<0.05)
in apoE*3 Leiden mice fed HFC/C diet, compared with apoE*3 Leiden fed RM1, at all
time points tested. However, no statistically significant differences were detected
between the apoE*3 Leiden mice and the non-transgenic animals fed the same
atherogenic diet.
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Figure 4-17 Effects of diet and strain of mouse on sICAM-1

Effects of diet and strain of mouse on sICAM-1 in apoE*3 Leiden mice consuming the
HFC/C diet (®), their non-transgenic littermates on the same diet (®) and apoE*3
Leiden mice consuming the RM1 diet (J). Values shown are geometric means + 95%
confidence intervals (a = significantly different (p<0.05) to apoE*3 Leiden mice
consuming the HFC/C diet, b = significantly different (p<0.05) to apoE*3 Leiden
consuming RM1 diet).

4.3.10 Systemic inflammatory ‘markers’
4.3.10.1 Paraoxonase activity

Serum PON activity was significantly higher (20-30%; p<0.05) in the non-
transgenic C57BL mice, than in either group of apoE*3 Leiden mice, at the start of this
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study (Figure 4-18). Consumption of the atherogenic HFC/C diet did not seem to
induce marked changes in serum PON activity in either the non-transgenic animals or
apoE*3 Leiden mice. However, by week 12 serum PON activity was significantly lower
in the apoE*3 Leiden mice consuming HFC/C, compared with either the non-transgenic
controls (25%; p<0.05) or the apoE*3 Leiden mice consuming normal chow (36%;
p<0.005). In this last group, levels of PON activity were increased (70 - 88%; p<0.05)
from initial values throughout the study (Figure 4-18).
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Figure 4-18 Effects of diet and strain of mouse on serum PON activities

Effects of diet and strain of mouse on serum paraoxonase activities in apoE*3 Leiden
mice consuming the HFC/C diet (B), their non-transgenic littermates consuming the
same diet (®) and apoE*3 Leiden mice fed the chow diet (0). Values shown are
geometric means + 95% confidence intervals (a = significantly different (p<0.05) to
apoE*3 Leiden mice consuming the HFC/C diet, b = significantly different (p<0.05) to
apoE*3 Leiden consuming RM1 diet).

4.3.10.2 Haptoglobin

The effects of feeding HFC/C diet on serum haptoglobin concentrations in
apoE*3 Leiden mice and their non-transgenic littermates are shown in Figure 4-19. All
groups had equivalent circulating haptoglobin levels at the start of the study, and no
changes were observed in the apoE*3 Leiden mice fed the RM1 diet during the study
period. Consumption of HFC/C diet induced dramatic increases (p<0.05) from initial
values in serum haptoglobin levels in both apoE*3 Leiden mice and their non-
transgenic littermates. = Serum Hp concentrations were significantly higher (98%
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p<0.05) in apoE™*3 Leiden mice consuming the atherogenic diet for 8 weeks, compared
with their non-transgenic controls. However, after 12 weeks, approximately equivalent

serum haptoglobin levels were seen in both groups consuming diet HFC/C.

Haptoglobin (mg/ml)

Figure 4-19 Effects of diet and strain of mouse on serum haptoglobin levels

Effects of diet and strain of mouse on serum haptoglobin concentration in apoE*3
Leiden mice consuming the HFC/C diet (®), their non-transgenic littermates consuming
the same diet (®) and apoE*3 Leiden mice fed the RM1 diet (0). Values are geometric
means + 95% confidence intervals (a = significantly different (p<0.05) to apoE*3
Leiden mice consuming the HFC/C diet, b = significantly different (p<0.05) to apoE*3
Leiden consuming RM1 diet)

4.3.10.3 Serum amyloid A

Serum amyloid A measurements were made on in-life samples at weeks 0, 4
and 8 (Figure 4-20). At the start of the study no significant differences in SAA
concentrations were noted between the 3 groups of mice used in this study. By week
8, serum amyloid A were significantly higher (46%; p<0.05) in apoE*3 Leiden mice
consuming HFC/C diet, compared with the non-transgenic controls, but did not differ
significantly from the apoE*3 Leiden mice consuming normal RM1 diet.
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Figure 4-20 Effects of diet and strain of mouse on serum amyloid A

SAA concentrations in apoE*3 Leiden mice consuming the HFC/C diet (®), their non-
transgenic littermates on the same diet (®) and apoE*3 Leiden mice consuming the
chow diet (J). Values shown are geometric means + 95% confidence intervals (a =
significantly different (p<0.05) to apoE*3 Leiden mice consuming the HFC/C diet, b =
significantly different (p<0.05) to apoE*3 Leiden consuming RM1 diet).

4.4 Discussion

In this study, apoE*3 Leiden mice and their non-transgenic (C57BL/6J) littermates
consuming either an atherogenic (HFC/C) or normal RM1 diet were used.
Consumption of this diet induces gross hypercholesterolaemia and markedly
accelerated atherogenesis in apoE*3 Leiden mice compared with the non-transgenic
controls. Thus, the use of these two strains of mice allowed investigation of whether
putative 'markers' of disease progression and/or inflammation could discriminate
between groups of animal experiencing an identical dietary regime but possessing
differing rates of atherogenesis. In particular, the potential utility of systemic CC and
CXC chemokines as ‘markers’ of atherogenesis could be determined, as prototypic
members of each of these chemokine subfamilies have been implicated in the
recruitment and/or retention of monocyte-macrophages during atherogenesis. It was
found that consumption of an atherogenic diet induced sustained increases in systemic
levels of CC and CXC chemokines, JE and KC, in both apoE*3 Leiden mice and their
non-transgenic littermates. Serum levels of JE increased, and remained approximately
equivalent, in both groups of animals but serum KC levels increased much more
rapidly in the apoE*3 Leiden mice compared with their non-transgenic litermates.
Indeed, the achievement of maximal levels of serum KC appeared to coincide with the
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onset of fatty streak development in both groups of mice (Figure 4-6 and Figure 4-10
B). Therefore, the temporal relationship(s) between circulating chemokine
concentrations, hepatic and aortic chemokine expression, and lipid accumulation in the
liver and serum and the development of atherosclerotic lesions in these animals was
investigated.

ApoE*3 Leiden mice, and their non-transgenic littermates, consuming a diet high in
fat and cholesterol, developed atherosclerosis at markedly different rates **'%; indeed,
lesion development in apoE*3 Leiden mice seemed directly related to the duration of
hypercholesterolaemia induced in these animals *. Maximal increases in serum
cholesterol concentrations were detected in both models after four weeks consumption
of the atherogenic diet (Figure 4-4 A), although serum cholesterol levels in the
C57BL/6J mice did not approach the gross hypercholesterolaemia seen in apoE*3
Leiden mice. However, despite the very differing rates of atherogenesis (Figure 4-6
and Figure 4-7), and degree of hypercholesterolaemia, induced by consumption of the
HFC/C atherogenic diet, apoE*3 Leiden mice and their non-transgenic littermates
exhibited very similar hepatic accumulation of lipid, particularly cholesteryl ester, after
18 weeks (Table 4-2).

4.4.1 Circulating concentrations of chemokines and adhesion molecules
Temporal increases in serum JE reflected the onset of hypercholesterolaemia in
both groups of animals consuming the atherogenic diet; however, the extent of the rise
was similar in both groups, suggesting that the absolute concentration of serum lipids
was not a key determinant of serum JE levels. This contrasts with the reported effect
of hypercholesterolaemia on the expression of the JE/MCP-1 receptor, CCR-2, by

circulating monocytes

. Rather, serum levels of JE may be more closely associated
with hepatic inflammation, possibly due to lipid accumulation (Table 4-2). Indeed,
hepatic expression of JE mRNA was detected in apoE*3 Leiden mice, and their non-
transgenic littermates, after 2 weeks consumption of the atherogenic HFC/C diet
(Figure 4-15 and Figure 4-16). This leads to speculation that the liver may be a
primary source of serum JE in this study. Indeed, consumption of an atherogenic diet
by C57BL/6J mice has previously been shown to be associated with enhanced hepatic
oxidative stress, activation of NFxB, and increased expression of JE, KC, serum

amyloid A and haem oxygenase mRNA "%,

The contribution of JE from developing aortic lesions to serum JE concentrations
does not appear to be substantial, as serum JE levels in apoE*3 Leiden mice did not

152



exceed those in the non-transgenic controls. Aortic expression of JE mRNA was also
not seen until much later (8 weeks) in apoE*3 Leiden mice consuming the HFC/C diet
(Figure 4-9 A - D). Interestingly, positive macrophage staining could be detected within
early lesions in both apoE*3 Leiden (4 weeks) and non-transgenic (4 weeks) mice
(Figure 4-8 C and Figure 4-9 C + D), before detection of JE mRNA by in situ
hybridisation. Thus, apoE*3 Leiden mice seem to differ from apoE- and LDL receptor-
deficient models of atherogenesis, in which JE/MCP-1 expression appears to coincide

4830 This could be explained by the relative

directly with monocyte infiltration
sensitivities of the techniques and/or probes used; alternatively, another chemokine
may be involved in the very early stages of monocyte recruitment to the vessel wall in

this murine model.

Systemic levels of ligands for the mIL-8RH, KC and MIP-2, exhibited markedly
different profiles. The almost biphasic profile of serum MIP-2, seen in each of the
groups of animals under investigation, is intriguing but the reasons underlying this
finding is not clear. However, since serum MIP-2 levels clearly could not provide a
reliable estimate of inflammatory status, they were not investigated further. By
contrast, circulating levels of KC seemed to be associated with the very differing rates
of early atherogenesis seen in the three groups of animals in this study. Maximal
levels of serum KC were detected by 4 weeks in apoE*3 Leiden mice consuming
HFC/C diet, by 12 weeks in the non-transgenic controls, and did not increase
significantly in the apoE*3 Leiden mice consuming the normal RM1 diet. Again,
hepatic expression of KC mRNA was detected by week 2 of the study, but a scoring
assessment did not reveal differences between the two groups of animals consuming
the atherogenic diet at any of the time points examined. Rather, maximal serum KC
levels appeared to coincide with the development of early ‘fatty streak’ lesions in both
apoE*3 Leiden mice, and their non-transgenic littermates. Previous reports of aortic

CXC chemokine eXpreSSion 172,176,177,190,192,341,342,351

suggested intra-lesional expression
of KC could be a factor contributing to the enhanced serum KC levels seem in the
apoE*3 Leiden mice. However, the apparent absence of KC mRNA within developing
lesions in this study as judged by in-situ hybridisation, does not support this
explanation: it seems more likely that the observed increases in serum KC are due to
enhanced production of KC from other sites. Increased serum cholesterol
concentrations may be sufficient to elicit leukocyte activation and chemokine
expression **°. Recent studies have shown that plasma concentrations of IL-8 correlate

340,352

directly with IL-8 expression by blood mononuclear cells and that exposure to IL-

8 enhances the expression of IL-8 by monocytes probably via the CXCR1 receptor 2.
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Monocytes isolated from patients with hypercholesterolaemia *° or congestive heart

failure 3@

also exhibit enhanced IL-8 expression.

In addition to in-situ hybridisation, aortic valve leaflet sections were probed for
chemokine protein expression by immunohistochemistry. As aortic valve leaflet
sections from this study were very limited, we initially established a successful
immunostaining protocol using murine b.End5 cells (Figure 4-12). However, no
staining was observed using this method on tissue sections and there may be several
reasons for this. For example, KC and JE may be present at low concentrations, or in
a diffuse pattern, which may be below the sensitivity of the polyclonal antisera used.
Alternatively, chemokines attached to the surface of the endothelium via
proteoglycans, may become detached during the IHC procedure. Further, chemokine
staining reported in the literature ""**° has been shown in different mouse models of
the disease, with larger lesions than those seen in this study. Finally, it has been
suggested that lipid accumulation may mask cytokine epitopes in atheromatous tissue
%4 and this may be another potential reason for the lack of signal in aortic and, indeed,
hepatic (Table 4-2) sections in this study.

Like chemokines, adhesion molecules are intimately involved in the recruitment of
mononuclear cells to atherosclerotic lesions (Section 1.3). Soluble adhesion molecules
are found in the circulation, following ‘shedding’ of these molecules from cells by
proteolytic cleavage at sites close to the transmembrane domain (Section 1.10.1) '%.
In this study, the predictive value of sICAM-1, during the early development of
atheroma in apoE*3 Leiden mice and their non-transgenic littermates was assessed. It
was found that consumption of an atherogenic diet markedly increased sICAM-1
concentrations in both apoE*3 Leiden and the non-transgenic mice (Figure 4-17). It is
possible that this initial increase in sICAM-1 may reflect the onset of
hypercholesterolaemia, which reached maximal levels at week 4 in both groups of
animals (Figure 4-4). Absolute concentrations of sICAM-1 did not distinguish the very
differing rates of atherogenesis observed in both groups of animals consuming the
HFC/C diet. However, at week 8 and 12, apoE*3 Leiden mice tended to have higher
sICAM-1 than their non-transgenic litermates. Unfortunately, it was not possible to
map the temporal aortic expression of ICAM-1 due to the limitation in the number of
tissue sections available for analysis. Circulating levels of sICAM-1, seen in murine
serum were substantially higher than levels found in human serum 2%83%%%%7  goluble
adhesion molecules bind to their respective integrin receptors on circulating leukocytes

5

and can negatively regulate monocyte adhesion 2%°. Thus, it is possible to speculate
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that the high circulating levels of sICAM-1 found in mice may contribute to the relative
resistance of these animals to atherogenesis.

4.4.2 Systemic inflammatory ‘markers’

In addition to serum chemokines and adhesion molecules, we measured systemic
‘markers’ of inflammation. Previously, it has been shown that feeding a diet high in fat
and cholesterol induces oxidative stress, inflammation and lipid accumulation in both

aortic and hepatic tissues of C57CL/6J mice """

4

. Although formulated to minimise
liver damage 3*, atherogenic diets of the type used in this study generate similar
responses to injection of mmLDL 2*''%'"" namely the activation of the Rel family of

transcription factors, NF-xB, and induction of genes for chemokines, colony-stimulating

20,110,111

factors, haem oxygenase and SAA in the liver Importantly, susceptibility to

hepatic oxidative stress and inflammation appears to co-segregate with aortic lesion
formation "',
SAA, Hp and indeed, PON1 activity, in individuals with CHD, are proposed to be due to

the release of inflammatory cytokines, such as IL-6 and IL-1 3%, from the developing

Altered hepatic expression of systemic inflammatory markers, such as

arterial lesion. Therefore, SAA, Hp and PON during the early development of the

atherosclerosis in apoE*3 Leiden and non-transgenic mice was measured.

Circulating levels of serum amyloid A (SAA), were not markedly increased
following consumption of HFC/C diet in apoE*3 Leiden mice and their (C57BL) non-
transgenic littermates, or in apoE*3 Leiden mice consuming normal chow (Figure

4-20). Earlier reports from Liao et a/ 2"

showed that inflammation induced by
feeding atherogenic diets, or injection of mildly oxidized LDL, markedly increased
levels of SAA protein in atherosclerosis-susceptible (C57BL) but not atherosclerosis-
resistant (C3H) mice. The difference between C57BL and C3H mice was attributed to
the accumulation of oxidized lipids, and greater responsiveness to these species, in

tissues of C57BL mice %',

In this study all mice were of the same (C57BL)
background, obviating these strain-specific differences in hepatic inflammatory
responses to dietary fat and cholesterol. Under these conditions, SAA does not seem
to be associated with either the gross hyperlipidaemia or accelerated atherogenesis
seen in C57BL mice expressing the human apoE*3 Leiden transgene. It should be
noted, however, that the different SAA isotypes were not distinguished in this study.
Evidence suggests that members of the serum amyloid A family are differentially
induced by a high-fat high-cholesterol diet, or by injection of mildly oxidized LDL %

isotypes SAA1-3 are markedly increased, whereas SAAS is unaffected by this diet 3'°.
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Reduced levels of HDL and, in particular, serum PON1, in C57BL mice may
explain their increased susceptibilty to oxidative damage, inflammation and

28 In particular, in recombinant in-bred

atherosclerosis compared with C3H mice
strains, derived from C57BL and C3H parental strains, low PON1 expression and
activity co-segregated with aortic lesion development ¥¢. Low levels of serum/HDL
PON1 activity are also seen in apoE™ and LDL receptor” models of atherogenesis 2’6,
and mice lacking serum PON1 activity are more susceptible to atherosclerosis

compared with their wild type littermates 2",

However, in apoE*3 Leiden mice, and
their non-transgenic littermates, consuming HFC/C diet (Figure 4-18), only limited
changes in PON activity were observed. By week 12 of the study, consumption of this
atherogenic diet induced a significant decrease in serum PON activity in apoE*3
Leiden mice, compared with their non-transgenic littermates or apoE*3 Leiden mice fed
a normal RM1 diet. However, it was evident that measurement of serum PON levels
could not distinguish the markedly accelerated atherogenesis in these groups of
animals (Figure 4-6 and Figure 4-7). Instead, our recent work using 2-D gel
electrophoresis and mass spectrometry demonstrated that plasma levels of Hp were
increased in apoE*3 Leiden mice consuming an atherogenic diet, compared with their

non-transgenic littermates 3%

Quantitative measurement of serum Hp levels (Figure
4-19) confirmed the trend to higher levels of serum haptoglobin in apoE*3 Leiden mice,
compared with the non-transgenic animals, with significant differences between the
groups detected at week 8 of the study. Further, striking changes in serum Hp levels
were seen in response to the atherogenic HFC/C diet, compared with the other

systemic inflammatory ‘markers’ investigated in this study.

A specific role of Hp in atherogenesis has yet to be confirmed. However, baseline
levels of serum Hp were found to be elevated in patients with peripheral arterial
disease **® and recent data suggest that the human Hp polymorphism may play a role
in regulating lipoprotein metabolism and contribute to the risk of coronary heart disease
%22 Haptoglobin null (Hp™) mice are much more susceptible to the deleterious effects
associated with induced haemolysis, and suffer greater tissue oxidative damage,

359

compared with wild type controls ™°. Thus, the antioxidant properties associated with

| 327

haptoglobin, found within the artery wal , may help protect against the arterial

oxidative stress considered a hallmark of developing atherosclerotic lesions.

4.4.3 Conclusion
In summary, circulating levels of chemokines may prove to be useful, albeit
non-specific, markers in chronic inflammatory diseases, including atherosclerosis.
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Serum concentrations of these molecules may reflect their output from one, or more,
sites of inflammation, assuming that clearance of these molecules from the circulation
remains a constant factor. Here, consumption of an atherogenic diet appears to trigger

hepatic inflammation "'*'**

, indicating that the liver may be an important source of the
observed increases in systemic CC and CXC chemokine levels. Furthermore, while
serum concentrations of the CXC chemokine, KC, did not directly reflect lesional
expression of this chemokine, systemic KC did appear to be a useful marker for
inflammatory events accompanying early atherogenesis. Finally, although temporal
variations in circulating levels of SICAM-1, PON1 and SAA were observed, no obvious
association with onset of atheroma emerged. However, systemic levels of serum Hp
are acutely sensitive to the inflammatory effects of an atherogenic diet, and appear to

be associated with the accelerated atheroma seen in apoE*3 Leiden mice.

157



Chapter 5

Supplementary data relating to
chemokine and chemokine receptor
mRNA expression in aortic and hepatic
tissues from apoE*3 Leiden mice and
their non-transgenic littermates

consuming an atherogenic diet
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5 Supplementary data relating to chemokine and chemokine receptor mRNA
expression in aortic and hepatic tissues from apoE*3 Leiden mice and their

non-transgenic littermates consuming an atherogenic diet

5.1 Introduction

This small study was designed to probe hepatic and aortic chemokine and
chemokine receptor mMRNA expression using quantitative polymerase chain reaction
(PCR), namely the TagMan assay. Our previous investigation using in-situ
hybridisation (Section 4.3.8) failed to detect aortic expression of KC mRNA.
Furthermore, this technique also failed to detect JE mMRNA before 8 weeks, despite the
presence of macrophages within aortic root sections. Assessing chemokine
expression by in-situ hybridisation remains essentially subjective and is limited by the
sensitivity of this technique. In contrast, the TagMan assay provides a highly sensitive
way of quantifying mMRNA expression in tissues of interest. Therefore, in this study we
compared the relative amounts of mRNA in groups of apoE*3 Leiden mice and their
non-transgenic littermates consuming either HFC/C or RM1 diet for 4 weeks.
Specifically, we analysed aortic and hepatic mMRNA expression of KC, JE and their
respective receptors CXCR2 and CCR2 in these animals. In addition, the expression
of house keeper gene 36B4, encoding acidic ribosomal phosphoprotein P, was also
quantified and used to normalise the expression data.

5.2 Methods
5.2.1 Study protocol
5.2.1.1 Mice

Mice were bred and phenotyped as described in Section 2.2. Seven female
apoE*3 Leiden mice and 10 female non-transgenic animals aged 8 - 10 weeks, were
allocated randomly to experimental groups on the basis of age and litter, and housed in
groups of up to 5.

5.2.1.2 Diets

Animals were maintained on the standard mouse RM1 diet before the
experimental period. During the study, mice were fed either RM1 or the atherogenic
HFC/C diet (Section 2.2.2). Mice were weaned onto the HFC/C diet over 4 days. In
total, 4 apoE*3 Leiden mice, and 5 of their non-transgenic littermates were fed the
HFC/C diet, and 3 apoE*3 Leiden mice and 5 non-transgenic mice continued to receive
RM1 diet.
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5.2.1.3 Tissue preparation

Mice were culled after 4 weeks and their aortae and livers removed and
immediately snap frozen in liquid nitrogen. Samples were stored at -80°C until the
RNA could be isolated.

5.2.2 Principles of the TaqgMan assay

PCR involves the amplification of target nucleic acid sequences using two
specific oligonucleotide primers and DNA polymerase. Traditionally, detection of PCR
products takes place after the amplification process is complete, usually by agarose gel
electrophoresis. Comparison of band intensities between samples allows only semi-
quantitative assessment of the templates amplified in different tissues or cells. The
TagMan assay utilises the 5'»3' exonuclease activity of Thermus aquaticus (Taq)
polymerase to cleave a dual-labelled probe annealed to a target sequence during
amplification. Primers are designed to amplify up a short region of cDNA from the
gene of interest. A probe is designed to a region of cDNA within the DNA amplicon,
but not overlapping with the primers. The probe is labelled at its 5 end with a
fluorescent reporter dye, 6-carboxyl-fluorescein (FAM), and at the 3’ end with a
quencher, 6-carboxyl-tetramethyl-rhodamine (TAMRA). When the quencher is in close
proximity to the reporter, the release of fluorescence is inhibited. During the annealing
phase of the PCR reaction, the primers and probe hybridise to the template strands.
As the primers are extended the probe is displaced from the template and is cleaved
by the polymerase. This distances the reporter from the quencher, resulting in an
increase in fluoresence of the reporter which is proportional to the amount of product
accumulated. This can be measured in ‘real time’, where the increase in emission
intensity is followed on a per-cycle basis using the ABlI PRISM 7700 sequence detector
(Perkin-Elmer Applied Biosystems). Thus, this allows the real time quantification of
PCR products as the amplification reaction proceeds. Fluorescence is measured every
7 s, and the cycle number at which fluorescence becomes detectable is recorded, and
is defined as the threshold cycle C;. The C, value is inversely related to the amount of
cDNA of the gene of interest. Using a standard curve of C; values from a known
amount of cDNA, values can be determined for the unknowns. The main steps of the
reaction are shown in Figure 5-1. A typical amplification plot and standard curve are
shown in Figure 5-2.
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Figure 5-1 Principles of the TagMan assay

After the reverse transcription step (not shown), successful quantification requires the
annealing of three oligonucleotides to the cDNA template. Two specific primers
(shown in pink) define the endpoints of the amplicon and provide the first level of
specificity. A third oligonucleotide probe (shown in orange) that hybridises to the
amplicon during the annealing/extension phase of PCR provides additional specificity.
The probe contains a fluorescent reporter dye (R) at its 5’ end, the emission spectrum
of which is quenched by a second fluorescent dye (Q) at its 3’ end. Initially A): the
reaction is heated to 95°C so that all secondary structures and dimers are denatured,
B): cooling to 60°C allows the primers, probe and Taq polymerase to anneal, 0); the
polymerase displaces and hydrolyses the labelled probe, D): and the fluorescent
reporter dye (R) becomes spatially separated from the quencher dye (Q) and the
fluorescence detected. Increases in fluorescence (R) over time is measured and
allows quantification of specific cDNA

161



-0.200 h

0 2 4 6 8 1012 14 Ib 18 20 22 2" 26 28 30 32 34 36 38 40

50.00 -
45.00 -
40.00 -
35.00 -
30.00 -
25.00

20.00

15.00

10.00 -
5.00 -
0.00 -
-5.00 -

10*-5

Figure 5-2

StaaiUrd C«rvc - LRUN 025 16/03/2000

10*-2 10*1 10*0 10*1

Starting Quantity

Unknowns

Standards

Slope:

Y-Moreept:

Correlation
Coeff:

10*2 10*3

TagMan amplification plot and standard curve

A typical TagMan amplification plot (A) and standard curve (B)

162

A)

-3.566
24.175
0.993

B)



5.2.2.1 Isolation of RNA from mouse aortae and liver
RNA was extracted from mouse aortae and liver using TRIZOL™ (Life
Technologies) following manufacturers instructions, and using modification of the

%0 All equipment was treated as described

method of Chomczynski and Sacchi
previously to eliminate RNase contamination (Section 4.2.4.3) and where possible
nuclease free plasticware was used. Mouse aortae and liver were homogenised in
TRIZOL™ reagent. Samples were maintained on ice for 5 min and then centrifuged
(4°C, 10 min, 12,000 x g) to pellet insoluble material such as extracellular membranes,
polysaccharides and high molecular weight DNA. The supernatant was collected and
chloroform (1 ml) added to isolate RNA. Samples were shaken vigorously (15 s),
incubated at RT (10 min), centrifuged (4°C, 20 min, 12,000 x g) and the aqueous
phase containing the RNA transferred to fresh tubes. The RNA was precipitated by the
addition of isopropanol (2.5 ml). Samples were mixed and incubated at -20°C (1 h),
then centrifuged (4°C, 20 min, 12,000 x g) to pellet the RNA. The supematant was
discarded and the pellet washed with ethanol (5ml, 75%). The pellet was resuspended
by mixing and was centrifuged (4°C, 20 min, 12,000 x g). The wash procedure was
repeated with ethanol (1 ml, 75%), the supernatant removed and the pellet air dried
before being resuspended in DEPC-treated water (300 ul). The RNA concentration
was determined by UV spectrometry (see equation below). An optical density of 1 at

260 nm (Ay60) corresponds to approximately 40 ug/ml for single stranded RNA.

[RNA] ng/ul = Azgo x dilution factor x 40 pg/ml /1000

5.2.2.2 DNase treatment of RNA samples

Prior to RT-PCR, samples were treated with deoxyribonuclease (RQ1 DNase I;
Life Technologies) to digest contaminating genomic DNA. The following were added to
nuclease-free microfuge tubes on ice: RNA (2 pg), DNase | reaction buffer (10x, 20
mM Tris-HCI, 2 mM MgCl,, 50 mM KCI), DEPC treated distilled water and DNase |,
Amplification Grade (2 U). The reaction was incubated for 15 min at RT after which
time the DNase was inactivated by the addition of EDTA (2 pul, 25 mM) followed by
heating (10 min, 65°C).

5.2.2.3 Reverse transcription of RNA samples
RNA samples (1 ng) were reverse transcribed (RT+) to cDNA. Negative control
reactions, omitting the reverse transcriptase enzyme (RT-) were performed for each

RNA sample (1 pg). The RT+ and RT- reaction mixes were set up in nuclease-free
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microfuge tubes as outlined in Table 5-1. In brief, RNA (1 jig) was combined with
random 9-mers (500 ng, Stratagene) and denatured at 70°C for 10 min, followed by 10
min on ice. The RNA was reverse transcribed under standard conditions, using
Superscript Il (200 U, Life Technologies). cDNA was stored at -20°C until use in the

TagMan assay.

RT+ RT-
10 pi RNA (1 pg) 10 pi RNA (1 pg)
1pi Random 9mers (500 ng/pl) 1 pi Random 9mers (500 ng/pl)
9 pi DEPC-treated sterile water 9 pi DEPC-treated sterile water

Tubes were incubated (70°C, 10 mins) and then placed on ice (10 mins) and

the following added:

4 pi First strand buffer (5x) 4 pi First strand buffer (5x)
2 pi DTT (0.1 M) 2 pi DTT (0.1 M)
0.5 pi RNasein (40 U/pl) 0.5 pi RNasein (40 U/pl)
0.5 pi dNTPs (20 mM) 0.5 pi dNTPs (20 mM)
1 pi DEPC-treated water 1 pi DEPC-treated water
1 pi Superscript Il (200 U/pl) 1 pi DEPC-treated water

Tubes were incubated at 25°C for 15 min, 42°C for 50 min and 70°C for 15 min

Table 5-1 Reverse transcription of RNA samples

5.2.2 4 Primer design

Sequences for murine KC, JE/MCP-1 and their receptors CXCR2 and CCR2 were
obtained from the GenEMBL database. Primers and probes were designed using the
Primer Express programme (PE Applied Biosystems), which selects probes and
primers specifically for the TagMan assay. Several criteria must be met when
choosing a probe and primer set: (i) the primers and probe must have at least 50% G +
C content, (ii) the primers and probe must not be complementary to each other, nor
capable of forming secondary structures, nor must there be more than 4 consecutive
identical residues, (iii) the probe and primers must not overlap, but should be in close
proximity to each other, (iv) the melting temperature (Tm) of both primers should be
identical, and the Tm of the probe should be greater than 10°C, (v) the amplicon should
be 70 - 100 bp long, (vi) the probe must have more C residues than G residues and
should be 20 -30 bp long, (vii) there must not be a G residue at the 5’ end of the probe.
Primers and probes were made by PE Applied Biosystems UK.
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Gene Forward primer Reverse primer Probe

Mouse CCR2 CAG-GAA-TCC-TTG-GGA- TCC-AAG-AGT-CTC-TGT-  TGT-GAT-TGA-CAA-GCA-
ATG-AGT-AAC CAC-CTG-C CTT-AGA-CCA-GGC-CA
Mouse CXCR2 TGA-GAA-CCA-AGC-TGA-  GAA-TCT-CCG-TAG-CAT- AGC-GCC-GCG-ATG-

TCA-AGG-A TCA-AGG-C ACA-TTG-ACA-A

KC AGA-GCT-TGA-AGG-TGT- CGC-GAC-CAT-TCT-TGA-  CCC-ACT-GCA-CCC-AAA-
TGC-CCT GTG-TG CCG-AAG-TCA-T

JE TCT-GGG-CCT-GCT-GTT- GAG-TAG-CAG-CAG- TGT-TGG-CTC-AGC-CAG-

CAC-A GTG-AGT-GGG ATG-CAG-TTA-ACG
Mouse 36B4 GCT-TCA-TTG-TGG-GAG- TGC-GCA-TCA-TGG-TGT- TCC-AAG-CAG-ATG-CAG-
CAG-ACA TCT-TG CAG-ATC-CGC

Table 5-2 TaqMan primers and probes

5.2.2 5 Quantitative PCR

cDNA equivalent to 50 ng of RNA was incubated for 40 cycles (95°C, 15 s and
60°C, 1 min, preceded by 2 min at 50°C and 10 min at 95°C) with TagMan Universal
mix containing AmpliTaq Gold DNA polymerase (Perkin Elmer), 200 nM probe, 300 nM
forward primer and 300 nM reverse primer, made up to 25 pi with sterile distilled water.
The TagMan analysis was performed using the ABI PRISM 7700 Sequence Detection
System for thermal cycling and real-time fluorescence measurements (PE Applied
Biosystems). A 3-fold serial dilution of transgenic murine spleen total cDNA, equivalent
to 0.0025 to 150 ng total RNA, was assayed for each transcript and used to construct a

standard curve.

5.2.2.5.7 Calculation ofresults

For each gene of interest, Ct values from unknown samples were compared to a
standard curve of Ct values generated from 3-fold dilutions of known concentrations of
cDNA. From this, values for the unknown cDNAs could be calculated. To control for
inter-animal variations, results were expressed relative to the housekeeping gene 36B4
which encodes for acidic ribosomal phosphoprotein Po. Values were expressed on a

relative scale rather than absolute values.

5.2.3 Statistics

Levels of chemokine and chemokine receptor mRNA in aortic and hepatic tissues
were compared by 1-way ANOVA and using the following post-tests. Comparisons
were made between the apoE*3 Leiden mice fed the HFC/C diet and the apoE*3

Leiden fed normal diet or the non-transgenic mice using the Dunnetts test. Differences
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between the apoE*3 Leiden mice fed normal diet and the non-transgenic mice were
analysed post-hoc using the Bonferroni method. Differences were considered to be
statistically significant if p<0.05

5.3 Resuits
5.3.1 Effects of feeding HFC/C diet on KC and JE mRNA expression in aortic

and hepatic tissue

Expression of KC and JE mRNA was detected in both aortic and hepatic
tissues in apoE*3 Leiden mice and their non-transgenic littermates (Figure 5-3 and
Figure 5-4). Consumption of diet HFC/C for 4 weeks induced a trend towards
increased KC mRNA expression in the aortae from both apoE*3 Leiden and the non-
transgenic controls (Figure 5-3 A). However, a significant degree of variation in this
data was observed, possibly due to variability in the amount of atheroma associated
with different regions of the aorta. Interestingly, no significant differences in JE mRNA
expression were observed in aortae from mice consuming either HFC/C or RM1 diet
(Figure 5-4 A). Levels of expression of both KC and JE in aortic samples were much
lower (20 to 30 fold) than those seen in hepatic tissues (Figure 5-3 B and Figure 5-4
B). As expected from previous reports '**'"!, both groups of mice fed the atherogenic
diet exhibited significant (p<0.05) increases in hepatic KC and JE mRNA expression,
compared with either apoE*3 Leiden or non-transgenic mice fed the normal chow diet.
However, no significant differences in hepatic expression of KC and JE were detected
in the two groups of mice consuming the atherogenic (HFC/C) diet (Figure 5-3 B and
Figure 5-4 B).

Expression of CCR2 and CXCR2 was detected in both aortic and hepatic
tissues in apoE*3 Leiden mice and their non-transgenic littermates (Figure 5-5 and
Figure 5-6). The expression of chemokine receptor mMRNA appeared to follow a similar
pattern as its ligands. For example, no significant differences in CXCR2 aortic mMRNA
expression was observed between the different strains of mice or diets used (Figure 5-
5 A). However, hepatic expression of this receptor was significantly elevated in both
groups of HFC/C fed animals (Figure 5-5 B). Aortic expression of CCR2 was not
significantly different between any of the groups of mice (Figure 5-6 A). Further, the
expression of hepatic CCR2 mRNA was higher in apoE*3 Leiden mice consuming the
HFC/C diet compared with apoE*3 Leiden mice consuming normal RM1 diet (Figure 5-
6 B). However, due to the variability in the results, animals consuming the HFC/C diet
were only significantly different to apoE*3 Leiden mice consuming RM1 diet.
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Figure 5-3 Aortic and hepatic KC mRNA expression

Effect of diet and strain of mouse on aortic (A) and hepatic (B) expression of KC
mRNA, expressed relative to the housekeeper gene, 3684. Values shown are the
means * SEM for between 3 -5 mice in each group; data were not log transformed
before statistical analyses were performed, (a = significantly different (p<0.05) to
apoE*3 Leiden mice consuming RM1 diet; b = significantly different (p<0.05) to non-
transgenic mice consuming RM1 diet).
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Figure 5-4 Aortic and hepatic JE mRNA expression

Effect of diet and strain of mouse on aortic (A) and hepatic (B) expression of JE mRNA,
expressed relative to the housekeeper gene, 36B4. Values shown are the means *
SEM for between 3 - 5 mice in each group; data were not log transformed before
statistical analyses were performed, (a = significantly different (p<0.05) to apoE*3
Leiden mice consuming RM1 diet; b = significantly different (p<0.05) to non-transgenic
mice consuming RM1 diet).
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Figure 5-5 Aortic and hepatic CXCR2 mRNA expression

Effect of diet and strain of mouse on aortic (A) and hepatic (B) expression of CXCR2
mRNA, expressed relative to the housekeeper gene, 3684. Values shown are the
means * SEM for between 3 - 5 mice in each group; data were not log transformed
before statistical analyses were performed, (a = significantly different (p<0.05) to
apoE*3 Leiden mice consuming RM1 diet; b = significantly different (p<0.05) to non-
transgenic mice consuming RM1 diet).
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Figure 5-6 Aortic and hepatic CCR2 mRNA expression

Effect of diet and strain of mouse on aortic (A) and hepatic (B) expression of CCR2
mRNA, expressed relative to the housekeeper gene, 36B4. Values shown are the
means * SEM for between 3 - 5 mice in each group; data were not log transformed
before statistical analyses were performed, (a = significantly different (p<0.05) to
apoE*3 Leiden mice consuming RM1 diet).
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5.4 Discussion

In this small study, we investigated hepatic and aortic chemokine (JE, KC) and
chemokine receptor (CXCR2, CCR2) expression in apoE*3 Leiden mice, and their non-
transgenic littermates, fed an atherogenic (HFC/C) or normal chow (RM1) diet. Real-
time quantitative PCR was used to measure relative levels of mRNA. By using this
highly sensitive technique the expression of all these genes in hepatic and aortic
tissues was demonstrated.

One of the aims of this thesis was to examine potential sources of circulating
chemokines. Previously, it has been demonstrated that feeding atherogenic diets to
C57BL/6J mice induces oxidative stress, inflammation and lipid accumulation in both

aortic and hepatic tissues """

. Indeed, atherogenic diets generate similar responses
to injection of mmLDL, namely activation of NF-xB and the induction of genes for JE
and KC in the liver 2" |t was therefore of no surprise to detect elevated hepatic
expression of KC and JE mRNA in apoE*3 Leiden mice and their non-transgenic
littermates. Indeed, the relatively high expression levels of KC and JE in this tissue
suggest the liver may be a major source of circulating chemokines. Interestingly,
however, hepatic expression of KC mRNA was identical in both groups of animals
consuming the atherogenic diet, suggesting that other sites of inflammation were
contributing to the higher serum levels of KC seen in apoE*3 Leiden mice (Figure 3-4 A
and Figure 4-10 B). As discussed elsewhere (Sections 1.7.2 and 1.7.2.1), it seems
probable that the developing atherosclerotic lesion could contribute directly to the
levels of circulating KC '72176.177.190.192341342.351 * |ndeed, KC mRNA was detected in
isolated murine aortae; a trend, albeit not significant, towards higher aortic expression
of KC mRNA was seen in apoE*3 Leiden and non-transgenic mice consuming the
atherogenic diet. Aortic JE mRNA expression was also detected in mice from this
study, however, no significant differences were noted between groups of mice
consuming the HFC/C or RM1 diet. This may suggest as discussed previously (Section
4.4.1) that JE may not be the initial stimulus for the recruitment of monocytes to the
vessel wall during the early stages of lesion development and that other chemokines
may be involved. Indeed, we found that positive macrophage immunostaining
preceeded JE mRNA expression (Sections 4.3.5 and 4.3.8.1). Further, a study by
Rayner et al **® examining the mRNA expression of JE in developing lesions of apoE™
mice indicated that JE did not appear to be the initial signal for the infiltration of
monocytes to the arterial intima.
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Systemic chemokine concentrations may be influenced by the rate of clearance
of these molecules from the bloodstream. There may be many mechanism(s) involved
(Section 3.4) including binding to chemokine receptors such as CCR2 and CXCR2 or
its murine equivalent mIL-8RH. Results from this study indicate markedly increased
hepatic mMRNA expression of CCR2 and CXCR2 in mice consuming the atherogenic
HFC/C diet. Indeed, chemokine receptor expression tended to mirror that of its
respective ligand. Thus, it is probable that differences in both production and clearance
of chemokines may influence systemic chemokine concentrations. It is interesting to
note that both aortic and hepatic CCR2 expression is approximately 10 to 40-fold
higher than CXCR2 expression. Little is known about the regulation of CXCR2 or miL-
8RH expression; however it is clear that exposure to their respective ligands induces
rapid desensitisation/down regulation of receptors at the cell surface. By contrast,
CCR2 mRNA expression on monocytes is influenced by exposure to lipoproteins %233,
High concentrations of plasma LDL result in an up-regulation of CCR2 expression %

and enhanced monocyte chemotaxis, while HDL down-regulates CCR2 expression %,

Although CCR2 expression is thought to be central to monocyte recruitment

into the intima 4"

, ho difference in aortic expression of this receptor was observed
between mice consuming the HFC/C or RM1 diet. This was only a short study and
differences in aortic CCR2 expression may become evident at later time-points.
Indeed, aortic mMRNA expression of CCR2 in apoE™ mice is not seen until between 4 -

t 8 ApoE” mice develop more

12 weeks consumption of a ‘Western’ type die
advanced intimal lesions than apoE*3 Leiden mice, so it is possible that changes in
CCR2 expression levels would not be detected in apoE*3 Leiden mice till 8 weeks of
HFC/C feeding. Furthermore, as transcript levels in the whole of the aorta were
measured, subtle changes in expression in different regions of the aorta would be over-
looked. It would have been interesting to measure the temporal expression of
chemokine/chemokine receptor in different regions of the aorta over longer periods of

HFC/C feeding.

No obvious differences in aortic CXCR2 expression was observed between the
HFC/C or RM1 fed animals. Again, this may be due to the same reasons as outlined
for CCR2. Analysis of human/murine atherosclerotic lesions has revealed abundant
CXCR2 or mIL-8RH expression '"’. Recently it was demonstrated that the absence of
leukocyte mIL-8RH resulted in reduced lesion area and MOMA-2 positive cells in
lesions from LDLR™ mice 7. However, at earlier time-points (3 weeks) lesion size was

+/+

comparable between recipients of mIL-8RH™ and mIL-8RH** bone marrow leukocytes
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suggesting that this receptor may not play a role in the initial entry of monocytes into
the arterial intima. By weeks 6 and 16, lesions were significantly smaller and less
advanced in LDLR™ mice who had received mIL-8RH™ bone marrow leukocytes. This
suggests that perhaps CXCR2 may play a role in the retention, expansion and
activation of intimal macrophages '%.

In summary, hepatic expression of chemokine and chemokine receptor mRNA
is associated with the marked hypercholesterolaemia seen in apoE*3 Leiden mice and
their non-transgenic littermates after 4 weeks consumption of the HFC/C diet.
Previous analysis of aortic root sections by in-situ hybridisation was unable to detect
KC and JE mRNA expression. However, by using real-time quantitative PCR we were
able to detect transcripts for KC, and JE, and their receptors CXCR2 and CCR2.
Despite no significant differences in aortic transcript levels for any of the genes tested,
KC mRNA tended to be higher in HFC/C fed mice. Thus, it is likely that circulating
chemokines may originate from a number of tissues, including the liver and possibly
the aorta.
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Chapter 6

Effects of antioxidants on circulating
levels of chemokines, soluble adhesion
molecules and atheroma in apoE*3

Leiden mice
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6 Effects of antioxidants on circulating levels of chemokines, soluble adhesion
molecules and atheroma in apoE*3 Leiden mice

6.1 Introduction
Current theories of atherosclerosis (Figure 1-15) suggest that enhanced oxidative
stress within the artery wall, resulting in oxidation of LDL, may be involved in several

stages of atherogenesis. Multiple oxidising species (Section 1.9.1) may promote LDL

72 364

oxidation; these include lipoxygenase enzymes “, reactive nitrogen species or

365

myeloperoxidase-derived oxidants *°. In particular, ‘minimally modified’ LDL (mmLDL)

can mediate the activation of members of the redox-sensitive Rel family of transcription
factors, namely NF-xB 3%®*%® thereby increasing endothelial expression of genes
encoding chemokines and adhesion molecules involved in recruiting monocytes within
the artery wall 3%,

One obvious consequence of the ‘oxidation hypothesis’ is that dietary or
synthetic antioxidants should, in theory, retard the development of atherosclerosis.

Studies measuring the protection against ex vivo LDL oxidation provided by

consumption of vitamin E 8, vitamin C %%° and B-carotene 2, either singly 2****° or in

250,370

combination , suggested that dietary modifications might prevent coronary artery

disease. Indeed, antioxidants can prevent NF-xB activation 24371372

240,241,371,372

and suppress
expression of chemokines and adhesion molecules involved in monocyte
recruitment to the artery wall. Furthermore, naturally occurring antioxidants reduce
isoprostane formation in vivo 2** and can inhibit lesion development in primates *'°,

rabbits *** and murine models of atherosclerosis 2432%,

In this study, we have
examined the effect of a combination of dietary antioxidants on systemic levels of
chemokines and soluble adhesion molecules in order to track inflammatory responses
during the development of atheroma in apoE*3 Leiden mice. Specifically, a modified
version of the HFC/C diet (Section 1.2.1), which was deficient in, or supplemented with
dietary antioxidants, vitamin E (a-tocopherol;0.1% w/v), vitamin C (0.05% w/v) and B-
carotene (0.5% w/v) was used. ApoE*3 Leiden mice or their non-transgenic littermates
were fed these experimental diets for a period of 12 weeks, in order to influence the
induction of redox-sensitive inflammatory genes and/or subsequent development of
atheroma. Circulating levels of adhesion molecules, sVCAM-1, sICAM-1 and

chemokines JE/MCP-1 and KC, ligand for the mIL-8RH, were measured.
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6.2 Methods
6.2.1 Study protocol
6.2.1.1 Mice

Thirty female apoE*3 Leiden mice and 30 female non-transgenic mice, aged 10
- 12 weeks, were allocated randomly to experimental groups based on weight and
litter.

6.2.1.2 Diet

Animals were maintained on a normal RM1 diet before the experimental period.
During the study (0 - 12 weeks), mice were fed a high fat/high cholesterol/cholate
(HFC) containing diet, supplied by Hope Farm (Section 2.2.2). The diet was modified
so that it was either deficient in B-carotene and vitamin C, and contained a reduced
content of vitamin E (<30 IU of vitamin E/kg of diet) (HFC/LAO), or supplemented with
vitamin E (0.1% w/v), B-carotene (0.5% w/v) and ascorbic acid (0.05% wi/v)
(HFC/HAO). Mice were weaned onto their specific diet over 4 days. In total, 15
apoE*3 Leiden mice and 15 of their non-transgenic littermates were fed the HFC/LAO,;
the same numbers were fed HFC/HAO.

6.2.1.3 Collection of blood samples

In-life blood samples were taken prior to the start of the study and then after 4
and 8 weeks of diet treatment; terminal blood samples were taken at week 12 (Section
2.3.1). Serum was prepared as previously described (Section 2.3.2).

6.2.1.4 Serum analysis
6.2.1.4.1 Lipid analysis

Total cholesterol and triglyceride concentrations were measured enzymatically
using commercially available kits as described previously in Sections 2.3.4 and 2.3.5.

6.2.1.4.2 Measurement of serum chemokine concentrations

JE and KC concentrations were determined in diluted serum samples (1:1-1:4)
using commercially available ELISA kits as previously described in Sections 2.3.7 and
2.3.8.
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6.2.1.4.3 Measurement of soluble adhesion molecules in serum

Soluble ICAM-1 levels were determined in diluted serum samples (1:100) as
described in Section 2.3.6. Soluble VCAM-1 levels were determined in diluted samples
(1:40) by establishing an ELISA protocol as described in Section 6.2.1.5.

6.2.1.5 Murine sVCAM-1 ELISA

An ELISA for the detection of murine sVCAM-1 was developed as a quantitative
assay to determine sVCAM-1 concentration in mouse serum samples from this study.
As with any ELISA, reagents were titrated and optimal concentrations of ‘capture’ and
‘detection’ antibodies used, to achieve reliable and reproducible results. The ‘titre’ of
an antibody is defined as the highest dilution of that antibody which results in optimum
specific signal with the least amount of background 3*°. Titration curves for each
antibody are shown Figure 6-1 and Figure 6-2.

The ‘capture’ antibody (goat anti-mouse VCAM-1 polycional antibody, R&D
Systems), was diluted (2 ug/ml) in PBS (26.8 mM KCI, 14.7 mM KH,;PO,, 56.4 mM Na,
HPO, and 1.5 mM NaNs, pH 7.5) and 100 ul added to each well of a 96-well plate.
After an overnight incubation (4°C), the contents of each well were removed by
aspiration and non-specific binding sites blocked by the addition of 300 nl/well of
blocking buffer. 50 mM Tris-HCI, 150 mM NaCl, 1 mM MgCl,, pH 7.4, containing BSA
(1% wiv). The plate was incubated for 1 h at 37°C, before the contents of each well
were aspirated, and washed (5x) with 300 pl/well of washing buffer (10 mM Tris, 150
mM NaCl, pH 7.4, containing Tween-20 (0.05% v/v)). Mouse serum samples were
diluted (1:40) with assay buffer (50 mM Tris, 150 mM NaCl, pH 7.4, containing Tween-
20 (0.01% v/v) and BSA (0.5% v/v)). Murine recombinant VCAM-1 (R&D Systems)
was diluted in assay buffer to give the following final concentrations: 6.25, 12.5, 25, 50,
100 and 200 ng/ml. Assay buffer was used as a negative control. Biotinylated
MVCAM.A(429) (‘detecting’ antibody, Pharmingen) was diluted to a final concentration
of 10 ng/ml in assay buffer supplemented with normal goat serum (1% v/v), and 50 pl
added to each well, followed by the addition of the diluted (1:40) serum samples and
standards (50 ul). The plate was incubated for 3 h at RT. The contents of each well
were then aspirated and washed (6x) as before. StreptABComplex-Horseradish
peroxidase (DAKO) was diluted in assay buffer (1:1000) and 100 ul added to each well
(30 min). The wells were again aspirated and the plate washed (5x) as before.
Immunoreactive murine VCAM-1 was detected by incubating (30 min, RT) with 100 ul
of 3, 3, 5, 5-tetramethyl benzidine (TMB) substrate (Sigma) containing 0.01%

177



hydrogen peroxide. The reaction was stopped by the addition of 100 ul 2 M sulphuric
acid (H.SO,), and the absorbance of each well was determined at 450 nm. A typical
standard curve is shown in Figure 6-3.
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Figure 6-1  Titration of anti-mouse VCAM-1 polyclonal antibody

Goat anti-mouse VCAM-1 polyclonal antibody was titrated in the sVCAM-1 ELISA. The
optimal dilution was found to be 2 pug/mi. To titrate the ‘capture’ antibody, the
‘detecting’ antibody was used at a concentration of 10 pg/ml, recombinant murine
VCAM-1 at 30 ng/ml and Streptavidin HRP at a 1:1000 dilution. Values shown are
means + S.D. for triplicate wells
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Figure 6-2  Titration of biotinylated anti-mouse VCAM-1 monoclonal

Biotinylated rat anti-mouse VCAM-1 monoclonal antibody was titrated in the sVCAM-1
ELISA. The optimal dilution was found to be 10 ug/ml. To titrate the ‘detecting’
antibody, the ‘capture’ antibody was used at a concentration of 2 pg/mi, the
recombinant murine VCAM-1 was at 30 ng/ml and the Streptavidin HRP was used at a
1:1000 dilution. Values shown are means + S.D. for triplicate wells.
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Figure 6-3  Typical standard curve for murine sVCAM-1 ELISA

The ELISA was linear from 0 - 200 ng/ml. Values shown are means + S.D. for triplicate
wells.
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6.2.1.6 Statistical analysis

All the parameters described, except lesion areas, were log-transformed in order
to normalise the variances, and geometric means with 95% confidence intervals are
quoted. Parameters describing lesion area (ORO staining and regions of interest)
were transformed by taking the square root of the raw values. Pre-treatment data was
analysed using 1-way ANOVA, followed by pair-wise comparisions using the
Bonferroni method. Post-baseline, in-life, data were analysed by repeated measures
ANOVA, again followed by pair wise comparisions of groups using the Bonferroni test.
The following comparisions were made between the groups of mice used: (a) apoE*3
Leiden (HFC/HAQO) versus apoE*3 Leiden mice (HFC/LAO); (b) apoE*3 Ledien
(HFC/HAO) versus non-transgenic (HFC/HAQ); (c) apoE*3 Leiden (HFC/LAO) versus
non-transgenic (HFC/LAO); and (d) non-transgenic (HFC/HAQO) versus non-transgenic
(HFC/LAO). Differences were considered to be statistically significant if p<0.05

6.3 Results
6.3.1 Serum cholesterol and triglyceride

The effects of feeding HFC/LAO or HFC/HAO on serum cholesterol and
triglyceride concentrations in apoE*3 Leiden mice or their non-transgenic littermates
are shown in Figure 6-4. As previously reported **, consumption of the HFC diet for up
to 12 weeks resulted in serum cholesterol levels that were 4 - 8 fold higher (p<0.05) in
the apoE*3 Leiden mice compared with their non-transgenic littermates (Figure 6-4 A).
The presence or absence of antioxidants in the diet modulated serum cholesterol
concentrations slightly in both groups of mice. ApoE*3 Leiden mice consuming diet
HFC/HAO had significantly (37%; p<0.05) higher cholesterol levels at week 8 (Figure
6-4 A); by contrast, serum cholesterol levels decreased by 35% (p<0.05) at week 12 in

the non-transgenic animals consuming the same diet.

Serum triglyceride concentrations were significantly (p<0.05) higher in both
groups of apoE*3 Leiden mice throughout the study, compared with their non-
transgenic littermates (Figure 6-4 B). At all time points, serum triglyceride levels in the
apoE*3 Leiden mice were 3 - 8 fold higher than in the non-transgenic littermates
consuming HFC/LAO or HFC/HAO diets. The presence of the antioxidants did not
seem to affect serum triglyceride concentrations in the non-transgenic animals;
however, at week 4, increased (82%; p<0.05) serum triglycerides were seen in the
group of apoE*3 Leiden mice consuming diet HFC+AO, compared with diet HFC/LAO
(Figure 6-4 B).
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Figure 6-4  Effects of diet and strain of mouse on serum lipids

Serum cholesterol (A) and triglyceride (B) concentrations in (m,0) apoE*3 Leiden mice
(n=15) or their (e,0) non-transgenic littermates (n=15) consuming either the
antioxidant-replete diet, HFC/HAO (m,e), or the antioxidant-deficient diet, HFC/LAO
(o,0). Values shown are geometric means + 95% confidence intervals. a = significant
difference (p<0.05) between apoE*3 Leiden mice consuming HFC/HAO and HFC/LAO;
b = significant difference between (p<0.05) between apoE*3 Leiden mice consuming
HFC/HAO and the non-transgenic animals consuming HFC/HAO; c¢ = significant
difference (p<0.05) between apoE*3 Leiden and the non-transgenic animals
consuming either HFC/HAO or HFC/LAO and d = significant difference between non-
transgenic animal consuming either HFC/HAO or HFC/LAO.
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6.3.2 Atheroma data

Lesion areas were quantified in apoE*3 Leiden mice and the non-transgenic
animals consuming HFC/LAO or HFC/HAO diets for 12 weeks (Figure 6-5). Large
intimai lesions, staining intensely with ORO, developed in both groups of apoE*3
Leiden mice; by contrast, only early fatty streak lesions were detected in the aortic root
of the non-transgenic animals. Both ORO staining and lesion areas, were 10-20 fold
greater in the apoE*3 Leiden mice than in the non-transgenic controls (Figure 6-5).
Consumption of dietary antioxidants did not affect the extent of lesion formation in
either the apoE*3 Leiden mice or their non-transgenic controls, as judged by lesion
area or ORO staining. However, although these values did not reach significance, both
parameters were slightly lower in the animals consuming diet HFC/HAO compared with

diet HFC/LAO (Figure 6-5).

Study length (weeks)

Figure 6-5 Lesion development in mice fed HFC/HAO or HFC/LAO

Effects of feeding diets HFC/HAO and HFC/LAO for 12 weeks on Oil-Red-0 intensity
(m) and cross-sectional area (o) of atherosclerotic lesions in the aortic roots of apoE*3
Leiden (ApoE*3; n=15) and their non-transgenic littermates (NTG; n=15). Values
shown are geometric means * 95%confidence intervals, b = significant differences
(p<0.05) between apoE*3 Leiden mice and their non-transgenic animals consuming
HFC/HAO; c = significant differences (p<0.05) between apoE*3 Leiden and non-
transgenic mice consuming HFC/LAO.
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6.3.3 Serum adhesion molecules

The effects of feeding HFC/LAO or HFC/HAO diets to apoE*3 Leiden mice, or
their non-transgenic littermates, on serum concentrations of soluble VCAM-1 and
soluble ICAM-1 are shown in Figure 6-6. Serum levels of sSVCAM-1 were equivalent in
all groups of mice at the start of the study. Rapid increases in serum concentrations of
sVCAM-1 from baseline occurred in both groups of animals consuming the diet
deficient in antioxidants (HFC/LAO), reaching maximal recorded levels by week 4 of
the study (Figure 6-6 A). The highest sVCAM-1 levels were seen in the non-transgenic
group of animals consuming HFC/LAO. Consumption of the dietary antioxidants
significantly (p<0.05) blunted this response in both apoE*3 Leiden mice and their non-
transgenic animals. Levels of sVCAM-1 were significantly (p<0.05) higher in the
groups of apoE*3 Leiden mice fed HFC+AO and the non-transgenic animals
consuming HFC-AO, compared with the non-transgenic animals fed HFC+AO, at week
8 of the study. By week 12, however, all groups of animals showed a decline in
circulating levels of sVCAM-1 tending towards baseline levels.

Serum sICAM-1 concentrations were slightly higher (20 - 45%; p<0.05) in the
two groups of apoE*3 Leiden mice compared with their non-transgenic controls at the
start of the study (Figure 6-6 B). Circulating levels of sICAM-1 increased in all groups
of mice (1.8 - 2.4 fold; p<0.05) following consumption of the atherogenic HFC/C diet.
Feeding antioxidant vitamins did not affect sICAM-1 levels in apoE*3 Leiden mice.
However, at weeks 8 and 12, apoE*3 Leiden mice consuming diet HFC/HAO had
significantly (p<0.05) higher levels of sICAM-1 than the non-transgenic controls
consuming the same diet. Further, at early time points (weeks 4 and 8), non-
transgenic animals consuming HFC/LAO had significantly (p<0.05) higher levels of
sICAM-1 than the group of non-transgenic animals consuming HFC/HAO (Figure 6-6
B). It is noteworthy that the levels of sSICAM-1 in murine serum appear considerably
higher than the concentrations of murine sVCAM-1, although the reasons for this are
not clear at present.

6.3.4 Serum chemokines

The effects of feeding the HFC/LAO or HFC/HAO diets on serum CC (JE) and
CXC (KC) chemokine concentrations (Figure 6-7) were analysed using in-life and
terminal samples from each group of mice culled at 12 weeks. At the start of the study,
serum JE concentrations did not differ significantly in any of the groups of animals.
Consumption of diet HFC caused rapid increases (p<0.05) from initial values in serum
JE in all groups of mice, that were not affected by the presence or absence of dietary
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antioxidants (Figure 6-7 A). Circulating levels of JE were 2.7- and 2.4-fold (p<0.05)
higher at week 8, in groups of apoE*3 Leiden mice consuming HFC/HAO and
HFC/LAO respectively, compared with their non-transgenic controls. However, by

week 12 all groups of animals had approximately equivalent serum JE concentrations.

Serum levels of the CXC chemokine, KC, were also equivalent all groups of
animals at the start of the study. Consumption of the HFC/LAO or HFC/HAQO diets for
up to 12 weeks caused significant (p<0.05) 2 - 4 fold increases from baseline in serum
KC concentrations in apoE*3 Leiden mice and their non-transgenic littermates.
However, serum KC levels increased more rapidly in the apoE*3 Leiden mice than in
the non-transgenic controls (Figure 6-7 B). Consumption of dietary antioxidants did not
appear to reduce serum levels of KC in apoE*3 Leiden mice or their non-transgenic
littermates. However, serum KC levels were significantly (2.2 fold; p<0.05) higher in
the group of apoE*3 Leiden mice consuming diet HFC/HAO, compared with the non-

transgenic controls consuming the same diet at week 8.
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Figure 6-6 Effects of diet and strain of mouse on soluble adhesion molecules

Serum sVCAM-1 (A) and sICAM-1 (B) concentrations in (m,0) apoE*3 Leiden mice
(n=15) or their (e,0) non-transgenic littermates (n=15) consuming either the
antioxidant-replete diet, HFC/HAO (m,e), or the antioxidant-deficient diet, HFC/LAO
(o,0). Values shown are geometric means + 95% confidence intervals. a = significant
difference (p<0.05) between apoE*3 Leiden mice consuming HFC/HAO and HFC/LAO;
b = significant difference (p<0.05) between apoE*3 Leiden mice and non-transgenic
animals consuming HFC/HAO; ¢ = significant difference between (p<0.05) apoE*3
Leiden and non-transgenic mice consuming HFC/LAO and d = significant difference
(p<0.05) between non-transgenic animals consuming either HFC/HAO or HFC/LAO.
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Figure 6-7  Effects of diet and strain of mouse on serum chemokines

Serum JE (A) and KC (B) concentrations in (m,0) apoE*3 Leiden mice (n=15) or their
(m,0) non-transgenic littermates (n=15) consuming either the antioxidant-replete diet,
HFC/HAO (m,e), or the antioxidant-deficient diet, HFC/LAO (o,c). Values shown are
geometric means + 95% confidence intervals. a = significant difference (p<0.05)
between apoE*3 Leiden mice consuming HFC/HAO and HFC/LAO; b = significant
difference (p<0.05) between apoE*3 Leiden mice and non-transgenic animals
consuming HFC/HAO; c = significant difference between (p<0.05) apoE*3 Leiden and
non-transgenic mice consuming HFC/LAO and d = significant difference (p<0.05)
between non-transgenic animals consuming either HFC/HAO or HFC/LAO.
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6.4 Discussion

In this study, we investigated circulating levels of chemokines (JE, KC) and
soluble adhesion molecules (sVCAM-1, sICAM-1) as putative redox-sensitive ‘markers’
of inflammation and/or developing atheroma in apoE*3 Leiden mice, or their non-
transgenic littermates, fed an atherogenic diet deficient in, or supplemented with,
dietary antioxidants. The results indicate that although the absolute levels of these
inflammatory markers did not differentiate the markedly different rates of atherogenesis
in apoE*3 Leiden mice and their non-transgenic littermates, they provided evidence of
the enhanced inflammatory status of animals consuming the HFC/C atherogenic diet.
Serum chemokine levels tended to increase more rapidly in apoE*3 Leiden mice,
compared with non-transgenic animals, but their levels were not obviously affected by
the presence or absence of dietary antioxidants. By contrast, the highest levels of
soluble adhesion molecules were observed in non-transgenic animals, and were
clearly sensitive to consumption of dietary antioxidants during the early stages of this
study.

Available evidence in transgenic murine models of atherosclerosis generally
supports a role for oxidative stress in their disease aetiology. Oxidation-specific
epitopes have been identified within macrophage-rich regions of atherosclerotic lesion
in both apoE™ "' and apoE*3 Leiden ° mice. ApoE™ '°' and LDLR™ *"® mice exhibit
high serum titres of autoantibodies to malondialdehyde (MDA)-modified lysine, and
immunisation with MDA-modified LDL reduced the progression of atherosclerosis in

both models 378377,

Indeed, circulating autoantibodies to oxidised LDL correlate with
arterial accumulation and depletion of oxidised LDL in LDLR™ mice *"®. Vitamin E
deficiency, induced by disruption of the a-tocopherol transfer protein gene, increased
the generation of isoprostanes and the severity of atherosclerotic lesions in the

9

proximal aortae of apoE™ mice *°. Dietary antioxidants, vitamin E, vitamin C and B-

carotene, have been reported to reduce both circulating autoantibodies ¥%%*°, aortic

243.380’ and lesion formation 243,253,378,380 in apoE-/— 243,380

and plasma isoprostane levels
and LDLR™ 3378 mjce. However, other studies using apoE™ mice fed a normal RM1
diet supplemented with a combination of dietary B-carotene and a-tocopherol failed to

demonstrate inhibition of atherogenesis **'.

Under the conditions used here, apoE*3 Leiden mice develop gross
hypercholesterolaemia and markedly accelerated atherogenesis, compared with their
non-transgenic littermates *. The presence of dietary antioxidants, vitamin E, vitamin

C and B-carotene, were associated with relatively modest shifts in serum cholesterol

187



and triglyceride levels in either apoE*3 Leiden mice or the non-transgenic controls
(Figure 6-4). Consumption of these antioxidants signally failed to reduce atheroma
development in apoE*3 Leiden mice, or their non-transgenic littermates, despite the
very differing rates of atherogenesis observed in these groups of animals (Figure 6-5),
and the fact that similar experimental diets, and concentrations of antioxidants, were
employed as previous studies 2°>. While the reasons for this are not clear, it is possible
that distinct mechanism(s) of lipoprotein oxidation, or underlying cause atherosclerosis,
may exist in differing murine models of atherogenesis. For example, circulating lipids
from C57BL/6J mice are more resistant to oxidative stress than those isolated from
apoE™ mice *®2. Altematively, paradoxical effects of antioxidants, like vitamin E, have

been reported in various animal models. Under certain circumstances, a-tocopherol

382 383

can promote lipid peroxidation and exacerbate endothelial dysfunction
Certainly, the results from this study imply that dietary antioxidants are not sufficiently
potent to limit arterial oxidative stress, or that oxidative processes are not of primary
importance in lesion development in apoE*3 Leiden mice and their non-transgenic

littermates consuming a high fat/high cholesterol diet.

in our previous studies, we demonstrated that hypercholesterolaemic apoE*3
Leiden mice exhibit elevated serum concentrations of the miL-8RH ligands, KC and
MIP-2 (Chapter 3) ®'. In particular, serum concentrations of KC were significantly
higher in apoE*3 Leiden mice fed the atherogenic diet, compared with non-transgenic
littermates consuming the same diet, and were associated with early lesion
development in the former (Chapter 3 and Chapter 4) ®'. In this study, we used a
modified form of the same diet deficient in, or supplemented with, dietary antioxidants.
Levels of circulating chemokines, JE and KC, tended to increase more rapidly in
apoE*3 Leiden mice compared with the non-transgenic animals (Figure 6-7), although
approximately equivalent levels were reached in all groups of mice by the end of the
study. Serum concentrations of JE and KC (Figure 6-7) were not reduced by the
consumption of antioxidants by either apoE*3 Leiden mice, or their non-transgenic
controls. Absolute concentrations of serum chemokines were clearly not predictive of
lesion size under these conditions, probably because their levels reflect inflammatory
responses in a number of differing cells and/or tissues including the liver. Indeed, we
have found that chemokine expression in the liver is significantly elevated in mice
consuming the HFC/C diet (Section 4.3.8.2 and Section 5.3.1). Expression of JE '®
and KC """ within macrophage-rich regions of developing atherosclerotic lesions
may indeed contribute to circulating chemokine levels.
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However, elevated serum cholesterol levels may be sufficient to elicit leukocyte

9

activation and increase chemokine expression **°. Recent studies have shown that

plasma concentrations of IL-8 correlate directly with IL-8 expression by blood

340

mononuclear cells **° and that monocytes isolated from hypercholesterolaemic patients

9

exhibit enhanced IL-8 expression **. Further, atherosclerosis-susceptible C57BL/6J

mice fed a diet high in fat and cholesterol develop oxidative stress, inflammation and

1o Thus, the elevated and

lipid accumulation in both aortic and hepatic tissues
sustained serum chemokine levels seen in apoE*3 Leiden mice, and their non-
transgenic littermates, seem to reflect a chronic inflammatory response in these
animals. However, serum concentrations of JE and KC (Figure 6-7) were not reduced
by the consumption of antioxidants by apoE*3 Leiden or non-transgenic mice. Again,
this suggests that the inflammatory response is either not triggered by oxidative stress,
or that dietary antioxidants lack the necessary potency to limit the enhanced

expression of JE and KC chemokines.

293,302 298,300,301,356,384-387

Hyperlipidaemia and existing cardiovascular disease are
associated with circulating levels of sVCAM-1 and/or sICAM-1. Equally, reductions in
plasma triglyceride and cholesterol concentrations achieved either by lipid lowering
therapy ** or, more drastic, by LDL apheresis **? are associated with decreases in
circulating concentrations of sVCAM-1 and sICAM-1. As with circulating chemokines,
a number of tissues could potentially contribute to serum levels of soluble adhesion

molecules 23388389

Interestingly, initial circulating concentrations of sICAM-1 were
significantly higher in apoE*3 Leiden mice compared with their C57BL littermates
(Figure 6-6 B). This was also noted in our previous investigation (Section 4.3.9). The
same was not true of sVCAM-1. This finding suggests that sICAM-1 levels may be
particularly sensitive to mild perturbations in lipid levels in apoE*3 Leiden mice fed a
‘normal’ chow diet (Figure 64 A + B). It was also apparent that circulating levels of
sICAM-1 were much higher at baseline than levels of sVCAM-1, and did not increase
to the same extent. These differences may reflect the highly inducible nature of
VCAM-1 expression during inflammation, compared with the constitutive expression of

8

ICAM-1 seen under normal conditions %%, As observed in the last investigation,

circulating levels of sICAM-1 in murine serum were substantially higher than levels

found in human serum 2°%8.356:384385

However, the gross hypercholesterolaemia and accelerated atherogenesis
evident in apoE*3 Leiden mice did not result in higher serum levels of soluble adhesion
molecules, compared with non-transgenic controls (Figure 6-6). Instead, the presence
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or absence of dietary antioxidants appeared to be the major factor modulating serum
levels of sVCAM-1 and sICAM-1, particularly in the non-transgenic animals. Current
dogma suggests that activation of the NF-kB system of transcription factors results in a

366-368  Our results

co-ordinated up-regulation of adhesion molecules and chemokines
show that levels of soluble adhesion molecules were particularly redox-sensitive,
compared with serum chemokine concentrations, during the initial responses to
consumption of an atherogenic diet by these animals (Figure 6-6). However,
hypercholesterolaemic apoE*3 Leiden mice appeared less sensitive to dietary
antioxidants than the non-transgenic controls. Combinations of dietary antioxidants
have proved similarly ineffective at lowering serum concentrations of sVCAM-1 in
hypercholesterolaemic smokers **°. Production of sVCAM-1 was not sustained at high
levels beyond week 8 of this study (Figure 6-6). This may suggest that at least this
component of the leukocyte recruitment pathway can be down regulated in response to
chronic inflammation. Alternatively, however, it is possible that either changes in the

proteolytic generation of soluble adhesion molecules 22288389

, or their clearance from
the circulation, may explain the observed decrease in sIiCAM-1 and sVCAM-1 levels in

the serum.

In summary, circulating levels of inflammatory markers associated with monocyte
recruitment to the arterial wall, namely, JE, KC, VCAM-1 and ICAM-1, exhibit
differential sensitivities to dietary antioxidants in apoE*3 Leiden and C57BL mice fed a
diet high in fat and cholesterol. The development of atheroma in both groups of
animals was unaffected by the presence of absence of vitamin E, vitamin C and B-
carotene. Measurement of systemic serum chemokines and soluble adhesion
molecules could provide a means of monitoring the expression of these components of
the inflammatory response in vivo and, in particular, a way of assessing the efficacy of
dietary or pharmacological interventions
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Chapter 7

General discussion and future work
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7 General discussion and future work

Heart disease is the biggest killer in the UK and the USA. Unfortunately, the
disease remains largely silent until clinical symptoms ensue. It is therefore important to
find a serum marker with real predictive value. Thus, the aim of this studentship was to
identify potential serum markers, which might reflect pathological events occurring at
the vessel wall during the development of the disease. As atherosclerotic lesions are
characterised by a predominantly monocyte/macrophage infiltrate, we hypothesized
that molecules involved in monocyte recruitment, present within the circulation, might
provide a means of ‘tracking’ pathogenic events within the vessel wall. To test this
hypothesis, the apoE*3 Leiden mouse model of atherosclerosis and their non-
transgenic littermates (C57BL) were fed an atherogenic diet, high in fat and cholesterol
and containing sodium cholate. It was hoped that the use of these two strains of mice
would allow us to test whether putative 'markers' of disease progression and/or
inflammation could discriminate between groups of animal experiencing an identical
dietary regime, but possessing differing rates of atherogenesis. Specifically, the
temporal relationships between circulating chemokines, adhesion molecules and the
development of atheroma were examined. Also, more general systemic ‘markers’ of
inflammation were measured to test their association with developing atheroma.
Finally, the ability of antioxidant vitamins to modulate circulating levels of chemokines
and soluble adhesion molecules, and the development of atheroma in apoE*3 Leiden
mice and their non-transgenic controls was investigated.

We conclude that circulating levels of chemokines may prove to be useful, albeit
non-specific, markers in chronic inflammatory diseases, including atherosclerosis. We
proposed that serum concentrations of these molecules will reflect their output from
one, or more, sites of inflammation, assuming that clearance of these molecules from
the circulation remains a constant factor. In agreement with previous reports ''%'"!, the
consumption of an atherogenic diet appears to trigger hepatic inflammation, indicating
that the liver may be an important source of the observed increases in systemic CC
and CXC chemokine levels. Indeed, analysis by quantitative PCR and in-situ
hybridisation suggests that the liver may be an important site of production of serum
KC and JE. Although, temporal variations in circulating levels of sICAM-1, PON1 and
SAA were observed, no obvious association with onset of atheroma emerged.
However, systemic levels of serum haptoglobin were acutely sensitive to the
inflammatory effects of an atherogenic diet, and appeared to be associated with the
accelerated atheroma seen in apoE*3 Leiden mice. Elevated systemic KC levels
appeared to coincide with early onset of atherogenesis, and aortic expression of KC
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was detected by RT-PCR, if not by in situ hybridisation. In experimental models, such
as apoE™ mice, that do not rely upon the consumption of an atherogenic diet for lesion
development or, more importantly, in man, the developing atherosclerotic lesion may
prove to be the primary site of inflammation. In such cases, systemic chemokine
concentrations may prove to be useful predictors of atherosclerotic lesion
development, although further work is needed to substantiate this hypothesis. Indeed,
the work contained in this thesis has now formed the basis of a new PhD studentship
(BBSRC/GlaxoSmithKline). This project will examine the temporal relationship
between circulating CXC and CC chemokines during the development of atheroma in
apoE™ mice on either a C57BL or C3H genetic background. As apoE” mice develop
lesions spontaneously on a normal chow diet, this will eliminate the need for an
atherogenic diet and the subsequent liver inflammation associated with it. Under these
conditions, the developing atherosclerotic plaque should be the primary site of
inflammation. Despite posessing a more atherogenic serum lipid profile, C3H mice are
resistant to the development of diet-induced atheroma, compared with C57BL mice.
The use of apoE” mice on these two genetic backgrounds should enable the
determination of whether elevated levels of systemic chemokines are associated with
dyslipidaemia or the development of atheroma.

Circulating levels of chemokines and adhesion molecules exhibited differential
sensitivities to dietary antioxidants in apoE*3 Leiden and C57BL mice fed a diet high in
fat and cholesterol. It was found that the development of atheroma and systemic KC
and JE levels in both groups of animals was unaffected by the presence, or absence,
of vitamin E, vitamin C and pB-carotene. However, systemic adhesion molecule
concentrations were clearly sensitive to the presence of dietary antioxidants, with
particularly high levels of sVCAM-1 and sICAM-1 noted in the non-transgenic mice
consuming the antioxidant-deficient (HFC/LAO) diet during the early stages of the 12
week study. It would have been interesting to test this hypothesis using the apoE™
model fed a chow diet deficient in, or supplemented with, these antioxidant vitamins.
Perhaps then clear differences would be observed in systemic chemokine
concentration and possibly atheroma development. These differences may be masked
in apoE*3 Leiden mice due to the extreme serum cholesterol concentrations caused by
consumption of the HFC/C diet. Altematively, the atherogenic diet could be triggering
changes that are not antioxidant sensitive.

Current literature on circulating chemokines and adhesion molecules lack sufficient
discussion concerning their origin and consequently, we can only hypothesise on
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potential sources of these molecules. Almost all cells exhibit the potential to produce
substantial amounts of chemokines in response to a broad spectrum of stimuli (Figure
1-5) %1% for example, IL-8 is produced by macrophages, neutrophils, fibroblasts,
smooth muscle, endothelial and epithelial cells *>'**. Murine KC and MIP-2 have been
identified in the lung, spleen, kidney, heart, thymus and brain *'*®'. Similary, MCP-1
and its murine homologue JE are produced by variety of cell types and associated with

numerous inflammatory infiltrates '°>'%

. Thus it is likely that circulating chemokines as
well as adhesion molecules 22388389 haye multiple points of synthesis from which they
can appear in the circulation. Recently, studies have shown that plasma
concentrations of IL-8 correlates directly with IL-8 expression by blood mononuclear

340

cells and that monocytes isolated from hypercholesterolaemic patients exhibit

9

enhanced IL-8 expression **°. This suggests that activated blood leukocytes may be

an important contributing source of serum chemokines.

In addition, it would have been interesting to quantify chemokine mRNA
expression in leukocytes isolated from mice in our studies. By measuring chemokine
mRNA expression in circulating leukocytes we could have determined whether
systemic chemokine concentrations reflected leukocyte expression. Preliminary data
using TagMan PCR showed that both KC and JE transcripts were detectable in blood
leukocytes isolated from mice fed an atherogenic diet (data not shown). Unfortunately,
there was no time to follow up this observation with an additional study. Finally, as in-
situ hybridisation is not as sensitive a technique as TagMan PCR, it would have been
wise to complement the in-situ hybridisation data with the analysis of tissue transcript
level by quantitative PCR.

In summary, it is clear that the systemic markers investigated in this thesis were
not specific to atheroma and did not provide greater predictive value than
measurement of more established ‘risk factors’ such as serum cholesterol, in terms of
lesion progression. Therefore, multiple inflammatory sites may be involved, induced by
the atherogenic diet, development of gross hyperlipidaemia, or the lesion itself.
Indeed, the atherogenic diet used in our studies, may have considerably masked any
subtle differences in systemic chemokine and adhesion molecule concentrations. The
use of apoE™ mice in future studies should eliminate the need for an atherogenic diet,
and the subsequent hepatic inflammation associated with it. Under these conditions
the developing atherosclerotic lesion should be the primary site of inflammation and
thus a more accurate assessment of these molecules, as markers of atheromas will be
made.
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9 Appendices

9.1 Names and addresses of suppliers

Ambion via ams Biotechnology, Oxfordshire, UK.

American Type Culture Collection, VA, USA.

Amersham Pharmacia Biotech, Buckinghamshire, UK.

Bayer Diagnostics, Berkshire, UK.

BioGenex, CA, USA, via Menarini Diagnostics, Berkshire, UK.
Biosource International, CA, USA via Lifescreen Ltd, Hertfordshire, UK.
BDH Laboratory Supplies, Poole, UK.

Boehringer Mannheim now Roche Diagnostics Ltd, East Sussex, UK.
Costar via Merck EuroLabs, Poole, UK.

DAKO Ltd, Cambridgeshire, UK.

Endogen, MA, USA, via TCS Biological Ltd, Buckingham, UK.
European Collection of Cell Cultures, Whiltshire, UK.

Flowgen, Leicestershire, UK.

Hope Farm, The Netherlands.

Invitrogen, Groningen, The Netherlands.

Kodak via Sigma Chemical Company, Poole, UK.

Life Technologies Ltd (GIBCOBRL), Paisley, UK.

NUNC via Life Technologies, Paisley, UK.

NOVEX, San Diego, USA now part of Invitrogen, Groningen, The Netherlands.
Perkin Elmer Applied Biosystems, Warrington UK.

Pierce via Perbio Sciences UK Ltd, Cheshire, UK.

PharMingen, San Diego, USA via Becton Dickinson, UK.
Promega, Southampton, UK.

Qiagen, West Sussex, UK.

Raymond A Lamb, London, UK.

SEBIA via Analytical Technologies, Hampshire, UK.

Serotec, Oxfordshire, UK.

Sigma Chemical Company, Poole, UK.

Special Diet Services, Witham UK.

Stratagene, Cambridge, UK.

Tridelta Development Ltd, EIRE, via Biognosis, East Sussex, UK.
Triple Red Ltd, Oxofordshire, UK.

R&D Systems Europe Ltd, Oxon, UK.

Vector Laboratories Ltd, Peterborough, UK.

WAKO Chemicals Ltd, VA, USA.
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9.2

Composition of diet RM1

RAT AND MOUSE NO. 1 MAINTENANCE DIET

SUITABLE SPECIES AND APPLICATIONS;

Rats and mice for long and short term

maintenance.

BENEFITS:

High quality grade human grade
soya bean concentrate provides a
less variable source of protein.

Low protein level promotes longer
life expectancy, reducing obesity
and associated problems in the
aged animal.

Low nutrient levels reduce the risk
of undesirable side-effects in

toxicity trials being masked.

FEEDING GUIDE:

Ad-lib feeding is recommended
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Ingredients

Cereal Products
Wheat
Barley

Wheatfeed
Proteins

Ext. Soya Bean
Meal

Whey Powder

Energy Sources

Soya QOil
Supplementation
Vitamins
Major Minerals
Trace Minerals

Amino Acids

Percentage
composition

88.5%

8.5%

0.5%

2.5%



CALCULATED ANALYSIS OF DIET RM1

NUTRIENTS Proline
Crude Oil % 2.6 Serine
Crude Protein % 14.7 Hydroxyproline
Crude Fibre % 5.3 Hydroxylysine
Ash % 5.9 Alanine
N.F.E % 61.5
Urea % Major Minerals
Dig. Crude Oil % 24 Calcium
Dig. Crude Protein % 13.3 Total Phosphorus
Tot. Diet Fibre % 14.5 Phytate Phosphorus
Pectin % 1.5 Available Phosphorus
Hemicellulose % 7.8 Sodium
Cellulose % 4.1 Chlorine
Lignin % 11 Magnesium
Starches % 40.0 Potassium
Sugars % 6.5
Trace Minerals
Energy Iron
Gross Energy MJ/kg 14.8 Copper
Dig. Energy MJ/kg 121 Manganese
Met. Energy MJ/kg 10.9 Zinc
Cobalt
Fatty Acids lodine
Myristoleic Acid % 0.02 Selenium
Palmitoleic Acid % 0.10 Fluorine
Oleic Acid % 0.76
Linoleic Acid % 0.71 Vitamins
Linolenic Acid % 0.06 Retinol
Arachidonic Acid % 0.13 Vitamin A
Clupanodonic Acid % Cholecalciferol
Laurie Acid % 0.02 Vitamin D3
Myristic Acid % 0.14 a-Tocopherol
Palmitic Acid % 0.32 Vitamin E
Stearic Acid % 0.04 Vitamin Bi
Vitamin B:2
Amino Acids Vitamin Be
Arginine % 0.95 Vitamin Bi2
Lysine % 0.74 Vitamin C
Methionine % 0.25 Vitamin Ks
Cysteine % 0.26 Folic Acid
Trytophan % 0.19 Nicotinic Acid
Histidine % 0.36 Panthenic Acid
Threonine % 0.53 Choline
Isoleucine % 0.60 Inositol
Leucine % 1.06 Biotin
Phenylalanine % 0.71 p-Aminobenzoic Acid
Valine % 0.74 p-Carotene
Tyrosine % 0.53
Taurine % Pigments
Aspartic Acid % 0.73 Xanthophyll
Glutamic Acid % 3.34
Note 1. All values calcul to 10% moisture
Note 2. Values are total calculated values
Note 3. 1 meg Retinol = 3.3 ID Vitamin A activity
Note 4. Total retinol content includes the Retinol equivalent of p-Carotene
Note 5. 1 meg p Carotene = 1.6 IU Vitamin A activity
Note 6. 1 meg Cholecalciferol = 400 IU Vitamin D3 activity
Note 7. 1 mg a-Tocopherol = 1.1 IU Vitamin E activity
Note 8. 1 MJ = 239.23 Calories
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%
%
%
%
%

%
%
%
%
%

%
%
%

mg/kg
mg/kg
mg/kg
mg/kg
mcg/kg
mcg/kg
mcg/kg
mg/kg

meg/kg
1U/kg
mcg/kg
1U/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mcg/kg
mg/kg
mg/kg

mg/kg

1.26
0.59

0.71
0.50
0.21
0.29
0.25

0.40
0.22
0.66

114.0
11.0
66.0
18.0
554.0
1143.0
148.0
17.0

1910.0
6303.0
15.0
600.0
69.0
75.9
8.0
4.4
4.8
7.4
11.0
10.6
0.07
57.4
19.6
1390.0
2434.0
264.0



9.3 Restriction enzyme buffers

The composition of Life Technologies restriction enzyme buffers is summarised
below. All buffers were supplied at 10x strength and diluted to a final strength of 1x in
the reaction mix.

REACT 2 supplied for use with Pst |
50 mM Tris-HCI (pH 8.0), 10 mM MgCl,, 50 mM NaCl

REACT 3 supplied for use with BamH | and Not |
50 mM Tris-HCI (pH 8.0), 10 mM MgCl,, 100 mM NacCl

9.4 E.coli medium composition

9.4.1 LBawp medium

Medium constituents

Weight (per litre)

Luria broth base
Sterile distilled water

209
to a final volume of 1 litre

The medium was autoclaved and allowed to cool before addition of ampicillin to a final

concentration of 50 ug/ml.

9.4.2 LB agar

Medium constituents

Weight (per litre)

Luria broth base
Bacto agar
Sterile distilled water

209
209
to a final volume of 1 litre

The medium was autoclaved and allowed to cool before addition of ampicillin to a final
concentration of 50 pg/ml. Aliquots of the medium (25 ml) were poured into 100 mm

disposable petri dishes. The plates were stored at 4°C.

9.5 Fixing cryostat sections for in-situ hybridisation

Sections were thawed at room temperature (15 mins) in RNase free / autoclaved
slide racks. All solutions were prepared in baked RNase free glassware. Ethanol was
diluted to desired percentage using DEPC-treated sterile water. Slides were brought
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through the following solutions (all at room temperature) in RNase free / autoclaved

black boxes in the fume hood:

1.

Paraformaldehyde (4% w/v) in DEPC treated PBS for 10 mins. Paraformaldehyde
was freshly prepared each day (10 g in 250 ml of DEPC-treated PBS) and was
dissolved by heating (50°C) and stirring in the fume hood (2-3 h until the solution
was clear).

2. DEPC-treated PBS - 2 x 1 min (change buffer after each slide rack).

© N o o

Acetic anhydride (0.25%, v/v), triethanolamine (0.1 M) and NaCl (0.9%, w/v) for 10
mins (change after each slide rack). Acetic anhydride is very unstable and was
therefore added to the autoclaved triethanolamine buffer just 1 min before use.
Ethanol (70 %) for 1 min.

Ethanol (80 %) for 1 min.

Ethanol (95 %) for 1 min.

Ethanol (100 %) for 1 min.

Chloroform for 10 min.
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