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Summary

Many cells are involved in the atherosclerotic process, but macrophages are present in 

every phase o f atherosclerosis and are heavily implicated as prime culprits in the molecular 

events that initiate, promote and complicate atherosclerosis. Dietary fatty acids are known 

to modulate the immune cell function and have been reported to exert positive effects on 

atherosclerosis. The objective o f this thesis was to examine the relationship between 

dietary fatty acids and macrophage function in vitro, and its possible implication in the 

atherosclerotic process. The fatty acids under investigation were conjugated isomers o f the 

«-6 polyunsaturated fatty acid (PUFA) linoleic acid; cw9,/ra«i'l 1-conjugated linoleic acid 

(c9 ,tll-C L A ) and trans 10,cisll-conjugated  linoleic acid (tlO ,cl2-CLA), and the long- 

chain n-3 PUFA found in fish oil; eicosapentaenoic acid (EPA) and docosahexanoic acid 

(DHA).

In chapters three and four, molecular and biochemical methods were employed to 

assess the effects o f the CLA isomers on THP-1 macrophage cholesterol homeostasis. The 

transformation o f the macrophage into a foam cell, a key factor in atherosclerosis 

initiation, is determined by macrophage cholesterol uptake and efflux. Peroxisome 

proliferator-activated receptors (PPARs) have been shown to regulate the transcription o f a 

number o f important genes involved in cholesterol homeostasis. It has been proposed that 

fatty acids, including CLA, are capable o f activating PPARs in vitro and in vivo. O f the 

genes investigated, culture o f THP-1 macrophages with 100 |^M o f the CLA isomers had 

most effect on the class B scavenger receptor CD36. CD36 mediates the uptake o f 

modified low density lipoprotein (LDL) thereby promoting the transformation o f 

macrophages into foam cells. As detected by TaqMan® PCR, c9,tl 1-CLA, tlO ,cl2-CLA, 

and synthetic PPAR ligands increased CD36 mRNA expression in macrophages and 

macrophage-derived foam cells (P<0.05). Macrophage cell surface CD36 expression was 

characterised by confocal laser microscopy. CLA and the PPARy ligand rosiglitazone 

increased cell surface CD36. However, analysis o f  intracellular cholesterol concentrations 

in macrophages exposed to acetylated LDL (AcLDL) showed that CLA did not promote 

macrophage cholesterol accumulation despite up-regulating CD36. Similar to 

rosiglitazone, CLA had no effect on cholesterol efflux to apo AI.

Therefore, alternative molecular mechanisms to explain the anti-atherogenic effect 

o f CLA in vivo need to be dissected. Since the macrophage has both scavenging and 

immunological functions, the effects o f c9,tl 1-CLA and tl0 ,c l2 -C L A  on macrophage and 

macrophage-derived foam cell cytokine production and mRNA expression were 

investigated in chapter five. The profile o f cytokine expression and production in cells



cultured in the presence o f the CLA isomers varied depending on the cellular 

differentiation state. Following lipopolysaccharide (LPS) stimulation o f macrophages, 

c9 ,tll-C L A  and tlO ,cl2-CLA  tended to have similar effects on cytokine production as 

detected by ELISA. Both isomers o f CLA significantly increased the production o f TNF- 

a, while decreasing the secretion o f IL -ip , lL-6 and IL-10 from LPS-stimulated 

macrophages. In contrast, the CLA isomers exerted distinct effects in LPS-stimulated 

macrophage-derived foam cells. T10,cl2-CLA  significantly reduced foam cell TNF-a 

production and increased IL-10 production, whereas c9 ,tIl-C L A  decreased IL -ip  and 

increased IL-6 secretion. In the majority o f cases, CLA-induced alterations in cytokine 

production in these cells were not associated with corresponding alterations in mRNA 

levels.

In chapter six, the relative potencies o f EPA and DHA on macrophage pro- 

inflammatory cytokine production were investigated. EPA and DHA significantly 

decreased the production and mRNA levels o f  lipopolysaccharide-induced TNF-a, IL -ip  

and IL-6 by THP-1 macrophages. In all cases, the effect o f DHA was significantly more 

potent than that o f EPA. To determine if  the NF-kB transcription factor was implicated in 

these anti-inflammatory effects, the effect o f EPA and DHA on the binding o f NF-kB to 

kB enhancer elements on DNA was measured by electrophoretic mobility shift assay. 

Both EPA and DHA down-regulated NF-kB:DNA  binding in LPS-stimulated THP-1 

macrophages (P<0.03). This reduction in NF-kB:DNA  binding by DHA was associated 

with a significant decrease in the abundance o f macrophage nuclear p65 (P<0.05) and a 

significant increase in cytoplasmic IkBu levels (P<0.05). Similar trends were observed 

with EPA, however, these effects did not reach statistical significance.
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Chapter 1 

General Introduction

1.1 Atherosclerosis

Atherosclerosis is the main cause o f coronary heart disease (CHD). In 2001, 21% of all 

deaths in Ireland were due to heart disease (Irish Heart Foundation). Furthermore, Ireland 

has the highest death rate from CHD in those under 65 years o f  age in the EU (46 deaths 

per 100,000 population compared to EU average o f 25; Irish Heart Foundation). Current 

atherosclerosis-related research is directed at elucidating and understanding the complex 

interactions o f cells, inflammatory mediators and cholesterol. The findings from such 

research will form the basis o f this review.

1.1.1 Definition

Atherosclerosis is a progressive condition characterised by deposition o f  complex lipids 

into the innermost layer o f the arterial wall (intima), principally in large and medium-sized 

elastic and muscular arteries, and can lead to ischaemia o f the heart, brain or extremities, 

resulting in infarction (Ross, 1999). Large-scale clinical trials have shown that correcting 

hypercholesterolaemia profoundly reduced morbidity and mortality from CHD. However, 

atherosclerosis is not simply a lipid disorder, but rather a chronic inflammatory condition 

that is initiated by and progressed in the context o f hypercholesterolaemia (Steinberg, 

2002).

1.1.2 Pathogenesis and lesion development

The structure o f a normal artery is illustrated in Figure 1.1. The normal arterial wall 

consists o f three morphologically distinct layers,

• the intima is the innermost layer and consists o f extracellular connective tissue matrix, 

primarily proteoglycans and collagen, bounded by a layer o f endothelial cells on the 

luminal side

• the media is the middle layer and consists o f smooth muscle cells

• the adventitia is the outer layer and is composed o f  connective tissue interspersed with 

fibroblasts and smooth muscle cells (Lusis, 2000).
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Figure 1.1. Structure of a normal artery (Lusis, 2000).

The process o f atherosclerotic lesion development is presented in Figure 1.2A -  D. 

Over the last century, numerous pathophysiologic observations in humans and animals 

have led to the formation o f the ‘response to injury’ hypothesis o f  atherosclerosis (Ross, 

1993; Ross, 1999). The most recent version o f this hypothesis proposes that endothelial 

dysfunction is the first step o f the disease process (Figure 1.2A). Endothelial dysfunction 

alters the endothelium’s normal homeostatic and physiological properties and functions, 

which include;

• provision o f a non-thrombogenic surface

• acting as a permeability barrier

• maintaining vascular tone by releasing vasodilators, e.g. nitric oxide (NO), prostacyclin 

(PGI2) and vasoconstrictors (e.g. endothelin)

• synthesising and secreting growth regulatory molecules and cytokines

• providing a non-adherent surface for leukocytes (Ross, 1993).

Changes in one or more o f these properties may represent the earliest manifestations o f 

endothelial dysfunction (Ross, 1993). Possible causes o f this ‘injury’ and dysfunction 

include elevated and modified low density lipoprotein (LDL); free radicals caused by 

cigarette smoking, hypertension and diabetes mellitus; genetic alterations; elevated plasma 

homocysteine concentrations; infectious micro-organisms such as herpesvirus or 

Chlamydia pneumoniae-, and combinations o f these and other factors (Ross, 1999). 

Manifestations o f dysfunction o f the endothelium include increased endothelial 

permeability and trapping o f cholesterol in the artery and the attachment and migration of

M onocyte Neutroohu® T ceils

■fflht (uoctjor^s

0ollager);and proteoglycans:

Smooth 
muscle cells
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monocytes and T lymphocytes between endothelial cells at their junctions into the artery 

wall (Ross, 1993; Libby, 2002). Specific arterial sites, such as branches, bifurcations and 

curvatures, associated with blood flow disturbances such as non-uniform laminar flow, are 

preferential sites for lesion formation (Grimbome et a i ,  1999).
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Figure 1.2. Atherosclerotic lesion development, A) endothelial dysfunction, B) fatty 
streak formation, C) the advanced lesion, and D) the unstable plaque (Ross, 1999).

If  inflammatory conditions prevail and risk factors such as dyslipidaemia persist, 

the process continues with the formation o f the fatty streak as depicted in Figure 1.2B. The 

fatty streak is the earliest recognisable lesion o f atherosclerosis and is initially composed o f 

T cells and monocyte-derived macrophages that accumulated lipid and become foam cells. 

Table 1.1 summarises the principal mediators o f atherosclerosis and their putative role in 

the development and progression o f an atherosclerotic lesion. Stimulated by the release o f 

growth factors such as platelet-derived growth factor (PDGF) and transforming growth 

factor (TGF)'P, smooth muscle cells also migrate into the intima and form part o f  the fatty

3



streak. Platelet adhesion and activation are ubiquitous in the initiation and generation o f 

atherosclerotic lesions and may contribute to the migration and proliferation o f smooth 

muscle cells and monocytes. Although fatty streaks are not clinically significant and have 

been found during foetal development (Napoli et al., 1997), they are the precursors o f 

more advanced lesions (Lusis, 2000).

The fatty streak progresses to an intermediate lesion composed o f layers o f foam 

cells, macrophages and smooth muscle cells, and subsequently to an advanced lesion that 

produces a fibrous cap that walls off the lesion from the lumen (see Figure 1.2C). The 

formation o f  the fibrous cap represents a type o f wound healing or fibrous response to the 

injury (Ross, 1999) and it consists o f connective tissue embedded with smooth muscle cells 

overlaying a core o f lipid and necrotic debris (Ross, 1993). These lesions expand at their 

shoulders by means o f continued adhesion, entry, and proliferation o f  macrophages, T cells 

and smooth muscle cells mediated by the up-regulation o f adhesion molecules, monocyte 

chemotactic protein (M CP)-l, interleukin (IL)-8, macrophage-colony stimulating factor 

(M-CSF) and others (Table 1.1). Although the fibrous plaque grows, and by projecting 

into the arterial lumen it may impede the flow o f blood, the degree o f luminal obstruction 

has little relation to its likelihood o f causing thrombosis, which actually causes most o f the 

acute manifestations o f this disease (Libby, 2000).

Such apparently stable lesions may, however, without warning cause acute 

myocardial infarction or stroke. Thrombus formation usually occurs as a consequence o f a 

physical disruption o f the plaque, such as superficial erosion leading to the formation o f a 

platelet thrombus (Libby, 2002). However, the majority o f coronary thromboses result 

from a rupture o f  the plaque’s protective fibrous cap transforming the stable plaque to an 

unstable, vulnerable plaque (Libby, 2000) (Figure 1.2D). Thinning o f the fibrous cap is 

usually due to the continuing influx o f macrophages (Ross, 1999) and resident foam cells 

(Lusis, 2000), which release matrix metalloproteinases (MMPs) and other proteolytic 

enzymes at these sites. Recent findings indicate a role for mast cells in plaque rupture by 

releasing proteases that can activate MMPs to their proteolytic forms (Haley et al., 2000; 

Libby, 2002). These proteolytic enzymes degrade the fibrous matrix permitting contact 

between blood containing circulating coagulation proteins and the highly thrombogenic 

material located in the lesion’s lipid core, e.g. tissue factor, resulting in thrombus 

formation and occlusion o f the artery, and consequently, myocardial infarction or stroke 

(Lee & Libby, 1997).
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Table 1,1. Summary of mediators involved in atherosclerosis progression (summarised 
from Ross, 1993; Ross, 1999; Libby, 2002.

Molecule Function Consequences
Nitric oxide Mediate endothelial Endothelial
Prostacyclin permeability dysfunction
Platelet-derived growth factor
Angiotensin II
Endothelin
L-selectin Leukocyte adhesion Endothelial
Integrins molecules dysfunction

Fatty streak formation
Platelet-endothelial-cell adhesion Advanced lesion
molecule-1 progression
E-selectin, P-selectin Endothelial adhesion Endothelial
Intracellular adhesion molecule-1 molecules dysfunction
Vascular cell adhesion molecule-1
Monocyte chemoattractant protein-1 Leukocyte attraction. Endothelial
Interleukin-8 migration, proliferation dysfunction
Platelet-derived growth factor & differentiation Fatty streak formation
Macrophage-colony stimulating Advanced lesion
factor progression
Osteopontin
Modified LDL cholesterol
Inducible protein-10
Monokine induced by interferon-y
Interferon-inducible T cell a-
chemoattractant, eotaxin
Platelet-derived growth factor Smooth muscle cell Fatty streak formation
Fibroblast growth factor-2 migration & proliferation Advanced lesion
Transforming growth factor-p progression
Tumor necrosis factor-a T cell activation Fatty streak formation
Interleukin-2
Granulocyte-macrophage-colony 
stimulating factor_____________
Modified LDL, Interleukin-1 
Macrophage-colony stimulating 
factor
Tumor necrosis factor-a

Foam cell formation Fatty streak formation

Integrins Platelet adherence and Fatty streak formation
P-selectin, Fibrin 
Thromboxane A j 
Tissue factor

aggregation Advanced lesion 
progression 
Plaque rupture

Platelet-derived growth factor 
Transforming growth factor-P 
Interleukin-1, 
osteopontin
Tumor necrosis factor-a

Fibrous cap formation Advanced lesion 
progression

Collagenases, gelatinises, 
Stromolysin,
Cathepsins S and K

Matrix degradation Plaque rupture

5



1.2 Lipids and atherosclerosis

Although atherosclerosis is a complex and multi-factorial disease, the causal relationship 

between increased plasma lipids, in particular cholesterol and atherosclerosis is no longer 

in question. Atherosclerosis is characterised by the accumulation o f cholesterol, 

particularly cholesteryl ester and free cholesterol, with triglyceride usually making up less 

than 10% o f the total lipid in the intima o f arteries (Ross, 1993; Lada et al., 2002). This 

section will introduce plasma lipids and their metabolism, and review the reported links 

between plasma lipids and atherosclerosis.

1.2.1 Cholesterol

Normally, most cholesterol serves as a structural element in the walls o f cells, whereas 

much o f the rest o f it is in transit through the blood or functions as the starting material for 

the synthesis o f bile acids in the liver, steroid hormones (e.g. estrogen, testosterone) in 

endocrine glands (e.g. adrenal glad, ovary, testes), vitamin D in the skin (Krieger, 1998) 

and lipoproteins formed by the liver and intestine. Cholesterol is present in the diet 

(exogenous), but is also synthesised in the liver and the small intestine (endogenous). 

Indeed, all cells in the body are capable o f synthesising cholesterol but catabolism of 

cholesterol is very limited in most cells apart from the liver and steroidogenic cells 

(Yokoyama, 2000). Thus, most cells need to export cholesterol in order to maintain 

homeostasis. This is achieved through a process known as reverse cholesterol transport 

(RCT). The liver plays a key role in maintaining whole body cholesterol homeostasis, 

synthesising cholesterol and excreting excess cholesterol from the body (Dietschy et al., 

1993). Although the cells o f most organs and tissues satisfy their requirements for 

membrane cholesterol via endogenous cholesterol biosynthesis, many cells including 

macrophages and smooth muscle cells have acquired mechanisms to internalise exogenous 

sources o f cholesterol.

1.2.2 Triacylglycerol

Triglyceride or triacylglycerol (TAG) typically comprise 10% or less o f the total lipid in 

atherosclerotic lesions and in cells isolated from atherosclerotic arteries (Lada et al., 2002). 

In addition to cholesterol esterification, TAG synthesis may also be important in the 

formation o f macrophage derived foam cells (Bates et al., 1984; Namatame et al., 1999). 

TAG is the main lipids in the diet and is broken down in the small intestine and packaged 

into chylomicrons. Such exogenous TAG pass into plasma and are hydrolysed by 

endothelium-bound lipoprotein lipase (LPL), which permits delivery o f free fatty acids to
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muscle and adipose tissue. Endogenous TAG synthesis occurs in the liver from fatty acids 

and glycerol. These lipids are transported as very low density lipoproteins (VLDL) and are 

also hydrolysed by LPL.

1.2.3 Lipoproteins

As free cholesterol (unesterified), esterified cholesterol and TAG are hydrophobic; they are 

transported in the circulation as lipoprotein particles. The main classes o f lipoproteins and 

their functions are summarised in Table 1.2. Lipoproteins are spherical particles 

comprised o f a central core o f hydrophobic neutral lipid encased in a more hydrophilic 

shell o f phospholipids and associated proteins called apolipoproteins or apoproteins (Rang 

& Dale, 1991; Krieger, 1997). The key functions o f the apolipoproteins are summarised in 

Table 1.3. Plasma lipids and apolipoproteins exist in a dynamic state and there is 

interchange o f lipids between different lipoprotein particles as well as with tissues and 

cells.

Table 1.2. Lipoproteins, their associated apolipoproteins and functions (adapted from 
Beisiegel, 1998).

Lipoprotein Source Main
apolipoproteins

Main function

Chylomicrons Intestine B48, AI, AIV, E, C Transport o f  exogenous TAG
Chylomicron B48, E Transport o f  exogenous cholesterol
remnants
VLDL Liver BlOO, E, A I,C Transport o f  endogenous TAG
IDL (VLDL VLDL B 100,E Transport o f  endogenous cholesterol
remnants)
LDL VLDL BlOO Cholesterol transport to all tissues
HDL Liver/ AI, A ll Reverse cholesterol transport

Intestine Reservoir o f apolipoproteins

HDL =  high density lipoprotein; IDL =  intermediate density lipoprotein; LDL =  low  density lipoprotein; 
TAG = triacylglycerol; VLDL =  very low  density lipoprotein
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Table 1.3. Apolipoproteins and their functions.

Apolipoprotein Key Function
A1 Activator o f LCAT
All Enhances hepatic lipase activity, which acts similar to LPL
AIV Present in TAG-rich lipoproteins
B48 Exclusive chylomicron apolipoprotein
BlOO Protein component o f VLDL and LDL, binds to LDL receptor
Cl Activator o f LCAT
CII LPL co-factor
cm LPL inhibitor
D Closely associated with LCAT
E Important ligand for LDL receptor
Apo (a) Forms a complex with LDL by covalently linking to apo BlOO to 

produce lipoprotein (a), may deliver cholesterol to sites o f 
vascular injury, high risk association with premature CHD

CHD =  coronary heart disease; LCAT =  lecith inxholesterol acyl transferase; LDL =  low  density lipoprotein; 
LPL = lipopoprotein lipase; TAG = triacylglycerol; V LD L =  very low  density lipoprotein

1.2.4 Lipoprotein metabolism

Lipoprotein metabolism can be divided into three tightly interrelated and interdependent 

pathways and are depicted in Figure 1.3:

1. Exogenous (dietary) lipid transport

This pathway describes the metabolic route o f dietary lipids after their absorption in the 

intestine. Intestinal cells package dietary lipids into chylomicrons by linking with 

apolipoprotein (apo) B48, which are subsequently secreted into the bloodstream. The main 

lipid constituent o f chylomicrons is TAG. In the bloodstream, chylomicrons acquire apo 

CII and apo E from plasma high density lipoprotein (HDL) and the TAG core is 

subsequently hydrolysed by LPL on endothelial cells, which is activated by apo CII. As a 

result o f this hydrolysis, chylomicrons shrink and the excess o f surface material including 

phospholipids and apolipoproteins are, in part, transferred to HDL particles forming 

chylomicron remnants. These remnants contain primarily cholesteryl esters, apo E and apo 

B48, which are taken up by the liver via remnant receptors such as low density lipoprotein 

(LDL)-like receptor protein (LRP) (Kwiterovich, 2000).



chylomicron INTESTINE

chylomicron
remnant

LPL
B48, E, CII

B48, E

LIVER
VLDL IDL

/
BlOO, E, CII LPL BlOO, E, CII

LRP lllllllll)
LDLR

SR-Bl

HL, LPL

LCAT

Nascent
HDL

LDL

M odification

PERIPHERAL 
TISSUES &

ABCAl (JELLS

Figure 1.3. O verview  o f lipoprotein m etabolism  (adapted from Kwiterovich, 2000). 
A B C A l =  ATP binding cassette transporter A I; AI =  apolipoprotein AI; B 48 =  apolipoprotein B48; BlOO =  
apolipoprotein BlOO; CII =  apolipoprotein CII; CETP =  cholesteryl ester transfer protein; E =  apolipoprotein 
E; HDL = high density lipoprotein; HL = hepatic lipase; IDL =  intermediate density lipoprotein; LCAT =  
lecith inxholesterol acyltransferase; LDL =  low  density lipoprotein; LDLR =  LDL receptor; LPL =  
lipoprotein lipase; LRP =  LDL receptor like protein; SR-BI =  scavenger receptor class B type I; VLDL =  
very low  density lipoprotein.

Indicates exogenous lipid transport pathway Indicates endogenous lipid transport pathway

Indicates reverse cholesterol transport pathway

2. Endogenous (hepatic) lipid transport

This pathway describes the distribution of lipids from the liver to peripheral tissues and is 

particularly relevant during periods of fasting. TAG-rich VLDL particles are synthesised 

and secreted by the liver for delivery to various tissues, in particular muscle and adipose 

tissue, for storage or production of energy through oxidation. In addition to TAG, VLDLs 

contain some cholesterol, cholesteryl esters and the apolipoproteins BlOO, C and E. Apo C 

and E are acquired from circulating HDLs. The VLDL-TAGs are hydrolysed by LPL and 

converted to VLDL remnants or intermediate density lipoprotein (IDL) and the 

predominant remaining apolipoproteins are apo BlOO and apo E. The importance of apo E 

in cholesterol uptake by LDL receptors (LDLRs) has been demonstrated in apo E deficient 

mice, which become hypercholesterolaemic and develop atherosclerotic lesions similar to
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those in humans (Plump et a l ,  1992; Nakashima et al., 1994). IDL is either taken up by 

the liver via the LDLR and endocytosed, or is further hydrolysed by hepatic lipase (HL) 

and LPL to LDL. The exclusive apolipoprotein o f LDL is apo BlOO, which is essential to 

its structure. LDL can be taken up by receptors in the liver (accounting for -75%  of the 

removal o f LDL from the circulation), intestine, lung, brain, muscle, skin and vascular 

cells such as smooth muscle cells and macrophages.

3. Reverse cholesterol transport (RCT)

This metabolic pathway functions to transport excess cholesterol from peripheral tissues to 

the liver for excretion from the body and is mediated by HDL and the HDL-associated 

enzyme lecithinxholesterol acyl transferase (LCAT) (Glomset, 1968). Nascent HDL 

particles containing apo Al as their major lipoprotein are formed by the liver and the 

intestine. Surface lipids (cholesteryl esters) for HDL can be acquired from chylomicrons 

and VLDL. In addition, HDL acquires free cholesterol from cell membranes o f several 

tissues via the gene encoding the ATP-binding cassette transporter A l (A B C A l) (Brooks- 

Wilson et al., 1999; Oram & Lawn, 2001; Oram, 2002a).

Free cholesterol is then esterified by LCAT yielding a hydrophobic core o f 

cholesteryl esters. These cholesteryl esters can then be transferred from HDL particles to 

other lipoproteins via the action o f cholesteryl transfer protein (CETP) (Tall, 1993), 

metabolised further and taken up by the liver. HDL particles can also accumulate apo E 

and the cholesteryl esters may then be removed by LDLR in the liver (Tall, 1998). In 

rodents, cholesteryl ester uptake from HDL in steroidogenic tissues and liver is apparently 

mediated by the scavenger receptor class B type I (SR-BI) (Acton et at., 1996; Ji et al.,

1997). The relative importance o f  this SR-BI pathway in humans is as yet unknown (Tall,

1998). Delivery o f HDL cholesterol to the liver appears to provide an important source of 

biliary secretion o f cholesterol from the body (Robins & Fasulo, 1997).

1.2.5 Lipoproteins and atherosclerosis

Since researchers first demonstrated that cholesterol-rich diets induce atherosclerosis in 

rabbits, the classic concept o f atherosclerosis as a disorder o f lipid metabolism and 

deposition has gained wide acceptance (Anitschkow & Chalatow, 1913; Libby et al., 2000; 

Libby, 2003). M any genetic, metabolic and environmental risk factors for atherosclerosis 

have been identified, including hypertension, diabetes mellitus, metabolic syndrome, 

obesity, family history, smoking, lack o f exercise, high fat diet, etc. However, elevated 

levels o f serum cholesterol are apparently unique in being sufficient to drive the
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development o f atherosclerosis in humans and animals, even in the absence o f other known 

risk factors (Glass & Witztum, 2001; Steinberg, 2002). Atherosclerosis cannot be 

generated in animal models without raising plasma cholesterol levels, while in humans it is 

extremely rare to have clinically significant lesions if  plasma cholesterol levels are below 

150 mg/dl (W itztum & Steinberg, 2001). Nevertheless, the rate o f disease progression can 

vary considerably at any given plasma cholesterol level indicating that additional local and 

systemic factors are implicated (Steinberg, 2002).

Most o f the cholesterol in plasma is transported on VLDL, LDL and HDL. Both 

VLDL and LDL cholesterol are associated with atherogenic processes, while there is 

increasing evidence that HDL prevents atherogenesis through a number o f mechanisms 

including its role in reverse cholesterol transport. The relative abundance o f these 

lipoproteins appears to be important. Accumulation o f LDL cholesterol in the artery is 

regarded as a key instigating event in the pathogenesis o f atherosclerosis and accumulation 

is greater when levels o f circulating LDL are raised (Lusis, 2000). LDL cholesterol 

adheres tightly to arterial wall proteoglycans (Camejo et al., 1998) and diffuses passively 

through endothelial cell junctions. Retention in the vessel wall seems to involve 

interactions between LDL-associated apo B and matrix glycoproteins. In addition to LDL, 

other apo B-containing lipoproteins including VLDL, IDL and lipoprotein (a) can 

accumulate in the intima and promote atherosclerosis (Lusis, 2000). Unfortunately, there 

is still no neat, linear pathogenetic hypothesis that conclusively outlines the sequence of 

events from the development o f the fatty streak to the late, complicated lesion (Steinberg, 

2002).

Activation o f endothelial cells induces the expression o f  adhesion molecules, 

chemoattractants and chemokines resulting in the recruitment o f monocytes and T cells in 

developing lesions where they penetrate and take up residence in the subendothelial space. 

Monocytes differentiate into macrophages and take up LDL cholesterol to become foam 

cells loaded with cytoplasmic droplets o f cholesterol esters. Although the uptake of 

arterial wall lipoproteins by macrophages may be a type o f physiological scavenging 

response that initially disposes o f potentially harmful lipoprotein material, this process 

eventually contributes to the progression and complications o f atherosclerosis (Glass & 

Witztum, 2001; Tabas, 2002).

The cholesterol accumulating in foam cells is ultimately derived from circulating 

plasma lipoproteins. However, native LDL does not substantially increase the cholesterol 

content o f monocytes, macrophages or arterial smooth muscle cells (W einstein et al., 1976; 

Goldstein et al., 1979; Steinberg, 2002). Furthermore, the level o f  intracellular cholesterol
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o f macrophages and smooth muscle cells, as in other cells, is regulated through 

cholesterol-induced suppression o f LDLR synthesis. Thus, it was postulated that LDL in 

the circulation is somehow altered before it can be a source o f foam cell cholesterol. 

Goldstein et al. (1979) showed that acetylated LDL (AcLDL), produced by treating LDL 

with acetic anhydride in vitro, was taken up rapidly by macrophages causing massive 

cholesterol accumulation via a novel receptor distinct from the LDL receptor. Kodama et 

al. (1988) later cloned this ‘acetyl LDL receptor’ and renamed it scavenger receptor A 

(SR-A). There is no evidence that AcLDL is generated in vivo. Several forms o f 

modification may contribute to the atherogenicity o f LDL, such as oxidation, glycation, 

lipolysis, proteolysis and aggregation (Tabas, 1999; Lusis, 2000; Libby et al., 2000) and 

such modifications contribute to inflammation as well as to foam cell transformation in 

vitro. Although plausible candidates for atherogenic stimuli, evidence regarding the 

aetiologic significance o f most o f these modified forms remains lacking (Libby et al., 

2000) and none has been studied as extensively as oxidation.

In the early 1980s, arterial cells such as endothelial cells were found to modify 

LDL in vitro resulting in enhanced uptake by macrophages (Henriksen et al., 1981; 

Henriksen et al., 1983) as a consequence o f oxidation (Morel et al., 1984; Steinbrecher et 

al., 1984). Oxidised LDL (OxLDL), whether generated by incubation with cells in culture 

or by incubation with transition metals, is taken up avidly by macrophages via scavenger 

receptors, including SR-A and CD36, causing foam cell formation. Both the protein and 

lipid moieties (sterols, fatty acids in phospholipids, cholesterol esters, TAG etc.) o f LDL 

can be oxidised but the extent o f changes induced depends on the experimental conditions 

(Steinberg, 2002). Considerable experimental evidence supports the pro-atherogenic role 

o f OxLDL in lesion initiation, inflammation, progression and thrombosis (Berliner et al., 

1995). However, the relevance o f this hypothesis to human atherosclerosis remains 

unproven. OxLDL has been demonstrated in human lesions (Yla-Herttuala et al., 1989). 

Nevertheless, chemical analysis o f the modified lipids and proteins extracted from human 

atheroma do not necessarily correspond to the compounds generated in vitro that have been 

used to provide much o f the evidence linking OxLDL to atherosclerosis (Libby et al., 

2002). Furthermore, although antioxidants have been shown to inhibit atherogenesis in 

different animal models (Steinberg, 1997), initial human clinical trials o f antioxidant 

vitamins, such as the Heart Outcomes Prevention Evaluation Trial, have yielded mainly 

negative results to date (Meagher & Rader, 2001). Thus, the applicability o f the LDL 

oxidation hypothesis to patients is as yet unsubstantiated (Libby et al., 2002; Steinberg & 

Witztum, 2002).
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1.3 Inflammation and atherosclerosis

Accumulation o f LDL cholesterol in the subendothelial matrix leads to the formation o f 

fatty streaks underlying the endothelium and many cellular events are known to contribute 

to this process. The biology linking dyslipidaemia to vascular involvement during 

atherogenesis now points towards a more complex pathophysiology than lipid storage 

alone. Consequently, atherosclerosis is now viewed as an inflammatory disease (Libby et 

al., 2002; Libby, 2003). Recent research has implicated inflammation in mediating most if 

not all stages o f atherosclerosis, and this section will review some o f  these findings.

1.3.1 Immune mechanisms in atherosclerosis

The immune system offers two lines o f defence; the innate and the adaptive (acquired) 

immune system, and both are thought to be deeply involved in the development of 

atherosclerosis (Hansson, 1997). In general, the innate immune system refers to antigen- 

nonspecific defence mechanisms (e.g. physical barriers such as skin; soluble factors such 

as chemokines, cytokines and complement; and leukocytes other than T or B cells) that are 

employed by the host immediately or within several hours o f encountering antigen 

(Huston, 1997). Adaptive immunity is the response o f  antigen-specific T and B 

lymphocytes to antigen, including the development o f  immunological memory (Janeway & 

Travers, 1997). The cells o f the innate system play a key role in the instigation and 

consequent direction o f the more versatile adaptive immune response.

When considering the role o f inflammation in the development and progression o f 

atherosclerosis, it is important to distinguish between local and systemic inflammation. 

Local inflammation is manifest in the activation o f  immune and vascular cells and the 

presence o f their products including tumor necrosis factor (TNF)-a, interleukin (IL )-ip , IL- 

6 and IL-10 within the plaque microenvironment. Systemic inflammation is evidenced by 

acute-phase protein production (e.g. C-reactive protein (CRP), fibrinogen) and circulating 

pro-inflammatory mediators or cytokines (Greaves & Channon, 2002). Elevated baseline 

levels o f  such markers for systemic inflammation, as well as soluble forms o f adhesion 

molecules, have been found in patients with atherosclerosis (Libby et al., 2002; Lind, 

2003). Nevertheless, many questions remain about the use o f  such markers in clinical 

practice as predictors o f future cardiovascular events and their role in the atherosclerotic 

process.
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1.3.2 The role of inflammation in the atherosclerotic process

Table 1.4 lists some o f the growth factors, adhesion molecules and other immune 

mediators recognised to be involved in the multifaceted pathogenesis o f atherosclerosis.

Table 1.4. Growth factors and other immune mediators in atherosclerotic plaques
(adapted and summarised from Ross, 1993; Hansson, 1997; Hansson, 2001)

Molecule Produced by General functions
Vascular endothelial growth factor SMC, MO Cell proliferation

Platelet derived growth factor EC, SMC, MO Cell proliferation 
Chemoattractant

Basic fibroblast growth factor EC, SMC, MO Cell proliferation 
Chemoattractant

Transforming growth factor-a Platelets, MO Cell proliferation
Transforming growth factor-P EC, SMC, MO Cell proliferation 

Chemoattractant
Heparin-binding epidermal growth MO Cell proliferation
factor like growth factor
Platelet-derived endothelial cell Platelets Cell proliferation
growth factor
Insulin-like growth factor-1 EC, platelets, MO Cell proliferation 

Chemoattractant
Macrophage colony stimulating EC, SMC, MO Chemoattractant
factor
Granulocyte macrophage-colony EC, SMC, T cells, MO Chemoattractant
stimulating factor
P-selectin EC Adhesion
E-selectin EC Adhesion
L-selectin T cells, MO Adhesion
VCAM-1 EC, SMC Adhesion
ICAM-1 EC, SMC, MO Adhesion
VLA-4 T cells, MO Adhesion
MCP-1 EC, SMC, MO Chemoattractant
IL-1 EC, SMC, T cells, MO Cell proliferation 

Pro-inflammatory
TNF-a EC, SMC, T cells, MO Cell proliferation 

Pro-inflammatory
IL-12 MO Promotes T hl T cell 

response
IL-10 T cells, MO Inhibits T hl T cell 

response & MO
IL-6 EC, SMC, MO Pro-inflammatory
CD40 EC, SMC, MO Costimulation
CD40L EC, SMC, T cells, MO Costimulation
Interferon-y (IFN-y) T cells, MO Cell proliferation 

Immune activating

EC =  endothelial cells; ICAM =  intracellular cell adhesion m olecule; IL =  interleukin; M O =  macrophage; 
MCP =  m onocyte chemoattractant protein; SM C =  sm ooth m uscle cells; V C A M  = vascular cell adhesion  
m olecule; V LA  = very late antigen
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As illustrated, several o f the molecules have multiple functions and cellular producers. 

Thus, it is probable that none o f these factors works alone in the process o f atherogenesis 

(Ross, 1993). Atherosclerotic lesions are rich in leukocytes such as macrophages and T 

cells, however, vascular cells also play a critical role in immune responses. Endothelial 

cells are strategically located at the interface o f blood and tissues and play a pivotal role in 

the inflammatory response (Hansson et a l ,  2002). In ‘response to injury’, endothelial cells 

express cell-surface adhesion molecules e.g. vascular cell adhesion molecule 1 (VCAM-1) 

(Li et al., 1993), intracellular cell adhesion molecule 1 (ICAM-1) (Bourdillion et al., 2000; 

Cybulsky et al., 2001), and P- and E-selectin (Dong et al., 1998). In addition, endothelial 

cells express chemoattractant cytokines (chemokines) for monocytes and T lymphocytes, 

e.g. MCP-1 (Cushing et al., 1990), inducible protein-10, monokine induced by interferon- 

y, interferon-inducible T cell a-chemoattractant (Mach et al., 1999; Libby et al., 2002) and 

IL-8 (Boisvert et al., 1998). Depending on the interaction between adhesion molecules and 

their cognate receptors, the typical net result is the recruitment o f monocytes and T cells to 

the sites o f developing lesions. These cells then take up residence in the subendothelial 

space and perpetuate and participate in a local inflammatory response (Libby et al., 2002). 

Cytokines produced by these cells (e.g. TNF-a, IL-1) can further stimulate the production 

o f adhesion molecules thus potentiating the accumulation o f monocytes and T cells in the 

lesion (Plutzky, 2001).

T cells secrete pro-inflammatory and pro-atherogenic cytokines including 

interferon (IFN)-y, TNF-a, and IL-2, which activate endothelial cells and modulate 

macrophage and smooth muscle cell function (Hansson et al., 1989; Libby, 1995). The 

differentiation from monocyte to macrophage and subsequently to foam cell is governed by 

M-CSF, which is produced by macrophages themselves and also by endothelial and 

smooth muscle cells (Clinton et al., 1992). Cytokines and chemokines released by 

macrophages and foam cells in turn affect the fate o f smooth muscle cells, which under 

normal conditions are specialised to provide elasticity and contractibility to the arterial 

vessel wall. Due to endothelial and leukocyte-derived growth factors and cytokines, 

including PDGF, basic fibroblast growth factor (bFGF), TGF-P, insulin-like growth factor- 

1 (IGF-1), IL-1 and TNF-a, smooth muscle cells leave their medial location, transverse the 

internal elastic lamina (see Figure I . l )  and migrate into the intima (Ross, 1993). 

Phenotypic changes and cellular replication ensue and the smooth muscle cells produce 

large amounts o f extracellular matrix proteins, ultimately resulting in a more advanced 

fibrous lesion (Ross, 1999; Monajemi et al., 2001). M aintenance o f this fibrous cap, and 

therefore stability o f  the plaque, reflects both matrix production and degradation and



products o f inflammatory cells are likely to influence both processes. For example, T cells 

produce IFN-y, which inhibits the production o f matrix proteins by smooth muscle cells, 

while macrophages produce various proteases that degrade extracellular matrix (Lusis,

2000). In addition, such proteases are regulated by cytokines present in the plaque.

In contrast to the abundance o f macrophages and T cells, few B cells have been 

detected in human plaques although it is possible that B cells may infiltrate the intimal 

plaques from the adventitia at advanced stages o f  the disease (Sohma et al., 1995; Zhou & 

Hansson, 1999; Hansson, 2001). Despite the presence o f  the chemoattractant eotaxin, the 

neutrophil, which normally contributes to most inflammatory responses, is apparently 

absent. The lack o f expression o f the VCAM-1 ligand very late antigen (VLA)-4, which is 

present on monocytes and T cells, on neutrophils has been proposed as a possible 

explanation (Greaves & Channon, 2002).

1.3.3 Immune system regulation

Given the complexity o f atherosclerosis, consideration must be given to transcription 

factors that regulate gene expression and consequently cholesterol homeostasis, vascular 

wall biology and inflammatory response in the vascular wall. The transcription factor 

nuclear factor-icB (NF-kB) plays a key role in regulating the expression o f  more than 160 

genes, many o f which have a documented role in atherogenesis (Collins & Cybulsky,

2001).

(i) Nuclear factor-KB

NF-kB is a generic term for a dimeric transcription factor formed by members o f the rel 

family o f proteins, which contain an N-terminal conserved rel homology domain (RHD). 

The RHD is responsible for DNA-binding, dimerisation, interaction with IkB family 

members, and contains the nuclear localisation sequence (NLS) (Ghosh et al., 1998). 

Members o f the rel family include p65 (RelA), RelB, c-Rel, p50 (expressed as the 

precursor p i 05) and p52 (expressed as the precursor p i 00). While NF-kB subunits can 

form various homo- and heterodimers, the predominant dimer is composed o f  p65 and p50 

(Ballard et al., 1992; Jobin & Sartor, 2000) and is commonly referred to as NF-kB. P65, 

RelB and c-Rel contain potent C-terminal transactivation domains and are thus 

transcriptionally active. P50 and p52 lack these transactivation domains and therefore 

cannot act as transcriptional activators by themselves. Indeed, homodimers or 

heterodimers o f p50 and p52 have been reported to repress kB site-dependent transcription 

in vivo (Lembecher et al., 1993; Ghosh et al., 1998).



The multifunctional and potent consequences o f  NF-kB activation dictate that NF- 

kB is not active in healthy tissue (Baeuerle, 1998). In the absence o f specific extracellular 

activating signals, NF-kB is kept in the cytoplasm by inhibitors o f  the kB  protein (IkB ) in 

the classical pathway or by p i 05 (IkBy) and p i 00 (IkB6) proteins in an alternative 

pathway. Thus, p l05  and plOO can serve both as inhibitors and as precursors o f NF- 

icBrDNA-binding subunits (Sha, 1998; Israel, 2003). Six distinct IkB proteins exist: IkBo, 

IkBP, IkBy, IkB5, IkBe, and bcl-3. When bound to NF-kB subunits, e.g. IkBu and p65 

(Huxford et al., 1998), the IkBs mask their NLS and cause their cytoplasmic retention 

(Karin, 1999), preventing nuclear translocation o f NF-kB and ultimately activation of 

transcription. Recent research, however, proposes that the NF-kBiIkBo complex can also 

shuttle in and out o f the nucleus in resting and activated cells (Johnson et al., 1999; 

Rodriguez et al., 1999; Huang et al., 2000; Ghosh & Karin, 2002). This process is 

dependent on the presence o f NLS and nuclear export sequences (NES) on IkBo and 

p65/p50 subunits. Crystallographic studies have shown that IkBo masks the NLS on p65, 

but not on p50, allowing the N F -kB iIkB o complex to enter the nucleus (Huxford et al., 

1998; Jacobs & Harrison, 1998; Ghosh & Karin, 2002). Upon nuclear entry, the NES 

present on IkB o and on p65 (Harhaj & Sun, 1999) work in partnership with a nuclear 

export protein called chromosome maintenance region 1 (exportin 1) resulting in the 

removal o f the NF-kBiIkBo complex from the nucleus (Ossarch-Nazari et al., 1997; 

Renard et al., 2000; Ghosh & Karin, 2002), thus preventing NF-KB-dependent 

transcription.

(ii) N F -kB activation

Figure 1.4 presents a schematic representation o f NF-kB activation. Upon receipt o f 

appropriate cues, e.g. lipopolysaccharide (LPS), the IkB kinase (IKK) complex becomes 

active and mediates the degradation o f the IkBs. The IKK complex consists o f two protein 

kinases (IKKa and IKKP) and a structural/regulatory subunit (NEMO/IKKy) (Ghosh & 

Karin, 2002). In general, the active IKK phosphorylates IkBo on serine residues Ser-32 

and Ser-36 leading to subsequent ubiquitination on residues Lys-21 and Lys-22 and 

degradation o f IkBo by the 26S proteasome (Baeuerle & Baltimore, 1996; Karin & Ben 

Neriah, 2000). In turn, activation o f IKK is regulated by phosphorylation through N F-kB - 

inducing kinase (NIK) and mitogen-activated protein kinase/ERK kinase (MEK) kinase 1 

(M EK K l) (Nakano et al., 1998; Delhase et al., 1999). Upon degradation o f IkB, the NF- 

kB subunits (p65/p50) translocate to the nucleus mediated by the NLS and bind DNA 

containing the decameric KB-responsive sequence, 5 ’-GGG/?A7VTyCC-3’ (i? = G or A, Y =
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C or T, A^= any nucleotide) (de Martin et al., 2000).
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NIK 
MEKK1 
Others?

W Cytokines, 
cheinokines, 
adhesion 
molecules, acute 
phase proteins, 
iNOS, COX2

Î N FxB  Resnonsivc Gena

Figure 1.4. A schematic model o f NF-kB activation (adapted from Karin & Ben-Neriah, 
2000).

Following NF-kB activation, IkBo can participate in the inhibition o f NF-kB- 

dependent transcription as part o f a negative feedback loop (Baeuerle, 1998; Turpin et al.,

1999). Because the IkBo gene has a kB site in its promoter region, NF-kB can induce the 

synthesis o f IkBo. The newly synthesised IkBo enters the nucleus to bind activated NF-kB 

and carry it back to the cytoplasm terminating the activation o f gene expression (Arenzana- 

Seisdedos et al., 1995; Barnes & Karin, 1997). Other factors that regulate the NF-kB 

pathway are as yet poorly understood (Hanada & Yoshimura, 2002). A20 has been 

proposed as a down-regulator o f NF-kB activated inflammatory responses (Lee et al.,

2000). A20 is a cytosolic protein that can suppress TN F-a-induced NF-kB activation in 

vitro and in vivo (Cooper et al., 1996; Lee et al., 2000) and may represent a useful target 

for inflammatory diseases. NF-kB:DNA binding initiates transcription, which involves 

interplay with other factors on the enhancer/promoter and recruitment o f components of 

the basic transcription machinery for mRNA synthesis (Baeuerle & Henkel, 1994; 

Blackwell & Christman, 1997).
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(iii) NF-kB and atherosclerosis

kB sites have been characterised in the promoters and enhancers o f numerous genes 

making NF-kB an important component in the inducible expression o f  many proteins:

• cytokines, e.g. TNF-a, IL-1 p, IL-2, IL-6, IL-8, IL -10, IL -12

• acute phase response proteins, e.g. serum amyloid A

• cell adhesion molecules, e.g. VCAM-1, ICAM-1, E-selectin

• inducible enzymes, e.g. cyclooxygenase (C 0X )-2, inducible nitric oxide synthase

(iNOS)

• proteins involved in thrombosis e.g. tissue factor, plasminogen activator inhibitor 

(PAI)-l

(Kopp & Ghosh, 1995; Ghosh et al., 1998; de Martin et al. 2000; Collins & Cybulsky, 

2001). Many o f these proteins have been implicated in the pathogenesis o f atherosclerosis.

Activated NF-kB has been detected in human atherosclerotic lesions in endothelial

cells, smooth muscle cells and macrophages, while little activated NF-kB was found in

healthy vessels (Brand et al., 1996; Bourcier et al., 1997). More recently, activated NF-kB 

was detected in intimal cells found in coronary arteries o f pigs placed on a 

hypercholesterolaemic diet (Wilson et al., 2000a). As previously discussed in section 

1.1.2, atherosclerotic lesions form at distinct regions o f  the artery where blood laminar 

flow is disturbed. In mice, elevated levels o f  cytoplasmic p65 expression were found in 

such regions, compared to protected sites, and translocation o f p65 to the nucleus occurred 

only after stimulation with LPS or feeding an atherogenic diet. Thus, haemodynamics may 

prime certain predisposed regions o f the vessel wall by inducing steady-state levels o f NF- 

kB that, on additional stimulus, becomes activated to mediate the expression of 

inflammatory cytokines and adhesion molecules (Mohan et al., 1997; de Martin et al., 

2000; Collins & Cybulsky, 2001). Heermeier et al. (2001) demonstrated that treatment o f 

endothelial cells with OxLDL reduced message and protein for the NF-kB down-regulator 

A20, which correlated with persistent NF-kB activation.

Collectively, these and other data suggest a role for NF-kB in atherosclerosis but 

how NF-kB signalling actually controls atherosclerosis remains unclear. Kanters et al. 

(2003) recently demonstrated that inhibition o f macrophage NF-kB in LDLR deficient 

mice increased atherosclerosis possibly by affecting the pro- and anti-inflammatory 

balance that controls the development o f atherosclerosis. Lawrence et al. (2001) suggest 

that NF-kB activation was pro-inflammatory during initiation, but during the resolution o f 

inflammation, NF-kB exerted anti-inflammatory and anti-apoptotic effects in a 

carrageenin-induced inflammatory model. Other factors in determining the cellular
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response to an inflammatory stimulus must also be considered. For example, the rate of 

post-transcriptional RNA processing, mRNA stability and translation efficiency are critical 

in determining the pattern o f cytokine production and vary considerably among cytokines.

(iv) Transcriptional regulation by NF-kB

Transcriptional regulation by NF-kB involves, in part, physical interaction with other 

transcription factors e.g. peroxisome proliferator-activated receptors (PPARs), activator 

protein (A P)-l, cAMP response element binding protein (CREB), as well as with 

transcriptional cofactors such as cAMP response element binding protein (CREB)-binding 

protein (CBP) and its homolog p300 (de Martin et al., 2000). In some cases, the physical 

interactions with other proteins can have a silencing function, as in the case o f the PPARs. 

PPARs are a family o f ligand activated transcription factors that regulate the expression of 

genes involved in cellular cholesterol homeostasis and inflammation (Chinetti et al., 

2000a; Delerive et al., 2001). PPARs can trans-repress gene transcription in a DNA- 

binding independent manner by negatively interfering with the NF-kB, signal transducer 

and activator o f transcription (STAT), AP-1 and NF-AT signalling pathways (Chinetti et 

al., 1998; Ricote et al., 1998; Staels et al., 1998; Zhou & Waxman, 1999; Delerive et al., 

1999a; Delerive et al., 1999; Yang et al., 2000). Cooperative and coordinate binding o f 

NF-kB and AP-1 enhances the activity o f cytokine and tissue factor gene promoters (Oeth 

et al., 1997). AP-1 is a family o f transcription factors consisting o f Jun, Fos or activating 

transcription factor (ATF) subunits that dimerise and bind the AP-1 DNA binding site 

(5 ’TGA(C/G)TCA-3’) in the promoter and enhancer regions o f  a wide range o f 

mammalian genes involved in immune and inflammatory responses (Karin et al., 1997, 

Mechta-Grigoriou, 2001). Cooperative interactions between NF-kB and nuclear factor for 

IL-6 expression (NF-IL-6) regulate the activation o f IL-6 and IL-8 genes (Matsusaka et 

al., 1993; Kunsch et al., 1994; Zhang et al., 1994; Matsui et al., 1999). Thus, the 

specificity and timing o f inflammatory modulators in response to an inflammatory stimulus 

appear to be determined by a very complex interaction o f  NF-kB with a variety o f NF-kB 

binding sites and other transcription factors, in addition to NF-KB-independent factors as 

mentioned above (Blackwell & Christman, 1997).
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1.4 Macrophages and atherosclerosis

The previous sections have outHned the complexity o f atherosclerosis, its pathogenesis and 

factors identified to be involved. As the research work o f this thesis deals mainly with 

macrophage functioning in atherosclerosis, this section will review and outline the current 

literature on the relationship between macrophage function and its implication in 

atherosclerosis.

1.4.1 Macrophages

Many cells are involved in the development and progression o f  atherosclerosis, but 

macrophages are present in every phase o f atherosclerosis and are heavily implicated as 

prime culprits in the molecular events that promote and complicate atherosclerosis 

(Schaffner et al., 1980; Ross, 1999; Plutzky, 2001). Monocytes are derived from 

haematopoietic stem cells in the bone marrow and constitute 5 -  10% o f mononuclear 

leukocytes in the blood (Todd, 2001). Monocytes are 1 0 - 2 0  |am in diameter and have a 

half-life in the bloodstream of less than 70 hr (Calder, 1995). In the absence o f localised 

inflammatory foci, monocytes migrate randomly into different tissues and terminally 

differentiate into macrophages with distinct morphological and sometimes functional 

characteristics for the tissue where they can remain for many months (Auwerx, 1991). 

Macrophages are larger than monocytes ( 1 0 - 8 0  |xm in diameter) and have an oval^shaped 

nucleus, a cytoplasm containing many dense granules, endocytotic vesicles, mitochondria, 

lysosomes and many pseudopodia extending from the cell surface. Monocyte to 

macrophage differentiation is complex and involves finely tuned alterations in gene 

expression regulated by several transcription factors (Valledor et al., 1998). The main 

functions o f macrophages are to phagocytose and destroy particulate material and to 

present antigens to lymphocytes.

Many lines o f evidence indicate that monocyte recruitment is essential for lesion 

formation. Hypercholesterolaemic mice deficient in M CP-1, or its cognate receptor CCR2, 

have a greatly reduced incidence o f atherosclerosis (Boring et al., 1998; Gosling et al., 

1999). Monocytes derived from hypercholesterolaemic patients have increased expression 

o f  CCR2 and therefore are more responsive to MCP-1 (Han et al., 1999). Furthermore, 

Op/Op (Csf^') mice, which lack M-CSF and exhibit a near complete absence of 

macrophages, are extremely resistant to atherosclerosis when bred to apo E-deficient mice 

despite an increase in circulating cholesterol levels (Smith et al., 1995; Qiao et al., 1997). 

Continued exposure to M-CSF permits macrophages to survive in vitro and multiply within 

the lesions (Ross, 1999). As the lesion progresses all the main cell types engage in an
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extremely complex torrent o f cross talk, smooth muscle cells and macrophages undergo 

apoptosis and spill their contents into a developing necrotic core. Although advanced 

lesions can result in ischaemic symptoms, acute cardiovascular events that result in 

myocardial infarction and stroke are generally thought to result from plaque rupture and 

thrombosis (Davies et a i,  1993). Plaque ruptures are more likely to occur in lesions with 

thin fibrous caps, a relatively high concentration o f  lipid-filled macrophages within the 

shoulder region, and large necrotic cores (Davies et al., 1993; Lee & Libby, 1997; Glass & 

Witztum, 2001). MMPs secreted by macrophages have been detected in regions o f plaque 

rupture and may influence plaque stability by degrading extracellular matrix proteins such 

as collagen (Galis et al., 1994; Carmeliet, 2000). Thus, macrophages within the atheroma 

can contribute to focal weakening at sites prone to rupture. In addition, macrophages can 

regulate local tendencies for a blood clot to form by acting as regulators o f coagulation, 

thrombosis and fibrinolysis by producing tissue factor and PAl-1 (Devaraj et al., 2002).

Once resident in the arterial intima, monocytes differentiate into macrophages as 

occurs in other tissues, but subsequently ‘scavenge’ cholesterol and transform into 

macrophage-derived foam cells. Although the uptake o f arterial wall lipoproteins by 

macrophages and smooth muscle cells may be a type o f  physiological scavenging response 

that initially helps rid the endothelium o f potentially harmful lipoprotein material, this 

process eventually contributes to the progression and complications o f  atherosclerotic 

vascular disease (Glass & Witztum, 2001; Tabas, 2002). The potential mechanisms by 

which macrophage -  foam cell formation occurs will be discussed in the next section 

(section 1.4.2). The macrophage has both scavenging and immunological functions, and 

may represent a critical link between intracellular cholesterol accumulation and activation 

o f the inflammatory pathways (Fazio & Linton, 2001). Macrophages within atheroma can 

produce many mediators o f inflammation and atherosclerosis, and research suggests that 

excess lipid loading can modulate macrophage inflammatory potential as discussed in 

section 1.4.3.

1.4,2 M acrophage cholesterol homeostasis

In macrophages, the intracellular fate o f cholesterol derived from lipoproteins depends on 

the mechanism underlying its internalisation (Maxfield & Wiistner, 2002). Circulating 

native LDL cholesterol is internalised by endocytosis via apo BlOO and LDLR and can 

consist o f both free and esterified cholesterol. Native LDL does not form characteristic 

cholesteryl ester lipid droplets in the cytoplasm o f macrophages (Weinstein et al., 1976; 

Goldstein et al., 1979; Steinberg, 2002). In contrast, VLDL cholesterol, which also enters
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the macrophage by the LDLR, is stored in cytoplasmic droplets (Koo et al., 1986; 

Maxfield & Wiistner, 2002) and can thus contribute to foam cell formation. When taken 

up by macrophages, cholesteryl esters are hydrolysed to free cholesterol in lysosomes. As 

depicted in Figure 1.5, accumulated and excess intracellular free cholesterol can be 

incorporated into the plasma membrane or esterified by acyl coenzyme Axholesterol 

acetyltransferase (ACAT)-l and stored in lipid droplets.

Cholesterol
Lipoprotein acceptor e.g. apo AlPlasma membrane

C H O L E S T E R O L  E F F L U X
e.g. A B C A l

ER

CE

ACAT-1
 ̂ C H O L E S T E R O L  

'  E S T E R IF IC A T IO N

FC FC  
FC FC

NCEH Lipid droplets

FC

Lysosome

Figure 1.5. Cholesterol transport and metabolism in macrophages (adapted from 
Tabas, 2002).

A C A T  =  acyl coenzym e A xh olestero l acetyltransferase; CE =  cholesteryl ester; ER =  endoplasmic 
reticulum; FC =  free cholesterol; NCEH =  neutral CE hydrolase

The level o f intracellular cholesterol is regulated through a homeostatic cholesterol-

induced suppression o f LDLR synthesis (Brown & Goldstein, 1983) and efflux o f free

cholesterol from the cell to the liver via HDL and the RCT pathway (von Eckardstein et

al., 2001). The removal o f stored cholesterol from the cholesteryl ester pool by HDL

requires the activation o f neutral cholesteryl ester hydrolase (NCEH), which hydrolyses

cholesteryl esters to free cholesterol for efflux. The cholesterol deposits in atherosclerotic

lesions and foam cells are thought to derive mainly from circulating LDL that penetrates

into the intima. Therefore, as previously discussed, LDL cholesterol must be modified in

some way before it can be a source o f foam cell cholesterol (Goldstein et al., 1979). Once
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retained in the intima, specific responses to the modified lipoproteins lead to biochemical 

and cellular events that disturb macrophage cellular cholesterol homeostasis and promote 

the conversion o f macrophages to foam cells through unregulated uptake o f LDL-derived 

cholesterol (Tabas, 1999; Jessup et al., 2002) and insufficient efflux mechanisms.

(i) Macrophage cholesterol accumulation

Scavenger receptors are integral membrane glycoproteins that mediate binding and uptake 

o f native and modified LDL by macrophages (Brown & Goldstein, 1983; Endemann et al., 

1993; Krieger & Herz, 1994). Excess intracellular cholesterol inhibits the proteolytic 

activation o f sterol regulatory element-binding protein (SREBP) transcription factor 

pathway required for cholesterol biosynthesis and LDLR expression (Dawson et al., 1988; 

Brown & Goldstein, 1999) preventing further cholesterol accumulation via these pathways. 

In contrast, scavenger receptors are constitutively expressed in the presence o f high 

intracellular free and esterified cholesterol levels. These receptors exhibit broad ligand 

specificity and may have evolved from the primitive immune system as pattern recognition 

receptors, which are able to recognise pathogen-associated molecular patterns (PAMPs) on 

pathogens and a diverse array o f compounds (Febbraio et al., 1999; Binder et al., 2002). 

There are at least two major classes o f mammalian macrophage scavenger receptors, class 

A and class B, and their members, expression patterns, functions, and major ligands are 

presented in Table 1.5.
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Table 1.5. Members of the scavenger receptor family (adapted and summarised from de 
W inther et al., 2000, Peiser & Gordon, 2001, Kunjathoor et al., 2002; Hiltunen & Yla- 
Herttuala, 1998).

Class & Name Cell Type Function M ajor Ligands

Class A

SR-A I/lI/lIl Monocytes
Macrophages

Uptake o f modified LDL 
Innate immunity 

Adhesion

AcLDL, OxLDL 
LPS, AGE 

Apoptotic thymocytes

MARCO Spleen
macrophages

Innate immunity? AcLDL
Bacteria

Class B

CD36 Platelets 
Monocytes 

Macrophages 
Endothelial cells

Uptake o f  modified LDL 
Fatty acid transporter 

Uptake o f apoptotic cells 
Adhesion

OxLDL 
Apoptotic cells 

Fatty acids 
Throm bospondin-1 

Collagen

SR-Bl /CLA-I Adrenals
Liver

Gonads
Macrophages

Uptake o f cholesterol 
from HDL

HDL
OxLDL?

Other

SR-C Embryonic
insect

macrophages

Uptake o f apoptotic cells AcLDL

CD68 (SR-D) Macrophages 7 AcLDL, OxLDL

LOX-1 (SR-E) Endothelial cells 7 AcLDL, OxLDL

SREC (SR-F) Endothelial cells 7 AcLDL, OxLDL

SR-PSOX (SR-G) Dendritic cells 
Macrophages

7 OxLDL

AcLDL = acetylated LDL; AGE = advanced glycation end products; CLA-I =  CD36- and LIMP-II 
analogous-I; HDL = high density hpoprotein; LDL = low density lipoprotein; LOX-1 = lectin-like oxidised 
LDL receptor; LPS = lipopolysaccharide; MARCO = macrophage receptor with collagenous structure; 
OxLDL = oxidised LDL; SREC = scavenger receptor expressed on endothelial cells; SR-PSOX = scavenger 
receptor for phosphotidylserine and oxidised lipoprotein.
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SR-A was the first scavenger receptor to be cloned (Kodama et al., 1988) and has since 

been identified in mice, humans and rabbits (Matsumoto et al., 1990; Bickel & Freeman, 

1992; Ashkenas et al., 1993). SR-A and MARCO are type II trimeric transmembrane 

glycoproteins consisting o f 6 distinct domains (N-terminal cytoplasmic, transmembrane 

domain, spacer, a-helical coiled coil, collagen like and C-terminal cysteine rich domain). 

Three isoforms o f SR-A are generated by alternative splicing o f the same gene found on 

chromosome 8p22 in humans, which differ in their C-terminus (Matsumoto et al., 1990): 

type 1, II and III (Freeman et al., 1990; Emi et al., 1993; Gough et al., 1998). SR-AI 

expresses a conserved 110 amino acid scavenger receptor cysteine-rich domain, while SR- 

AII and SR-AIII have a short or truncated C-terminal region, respectively. No differences 

in ligand interaction or function between SR-AI and -A ll have been described to date (de 

W inther et al., 2000; Peiser & Gordon, 2001). Gough et al. (1998) found that over

expressed SR-AIII had a dominant effect and inhibited the function o f SR-AI and SR-AII. 

Freshly isolated human monocytes express SR-A at low levels but expression o f SR-A, 

mainly SR-AI, is highly up-regulated upon monocyte to macrophage differentiation (Geng 

et al., 1994; D u fvae/a /., 1995).

MARCO shares similar structural motifs with SR-A but its expression is more 

restricted than SR-A, and is found mainly in subpopulations o f  macrophages in the lymph 

nodes and spleen (Peiser & Gordon, 2001). Expression o f MARCO in atherosclerotic 

lesions has not been reported. SR-A was initially identified as a binding site specific for 

AcLDL on macrophages that mediated the formation o f foam cells (Goldstein et al., 1979; 

Kodama et al., 1988). Immunohistochemical studies suggest that aortic endothelium does 

not express SR-A (Bickel & Freeman, 1992; Hughes et al., 1995; Gough et al., 1999), 

while this receptor has been detected on smooth muscle cells by some (Bickel & Freeman, 

1992; Li et al., 1995), but not all studies (Gough et al., 1999). Suzuki et al. (1997) showed 

that SR-A-apo E double knockout mice displayed reduced atherosclerotic lesions (-60% ) 

despite significantly higher plasma cholesterol levels. On an LDLR-deficient background, 

SR-A deficiency resulted in lower plasma cholesterol levels and a slight reduction in 

atherosclerosis (Sakaguchi et al., 1998). Monocytes/macrophages isolated from a null 

mouse carrying a mutation in SR-A showed only a partial loss in the ability to bind and 

internalise OxLDL (Lougheed et al., 1997).

Although functionally related to class A, the class B scavenger receptors differ 

significantly in structure. SR-BI and CD36 are transmembrane glycoproteins consisting o f 

a single chain and a large extracellular loop tethered to the membrane by two short 

transmembrane domains (Peiser & Gordon, 2001). Murine SR-BI and its human
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homologue CD36 and LIMP-II analogous-I (CLA-I) (Calvo & Vega, 1993) bind HDL and 

are involved in the RCT pathway via the selective uptake o f  HDL lipids (Acton et al., 

1996; Murao et al., 1997). SR-BI is highly expressed in liver, adrenal gland, ovary and 

atherosclerotic lesions o f apo E-deficient mice (Landschulz et al., 1996; Ji et al., 1997). 

Expression o f  human SR-BI is mostly restricted to the liver and steroidogenic tissues 

(Calvo et al., 1997). The expression and function o f  this receptor in macrophages are still 

unclear as Murao et al. (1997) reported a differentiation-dependent decrease in SR-BI 

expression in human macrophages, while other groups have reported expression in cultured 

human monocyte-derived macrophages and atherosclerotic lesions (Hirano et al., 1999; 

Chinetti et al., 2000b).

Expression cloning identified CDS6 as a receptor for OxLDL in humans and mice 

(Endemann et al., 1993). Similar to SR-A, CD36 expression is up-regulated during 

monocyte to macrophage differentiation (Huh et al., 1996). CD36 expression increased in 

vitro upon exposure o f macrophages to native LDL, AcLDL and OxLDL (Han et al., 

1997a; Han & Nicholson, 1998) but down-regulated upon membrane cholesterol depletion 

(Han et al., 1997b). Nakata et al. (1999) found high levels o f CD36 expressed in lipid

laden macrophages in the atheroma core region o f humans. Mice deficient in CD36 and 

apo E were protected from atherosclerotic lesion development and macrophages derived 

from these double knockout mice were profoundly defective in uptake o f OxLDL and 

foam cell formation (Febbraio et al., 2000). These findings are similar to those found in 

human macrophages. Macrophages from CD36-deficient subjects had reduced uptake o f 

OxLDL (-50% ) compared to control subjects and cholesteryl ester accumulation was also 

reduced (Nozaki et al., 1995). Overall, these findings support a role for CD36 in foam cell 

formation in atherosclerotic lesions.

As highlighted above, SR-A and CD36 have been demonstrated to play 

quantitatively significant roles in macrophage cholesterol accumulation and foam cell 

transformation. Nevertheless, although disruption o f  either pathway retarded 

atherosclerotic progression in hypercholesterolaemic mice, the uptake o f modified LDL in 

macrophages was not completely abrogated. Therefore, the question remains whether 

these two receptors constitute the major pathways o f modified lipid uptake in macrophages 

or if  other receptors can contribute. A recent study by Kunjathoor et al. (2002) addressed 

this question by generating mice lacking both SR-A and CD36 to determine their 

combined impact on macrophage lipid uptake and to assess the contribution o f other 

scavenger receptors to this process. Their findings show that SR-A and CD36 account for 

75 -  90% o f modified lipoprotein (acetylated or oxidised to various degrees) uptake and
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degradation. Furthermore, ex vivo macrophages from the double knockouts failed to 

accumulate cholesteryl ester following incubation with either AcLDL or OxLDL. As 

mentioned previously, modification o f LDL by other methods may occur in vivo, such as 

glycation, lipolysis, proteolysis and aggregation (Tabas, 1999; Libby et al., 2000; Lusis,

2000). Thus, it is possible that the other scavenger receptors, e.g. CD68, LOX-1, SREC 

and SR-PSOX, may participate in the uptake o f other forms o f  lipoproteins or that they 

could affect atherogenesis via alternative mechanisms.

(ii) M acrophage cholesterol efflux

Unlike LDLRs, scavenger receptors are not subjected to negative feedback control and 

thus, mechanisms mediating cholesterol efflux are important for maintenance o f 

cholesterol homeostasis in the macrophage (Brown & Goldstein, 1999; Glass & Witztum,

2001). Most excess sterols can only be eliminated from the body by biliary excretion, and 

consequently, macrophages and other cells must export cholesterol to extracellular 

receptors for transport to the liver via the RCT pathway. Since there is no significant 

release o f esterified cholesterol from peripheral cells, cholesterol efflux can be defined as 

the movement o f free cholesterol molecules from the cell to an extracellular acceptor 

(Johnson et al., 1991). Cholesterol efflux to extracellular acceptors can either by an 

aqueous diffusion type mechanism that requires a gradient o f cholesterol between the 

plasma membrane and the lipoprotein surface (Phillips et al., 1987; Johnson et al., 1991) or 

by a possible energy-dependent process that results in the transfer o f cholesterol and 

phospholipids via membrane transporters to HDL-associated lipid-poor apolipoproteins, 

e.g. apo Al, apo A ll, apo AIV and apo E (Glass & Witztum, 2001; Burgess et al., 2002).

Research o f molecular mechanisms involved in secreting excess cholesterol from 

macrophages and their impact on cholesterol homeostasis has been enlivened by the 

elucidation o f the genetic defect in Tangier disease. Tangier disease is characterised by a 

severe HDL deficiency, reduced plasma concentrations o f apo Al, accumulation o f 

macrophage foam cells in various tissues, and prevalent atherosclerosis (Young & 

Fielding, 1999; Oram, 2000; Tall et al., 2002). An intensive search identified the 

cholesterol removal defect in Tangier disease as mutations in the gene encoding the 

adenosine triphosphate-binding cassette (ABC) transporter A l (A B C A l) (Brooks-Wilson 

et al., 1999; Rust et al., 1999; Young & Fielding, 1999). ABC transporters constitute a 

family o f proteins that mediate unidirectional transmembrane transport o f a multitude o f 

specific substrates (Dean et al., 2001a; Dean et al., 2001b). Members o f  this family are 

primary active transporters that couple the hydrolysis o f  ATP to the translocation o f solutes
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across the plasma membrane (Borst et al., 2000; Schmitz & Kaminski, 2001). 

Approximately 48 known human ABC genes have been identified to date, which have been 

classified into seven sub-families o f proteins:

• A BCA[ABC1]

• ABCB [Multidrug resistance (MDR)/TAP]

• ABCC [Cystic fibrosis transmembrane conductance regulator (CFTR)/Multidrug 

resistance protein (MRP)]

• ABCD [Adrenoleukodystrophy (ALD)]

• ABCE [Oligoadenylate binding protein (OABP)]

• ABCF [GCN20]

• ABCG [White],

The functions o f ABC genes are very diverse and 14 genes have been found associated 

with genetic disorders (Dean et al., 2001a).

Klucken et al. (2000) recently reported that -90%  o f the currently known ABC 

genes were expressed in macrophages, most were up-regulated during in vitro primary 

monocyte to macrophage differentiation, and -50%  were found to be regulated by lipid 

loading and deloading. These findings suggest that a multitude o f  ABC molecules, such as 

A B C G l, may be involved in macrophage cholesterol homeostasis (Klucken et al., 2000), 

but to date ABCAl has received the most attention. A BCA l is widely expressed, but is 

particularly abundant in macrophages (Langmann et al., 1999), and is found on the plasma 

membrane o f human monocyte-derived macrophages (Orso et al., 2000). Overloading 

macrophages with cholesterol markedly increases A BCA l transcription and cholesterol 

efflux to apolipoproteins (Oram & Lawn, 2001). Over-expression o f A BCA l in apo E 

knockout mice protected them against atherosclerosis (Joyce et al., 2002; Singaraja et al., 

2002) and efflux o f cholesterol from macrophages isolated from the mice was increased 

(Singaraja et al., 2002).

The mechanism o f action for ABCAl is still unclear. A BCA l appears to mediate 

the transport o f cholesterol and phospholipids across membranes where they gain access to 

apolipoproteins such as apo Al. Apolipoproteins may bind directly to A BCA l (Oram et 

al., 2000; Wang et al., 2000) or this may be a result o f lipid interactions in close proximity 

to ABCAl (Chambenoit et al., 2001). On the basis o f findings to date, (Oram 2002a; 

Oram, 2002b) two possible models for A BCAl-m ediated cholesterol secretion have been 

proposed:

• Excess intracellular free cholesterol is packaged into vesicles with phospholipids, 

perhaps in the Golgi apparatus, which translocate to the plasma membrane domains
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containing A BCA l. Lipids are transported across the plasma membrane where they 

interact with apolipoproteins and are removed forming nascent HDL particles.

• Apolipoproteins interact with ABCAl and are endocytosed in vesicles to intracellular 

deposits o f free cholesterol and phospholipids. After A BCAl pumps lipids into the 

vesicle lumen, the vesicles are transported back to the cell surface where they fuse with 

the plasma membrane and release their cargo.

W hatever the mechanism, the free cholesterol is taken up by HDL, esterified by LCAT and 

follows the RCT pathway to the liver for excretion.

(iii) Regulation of macrophage cholesterol homeostasis

Recent research suggests that, in addition to inflammation, PPARs play a role in the 

regulation o f macrophage cholesterol homeostasis. PPARs are members o f the nuclear 

receptor subfamily o f transcription factors that function as ligand-activated regulators o f 

genes controlling lipid, lipoprotein and glucose metabolism (Desvergne & Wahli, 1999; 

Chinetti et al., 2000a; Kersten et al., 2000; Pineda Torra et al., 2001), atherosclerosis 

(Neve et al., 2000; Barbier et al., 2002; Duval et al., 2002) and inflammation (Daynes & 

Jones, 2002; Zhang & Young, 2002). Three distinct subtypes have been described to date; 

PPARa, PPARp/5, and PPARy, which are encoded by three different genes and display 

distinct expression patterns.

PPARa is mainly expressed in tissues having a high metabolic rate such as liver, 

skeletal muscle, kidney, large intestine and heart (Neve et al., 2000; Barbier et al., 2002). 

In general, PPARa expression correlates with high p-oxidation activities such as 

degradation o f fatty acids (Desvergne & Wahli, 1999). PPARy is mainly expressed in the 

intestine and adipose tissue, where it promotes adipocyte differentiation and lipid storage 

(Neve et al., 2000; Barbier et al., 2002). PPARy is also found expressed in liver, heart and 

at low levels in skeletal muscle and in the retina (Desvergne & Wahli, 1999; Michalik 8c 

Wahli, 1999). In contrast, PPARp/8 is ubiquitously expressed. PPARa and PPARy have 

also been found expressed in vascular and immunological cell types including monocytes, 

macrophages, endothelial cells, smooth muscle cells, lymphocytes and dendritic cells 

(Duval et al., 2002). Furthermore, recent findings indicate the presence o f PPARs in 

atherosclerotic lesions (Marx et al., 1998; Bishop-Bailey, 2000; Chinetti et al., 2000b; 

Sueyoshi et al., 2001). PPARa and PPARy are found strongly expressed predominantly in 

macrophages but also in the endothelial and smooth muscle cell layers, whereas PPARp/5 

expression is much weaker in general (Bishop-Bailey, 2000).
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Upon ligand activation, PPARs regulate transcription by dimerising with the 

receptor for 9-cis retinoid acid, retinoid X receptor (RXR), and binding to PPAR response 

elements (PPREs) within the regulatory regions o f target genes (Desvergne & Wahli, 

1999). The consensus sequence o f PPREs is 5 ’-AACT AGGNCA A AGGTCA-3’ 

(Lemberger et al., 1996). For the PPAR:RXR heterodimer, binding o f  the ligand for 

either receptor can activate the complex, but binding o f both ligands simultaneously is 

more potent (Desvergne & Wahli, 1999). PPARs are ligand-dependent transcription 

factors. Although some ligands probably shared by the three isotypes e.g. PUFA (Forman 

et al., 1997; Kliewer et al., 1997; Hihi et al., 2002), poor conservation o f the ligand- 

binding domain allows some ligand specificity (Escher & Wahli, 2000). Pharmacological 

ligands for PPARa and PPARy include the hypolipidaemic fibrates and the anti-diabetic 

thiazolidinediones (TZDs), respectively. Co-activators and co-repressors modulate PPAR 

activity and gene transcription by mediating contact between the PPAR:RXR heterodimer, 

chromatin and other transcriptional machinery involved in the activation and/or repression 

o f target genes (Desvergne & Wahli, 1999; Escher & Wahli, 2000). The transcriptional 

activities o f PPARs are further regulated by post-translational mechanisms involving 

phosphorylation and ubiquitination (Blanquart et al., 2003).

PPARa and PPARy activation in macrophages results in transcriptional regulation 

o f genes involved in macrophage lipid metabolism and thus, may influence development 

and evolution o f atherosclerosis (Cabrero et al., 2003). Initial findings suggested that 

PPARy ligands promoted OxLDL accumulation and foam cell formation (Nagy et al., 

1998; Tontonoz et al., 1998) via up-regulation o f the PPAR target gene CD36 (Tontonoz et 

al., 1998; Chawla et al., 2001a; Moore et al., 2001a). Initially, this lead to the suggestion 

that PPARs may be pro-atherogenic. However, PPAR agonists reduced the progression of 

atherosclerosis in humans (Ericsson et al., 1996; Frick et al., 1997; Minamikawa et al., 

1998) and mice (Li et al., 2000; Chen et al., 2001). Indeed, research now indicates that, in 

both murine and human macrophages, activation o f PPARa and PPARy does not promote 

lipid accumulation in the presence o f AcLDL or OxLDL (Chinetti et al., 2001; Moore et 

al., 2001a). The putative role o f  PPARs in mediating macrophage cholesterol homeostasis 

is presented in Figure 1.6.
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Figure 1.6. PPARs and cholesterol homeostasis in the macrophage (adapted from 
Lazar et al., 2001; Duval et al., 2002).

Apo A l =  apolipoprotein Al; FC = free cholesterol; HDL = high density lipoprotein; Mod LDL = modified 
LDL.

Opposing effects o f PPAR ligands on determinants o f macrophage cholesterol 

homeostasis were found to negate increased CD36 activity (Lazar, 2001). As illustrated in 

Figure 1.6, repression o f macrophage SR-A and stimulation o f the efflux pathways of 

ATP-binding cassette (ABC) transporters have been reported to negate increased CD36 

activity (Ricote et al., 1998; Chinetti et al., 2001; Lazar, 2001; Moore et al., 2001a). 

Activation o f PPARy significantly inhibited SR-A expression in embryonic stem cell- 

derived macrophages (Moore et al., 2001a) and in U937 macrophages (Ricote et al., 1998) 

possibly by interfering with AP-1 and Ets transcription factors (Ricote et al., 1998). PPAR 

activators also induced the expression o f the SR-BI/CLA-I receptor in vivo and in vitro 

(Chinetti et al., 2000b). Although this receptor has been implicated in cholesterol efflux 

(Ji et al., 1997; Jian et al., 1998), further studies are necessary to determine the influence 

o f induction o f this scavenger receptor by PPARs on atherosclerosis development (Chinetti 

et al., 2000b).

As previously mentioned, cholesterol efflux from the macrophage is regulated by 

ABCAl and A BCG l. The liver X receptors (LXR) have been implicated in the lipid 

induction o f both ABCAl and A BCGl (Costet et al., 2000; Venkateswaran et al., 2000a; 

Venkateswaran et al., 2000b). The LXR subfamily contains two members, LXRa and 

LXRP that also ftinction as heterodimers with RXR (Laffitte & Tontonoz, 2002) and are 

activated by oxysterols. Whereas LXRp is ubiquitously expressed, LXRa is most highly 

expressed in liver, adipose tissue, and macrophages. Recent studies suggest that LXRs
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control lipid efflux from macrophages through coordinate regulation o f genes such as 

ABCAl and apo E, which are direct targets o f LXRs (Venkateswaran et al., 2000a; Laffltte 

et al., 2001). Consequently, exposure o f macrophages to pharmacological PPARa and 

PPARy ligands induced ABCAl expression and promoted apo Al mediated cholesterol 

efflux from macrophages via induction o f LXRa, a direct target o f  PPARy (Chawla et al., 

2001b; Chinetti et al., 2001). Conditional disruption o f macrophage PPARy lowered 

CD36, LXRa, ABCGl and apo E gene expression and inhibited cholesterol efflux from 

murine macrophages (Akiyama et al., 2002). In addition, loss o f  PPARy function in 

macrophages accelerated the progression o f atherosclerosis in LDLR deficient mice 

(Chawla et al., 2001b).

Overall, these findings studies show that the PPARa and PPARy are important 

regulators o f macrophage cholesterol homeostasis. In contrast, the role o f  PPARp/6 is 

macrophage cholesterol homeostasis is controversial. Although Oliver et al. (2001) 

suggest that PPARp/8 may also be involved in cholesterol efflux, Vosper et al., (2001) 

found that PPARp/6 activation increased the expression o f SR-A and CD36 and promoted 

lipid accumulation in human macrophages. While these findings support the anti

atherogenic effect o f PPARs observed in vivo, it remains to be determined to what extent 

PPAR within the macrophage is involved in human disease progression in vivo.

1.4.3 Macrophages and atherosclerosis-associated inflammation

Macrophages play a critical role in both innate and adaptive immunity. The main functions 

o f macrophages are to phagocytose and destroy particulate material by recognising PAMPs 

and constitutively expressing pattern recognition receptors such as scavenger receptors and 

Toll-like receptors. In addition, macrophages present antigens to lymphocytes. 

Macrophages secrete a vast array o f cytokines, chemokines and other products that direct 

and amplify the local immune response once it is triggered (Mikita et al., 2001). In 

response to bacterial products, macrophages secrete IL-1, IL-6, IL-8, IL-12, TNF-a, 

prostaglandins, oxygen radicals, nitric oxide, leukotrienes (in particular LTB4), and PAI-1 

(Janeway & Travers, 1997). A considerable number o f these products have been shown to 

mediate the pathogenesis o f atherosclerosis.

Amongst these mediators, TNF-a, IL-lp and IL-6 have been found expressed 

and/or elevated in atherosclerotic lesions (Wang et al., 1989; Barath et al., 1990; Rus et al., 

1991; Tipping & Hancock, 1993; Seino et al., 1994; Sukovich et al., 1998; Rus et al., 

1996). Recent research suggests that lipid loading can alter the profile o f infiammatory 

mediators produced by macrophages. Macrophage-derived foam cells exhibit up-regulated
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expression o f MCP-1 (Yla-Herttuala et al., 1991), tissue factor (Lesnik et al., 1992) and 

MMPs (Rouis et al. 1990; Henney et al., 1991). In addition, uptake o f modified LDL by 

mononuclear cells has been shown to both augment and suppress the production o f 

cytokines (Hamilton et al., 1995; Ohlsson et al., 1996; Wang et al., 1996; Ares et al., 2002; 

Fei et al., 2003; Smythe et al., 2003).

(i) TNF-a

TNF-a is synthesised as a precursor present on cell surface membrane, which is 

proteolytically cleaved by TNF-a-converting enzyme to release the soluble form (Black et 

al., 1997). Both membrane-bound and soluble forms exhibit biological activity (LeBoeuf 

& Schreyer, 1998) and elicit local and systemic biological responses involved in 

inflammation and atherosclerosis. TNF-a is mainly produced by activated macrophages 

ind monocytes but can also originate from T lymphocytes, mast cells and smooth muscle 

:ells. The role o f TNF-a in atherosclerosis is complex and participates in lesion initiation, 

progression and rupture. Findings suggest that TNF-a increases the expression o f adhesion 

ind chemoattractant molecules (Clinton et al., 1992; Braun et al., 1995; Neuman et al., 

1996), promotes macrophage differentiation and activation (Libby & Galis, 1995), 

stimulates smooth muscle cell proliferation and migration (Jovinge et al., 1997), while 

lecreasing production o f lipid efflux molecules such as apo E (Duan et al., 1995). In 

addition, TNF-a up-regulated the expression o f tissue factor and MMP-9 (Paleolog et al., 

1994; Saren et al., 1996). In contrast to these apparently pro-atherogenic effects, TNF-a 

las been found to decrease macrophage scavenger receptor activity (Hsu et al., 1996) and 

nhibit lipoprotein lipase (Rutledge & Goldberg, 1994). TN F-a plasma levels have not 

)een found to be elevated in individuals with atherosclerosis and therefore local production 

)f TNF-a may mediate some or all o f these functions (LeBoeuf & Schreyer, 1998).

ii) IL-1

L-1 is a glycoprotein existing in two major biologically active isoforms, IL-1 a  and IL-1 (3, 

vhich are synthesised as large precursors. Predominantly IL-1 a  remains within the cell, or 

s expressed on the surface o f the cell membrane in a biologically active form. Unlike IL- 

la , the IL -ip  precursor must be cleaved by IL -1 p-converting enzyme (caspase 1) for 

)ptimal biologic activity (Dinarello & Wolff, 1993; Fisman et al., 2003). The majority o f 

L- ip  is released by cells into the extracellular space and circulation, and elevated serum 

evels o f IL -1 (3 have been found in patients with minimal coronary artery disease (Hasdai 

’t al., 1996). The main sources o f IL-1 are monocytes and macrophages, but it is also
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produced by endothelial and smooth muscle cells in atherosclerotic lesions (Moyer et al., 

1991; Dinarello & Wolff, 1993; Tipping & Hancock, 1993; Galea et al., 1996). IL -ip  may 

facilitate atherosclerosis by stimulating leukocyte-endothelial cell adhesion (Bevilacqua et 

al., 1985) and smooth muscle cell proliferation by PDGF (Raines et al., 1989). In addition, 

IL -ip  was shown to stimulate cholesterol esterification in macrophages (Maziere et al., 

1996), coagulation (Bevilacqua et al., 1984), and MMP production (Libby et al., 1995). In 

support o f a role o f IL -ip  in atherosclerosis, mice deficient o f both IL -ip  and apo E 

displayed reduced atherosclerosis (Kirii et al., 2003).

(iii) IL-6

Endothelial cells, smooth muscle cells and macrophages are capable o f producing IL-6 in 

vitro (Loppnow & Libby, 1989; Loppnow & Libby, 1990), but in vivo, only macrophages 

present discreet staining in human and mouse species (Kishikawa et al., 1993; Sukovich et 

al., 1998). IL-6 has been found in atherosclerotic plaques in humans, 

hypercholesterolaemic rabbits and apo E-deficient mice (Ikeda et al., 1992; Rus et al., 

1996; Sukovich et al., 1998; Schieffer et al., 2000). Local effects o f IL-6 include 

monocyte-macrophage differentiation, up-regulation o f the acute phase response gene 

expression in hepatocytes and macrophages (Perlmutter et al., 1989), and smooth muscle 

cell proliferation (Ikeda et al., 1992). Clinically elevated levels o f systemic IL-6 and its 

associated by-product, the acute phase protein CRP, are associated with increased risks o f 

coronary and peripheral atherosclerosis (Erren et al., 1999; van der Meer et al., 2002; 

Verma et al., 2002). Exogenous administration o f  recombinant IL-6 exacerbated early 

atherosclerosis in atherosclerosis-prone mice suggesting an active role in the disease 

process (Huber et al., 1999). In contrast, Elhage et al. (2001) reported that, although fatty 

streak formation was not significantly different, lesion intensity was higher in one-year- 

old IL-6-apo E double knockout mice compared to mice lacking apo E alone. Such 

opposing effects o f IL-6 on atherosclerotic progression in young and old mice may reflect 

the pro- and anti-inflammatory balance o f its activities (Tilg et al., 1997; Xing et al., 1998; 

von der Thiisen et al., 2003) and transcriptional inhibition o f SR-A in macrophages (Liao 

e t a l ,  1999).

(iv) IL-10

IL-10 is an essential anti-inflammatory cytokine produced primarily from T cells and 

activated macrophages. IL-10 is capable o f blocking or reducing the production o f 

numerous pro-inflammatory chemokines and cytokines such as TNF-a, IL-1, IL-6, IL-8
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and IL-12 from cells and inducing the production o f anti-inflammatory molecules such as 

IL-1 receptor antagonist (Moore et a l ,  2001b). In addition, IL-10 inhibits the production 

o f MMP-2 and MMP-9, while increasing the production o f the tissue inhibitor o f MMPs 

(TIM P)-l in human mononuclear phagocytes (Lacraz et al., 1995). IL-lO’s anti

inflammatory actions may in part be mediated by STAT3 (O ’Farrell et al., 1998; Lang et 

al., 2002; Williams et al., 2004) and/or inhibition o f  NF-kB activity (Wang et al., 1995; 

Romano et al., 1996; Lentsch et al., 1997). Schottelius et al. (1999) suggested two 

potential mechanisms o f action for IL-10, (a) by blocking IKK activity, inhibiting 

degradation o f Ik B o and subsequent NF-kB translocation, and, (b) by blocking the ability 

o f translocated NF-kB to bind to DNA. Recent studies have implicated IL-10 as an anti

atherogenic cytokine. IL-10 has been found expressed in atherosclerotic lesions, primarily 

in macrophages (Uyemura et al., 1996; Mallat et al., 1999b). The protective effects o f IL- 

10 against atherosclerosis have been demonstrated by in vivo studies in IL-10 deficient 

mice (Mallat et al., 1999a; Pinderski Oslund et al., 1999; von der Thiisen et al., 2001; 

Pinderski et al., 2002). In addition, IL-10 gene transfer into apo E knockout mice 

suppressed lesion formation (Namiki et al., 2004).
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1.5 Dietary fatty acids and atherosclerosis

The immune response is influenced by both dietary excess and deficiency and by 

individual dietary constituents. Dietary fatty acids in particular are known to modulate the 

immune responses (Grimble, 1998) and have been reported to exert positive effects on 

atherosclerosis (Hughes, 1998; Meydani, 1998). As the subject o f this thesis directly 

concerns the n-6 polyunsaturated fatty acids (PUFA) conjugated linoleic acid (CLA) and 

the long-chain (LC) «-3 PUFA eicosapentaenoic acid (EPA) and docosahexaenoic acid 

(DHA), the remainder o f this review will introduce these fatty acids, highlight their relative 

contributions as therapeutic mediators o f atherosclerosis, and discuss potential mechanisms 

o f action.

1.5.1 Dietary fatty acids

(i) Fatty acid synthesis, metabolism and sources

Fatty acids are the basic structural components o f TAG and are also found in phospholipids 

and cholesterol esters (Arab, 2003). Structurally, fatty acids are hydrocarbon chains with a 

carboxyl group at one end and a methyl group at the other, and can be divided into three 

categories on the basis o f the presence o f double bonds:

• Saturated (SFA); no double bonds, e.g. palmitic acid (16:0), stearic acid (18:0)

• Monounsaturated (MUFA); a single double bond, e.g. oleic acid (18:1)

• Polyunsaturated (PUFA); more than one double bond, e.g. linoleic acid (18:2).

Although all mammals can synthesise fatty acids de novo (the end product is palmitic acid, 

which can be elongated to stearic acid), the diet o f Western humans normally supplies 

adequate amounts o f saturated fatty acids (Calder, 1998a). However, unsaturated fatty 

acids are required to maintain cell membrane structure, fluidity and function and therefore 

a mechanism for the introduction o f double bonds (desaturation) and elongation exists (see 

below) (Calder, 1997a).

Unsaturated fatty acids can be sub-divided into three categories depending on the 

position o f the first double from the methyl end:

• n-9 MUFA (between carbons 9 and 10), e.g. oleic acid (18:1)

• n-6 PUFA (between carbons 6 and 7), e.g. linoleic acid (18:2), arachidonic acid (20:4), 

y-linolenic acid (GLA; 18:3), CLA

• rt-3 PUFA (between carbons 3 and 4), e.g. a-linolenic acid (ALA; 18:3), EPA (20:5), 

DHA (22:6).

The three classes o f PUFA are not inter-convertible in humans. The elongation and 

desaturation pathways for ALA, linoleic acid and oleic acid are depicted in Figure 1.7.
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Figure 1.7. Elongation and desaturation of n-3, n-6 and n-9 fatty acids (adapted from 
Calder 1997b; Kelley, 2001).

AA = arachidonic acid; ALA = a-linolenic acid; DHA = docosahexaenoic acid; DHGLA = dihomo- y- 
linolenic acid; DPA = docosapentaenoic acid; EPA = eicosapentaenoic acid; GLA = y-linolenic acid; LA = 
linoleic acid; MA = mead acid; OA = oleic acid.

Unlike plants, mammals lack a '^  and a '^  desaturases, preventing the conversion of oleic 

acid to linoleic acid and linoleic acid to ALA, respectively. Thus, linoleic acid and ALA 

are essential fatty acids and must be obtained from the diet. Sources o f these and other 

fatty acids are presented in Table 1.6. ALA is converted to the longer chain n-3 PUFA 

EPA and docosapentaenoic acid (DPA) by animals, though the efficiency of this pathway 

in humans is questionable (Burdge et al., 2003). Little ALA proceeds along the entire 

metabolic pathway to result in DHA (Burdge et al., 2003; Yaqoob, 2003a). EPA and DHA 

can be sourced from marine plants, especially the unicellular algae in phytoplankton, via 

elongation and desaturation of ALA. The formation of these LC n-3 PUFA by marine 

algae and their transfer through the food chain to fish account for the LC n-3 PUFA in oily 

fish and fish liver oils (Calder, 1997a; Calder 1998b).
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Table 1.6. Sources of common fatty acids (adapted from Calder, 1998c).

Class Common name Chain
length

# double 
bonds

Main sources

SFA Laurie 12 0 De novo synthesis, butter/milk
(12:0) fat, coconut oil
Myristic 14 0 De novo synthesis, butter/milk
(14:0) fat, coconut oil
Palmitic 16 0 De novo synthesis, animal fat.
(16:0) coconut oil, butter, eggs, milk
Stearic 18 0 De novo synthesis, animal fat,
(18:0) cocoabutter, butter, eggs, milk

MUFA Oleic 18 1 Desaturation o f stearic acid.
(18:l«-9) olive oil, butter

PUFA Linoleic 18 2 Com, sunflower and safflower
(18:2«-6) oils
Conjugated 18 2 Dairy products, ruminant meats
linoleic acid
a-linolenic 18 3 Flaxseed oil, soybean oil,
(18:3«-3) linseed oil, green leaves
y-linolenic 18 3 Synthesised from linoleic acid,
(18:3«-6) evening primrose oil
Eicosapentaenoic 20 5 Fish oils
acid (20:5«-3)
Docosahexaenoic 22 6 Fish oils, meat, offal

__________ acid (22:6n-3)_________________________________________________________

M U FA  = monounsaturated fatty acid; PUFA =  polyunsaturated fatty acid; SFA =  saturated fatty acid.

The major end product o f the n-6 PUFA metabolic pathway is arachidonic acid. 

This pathway is quantitatively the most important pathway o f PUFA metabolism in 

humans, because sources o f linoleic acid (including vegetable oils and vegetable oil-based 

products) are consumed in greater quantities than ALA (e.g. green leafy vegetables, some 

seed and vegetable oils) (Yaqoob, 2003a). As these pathways employ the same set o f 

enzymes, a competitive interaction exists between the fatty acid families whereby n-3 

PUFA suppress n-6 PUFA fatty acid metabolism and vice versa, though not as potently. 

Both n-3 and n-6 PUFA suppress n-9 fatty acid metabolism (Kelley, 2001). Thus, when 

animals are fed a diet devoid o f essential fatty acids, the major fatty acid accumulated in 

tissue lipids are those derived from oleic acid (Hwang, 2000). Dietary fatty acid 

composition is known to determine tissue fatty acid composition (Gibney & Hunter, 1993) 

and subsequently, cellular responses. However, the ratios o f the different classes o f dietary 

fatty acids may be more important in determining tissue fatty acid composition than 

absolute amounts (Kelley, 2001).
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(ii) Fatty acids as eicosanoid precursors

Eicosanoids are a group o f oxygenated chemical messengers synthesised from the 20- 

carbon PUFA arachidonic acid, dihomo-y-linolenic acid (DHGLA) and EPA. The major 

eicosanoid families and their functions are presented in Table 1.7. They include 

prostaglandins (PG), thromboxanes (TX), leukotrienes (LT), lipoxins, 

hydroperoxyeicosatetraenoic acids (HPETEs) and hydroxyeicosatetraenoic acids (HETEs). 

The revelation that eicosanoids, as autocrine and paracrine factors, possess diverse 

pathophysiological roles has expanded the understanding o f the roles o f different fatty 

acids in various cellular responses, including immune and inflammatory responses 

(Hwang, 1989). Eicosanoids represent a large and important family o f  local mediators, 

which in conjunction with other local mediators, form a highly sophisticated network o f 

locally restricted inter- and intracellular communication that becomes organised on 

demand (Marks, 1991).

Table 1.7. The major eicosanoid families and their functions (adapted from Marks, 
1991).

Name Biosynthetic pathway M ajor function
Prostaglandins Cyclooxygenase/prostaglandin Control o f smooth muscle
A, B, C, D, E, Fa, I, synthases activity, secretory processes.
J pro- and anti-inflammatory.

vasodilation
Thromboxanes Cyclooxygenase/thromboxane Platelet aggregation.
A, B synthases vasoconstriction.

plaque rupture, anti
inflammatory

Prostacyclins Cyclooxygenases/prostacyclin Thromboxane antagonists
synthases Anti-atherosclerotic

HPETEs and Lipoxygenases and cytochrome Control o f  blood pressure.
HETEs P450-dependent renal function, synaptic

transmission, inflammation
Leukotrienes Lipoxygenase/leukotrienes Bronchoconstriction,
A, B, C, D, E synthases leukotaxis
Lipoxins Lipoxygenase Anti-inflammatory
A, B, C, D, E

HETE = hydroxyeicosatetraenoic acid; HPETE = hydroperoxyeicosatetraenoic acid.

The eicosanoids synthesised from arachidonic acid, DHGLA, and eicosapentaenoic 

acid are depicted in Figure 1.8. The formation o f eicosanoids in resting cells is tightly 

controlled. The concentration o f free precursor PUFA is far below the K m values o f the 

enzymes involved in the biosynthesis o f eicosanoids, and instead, dietary PUFA are 

predominantly esterified in the sn-2 position o f glycerol phospholipids and released only



on dem and (M arks, 1991; Grim ble, 1998). Upon appropriate stim ulation, precursor PUFA 

are released from  phospholipids (e.g. phosphatidylcholine, phosphatidylinositol-4,5- 

bisphosphate) by the actions o f  various lipases (e.g. phospholipase A 2, phospholipase C, 

diacylglycerol lipase) (Calder, 1997a). The principal precursor PU FA  is arachidonic acid 

and the eicosanoids produced from  arachidonic acid (see Figure 1.8) appear to have more 

potent biological functions than those released from  D H G LA  and EPA  (Calder, 1998a). 

Thus, the nature o f  the substrate for eicosanoid production, and in turn, the potency o f  the 

produced eicosanoids may be changed by altering the com position o f  dietary fatty acid 

(G rim ble, 1998). Eicosanoid production is cell-specific and governed by three classes o f  

enzym es, the cyclooxygenases (COX-1, CO X -2), the lipoxygenases (5-LO X, 12-LOX, 15- 

LOX) and cytochrom e P-450s (Soberm an & C hristm as, 2003). Furtherm ore, eicosanoids 

m ay have opposing effects so, therefore, the overall physiological effect will depend on the 

nature o f  the cells producing the eicosanoids, the concentrations o f  the m ediators, the 

tim ing o f  their production and the sensitivities o f  target cells to their effects (Yaqoob & 

Calder, 2003a).

Arachidonic acid

(C 20:4«-6)

COX / LOX

2-series PG 
and TX

5, 12 and 15 
HETEs and 
HPETEs 

4-series LT 
LX

Dihomo Y-linoIenic acid

(C20:3«-6)

COX LOX

1-series PG 3-series LT

Eicosapentaenoic acid

(C20:5«-3)

COX LOX

3-series PG 
and TX

5-series LT

Figure 1.8. Biosynthesis of eicosanoids from arachidonic acid, dihomo y-linolenic acid 
and eicosapentaenoic acid.

COX = cyclooxygenase; HETE = hydroxyeicosatetraenoic acid; HPETE = hydroperoxyeicosatetraenoic acid; 
LOX = lipoxygenase; LT = leukotrienes; LX = lipoxin; PG = prostaglandin; TX = thromboxane.
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1.5.2 Conjugated linoleic acid (CLA)

Conjugated linoleic acid (CLA) is the generic term for a group o f positional and geometric 

conjugated dienoic isomers o f  LA (Pariza et al., 2000). Unlike linoleic acid, the double 

bonds o f  CLA are contiguous and are not separated by a methylene group (MacDonald et 

al., 2000; Roche et al., 2001). The double bonds may be present on carbons 8 and 10, 9 

and 11, 10 and 12, 11 and 13, in either a cis or trans configuration (Moya-Camarena & 

Belury, 1999). Dietary intakes o f  CLA are reported to be in the range o f 15 to 430 mg/day 

(M cGuire et al., 1999; Ens et al., 2001; Ritzenthaler et al., 2001). The chief sources o f 

CLA in the human diet are ruminant meat and dairy products, particularly cheese. Various 

CLA isomers may form during oil processing, e.g. in margarine manufacture (Pariza, 

1999). The principal isomer in food is cis-9,trans-l 1 CLA (c9,tl 1-CLA or rumenic acid), 

followed by trans-l,cis  9-CLA, cis- \ \ ,trans-l3  CLA, cis-S,trans 10-CLA and trans-\0,cis- 

12 CLA (tlO ,cl2-CLA ) (Belury, 2002). The c9,tl 1-CLA and tlO ,cl2-CLA  isomers are 

known to possess biological activity (Pariza et al., 2000) and their structures are presented 

in Figure 1.9.

COOH

c9 ,tl 1-CLA

COOH

COOH

Linoleic acid
(c9,cl2-octadecadienoic
acid)

Figure 1.9. Structures o f c9 ,tl 1-CLA, tlO ,cl2-CLA and linoleic acid (adapted from 
Belury, 2002).

In general, feeding synthetic mixtures o f CLA isomers has produced the 

physiological effects o f CLA in vivo described to date, possibly as a consequence o f the 

high cost and/or the lack o f  availability o f highly purified isomers or naturally extracted 

CLA oil. Industrially, CLA is produced via alkaline-catalysed isomerisation o f linoleic 

acid, which typically produces a CLA oil o f 90% purity composed o f  approximately 42% 

c9,tl 1-CLA, 43% tlO ,cl2-CLA , 0.5% residual linoleate, 5.5% oleate, 4% unidentified fatty
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acid and minor amounts o f other CLA isomers (Belury, 2002). In ruminants, CLA is 

formed as a result o f rumen gut microbial biohydrogenisation o f dietary linoleic acid and 

by desaturation o f ruminally-derived vaccenic acid {trans-\\\ 18:1) by desaturase 

(Griinari & Bauman, 1999; Corl et al., 2001; Kelly, 2001). The CLA content o f ruminant 

meat and dairy food products is influenced by rumen microbial population, frequency o f 

lactation, feeding regime, animal breed, and the season (Sebedio et al., 1999; McDonald,

2000). However, CLA in foodstuffs is stable and is not destroyed by cooking or storage 

(Shanta et al., 1994).

Herbel et al. (1998) found that feeding a linoleic acid-enriched diet did not increase 

human plasma CLA concentrations. Although CLA may be biosynthesised in man via the 

conversion o f trans fatty acids into CLA (Salminen et al., 1998; A dlof et al., 2000), in 

general humans appear to depend on dietary sources or CLA supplements (Roche et al.,

2001). Supplementation with c9 ,tll-C L A  or tlO ,cl2-CLA  supplements increased the 

mcorporation o f these isomers into human plasma lipids and peripheral blood mononuclear 

cells (PBM Cs) in a dose-dependent manner (Burdge et al., 2004). Similarly, serum levels 

of CLA increased in humans consuming foodstuffs rich in CLA (Britton et al., 1992; 

Huang et al., 1994), while adipose tissue levels o f c9 ,tll-C L A  correlate with milk fat 

;ntake (Jiang et al., 1999). Isomers o f CLA are readily metabolised in vivo via multiple 

metabolic pathways and metabolites o f CLA (e.g. conjugated GLA, conjugated DHGLA 

and conjugated arachidonic acid) have been found in plasma, liver, mammary and adipose 

:issue o f rats (Ip et al., 1997; Banni, 2002), and in adipose tissue and sera o f humans 

Banni et al., 1999; Lucchi et al., 2000; Belury, 2002). The physiological roles o f such 

3LA metabolites are as yet unknown.

CLA was initially identified as a component present in fried ground beef that 

exhibited anti-carcinogenic properties against chemically induced tumor formation in 

inimal models (Parodi, 1999). Since then, a number o f studies have demonstrated that 

X A , in contrast to linoleic acid, can suppress cancer development in animal models and in 

'arious in vitro models (Scimeca, 1999; Belury, 2002). Nevertheless, not all studies 

consistently demonstrate that CLA inhibits carcinogenesis (Petrick et al., 2000). Over the 

ast two decades, these and other physiological properties, including anti-diabetic, anti- 

)besity, anti-atherosclerotic, immunomodulatory, and bone formation, have been attributed 

0 CLA (Kelly, 2001; Roche et al., 2001; Belury, 2002). As mentioned previously, the 

najority o f these physiological effects have been derived from in vitro and animal feeding 

itudies using synthetic mixes o f CLA isomers (Roche et al., 2001). Reports now indicate 

hat c9 ,tll-C L A  and tlO ,cl2-CLA  isomers induce different effects (Pariza et al., 2000,



Roche et al., 2002), and thus, it is possible that multiple molecular and biochemical 

mechanisms may be involved in mediating the effects o f the different isomers.

1.5.3 CLA and atherosclerosis

(i) CLA, lipoproteins and atherosclerosis in animals

There is some evidence to suggest that CLA modulates atherosclerosis in experimental 

animals and some o f these effects are summarised in Table 1.8. The effects o f CLA on 

atherosclerosis are complex and only a relatively small number o f studies have directly 

monitored atherosclerosis initiation and progression in the aorta. In rabbits, CLA (0.5 -  

1% of diet) was consistently, albeit in some cases not significantly, shown to reduce the 

severity o f atherosclerotic lesions and to beneficially impact the progression and regression 

o f established lesions (Lee et al., 1994; Kritchevsky et al., 2000; Kritchevsky et al., 2002). 

Similar trends have been found by Nicolosi et al. (1997) and Wilson et al. (2000b) in 

hamsters on atherogenic diets. Recent research in the apo E knockout mouse has 

demonstrated that the c9 ,tll-C L A  isomer not only prevented the progression but also 

induced resolution o f atherosclerosis (Toomey et al., 2003). Only one study published to 

date has shown that CLA promoted the development o f aortic fatty streaks (Munday et al., 

1999). Overall, these findings highlight that the anti-atherogenic effects o f  CLA have been 

demonstrated across species. Nevertheless, it remains to be determined whether CLA 

exerts a protective effect against atherosclerosis in humans.
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Table 1.8. The effects of CLA on plasma lipoprotein metabolism and atherosclerosis (adapted from Roche et a i, 2001).

Reference Animal
model

Diet Study
period
(d)

TC LDL HDL TAG Other Atherosclerotic
lesions

Lee et al., Rabbits 0.1% cholesterol 154 IN S i iN S i  LDL:HDL i  (30%) NS
1994 0.5% CLA i  NS TC:HDL
Kritchevsky Rabbits Progress: 90 T i TNS iN S
et al., 2000 0.2% cholesterol 

1%CLA
Regress: 90 r i iNS After regression regimen: iN S
Cholesterol-free TC i  in control & CLA
1%CLA HDL T in control & CLA 

TAG •<-> in control, i  CLA
Rabbits Progress:

0.2% cholesterol
90

0.1% CLA TNS iN S TNS i  NS Esterified cholesterol iN S
0.5% CLA TNS iN S TNS i  NS Esterified cholesterol i
1.0% CLA TNS TNS i  NS Esterified cholesterol iN S
Regress: 90
0.1% CLA TNS TNS Compared to initial (progress) i  NS (inhibited)
0.5% CLA t T control, severity of lesions in (inhibited)
1.0% CLA T T aorta of control (regress) 

rabbits T-
i  NS (regressed)

Kritchevsky Rabbits 0.2% cholesterol 90
et al., 2002 0.05% CLA 

0.075% CLA 
0.1% CLA

TNS

TNS

iN S
TNS
TNS

T
TNS
TNS

iN S
iN S
iN S

0.5% CLA TNS TNS i
Nicolosi et Hamsters 0.12% cholesterol 77 i  Non-HDL cholesterol in all
al., 1997 0.025% CLA 

0.05% CLA
i
i

iN S
TNS

i
i

3 groups. Mean of pooled 
CLA fatty streak area

i(1 9 % )N S  
i  (27%) NS

0.5% CLA i iN S iN S significantly < control (26%). i(3 1 % )N S



Table 1.8. (Continued)
Reference Animal Diet (d) TC LDL HDL TAG O ther Atherosclerotic

lesions
De Deckere Hamsters 0.6% CLA 56 IN S i i T I VLDL
et a i, 1999 0.56% c9,tll-CLA TNS 4—> TNS t  NS VLDL

0.49% tl0,cl2-CLA iN S i i T t  VLDL
Gavino et Hamsters 0.05% cholesterol
a l,  2000 1%CLA

0.2% c9,tll-C LA
i
iNS

i i  Non-HDL cholesterol

Wilson et Hamsters 0.12% cholesterol 84 i iN S TNS i  Non-HDL cholesterol i
al., 2000 1% CLA
Valeille et Hamsters 0.06% cholesterol 56
al., 2004 1.2% CLA 

0.5% c9,tll-C LA
|N S
T

t  NS HDL:LDL 
T HDL:LDL

Akahoshi et Rats 0.35% CLA 26 iN S |N S T NS 1 HDL:TC; |  glucose
al., 2003 0.4% c9,tll-C LA

0.4% tl0,cl2-CLA iN S
|N S
TNS

iN S
iN S 1 HDL:TC; i  phosphilipid; |  

glucose
Stangl, Rats 3% CLA 39 i  VLDL
2000a
Stangl, Rats 1% CLA 35 iN S i  NS TAG in liver
2000b 3% CLA 

5% CLA
i
i

i  NS TAG in liver, i  TC in 
liver
i  NS TAG in liver

Munday et Mice 0.25% CLA 105 iN S iN S t  NS HDL:TC T
al., 1999 0.5% CLA iN S TNS i t  HDL:TC |N S
Toomey et Mice 1 Vo cholesterol 56 Dietary supplementation with i
al., 2003 I% c9 ,tll-C L A + 56 c9,tl 1-CLA prevented 

progression and induced 
regression of atherosclerosis.

* mix o f  CLA isomers unless otherwise stated.
NS = not significant change, I =  decrease relative to control diet, "f relative to control diet, <-> = no change relative to control diet. CLA = conjugated linoleic acid, TC = total 
cholesterol, LDL = low density lipoprotein, HDL = high density lipoprotein, TAG = triacylglycerols, VLDL = very low density lipoprotein.



(ii) CLA, lipoproteins and atherosclerosis —  potential mechanisms o f action

The mechanism by which CLA exerts its effects on atherosclerosis is unclear. The 

retardation o f atherosclerosis by CLA may be due to changes in lipoprotein metabolism 

(see Table 1.8) as CLA has been shown to reduce serum TAG (Nicolosi et al., 1997; 

Munday et al., 1999; Gavino et al., 2000), serum total cholesterol (Nicolosi et al., 1997; 

Gavino et al., 2000; Stangl, 2000b), serum LDL cholesterol (Lee et al., 1994; Nicolosi et 

al., 1997; de Deckere et al., 1999) while increasing HDL cholesterol levels (Kritchevsky et 

al., 2002; Akahoshi et al., 2003). However, it should also be noted that CLA has also been 

shown to increase (Stangl et al., 1999) or have no significant effect on atherogenic plasma 

lipoproteins (Sugano et al., 1997; Kritchevsky et al., 2000) in various animal models. 

Munday et al. (1999) showed that CLA promoted fatty streak formation in C57BL/6 mice 

fed an anti-atherogenic diet, however, these effects occurred despite an improvement in 

lipoprotein profiles in CLA fed mice, suggesting that CLA promoted atherogenesis 

independent o f plasma lipids in this model. Similarly, short-term feeding o f CLA in 

hamsters decreased serum total cholesterol but had no effect on aortic fatty streak 

formation (Gavino et al., 1998; Moya-Camarena & Belury, 1999). Overall, it appears from 

the literature that CLA exerts differential effects on lipid profiles in animal models that 

may depend on the animal model employed, and/or the diet and feeding regimen used 

(Wilson et al., 2000b; Khosla & Fungwe, 2001).

The majority o f these studies have employed heterogeneous blends o f CLA isomers 

consisting o f -40:40  c9 ,tll-C L A  and tlO ,cl2-CLA  with the exception o f that used by 

Nicolosi et al. (1997), in which c9 ,tll-C L A , t9 ,c ll-C L A  and tlO ,cl2-C LA  accounted for 

-94%  o f the total isomers. Regarding isomer-specific effects o f CLA, a limited number of 

studies have employed pure CLA isomers and examined their effects on atherosclerosis. 

De Deckere et al. (1999) and Akahoshi et al. (2003) found that the tlO ,cl2-CLA  isomer 

was responsible for the effects on plasma lipid levels in hamsters and rats, respectively. In 

addition, Gavino et al. (2000) found that CLA, but not c9,tl 1-CLA alone, lowered hamster 

plasma triglycerides and total cholesterol. In contrast, Toomey et al. (2003) reported 

profound resolution o f atherosclerotic lesions by c9,tl 1-CLA in apo E knockout mice. 

Similarly, the plasma cholesterol status o f hamsters given a cholesterol-rich diet was 

significantly improved with c9,tl 1-CLA and only approached significance with the CLA 

mix (Valeille et al., 2004).

The decrease in serum LDL cholesterol observed (Lee et al., 1994; Nicolosi et al., 

1997; de Deckere et al., 1999) is consistent with decreased apo B secretion in HepG2 cells 

after treatment with CLA (Pariza et al., 2001), in particular the tlO ,cl2-CLA  isomer
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(Yotsumoto et al., 1999), as LDL is an apo B-containing lipoprotein. In addition, the 

decrease in serum LDL cholesterol could be mediated via up-regulation o f LDLR 

expression by CLA, as seen in HepG2 cells (Yu-Poth et al., 2003). The liver is a key 

organ in lipid metabolism and the influence o f fatty acids on plasma lipid concentrations 

has been linked to their effects on hepatic lipid synthesis, lipid secretion and lipoprotein 

clearance (Spady & Woollett, 1990; Lin et al., 2001b). T10,cl2-CLA  was more effective 

than c9 ,tll-C L A  at suppressing in vitro HepG2 TAG secretion, which may reflect a 

diminished secretion o f VLDL (Lin et al., 2001b), however, de Deckere et al. (1999) found 

that serum VLDL was significantly increased by feeding tlO ,cl2-C LA  and a CLA mix.

The plasma VLDL-increasing property o f  CLA may be mediated via suppression of 

LPL, the key enzyme that hydrolyses VLDL-TAG (Lin et al., 2001a). LPL is synthesised 

and secreted primarily by adipocytes and adipocyte LPL expression and activity can be 

modulated by fatty acids (Amri et al., 1996). Decreased LPL is associated with increased 

VLDL (Henderson et al., 1999) but also with decreased LDL (Zambon et ah, 1993). LPL 

has become associated with the development o f atherosclerosis and may be directly 

involved in atherosclerotic foam cell formation (Babaev et al., 1999) and the 

itherosclerotic process (Mead et al., 1999). However, both pro- and anti-atherogenic 

properties have been described (Mead et al., 1999). Fatty acids such as linoleic acid have 

also been shown to exert a direct regulatory effect on macrophage LPL, increasing mRNA 

expression, synthesis and activity (Michaud & Renier, 2001). Lin et al. (2001a) recently 

•eported that the effects o f c9 ,tll-C L A  and tlO ,cl2-C LA  on LPL activity in 3T3-L1 

idipocytes was dependent upon the concentration o f fatty acids used. At concentrations 

?elow 30 |j,M, the CLA isomers moderately increased LPL activity, whereas 100 |o.M 

:9,tl 1-CLA and tlO ,cl2-CLA  suppressed LPL activity. At concentrations up to 1000 [J.M, 

inoleic acid had no effect on adipocyte LPL activity (Lin et al., 2001a). Thus, further 

vork is needed to determine the effects o f fatty acids including CLA on cellular LPL 

jxpression and activity.

iii) CLA and lipoproteins in man

There is a paucity o f information regarding the effects o f CLA on atherosclerosis risk 

actors in man as data from human studies have only begun to appear in the last few years 

Calder, 2002a). Supplementation o f 3.9 g CLA/day (Tonalin® capsules: tlO ,cl2-CLA  > 

;11,tl3-CLA > c9,tl 1-CLA > t8,clO-CLA) for 30 days or 4.2 g o f CLA/day (50:50 mix o f 

:9 ,tll and tlO ,cl2-CLA  isomers) for 84 days had no significant effect on fasting plasma 

PAG, total cholesterol, LDL cholesterol, HDL cholesterol, apo Al, and apo B
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concentrations in healthy subjects (Benito et al., 2001b; Smedman & Vessby, 2001). 

However, Mougios et al. (2001) found that CLA (0.7 and 1.4 g/day o f a 50:50 mix of 

c9,tl 1-CLA and tlO ,cl2-CLA  isomers) tended to decrease the serum concentration o f free 

fatty acids, TAG and total cholesterol and significantly decreased serum phospholipids and 

HDL cholesterol. CLA supplementation o f 3 g/day (a 50:50 c9,tl 1-CLA and tlO ,cl2-CLA 

blend or an 80:20 c9,tl 1-CLA and tlO ,cl2-CLA  blend) for 56 days significantly reduced 

fasting plasma TAG and VLDL cholesterol concentrations, respectively, while a non

significant reduction o f LDL cholesterol was observed (Noone et al., 2002).

Overall, these observations show that the data from humans to date is contradictory. 

The lack o f significant effects may relate to the dose and mix o f CLA used and subject 

characteristics and genetic make-up, which may account for some o f the variation in 

plasma lipid response to dietary alterations (Ordovas et al., 1995). M ost o f  the published 

animal and human studies have used free fatty acids in the diet whereas triglyceride forms 

may be more appropriate for studying the effects o f these fatty acids (Sebedio et al., 1999). 

The doses o f CLA utilised in human studies are, in general, less that those used in animal 

studies, and no results from pure CLA isomer supplementation studies in humans have 

been reported. Consequently, further controlled, dose-response studies on larger 

populations are needed to clarify the isomer-specific effects o f  CLA on cholesterol 

metabolism and the mechanisms o f CLA in preventing atherosclerosis and reducing 

cardiovascular disease risk (Belury, 2002; Calder, 2002a; Terpstra, 2004).

1.5.4 CLA and immune function

To date, most o f the CLA and atherosclerosis-related research has focused on 

lipid/lipoprotein metabolism. The effects o f CLA on the inflammatory component of 

atherosclerosis have been relatively under-studied. Very few studies have examined the in 

vivo effect o f CLA on inflammatory mediators o f atherosclerosis in animal models of 

atherogenesis such as those employed above. In this section, the effects o f CLA on 

immune function are reviewed.

(i) CLA and immune function in animals

In general, the majority o f data on the effects o f CLA on the immune response comes from 

non-atherogenesis specific ex vivo and in vitro animal models, and some o f these are 

detailed in Table 1.9 and Table l.IO. These findings show that CLA can modulate immune 

function and may be o f relevance to the infiammatory component o f  atherosclerosis.
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Cook et al. (1993) and Miller et al. (1994) were the first to establish the 

immunomodulatory effects o f CLA and reported increased lymphocyte proliferation in 

chickens and mice fed CLA (0.5% o f diet). CLA was also found to increase chicken 

macrophage phagocytic activity whereas Chew et al. (1997) reported that in vitro CLA 

reduced porcine macrophage phagocytic activity. CLA has been reported to alter cytokine 

production, however, the published data yield variable results. Feeding CLA at 0.5% diet 

significantly decreased murine plasma TNF-a levels, but had no effect on LPS-stimulated 

TNF-a production by peritoneal macrophages (Yang & Cook, 2003). In contrast, feeding 

0.5% c9 ,tll-C L A  or 0.5% tlO ,cl2-CLA  increased LPS-stimulated TNF-a and IL-6 

production in murine splenocytes (Kelley et al., 2002). Yamasaki et al. (2003) found 

similar effects with the c9,tl 1-CLA isomer (1% o f diet) but tlO ,cl2-C LA  (1% o f diet) or a 

blend o f CLA isomers (1% o f diet) had no significant effect on TNF-a in murine spleen 

lymphocytes. TNF-bioactivity o f rat peritoneal macrophages was reduced by 42% -  54% 

after feeding 1% CLA in the diet (Turek et al., 1999). In this model, CLA also reduced 

interleukin production but this effect was modulated by the n-6:n-3 fatty acid ratio in the 

diets, particularly for IL-6.

CLA has been reported to decrease (Chew et al., 1997), increase (Wong et al., 

1997; Hayek et al., 1999; Yang & Cook, 2003) or have no effect (Yamasaki et al., 2003) 

on production o f the T helper type 1 (T h l) cytokine IL-2 in animal cells. Significant 

decreases in IL-4 (Th2 cytokine) production were reported by Kelley et al. (2002) and 

Yang & Cook (2003), but not by Yamasaki et al. (2003). These findings suggest that CLA 

may have the potential to modulate T cell phenotype by altering the T helper-type 1 (T hl) 

and Th2 balance (Bassaganya-Reira et al., 2002). With respect to the individual isomers, 

feeding C57BL/6 mice purified c9,tl 1-CLA significantly increased ex vivo splenocyte 

TNF-a secretion (Kelley et al., 2002; Yamasaki et al., 2003), while conversely, a decrease 

in TNF-a production was reported in RAW 264.7 macrophages cultured with the c 9 ,tll -  

CLA and tl0 ,c l2 -C L A  isomers in vitro (Yu et al., 2002; Yang & Cook 2003). No isomer- 

specific effect was reported with respect to IL-2 or IL-4 production ex vivo (Kelley et al., 

2002, Yamasaki et al., 2003) or TNF-a (Yang & Cook, 2003), IL-1 and IL-6 production in 

vitro (Yu et al., 2002). Yu et al. (2002) also reported that the various isomers o f CLA 

(including c9,tl 1-CLA and tlO ,cI2-CLA) decreased IFN-y-induced TNF-a secretion and 

mRNA accumulation. Thus, from the literature the effects o f  CLA on markers o f immune 

function are complex and effects o f CLA appear dependent on many factors including the 

nature and origin o f the cells used (primary cells or cell lines) and the age, sex and species 

o f the animals if  ex vivo (Hayek et al., 1999; M oya-Camarena & Belury, 1999). However,
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they do suggest that CLA is capable of altering cellular cytokine profiles in healthy animal 

models and in vitro. The significance of these findings require further investigation, 

possibly in animal models of human diseases, to determine the therapeutic potential of 

CLA as an immune modulator.
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Table 1.9. The effects of CLA on indices of the immune response ex vivo (adapted from Roche et al., 2001).

Reference Animal model Diet* Days Eicosanoid TNF-a IL-4 IL-2 Other
Wong et BALB/c mice CLA 0.1% 21 & NS NS Lymph Pro
al., 1997 (splenocytes) CLA 0.3% 

CLA 0.9%
42 T

T
t  Lymph Pro 
1 Lymph Pro

Yang & BALB/c mice CLA 0.5% 42 [ plasma
Cook, (peritoneal MO) NS |M O 1 nitric oxide MO
2003 (splenocytes) i  Sp TSp T IL-2:IL-4 Sp
Hayek et C57BL/6NcrlBR mice CLA 1% young mice 56 NS 1 PGE2 T NS T IL-1
al., 1999 (splenocytes) CLA 1 % old mice NS t  PGE2 NS T NS t  IL-1 

1 Lymph Pro
Kelley et C57BL/6 mice C9,tll-C LA  0.5% 56 NS PGEz T i NS T IL-6
al., 2002 (splenocytes) T10,cl2-CLA 0.5% NS PGE2 T i NS t  IL-6
Yamasaki C57BL/6J mice CLA mix 1 % 21 NS t NS NS
et al., 2003 (splenocytes) C9,tll-C LA  1% 

T10,cl2-CLA 1%
T
NS i

NS
NS

NS
NS

Li& Sprague-Dawley rats CLA 1% 42 iPGE2
Watkins, (bone organ culture)
1998
Sugano et Sprague-Dawley rats CLA 0.5% 21 PEC i  LTB4

al., 1998 (peritoneal exudates, 
spleen, lung & serum)

CLA 1% Spleen |  LTB4 , NS LTC4 , 
NS t  PGE2

Lung IN S  LTB 4,iLTC 4 
Serum [ PGE2

Turek et Sprague-Dawley rats CLA 1% 42 NS i  PGE2 [ Resting i  IL-6
al., 1998 (peritoneal MO) only NS 1 IL-1

* mix o f  CLA isomers unless otherwise stated.
NS = not significant change, ], = decrease relative to control diet, f  = increase relative to control diet.
CLA = conjugated linoleic acid, IL = interleukin, LT = leukotrienes. Lymph Pro = lymphocyte proliferation, MO = macrophage, PG = prostaglandin, Sp = splenocyte, TNF = tumour 
necrosis factor.



Table 1.10. The effects of CLA on indices of the immune response in vitro.

Reference Cell type CLA* Eicosanoid TNF-a IL-6 IL-1 Other
Chew et al.. Porcine PBL CLA I Lymph Pro
1997 I IL-2 dose-dependent

Liu & Belury, Murine CLA i  P G E z I, AA incorporation into
1998 keratinocytes phospholipids
Iwakiri et al.. Murine RAW CLA i P G E 2 I NO production, iNOS
2002 264.7 MO) mRNA, COX-2 mRNA
Ywet  al., 2002 Murine RAW C9,tll-CLA 1 P G E 2 i  iN S iN S i  iNOS, COX-2 mRNA

264.7 MO T10,cl2-CLA N/A i iN S iN S i  iNOS, COX-2 mRNA
Yang & Cook, Murine RAW CLA i
2003 264.7 MO C9,tll-CLA i

T10,cl2-CLA i
Urquhart et al.. Human CLA i  P G D 2 ,  E 2 ,  F2a, l2 &  T X B 2 I A A  incorporation into
2002 saphenous C 9,tll-CLA i  P G D 2 ,  E 2 ,  F2a, l2 &  T X B 2 phospholipids

vein EC T10,cl2-CLA i  P G D 2, E 2, P2a, h &  T X B 2 NS COX-1 expression
Eder et al., 2003 Human aortic C 9,tll-CLA i  PGI2 , TXB2 , PGE2 t  COX-1 i  COX-2 mRNA

EC T10,cl2-CLA i  PGI2 , TXB2 , PGE2 Both isomers i  AA in
phospholipids

Torres-Duarte & Human C 9,tll-CLA 1 stim PGI2

Vanderhoek, umbilical vein T10,cl2-CLA 1 NS stim PGI2, t  rest PGI2

2003 EC C 9,cll-CLA t  rest PGI2

* mix of CLA isomers unless otherwise stated.
NS = not significant change, J. = decrease relative to control, ] = increase relative to control.
AA = arachidonic acid, CLA = conjugated linoleic acid, COX = cyclooxygenase, EC = endothelial cell, IL = interleukin, iNOS = inducible nitric oxide synthase, Lymph Pro = 
lymphocyte proliferation, MO = macrophage, PBL = peripheral blood lymphocytes, PG = prostaglandin, Sp = splenocyte, TNF = tumour necrosis factor.



(ii) CLA and immune function —  potential mechanisms o f action

The mechanism o f action o f CLA on parameters related to the immune response is not yet 

understood although it has been shown that both the synthesis and action o f  TNF-a and IL- 

ip  are regulated by eicosanoids, in particular PGE2 (Miles et al., 2003a; Miles et al., 

2003b). Altered eicosanoid signalling and production may affect a range o f biological 

activities including lipid metabolism and cytokine synthesis or function (Pariza et al., 

2000). As a PUFA, CLA is incorporated into cell membrane phospholipids. The 

incorporation o f CLA into phospholipids and neutral lipids may (Moya-Camarena et al., 

1999; Sugano et al., 1999) or may not (Banni et al., 2001) be similar to linoleic acid. 

Nevertheless, CLA is a PUFA and structurally similar to the arachidonic acid-precursor 

linoleic acid, and therefore it may displace and/or compete with linoleic acid in the 

pathway o f eicosanoid synthesis via the COX and LOX pathways, reducing linoleic acid 

metabolites and downstream eicosanoid products and their actions (Nugteren, 1970; Pariza 

et al., 2000; Banni, 2002). Various isomers o f CLA may represent alternative precursors 

for eicosanoid synthesis as they are elongated and desaturated in a manner similar to 

linoleic acid (Belury, 2002) but the biological activities o f such CLA-derived eicosanoids 

are unknown.

COX products such as PGE2 , PGF2a and LOX products such LTB4 and LTC4 were 

decreased (Li & Watkins, 1998; Liu & Belury, 1998; Sugano et al., 1998; Whigham et al., 

2002) or not affected (Hansen-Petrik et al., 1998; Park et al., 2000) by CLA. A number of 

studies have shown that treatment o f endothelial cells with CLA inhibited (Eder et al., 

2003; Urquhart et al., 2002; Torres-Duarte &, Vanderhoek, 2003) and stimulated (Torres- 

Duarte & Vanderhoek, 2003) the release o f various eicosanoids in vitro. In the murine 

macrophage cell line RAW 264.7, CLA significantly depressed PGE 2 production (Iwakiri 

et al., 2002; Yu et al., 2002). Reduction o f arachidonic acid-derived eicosanoids may be 

mediated through inhibition o f the COX-1 and/or COX-2 at the level o f  mRNA, protein or 

activity. Yu e/ al. (2002) reported that various CLA isomers decreased COX-2 mRKA and 

the transcriptional activity o f COX-2 promoters in RAW macrophages. Iwakiri et al. 

(2002) demonstrated that CLA reduced COX-2 mRNA abundance in activated 

macrophages and suggested the involvement o f PPARs and/or NF-kB in mediating this 

effect. Conversely, Eder et al. (2003) and Urquhart et al. (2002) reported no change in 

constitutively expressed COX-1 in endothelial cells.

CLA has been shown to affect gene expression and may exert such effects via 

modulation o f transcription factors activity. Recent reports suggest that CLA may 

represent a natural PPAR ligand capable o f activating PPARa and PPARy (Moya-
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Camarena et al., 1999; Belury et al., 2002; Yu et al., 2002). Yu et al. (2002) reported that 

the anti-inflammatory effects o f CLA observed in RAW macrophages were, in part, 

mediated by PPARy. In addition to acting as ligands for nuclear receptors, fatty acids can 

regulate signalling pathways at multiple levels, through cell surface receptors (e.g. 

prostaglandin and thromboxane receptors), through proximal components o f receptor- 

mediated signalling pathways (e.g. G proteins and Ras and Src family kinases) and at 

intermediate signalling steps (e.g. phospholipase C and protein kinase Cs) and through 

nuclear transcription factors such as NF-kB (Hwang & Rhee, 1999; Hwang, 2000). 

Information regarding the effects o f CLA on other transcription factors such as NF-kB is 

scarce although CLA has been reported to decrease NF-kB activity in vitro (Cheng et al., 

2004). Hence, it appears that fatty acids may have the potential to mediate their effects on 

immune function through transcription factors such as NF-kB.

Reports suggest that CLA may function as an anti-oxidant (Ha et al., 1990; Ip et 

al., 1990; Ip et al., 1996; Farquharson et al., 1999). However, the anti-oxidant function of 

CLA failed to be shown by Lee et al. (1994), van den Berg et al. (1995) and Banni et al. 

(1998), while other studies reported that CLA acted as a pro-oxidant (Chen et al., 1997; 

Cantwell et al., 1998; Basu et al., 2000). In an attempt to clarify whether CLA acts as an 

anti-oxidant and whether c9 ,tll-C L A  and tl0 ,c l2 -C L A  exert isomer specific effects, 

Leung & Liu (2000) investigated total oxyradical scavenging capacity o f CLA isomers. 

T10,cl2-CLA  acted as an anti-oxidant at all concentrations tested (2 -  200 [iM), whereas 

c9,tl 1-CLA acted as an anti-oxidant as concentrations below 20 |iM and as a pro-oxidant 

at 200 fiM. The authors concluded that the discrepancies between previous studies might 

be a consequence o f  the different isomer mixes employed (Leung & Liu, 2000). The 

modulation o f enzymes involved in processing oxidant molecules to harmless by-products 

(such as superoxide dismutase, catalase, and glutathione peroxidase and reductase) and the 

reduction o f oxidants or reactive oxygen species (e.g. superoxide anion, hydrogen 

peroxide, hydroxyl radicals) could in turn reduce the activation o f NF-kB and other redox- 

sensitive transcription factors.

(iii) CLA and immune function in man

A limited number o f human studies examining the effects o f CLA and markers o f immune 

function have been published to date. Supplementation o f  CLA (3.9 g/day; n = 10) had no 

effect on the number o f circulating white blood cells, the proliferation o f either T or B 

lymphocytes, delayed type hypersensitivity responses to a number o f recall antigens or 

antibody titres to influenza vaccine in healthy women (Kelley et al., 2000), despite using a
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comparable CLA concentration to that used in many animal studies. However, the 

isomeric composition o f the CLA was different from that reported from animal studies, 

which usually consist o f  -80%  c9,tl 1-CLA and tlO ,cl2-CLA . The CLA blend (Tonalin®) 

used by Kelley et al. (2000) consisted o f -40%  c9,tl 1-CLA and tlO ,cl2-CLA. As part o f 

the same study, CLA supplementation did not affect the in vitro secretion o f LPS- 

stimulated PGE2 , LTB4 , IL -ip  or TNF-a and phytohemagluttinin-stimulated IL-2 

production in PBMCs (Kelley et al., 2001). Furthermore, CLA did not alter the percentage 

o f T cells producing IL-2 and IFN-y, the percentage o f monocytes producing TNF-a, or the 

intracellular concentration o f these cytokines (Kelley et al., 2001). Although CLA 

supplementation significantly increased the total CLA content o f  PBMC lipids (0.012% to 

0.97%), the largest increase occurred for the c ll,t l3 -C L A  isomer, the effects o f which 

have not yet been documented in any experimental model (Kelley et al., 2001).

Benito et al. (2001a) failed to show any significant effects o f this supplementation 

regimen on platelet fatty acid composition, blood-clotting parameters and in vitro platelet 

aggregation. Recently, Albers et al. (2003) reported that consumption o f  a 50:50 blend o f 

c9,tl 1 and tlO ,cl2-CLA  by healthy men (n = 24) appeared to have a protective effect in 

response to hepatitis B vaccination, which was used to mimic a primary viral infection. 

Accounting for natural individual variability, 50:50 CLA tended to increase the number o f 

subjects reaching protective antibody titres (-29% ) and those responding with hepatitis B 

specific lymphocyte proliferation (-17%)) without affecting in vivo memory responses as 

measured by the delayed type hypersensitivity test, ex vivo IL-2, IL-4, IFN-y, TNF-a, IL- 

ip , IL-6 , PGE 2 production, mitogen-stimulated lymphocyte proliferation or natural killer 

cell activity (Albers et al., 2003). Thus, CLA may improve the ability o f the immune 

system to mount a protective adaptive response to new infections but further work is 

needed to clarify these findings (Albers et al., 2003). Basu et al. (2000) reported that CLA 

supplementation in humans (4.2 g/day for 3 months) induced lipid peroxidation and up- 

regulated the production o f both isoprostane and prostaglandin formation. The 

consequences o f these results are, however, unclear and require further examination.

Based on these findings, CLA does not seem to be a potent modulator o f the human 

immune response, although some effects do correspond with those seen in animal models. 

It is possible that CLA did not stimulate indices o f immune function because subjects were 

healthy adults, but it may help those with a compromised immune status. On the basis of 

findings reported from animal models, it is unlikely, albeit possible, that different isomers 

have opposing effects thus neutralising the effects o f each other (Kelley et al., 2002). 

Taken together, the results suggest that short-term supplementation o f the diets o f healthy
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human adults with a mixture o f CLA isomers is safe; however there was no apparent added 

benefit to the cellular immune status and body composition.

1.5.5 n-SPUFA

There are three principal n-3 PUFA; ALA, EPA and DHA. In vegetable oils and green 

leafy vegetables, n-3 PUFA are primarily in the form o f ALA. Whereas the LC n-3 PUFA, 

EPA and DHA, are found in oily fish and liver oils. The structures o f  ALA, EPA and 

DHA are illustrated in Figure 1.10.

Plant derived

/W \= A ^ ^ /W \
CH3 COOH

a-linolenic acid (18:3n-3)

Marine derived

CH3 COOH
Eicosapentaenoic acid (20:5/i-3)

COOH

CH, Docosahexaenoic acid (22:6«-3)

Figure 1.10. Structure of a-linolenic acid, eicosapentaenoic acid and docosahexaenoic 
acid (adapted from Din et a i ,  2004).

ALA can be converted to EPA and then to DHA using the same dietary pathway that 

converts linoleic acid to arachidonic acid (Figure 1.7). The formation o f these LC PUFA 

by marine algae and their transfer through the food chain accounts for their abundance in 

some marine animals and oily fish (Calder, 1997a). However, man has only a limited 

capacity for synthesising EPA from ALA and, therefore, humans depend on the intake of 

seafood or supplementation as the main sources o f LC n-3 PUFA (Grimm et al., 2002). 

EPA and DHA are found in relatively high but variable proportions in commercial fish 

oils. Although these commercial fish oils increase dietary n-3 PUFA, it should be noted
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that they also contain a number o f other fatty acids and different compounds (Tichelaar, 

1990).

In humans consuming a typical W estem-style diet, relative to the intake o f linoleic 

acid, the normal intake o f «-3 PUFA, and especially LC n-3 PUFA, is low. For example, 

in the United States the intake o f total n-3 PUFA is ~1.6 g/d (ALA accounts for ~1.4 g/d, 

0.1 -  0.2 g/d comes from EPA and DHA) (Kris-Etherton et a i ,  2003). Okuyama et al. 

(1997) concluded that excess linoleic acid and elevated n-6/n-3 PUFA ratios in tissues 

could lead to enhanced ischaemic or inflammatory tendencies and an increase in chronic 

disease occurrence. The marker for increasing the supply o f LC n-3 PUFA in the diet is an 

alteration in fatty acid composition o f the target cell or tissue (Calder, 2001) or plasma 

(Kuriki et al., 2002). The qualitative effects o f fish oil supplementation in human immune 

cells are decreased arachidonic acid content, markedly increased EPA with a small 

increase in DHA (Gibney & Hunter, 1993; Sperling et al., 1993; Calder, 2001).

1.5.6 n-3  PUFA and atherosclerosis

The strongest evidence for an effect o f n-3 PUFA and disease is the inverse relationship 

between the amount o f n-3 PUFA in the diet, blood and in tissues and the occurrence of 

CHD (Uauy & Valenzuela, 2000). Epidemiological studies revealing a low rate o f 

cardiovascular disease in populations with a very high intake o f  fish, such as Alaskan 

Native Americans, Greenland Eskimos and Japanese fishing villages were the first 

indication that fish oil might be protective against atherosclerosis (Hu et al., 2001). 

Subsequent cohort studies discovered an inverse association between fish consumption and 

risk o f cardiovascular mortality (Kromhout et al., 1985; Daviglus et al., 1997). However, 

not all epidemiological evidence demonstrates this beneficial effect (Albert et al., 1998; 

Ascherio et al., 1995) but findings suggest that fish is possibly more protective against 

fatal CHD than nonfatal myocardial infarction (MI). Although the majority of 

epidemiological findings suggest that fish intake is cardioprotective, these studies do not 

prove a cause-effect relationship (Minnis et al., 1998). The strongest evidence for a cause- 

effect relationship to date comes from randomised secondary prevention trials as no trial 

has investigated the role o f fish intake in the primary prevention o f CHD.

The Diet and Reinfarction Trial (DART) (Burr et al., 1989) included men aged less 

than 70 years who had survived a heart attack. After 2 years, a significant decrease in total 

mortality was observed in the intervention group advised to eat 200 -  400 g o f oily fish per 

week or take fish oil capsules (~1 g per day). A 10-year follow up o f  surviving subjects 

failed to observe a sustained decrease in mortality in the intervention group, which may

58



have been due to changes in compliance or may indicate a diminishing protective effect of 

n-3 PUFAs with time (Ness et al, 2002). In the Gissi-Prevenzione Study (GISSI- 

Prevenzione Investigators, 1999), supplementation with 0.85 g o f EPA and DHA (1:2) per 

day significantly decreased the rate o f death, non-fatal MI and stroke over 3.5 years in 

subjects who had survived recent MI. Furthermore, Hu et al. (2002) reported that, 

compared with women who rarely ate fish (less than once per month), the risk for CHD 

death was significantly less for those with regular fish consumption.

Similar findings have been reported by Singh et al. (1997) from patients with 

suspected acute M is randomised to fish oil capsules (1.8 g/d o f EPA + DHA), mustard oil 

(20 g/d providing 2.9 g ALA) or placebo. After one year, total cardiac events including 

non-fatal M is were significantly reduced in the fish oil and mustard groups compared to 

the placebo group. In contrast, Nilsen et al. (2001) reported that 3.5 g/d o f EPA + DHA 

versus com oil had no effect on cardiac events in post-MI patients after 1.5 years o f 

intervention. The authors speculated that this lack o f effect could be due to the high 

habitual fish intake o f the subjects, which could have afforded maximal protection beyond 

which no additional effects would be expected (Nilsen et al., 2001; Nilsen & Harris, 2004). 

Consuming fish oil capsules (1.5 g/day EPA + DHA for 2 years) resulted in less 

progression and more regression o f coronary artery disease as assessed by angiography 

(von Shackey et al., 1999; Angerer et al., 2002). Conversely, Sacks et al. (1995) reported 

no benefit in a study that provided 6 g o f «-3 PUFA/day. Nevertheless, the majority o f 

findings to date indicate that dietary and supplemental «-3 PUFA have a beneficial effect 

on CHD (Uauy & Valenzuela, 2000; Kris-Etherton et al., 2003).

(i) n-3 PUFA and atherosclerosis — potential mechanisms of action

The mechanisms responsible for the observed beneficial effects o f  «-3 PUFA on CHD are 

not known with confidence, and some possible contenders are summarised in Table 1.11. 

With regard to serum lipoproteins, LC «-3 PUFA reduced fasting plasma TAG 

concentrations and decreased postprandial lipaemic responses (Harris, 1997; Connor, 

2000; Roche & Gibney, 2000; Kris-Etherton et al., 2003). Relative to marine-derived LC 

«-3 PUFA, plant-derived «-3 PUFA are not equivalent in terms o f  effects on lipoprotein 

metabolism (Harris, 1997). Rambjor et al. (1996) reported that the hypotriglyceridaemic 

effect o f  fish oil in humans is primarily due to EPA. N-1 PUFA treatment does not affect 

post-heparin LPL or hepatic lipase (HL) activity, and, thus, it is assumed that the primary 

mechanism by which «-3 PUFA lower TAG is by lowering production and not by 

enhanced clearance (Nestel, 2000).
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Table 1.11. Potential mechanisms by which h -3 PUFA reduce the risk of human 
cardiovascular disease (adapted from Kris-Etherton et al., 2003).

Mechanism References
Anti-arrhythmic Christensen et al., 1996; GISSI-

Prevenzione Investigators, 1999
Anti-thrombogenic Vanschoonbeek et al., 2003
Hypotriglyceridemic (pre- and Harris, 1997; Roche & Gibney, 1996
postprandial)
Anti-atherosclerotic

Retard growth o f atherosclerotic plaque von Shackey et al., 1999; Angerer et al..
2003

Reduce adhesion molecule expression Abe et al., 1998
Reduce growth factor expression Kaminski et al., 1993
Anti-inflammatory Meydani et al., 1991; Meydani et al., 1993

Enhance atherosclerotic plaque stability Thies et al., 2003
Promote endothelial relaxation Goode et al., 1997
Hypotensive Appel et al., 1993; Morris et al., 1993;

Mori et al., 2000

The effect o f  «-3 PUFA on plasma LDL and HDL cholesterol levels is less clear. 

The increase in LDL cholesterol concentrations that occasionally accompanies lowering o f 

VLDL and TAG concentrations in hypertriglyceridaemic patients is apparently in the size 

o f LDL (which is considered favourable) and not the number o f  molecules (Harris, 1989; 

Suzukawa et al., 1995; von Shackey et al., 2000). Conversely, although «-3 PUFA do not 

increase post-heparin enzyme activities (Nestel, 2000), they might increase the 

susceptibility o f VLDL and TAG to LPL- and/or HL-mediated lipolysis, and consequently, 

increase the production o f LDL from VLDL (Roche & Gibney, 2000). Increases in HDL 

cholesterol concentrations have been observed in some, but not all studies (Harris, 1989), 

and the changes observed are o f  minor magnitude (Uauy & Valenzuela, 2000). The 

variability in responses observed in these and other studies can be attributed to differences 

in study design, duration, subjects, control/placebo and test supplementation. Overall, 

although each o f the above mechanisms by itself (e.g. lipoprotein metabolism) may not be 

sufficiently active to retard atherosclerosis or prevent its sequelae, their cooperative 

activity may be (von Shacky, 2000).

1.5.7 h-3 PUFA and immune function

Many studies investigating potential anti-inflammatory mechanisms have examined the 

influence o f «-3 PUFA on the functions o f  lymphocytes because o f their central role in 

regulating immune responses. However, for the purpose o f  this review, studies that have 

examined primarily monocytic or macrophage functioning are discussed. Wang et al.
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(2004a) demonstrated that fish oil supplementation o f apo E knockout mice reduced the 

formation o f atherosclerotic lesions independently o f  any lipid-lowering effect. Hence, 

other protective effects o f fish oils (e.g. anti-inflammatory) may contribute to their 

beneficial cardiac effects. Interest in fatty acid mediated effects upon the immune system 

dates back many years. This interest intensified with the elucidation o f  the functions of 

eicosanoids derived from arachidonic acid (section 1.5.1) and with the knowledge that LC 

n-3 PUFA compete with and inhibit arachidonic acid metabolism (Calder et al., 2002). 

EPA and DHA compete with arachidonic acid at the level o f incorporation into cell 

membrane phospholipids and appear to inhibit the release o f  arachidonic acid from 

membrane phospholipids possibly by inhibiting phospholipases (Calder, 2001). 

Consequently they decrease the amount o f substrate available for the formation o f  2-series 

PG, 4-series LT and other arachidonic acid-related eicosanoids (Lee et al., 1985; Endres et 

al., 1989; Sperling et al., 1993; Caughey et al., 1996; Kelley et al., 1999; Calder et al., 

2002). Furthermore, provision o f EPA presents an alternative substrate for both COX and 

LOX and subsequently increases the formation o f 3-series PG, 5-series LT and other EPA- 

derived eicosanoids (Lee et al., 1985; Fischer et al., 1988; Knapp, 1990; Sperling et al., 

1993).

PGE2 decreased the production o f  TNFa and IL -ip  (Kunkel & Chensue, 1985; 

Knudsen et al., 1986; Kunkel et al., 1988; Hart et al., 1989; Scales et al., 1989; Choi et al., 

1996), but the effects o f PGE2 on IL-6 are unclear (Strassman et al., 1994; van der Pouw 

Kraan et al., 1995; Diaz et al., 2002). Consequently, by decreasing the synthesis of 

arachidonic acid-derived PGE2 , fish oil might be expected to increase production o f  these 

inflammatory cytokines. However, as illustrated in Table 1.12, most, but not all, animal 

feeding studies have shown that increased consumption o f fish oil stimulated pro- 

inflammatory cytokine production by macrophages ex vivo. Inter-experimental variation, 

such as the concentrations o f «-3 PUFAs given, duration o f the diet, the control diet 

employed and macrophage cell type, may account for the inconsistent findings, which do 

not appear to be species-specific. The activation state and type o f  macrophages used ex 

vivo may be important with a number o f studies finding differential effects on resident and 

elicited peritoneal macrophages (Lokesh et al., 1990; Turek et al., 1991; Watanabe et al., 

1991; Hardardottir & Kinsella, 1992; Wallace et al., 2000).
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Table 1.12. Summary of animal experiments investigating effects of n-3 PUFA on ex vivo cytokine production (adapted from Blok et al., 1996; 
Calder, 1997a).

Reference Species Cell Type Diet & 
duration (d)

TNF-a IL-1 Other

Billiar et al.. Rat Kupffer MO 15% FO (14& i  i i  PG & TX
1988 42)
Turek et al.. Rat Resident Peritoneal MO 12.5% LO T
1991 Elicited Peritoneal MO (30)
Chaet et al., 1994 Rat Alveolar MO 9% FO (12) T TNO
Grimm et al.. Rat PBMC 20% FO (4) i i  IL-6
1994
Tappia & Rat Elicited Peritoneal MO 10% FO (28 & ^  i T IL-6
Grimble, 1994 56)
Boutard et al.. Rat Resident Peritoneal MO 15% FO (42) i iN O
1994
Sasaki et al.. Rat Alveolar MO 10% «-3 i i  NO, i  MCP-1
2000 PUFA
Lokesh et al.. Mouse Resident Peritoneal MO 10% FO (28) T T iPG E2
1990 Elicited Peritoneal MO •<— >
Watanabe et al.. Mouse Resident Peritoneal MO 10% ALA T
1991 Elicited Peritoneal MO (35)
Hardardottir & Mouse Resident Peritoneal MO 10% FO (42) T
Kinsella, 1991 Elicited Peritoneal MO
Hardardottir & Mouse Resident Peritoneal MO 10% FO (35) T iPG E2
Kinsella, 1992
Blok et al.. Mouse Resident Peritoneal MO 15% FO (42) t  t l L - l c t
1992' ^  IL-ip
Chang et al.. Mouse Resident Peritoneal MO 20% FO (28) T
1992
Ertel et al., 1993 Mouse Resident Peritoneal MO 5 % F 0  (21) T 1PGE2



Table 1.12. (Continued)

Reference Species Cell Type Diet & 
duration (d)

TNF-a IL-l Other

Renier et al.. Mouse Elicited Peritoneal MO 10% FO (42 & [ & mRNA i iPG E2
1993 105)
Somers & Mouse Elicited Peritoneal MO 10% FO (28) T
Erickson, 1994
Hubbard et al.. Mouse Elicited Peritoneal MO 10% FO (21) T i  PGEz & LTB4

1994 TLTC 5

Yaqoob & Mouse Elicited Peritoneal MO 20% FO (56) i i  trend 1 IL-6, PGE2 , 6-keto-
Calder, 1995 PGFia, & TXBs
Wallace et al.. Mouse Elicited Peritoneal MO 20% FO (84) i i l L - i p iPGE2
1998
Wallace et al.. Mouse Resident Peritoneal MO 20% FO (42) T i  PGE2 , LTB4

2000 Elicited Peritoneal MO i i l L - i p iPGE2
Petursdottir et Mouse Resident Peritoneal MO 20% FO T i IL-10
al., 2002
T ureke/a/., 1994 Pig Resident Peritoneal MO 10.5% FO (28) i

t  = significant increase; |  =  significant decrease; =  no significant change; ALA = a-hnolenic acid; FO = fish oil (eicosapentaenoic acid + docosahexaenoic acid); IL =  interleukin; 
LO = linseed oil; LT =  leukotrienes; MO = macrophages, NO = nitric oxide; PBMC = peripheral blood mononuclear cells; PG = prostaglandin; TNF = tumour necrosis factor; TX = 
thromboxane.
' the effect o f  FO was investigated in mice with gram-negative infection or cerebral malaria.



The effects o f n-3 PUFA on ex vivo cytokine production from human PBMCs, 

whole blood, monocytes and macrophages are presented in Table 1.13. In contrast to the 

findings from animal ex vivo studies, no human ex vivo model has shown that increased 

consumption o f fish oil results in increased production o f TNFa, IL -ip  or IL-6. However, 

some studies have found that n-3 PUFA supplementation had no significant effect on the 

production o f pro-inflammatory cytokines (Molvig et al., 1991; Cannon et al., 1995; 

Schmidt et al., 1996; Blok et al., 1997; Yaqoob et al., 2000; Kew et al., 2004; Vega-Lopez 

et al., 2004). Differences in dose do not fully account for these inconsistent results 

(Yaqoob, 2003b). The lack o f consistent effects on cytokine production ex vivo may be 

attributable, at least in part, to subject heterogeneity and inter-individual variation 

(Yaqoob, 2003b). To date, no study has compared the effect o f  n-3 PUFA on the immune 

system o f males and females. Meydani et al. (1991) reported a greater sensitivity o f older 

women to the inhibitory effects o f fish oils than younger women, but further work is 

required to identify or rule out age-related and/or gender-related differences in immune 

responses. Different sensitivities o f human to the anti-inflammatory effects o f n-3 PUFA 

are evident and may be partly explained by genotypic factors (Paoloni-Giacobino, 2003). 

Recent findings indicate that a number o f single nucleotide polymorphisms exist in 

cytokine genes, which may influence an individual’s inherent production o f  the cytokine 

but also their response to cytokine modulators (Grimble et al., 2002; Yaqoob, 2003b). 

Further analysis o f genomic determinants o f cytokine production will bring about a greater 

understanding o f subject heterogeneity.

Studies o f the in vitro effects o f n-3 PUFA on cytokine production in pure human 

monocyte or macrophage populations are limited. Chu et al. (1999) and Zhao et al. (2004) 

reported a significant reduction in TNF-a and IL -ip  secretion from THP-1 monocytes 

treated with EPA and DHA. In contrast, Baldie et al. (1993) demonstrated an increase in 

IL-1(3 bioactivity in EPA-treated U937 and peripheral blood monocytes compared to 

control cells. Lo et al. (1999) observed a reduction in TN F-a production when RAW 

264.7 murine macrophages were treated with EPA. Similarly Novak et al. (2003) and 

Babcock et al. (2002a) demonstrated a 46% reduction in TN F-a production RAW 264.7 

macrophages cultured with Omegaven®, a commercial lipid emulsion containing EPA and 

DHA. Both EPA and DHA reduced IL-6 production in RAW 264.7 macrophages in vitro 

(Moon & Pestka, 2003).
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Table 1.13. Summary of human experiments investigating effects of n-3 PUFA on ex vivo cytokine production (adapted from Blok et al., 
1996; Calder, 1997a; Calder, 2001).

Reference Cell Type Diet & Duration (d) TNF-a IL-1 Other

Endres et al.. PBMC 2.8g EPA + 1.9g DHA (42) iNS i l L - i p 1 AA:EPA in phospholipids
1989 |N S IL-1 a 1PGE2
Meydani et al.. PBMC 1,68g EPA + 0.72g DHA (84) i i l L- i p i  IL-6 & PGE2
1991
Molvig et al.. PBMC & Mo 1.6g EPA + 0.6g DHA (49) ^  IL-ip PGE2 or LTB4
1991' 2g EPA + 1.2g DHA (49)
Cooper et al.. Whole blood 0.7-0.94g EPA + 0.46-0.62g i i  IL-6
1993 DHA (42-56)
Meydani et al.. PBMC 1.24g EPA + DHA (168) i i l L - i p i  IL-6 & PGE2
1993
Cannon et al.. PBMC 3g EPA + DHA (112) ^  IL-ip
1995
Gallai et al.. PBMC 3.1gEPA+ 1.9gDHA (28- i i l L - i p i  PGE2&LTB4
1995^ 168)
Caughey et al.. PBMC 1.6g EPA+ l . lgDHA (28) i i l L - i p i  PGE2&LTB4
1996
Abbate et al.. PBMC 2.04g EPA + 1.4g DHA (126) i  IL-6 & PCA
1996
Schmidt et al.. Mo 0.34g EPA + 0.19g DHA (84) IL-6 or LTB4
1996
Blok et al.. Whole blood 0.8g EPA + 0.2g DHA (164- ^  IL-IRa
1997 364)
Kelley et al.. PBMC 6g DHA + 20mg D a- i i l L - l p i  PGE2&LTB4
1999 tocopherol acetate (90)
Mantzioris et Whole blood 9g ALA + 0.8g EPA + IgDHA I at 14d i l L - i p i  PGE2 & TXB2
al., 2000 (14&28)



Table 1.13. (Continued)

Reference Cell Type Diet & Duration (d) TNF-a IL-1 Other

Yaqoob et al.. PBMC 2.1gE P A +  l.lg D H A  +
2000 Whole blood 205mg a-tocopherol (84) ^ I L -2 ,  IL-lOor IFN-y
Kew et al.. PBMC 0.77g EPA + DHA (164) ^ I L - ip ^ lL - 6 ,  lL-10, IL-2, IL-4 or
2003 1.7g EPA + DHA (164) IFN-y
Mayer et al.. Mo 350ml 10% Omegaven® FO i i i lL -6 ,1 L -8 & ^ 1 L -1 0
2003 emulsion (2 x 1 2  hr)
Wallace et al.. PBMC 0.15g EPA + 0.29g DHA (84) ^ I L - l p lL-2, IL-4, IL-10 or IFN-y
2003 0.27g EPA + 0.67g DHA (84) J, IL-6 with the 2 highest

0.49g EPA + 1.41g DHA (84) doses
Kew et al., 2004 PBMC 4.7g EPA + 0.73g DHA (28) ^  lL-6, IL-8, IL-10, i  CD69

4.9 g DHA + 0.85g EPA (28) ^ I L -6 ,  IL-8, IL-10

I.NS =  not significant decrease; f  = significant increase; j, = significant decrease; <-» =  no significant change; AA = arachidonic acid; DHA = docosahexaenoic acid; EPA 
eicosapentaenoic acid; G M -CSF =  granulocyte m acrophage-colony stimulating factor; IFN = interferon; IL = interleukin; LT =  leukotrienes; Mo = monocytes; PCA 
procoagulant activity; PG = prostaglandin; PBM C = peripheral blood m ononuclear cells; TNF =  tum our necrosis factor; TX = throm boxane.
' in healthy and insulin-dependent diabetic individuals 
2

in healthy individuals and m ultiple sclerosis patients



(i) «-3 PUFA and immune function —  potential mechanisms of action

Although similar in structure and stability, the eicosanoids generated from EPA are 

considered to be less biologically potent than the analogues synthesised from arachidonic 

acid although there are relatively few direct comparisons to support this generalisation. 

LTB5 produced from EPA was reported to be considerably less potent than LTB4 from 

arachidonic acid as a neutrophil chemoattractant, and thus, it has been considered less pro- 

inflammatory (Calder, 2002b). In this regard, Bagga et al. (2003) recently reported that 

while both PGE2 and PGE3 induced COX-2 mRNA, PGE3 was significantly less efficient 

in inducing COX-2 gene expression and IL- 6  synthesis in RAW  264.7 macrophages. 

Conversely, M iles et al. (2003a & 2003b) reported that PGs derived from arachidonic acid 

(PGE2 ), DHGLA (PGE4 ) and EPA (PGE3 ) were o f  similar potency, and increased the 

production o f  IL-4, decreased the production o f  TNF-a, IL -ip , IFN-y and IL-2 from human 

blood, but had no effect on IL- 6  and IL-10 production. LTs derived from arachidonic acid 

(LTB 4 , LTC4 ) and EPA (LTC5 ) were without effect (M iles et al., 2003a & 2003b). The 

different findings o f  Bagga et al. (2003) and M iles et al. (2003a & 2003b) may relate to the 

different species used, the type o f  cell studied, or the stimulant employed. Furthermore, 

these studies examined the effects o f  the exogenous addition o f  commercially available 

eicosanoids derived from different precursors, not the in vivo  change in eicosanoid 

production resulting from altered dietary regimens.

Feeding fish oil results in increased proportions o f  EPA and to a lesser extent DHA  

in inflammatory cell phospholipids in general at the expense o f  arachidonic acid (Gibney 

& Hunter, 1993; Sperling et al., 1993; Calder, 2001). It remains unclear whether the 

resulting decrease in PGE2 is accompanied by an increase in PGE3 production in vivo. 

Hawkes et al. (1991) found that, in vitro, EPA significantly reduced human PBMC PGE2 

production without a concomitant increase in PGE3 production. Furthermore, findings 

suggest that EPA is a less efficient substrate for COX than arachidonic acid (Malkowski et 

al., 2001) and that both EPA and DHA inhibit COX activity (Corey et al., 1983; Obata et 

al., 1999). Although their action in antagonising arachidonic acid metabolism is a key 

anti-inflammatory action o f  n-3 PUFA, it is obvious the effects o f  LC n-3 PUFA on pro- 

inflammatory cytokine production might occur downstream o f  altered eicosanoid synthesis 

or might be independent o f  this activity (Calder, 2002b). Indeed, recent findings suggest 

that some o f  the anti-inflammatory effects o f  LC n-3 PUFA appear to be exerted at the 

level o f  altered gene expression via direct or indirect actions on intracellular signalling 

pathways, which lead to the activation o f  transcription factors such as NF-kB.

Studies have shown that pro-inflammatory cytokine mRNA expression, e.g. TNF-a,
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IL -ip , lL-6, is reduced by fish oils in vivo, ex vivo and in vitro. Autoimmune disease 

prone mice fed a fish oil diet exhibited abolished mRNA production for IL -ip , IL-6 and 

TN F-a in their kidneys (Chandrasekar & Fernandes, 1994). Fish oil fed mice displayed 

reduced LPS- or phorbol ester-stimulated IL -ip  mRNA in spleen lymphocytes (Robinson 

et al., 1996) and suppressed basal and LPS-stimulated TN F-a levels in peritoneal 

macrophages (Renier et al., 1993). Furthermore, feeding fish oil to mice decreased mRNA 

for the lymphokine IFN-y (Wallace et al., 2001) and macrophage ICAM-1 mRNA (Miles 

et al., 2000). Lo et al. (1999) and Novak et al. (2003) observed a reduction in TNF-a 

mRNA in LPS-stimulated RAW 264.7 mouse macrophages treated with EPA and 

Omegaven®, respectively. EPA decreased the abundance o f MMP-2 mRNA (McCabe et 

al., 1999), while DHA decreased VCAM-1, E-selectin and iNOS mRNA expression 

(Khair-El-Din et al., 1996; de Caterina et al., 2000; Komatsu et al., 2003). Curtis et al. 

(2000) recently demonstrated that culturing bovine chondrocytes with ALA, EPA or DHA 

markedly decreased cytokine-mediated induction o f COX-2, TNF-a and IL -la  gene 

expression.

As previously discussed, NF-kB plays a key role in regulating the expression o f 

more than 160 genes including TNF-a, IL -ip , IL-6, VCAM-1, ICAM-1, E-selectin, COX- 

2, and iNOS (Kopp & Ghosh, 1995; Ghosh et al., 1998; de Martin et al., 2000; Collins & 

Cybulsky, 2001). Camandola et al. (1996) initially reported that in contrast to arachidonic 

acid, EPA had no effect on NF-kB transcriptional activity in U937 monocytes and J774 

macrophages, but subsequent studies suggest that «-3 PUFAs have the potential to down- 

regulate NF-kB activity. Komatsu et al. (2003) reported that DHA inhibited NF-kB 

activity in RAW 264.7 macrophages stimulated with IFN-y and LPS, possibly by 

preventing accumulation o f intracellular peroxides via up-regulation o f the antioxidant 

enzyme glutathione. Novak et al. (2003) reported a reduction in both LPS-stimulated NF- 

kB activity in RAW 264.7 mouse macrophages treated with Omegaven®. Lo et al. (1999) 

demonstrated a reduction in p65/p50 expression in resting and stimulated RAW 264.7 

macrophages incubated in EPA-rich media. Xi et al. (2001) found that feeding mice fish 

oil resulted in reduced NF-kB in the nuclei o f LPS-stimulated spleen lymphocytes. 7V-3 

PUFA have been reported to reduce activation o f NF-kB by decreasing phosphorylation 

and degradation o f IkB (Ross et al., 1999; Novak et al., 2003; Zhao et al., 2004), however, 

the mechanisms by which «-3 PUFA decrease the activation o f NF-kB remains largely 

unknown.

Although N F-kB is a major pathway associated with inflammatory signalling, the 

interaction o f N F-kB with other transcription factors, e.g. AP-1, PPARs etc., are similarly
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essential for the optimal induction o f distinct gene expression. Recently, «-3 PUFA have 

been shown to reduce AP-1 activity in RAW 264.7 murine macrophages (Lo et al., 2000; 

Babcock et al., 2003). PUFAs and their metabolites bind and activate PPARs (Gearing et 

al., 1994), which in turn regulate the expression o f  an array o f genes including those 

involved in immune and inflammatory responses (Hwang, 2000), however, the effects o f 

rt-3 PUFA on PPAR-mediated gene expression in inflammatory cells have not yet been 

reported (Calder, 2002b). In addition, there is emerging evidence that fatty acids can 

indirectly affect gene expression by acting as second messengers or regulators o f signal 

transducing molecules (Hwang & Rhee, 1999; Hwang, 2000). This is thought to occur via

• fatty acid acylation (cotranslational myristoylation and post-translational 

palmitoylation) o f  proteins e.g. cAMP-dependent protein kinases, Src kinases and Ras 

family proteins

• alteration o f the fatty acid composition o f lipid mediators or second messengers such as 

PI 3-kinase-derived products, ceramide, diacylglycerol, and free fatty acid 

concentrations

• modulation o f signalling molecules such as protein kinase C, phospholipase C, PPARs.

Recently, n-3 PUFA have been shown to reduce activation o f the mitogen-activated 

protein kinase (MAPK) cascade (Lo et al., 2000; Babcock et al., 2003; Moon & Pestka, 

2003), inhibit protein kinase C activity (May et al., 1993; Tappia et al., 1995), decrease the 

tyrosine phosphorylation state o f phospholipase C-y (Sanderson & Calder, 1998), reduce 

the generation o f the signalling transduction molecules inositol-1,4,5-triphosphate 

(Sanderson & Calder, 1998), diacylglycerol and ceramide (Jolly et al., 1997). Free fatty 

acids are also believed to influence intracellular free calcium concentrations possibly by 

blocking calcium entry into the cells (Chow et al., 1990). Overall, these findings suggest 

that «-3 PUFA appear to modulate a variety o f cellular intracellular signalling steps and 

signal transduction events, and further elucidation o f  such mechanisms may help explain 

how dietary fatty acids modify the risks o f chronic diseases, including atherosclerosis.
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1.6 Research objectives

Previous work has demonstrated an anti-atherogenic role for «-3 PUFA and the novel CLA 

isomers. However, the majority o f studies have involved heterogeneous mixes o f these 

fatty acids and their respective molecular mechanisms o f  action are still unknown. This 

thesis investigates whether the reported protective effects o f  fatty acids (in particular 

c9 ,tIl-C L A , tlO ,cl2-CLA , EPA and DHA) against atherosclerosis might be due to an 

altered macrophage phenotype and function that would ameliorate macrophage-induced 

plaque formation. The THP-1 monocyte derived macrophage was employed as the in vitro 

model for this work.

The aims o f  this thesis are:

• To establish the effects o f c9 ,tll-C L A  and tlO ,cl2-C LA  isomers on molecular 

determinants o f macrophage cholesterol homeostasis.

• To ascertain whether observed effects on such determinants affected intracellular 

cholesterol concentrations, foam cell transformation and macrophage cholesterol 

efflux.

• To examine the in vitro effect o f c9 ,tll-C L A  and tlO ,cl2-CLA  isomers on the 

production and expression o f a range o f  cytokines in the macrophage and in 

macrophage-derived foam cells and whether these effects are mediated via the NF-kB 

family o f proteins.

• To investigate the in vitro effect o f pure EPA and DHA on the production and 

expression o f a range o f cytokines in the macrophage and to determine whether these 

effects are mediated via the NF-kB family o f proteins.
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Chapter 2 

Materials and Methods

2.1 Cell culture

2.1.1 THP-1 cell line

The THP-1 human monocytic leukaemia cell line was purchased from the European 

Collection o f Animal Cell Cultures (ECACC, Salisbury, UK). In comparison to other 

human myeloid cell lines, differentiated THP-1 macrophages behave more like native 

monocyte-derived macrophages and thus provide a valuable model for studying the 

regulation o f macrophage-specific genes as they relate to physiological functions displayed 

by these cells (Auwerx, 1991).

2.1.2 THP-1 sub-culture

T H P-ls were routinely sub-cultured in RPMI 1640 supplemented with 10% heat- 

inactivated foetal bovine serum (FBS; Invitrogen Corporation, Paisley, UK), 2 mM L -  

glutamine/L, 100 mg streptomycin/ml and 100 fig penicillin/ml (Sigma-Aldrich, Dorset, 

UK). Since commercial serum may vary between batches with regard to levels of 

antioxidants and growth factors, serum from the same batch was used throughout the 

course o f the in vitro work. THP-1 monocytes were split 1:4 2 -  3 times a week and 

incubated at 37“C, 5% CO2 and 95% air in a humidified incubator.

2.1.3 Cryopreservation and revival o f Cells

To maintain healthy viable stocks o f TH P-ls, cells were centrifuged at 1000 rpm for 10 

min and pellets resuspended in 1 ml o f cryopreservation solution [45% FBS, 50% RPMI 

1640, 5% dimethyl sulfoxide (DMSO; Sigma-Aldrich)]. This suspension was immediately 

transferred into sterile cyroviles (Nunc Plasticware, Life Technologies, Roskilde, 

Denmark) and stored at -80°C. To revive cells, cryoviles were quickly thawed to minimise 

damage to the cell membranes and cells transferred to a 25 cm^ cell culture flask (Iwaki, 

Japan) containing RPMI supplemented with antibiotics and 20% heat-inactivated FBS.

2.1.4 Cell enumeration and viability assessment

Cellular viability and yield were evaluated prior to experimental set-up using 0.1% w/v 

ethidium bromide/acridine orange solution (Lee et al., 1975). Cells were counted on an 

improved Neubauer haemocytometer using a modification o f the protocol o f Hudson & 

Hay (1976). Viable cells fluoresce green, while nonviable cells stain red/orange under
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fluorescent light.

2.1.5 THP-1 monocyte to macrophage differentiation

To stimulate monocyte to macrophage differentiation, cells were counted (section 2.1.4) 

and 1 X 10® monocytes/ml were cultured in the presence o f 100 ng/ml o f phorbol 12- 

myristate 13-acetate (PMA; Sigma-Aldrich) for 72 hr. Under routine culture conditions 

THP-1 monocytes grow in suspension. In culture with PMA, THP-1 monocytes stop 

proliferating, adhere to the plastic surfaces o f culture plates and differentiate into 

macrophage-like cells (Auwerx, 1991).

2.1.6 Foam cell transformation of THP-1 macrophages

To induce foam cell transformation o f differentiated THP-1 macrophages, cell culture 

medium was changed to RPMI 1640 medium without FBS supplemented with 1% 

Nutridoma HU (Roche Diagnostics GmbH, Mannheim, Germany). Cells were loaded with 

cholesterol by incubating with 50 fig/ml acetylated low density lipoprotein (AcLDL; 

Biogenesis Ltd., Poole, England, UK) for 48 hr.

2.1.7 Preparation o f fatty acids and pharmacological PFAR ligands

For the purpose o f this in vitro study, stocks o f fatty acids were prepared in DMSO. 

Conjugated linoleic acid (CLA) isomers were obtained from Cayman Chemical, MI, USA. 

Linoleic and stearic acid were obtained from Sigma-Aldrich. 100 mM o f c9 ,tll-C L A , 

tl0 ,cl2 -C L A , linoleic acid and stearic acid were prepared, aliquoted, and stored at -20°C 

until use. Linoleic acid and stearic acid were included in these experiments as controls for 

n-6 polyunsaturated fatty acids (PUPA) and saturated fatty acids, respectively. Cells were 

treated with 100 |^M linoleic acid, stearic acid, c9 ,tll-C L A  or tlO ,cl2-CLA  for 48 hr 

before subsequent analysis unless otherwise stated.

The experiments in chapters 3 and 4 were designed to include the use o f two 

pharmacological peroxisome proliferator-activated receptor (PPAR) ligands as positive 

controls. Rosiglitazone (Glaxo Smithkline, W est Sussex, UK), a PPARy agonist, and 

W yl4643 (ChemSyn Laboratories, Kansas, USA), a PPARa agonist, were diluted in 

DMSO and used at final concentrations o f 1 p.M and 50 |j,M, respectively. The 

experiments in chapter 6 examined the effects o f  two «-3 PUFA, eicosapentaenoic acid 

(EPA) and docosahexaenoic acid (DHA). EPA and DHA were obtained from Sigma- 

Aldrich and 100 mM o f each was prepared in DMSO, aliquoted, and stored at -20°C until 

use. Cells were treated with 100 |iM EPA or 100 |aM DHA for 48 hr before analysis.
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2.1.8 Experim ental design

Prior to treatment with the fatty acids or pharmacological PPAR ligands, differentiated 

THP-1 macrophages and macrophage-derived foam cells were washed 2 - 3  times with 

Hanks Balanced Salt Solution (HBSS; Invitrogen Corporation) supplemented with 1 M 

Hepes (Invitrogen Corporation) to remove any non-adherent cells. Macrophages were 

incubated with serum-free RPMI 1640 and foam cells were cultured in RPMI 1640 

medium without FES supplemented with 1% Nutridoma HU for 24 hr to minimise the 

competition from and interference o f fatty acids normally found in serum (Park & Pariza, 

1998). Macrophages were cultured in serum-free RPMI 1640 with 100 |xM linoleic acid, 

stearic acid, c9,tl I-CLA or tlO ,cl2-CLA, 50 |iM o f W yl4643 or 1 |o.M rosiglitazone for 48 

hr before subsequent analysis unless otherwise stated.

Foam cells were pre-treated with fatty acids and pharmacological ligands in RPMI 

1640 medium without FBS supplemented with 1% Nutridoma HU for 24 hr. These cells 

were then washed and incubated with 50 |ig/ml AcLDL in the presence o f fatty acids and 

pharmacological ligands as detailed previously for 48 hr. For all experiments control cells, 

which were treated with DMSO alone, were included. For all treatments, the final 

concentration o f DMSO in the culture medium was <0.1%.

2.1.9 Ceil stim ulation

The experiments in chapters 5 and 6 involved the analysis o f resting and 

lipopolysaccharide (LPS; Escherichia coli 055:B5, Sigma-Aldrich) stimulated cytokine 

production and gene expression studies. LPS was reconstituted at a concentration o f 1 

mg/ml o f serum free RPMI. THP-1 macrophages and foam cells were exposed to 1 |xg/ml 

o f  LPS for 1, 6 or 24 hr depending on the subsequent analysis.

2.2 Macrophage fatty acid composition analysis 

2.2.1 Total lipid extraction

Fatty acid-treated macrophages were washed with PBS and harvested by trypsin-EDTA 

detachment. The cells were pelleted and resuspended in 0.5 ml Hepes-buffered HBSS in a 

16 X 100 mm borosilicate glass test tube. Cellular lipids were extracted using the method 

o f Folch et al. (1957). Briefly, total lipids were extracted by adding 2.5 ml 

chloroform:methanol (v/v 2:1) with 0.01% (w/v) butylated hydroxyl toluene (BHT; Sigma- 

Aldrich) to the cell suspension. Samples were vortexed for one minute and centrifuged for 

10 min at 2500 rpm to separate the aqueous and organic phases. The infematants were 

removed with a glass Pasteur pipette and transferred to a 12 x 75 mm borosilicate test tube.
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Another Hpid extraction was performed by adding 2 ml chloroform with 0.01% (w/v) BHT 

to the remaining supernatant, vortexing for 1 min and centrifuging for 10 min at 2500 rpm. 

The infematants were pooled with the first extracts and evaporated to dryness overnight in 

a vortex evaporator (AGB Scientific Ltd., Dublin, Ireland). The dried samples were 

flushed with nitrogen (N2), sealed and stored at -20°C to prevent oxidation until further 

analysis.

2.2.2 Transmethylation of macrophage lipid extracts

The lipid extracts were hydrolysed with 0.5 ml 0.01 M NaOH in dry methanol according to 

the method o f Jiang et al. (1999). Samples were vortexed for 30 sec, flushed with N 2 and 

incubated at 60“C for 15 min. The free fatty acids were transmethylated by adding 0.75 ml 

o f 14% boron trifluoride methanol (Sigma-Aldrich). Samples were vortexed for 30 sec 

and incubated at 60“C for 15 min. Lipids were extracted three times with 0.5 ml hexane, 

pooled, evaporated to dryness, flushed with N 2 , sealed and stored at -20°C until gas 

chromatographic analysis.

2.2.3 Gas chromatographic analysis o f macrophage fatty acid composition

The fatty acid methyl ester (FAME) composition o f  THP-1 macrophage total lipids was 

analysed using a Shimadzu GC-14A gas liquid chromatograph (Mason Technologies, 

Dublin, Ireland), which was fitted with a Schimadzu C -I6A  integrator. A CP Sil 88 fused 

Silica Column (50 m x 0.22 m file thickness; Chromapack Ltd., Middleburg, The 

Netherlands) was installed. N 2 was used as the carrier gas. Oven temperature conditions 

for each run were an initial column temperature o f 120°C, increasing to 180°C at a rate of 

8°C per min. Column temperature was held at 180°C for 40 min, subsequently increased to 

220°C at a rate o f 4°C per min and held at 220°C for 15 min. Fatty acids were identified 

according to their retention times in comparison to a FAME standard (Sigma-Aldrich) 

spiked with known concentrations o f transmethylated c9,tl 1-CLA and tlO ,cl2-CLA.

2.3 M TT viability assay

The viability o f cells that received medium alone, 50 and 100 |o,M fatty acids, 50 |j,M Wy 

14643, 1 |iM rosiglitazone, and appropriate DMSO concentrations was quantified 

spectrophotometrically by an MTT-based in vitro toxicology assay kit (Sigma-Aldrich). 

The MTT system measures the activity o f living cells via mitochondrial dehydrogenases. 

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) is a tetrazolium salt 

that is incorporated into the mitochondria o f living cells. Solutions o f  MTT dissolved in
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phenol red-free balanced salt solutions are yellowish. In the presence o f viable cells, 

mitochondrial dehydrogenases cleave the tetrazolium ring yielding purple formazan 

crystals, which are soluble in acidified isopropanol. The amount o f viable cells is directly 

proportional to the formazan formed.

3.5 X 10  ̂ THP-1 monocytes were differentiated, starved, and cultured with DMSO 

(vehicle control), fatty acids and pharmacological ligands for 48 hr in 96-well microtitre 

plates. Control cells were left untreated. Wells containing medium alone were included as 

blanks. After a 4 hr incubation with 10 [i\ MTT, the formazan crystals were dissolved in 

100|j.l MTT solubilisation solution by repetitive pipetting. Absorbance was measured at 

570 nm and corrected for background readings by subtracting the values obtained for 

blanks from the sample values. Results were expressed as a percentage o f untreated 

control cells to normalise the data. The 50 |iM and 100 |iM fatty acid and pharmacological 

treatments had no significant effect (P=0.29) on cellular viability and the results are 

detailed in Table 2.1.

Table 2.1. The effect of fatty acid and pharmacological PPAR ligand treatment on 
cellular viability.
THP-1 macrophages were treated with vehicle control (DMSO), fatty acids and synthetic 
PPAR ligands as described. Results are expressed as a percentage o f untreated control 
cells (100%) and values represent mean and SEM o f 6 independent experiments.

Treatment Cell Viability
%

SEM

DMSO 0.05% 104.01 3.00

DMSO 0.1% 101.56 2.80

Linoleic acid 50 [iM 105.35 5.98

Linoleic acid 100 |xM 101.33 8.34

c 9 ,tll-C L A 5 0 iiM 98.67 5.55

c9 ,tll-C L A  100 nM 86.55 2.45

tl0 ,c l2 -C L A 5 0 ^ M 99.19 7.83

tl0 ,c l2 -C L A 100^M 91.25 11.65

Stearic acid 50 )aM 98.40 7.36

Stearic acid 100 [iM 92.98 9.66

W yl4643 50 |aM 98.38 4.55

Rosiglitazone 1 |J.M 106.52 9.14
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2.4 RNA extraction and analysis

2.4.1 RNA extraction

Total RN A was extracted from  m acrophages and foam  cells using TRI Reagent®  

(M olecular Research Centre Inc., Ohio, USA). TRI R eagent®  contains phenol and 

guanidine thiocyanate and represents an im proved version o f  the single-step m ethod o f  

C hom czynski & Sacchi (1987). Cells were w ashed to rem ove any non-adherent cells and 

lysed directly in the culture plates by adding 1 ml TRI Reagent® . Sam ples were incubated 

at room  tem perature for 5 min to allow com plete dissociation o f  nucleoprotein com plexes. 

The RN A hom ogenates were transferred to RN ase-free m icrofuge tubes and 0.2 ml o f  

chloroform  was added per 1 ml o f  TRI Reagent® . The tubes w ere shaken vigorously for 

15 sec, incubated at room  tem perature for 2 -  15 m in, and centrifuged for 15 m in at 12,000 

g to  separate the aqueous and organic phases.

RNA was precipitated from the aqueous phase by incubating w ith 0.5 ml 100% 

isopropanol for 10 min at room  tem perature. A fter centrifugation at 12,000 g for 10 min, 

the RN A  pellet was w ashed with 1 ml 75%  ethanol in diethyl pyrocarbonate (DEPC; 

Sigm a-A ldrich) treated water. The RNA was air-dried for 5 -  10 min, resuspended in 30 -  

50 |il D EPC treated water, and solubilised by heating at 55 -  60°C for 10 min. The 

sam ples were snap frozen and stored at -80“C until further analysis.

2.4.2 RNA quantification

RN A yields and purity were quantified spectrophotom etrically by m easuring absorbance at 

230 nm , 260 nm  and 280 nm  (E ppendorf biophotom eter, H am burg, Germ any). An optical 

density  (O D )26o/2so o f  less than 1.6 im plies partially dissolved RN A  sam ples, 1.7 -  2.0 

indicates good purity, while an O D 2 6 0 / 2 8 0  o f  >2 im plies purity. An O D 2 6 0 / 2 3 0  >2 indicates 

no residual guanidinium  contam ination.

2.4.3 RNA agarose gel electrophoresis

RN A integrity was assessed w ith form aldehyde denaturing agarose gel electrophoresis. 

The gel was prepared by dissolving 1.2 g agarose in 87 ml D E PC -treated w ater in a 

m icrow ave oven. W hen the agarose solution had cooled to ~55°C, 10 ml M OPS running 

buffer, pH  7.0 [0.2 M  M OPS (3-(N -m orpholino) propanesulfonic acid), 10 m M  ED TA  (pH 

8), 10 m M  sodium  acetate pH 7] and 3 ml o f  37%  (w/v) form aldehyde w ere added. The 

gel was poured and allow ed to set in a fum e hood for 1 hr prior to electrophoresis.

1 -  5 ^g total RNA in a volum e o f  2 ^1 was added to 1 |il lOX M OPS running 

buffer, 5 |al form am ide, 2 |al 37%  (w/v) form aldehyde, 1 |al ethidium  brom ide (400 |ag/ml
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in DEPC-treated water) and 1 |al RNA loading dye [50% glycerol, 1 mM EDTA (pH 8.0), 

0.1% bromophenol blue, 0.1% xylene cyanol FF], The samples incubated at 65°C for 10 

min, vortexed, centrifuged briefly and stored on ice until loading. Prior to loading, the gel 

was pre-run for 10 min at constant voltage (70 V) to remove any residual formaldehyde 

from the wells. The samples were loaded and the gel was run at the constant voltage o f 70 

V. The RNA was visualised using a UV trans-illuminator. Intact RNA is represented by 

two clear bands representing 18S and 28S RNA, respectively.

2.5 Real- Time R T- TaqMan ® PCR

Real-time TaqMan® Polymerase Chain Reaction (PCR) allows for the detection o f PCR 

amplification while the reaction is occurring (i.e. in real time). Data is collected 

throughout the PCR process and reactions are characterised by the time when amplification 

o f a target is first detected rather than the amount o f target accumulated after a fixed 

number o f cycles. TaqMan® chemistry uses a fluorogenic probe to enable the detection of 

a specific PCR product. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used 

as the reference/housekeeping gene for all experiments and was assayed separately from 

the target gene and their final ratio calculated. The use o f  such an endogenous control 

compensates for differences in the amount o f starting material added to each reaction.

The standard curve method for relative quantification assay was used to measure 

gene expression in response to treatment with the fatty acids. Relative quantification is 

used to analyse changes in gene expression in a given sample relative to another reference 

sample or calibrator. For quantification normalised to an endogenous control, standard 

curves were prepared for both the target and endogenous reference by plotting values for 

Ct (the cycle number at which fluorescence signal exceeds background) versus log cDNA 

input (ng). For each sample the amount o f target and endogenous control were 

extrapolated from the appropriate standard curve using the Ct readings for each sample.

An inverse relationship is observed between the amount o f  template present and the 

threshold cycle for that reaction. Therefore, samples that contain fewer starting copies of 

the target gene require a greater number o f amplification cycles (maximum is 40) to 

generate a detectable signal. The target amount was then divided by the endogenous 

reference (GAPDH) amount to obtain the normalised target value. Each o f the normalised 

target values were divided by the calibrator (vehicle control) normalised value to generate 

relative expression levels.
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2.5.1 Preparation of RNA prior to cDNA synthesis

To eliminate any possible contamination o f the RNA by genomic DNA, the RNA samples 

were treated with DNase I, amplification grade, (GIBCOBRL, Life Technologies™). 2 |o.g 

o f total RNA was incubated with 1 |j,l o f lOX DNase I Reaction buffer [200 mM Tris-HCL 

(pH 8.4), 20 mM M gCb, 500 mM KCL], and 1 ^1 o f DNase I, Amp Grade (1 U/(o,l), in a 

final volume o f 10 |al. This reaction was incubated at room temperature for 15 min. 

DNase I was then inactivated by adding 1 )il 25 mM EDTA and incubating samples at 

65°C for 10 min.

2.5.2 cDNA synthesis

2 i^g o f DNase-treated RNA was reverse transcribed in a 25 |al reaction containing IX RT 

buffer [50 mM Tris-HCL, 75 mM KCL, 3 mM M gCh, 10 mM dithiothreitol (DTT)], 500 

ng random primers, 10 mM dNTPs and 200 U o f M oloney-M urine Leukaemia Virus 

Reverse Transcriptase (M-MLV RT), Promega Corporation, Madison, USA. The reaction 

was carried out for 1 hr at 37°C followed by heating at 70°C for 10 min to inactivate the 

reaction. Reactions in which M-MLV RT was omitted served as a negative control. The 

final concentration o f all samples was adjusted to 10 ng/|al. Reactions containing 2 |j,g o f 

RNA were reversed transcribed and 1:4 serial dilutions performed to generate a standard 

curve for the PCR analysis.

2.5.3 Real-time TaqMan® PCR

RNA expression was quantified by real-time PCR (RT-PCR) on an ABI 7700 Sequence 

Detection System (Perkin-Elmer Applied Biosystems, Warrington, UK). Each 25 |al 

reaction contained 20 ng cDNA, 2X TaqMan® Universal PCR Mastermix, forward and 

reverse primers, and TaqMan® probe. All reagents necessary for running a TaqMan® RT- 

PCR assay were purchased from Perkin-Elmer Applied Biosystems. Reactions in which 

cDNA was omitted served as negative controls. All reactions were performed in duplicate 

using the following condifions, 50°C for 2 min and 95°C for 10 min followed by 40 cycles 

o f 95°C for 15 sec and 60°C for 1 min. After PCR, standard curves were constructed from 

the standard reactions for target genes and the endogenous control GAPDH by plotting 

values for Ct versus log cDNA input (ng). The Ct readings for each o f the unknown 

samples were then used to calculate the amount o f target gene or GAPDH relative to the 

standard. For each sample, results were normalised by dividing the amount o f target gene 

by the amount o f GAPDH and expressed relative to the vehicle control treatment (DMSO).
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2.6 Flow cytometry

D ifferentiated THP-1 m acrophages seeded in 6-well plates w ere adapted to serum -free 

m edium  as described previously. The adherent m acrophages w ere exposed to vehicle 

control (DM SO ), 100 |^M linoleic acid, c 9 ,tl l-C L A , tlO ,cl2 -C L A , stearic acid, 1 |iM  o f  

rosiglitazone, or 50 |iM  o f  W y 14643 for 48 hr. THP-1 m acrophage m onolayers were 

w ashed tw ice w ith phosphate buffered saline (PBS; 8 m m  N a2H P0 4 .2 H 2 0 , 1.5 mM 

KH2PO4, 137 mM  N aCl, 2.5 mM  KCL) and detached from  the plates using m acrophage- 

detaching buffer [5 mM  EDTA, 0.5%  heat-inactivated FBS, 20 m M  hepes-buffered 

HBSS]. 2 -  5 ml o f  this buffer was added per well and cells w ere incubated on ice for 15 -  

30 min. Cells were rem oved from  the wells by pipetting, pelleted by centrifugation at 

1000 rpm  for 10 min, w ashed, and resuspended in 1 ml o f  staining buffer [PBS, 1% bovine 

serum  album in (BSA ), 0.15%  sodium  azide (NaNa)]. A t this stage cell counts and viability 

tests w ere perform ed (section 2.1.4) and viability was alw ays above 90%>.

1 x 1 0 ^  cells were transferred to FACs tubes and incubated on ice for 30 min with 

fluorescein isothiocyanate (FITC)-conjugated antibody against hum an CD 36 (clone FA6- 

152) or isotype control (Im m unotech, C oulter Corp., M arseilles, France). The cells were 

pelleted, washed tw ice, and fixed in 500 |j,l o f  pre-chilled 2%  paraform aldehyde. The cells 

were analysed on a FA CScan (Becton D ickinson, Oxford, UK). For each experim ent 

30,000 events were collected and analysed using the C e l lQ u e s t  program  (Becton 

D ickinson). The data were expressed as m ean fluorescence intensity (M FI; arbitary units).

2.7 Total, free and esterified cholesterol assays

2.7.1 Extraction o f lipids

Intracellular lipids were extracted from  cultured THP-1 m acrophages and foam  cells 

according to m ethod o f  Tada lida et al. (2002). Cells w ere w ashed 2 - 3  tim es in PBS, 

then incubated in 2 ml o f  isopropanohhexane (v/v 2:3) for 1 hr at room  tem perature. The 

organic solvent phase was collected in a glass tube and evaporated to dryness under 

vacuum. The dried sam ples w ere flushed w ith N 2, sealed and stored at -20°C to prevent 

oxidation until further analysis.

2.7.2 Extraction and quantiflcation of cellular proteins

The protein rem aining in each well follow ing lipid extraction (section 2.8.1) was collected 

by digestion in 1 ml 0.1 M NaO H after lipid extractions. D eterm ination o f  protein 

concentration in sam ples was perform ed according to the m ethod originally described by 

Bradford (1976). Standards w ere prepared from  a stock solution o f  Protein Standard (Im g
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BSAyml; Sigma-Aldrich). Standards ranged from 0 [J.g/ml to 30 |o.g/ml in a final volume of 

800 |il. 10 1̂1 o f each sample was diluted in 790 |il 0.1 M NaOH (1:80) and 200 |j,l Bio-Rad 

dye (Bio-Rad Laboratories Inc., California, USA) was then added. Colour was allowed to 

develop for 10 min and absorbance was measured at 590 nm. The concentration o f protein 

in the samples was then calculated from the standard curve generated with the BSA 

samples.

2.7.3 Cellular total, free and esterified cholesterol measurement

Total and free cholesterol were determined using commercially available colorimetric 

assays (Chol-H L-Type assay and Free Cholesterol C assay, respectively, Wako Chemicals 

GmbH, Neuss, Germany).

The total cholesterol assay is based on the enzymatic hydrolysis o f cholesteryl 

esters to free cholesterol (cholesterol esterase), the oxidation o f cholesterol (cholesterol 

oxidase) yielding hydrogen peroxide, and the reaction o f the peroxide with dimethoxy 

aniline sodium salt and 4-aminoantipyrine in the presence o f  peroxidase to form a blue 

coloured dye. The amount o f total cholesterol contained in the sample was determined by 

measuring the absorbance o f the blue colour at 600 nm. In the free cholesterol assay, free 

cholesterol in the sample is oxidised by cholesterol oxidase to generate hydrogen peroxide, 

which then reacts with phenol and 4-aminoantipyrine in the presence o f peroxidase to 

generate a red coloured dye. The amount o f free cholesterol in the test sample was 

determined by measuring the absorbance o f the red colour at 505 nm.

Dried extracts (section 2.8.2) were dissolved in equal amounts o f  isopropanol and 

analysed for total and free cholesterol as per m anufacturer’s instructions. Esterified 

cholesterol was measured as the difference between total and free cholesterol 

concentrations. Results were expressed as |j,g lipids/mg cellular proteins.

2.7.4 Assay reproducibility

A quality control experiment in which control serum (Precinorm® L, Roche Diagnostics) 

was analysed was performed to monitor the performance o f each assay. The mean value of 

12 replicates obtained for total cholesterol (187.15 ± 15.1 mg/dl) fell within the 

manufacturer’s accepted range (162 -  216 mg/dl). The mean coefficient o f variation for 

total cholesterol was 8.1. The mean value o f 12 replicates obtained for free cholesterol 

was 55.79 ± 4.4 mg/dl; the mean coefficient o f variation was 7.9.
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2.8 Enzyme-linked immunosorbent assay (ELISA)

2.8.1 Preparation of cell culture supernatants

Cell culture supernatants from THP-1 macrophages and foam cells was removed and 

centrifuged at 3000 rpm for 10 min to pellet dead cells. The supernatants were aliquoted 

and frozen at -80°C until subsequent analysis o f cytokine concentrations by ELISA.

2.8.2 ELISAs

The concentration o f TNF-a, IL -ip , IL-6 and IL-10 in cell culture supernatants were 

determined using commercially available DuoSet ELISA Development Systems from 

R&D Systems Europe, Abdingdon, UK. The ELISAs were carried out as per 

m anufacturer’s instructions. Briefly, 96-well microtiter plates were coated with 100 

ja,l/well o f an anti-cytokine capture antibody and incubated overnight at room temperature. 

The plates were washed 3 times in wash buffer (PBS with 0.05% Tween 20) and blocked 

with 300 [il/well o f blocking buffer (1% BSA, 5% Sucrose in PBS with 0.05% NaNs) for 2 

hr at room temperature to remove excess primary antibody and prevent non-specific 

binding. Plates were washed 3 times and 100 |il o f the test samples or serially diluted 

standards were added per wells. Plates were incubated for 2 hr at room temperature and 

then washed 3 times. Biotinylated anti-cytokine detection antibody (100 fil/well) was 

added to the plates and incubated at room temperature for 2 hr. The plates were washed 3 

times and 100 jil/well o f the detection reagent (streptavidin conjugated to horseradish- 

peroxidase) diluted 1:200 was added to the plates and incubated for 20 min at room 

temperature protected from light. The plates were washed 3 times and 100 |j,l/well o f 

substrate solution (a 1:1 mixture o f tetramethylbenzidine and hydrogen peroxide) was 

added and incubated at room temperature for 20 min to allow the development o f a blue 

colour. The reaction was stopped by the addition o f 50 |il/well o f 2N sulphuric acid and 

absorbance was measured at 450 nm. A standard curve was constructed for each assay by 

plotting absorbance values (optical density) from the standards versus standard 

concentrations. Cytokine concentration values for samples were extrapolated from the 

appropriate standard curve.

2.9 Preparation o f  nuclear and cytoplasmic extracts fo r  Western blotting

THP-1 macrophages and foam cells were cultured with and without fatty acids as 

described earlier and incubated in the absence or presence o f 1 |^g/ml LPS for 1 hr. After 

this incubation period, cell culture supernatants were removed and cell monolayers were 

washed twice with ice-cold hepes-buffered HBSS. All buffers were prepared (as described
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by Osbom  et al., 1989) immediately prior to use and were kept ice-cold. All steps were 

carried out on ice. 1 ml o f hypotonic buffer Buffer A (10 mM Hepes (pH 7.9), 1.5 mM 

M gCb, 10 mM KCL, 0.5 mM phenylmethylsulfonyl fluoride (PMSF) and 0.5 mM DTT) 

was added directly to each well and cells lysed by repetitive pipetting. Lysates were 

transferred into microfuge tubes and centrifuged at 10,000 rpm for 10 min at 4°C. The 

resulting pellet was resuspended in 20 p.1 Buffer A containing 0.1% v/v Nonidet P-40. The 

cells were lysed, incubated on ice for 10 min and centrifuged at 10,000 rpm for 10 min at 

4°C.

The resulting supernatant was removed and stored at -80°C as the cytoplasmic 

extract. To prepare the nuclear extract, the pellet was re-suspended thoroughly in 15 [il 

high salt Buffer C (20 mM Hepes pH 7.9, 1.5 mM M gCb, 420 mM NaCl, 0.2 mM EDTA, 

25% glycerol, 0.5 mM PMSF), incubated on ice for at least 15 min (with repeated 

vortexing) and centrifuged at 10,000 rpm for 10 min at 4°C. To the supernatant, 75 |j,1 

Buffer D (10 mM Hepes pH 7.9, 50 mM KCL, 0.2 mM EDTA, 20% glycerol, 0.5 mM 

DTT, 0.5 mM PMSF) was added and samples were mixed well.

2.9.1 Determination of nuclear and cytoplasmic protein concentrations

Determination o f protein concentration in samples was performed according to the method 

originally described by Bradford (1976). For nuclear extracts, samples were diluted 1:80 

in Buffer D (10 |il sample, 790 |il Buffer D). For cytoplasmic fractions, samples were 

diluted 1:800 in PBS (1 |il sample, 799 |il PBS). Standards were prepared from a stock 

solution o f  Protein Standard (1 mg BSA/ml; Sigma-Aldrich) and ranged from 0 fxg/ml to 

30 [ig/ml in Buffer D for nuclear samples and PBS for cytoplasmic samples. 800 |il of 

each standard and sample was incubated with 200 |il o f  Bio-Rad dye. Colour was allowed 

to develop for 10 min and absorbance was measured at 590 nm. The concentration of 

protein in the samples was then calculated from the standard curve generated with the BSA 

samples.

2.9.2 Preparation of samples for gel electrophoresis and W estern blotting

15 |ig o f nuclear protein or 75 |ig o f cytoplasmic protein was acetone precipitated in 5 

volumes o f  ice-cold acetone for at least 1 hr at -20°C. After this incubation period, the 

samples were centrifuged at 12,000 rpm for 5 min, the acetone aspirated and the pellet 

allowed air-dry. The pellet was re-suspended in 20 [0,1 o f  sample buffer (62.5 mM Tris- 

HCL pH 6.8, 10% v/v glycerol, 2%> w/v SDS, 5% v/v P-mercaptoethanol, 0.05%> w/v 

bromophenol blue) and boiled at 100°C for 5 min to denature the proteins. The samples
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were centrifuged briefly and placed on ice prior to immediate use for SDS-PAGE 

electrophoresis.

2.10 SDSpolyacrylamide gel electrophoresis (SDS PA GE)

Proteins in the cytoplasmic and nuclear extracts were separated on 10% acrylamide 

resolving gels,

• Resolving gel: 3.34 g 30% acrylamide, bisacrylamide mix (BDH, Poole, UK), 2.5 ml 

1.5 M Tris pH 8.8, 4.01 ml distilled water, 100 |il 10% ammonium persulphate, 100 1̂ 

10% SDS and 30 îl TEMED

• Stacking g e t  0.325 ml 30% acryamide, bisacrylamide mix, 0.625 ml 0.5 M Tris pH 

6.8, 1.525 ml distilled water, 25 |j,l 10% ammonium persulphate, 25 }xl 10% SDS and 

15 [i\ TEMED.

Acrylamide gels were cast between two glass plates and affixed to the electrophoresis unit 

using spring clamps. Electrode running buffer (25 mM Tris Base, 200 mM glycine, 0.5% 

w/v SDS) was added to the upper and lower reservoirs. After standard (Precision Plus 

Protein^'^ Standards Dual Colour, Bio-Rad Laboratories Inc.) and sample loading, 

electrophoresis as carried out at 25 mA per gel for ~1 hr until the migration dye front had 

reached approximately 5 cm from the gel base. The proteins were then ready for transfer.

2.11 Western blotting

The semi-dry method for transfer of electrophoresed proteins to immobilizing membranes 

as described by Towbin et al. (1979) was preformed using a Sammy semi-dry blot system 

(Schleicher & Schuell, Germany). 0.45 |im Biotrace'^'^ polyvinylidene fluoride (PVDF) 

transfer membrane (Pall Corporation, Florida, USA) was soaked in 100% methanol for 20 

sec and then saturated in transfer buffer (25 mM Tris Base, 192 mM glycine, 20% v/v 

methanol, 0.05% w/v SDS) for at least 1 hr prior to use. The blot sandwich was prepared 

as follows: 5 sheets of filter paper pre-soaked in transfer buffer, PVDF membrane, gel, and 

5 more sheets of pre-soaked filter paper. Care was taken to ensure the absence of air 

bubbles and to note the orientation of the gel. Electrophoresis transfer was performed at 

100 mA per gel for 1 hr.

2.11.1 Detection of antigens (p65 and iKBa)

Blots were blocked overnight at 4°C with a solution of PBS/Tween 20 (0.05%) containing 

10% w/v Marvel non-fat dried milk and then washed for 1 hr with PBS/Tween 20. After 

washing with PBS/Tween 20, the membrane was incubated with primary antibody (p65
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and k B a  1:1000 dilution in 5% w/v Marvel-PBS/Tween 20 for nuclear and cytoplasmic 

extracts) for 1 hr at room temperature with agitation. After incubation with primary 

antibody, the blot was washed for 30 min (3 x 10 min) with PBS/Tween 20. The 

membrane was incubated with peroxidase-conjugated secondary antibody (polyclonal goat 

anti-mouse IgG-peroxidase-conjugated immunoglobulins; Sigma-Aldrich) diluted in 5% 

w/v Marvel-PB S/Tween 20 for 1 hr at room temperature with agitation. P65 blots were 

incubated in a 1:1000 dilution o f antibody. IkB u blots were incubated with secondary 

antibody at a 1:2000 dilution. The membrane was again washed with PBS/Tween 20 for 

30 min ( 3 x 1 0  min).

Antigens were detected by incubating the membrane in a 1:1 solution of 

luminol/enhancer solution: stable peroxide solution (Supersignal® West Pico

Chemiluminescent Substrate, Pierce, Illinois, USA) for 10 min at room temperature. 

Excess reagent was drained from the membrane, which was then placed between two 

sheets o f transparent acetate in an autoradiography cassette before being exposed for 10 

sec -  overnight, depending on the exposure required. The films were developed using an 

AGFA CURIX 60, Type 9462/100/140 (AGFA-Gevaert, AG Munich, Germany).

2.11.2 Reuse o f Western blots

To probe for a different protein the blot was stripped. After washing in PBS/Tween 20 for 

30 min (3 x 10 min), the blot was incubated for 30 min at 50°C in stripping buffer (31.25 

mM Tris (pH 6.8), 100 mM P-mercaptoethanol, 2% w/v SDS). After washing for 1 hr in 

PBS/Tween 20, the blot was ready to use again commencing with the blocking stage in 

Western blot protocol.

2.11.3 Quantification of protein bands

Quantification o f protein bands was performed using GeneSnap Acquisition and 

GeneTools Analysis Software (GeneGenesis Gel Documentation and Analysis System, 

Syngene).
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Chapter 3

The Effects of c9,tll-C LA  and tlO,cl2-CLA on Molecular Determinants of 

Macrophage Cholesterol Homeostasis*

* Part of this work has been published in Atherosclerosis 174 (2): 261 -  73 

3.1 Introduction

Many cells are involved in the development and progression of atherosclerosis but 

macrophages play a key role through the accumulation of modified low density lipoprotein 

(LDL) and by promoting a local pro-inflammatory response (Ross, 1999; Plutzky, 2001). 

Thus, these cells are heavily implicated in the cellular events that promote and ultimately 

complicate atherosclerosis (Schaffner et al., 1980; Ross, 1999; Plutzky, 2001). The rate of 

cholesterol influx into the macrophage is a key determinant of foam cell formation and the 

initiation of atherosclerosis. As scavenger cells, macrophages ingest modified lipoproteins 

and damaged cells membranes and can accumulate large amounts of cholesterol. This 

accumulation is caused by an imbalance between cholesterol influx and efflux.

Recently it has been demonstrated that peroxisome proliferator-activated receptors 

(PPARs) may represent important regulators o f genes involved in macrophage cholesterol 

homeostasis. PPARs are ligand-activated transcription factors belonging to the nuclear 

receptor superfamily. Three isotypes have been identified to date, PPARa, PPAR8 and 

PPARy. As transcription factors, PPARs regulate the expression of a number of genes 

involved in atherosclerosis (Neve et al., 2000; Barbier et al., 2002; Duval et al., 2002). In 

the atherosclerotic lesion, PPARa and PPARy are found strongly expressed predominantly 

in macrophages but also in the endothelial and smooth muscle cell layers, whereas PPARS 

expression is much weaker in general (Marx et al., 1998; Bishop-Bailey, 2000; Chinetti et 

al., 2000b; Sueyoshi et al., 2001).

The putative role of PPARs in macrophage cholesterol homeostasis is illustrated in 

Figure 3.1. The scavenger receptors SR-A and CD36 bind and internalise modified LDL 

cholesterol. Unlike LDL receptors, scavenger receptors are not subjected to negative 

feedback control and thus, they have the ability to promote the transformation of 

macrophages into pro-atherogenic foam cells (Kunjathoor et al., 2002). Although 

pharmacological PPARy ligands, e.g. thiazolidinediones (TZDs), up-regulate CD36 

receptor expression and activity, PPAR agonists have been found to reduce atherosclerosis 

progression in humans (Ericsson et al., 1996; Frick et al., 1997; Minamikawa et al., 1998) 

and mice (Li et al., 2000; Chen et al., 2001). Indeed, research now indicates that in both
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murine and human macrophages, activation o f PPARa and PPARy by fibrates and TZDs, 

respectively, does not promote lipid accumulation in the presence o f LDL modified by 

acetylation or oxidisation (Chinetti et a i ,  2001; Moore et al., 2001a).

LIVERMod
LDL CD36

Mod
LDL m acrophage

SR-A

PPAR
L X R

n u c l e u s ABCAlMod

rzi)^
F ib r a te s  
C I A ?  (

FC

Figure 3.1. The potential involvement of PPAR ligands, including CLA, in 
macrophage cholesterol homeostasis (adapted from Lazar, 2001; Duval et al., 2002).

CLA =  conjugated linoleic acid; FC =  free cholesterol; M od LDL =  m odified LDL; TZDs = 
thiazolidinediones

PPAR activation was found to repress SR-A expression and stimulate cholesterol efflux via 

ATP-binding cassette (ABC) transporters. These effects, in turn, are thought to negate 

increased macrophage CD36 activity (Ricote et al., 1998; Chinetti et al., 2001; Lazar, 

2001; Moore et al., 2001a). Macrophage cholesterol efflux is regulated by ABCAl and 

A BCGl (Klucken et al., 2000; Chinetti et al., 2001). A BCAl activity is controlled by 

liver-X-receptor (LXR) a; an oxysterol receptor located in the nucleus o f macrophages, 

which is induced by PPARs (Chawla et al., 2001b). Pharmacological PPARa and PPARy 

ligands induced A BCAl expression and promoted apo AI mediated cholesterol efflux from 

macrophages (Chawla et al., 2001b; Chinetti et al., 2001). It has been demonstrated that 

conditional disruption o f macrophage PPARy lowered CD36, LXRa, A BCG l and apo E 

gene expression and inhibited cholesterol efflux from macrophages (Akiyama et al., 2002).

Overall, these findings indicate an important role for PPARs in macrophage 

cholesterol homeostasis and consequently these transcription factors may represent a 

possible therapeutic target in terms o f reducing the risk o f atherosclerosis. To date, 

researchers have focused on the effects o f pharmacological PPAR ligands on macrophage 

cholesterol homeostasis regulation. In this study the effects o f  conjugated linoleic acid
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(CLA) on molecular determinants o f cholesterol homeostasis in macrophages and 

macrophage-derived foam cells were investigated. CLA is a dietary fatty acid capable o f 

activating PPARa and PPARy (Moya-Camarena et al., 1999; Belury et al., 2002; Yu et al., 

2002). Similar to PPAR ligands, research suggests that in vivo, CLA is a potent anti

atherogenic nutrient in the apo E knockout mouse model o f diet-induced atherosclerosis 

(Toomey et al., 2003) and rabbits (Kritchevsky et al., 2000).

There are several isomers o f CLA, but cis-9 trans- \ 1 CLA (c9,tl 1-CLA) and trans- 

10,cw-12 CLA (tlO ,cl2-CLA) are the predominant isomers in most CLA supplements. 

While the majority o f  studies to date have employed heterogeneous blends o f CLA 

isomers, recent findings indicate that CLA isomers have divergent metabolic and 

molecular effects (Pariza et al., 2000; Roche et al., 2002). The majority o f the evidence in 

relation to the anti-atherogenic effects o f CLA has been derived from animal feeding 

studies, and are therefore inconclusive in predicting how CLA will perform in humans. 

Therefore, there is a need to define the isomer-specific effects and mechanisms o f action o f 

CLA in animals and humans. This study examined whether the anti-atherogenic effects of 

CLA in vivo could be ascribed to altered cholesterol homeostasis in THP-1 macrophages 

and macrophage-derived foam cells. The objective o f this study, which incorporates the 

present chapter and chapter 4, was to investigate the isomer-specific effects o f c9,tl 1-CLA 

and tl0 ,c l2 -C L A  on molecular determinants o f cholesterol homeostasis in the THP-1 

macrophage and in macrophage-derived foam cells. The functional consequences o f these 

effects are explored in Chapter 4.
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3.2 Materials and methods 

3.2.1 Cell culture and experimental design

THP-1 monocytes were differentiated into macrophages or foam cells as described in 

sections 2.1.5 and 2.1.6, respectively. The cells were treated with fatty acids and 

pharmacological PFAR ligands as described in section 2.1.8. Briefly, THP-1 monocytes 

were differentiated into macrophages by culturing in the presence o f PMA for 72 hr. The 

adherent macrophages were serum-starved for 24 hr prior to a 48 hr incubation with 100 

|iM linoleic acid, 100 c9 ,tll-C L A , 100 |aM tlO ,cl2-C LA  and 100 |xM stearic acid, 50 

I^M W yl4643 or 1 |^M rosiglitazone unless otherwise stated. For foam cell transformation, 

differentiated macrophages were serum-starved for 24 hr and pre-treated with fatty acids 

and pharmacological PPAR ligands for 24 hr prior to cholesterol loading. The cells were 

then incubated with 50 |ag/ml AcLDL in the presence o f fatty acids and pharmacological 

PPAR ligands for 48 hr. For all experiments, control cells treated with DMSO alone, were 

included as vehicle control.

3.2.2 M acrophage fatty acid composition analysis

To ensure that exogenous fatty acids were incorporated into THP-1 macrophages, the fatty 

acid composition o f  fatty acid-treated THP-1 macrophages was analysed by gas 

chromatography. Differentiated macrophages were serum-starved for 24 hr and incubated 

with 100 |aM linoleic acid, c9 ,tll-C L A , tlO ,cl2-CLA  or stearic acid for 48 hr. Control 

cells were left untreated. Macrophage fatty acid composition was determined as described 

in section 2.2 and was calculated as a percentage o f the total fatty acids (w/w %).

3.2.3 mRNA analysis (TaqMan® RT-PCR)

THP-1 macrophages and foam cells were set up as described in section 3.2.1. RNA was 

extracted from the cells as described in section 2.4. 2 |ig RNA was DNase-treated (section 

2.5.1) and first strand cDNA was synthesised by reverse transcription (section 2.5.2). 

Oligonucleotide primers and TaqMan® probes were designed using Primer Express 

(version 1.0, Perkin-Elmer Applied Biosystems, Warrington, UK). Apart from the primers 

and probes for SR-AI, which were obtained from Scandinavian Gene Synthesis AB, 

Sweden, all reagents necessary for running a TaqMan® RT-PCR assay were purchased 

from Perkin-Elmer Applied Biosystems. The sequences o f the primers and probes used are 

listed in Table 3.1. After PCR, standard curves were constructed and the Ct readings for 

each o f the unknown samples were used to calculate the amount o f target gene or GAPDH 

relative to the standard (section 2.5.3). For each sample, results were normalised by



dividing the amount of target gene by the amount of GAPDH and expressed relative to the 

vehicle control treatment (DMSO).

Table 3.1. Sequences of primers and probes for TaqMan® PCR

Target Gene^ Oligonucleotides (5’ ^  3’)'’ Final
Cone
(nM)'

CD36 F: ACT CAC TGC GAC ATG ATT AAT GGT F500
(BC008406) R: GAA CTG CAA TAC CTG TTT CTC R250

P: CAG ATG CAG CCT CAT TTC CAC CTT TTG TT P200
SR-AI F: GCG TTG GAC AGG TCG TCT G F250
(NM_138715) R: AGC TGC CTT GTG CAC GG R500

P; AGG AGC TTG GGA TAC CCA GGT GTT CAA P250
LXRa F: CAG TGT AAC CGG CGC TCC T F500
(U22662) R: TGG TGC CAT GGG CCA A R250

P: TTC TGA CCG GCT TCG AGT CAC GC P200
ABCAl F: CAG AGC GAG TAC TTC GTT CCA F500
(AF285167) R: AAG ACT CAG CAA TGT TTT TGT R250

P: ACA TCT CCC TTC CCG AGC AAG CA P 175
PPARa F: CAA GTG CCT TTC TGT CGG GA F250
(XM_010049) R; GTT TTG CTT TCT CAG ATC TTG GC R500

P: CAC ACA ACG CGA TTC GTT TTG GAC G P200
PPARy F: AGG CGA GGG CGA TCT TG F500
(L40904) R; CCC ATC ATT GAA TTC ATG TCA R250

P: CAG GAA AGA CAA CAG ACA AAT CAC CAT TCG T P 175

“ GenBank Accession number are in paranthesis
 ̂F, R and P indicate forward and reverse primers and probes, respectively 
Final concentrations o f  forward (F) and reverse (R) primers and probes (P)

3.2.4 CD36 flow cytometry

Differentiated THP-1 macrophages were exposed to vehicle control (DMSO), 100 |xM 

linoleic acid, 100 |iM c9,tll-CLA , 100 |iM tlO,cl2-CLA, 100 |j,M stearic acid, 1 |xM of 

rosiglitazone, or 50 (iM of Wyl4643 for 48 hr. Analysis o f macrophage CD36 protein 

expression by flow cytometry was carried out as described in section 2.6.

3.2.5 CD36 confocal microscopy

THP-1 macrophages were plated onto Lab-Tek® chambered coverglass systems (Nalge

Nunc International Corp., IL, USA) and treated with vehicle control, 100 |j,M linoleic acid,

100 i^M c9,tll-CLA , 100 |aM tlO,cl2-CLA or 1 |iM rosiglitazone for 48 hr. Cells were

fixed and permeabilised in ice-cold 100% methanol for 60 sec. After washing with PBS,

cells were blocked for 1 hr with 3% BSA in PBS to avoid non-specific binding. Cells were

treated for 1 hr at room temperature with saturating amounts of anti-CD36 (clone FA6-
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152) or isotype control antibody (Immunotech, Coulter Corp., Marseilles, France). After 

washing 3 times with PBS, cells were mounted in DAKO fluorescent mounting medium 

(DAKO, California, USA) and images acquired by confocal laser microscopy (Nikon 

Eclipse TE 2000-U). Processing and 3-dimensional cell image analysis was performed 

using Ultra View LCI and Volocity software (Perkin Elmer Applied Biosystems, 

Warrington, UK).

3.2.6 Statistical analysis

Statistical analysis was performed with DataDesk 6.0 (Data Description Inc., NY). The 

distribution o f the data for each variable was assessed and variables transformed to 

normalise the distribution o f data if  necessary. Multiple comparisons were performed by 

one-way ANOVA. Individual differences were subsequently tested by Fisher’s least 

significance difference test after demonstration o f significant inter-group differences by 

ANOVA. A statistical probability o f P<0.05 was considered statistically significant.
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3.3 Results

3.3.1 M acrophage fatty acid composition

The percentage fatty acid composition o f the total lipid fraction o f THP-1 macrophages 

treated for 48 hr with 100 |iM linoleic acid, c9,tl 1-CLA, tlO ,cl2-C LA  and stearic acid and 

corresponding control cultures are presented in Table 3.2. Treating cells with linoleic acid, 

c9,tl 1-CLA, tlO ,cl2-CLA  and stearic acid resulted in significantly increased incorporation 

o f linoleic acid, c9,tl 1-CLA, tlO ,cl2-CLA  and stearic acid (P<0.0001, P<0.0001, ?<0.02 

and P<0.0001, respectively), when compared to untreated control macrophages.

Linoleic acid treatment significantly reduced myristic (P<0.04), palmitoleic 

(P<0.0001) and oleic acid (P<0.001) levels compared to control cells. C9,tl 1-CLA 

treatment also reduced myristic acid levels relative to control (P<0.001) and tlO ,cl2-CLA 

treated cells (P<0.002). In addition, culture o f macrophages with c9,tl 1-CLA significantly 

increased their palmitic (P<0.0001) and stearic acid content (P<0.0001) relative to control 

cells. C 9,tl 1-CLA treated cells also contained significantly more stearic acid (P<0.001), 

palmitoleic acid (P<0.0001), oleic acid (P<0.04), and c9,tl 1-CLA (P<0.0001) than 

tlO ,cl2-CLA  treated cells.

T10,cl2-CLA  treatment significantly increased palmitic acid levels (P<0.001), and 

significantly decreased macrophage palmitoleic, oleic and c9 ,tll-C L A  content relative to 

control cells (P<0.0001, P<0.001 and P<0.004, respectively). T10,cl2-CLA  treated cells 

contained significantly more tlO ,cl2-CLA  than cells treated with c9,tl 1-CLA (P<0.02). 

Macrophages exposed to c9,tl 1-CLA and tlO ,cl2-CLA  contained significantly greater 

concentrafions o f c9 ,tll-C L A  and tlO ,cl2-CLA  relative to linoleic acid treated cells 

(P<0.0001 and P<0.02, respectively). Treatment o f macrophages with stearic acid 

significantly decreased a-linolenic acid (P<0.02) and c9,tlO-CLA (P<0.0003) levels 

relative to control cells.
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Table 3.2. Fatty acid composition of the total lipid fraction o f THP-1 macrophages 
cultured in the presence of 100 jiM linoleic acid, c9 ,tll-C L A , tlO ,cl2-CLA  and stearic 
acid for 48 hr.
Macrophage fatty acid composition was calculated as a percentage of the total fatty acids 
(w/w %). All results represent mean and SEM (in parenthesis) of 2 -  6 independent 
experiments.
* indicates P<0.05, ** indicates P<0.01,  ̂ indicates P <0.001; relative to untreated control 
cells.

Treatment
Fatty
acids

Control Linoleic
acid

c9 ,tll-
CLA

tl0 ,c l2 -
CLA

Stearic
acid

14:0 12.5 (1.14) 7.09’ (2.27) 3.19”  (0.19) 14.26 (2.04) 10.56(1.96)

16:0 23.79 (2.43) 24.85 (0.92) 37.11^(1.06) 33.90+ (3.20) 26.83 (0.77)

18:0 11.58(0.31) 10.53 (0.34) 15.68^ (0.47) 12.39 (0.88) 17.46+(0.77)

16:1 7.43 (0.41) 3.98^ (0.11) 6.80 (0.32) 4.32+ (0.27) 6.54 (0.09)

18:1/7-9 28.56(3.59) 17.69^(1.75) 22.65 (0.61) 17.24+ (2.30) 28.99 (0.54)

18:2«-6 1.70 (0.24) 23.08^(0.93) 2.25(0.18) 2.21(0.66) 1.54(0.10)

18:3/2-3 0.76 (0.29) 0.73 (0.33) 0.73 (0.15) 1.22 (0.87) 0.23*(0.05)

18:3/2-6 1.47 (0.32) 1.17(0.31) 1.52 (0.15) 2.43 (1.09) 0.67 (0.02)

c9 ,tll-
CLA

0.93 (0.04) 0.74 (0.07) 1.42^ (0.13) 0.53**(0.05) 0.12+ (0.06)

tl0 ,c l2 -
CLA

0.48 (0.16) 0.47 (0.20) 0.35 (0.07) 1.40*(0.39) 0.22 (0.13)

20:4/7-6 0.26 (0.08) 0.29 (0.07) 0.23 (0.07) 0.46 (0.34) 0.14(0.02)

20:5/2-3 0.48 (0.07) 0.34 (0.06) 0.54 (0.04) 0.54 (0.17) 0.42 (0.02)

22:4 0.63 (0.12) 0.82 (0.25) 0.96 (0.17) 1.49 (0.77) 0.77 (0.09)

22:6/2-3 4.27 (0.21) 2.21 (0.41) 1.67 (0.10) 1.86 (0.66) 1.27 (0.23)

Minors 5.16 6.01 4.9 6.43 4.14

14:0 =  m yristic acid; 16:0 =  pamitic acid; 18:0 =  stearic acid; 16:1 =  palm itoleic acid; 18:ln -9  =  o leic aid; 
18:2n-6 =  linoleic acid; 18:3«-3 = a-linolenic acid; 18:3«-6 =  y-linolen ic acid; 20:4«-6  =  arachidonic acid; 
20:5n-3 =  eicosapentaenoic acid; 22:4 =  docosatetraenoic acid; 22:6«-3 =  docosahenanoic acid.

92



3.3.2 Molecular determinants of macrophage cholesterol metabolism

The effects o f 100 |aM fatty acids on the expression o f genes involved in cholesterol 

homeostasis in THP-1 macrophages are presented in Table 3.3.

CD36 mRNA expression was significantly increased by 100 |j.M linoleic acid 

(244%), c9 ,tll-C L A  (182%) and tlO ,cl2-CLA  (117%>) treatments compared to cells 

treated with vehicle control (P<0.0001, P<0.0001 and ?<0.002, respectively). 100 |aM 

stearic acid had no significant effect on CD36 mRNA expression relative to vehicle control 

cells. The effect o f tl0 ,cl2 -C L A  was significantly less that that seen with linoleic acid 

(P<0.008), whereas there was no significant difference between the effects o f c9,tl 1-CLA 

and linoleic acid. There was no significant difference between the effects o f the CLA 

isomers on CD36 mRNA expression. The pharmacological PPARa ligand (Wy 14643) 

significantly increased THP-1 macrophage CD36 mRNA expression compared to the 

control cells (P<0.0001), tlO ,cl2-CLA  (P<0.003) and stearic acid (P<0.0001). The 

pharmacological PPARy ligand (rosiglitazone) significantly increased CD36 mRNA levels 

relative to vehicle control (P<0.0001), linoleic acid (P<0.001), c9,tl 1-CLA (P<0.0001), 

tl0 ,c l2 -C L A  (P<0.0001), stearic acid (P<0.0001) and Wy 14643 (P<0.004). Neither fatty 

acid nor PPAR ligand treatment had a significant effect on SR-AI mRNA expression 

(P=0.11).

Treatment with Wy 14643 and rosiglitazone caused a significant induction o f LXRa 

mRNA expression compared to cells treated with vehicle control (P<0.02), c9,tl 1-CLA 

(P<0.0004), tlO ,cl2-CLA  (P<0.01) and stearic acid (P<0.05). C9,tl 1-CLA significantly 

reduced LXRa (P<0.009) when compared to cells treated with linoleic acid but not to the 

control cells. Linoleic acid induced LXRa mRNA (11%) relative to vehicle control treated 

cells but this effect did not reach statistical significance. Linoleic acid and Wy 14643 were 

the only treatments that significantly increased macrophage A BCAl mRNA expression, 

compared to control cells (P<0.05 and P<0.0001, respectively). C 9,tl 1-CLA significantly 

reduced ABCAl mRNA (P<0.004) when compared to cells treated with linoleic acid but 

not to the control cells. Macrophage PPARa and PPARy mRNA expression were not 

significantly altered by any treatment (P=0.3 and P=0.2, respectively).

To determine if  100 |iM was the minimum effective dose o f fatty acids on CD36 

mRNA expression, we examined the effects o f 50 |iM  c9,tl 1-CLA and tlO ,cl2-CLA  on 

CD36 mRNA expression. The findings are presented in Figure 3.2. At a concentration o f 

50 |xM, c9,tl 1-CLA was the only fatty acid treatment that significantly increased CD36 

mRNA relative to vehicle control-treated cells (54%; P<0.01). Although a similar trend 

was observed with tlO ,cl2-CLA  (36% increase), this increment did not reach statistical
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significance relative to vehicle control cells (P<0.09). There was no significant difference 

between the CLA isomers. The effects o f 50 |o.M fatty acids on SR-AI, LXRa, ABCAl 

and PPAR mRNA levels are presented in Table 3.4. While c9 ,tll-C L A  significantly 

decreased PPARy mRNA (P<0.02) relative to vehicle control treated cells, no other fatty 

acid had any effect on SR-AI (P=0.78), LXRa (P=0.16), ABCA l (P=0.63) or PPARa 

(P=0.28) mRNA expression at this concentration.

The effects o f c9,tl 1-CLA and tlO ,cl2-CLA  at concentrations o f  250 |iM and 500 

)aM on LXRa and ABCAl are presented in Figure 3.3 and Figure 3.4, respectively. 

Although a decrease was observed with 500 |iM c9,tl 1-CLA (-46%), at these 

concentrations, neither CLA isomer had a significant effect on LXRa levels in THP-1 

macrophages (P=0.27). Similarly, ABCAl mRNA was decreased by 500 |j,M c9,tl 1-CLA 

(-47%) but this time the effect was statistically significant relative to the vehicle control 

treated cells (P<0.008). This decrease was also significant relative to 250 |j,M c9,tl 1-CLA 

(P<0.007), 250 |iM tlO ,cl2-CLA  (P<0.003) and 500 filVI tlO ,cl2-C LA  (P<0.03).
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Table 3.3. The effects of fatty acids (100 (iM) and pharmacological PPAR ligands on mRNA levels of genes involved in cholesterol homeostasis 
in differentiated THP-1 macrophages.
Differentiated THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 |iM linoleic acid, c9,tll-C LA , tlO,cl2-CLA or stearic 
acid, 50 |iM of the pharmacological PPARa ligand Wyl4643, or 1 |jM of the pharmacological PPARy ligand rosiglitazone. mRNA expression was 
analysed by TaqMan® RT-PCR. The mRNA levels of target genes were normalised to GAPDH and expressed relative to DMSO. All results 
represent mean and SEM of 6 independent experiments.
* indicates P<0.05, ** indicates P<0.01, t  indicates P<0.001; relative to DMSO.

Treatment
CD36 SR-AI LXR-a ABCA l PPARa PPARv

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

DMSO 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00

Linoleic acid 3.44t 0.53 1.21 0.09 1.11 0.06 1.26* 0.13 2.06 1.08 2.46 1.03

c9,tll-C LA 2.82t 0.60 1.12 0.07 0.91 0.03 0.94 0.09 0.79 0.07 1.61 0.45

tl0,cl2-C LA 2.17** 0.34 1.12 0.07 1.00 0.07 1.05 0.10 1.22 0.48 1.99 0.79

Stearic acid 1.18 0.09 1.05 0.07 1.09 0.11 1.24 0.14 1.44 0.68 1.95 0.83

Wy 14643 3.63t 0.40 1.27 0.06 1.28* 0.15 1.90t 0.23 1.72 0.72 2.36 0.91

Rosiglitazone 5.46t 0.90 1.19 0.09 1.30** 0.07 1.21 0.13 1.15 0.10 2.07 0.47
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Figure 3.2. Effects of 50 jiM fatty acids on CD36 mRNA expression in THP-1 
macrophages.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 50 |j,M linoleic 
acid, c9 ,tll-C L A , tlO,cl2-CLA or stearic acid and analysed for mRNA levels by 
TaqMan® RT-PCR. The mRNA levels o f CD36 were normalised to GAPDH and 
expressed relative to DMSO. Results represent the mean ± SEM o f 6 independent 
experiments.
** indicates P<0.001 relative to DMSO.
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Table 3.4. The effects of fatty acids (50 îM) on mRNA levels of genes involved in cholesterol homeostasis in differentiated THP-1 
macrophages.
Differentiated THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 50 |aM of linoleic acid, c9,tl 1-CLA, tlO,cl2-CLA or stearic 
acid. mRNA expression was analysed by TaqMan® RT-PCR. The mRNA levels of target genes were normalised to GAPDH and expressed relative 
to DMSO. All results represent mean and SEM of 6 independent experiments.
** indicates P<0.01 relative to DMSO.

Treatment
CD36 SR-AI LXRa ABCAl PPARa PPARy

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

DMSO 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00

Linoleic acid 1.18 0.19 1.06 0.03 0.77 0.11 1.19 0.19 0.85 0.16 1.12 0.16

c9,tl 1-CLA 1.54** 0.17 1.04 0.05 1.10 0.19 1.02 0.20 0.73 0.08 0.64** 0.07

tlO,cl2-CLA 1.36 0.27 1.03 0.05 1.05 0.19 1.35 0.35 0.78 0.09 0.97 0.11

Stearic acid 0.97 0.12 1.06 0.05 1.33 0.30 1.46 0.33 0.82 0.16 0.82 0.10
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Figure 3.3. Effects of 250 and 500 fiM CLA on LXRa mRNA expression in THP-1 
macrophages.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 250 |j,M c9,tl 1- 
CLA or tlO,cl2-CLA or 500 |iM c9,tll-CLA  or tl0,cl2-CLA  and analysed for LXRa 
mRNA levels by TaqMan® RT-PCR. The mRNA levels of LXRa were normalised to 
GAPDH and expressed relative to DMSO. Results represent the mean ± SEM of 4 
independent experiments.
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Figure 3.4. Effects of 250 and 500 ^M CLA on ABCAl mRNA expression in THP-1 
macrophages.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 250 [iM c9,tl 1- 
CLA or tlO,cl2-CLA or 500 ^M c9,tll-CLA  or tlO,cl2-CLA and analysed for ABCAl 
mRNA levels by TaqMan® RT-PCR. The mRNA levels of ABCAl were normalised to 
GAPDH and expressed relative to DMSO. Results represent the mean ± SEM of 4 -  5 
independent experiments.
* indicates P<0.05 relative to DMSO.
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3.3.3 Macrophage CD36 expression

The previous set o f experiments has demonstrated that, similar to PPAR agonists, c 9 ,tll-  

CLA and tlO ,cl2-CLA  isomers (100 |iM) significantly increased CD36 mRNA levels. To 

correlate CD36 mRNA regulation with protein expression, CDS6 surface expression was 

evaluated by flow cytometry and confocal microscopy. The effects o f 100 |j,M linoleic 

acid, 100 |a.M c9 ,tll-C L A , 100 |j,M tlO ,cl2-CLA, 100 [iM stearic acid, 50 jiM W yl4643 

and I [4,M rosiglitazone on CD36 protein expression as assessed by flow cytometry are 

presented in Figure 3.5.

Consistent with the mRNA data, the pharmacological PPAR ligands Wy 14643 and 

rosiglitazone significantly increased CD36 surface expression relative to vehicle control- 

treated cells (P<0.0001). There was no significant difference between the PPAR ligands. 

T10,cl2-CLA  was the only fatty acid to significantly increase macrophage CD36 protein 

levels relative to the vehicle control (P<0.0007), linoleic acid (P<0.006) and c9,tl 1-CLA 

treated cells (P<0.002).

The effects o f 100 |aM linoleic acid, 100 |iM c9 ,tll-C L A , 100 tl0 ,cl2-C L A , 

100 |aM stearic acid, 50 [iM Wy 14643 and 1 faM rosiglitazone on CD36 protein expression 

as assessed by confocal microscopy are presented in Figure 3.6. Confocal microscopy 

provides qualitative analysis o f  cellular localisation patterns in three dimensions. The 

images were acquired by through a series o f XYZ sections. The XYZ sectioned images 

show that linoleic acid (Figure 3.6 C), c9 ,tll-C L A  (Figure 3.6 D) and tlO ,cl2-CLA  

(Figure 3.6 E) treatment increased cell surface CD36 expression, relative to the vehicle 

control cells (Figure 3.6 A). The pharmacological PPARy ligand rosiglitazone, which was 

included as a positive control (Figure 3.6 B), also increased CD36 expression. This 

analysis also showed that CD36 had a heterogeneous punctate pattern o f expression 

following CLA treatments. Furthermore, up-regulation o f CD36 expression was mainly 

cell surface based as displayed in the XZ (horizontal) and YZ (vertical) slice sections. 

Consistent with the mRNA data, CLA, linoleic acid and rosiglitazone increased CD36 

protein expression. Relative to the vehicle control cells, the pharmacological PPARy 

ligand increased CD36 protein expression to the greatest extent, and c9 ,tll-C L A  induced 

almost equivalent cell surface CD36 expression. Linoleic acid also induced CD36 

expression, albeit to a lesser extent than rosiglitazone or c9 ,111-CLA.
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Figure 3.5. The effects of fatty acids (100 nM), W yl4643 and rosiglitazone on THP-1 
macrophage cell surface CD36 protein expression.
Differentiated THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 
100 i^M o f linoleic acid, c9 ,tll-C L A , tl0 ,cl2-C L A , stearic acid, 50 |iM W yl4643, or 1 
I^M rosiglitazone (Ros). Macrophages were then incubated with saturating amounts of 
anti-CD36 (FA6-152), fixed in 2% paraformaldehyde and analysed on a FAC-Scan 
(Becton Dickinson). For each experiment 30,000 events were collected and analysed using 
C e l l Q u e s t  software (Becton Dickinson). All results represent mean and SEM of 6 
independent experiments and are expressed as mean fluorescence intensity (arbitrary 
units).
t  indicates P<0.001 relative to DMSO.
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Figure 3.6. The effects of fatty acids and pharmacological PPARy ligand on THP-1 
macrophage cell surface CD36 protein expression as detected by confocal laser 
microscopy.
THP-1 macrophages were incubated for 48 hr with vehicle control (DMSO), 1 p-M 
rosiglitazone, 100 [iM linoleic acid, 100 |j,M c9 ,tll-C L A  or 100 |o.M tlO ,cl2-CLA. Cells 
were fixed and permeabilised in ice-cold methanol, blocked with 3% BSA and labelled 
with anti-CD36 (FA6-152) for 1 hr at room temperature. Images were acquired using a 
Nikon Eclipse TE 2000-U confocal microscope at a lOOX objective and processed through 
Ultra View LCI and Volocity software to reveal 3-dimensional plots. Panels A, B, C, D, 
and E show DMSO, rosiglitazone, linoleic acid, c9 ,tll-C L A  and tlO ,cl2-CLA, 
respectively. In all panels, the image on the left shows the (XYZ) 3-dimensional view, the 
images on the right hand side show the image cut horizontally (XZ) and vertically (YZ) 
and the regular confocal image at the (XY) axis.
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3.3.4. M olecular markers of foam cell cholesterol homeostasis

The effect o f 1 OOjaM CLA on the expression o f genes involved in cholesterol homeostasis 

in macrophage-derived foam cells is presented in Table 3.5. C 9 ,tll-C L A , tlO ,cl2-CLA  

and both pharmacological PPAR ligands significantly increased CD36 mRNA expression 

(P<0.02, P<0.0001 and P<0.0001, respectively) compared to vehicle control treated foam 

cells. Linoleic acid failed to induce CD36 mRNA expression in this model, and thus, the 

increase in CD36 mRNA seen with the CLA isomers was significantly greater when 

compared to linoleic acid (P<0.005). The increment observed with tlO ,cl2-CLA  treated 

foam cells was also significantly greater than that seen with c9 ,tll-C L A  treated cells 

(P<0.02). W yl4643 significantly reduced SR-AI mRNA expression (-25%; P<0.03). The 

increment in SR-AI mRNA levels observed in rosiglitazone-treated cells (21%) 

approached significance compared to control foam cells (P<0.06). The fatty acid 

treatments had no significant effect on SR-AI mRNA expression.

Treatment with tlO ,cl2-CLA  significantly increased LXRa mRNA abundance 

compared to vehicle control (P<0.05), linoleic acid (P<0.05) and stearic acid (P<0.0008) 

treated foam cells. There was no statistically significant difference between tlO ,cl2-CLA  

and c9 ,tIl-C L A . W yl4643 and rosiglitazone significantly increased LXRa mRNA levels 

(P<0.02 and P<0.0001, respectively) relative to vehicle control. However, with the 

exception o f Wy 14643, this increase in the nuclear transcription factor mRNA did not 

translate into an increase in its reported target gene A B C A l. The expression o f ABCAl 

mRNA was increased by c9,tl 1-CLA compared to stearic acid (P<0.007) and approached 

significance compared to linoleic acid (P<0.06). There was no significant difference 

between the effects o f c9,tl 1-CLA and tlO ,cI2-CLA  on A BCA l mRNA levels. Wy 14643 

significantly increased ABCAl mRNA expression compared to the control, fatty acid 

treated foam cells and foam cells treated with rosiglitazone (P<0.0001, P<0.008 and 

P<0.004, respectively). Although rosiglitazone up-regulated A BCA l mRNA (30%) 

relative to vehicle control treated foam cells, this effect did not reach statistical 

significance. Foam cell PPARa and PPARy mRNA expression were not significantly 

altered by any treatment (P=0.07 and P=0.27, respectively).
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Table 3.5. The effects o f fatty acids (100 nM) and pharmacological PPAR ligands on mRNA levels o f genes involved in cholesterol homeostasis 
in THP-1 macrophage-derived foam cells.
Differentiated THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 |xM linoleic acid, c9,tl 1-CLA, tlO,cl2-CLA, stearic acid, 
50 (iM of the pharmacological PPARa ligand W yl4643, or 1 |iM of the pharmacological PPARy ligand rosiglitazone in the presence of 50 |ig/ml 
AcLDL. mRNA expression was analysed by TaqMan® RT-PCR. The mRNA levels of target genes were normalised to GAPDH and expressed 
relative to DMSO. All results represent mean and SEM of 4 -  6 independent experiments.
* indicates P<0.05, ** indicates P<0.01, f  indicates P<0.001; relative to DMSO.

Treatment
CD36 SR-AI LXRa ABCA l PPARa PPARy

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

DMSO 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00

Linoleic acid 1.00 0.09 0.97 0.07 1.03 0.06 0.98 0.09 0.70 0.13 1.12 0.26

c9,tl 1-CLA 1.40* 0.19 0.98 0.14 1.11 0.05 1.35 0.14 0.78 0.20 1.13 0.22

tlO,cl2-CLA 1.87t 0.14 1.15 0.14 1.35* 0.12 1.15 0.11 1.11 0.22 1.31 0.43

Stearic acid 0.90 0.08 0.92 0.16 0.88 0.07 0.93 0.15 1.02 0.17 0.90 0.05

Wy 14643 3.78t 0.20 0.75* 0.14 1.67** 0.26 2.44t 0.34 0.69 0.08 0.96 0.20

Rosiglitazone 2.51t 0.18 1.21 0.12 2.28t 0.15 1.30 0.15 1.02 0.15 1.00 0.19



3.4 Discussion

Monocytes and macrophages are present in every phase o f atherogenesis and the 

development o f macrophage-derived foam cells is a hallmark o f both early and late 

atherosclerotic lesions (Ross, 1999; Glass & Witztum, 2001). Studies have shown that 

CLA is a potent anti-atherogenic nutrient in vivo, inhibiting the progression and promoting 

the regression o f atherosclerosis in rabbits and hamsters and apoE'^' mice (Kritchevsky et 

a l ,  2000; Wilson et al., 2000; Toomey et al., 2003). In contrast, one study has 

demonstrated the pro-atherogenic potential o f CLA in C57BL/6 mice (Munday et al., 

1999). The mechanism by which CLA exerts its effects on atherosclerosis is unclear. As 

the majority o f studies to date have used heterogeneous blends o f CLA isomers, the present 

study focused on the effects o f the individual CLA isomers on molecular markers of 

cholesterol homeostasis in THP-1 macrophages in an attempt to elucidate the molecular 

basis o f the controversial anti-atherogenic potential o f CLA. T H P-ls represent a well- 

characterised model o f macrophage cholesterol homeostasis and foam cell formation 

(Auwerx, 1991; Kritharides et al., 1998) and have been used to investigate the anti

atherogenic effects o f pharmacological PPAR ligands (Chinetti et al., 2001).

The most striking effect o f these fatty acids on genes that regulate cholesterol 

homeostasis was with respect to CD36 expression. CD36 is a scavenger receptor that 

mediates the uptake o f modified LDL thereby promoting the transformation o f 

macrophages into foam cells (Febbraio et al., 2001; Nicholson, 2004). The important role 

o f  CD36 in foam cell formation and atherosclerosis was demonstrated in vivo by targeted 

disruption o f CD36, which reduced macrophage OxLDL uptake by more than 60% and 

was associated with a 76% reduction in lesion development (Febbraio et al., 2000). At a 

concentration o f 100 |aM, both isomers o f CLA and linoleic acid caused a 2 -  3-fold 

increase in macrophage CD36 mRNA expression, an effect almost comparable to the 

pharmacological PPAR ligands. In contrast, the saturated fatty acid stearic acid had no 

effect. The lower concentration (50 |iM) o f fatty acids had less o f an effect on CD36 

mRNA expression. Although the effects o f linoleic acid and the CLA isomers were 

evident at this concentration, only the increment induced by c9,tl 1-CLA reached statistical 

significance.

Functional CD36 is located on the surface o f the macrophage. Therefore, the effect 

o f  fatty acids on macrophage CD36 was visualised by confocal laser microscopy. The 

increase in macrophage CD36 mRNA expression following treatment with linoleic acid 

and CLA was associated with increased CD36 cell surface protein expression. Up- 

regulation o f CD36 expression was shown by confocal microscopy through serial Z plane
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sections. Further 3-D image analysis achieved by XZ and YZ sectioning confirmed that 

the up-regulated expression was surface derived. 3-D rendering confirmed a 

heterogeneous punctate staining common to both rosiglitazone and CLA treatment. 3-D 

analysis also confirmed the absence o f any intracellular CD36 pools following fatty acid 

treatments. In contrast, when analysed by flow cytometry, the pharmacological PPAR 

ligands and tlO ,cl2-CLA  but not linoleic acid or c9 ,tl 1-CLA significantly increased CD36 

cell surface expression. These discrepancies may be attributable to the different methods 

o f preparation and analysis. For example, the cells were permeabilised for confocal 

microscopy analysis but not for flow cytometry.

A limited number o f studies have investigated the effects o f  fatty acids on 

scavenger receptor expression. Y\x et al. (2002) also showed that linoleic acid and CLA 

treatment (200 |iM for 24 hr), in particular c9,tl 1-CLA, increased CD36 mRNA expression 

in HL60 macrophages. Long-chain «-3 polyunsaturated fatty acids (LC «-3 PUFA) have 

been shown to differentially regulate the expression o f CD36 in U937 monocytes (Pietsch 

et al., 1995; Finstad et al., 1998) and THP-1 macrophages (Vallve et al., 2002). In 

contrast, the n-6 PUFA linoleic acid consistenfly increased CD36 expression in U937 

monocytes (Pietsch et al., 1995), THP-1 macrophages (Vallve et al., 2002) and human 

monocyte-derived macrophages (Svensson et al., 2003). Similar to the findings o f this 

study, saturated fatty acids (SFA) such as stearic acid have been reported to have no effect 

(Vallve et al., 2002). Macrophages from mice fed fish oil, which is rich in LC «-3 PUFA, 

decreased the expression o f SR-AI/II at both the mRNA levels and cell surface expression 

(Miles et al., 2000). In addition, macrophages from mice fed an olive oil-rich diet 

displayed lower levels o f mRNA for SR-AI, SR-AII and CD36 (Miles et al., 2001). In our 

study, CLA and linoleic acid tended to increase SR-AI mRNA expression in THP-1 

macrophages but did not alter SR-AI mRNA levels in macrophage-derived foam cells.

Similar to their effects in THP-1 macrophages, both isomers o f CLA and 

pharmacological PPAR ligands significantly increased CD36 mRNA expression in THP-1 

macrophage-derived foam cells. The effect o f linoleic acid on CD36 mRNA in THP-1 

macrophages was significantly greater than that observed with the vehicle control and 

tlO ,cl2-CLA. In contrast, the effects o f linoleic acid on CD36 were diminished upon 

AcLDL-induced foam cell transformation, highlighting possible differential regulation of 

genes that depends on the activation/differentiation state o f  the cell. To date there are no 

reported studies on the effects o f fatty acids on CD36 expression in lipid-loaded 

macrophages.

As macrophage CD36 expression appeared to correlate with changes in the steady-
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state level o f  CD36 mRNA, the increase in CD36 expression in response to CLA may 

occur transcriptionally, and thus possibly via PPARs. However, as both mRNA and 

protein levels were assessed at the same time-points (after 48 hr incubation with fatty 

acids), further analysis is essential. Inclusion o f  transcription or translation inhibitors (e.g. 

actinomycin D and cycloheximide) in experiments would clarify whether changes in 

mRNA expression were due to an increase in gene transcription or new protein synthesis. 

In addition, the use o f  PPAR antagonists (Han & Sidell, 2002; Hodgkinson & Ye, 2003) or 

antisense nucleotides (Patel et a i ,  2002) to prevent PPAR signalling would determine 

whether this observed effect o f  CLA is dependent on PPARs.

Two synthetic PPAR ligands were included in this study to act as positive controls 

and to measure the relative potency o f  the fatty acid treatments. The synthetic PPARa 

ligand W yl4643 up-regulated the expression o f  macrophage and foam cell CD36, LXRa 

and A B C A l mRNA in agreement with published work (Chinetti et al., 2001; Hodgkinson 

& Ye, 2003). Similarly, the PPARy agonist rosiglitazone, a pharmacological TZD, 

increased macrophage and foam cell mRNA levels o f  CD36, LXRa and A B C A l mRNA  

levels, although the increment in A B C A l mRNA was not significant in either cell type. 

TZDs have been shown to increase CD36 expression in vitro (Tontonoz et al., 1998; 

Moore et al., 2001a; Hodgkinson & Ye, 2003).

However, contrasting effects o f  TZDs on A B C A l mRNA levels have been reported 

with troglitazone increasing (Chinetti et al., 2001) and decreasing (Akiyama et al., 2002) 

A B C A l expression in primary human and murine macrophages, respectively. 

Troglitazone had no significant effect on A B C A l mRNA expression in primary human 

macrophage-derived foam cells (Cabrero et al., 2003). In addition, other TZDs, including 

rosiglitazone, have been reported to exert minimal effects on A B C A l gene expression 

(Claudel et al., 2001; Akiyama et al., 2002). W yl4643 significantly decreased SR-AI 

mRNA expression in macrophage-derived foam cells but tended to increase SR-AI mRNA  

in macrophages. Rosiglitazone tended to increase SR-AI m RNA levels, albeit not 

significantly, in both cell types. In contrast to Ricote et al. (1998), who found that 

treatment o f  U937 monocytes with the natural PPARy agonist 15-deoxy-prostaglandin J2 

(15d-PGJ2) inhibited expression o f  the SR-A gene, Moore et al. (2001a) indicated that the 

reduction in SR-A expression observed following troglitazone treatment might be through 

post-transcriptional mechanisms.

Relative to the effects seen with CD36 mRNA, the fatty acids had little or no effect 

on the levels o f  other genes involved in cholesterol homeostasis. Linoleic acid tended to 

increase LXRa while significantly increasing A B C A l mRNA expression in macrophages.
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Similar to that observed for CD36, the effects o f linoleic acid appear to have been lost 

upon AcLDL-loading and foam cell transformation. In foam cells, tlO ,cl2-CLA  was the 

only fatty acid to significantly increase the expression o f LXRa mRNA. A concomitant 

increase in ABCAl expression was observed but this effect did not reach statistical 

significance. Relative to the other fatty acids, c9 ,tll-C L A  was the only fatty acid to 

increase macrophage-derived foam cell A BCA l mRNA expression. Unsaturated fatty 

acids were reported to increase rodent liver LXRa expression in vitro and in vivo (Tobin et 

a i ,  2000), possibly via induction o f gene transcription. In contrast, PUFA including 

arachidonic acid, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) 

suppressed LXRa activity in human embryonic kidney (HEK293) cells (Pawar et al., 

2002) and monkey kidney epithelium derived COS-7 cells (Johnson & Ledwith, 2001).

Incubation o f murine RAW 264.7 macrophages with unsaturated fatty acids such as 

linoleic acid, arachidonic acid, EPA and oleic acid down-regulated ABCAl mRNA and 

protein without affecting the LXRa gene expression (Uehara et al., 2002). The authors 

suggested that post-translational effects on LX Ra as reported by Ou et al. (2001) and 

Yoshikawa et al. (2002) may mediate the observed down-regulation o f  ABCAl by 

unsaturated fatty acids. In our system, exposure o f  THP-1 macrophages to 500 |iM c9,tl 1- 

CLA for 48 hr tended to reduce LXRa mRNA, while significantly decreasing ABCAl 

mRNA levels. These effects were not evident at concentrations that more reflect 

physiological concentrations o f fatty acids in the body. Further work is needed to 

determine whether such reductions at 500 |iM are attributable to reduced gene transcription 

and not to an increase in cytotoxicity.

Recent evidence shows that murine macrophage A BCAl is also subjected to post- 

transcriptional regulation by unsaturated fatty acids, which were found to reduce ABCAl 

content by enhancing its degradation rate (W ang & Oram, 2002). SFA like stearic acid 

were recently shown to reduce ABCAl protein levels in CaCo2 cells (Murthy et al., 2004) 

and destabilise ABCAl in AcLDL-loaded murine J774 macrophages (Wang et al., 2004b). 

Wang et al. (2004b) proposed that desaturation o f  SFA by stearoyl-CoA desaturase (SCD) 

was responsible for this destabilisation. SCD catalyses A^-cis desaturation o f a number of 

fatty acyl substrates including palmitoly and stearoyl-CoA to produce unsaturated fatty 

acids. By inhibiting SCD activity with CLA or troglitazone, A BCA l destabilisation by 

palmitoleate and stearate was nearly abolished (W ang et al., 2004b). In support o f this 

concept, in vivo and in vitro studies have determined that CLA treatment increases the ratio 

o f SFA to monounsaturated fatty acids (MUFA) (Lee et al., 1998; Choi et al., 2000; Evans 

et al., 2002). In agreement, we found that CLA, in particular the tlO ,cl2-CLA  isomer,
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altered the composition o f human TH P-1 macrophage total lipids by increasing the amount 

o f palmitic acid and stearic acid while decreasing the amount o f  palmitoleic and oleic acid 

compared to untreated control cells. Thus, inhibition o f  SCD activity and/or expression 

may explain this increase in SFA:MUFA. Further work is needed to determine whether 

CLA inhibits SCD activity in human macrophages and the post-transcriptional effects of 

CLA on ABCAl expression.

Treatment o f THP-1 macrophages with the fatty acids or the pharmacological 

agents did not significantly affect PPARa or PPARy mRNA levels in macrophages or foam 

cells. Although the levels o f these receptors have been reported to be regulated by their 

ligands, recent findings indicate that expression o f PPAR genes is not acutely regulated by 

PPAR occupancy (Davies et al., 2002). PPARs may mediate the effects o f fatty acids 

through post-transcriptional mechanisms. We are confident o f efficient exposure and 

incorporation o f the fatty acids into the cells since we demonstrated significant increases in 

the levels o f each fatty acid following culture. In conclusion, these findings suggest that 

CLA may have the potential to facilitate foam cell formation via the up-regulation o f CD36 

expression. Few studies have investigated the effect o f dietary fatty acids, and in particular 

individual isomers o f CLA, on cholesterol homeostasis in animal or human macrophages. 

The functional consequences o f the effects o f CLA on CD36 expression are explored in 

Chapter 4.
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Chapter 4

The Effects o f c9 ,tll-C L A  and tlO ,cl2-CLA  on M acrophage Cholesterol

Homeostasis*

* Part o f this work has been published in Atherosclerosis 174 (2): 261 -  73 

4.1 Introduction

Atherosclerosis is characterised by the accumulation o f cholesterol, particularly cholesteryl 

ester (EC) and free cholesterol (FC), with triacylglycerol (TAG) usually making up less 

than 10% of the total lipid in the intima o f arteries (Ross, 1993; Lada et al., 2002). 

Macrophage-derived foam cells from human atherosclerotic plaques contain large 

quantities o f EC and phospholipids and lesser but significant quantities o f TAG 

(Kritharides et al., 1998). This accumulation o f cholesterol represents an imbalance 

between influx and efflux o f cholesterol (Oram, 2002c). Influx is the movement o f both 

FC and EC molecules from an extracellular source into cells (Rothblat et al., 2002). When 

modified LDL is taken up by macrophages its EC content is hydrolysed to FC and fatty 

acids. Excess FC is re-esterified by acyl coenzyme A:acyltransferase (ACAT)-l and 

accumulates in the cytosol to form intracellular EC-rich lipid droplets. Progression of 

atherosclerosis is a dynamic process and while the macrophage foam cell is typically 

perceived as an EC-rich cell, research suggests that advanced lesions are associated with an 

increase in macrophage FC and a decrease in CE (Tabas, 2000; Li & Glass, 2002; Tabas, 

2002).

As native low density lipoprotein (LDL) does not form characteristic cholesteryl 

ester lipid droplets in the cytoplasm o f macrophages, LDL cholesterol must be modified in 

some way before it can be a source o f foam cell cholesterol, e.g. oxidation, acetylation, 

glycation (Weinstein et al., 1976; Goldstein et al., 1979; Steinberg, 2002). Once retained 

in the intima, specific responses to the modified lipoproteins result in biochemical and 

cellular events that disrupt macrophage cholesterol homeostasis. This disruption promotes 

the conversion o f macrophages to lipid-loaded foam cells through unregulated uptake of 

modified LDL-derived cholesterol in conjunction with insufficient efflux mechanisms 

(Tabas, 1999; Jessup et al., 2002). As discussed in chapters 1 and 3, scavenger receptors 

SR-A and CDS 6 have been demonstrated to play quantitatively significant roles in 

macrophage cholesterol accumulation and foam cell transformation. Unlike LDL 

receptors, these scavenger receptors are not subjected to negative feedback control and 

thus, mechanisms mediating cholesterol efflux are important for maintenance o f
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cholesterol homeostasis in the macrophage (Brown & Goldstein, 1999; Glass & Witztum, 

2001).

In general, cholesterol efflux is defined as the movement o f FC molecules from the 

cell to an extracellular acceptor (Johnson et al., 1991) such as high density lipoprotein 

(HDL) and particles containing only the apolipoprotein (apo) Al. There are two proposed 

mechanisms by which this transfer o f FC might occur (Sugimoto et al., 2004). Firstly, 

cellular cholesterol may be released by an aqueous diffusion type mechanism that requires 

a gradient o f cholesterol between the plasma membrane and the acceptor lipoprotein 

surface (Oram & Vaughan, 2000; Jessup et al., 2002). Secondly the process might be 

energy-dependent, transferring and exporting cholesterol and phospholipids via membrane 

transporters such as ATP-binding cassette transporter 1 (A B C A l) to HDL-associated lipid- 

poor apolipoproteins such as apo Al (Oram & Vaughan, 2000; Jessup et al., 2002).

Activation o f  members o f the peroxisome proliferator activated receptor (PPAR) 

family o f  transcription factors such as PPARa and PPARy in macrophages results in 

transcriptional regulation o f genes involved in macrophage lipid metabolism (Cabrero et 

al., 2002; Hodgkinson & Ye, 2003). Thus, PPARs may influence the development and 

evolution o f atherosclerosis. Pharmacological PPARa and PPARy ligands induced 

A BCA l expression and promoted apo Al-mediated cholesterol efflux from macrophages 

(Chawla et al., 2001b; Chinetti et al., 2001). PPAR activation has no effect on cholesterol 

efflux in macrophages isolated from patients with Tangiers Disease, which is characterised 

by a genetic defect that results in non-functional A BCA l (Chinetti et al., 2001). 

Conditional disruption o f macrophage PPARy inhibited cholesterol efflux from 

macrophages (Akiyama et al., 2002).

Accumulation o f macrophage-derived foam cells, the hallmark o f fatty streaks, may 

be reversible (Libby, 2000). Conjugated linoleic acid (CLA) not only inhibited the 

progression o f atherosclerosis, but also promoted the regression o f established 

atherosclerosis in animal models o f diet-induced atherosclerosis (Kritchevsky et al., 2000; 

Toomey et al., 2003). Given the effects o f CLA on molecular determinants o f macrophage 

cholesterol homeostasis observed in the previous chapter, the effects o f c9 ,tll-C L A  and 

tlO ,cl2-CLA  on macrophage intracellular cholesterol concentrations were investigated. 

Furthermore, the effects o f CLA isomers on acetylated LDL (AcLDL)-induced 

transformation o f THP-1 macrophages into foam cells and apo Al-mediated cholesterol 

efflux were examined.
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4.2 Materials and methods 

4.2.1 Cholesterol loading and cellular cholesterol measurement

THP-1 monocytes were differentiated into macrophages as described in section 2.1.5. 

Adherent macrophages were starved o f serum by incubating with RPMI 1640 medium 

supplemented with 1% Nutridoma HU for 24 hr. Cells were pre-treated for 24 hr with 

vehicle control (DMSO), 100 |aM linoleic acid, 100 [iM c9 ,tll-C L A , 100 )iM 110,c l 2- 

CLA, 100 |j,M stearic acid, 50 jiM Wy 14643 or 1 )xM rosiglitazone. Cells were then 

treated with or without 50 ^g/ml AcLDL and incubated in the presence o f DMSO, fatty 

acids or pharmacological agents for a further 48 h. After this incubation period, cells were 

washed twice and intracellular lipids extracted in hexane:isopropanol as described in 

section 2.7.1. Cellular proteins were collected by digestion in 0.1 M NaOH and measured 

by Bradford assay (Bio-Rad Laboratories Inc., CA, USA) as described in section 2.7.2. 

Total and free cholesterol concentrations were quantified by enzymatic assays as described 

in section 2.7.3. Esterified cholesterol was calculated as the difference between total and 

free cholesterol levels. Results were expressed as |o.g lipid/mg cellular protein.

4.2.2 Apo Al-m ediated cholesterol efflux and cellular cholesterol measurement

After pre-treatment with vehicle control, fatty acids and pharmacological PPAR ligands, 

T H P-1 macrophages were loaded with AcLDL for 48 hr as described above. Cells were 

cultured for a further 24 hr in medium with or without 100 |ag/ml apo AI to initiate 

cholesterol efflux. Intracellular lipids and proteins were extracted and cholesterol 

concentrations were quantified by enzymatic assays as above. Results were expressed as 

|ig lipid/mg cellular protein.

4.2.3 Statistical analysis

Statistical analysis was performed with DataDesk 6.0 (Data Description Inc., NY). The 

distribution o f the data for each variable was assessed and variables transformed to 

normalise the distribution o f data if  necessary. Multiple comparisons were performed by 

one-way ANOVA. Individual differences were subsequently tested by Fisher’s least 

significance difference test after demonstration o f  significant inter-group differences by 

ANOVA. A statistical probability o f P<0.05 was considered statistically significant.
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4.3 Results

4.3.1 The influence of CLA on foam cell transformation of THP-1 macrophages

Intracellular total (TC), free (FC) and esterified (EC) cholesterol concentrations pre- and 

post- exposure to AcLDL are summarized in Figure 4.1 and detailed in Figure 4.2A, B and 

C, respectively. Exposure to AcLDL for 48 hr caused a significant increase in intracellular 

TC concentrations (P<0.0006), irrespective o f treatment (Figure 4.2A). TC concentrations 

were significantly greater in the macrophages (not exposed to AcLDL) treated with linoleic 

acid (P<0.02), c9,tl 1-CLA (P<0.02) and tlO ,cl2-C LA  (P<0.05), compared to vehicle 

control cells. Treatment with linoleic acid, c9,tl 1-CLA or tlO ,cl2-C LA  was not associated 

with greater intracellular TC concentrations upon exposure to AcLDL. The 

pharmacological PPARa ligand Wy 14643 was the only treatment that significantly 

(P<0.007) reduced foam cell intracellular TC concentrations, compared to control.

Regardless o f treatment, there was a significant increase in intracellular FC in all 

macrophages exposed to AcLDL (P<0.008) (Figure 4.2B). FC concentrations were 

significantly greater in the macrophages treated with linoleic acid (P<0.01), c9,tl 1-CLA 

(P<0.007) and tlO ,cl2-CLA  (P<0.03), compared to vehicle control cells. Again, there was 

no significant difference between the fatty acids. In contrast, foam cell FC concentrations 

were not significantly affected by any o f  the culture treatments. As depicted in Figure 

4.2C, intracellular EC concentrations were differentially affected by the fatty acids and 

PPAR ligands upon exposure to AcLDL. There was no significant difference between the 

intracellular EC concentrations o f macrophages treated with DMSO, fatty acids or 

pharmacological PPAR ligands. Upon exposure to AcLDL, intracellular EC 

concentrations increased significantly (P<0.02) in foam cells treated with DMSO, c 9 ,tll-  

CLA, tlO ,cl2-CLA , stearic acid and rosiglitazone. However, linoleic acid and Wy 14643 

prevented a significant increase in intracellular EC concentrations upon exposure to 

AcLDL. Consequently, the concentrations o f EC in linoleic acid and W yI4643 treated 

foam cells were significantly less than that seen in vehicle control treated foam cells 

(P<0.0003 and P<0.004, respectively). The concentration o f EC in foam cells treated with 

c9 ,tIl-C L A , tlO ,cl2-CLA  and stearic acid were significantly greater than that found in 

linoleic acid treated foam cells (P<0.007).

The absolute change in cholesterol concentrations pre- and post-exposure of 

macrophages to AcLDL for 48 hr is presented in Table 4.1. Linoleic acid, c9,tl 1-CLA, 

tlO ,cl2-CLA, and Wy 14643 treated cells showed a significantly smaller increase in TC 

concentrations compared to vehicle control treated cells (P<0.04). For linoleic and CLA 

treated cells, this reflects higher macrophage TC concentrations before exposure to
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AcLDL, whereas Wy 14643 appears to be preventing AcLDL accumulation in 

macrophages. The change in free cholesterol concentrations was not significantly affected 

by any o f  the treatments (P=0.18). The change in EC concentrations was significantly less 

in the linoleic acid (P<0.003) and W yl4643 (P<0.04) treated cells, compared to the control 

cells.

Figure 4.3 displays the ratio o f EC to FC in macrophages and foam cells treated 

with the fatty acids and PPAR ligands. There was no significant difference between the 

EC:FC ratio o f macrophages treated with DMSO, fatty acids or pharmacological PPAR 

ligands. There was a significant increase (P<0.02) in the ratio o f EC to FC when the 

control macrophages were exposed to AcLDL. This increase was attenuated by some fatty 

acid and PPAR treatments. The EC:FC ratio was significantly lower in the linoleic acid, 

c9,tl 1-CLA and Wy 14643 treated foam cells (P<0.0005, P<0.04 and P<0.05, respectively) 

compared to the vehicle control treated foam cells. There was no significant difference 

between the EC:FC ratios o f foam cells treated with c9,tl 1-CLA and tlO ,cl2-CLA. The 

EC:FC ratios in foam cells treated with tlO ,cI2-CLA  and stearic acid were significantly 

greater than those found in linoleic acid treated foam cells (P<0.007 and P<0.02, 

respectively).
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Figure 4.1. The effect of fatty acids and pharmacological PPAR ligands on THP-1 macrophage intracellular total, free and esterified 
cholesterol concentrations before and after loading with AcLDL.
THP-1 macrophages were pre-treated for 24 hr with vehicle control (DMSO), 100 |aM linoleic acid, c9,tl 1-CLA, tlO,cl2-CLA or stearic acid, 50^M 
Wy 14643, or 1 [iM rosiglitazone (Ros). Cells were cultured for a ftirther 48 hr with fatty acids or pharmacological ligands in the absence or presence 
of 50 |Jg/ml AcLDL. Intracellular total cholesterol (□) and free cholesterol (■) were determined enzymatically. Esterified cholesterol (■) was 
calculated as the difference between total and free cholesterol. Results are expressed as |jg lipid/mg cellular protein and represent the mean ± SEM of 
6 independent experiments.
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Figure 4.2. Effect of fatty acids and pharmacological PPAR ligands on total, free and 
esterified cholesterol accumulation upon exposure of THP-1 macrophages to AcLDL.
THP-1 macrophages were pre-treated for 24 hr with vehicle control (DMSO), 100 |xM 
linoleic acid, c9 ,tll-C L A , tlO ,cl2-CLA  or stearic acid, 50 |iM W yl4643, or 1 p,M 
rosiglitazone (Ros). Cells were cultured for a further 48 hr with fatty acids or 
pharmacological ligands in the absence or presence o f 50 |J.g/ml AcLDL. Macrophage (□) 
and foam cell (■) intracellular A) total cholesterol and B) free cholesterol were determined 
enzymatically. C) Esterified cholesterol was calculated as the difference between total and 
free cholesterol. Results are expressed as |ig lipid/mg cellular protein and represent the 
mean ± SEM of 6 independent experiments. NSD = no significant difference.
* indicates P<0.05, ** indicates ?<0.01, f  indicates P<0.001; relative to vehicle control.
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Table 4.1. The absolute change (A) in total, free and esterified cholesterol 
concentrations upon AcLDL cholesterol loading o f THP-1 macrophages.
Values are summarized from Figure 4.1 and represent the mean and SEM of 6 independent 
experiments.
* indicates P<0.05, ** indicates ?<0.01; relative to vehicle control (DMSO).

Treatment
A Total Cholesterol A Free Cholesterol A Esterified Cholesterol
Mean SEM Mean SEM Mean SEM

DMSO 48.50 6.46 28.02 6.05 20.48 4.49

Linoleic 23.60** 4.67 22.99 3.85 0.62** 4.62

c9,tll-C LA 28.16* 5.66 17.26 4.35 10.90 4.48

tlO,cl2-CLA 30.16* 7.46 14.54 4.99 15.62 4.20

Stearic 31.89 7.42 19.41 4.93 12.48 4.10

Wy 14643 26.68* 4.60 19.59 4.19 7.09* 3.50

Rosiglitazone 48.81 9.14 30.42 5.85 18.39 4.86
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Figure 4.3. Effect of fatty acids and pharmacological PPAR ligands on cholesterol 
distribution between esterified and free cholesterol.
Values are summarized from Figure 4.1 and represent the mean ± SEM of 6 independent 
experiments.
* indicates ?<0.05, f  indicates P<0.001 relative to vehicle control (DMSO).
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4.3.2 The influence of CLA on apo Al-mediated cholesterol efflux

Intracellular TC, FC and EC cholesterol concentrations in AcLDL loaded macrophages 

(foam cells) pre- and post- exposure to apo AI are summarized in Figure 4.4 and detailed 

in Figure 4.5A, B and C, respectively. Exposure to apo AI for 24hr significantly decreased 

intracellular TC concentrations in foam cells treated with fatty acids and synthetic PPAR 

ligands (P<0.05) (Figure 4.5A). This reduction approached significance in foam cells 

treated with the vehicle control (?<0.08). The concentration o f TC in foam cells treated 

with linoleic acid not exposed to apo AI was significantly greater than that o f the 

corresponding vehicle control treated cells (P<0.0003). However, there was no significant 

difference between the TC concentrations o f foam cells exposed to apo AI treated with 

vehicle control, fatty acids or synthetic PPAR ligands.

Exposure to apo AI for 24hr significantly decreased intracellular FC concentrations 

in foam cells irrespective o f culture treatment (P<0.05) (Figure 4.5B). FC concentrations 

were significantly greater in foam cells not exposed to apo AI and treated with linoleic acid 

(P<0.01), c9 ,tll-C L A  (P<0.007) and tlO ,cl2-C LA  (P<0.03) compared to vehicle control 

cells. There was no significant difference between the CLA isomers. FC concentrations 

were also significantly greater in foam cells exposed to apo AI and treated with linoleic 

acid (P<0.0007) and tlO ,cl2-CLA  (P<0.03) compared to vehicle control cells treated with 

apo AI. Again, no significant difference between the CLA isomers was found. Although 

intracellular EC cholesterol concentrations were reduced upon exposure to apo AI, no 

significant treatment effect was found (P=0.16).

The absolute change (A) in cholesterol concentrations pre- and post- exposure o f 

foam cells to apo AI for 24 hr is presented in Table 4.2. No significant treatment effects 

were found for A TC, A FC or A EC (P=0.62, P=0.3 and P=0.69, respectively). However, 

it is obvious from this table that Wy 14643 was the most effective treatment in reducing 

intracellular TC (-29.8%) and FC concentrations (-29.4%). T10,cl2-C LA  was the most 

effective fatty acid reducing TC by 22.4% and EC by 34.5%. Figure 4.6 displays the ratio 

o f EC to FC in foam cells treated with fatty acids and PPAR ligands pre- and post

treatment with apo AI. Although linoleic acid and tI0 ,c l2 -C L A  reduced the EC:FC ratio 

o f foam cells exposed to apo AI by 28.7% and 34.2%, respectively, no significant 

treatment effects were found for foam cells treated with or without apo AI (P=0.31).
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Figure 4.4. The effect of fatty acids and pharmacological PPAR ligands on THP-1 macrophage intracellular total, free and esterified 
cholesterol concentrations before and after treatment with apo AI.
THP-1 macrophages were pre-treated for 24 hr with vehicle control (DMSO), 100 |aM linoleic acid, c9,tl 1-CLA, tlO ,cl2-CLA  or stearic acid, 50[iM 
Wy 14643, or 1 [xM rosiglitazone (Ros). Cells were cultured for a further 48 hr with fatty acids or pharmacological ligands in the presence o f  50 p-g/ml 
AcLDL. AcLDL-loaded macrophages were then cultured for 24 hr in the presence o f  vehicle control, fatty acid or pharmacological ligands but with or 
without 100 n^g/ml apo AI to initiate efflux. Intracellular total cholesterol (□ ) and free cholesterol (■ ) were determined enzymatically. Esterified 
cholesterol (■ ) was calculated as the difference between total and free cholesterol. Results are expressed as |xg lipid/mg cellular protein and represent 
the mean ± SEM o f 6 independent experiments.
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Figure 4.5. Effects of fatty acids and pharmacological ligands on apo Al-stimulated 
cholesterol efflux from AcLDL loaded THP-1 macrophages (foam cells).
THP-1 macrophages were pre-treated for 24 hr with vehicle control (DMSO), 100 [a,M 
linoleic acid, c9 ,tll-C L A , tlO ,cl2-CLA  or stearic acid, 50 |aM W yl4643, or 1 |j,M 
rosiglitazone (Ros). Cells were cultured for a further 48 hr with fatty acids or 
pharmacological ligands in the presence o f 50 |a^g/ml AcLDL. AcLDL-loaded macrophages 
were then cultured for 24 hr in the presence o f vehicle control, fatty acid or 
pharmacological ligands but with or without 100 |ag/ml apo AI to initiate efflux. 
Intracellular A) total and B) free cholesterol concentrations were determined 
enzymatically. C) Esterified cholesterol was calculated as the difference between total and 
free cholesterol. Results are expressed as |o.g lipid/mg cellular protein and represent the 
mean ± SEM of 6 independent experiments.
* indicates P<0.05, ** indicates P<0.01, f  indicates P<0.001; relative to vehicle control.
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Table 4.2. The absolute change (A) in total, free and esterified cholesterol 
concentrations in AcLDL-loaded macrophages upon stimulation of cholesterol efflux.
Values are summarized from Figure 4.4 and represent the mean and SEM of 6 independent 
experiments.

Treatment
A Total Cholesterol A Free Cholesterol A Esterified Cholesterol
Mean SEM Mean SEM Mean SEM

DMSO -11.32 3.28 -7.69 2.76 -3.63 4.89

Linoleic -17.82 6.4 -8.58 3.3 -9.24 3.61

c9,tll-C LA -15.19 3.7 -10.39 3.95 -4.80 3.76

tlO,cl2-CLA -19.03 6.66 -8.31 2.93 -10.72 5.15

Stearic -17.62 5.88 -5.91 1.41 -11.71 5.11

Wy 14643 -24.72 5.92 -15.09 2.91 -9.63 3.58

Rosiglitazone -13.32 4.27 -9.43 1.39 -3.9 3.65
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Figure 4.6. Effect of fatty acids and pharmacological PPAR ligands on cholesterol 
distribution between esterified and free cholesterol.
Values are summarized from Figure 4.4 and represent the mean ± SEM of 6 independent 
experiments.
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4.4 Discussion

Although the uptake o f modified lipoproteins by macrophages in the arterial wall may be a 

type o f physiological response that disposes o f  potentially harmful lipoprotein material, 

eventually this process contributes to the progression and complications o f atherosclerosis 

(Glass & Witztum, 2001; Tabas, 2002). The development o f macrophage-derived foam 

cells and the fatty streak is a hallmark o f atherosclerotic lesions. In this study macrophage 

foam cell transformation was achieved by culturing the THP-1 macrophages in the 

presence o f AcLDL. The increase in intracellular cholesterol concentrations and the 

proportions o f FC and EC in the cells concur with published work (Kritharides et al., 

1998).

The concentrations o f TC and FC were significantly higher in macrophages treated 

with linoleic acid, c9,tl 1-CLA and tl0 ,cl2-C L A . These findings appear to concur with the 

effects o f these fatty acids on scavenger receptor expression in macrophages presented in 

chapter three. Linoleic acid, c9,tl 1-CLA and tlO ,cl2-C LA  increased CD36 mRNA and 

protein expression and tended to increase SR-AI mRNA levels. However, as the increase 

in TC and FC occurred in macrophages cultured without an exogenous cholesterol source 

and were not obvious in AcLDL-loaded macrophages, these fatty acids may be affecting de 

novo macrophage cholesterol synthesis and catabolism. As a result o f these higher basal 

cholesterol levels, the absolute increase in TC and FC concentrations upon transformation 

from macrophage to foam cell was less in the cells treated with linoleic acid, c9,tl 1-CLA 

and tlO ,cl2-CLA  compared to control cells.

As in the previous study, the synthetic PPAR ligands Wy 14643 and rosiglitazone 

were included to act as positive controls. It must be noted however, that some deviations 

from published reports regarding the effects o f these PPAR ligands were noted. Chinetti et 

al. (2001 & 2003) found that the synthetic PPARa ligand Wy 14643 had no significant 

effect on macrophage TC accumulation in the presence o f  modified LDL. In contrast, our 

findings indicate that Wy 14643 significantly inhibited TC accumulation after AcLDL 

loading o f macrophages. This inhibition concurs with the decreased SR-AI mRNA and 

increased ABCAI mRNA levels observed in Wy 14643 treated foam cells but the overall 

contribution o f such changes in mRNA levels to cholesterol accumulation are difficult to 

predict. Wy 14643 treatment reduced foam cell intracellular EC concentrations and the 

EC:FC ratio in agreement with published findings (Chinetti et al., 2003).

The EC:FC ratio has been used as a surrogate marker o f macrophage atherogenicity 

and reverse cholesterol transport (RCT), as the balance between EC and FC is closely 

related to cholesterol removal in human macrophages and foam cells (Chinetti et al.,
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2003). In our study, linoleic acid and Wy 14643 significantly reduced foam cell 

intracellular EC levels and the EC:FC ratio. C9,tl 1-CLA tended to decrease intracellular 

EC levels o f foam cells, which translated to a significant reduction in c9,tl 1-CLA treated 

foam cells EC:FC ratio. Further work is needed to determine whether these effects are as a 

result o f reduced endogenous cholesterol synthesis or a decrease in cholesterol 

esterification.

It has been proposed that reduced EC levels and a lower EC:FC ratio may enhance 

macrophage cholesterol efflux by increasing the availability o f FC for efflux through the 

A BCAl pathway (Chinetti et al., 2003; Sugimoto et al., 2004). ACAT-1 is the enzyme 

responsible for re-esterifying FC in macrophages (Brown et al., 1980). The reduced 

EC:FC ratio may be attributable to altered ACAT-1 activity or expression. Chinetti et al. 

(2003) reported that PPARa activation did not alter ACAT-1 gene expression, however, no 

analysis o f ACAT-1 activity was performed. Many AC AT inhibitors have been developed 

to reduce the formation and progression o f atherosclerotic lesions in vivo (Rodriguez & 

Usher, 2002). There are no reports o f the effects o f individual CLA isomers on ACAT-1 

expression and activity in macrophages but feeding CLA to hamsters was reported to 

decrease the activity o f intestinal ACAT (Yeung et al., 2000).

Reduced EC levels may also occur as a result o f  changes in carnitine 

palmitoyltransferase type (CPT)-l expression and activity. CPT-1 catalyses the entry of 

long chain fatty acids into mitochondria and subsequent p-oxidation, thus determining the 

availability o f long chain fatty acids as substrate for ACAT-1 (Chinetti et al., 2003). 

PPAR agonists are reported to increase CPT-1 expression (Mascaro et al., 1998; Cabrero et 

al., 2003). Mixed isomers o f CLA were reported to increase or have no effect on the 

expression o f CPT-1 in rats (Martin et al., 2000; Rahman et al., 2001; Akahoshi et al., 

2003). However, there are no reports o f the effects o f individual CLA isomers CPT-1 

expression and activity in cells o f the artery wall. It is possible that other genes involved in 

cholesterol metabolism such as neutral cholesteryl ester hydrolase, which hydrolyses EC to 

FC for efflux, may also play a role. Further work is required to determine whether the 

fatty acids are exerting their effects through these pathways.

While the macrophage foam cell is typically perceived as an EC-rich cell, studies 

have shown that progression o f atherosclerosis is a dynamic process associated with an 

increase in FC and a decrease in EC (Tabas, 2002). Progressive lipid loading o f 

macrophages might lead to deficiencies in ACAT, cholesterol transport to ACAT and/or 

cellular efflux o f FC (Feng & Tabas, 2002) thus, interventions that promote FC efflux in 

lesional macrophages and foam cells would be beneficial. The second functional assay of
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cholesterol homeostasis was the effects o f  CLA on foam cell apo Al-mediated cholesterol 

efflux. Chinetti et al. (2003) proposed that the effects o f Wy 14643 in the balance between 

FC and EC in association with induction o f  A BCAl might contribute to enhanced FC 

efflux and stimulation o f the RCT. Our findings demonstrate that apo Al-mediated 

cholesterol efflux was enhanced, albeit not significantly, by Wy 14643. Neither the fatty 

acid treatments nor the pharmacological PPARy ligand rosiglitazone significantly affected 

cholesterol efflux.

In conclusion, human THP-1 monocyte-derived macrophages have been 

established as a valuable cell line for studying lipid metabolism o f human macrophages 

(Kritharides et al. 1998). Overall, the results presented here suggest that CLA does not 

affect cholesterol homeostasis in this cell model. PPARa activation appeared to be more 

effective than PPARy activation at maintaining cholesterol homeostasis when macrophages 

were challenged with AcLDL. Furthermore, although CLA did not enhance cholesterol 

efflux, no negative effects were observed, and CLA did not promote macrophage 

cholesterol accumulation. Taking into account that CLA exerts varying potencies 

depending on the animal model employed (Moya-Camarena & Belury, 1999), the anti

atherogenic effect o f  CLA associated with feeding animals a CLA rich diet may not be 

attributable to reduced or reversed fatty streak formation via altered macrophage 

cholesterol homeostasis in vivo. Therefore, alternative molecular mechanisms to explain 

the anti-atherogenic effect o f CLA in vivo need to be dissected. Furthermore, it is 

important to note that atherosclerosis is not simply a lipid disorder, but a chronic 

inflammatory condition that is initiated by and progressed in the context of 

hypercholesterolaemia (Steinberg, 2002). Subendothelial macrophages may accumulate 

large amounts o f cholesteryl esters giving rise to lipid-laden foam cells characteristic o f the 

fatty streak lesion. However, monocyte-derived macrophages may also contribute to 

lesion formation by exerting pro-atherogenic effects as a consequence o f the wide 

spectrum o f biological activities that these highly secretory cells can express (Rouis et al., 

1990). Therefore, the effects o f CLA on locally produced atherosclerosis-associated 

cytokines will be explored in the next chapter.

124



Chapter 5

Conjugated Linoleic Acid Differentially Modulates the Expression and Production of 

Cytokines by THP-1 Macrophages Before and After Loading of Cholesterol

5.1 Introduction

Atherosclerosis is a complex disease whose etiology is multi-factorial but it has now 

become apparent that the immune system is one o f the dominant factors, aside from 

cholesterol, modulating atherogenesis (Binder et al., 2002). In broad outline, 

atherosclerosis can be considered to be a form o f chronic inflammation resulting from 

interactions between modified lipoprotein, monocyte-derived macrophages, T cells and the 

normal cellular elements o f the arterial wall (Glass & Witztum, 2001). The macrophage 

has both scavenging and immunologic functions and may represent an important link 

between intracellular cholesterol accumulation and activation o f the inflammatory 

pathways. Some responses o f macrophages are protective, however, the same mechanisms 

that protect the body from infection permit the uptake o f modified lipoproteins through 

specific scavenger receptors leading to foam cell formation and lesion progression (Suzuki 

et al., 1997; Li & Glass, 2002).

Data from genetically modified mice have established a causal relation between 

particular mediators or cytokines and the steps involved in the processes from local 

inflammation through plaque formation and characteristics related to stability. The lack o f 

interleukin (IL )-lp  decreased the severity o f atherosclerosis in apolipoprotein (apo) E 

deficient mice (Kirii et al., 2003), while the protective effects o f IL-10 against 

atherosclerosis have been demonstrated by studies on diet-induced atherosclerosis in IL-10 

deficient mice (Mallat et al., 1999a; Pinderski Oslund et al., 1999). Tumour necrosis factor 

(TNF)-a was found expressed in atherosclerotic plaques (Barath et al., 1990; Rus et al., 

1991) and co-localised with foam cells (Kishikawa et al., 1993). The role o f TNF-a in 

atherosclerosis is complex as this cytokine elicits diverse biological responses and 

participates in lesion initiation, progression and rupture (LeBoeuf & Schreyer, 1998). IL-6 

has been found in atherosclerotic plaques in humans, hypercholesterolaemic rabbits and 

apo E-deficient mice (Ikeda et al., 1992; Rus et al., 1996; Sukovich et al., 1998; Schieffer 

et al., 2000). Huber et al. (1999) reported exacerbated early atherosclerosis following 

administration o f recombinant IL-6 in atherosclerosis-prone mice suggesting an active role 

in the disease process. Thus, it is conceivable that intervention in cytokine signalling could 

provide effective prevention and/or treatment o f atherosclerosis (Ross, 1993; von der 

Thiisen et al., 2003).
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Dietary factors play a significant etiologic role in the development o f  atherosclerosis 

and can affect the development o f  this disease through modulation o f  serum lipids and by 

influencing the associated immune and inflammatory processes. Many studies have been 

carried out to examine the effects o f  n-3 polyunsaturated fatty acids (PUFAs) in 

inflammation. In contrast to n-3 PUFA, a limited amount o f  evidence that n-6 PUFA  

intake may influence pro-inflammatory cytokine production has been reported. However 

in the last decade, research has demonstrated that conjugated linoleic acid (CLA), a 

collective term referring to the positional and geometric isomers o f  linoleic acid, positively 

affects inflammation (Chew et a i ,  1997) and atherosclerosis (Toom ey et al., 2003). There 

are several isomers o f  CLA but cis-9 ,tran s- l l -C L A  (c9 ,tll-C L A ) and trans-l0 ,cis-\2-  

CLA (tlO ,cl2-C LA ) are the predominant isomers in most CLA supplements.

To date, most o f  the evidence in relation to the anti-atherogenic effects o f  CLA has 

been derived from animal feeding studies, and are thus inconclusive in predicting how the 

specific isomers o f  CLA will behave in humans. Studies have shown that CLA is a potent 

anti-atherogenic nutrient in vivo, inhibiting the progression and promoting the regression o f  

atherosclerosis in apo E knockout mice and rabbit models o f  diet-induced atherosclerosis 

(Toom ey et al., 2003, Kritchevsky et al., 2000). However, the molecular basis o f  the 

action o f  CLA, in particular in atherogenesis, is still unclear. While the last two chapters 

focused on the effects o f  CLA on macrophage cholesterol hom eostasis as a potential anti- 

atherosclerotic mechanism, in this chapter we investigate the influence o f  CLA on 

atherosclerosis-related inflammatory functions o f  macrophages and foam cells.

CLA modulates immune function, however, the published data with respect to the 

effect o f  CLA on cytokine production in vitro and ex vivo  yield variable results for many 

cytokines including IL-2 (Chew et al., 1997; Yamasaki et al., 2003; Yang & Cook, 2003) 

and IL-4 (Yamasaki et al., 2003; Yang & Cook, 2003). Turek et al. (1998) showed that a 

CLA-enriched diet significantly reduced basal macrophage TN F-a production and LPS- 

stimulated IL-6 production in male Sprague-Dawley rats, but had no significant effect on 

macrophage IL-1 or hepatic prostaglandin (PG) E2 production. Feeding CLA has been 

reported to decrease plasma TNF-a levels in mice (Yang & Cook, 2003) but to increase 

(K elley et al., 2002; Yamasaki et al., 2003) or have no effect (Yang & Cook, 2003) on 

mitogen-stimulated TNF-a production in rodent or murine splenocytes or macrophages. 

The molecular and cellular mechanisms by which CLA isomers exert such effects are not 

well understood but recent findings have suggested a role for nuclear factor k B  (NF-kB) in 

mediating the effects o f  CLA on cytokine m RNA levels (Rajakangas et al., 2003; Cheng et 

al., 2004). NF-kB plays a key role in regulating the expression o f  more than 160 genes,
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including TNF-a, IL -ip , IL-6 and IL-10 and many other genes that have a documented role 

in atherogenesis (Collins & Cybulsky, 2001). Furthermore, activated NF-kB has been 

detected in human atherosclerotic lesions (Brand et al., 1996; Bourcier et al., 1997) and in 

intimal cells o f coronary arteries o f pigs placed on a hypercholesterolaemic diet (Wilson et 

al., 2000).

While most o f the work published to date has focused on heterogeneous blends o f 

CLA isomers and murine models, in this study we examined the isomer-specific effects o f 

c9 ,tll-C L A  and tlO ,cl2-CLA  on TNF-a, IL -ip , IL-6 and IL-10 production in THP-1 

monocyte-derived macrophages and macrophage-derived foam cells at various stages of 

activation (with or without LPS). There is a paucity o f information with respect to the 

effects o f CLA on cytokine mRNA expression, and therefore to address this we examined 

the effects o f the c9,tl 1-CLA and tlO ,cl2-CLA  isomers on TNF-a, IL -ip  and IL-6 mRNA 

expression in resting and LPS-stimulated macrophages. Furthermore, to determine 

whether lipid loading alters macrophage inflammatory gene expression programs, we 

examined the effects o f c9,tl 1-CLA and tI0 ,cl2-C L A  on TNF-a, IL -ip  and IL-6 mRNA 

expression in resting and LPS-stimulated foam cells. In addition, the potential 

involvement o f the N F-kB pathway in mediating the transcriptional effects o f CLA was 

examined.
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5.1 Materials and methods

5.2.1 Cell culture and experimental design

THP-1 monocytes were differentiated into macrophages or foam cells as outlined in 

sections 2.1.5 and 2.1.6, respectively, and treated with fatty acids as described in 2.1.8. 

Briefly, THP-1 monocytes were differentiated into macrophages by culturing in the 

presence of PM A for 72 hr. The adherent macrophages were serum starved for 24 hr prior 

to a 48 hr incubation with 100 |iM linoleic acid, c9,tIl-CLA, tlO,cl2-CLA and stearic 

acid. For foam cell transformation, differentiated macrophages were serum starved for 24 

hr and pre-treated with fatty acids for 24 hr prior to cholesterol loading. The cells were 

then incubated with 50 |xg/ml AcLDL in the presence o f 100 |iM linoleic acid, c9,tl 1-CLA, 

tlO,cl2-CLA and stearic acid for 48 hr. For all experiments, control cells treated with 

DMSO alone, were included. In some experiments, macrophages and foam cells were 

stimulated with 1 |ig/ml LPS {Escherichia coli 055:B5) for 1, 6 or 24 hr depending on 

subsequent analysis as described below.

5.2.2 Cytokine production assays (ELISAs)

THP-1 macrophages and foam cells were set up as described in section 5.2.1. To allow 

examination o f the effects of fatty acids on LPS-stimulated cytokine production, fatty acid- 

treated macrophages and foam cells were cultured in presence of LPS for 6 hr and/or 24 hr 

as indicated in the figure and table legends. To examine the effects of fatty acids on basal 

cytokine production in resting macrophages and foam cells, these cells were treated with 

fatty acids and cultured concurrently with LPS-stimulated cells for a further 24 hr. At then 

end of culture, supernatants from both unstimulated and stimulated cells were removed, 

centrifuged at 3000 rpm for 10 min to pellet dead cells and debris and aliquoted. Samples 

were stored at -80°C until analysis. TNF-a, IL-ip, IL-6, and IL-10 concentrations in the 

media samples were quantified by commercial ELISAs as detailed in section 2.8.2.

5.2.3 Cytokine mRNA analysis (TaqMan® RT-PCR)

RNA was extracted from the cells cultured in 5.2.2. After removal o f media supernatants 

for ELISA analysis, RNA was extracted from the monolayers as described in section 2.4. 

2 |ig RNA was DNase-treated (section 2.5.1) and first strand cDNA synthesised by reverse 

transcription (section 2.5.2). TaqMan® RT-PCR was performed for TNF-a, IL-ip and IL- 

6 using Pre-Developed Assay Reagent Kits from Perkin-Elmer Applied Biosystems 

(section 2.5.3). After PCR, standard curves were constructed and the Ct readings for each 

of the unknown samples were used to calculate the amount o f target gene or GAPDH
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relative to the standard. For each sample, results were normalised by dividing the amount 

o f target gene by the amount o f GAPDH and expressed relative to the vehicle control 

treatment (DMSO).

5.2.4 iKBa and p65 immunoblotting

THP-1 macrophages and foam cells were set up as described in section 5.2.1. To allow 

examination o f the effects o f fatty acids on basal and LPS-stimulated p65 and IkB o 

expression and distribution, fatty acid-treated macrophages and foam cells were cultured in 

the presence or absence o f LPS (1 |J.g/ml) for 1 hr. At the end o f  culture, cells were washed 

and nuclear and cytoplasmic extracts prepared as described in section 2.9 for SDS-PAGE 

and Western blotting (sections 2.10 and 2.11). 15 |ig o f nuclear and 75 |ig o f cytoplasmic 

extracts were loaded and probed for p65 and iKBa. Quantification o f protein bands was 

performed using GeneSnap Acquisition and GeneTools Analysis Software (GeneGenesis 

Gel Documentation Analysis System, Syngene).

5.2.5 Statistical analysis

Statistical analysis was performed with DataDesk 6.0 (Data Description Inc., NY). The 

distribution o f the data for each variable was assessed and variables transformed to 

normalise the distribution o f data if  necessary. Multiple comparisons were performed by 

one-way ANOVA. Individual differences were subsequently tested by Fisher’s least 

significance difference test after demonstration o f significant inter-group differences by 

ANOVA. A statistical probability o f P<0.05 was considered statistically significant.
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5.3 Results

5.3.1 M acrophage cytokine production

The influence o f fatty acid treatments (100 |iM linoleic acid, c9,tl 1-CLA, tlO ,cl2-CLA  or 

stearic acid) on TNF-a, IL -ip , IL-6, and IL-10 production from resting and LPS-stimulated 

THP-1 macrophages are presented in Figures 5.1, 5.2, 5.3 and 5.4, respectively.

(i) T N F-a

In resting (non-LPS stimulated) macrophages, tI0 ,c l2 -C L A  was the only fatty acids to 

significantly affect basal production o f TNF-a and increased production compared to 

vehicle control (P<0.01), linoleic acid (P<0.004) and c9,tl 1-CLA treated cells (P<0.04). 

Linoleic acid, c9,tl 1-CLA and tlO ,cl2-CLA  treatments significantly increased 24 hr LPS- 

stimulated TNF-a production from macrophages compared to control cells (P<0.005, 

P<0.0002, P<0.04, respectively). There was no significant difference between linoleic acid 

and CL A treatments, however the effect o f c9,tl 1-CLA was more potent than that o f the 

tl0 ,c l2 -C L A  isomer and, thus, there was a significant difference between the isomers 

(P<0.03). The effect o f tlO ,cl2-CLA  on TNF-a production was therefore consistent 

regardless o f the activation state o f the cell.

(ii) IL - ip

In the resting state, the fatty acid treatments had no effect on basal macrophage IL -ip  

production (P=0.12). Following LPS stimulation for 24 hr, macrophage IL -lp  production 

was significantly reduced by linoleic acid, c9 ,tII-C L A  and tI0 ,cI2-C L A  treatments 

relative to vehicle control cells (P<0.0002, P<0.0001, P<0.004, respectively). A 

significant difference was observed between the CLA isomers (P<0.01) as the c9,tl 1-CLA 

isomer exerted a more potent reduction o f  IL -1 (3 secretion.

(iii) IL-6

lL-6 production was differentially regulated by CLA depending upon the activation state o f 

the cell. Resting macrophages treated with c9,tl 1-CLA, tl0 ,cI2-C L A  and stearic acid 

secreted more IL-6 than cells treated with the vehicle control and linoleic acid. Although 

these increases were relatively small (4.1%, 7.1% and 7.3%, respectively), they were 

statistically significant relative to vehicle control (P<0.004) and linoleic acid (P<0.05). 

When stimulated with LPS for 24 hr, macrophage IL-6 production was significantly 

reduced by both c9,tl 1-CLA and tlO ,cl2-CLA  relative to vehicle control (P<0.05) and 

linoleic acid treated cells (P<0.02) with no significant difference between the isomers.
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(iv) IL-10

In resting macrophages basal IL-10 production was significantly decreased by all fatty 

acids compared to control cells (P<0.05). There was no significant difference between the 

fatty acids. 24 hr LPS-stimulated macrophage IL-10 production was significantly reduced 

by both isomers o f CLA compared to vehicle, linoleic acid and stearic acid treated cells 

(P<0.0004). Linoleic acid and stearic acid had no effect on LPS-stimulated IL-10 

production. These findings suggest that the CLA isomers displayed similar effects on IL- 

10 production regardless o f the activation state o f the cell.
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Figure 5.1. Effects of fatty acids on THP-1 macrophage TNF-a production.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 |iM linoleic 
acid, c9,tl 1-CLA, tlO,cl2-CLA or stearic acid. The cells were incubated for a further 24 
hr with DMSO or fatty acids in the absence (□) or presence (■) of 1 |J.g/ml LPS. TNF-a 
concentrations in cell culture supernatants were detected by ELISA. Results represent the 
mean ± SEM of 5 independent experiments.
* indicates P<0.05, ** indicates P<0.01, t  indicates P<0.001; relative to DMSO.
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Figure 5.2. Effects of fatty acids on THP-1 macrophage IL-ip production.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 ia,M linoleic 
acid, c9,tl 1-CLA, tlO,cl2-CLA or stearic acid. The cells were incubated for a further 24 
hr with DMSO or fatty acids in the absence (□) or presence (■) of 1 |J.g/ml LPS. IL-ip 
concentrations in cell culture supernatants were detected by ELISA. Results represent the 
mean ± SEM of 4 -  5 independent experiments.
** indicates P<0.01, |  indicates P<0.001; relative to DMSO.
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Figure 5.3. Effects of fatty acids on THP-1 macrophage IL-6 production.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 |iM linoleic 
acid, c9,tl 1-CLA, tlO,cl2-CLA or stearic acid. The cells were incubated for a further 24 
hr with DMSO or fatty acids in the absence (□) or presence (■) o f 1 |ag/ml LPS. IL-6 
concentrations in cell culture supernatants were detected by ELISA. Results represent the 
mean ± SEM of 5 independent experiments.
* indicates P<0.05, ** indicates P<0.01, f  indicates P<0.001; relative to DMSO.
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Figure 5.4. Effects of fatty acids on THP-1 macrophage IL-10 production.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 |o,M linoleic 
acid, c9,tll-CLA , tlO,cl2-CLA or stearic acid. The cells were incubated for a further 24 
hr with DMSO or fatty acids in the absence (□) or presence (■) of 1 |ig/ml LPS. IL-10 
concentrations in cell culture supernatants were detected by ELISA. Results represent the 
mean ± SEM of 5 independent experiments.
* indicates P<0.05, t  indicates P<0.001; relative to DMSO.
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(v) Changes in cytokine production upon LPS stimulation

LPS was used to stimulate cytokine production from macrophages. To examine if  CLA 

affected the magnitude o f LPS-induced cytokine production the percentage change in 

cytokine (TNF-a, IL -ip , IL-6, and IL-10) production upon stimulation o f THP-1 

macrophages with 1 p-g/ml LPS for 24 hr is presented in Table 5.1.

In the case o f  TNF-a, treatment with linoleic acid further augmented the percentage 

change in LPS-stimulated TNF-a production compared to DMSO treated cells (P<0.4). 

The increment induced by c9 ,tll-C L A  was qualitatively similar to that observed with 

linoleic acid and approached significance relative to the vehicle control cells (P<0.07). The 

other fatty acids had no significant effect on the percentage change in TNF-a secretion 

upon stimulation with LPS. The percentage change in macrophage IL -ip  production upon 

LPS stimulation was significantly reduced by linoleic acid, c9 ,tll-C L A  and tlO ,cl2-CLA  

compared to vehicle control cells (P<0.009, P<0.02, P<0.01, respectively), while stearic 

acid treatment had no significant effect.

In the case o f IL-6, treatment with c9 ,tll-C L A  and tlO ,cl2-C LA  significantly 

reduced the percentage change in IL-6 production upon LPS stimulation compared to 

vehicle control cells (P<0.03 and P<0.01, respectively). Linoleic acid and stearic acid 

treatment had no significant effect on the percentage change in IL-6 production upon LPS 

stimulation. Stearic acid was the only fatty acid to significantly increase the % change in 

IL-10 production upon LPS sfimulation compared to vehicle control (P<0.05).

Table 5.1. Percentage change in cytokine production upon 24 hr LPS stimulation.
Vales are summarised from Figure 5.1 -  Figure 5.4. Results represent the mean and SEM 
(in parenthesis) o f 5 independent experiments.
* indicates P<0.05, ** indicates P<0.01; relative to vehicle control (DMSO).

Treatment TNF-a IL-13 IL-6 IL-10
DMSO 1950.6 660.7 599.9 449.3

(199.6) (33.3) (31.7) (38.4)

Linoleic acid 2685.3* 429.9** 626.5 507.0
(232.0) (74.1) (95.2) (24.6)

c9 ,tll-C L A 2565.5 464.1* 433.2* 384.9
(273.8) (48.0) (31.9) (40.1)

tlO ,cl2-CLA 1590.6 445.5** 412.5** 326.2
(107.1) (36.5) (34.7) (52.8)

Stearic acid 1505.5 681.0 641.4 581.4*
(215.4) (48.5) (23.1) (54.3)
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5.3.2 Macrophage cytokine mRNA expression

The effects o f fatty acid treatments (100|iM linoleic acid, c9 ,tll-C L A , tlO ,cl2-CLA  and 

stearic acid) on TNF-a, IL -ip  and IL-6 mRNA expression in resting and LPS-stimulated 

THP-1 macrophages are presented in Figures 5.5, 5.6 and 5.7, respectively.

(i) T N F-a

In resting macrophages, treatment with linoleic acid (P<0.03) and tlO ,cl2-CLA  (P<0.005) 

significantly reduced the level o f TNF-a mRNA compared to control cells. There was no 

significant difference between the linoleic acid and the conjugated isomers or between the 

isomers themselves. When fatty-acid treated macrophages were exposed to LPS for 6 hr, 

none o f the fatty acids treatments had a significant effect on TN F-a mRNA (P=0.47). 

However, c9 ,tll-C L A  slightly reduced TNF-a mRNA expression by 14% while tl0 ,c l2 - 

CLA tended to increase it by 20%. In fatty acid-treated macrophages exposed to LPS for 

24 hr, tlO ,cl2-CLA  significantly reduced TNF-a mRNA relative to control cells, linoleic 

acid and stearic acid treated cells (P<0.05, P<0.04 and P<0.006, respectively). Similar to 

the effects seen after 6 hr LPS exposure, c9 ,tlI-C L A  treatment reduced 24 hr LPS- 

stimulated TNF-a mRNA expression relative to control cells (-17%). Although there was 

no significant difference between the CLA isomers the effect o f c9 ,tll-C L A  was not 

significant compared to control cells.

(ii) IL -lp

In resting macrophages, IL -ip  mRNA was significantly reduced by tlO ,cl2-CLA  

(P<0.008) and stearic acid (P<0.04) treatments compared to control cells. IL -ip  mRNA in 

tlO ,cl2-CLA  treated cells was also significantly less than that found in linoleic acid treated 

ceils (P<0.02). The fatty acid treatments had no significant effects on the levels o f IL -ip  

mRNA in macrophages exposed to LPS for 6 hr or 24 hr (P=0.6 and P=0.1, respectively). 

However, a time-dependent trend was observed for c9 ,tll-C L A , which reduced IL -ip  

mRNA by 4% in cells exposed to LPS for 6 hr and by 18% in those treated with LPS for 

24 hr.

(iii) IL-6

IL-6 mRNA was found to be barely detectable in resting, unstimulated macrophages. The 

majority o f samples gave Ct values o f 40 PCR cycles and were thus considered 

undetectable in these circumstances (section 2.5). The fatty acid treatments were found to 

have a significant effect on IL-6 mRNA levels in cells exposed to LPS for 6 hr, with
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linoleic acid (P<0.03) and tlO ,cl2-CLA  (P<0.0005) significantly reducing the levels of 

mRNA by 49% and 70%, respectively, relative to control cells. The reduction seen with 

c9 ,tll-C L A  (-31%) in these cells approached significance (P<0.07) relative to control 

cells. The effect o f tlO ,cl2-CLA  treatment was significantly more potent than that o f the 

c9,tl 1-CLA isomer (P<0.03). When fatty-acid treated macrophages were stimulated for 24 

hr, none o f the fatty acid treatments had a significant effect (P=0.2). However, linoleic 

acid treatment increased IL-6 mRNA expression by 22% in contrast to its significant 

inhibitory effects at 6 hr. The inhibitory effect o f tlO ,cl2-C LA  was still visible after 24 hr 

stimulation (-19%) but the effect was not significant.
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Figure 5.5. Effects of fatty acids on TNF-a mRNA expression in THP-1 macrophages.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 |aM linoleic 
acid, c9,tl 1-CLA, tlO,cl2-CLA or stearic acid. Resting macrophages were incubated for 
24 hr in the presence of DMSO or fatty acids without LPS (□). Stimulated macrophages 
were incubated with DMSO or fatty acids in the presence of 1 fxg/ml LPS for a fiirther 6 hr 
(■) and 24 hr (■). mRNA expression was analysed by TaqMan® RT-PCR. mRNA levels 
of TNF-a were normalised to GAPDH and expressed relative to DMSO. Results represent 
the mean ± SEM of 5 independent experiments.

* indicates P<0.05, ** indicates P<0.01; relative to DMSO.
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Figure 5.6. Effects of fatty acids on IL-ip mRNA expression in THP-1 macrophages.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 |^M linoleic 
acid, c9,tl 1-CLA, tlO,cl2-CLA or stearic acid. Resting macrophages were incubated for 
24 hr in the presence of DMSO or fatty acids without LPS (□). Stimulated macrophages 
were incubated with DMSO or fatty acids in the presence of 1 |^g/ml LPS for a further 6 hr 
(■) and 24 hr (■). mRNA expression was analysed by TaqMan® RT-PCR. mRNA levels 
of IL-ip were normalised to GAPDH and expressed relative to DMSO. Results represent 
the mean ± SEM of 3 -  5 independent experiments.
* indicates P<0.05, ** indicates P<0.01; relative to DMSO.
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Figure 5.7. Effects of fatty acids on IL-6 mRNA expression in THP-1 macrophages.
THP-1 macrophages were pre-treated for 48 hr with vehicle control (DMSO), 100 jiM 
linoleic acid, c9,tl 1-CLA, tlO,cl2-CLA or stearic acid. Macrophages were incubated with 
DMSO or fatty acids in the presence of 1 |J.g/ml LPS for a fiirther 6 hr (■) and 24 hr (■). 
Resting macrophages were incubated for 24 hr in the presence of DMSO or fatty acids 
without LPS (□). mRNA expression was analysed by TaqMan® RT-PCR. mRNA levels 
of IL-6 were normalised to GAPDH and expressed relative to DMSO. Results represent 
the mean ± SEM of 4 -  5 independent experiments.
* indicates P<0.05, ** indicates P<0.01; relative to DMSO.
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5.3.3 Foam cell cytokine production

The influence o f fatty acid treatments (100 |iM linoleic acid, c9 ,tll-C L A , tlO ,cl2-CLA  

and stearic acid) on TNF-a, IL -ip , IL-6, and IL-10 production from resting and LPS- 

stimulated THP-1 macrophage-derived foam cells are presented in Figures 5.8, 5.9, 5.10 

and 5.11, respectively.

(i) TNF-a

hi contrast to the inducing effects o f fatty acids on TN F-a secretion observed in resting and 

stimulated macrophages, fatty acids decreased TN F-a production in resting and stimulated 

foam cells. In resting foam cells, linoleic acid (-7%), c9,tl 1-CLA (-13%), tlO ,cl2-CLA  (- 

15%) and stearic acid (-14%) significantly reduced basal TNF-a production compared to 

control cells (P<0.03, ?<0.0008, P<0.0003, P<0.0005, respectively). There was no 

significant difference between the CLA isomers, but the effect o f tlO ,cl2-CLA  was 

significantly more potent than linoleic acid (P<0.04). Upon LPS stimulation o f fatty acid- 

treated foam cells, the trends for each fatty acid were still visible, however, only the effects 

o f tl0 ,c l2 -C L A  (-47%) and stearic acid (-22%) were significant relative to the control cells 

(P<0.02) and linoleic acid (P<0.03).

(ii) IL - ip

The production o f IL -1 p from resting foam cells was differentially regulated by the CLA 

isomers. IL -ip  production was significantly reduced by linoleic acid and c9,tl 1-CLA 

treatments compared to control cells (P<0.007 and P<0.0004, respectively) with no 

significant difference between the two treatments. In contrast, tlO ,cl2-CLA  treatment 

significantly increased resting foam cell IL -ip  production compared to vehicle control 

(P<0.03), linoleic acid (P<0.0004) and c9,tl 1-CLA treated cells (P<0.0001). The increase 

seen with stearic acid approached significance relative to control cells (P<0.07) and was 

significant relative to linoleic acid and c9,tl 1-CLA (P<0.0002).

LPS-stimulated foam cell IL -ip  production was significantly reduced by treatment 

with linoleic acid and c9,tl 1-CLA compared to vehicle control (P<0.0001) and tl0 ,c l2 -  

CLA-treated cells (P<0.0001). The effect o f  c9,tl 1-CLA was significantly more potent 

than that o f  linoleic acid (P<0.003). T10,cl2-CLA  and stearic acid had no significant 

effect on the production o f IL -ip  from these cells. Thus, regardless o f the activation state 

o f the cell, linoleic acid and c9,tl 1-CLA were effective inhibitors o f  IL -lp  production.
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(iii) IL-6

In the resting state, no fatty acid treatment had an effect on basal foam cell IL-6 production 

(P=0.15). When fatty acid-treated foam cells were stimulated with LPS for 24 hr, c9,tl 1- 

CLA significantly increased LPS-stimulated IL-6 production relative to vehicle control 

(P<0.0001), linoleic acid (P<0.002), tlO ,cl2-CLA  (P<0.0001) and stearic acid-treated cells 

(P<0.0001). tlO ,cl2-CLA  decreased LPS-stimulated IL-6 production but this effect was 

only significant relative to linoleic acid- (P<0.008) and c9 ,tll-C L A - treated cells 

(P<0.0001).

(iv) IL-10

Similar to the effects o f fatty acids on IL-10 secretion observed in resting macrophages, 

linoleic acid (-22%) and c9 ,tll-C L A  (-28%) significantly decreased basal IL-10 

production in resting foam cells compared to control cells (P<0.006 and P<0.0009, 

respectively). The effects o f linoleic acid and c9,tl I-CLA were also significantly different 

from stearic acid (P<0.0003 and P<0.0001, respectively). The reduction seen with 110,c l 2- 

CLA (-13%) approached significance relative to the vehicle control cells (P<0.07). There 

was no significant difference between the effects o f linoleic acid and the CLA isomers. 

The reduction in resting IL-10 production observed in c9,tl 1-CLA-treated cells was 

significantly more potent than with tl0 ,cl2 -C L A  (P<0.05). In LPS-stimulated foam cells, 

IL-10 production was differentially affected by the fatty acids. As seen in resting foam 

cells, linoleic acid (-5%) and c9 ,tll-C L A  (-8%) significantly reduced the production of 

LPS-stimulated IL-10 compared to the vehicle control (P<0.01 and P<0.01, respectively). 

However, tlO ,cl2-CLA  and stearic acid significantly increased LPS-stimulated IL-10 

production compared to vehicle control cells (P<0.001), linoleic acid (P<0.001) and c9,tl 1- 

CLA (P<0.001).
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Figure 5.8. Effects of fatty acids on THP-1 macrophage-derived foam cell TNF-a 
production.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 |iM linoleic 
acid, c9,tl 1-CLA, tlO ,cl2-CLA  and stearic acid in the presence o f 50 |ag/ml AcLDL. The 
cells were incubated for a further 24 hr with DMSO, fatty acids and AcLDL in the absence 
(□ ) or presence (■) o f 1 |a.g/ml LPS. TNF-a concentrations in cell culture supernatants 
were detected by ELISA. Results represent the mean ± SEM o f 5 independent 
experiments.
* indicates P<0.05, ** indicates P<0.01, t  indicates P<0.001; relative to DMSO.
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Figure 5.9. Effects of fatty acids on IL-ip production from THP-1 macrophage 
derived foam cells.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 îM linoleic 
acid, c9,tl 1-CLA, tlO,cl2-CLA and stearic acid in the presence o f 50 |ig/ml AcLDL. The 
cells were incubated for a further 24 hr with DMSO, fatty acids and AcLDL in the absence 
(□) or presence (■) of 1 |ag/ml LPS. IL-ip concentrations in cell culture supernatants were 
detected by ELISA. Results represent the mean ± SEM of 5 independent experiments.
* indicates P<0.05, ** indicates P<0.01, |  indicates P<0.001; relative to DMSO.
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Figure 5.10. Effects of fatty acids on IL-6 production from THP-1 macrophage 
derived foam cells.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 |J.M linoleic 
acid, c9,tl 1-CLA, tlO,cl2-CLA and stearic acid in the presence o f 50 |J.g/ml AcLDL. The 
cells were incubated for a further 24 hr with DMSO, fatty acids and AcLDL in the absence 
(□) or presence (■) o f 1 |o.g/ml LPS. IL-6 concentrations in cell culture supernatants were 
detected by ELISA. Results represent the mean ± SEM of 4 -  5 independent experiments, 
t  indicates P<0.001 relative to DMSO.
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Figure 5.11. Effects of fatty acids on IL-10 production from THP-1 macrophage 
derived foam cells.
THP-1 macrophages were treated for 48 h with vehicle control (DMSO), 100 |iM linoleic 
acid, c9,tl 1-CLA, tlO ,cl2-CLA  and stearic acid in the presence o f 50 |ig/ml AcLDL. The 
cells were incubated for a further 24 hr with DMSO, fatty acids and AcLDL in the absence 
(□ ) or presence (■) o f 1 (ig/ml LPS. IL-10 concentrations in cell culture supernatants were 
detected by ELISA. Results represent the mean ± SEM o f 5 independent experiments.
** indicates P<0.01, t  indicates P<0.001; relative to DMSO.
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(v) Changes in THP-1 macrophage-derived foam ceil cytokine production upon LPS 

stimulation

As described previously for the macrophage, LPS was used as a stimulant for cytokine 

production in foam cells. To determine if  the fatty acid treatments affected the magnitude 

o f LPS-induced cytokine production in foam cells, the percentage changes in cytokine 

(TNF-a, IL -lp , IL-6, and IL-10) production upon stimulation o f THP-1 derived foam cells 

with LPS for 24 hr were calculated and are presented in Table 5.2.

As expected, exposure o f fatty acid-treated foam cells to LPS greatly increased 

their production o f cytokines. In the case o f TNF-a, tlO ,cl2-C LA  treatment alone 

significantly reduced the percentage change in production upon LPS stimulation compared 

to control cells (P<0.0005), linoleic acid (P<0.0003), c9 ,tll-C L A  (P<0.0004) and stearic 

acid (P<0.006).

The percentage change in IL -1 p production upon LPS stimulation was significantly 

reduced by linoleic acid (P<0.0007), c9 ,tll-C L A  (P<0.0001) and tlO ,cl2-CLA  (P<0.01) 

relative to vehicle control treated cells. The effect o f tlO ,cl2-C LA  was significantly more 

potent than that o f c9 ,tll-C L A  and, thus, there was a significant difference between the 

isomers (P<0.03).

CLA isomers differentially affected the percentage change in IL-6 production upon 

LPS stimulation; c9,tl 1-CLA treatment significantly increased (P<0.0002) while treatment 

with tl0 ,c l2  significantly reduced IL-6 producfion (P<0.03) relative to vehicle control 

cells. In addition, the increment observed with c9 ,tIl-C L A  upon LPS stimulation was 

significantly greater than that seen with linoleic acid (P<0.005), tI0 ,cI2-C L A  (P<0.0001) 

and stearic acid (P<0.02). IL-10 production upon LPS stimulation was significantly 

increased by both c9,tl 1-CLA (P<0.02) and tlO ,cI2-CLA  (P<0.02) relative to vehicle 

control with no significant difference between the isomers.
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Table 5.2. Percentage change in foam cell cytokine production upon 24 hr LPS 
stimulation.
Values are summarised from Figure 5.8 -  Figure 5.11. Results represent the mean and 
SEM (in parenthesis) o f 4 -  5 independent experiments.
* indicates ?<0.05, ** indicates ?<0.01, t  indicates ?<0.001; relative to vehicle control 
(DMSO).

Treatment TNF-a IL-13 IL-6 IL-10
DMSO 1915.3 124.3 138.4 205.1

(166.1) (18.6) (7.4) (14.9)

Linoleic acid 1971.4 69.0f 149.5 273.8
197.7) (11.3) (6.6) (4.7)

c9 ,tll-C L A 1928.4 56.0f 169.9t 315.8*
(67.5) (8.9) (6.4) (55.7)

tlO ,cl2-CLA 1131.8 t 88.3** 123.3* 316.5*
(141.3) (11.5) (3.2) (18.0)

Stearic acid 1702.3 99.4 132.0 215.5
(148.2) (7.7) (4.5) (16.9)

(vi) Changes in cytokine production upon foam cell transformation

To assess the effects loading with AcLDL (i.e. macrophage -  foam cell transformation) 

had on the production o f cytokines (TNF-a, IL -ip , IL-6, and IL-10), and, if fatty acids 

further affected cytokine production, the percentage change in cytokine production upon 

transformation o f macrophages into resting (Table 5.3) and 24 hr LPS-stimulated (Table 

5.4) AcLDL-loaded foam cells were calculated.

As depicted in Table 5.3, in general, loading THP-1 macrophages with AcLDL 

greatly increased the production o f the classical pro-inflammatory cytokines TNF-a, IL -ip  

and IL-6. In the case o f TNF-a, tlO ,cl2-CLA  and stearic acid significantly inhibited the 

increase in cytokine production upon foam cell transformation relative to vehicle control 

(P<0.003 and P<0.02, respectively) and linoleic acid (P<0.004 and P<0.02, respectively). 

Upon foam cell transformation, IL -ip  production was differentially affected by the CLA 

isomers; linoleic acid (P<0.01) and c9 ,tlI-C L A  (P<0.0009) significantly reduced the 

percentage change in IL -ip  production, while tlO ,cl2-C LA  (P<0.009) significantly 

increased IL -ip  production compared to the vehicle control. No fatty acid treatment 

affected the percentage change in IL-6 production upon foam cell transformation in the 

absence o f LPS (P=0.15). The production o f the anti-inflammatory cytokine IL-10 was 

reduced upon macrophage -  foam cell transformation. This reduction in IL-10 production
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upon foam cell transform ation was further reduced by linoleic acid (P<0.005), c9 ,tl 1-CLA 

(P<0.0009), and tlO ,cl2 -C L A  (P<0.06) relative to the vehicle control.

Table 5.3. Percentage change in basal (resting) cytokine production upon foam cell 
transformation of THP-1 macrophages.
Results represent the m ean and SEM  (in parenthesis) o f  5 independent experim ents.
* indicates P<0.05, ** indicates P<0.01, t  indicates P<0.001; relative to vehicle control 
(DM SO).

Treatment TNF-a IL-lp IL-6 IL-10
DM SO 204.7 543.1 129.9 -63.4

(18.2) (55.6) (2.8) (2.8)

Linoleic acid 202.6 457.8** 127.9 -71.7**
(29.5) (49.6) (2.6) (1.7)

c9 ,tl 1-CLA 149.1 4 2 2 .9 t 128.0 -73.81
(32.7) (41.7) (6.9) (3.3)

tlO ,cl2 -C L A 80.7** 631.9* 133.6 -68.6
(12.7) (56.5) (2.8) (1.7)

Stearic acid 111.9* 602.0 136.1 -59.2
(27.5) (46.1) ( 2 .1) (3.8)

Table 5.4 presents the percentage change in LPS-stim ulated cytokine production 

upon transform ation o f  THP-1 m acrophages into foam  cells by loading with AcLDL. 

Loading THP-1 m acrophages with AcLD L greatly increased the production o f  LPS- 

stim ulated T N F-a and IL-1(3. In contrast, LPS-stim ulated IL-6 and IL-10 production were 

decreased upon foam  cell transform ation. LPS-stim ulated T N F -a  production upon foam 

cell transform ation was significantly reduced by all fatty acid treatm ents (P<0.007) relative 

to control cells. The effect o f  tlO ,cl2 -C L A  was significantly  m ore potent than that 

observed w ith linoleic acid (P<0.001), c 9 ,tl l-C L A  (P<0.03) and stearic acid (P<0.0003). 

In the case o f  IL -ip , linoleic acid and c9 ,tl 1-CLA significantly  reduced LPS-induced IL- 

ip  production upon foam cell transform ation relafive to control cells (P<0.001), 110,c l 2- 

CLA  (P<0.03) and stearic acid (P<0.001). The effect o f  c9 ,tl 1-CLA was significantly 

m ore potent than that o f  linoleic acid (P<0.03). The percentage change in LPS-stim ulated 

IL-6 production upon foam  cell transform ation was significantly less in c9 ,tl 1-CLA treated 

cells than in control cells (P<0.0003), linoleic acid (P<0.004), tlO ,c l2 -C L A  (P<0.0001) 

and stearic acid (P<0.0004). The percentage change in LPS-stim ulated IL-10 production 

upon foam cell transform ation was significantly greater in linoleic acid and c9 ,tl 1-CLA 

treated cells relative to the vehicle control (P<0.04 and P<0.001, respectively). In contrast
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tlO,cl2-CLA and stearic acid exerted the opposite effect and significantly reduced LPS- 

stimulated IL-10 production upon foam cell transformation (P<0.0001).

Table 5.4. Percentage change in LPS-stimulated cytokine production upon foam cell 
transformation of THP-1 macrophages.
Results represent the mean and SEM (in parenthesis) o f 4 -  5 independent experiments.
* indicates ?<0.05, ** indicates P<0.01, t  indicates P<0.001; relative to vehicle control 
(DMSO).

Treatment TNF-a IL-lp IL-6 IL-10
DMSO 207.7 85.5 -21.3 -79.7

(36.8) (7.6) (2.9) (1.1)

Linoleic acid 123.6** 21.4f -18.1 -80.6*
(19.8) (3.6) (4.1) (0.9)

c9,tll-CLA 88.4t 6.2t -8.2t -81.3t
(8.5) (5.4) (6.8) (0.9)

tlO,cl2-CLA 32.8t 78.1 -24.8 -76.0t
(18.4) (1.9) (4.2) (1.4)

Stearic acid 137.4** 82.8 -21.0 -76.7t
(16.8) (4.9) (4.3) (1.2)
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5.3.4 Foam cell cytokine mRNA expression

The effects o f fatty acid treatments (100 |aM linoleic acid, c9,tl 1-CLA, tlO ,cl2-CLA  and 

stearic acid) on TNF-a, 1L-1(3 and IL-6 mRNA expression in basal and LPS-stimulated 

THP-1 derived foam cells are presented in Figures 5.12, 5.13 and 5.14, respectively.

(i) TN F-a

In resting foam cells, the fatty acid treatments had no significant effect on TNF-a mRNA 

expression (P=0.56). In fatty acid-treated foam cells stimulated with LPS for 24 hr, 

tlO ,cl2-CLA  was the only fatty acid treatment to significantly affect TNF-a mRNA 

expression. tlO ,cl2-CLA  significantly reduced TN F-a levels compared to control cells 

(P<0.02), linoleic acid (P<0.005), and c9,tl 1-CLA (P<0.02).

(ii) IL -ip

In resting foam cells, the effects o f fatty acids on IL -lp  mRNA expression were not 

significant (P=0.08) as assessed by one-way ANOVA. LPS-stimulated IL -ip  mRNA 

expression was significantly decreased by tI0 ,cl2 -C L A  alone relative to vehicle control 

(P<0.04), linoleic acid (P<0.008), c9,tl 1-CLA (P<0.001) and stearic acid (P<0.05).

(iii) IL-6

As seen with unstimulated macrophages, IL-6 mRNA was barely detectable in resting 

foam cells. The fatty acid treatments had a significant effect on IL-6 mRNA levels in foam 

cells that were exposed to LPS for 24 hr with the CLA isomers exerting divergent effects. 

While c9,tl 1-CLA treatment significantly increased IL-6 mRNA expression relative to the 

vehicle control and stearic acid (P<0.02 and P<0.02, respectively), tlO,cI2-CLA 

significantly decreased IL-6 mRNA levels, relative to the vehicle control, linoleic acid, 

c9,tl 1-CLA and stearic acid (P<0.006, P<0.002, P<0.0001 and P<0.007, respectively).
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Figure 5.12. Effects of fatty acids on TNF-a mRNA expression in THP-1 macrophage 
derived foam cells.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 laM linoleic 
acid, c9,tl 1-CLA, tlO ,cl2-CLA  and stearic acid in the presence o f 50 fig/ml AcLDL. The 
cells were incubated for a further 24 hr with DMSO, fatty acids and AcLDL in the absence 
(□ ) or presence (■) o f  1 |^g/ml LPS. mRNA expression was analysed by TaqMan® RT- 
PCR. mRNA levels o f  TNF-a were normalised to GAPDH and expressed relative to 
DMSO. Results represent the mean ± SEM o f 4 -  5 independent experiments.
* indicates P<0.05 relative to DMSO.
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Figure 5.13. Effects of fatty acids on IL-ip mRNA expression in THP-1 macrophage 
derived foam cells.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 [aM linoleic 
acid, c9,tl 1-CLA, tlO ,cl2-CLA  and stearic acid in the presence o f 50 |ag/ml AcLDL. The 
cells were incubated for a further 24 hr with DMSO, fatty acids and AcLDL in the absence 
(□ ) or presence (■) o f 1 |J.g/ml LPS. mRNA expression was analysed by TaqMan® RT- 
PCR. mRNA levels o f  IL -ip  were normalised to GAPDH and expressed relative to 
DMSO. Results represent the mean ± SEM o f 4 independent experiments.
* indicates P<0.05 relative to DMSO.
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Figure 5.14. Effects of fatty acids on IL-6 mRNA expression in THP-1 macrophage 
derived foam cells.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 jiM linoleic 
acid, c9 ,tll-C L A , tlO ,cl2-CLA  or stearic acid in the presence o f 50 |ig/ml AcLDL. The 
cells were further cultured with DMSO or fatty acids and AcLDL in the presence o f 1 
|j,g/ml LPS for 24 hr and analysed for mRNA expression by TaqMan® RT-PCR. mRNA 
levels o f IL-6 were normalised to GAPDH and expressed relative to DMSO. Results 
represent the mean ± SEM o f 4 -  5 independent experiments.
* indicates P<0.05; ** indicates P<0.01 relative to vehicle control (DMSO).
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5.3.5 Macrophage nuclear and cytoplasmic p65 expression

The effects o f fatty acid treatments (100 linoleic acid, c9 ,tll-C L A , tlO ,cl2-CLA  and 

stearic acid) on nuclear and cytoplasmic p65 expression were examined in both resting 

(Figure 5.15) and LPS-stimulated THP-1 macrophages (Figure 5.16). Increased nuclear 

p65 expression is indicative o f increased NF-kB activity.

As shown in Figure 5.15A and B, the effects o f  the fatty acids on nuclear (P=0.26) 

or cytoplasmic p65 expression (P=0.8) were not significant in resting THP-1 macrophages. 

However, tl0 ,c l2 -C L A  tended to reduce p65 expression in resting macrophage nuclear 

extracts (-19%). In contrast, in resting macrophage cytoplasmic extracts c9 ,tll-C L A  

increased p65 expression by 19% relative to control cells.

The fatty acids had no significant effect (P=0.14) on nuclear p65 expression in 

LPS-stimulated macrophages (Figure 5.16A). Trends to be noted include a 14%> reduction 

by tlO ,cl2-CLA  and a 24% reduction by stearic acid relative to control cells. Cytoplasmic 

p65 expression was significantly decreased by tlO ,cl2-C LA  and stearic acid relative to 

control cells (P<0.02 and P<0.006) and c9 ,tll-C L A  (P<0.003 and P<0.0007) in LPS- 

stimulated cells (Figure 5.16B). The reduction seen with linoleic acid (-23%) approached 

significance relative to control cells (P<0.08) and was significant relative to c9 ,tll-C L A  

treated cells (P<0.008).
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Figure 5.15. Tiie effects of fatty acids on p65 expression in resting THP-1 macrophage 
(A) nuclear and (B) cytoplasmic extracts.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 |a,M linoleic 
acid, c9,tll-CLA , tlO,cl2-CLA or stearic acid. Nuclear and cytoplasmic extracts were 
prepared for SDS-PAGE and immunoblotting for p65. The relative protein levels were 
quantified by densitometry and data, expressed relative to the amount of p65 in vehicle 
control cells (DMSO; 100%), are presented as mean ± SEM of 5 independent experiments. 
Representative blots are shown to the right of graphs.
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Figure 5.16. The effects of fatty acids on p65 expression in LPS-stimulated THP-1 
macrophage (A) nuclear and (B) cytoplasmic extracts.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 )j,M linoleic 
acid, c9,tll-CLA , tlO,cl2-CLA or stearic acid and stimulated for 1 hr with 1 |J.g/ml LPS. 
Nuclear and cytoplasmic extracts were prepared for SDS-PAGE and immunoblotting for 
p65. The relative protein levels were quantified by densitometry and data, expressed 
relative to the amount of p65 in vehicle control cells (DMSO; 100%), are presented as 
mean ± SEM of 4 -  5 independent experiments. Representative blots are shown to the 
right of graphs.
* indicates P<0.05; ** indicates P<0.01 relative to DMSO.
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5.3.6 M acrophage nuclear and cytoplasmic IkBo expression

The effects o f CLA on nuclear and cytoplasmic IkB o expression were examined in both 

resting and LPS-stimulated THP-1 macrophages. Increased IkB o expression is indicative 

o f decreased NF-kB activity. To evaluate whether CLA could influence the expression and 

subcellular distribution o f IkB o, nuclear and cytoplasmic IkB u expression were measured 

in THP-1 macrophages treated in the absence (Figure 5.17) or presence o f LPS (Figure 

5.18) for 1 hr.

As Figure 5.17A shows, tlO ,cl2-CLA  significantly decreased nuclear IkBo 

expression (i.e. increased LPS-induced degradation o f IkB o) relative to control cells (- 

39%; P<0.02) in resting macrophage nuclear extracts. The effect o f tlO ,cl2-CLA  was also 

significant compared to linoleic acid (P<0.03) and c9 ,tll-C L A  (P<0.008). None o f the 

other fatty acid treatments had a significant effect on IkB o expression in resting 

macrophage nuclear extracts. The fatty acid treatments had no significant effect on IkB o 

expression in resting macrophage cytosol extracts (P=0.4) although all fatty acids tended to 

increase IkBq expression; linoleic acid by 21%, c9 ,tll-C L A  by 15%, tlO ,cl2-CLA  by 

41% and stearic acid by 35% as shown in Figures 5.17B.

As demonstrated in Figure 5 .ISA, the fatty acid treatments had no significant effect 

on IkB q expression LPS-stimulated macrophage nuclear extracts (P=0.4). The detection o f 

IkB o in the nucleus o f stimulated macrophages proved difficult and considerable inter- 

experimental variation was observed. However, most o f the fatty acid treatments (n=3) 

tended to increase LPS-stimulated macrophage nuclear IicBa expression; c9 ,tll-C L A  by 

11%, tlO ,cl2-CLA  by 29% and stearic acid by 71%>. The fatty acid treatments (n=5) had 

no significant effect on IkB q expression LPS-stimulated macrophage cytoplasmic extracts 

(P=0.19; Figure 5.18B). While c9 ,tll-C L A  tended to increase stimulated macrophage 

cytoplasmic IkB o expression, linoleic acid (-36%), tlO ,cl2-C LA  (-21%) and stearic acid (- 

10%) decreased IkB u expression in these extracts.
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Figure 5.17. The effect of fatty acids on InBa expression in resting THP-1 
macrophage (A) nuclear and (B) cytoplasmic extracts.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 |J,M linoleic 
acid, c9,tll-CLA , tlO,cl2-CLA or stearic acid. Nuclear and cytoplasmic extracts were 
prepared for SDS-PAGE and immunoblotting for IkB o . The relative protein levels were 
quantified by densitometry and data, expressed relative to the amount o f IicBa in vehicle 
control cells (DMSO; 100%), are presented as mean ± SEM of 5 independent experiments. 
Representative blots are shown to the right o f graphs.
* indicates P<0.05 relative to DMSO.
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Figure 5.18. The effect of fatty acids on iKBa expression in LPS-stimulated THP-1 
macrophage (A) nuclear and (B) cytoplasmic extracts.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 |iM linoleic 
acid, c9,tll-CLA , tlO,cl2-CLA or stearic acid. The cells were stimulated with 1 |o.g/ml 
LPS for 1 hr. Nuclear and cytoplasmic extracts were prepared for SDS-PAGE and 
immunoblotting for Ik B u . The relative protein levels were quantified by densitometry and 
data, expressed relative to the amount of I k B o  in vehicle control cells (DMSO; 100%), are 
presented as mean ± SEM of 3 -  5 independent experiments. Representative blots are 
shown to the right o f graphs.
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5.3.7 Foam cell nuclear and cytoplasmic p65 expression

To investigate whether the changes in mRNA expression in LPS-stimulated foam cells 

were secondary to changes in p65 expression, nuclear and cytoplasmic p65 expression was 

measured in THP-1 macrophage-derived foam cells stimulated with LPS for 1 hr. The 

effects o f fatty acid treatments (100 |j.M linoleic acid, c9 ,tll-C L A , tlO ,cl2-CLA  and 

stearic acid) on p65 expression are presented in Figure 5.19.

As shown in Figure 5.19A and B, the effects o f  the fatty acids on nuclear (P=0.27) 

or cytoplasmic p65 expression (P=0.5) were not significant in LPS-stimulated foam cells. 

However, all o f the fatty acid treatments tended to reduce p65 expression in foam cell 

cytoplasmic extracts (linoleic acid -8%, c9,tl 1-CLA -10%, tlO ,cl2-C LA  -20%, stearic acid 

- 1 1 %).

5.3.8 Foam cell nuclear and cytoplasmic InBa expression

To evaluate whether CLA could influence the subcellular distribution o f IkB o , nuclear and 

cytoplasmic IkB o expression were measured in THP-1 macrophage-derived foam cells 

treated with LPS for 1 hr. The effects o f  fatty acid treatments (100 p,M linoleic acid, 

c9,tl 1-CLA, tlO ,cl2-CLA  and stearic acid) on IkB o expression is presented in Figure 5.20.

The detection o f  IicBa in the nucleus o f stimulated cells proved difficult and a lot o f 

inter-experimental variation was observed. As depicted in Figure 5.20A, fatty acid 

treatment had no significant effect on foam cell nuclear iKBa expression (P=0.2) as 

assessed by one-way ANOVA. However, most o f the fatty acid treatments tended to 

increase LPS-stimulated foam cell nuclear IkB o expression; c9,tl 1-CLA by 38%, tl0 ,c l2 -  

CLA by 43% and stearic acid by 39%.

The effects o f fatty acids on foam cell cytoplasmic iKBa expression are presented 

in Figure 5.20B. The effects o f fatty acid treatment on foam cell cytoplasmic IkBo 

expression approached significance (P=0.06). However, the fatty acids did not 

significantly affect cytoplasmic IkB o expression when compared to the vehicle control 

treated foam cells. Linoleic acid (16%), c9,tl 1-CLA (17%) and stearic acid (9%) tended to 

increase cytoplasmic IicBa expression relative to vehicle control treated cells. T10,cl2- 

CLA significantly decreased IkBq expression when compared to linoleic acid, c9,tl 1-CLA 

and stearic acid (P<0.04).
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Figure 5.19. The effects of fatty acids on p65 expression in LPS-stimuIated foam cell 
(A) nuclear and (B) cytoplasmic extracts.
Foam cells were treated for 48 hr with vehicle control (DMSO), 100 |a.M linoleic acid, 
c9 ,tll-C L A , tlO ,cl2-CLA  or stearic acid and stimulated for 1 hr with 1 |J.g/ml LPS. 
Nuclear and cytoplasmic extracts were prepared for SDS-PAGE and immunoblotting for 
p65. The relative protein levels were quantified by densitometry and data, expressed 
relative to the amount o f p65 in vehicle control cells (DMSO; 100%), are presented as 
mean ± SEM of 4 independent experiments. Representative blots are shown to the right o f 
graphs.
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Figure 5.20, The effect of fatty acids on IkBu expression in LPS-stimulated foam cell 
(A) nuclear and (B) cytoplasmic extracts.
Foam cells were treated for 48 hr with vehicle control (DMSO), 100 p-M linoleic acid, 
c9,tl 1-CLA, tlO,cl2-CLA or stearic acid. The cells were stimulated with 1 |o,g/ml LPS for 
1 hr. Nuclear and cytoplasmic extracts were prepared for SDS-PAGE and immunoblotting 
for I k B u . The relative protein levels were quantified by densitometry and data, expressed 
relative to the amount of I k B o  in vehicle control cells (DMSO; 100%), are presented as 
mean ± SEM of 3 -  4 independent experiments. Representative blots are shown to the 
right of graphs.
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5.4 Discussion

Cytokines appear to play a role in the pathogenesis o f  atherosclerosis and intervention in 

cytokine signalling could provide an effective therapeutic option for atherosclerosis (Libby 

et al., 1995; von der Thusen et a l ,  2003). Anti-inflammatory effects may play a role in the 

anti-atherogenic effects o f CLA observed in vivo in apo E knockout mice (Toomey et al., 

2003) and rabbit models (Kritchevsky et al., 2000) o f  diet-induced atherosclerosis. In this 

study, we investigated the effects o f c9 ,tll-C L A  and tlO ,cl2-C LA  on macrophage 

production o f the classical pro-inflammatory cytokines TNF-a, IL -ip  and IL-6 and the 

anti-inflammatory IL-10. Furthermore, the effects o f  CLA on the inflammatory response 

of macrophages and AcLDL-loaded macrophages (foam cells) were compared. Overall, 

the findings reveal a complex, differential pattern o f regulation by the fatty acids, which 

followed few obvious trends.

In general, the effects o f linoleic and stearic acid tended to mimic one or both o f the 

CLA isomers. The majority o f significant effects seen following treatment with linoleic 

acid were similar to those seen with c9 ,tll-C L A , whereas those found with stearic acid 

treatment tended to mirror those o f tlO ,cl2-CLA. The physiological relevance o f these 

observations is at present unknown but it may be associated with the structure o f the 

individual fatty acids. The profile o f cytokine expression and production in cells cultured 

in the presence o f the CLA isomers varied considerably depending on the isomer used and 

the activation state o f  cells under investigation (i.e. resting macrophage, LPS-stimulated 

macrophage, resting foam cell, LPS-stimulated foam cell).

Following LPS stimulation o f macrophages, c9 ,tll-C L A  and tI0 ,cI2-C L A  tended 

to have similar effects on cytokine production. Both isomers o f CLA increased the 

production o f TNF-a, while decreasing the secretion o f  IL -ip , IL-6 and IL-10 from LPS- 

stimulated macrophages. In resting cells, tlO ,cl2-CLA  increased basal TN F-a production, 

but both CLA isomers increased basal macrophage IL-6 production, while decreasing IL- 

10 secretion. Contrary to our findings, Turek et al. (1998) showed that feeding a CLA- 

enriched diet (1%) to rats significantly reduced basal macrophage TNF-a production but 

had no effect on LPS-stimulated levels. A decrease in LPS-stimulated TNF-a production 

was reported in murine RAW 264.7 macrophages cultured with 100 |xM c9 ,tll-C L A  and 

100 i^M tlO ,cl2-CLA  in vitro (Yang & Cook, 2003). Furthermore, Yu et al. (2002) 

reported that various isomers o f CLA (200 |xM), including c9,tl 1-CLA and tl0 ,cl2-C L A , 

decreased IFN-y-induced TNF-a production by RAW macrophages. However, feeding 

C57BL/6 mice purified c9 ,tlI-C L A  (Kelley et al., 2002; Yamasaki et al., 2003) and 

tlO ,cl2-C LA  (Kelley et al., 2002) significantly increased TNF-a secrefion from stimulated
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splenocytes.

To date, there have been relatively few studies on the effects o f CL A on the 

expression o f IL -ip , IL-6 and IL-10. Kelley et al. (2002) reported that feeding 0.5% 

c9 ,tll-C L A  or tlO ,cl2-CLA  increased LPS-stimulated IL-6 production in murine 

splenocytes ex vivo. In contrast, feeding CLA to rats significantly reduced basal and LPS- 

induced IL-6 production from macrophages but had no effect on IL-1 production (Turek et 

al., 1998). Yu et al. (2002) found that 200 c9 ,tll-C L A  and 200 ^M tlO ,cl2-CLA  

suppressed the secretion o f IFN-y-induced IL -ip  and IL-6 from RAW  macrophages. 

However, due to sample variability, these findings did not reach statistical significance (Yu 

et al., 2002). Thus, from the literature the effects o f CLA on markers o f immune function 

are complex and the effects o f CLA appear dependent on many factors including the nature 

and origin o f  the cells used (primary cells or cell lines) and the species o f  the animals used 

in ex vivo studies (Hayek et al., 1999; Moya-Camarena & Belury, 1999). To date, CLA 

supplementation studies in healthy subjects have found that CLA (-1 .5  g c9,tl 1-CLA and 

tlO,cl2-CLA7day) had no effect on LPS-stimulated IL -ip  or TNF-a production in 

peripheral blood mononuclear cells (Kelley et al., 2000; Albers et al., 2003).

It has been proposed that macrophage lipid accumulation and foam cell formation 

may affect expression o f cytokines and other mediators o f  inflammation by these cells. 

Altered regulation o f these processes in the foam cell would likely have profound effects 

on the recruitment and behaviour o f macrophages and lymphocytes within the 

atherosclerotic lesion (Mikita et al., 2001). Lipid loading can be achieved in vitro by 

incubating macrophages with chemically modified LDL such as AcLDL (Wang et al., 

1996), oxidised LDL (OxLDL; Shiffman et al., 2000; Mikita et al., 2001) or nitrated LDL 

(Smythe et al., 2003). In this study we characterised the effects loading AcLDL has on 

the production o f cytokines by human THP-1 macrophages (TNF-a, IL -ip , IL-6 and IL- 

10) and, in turn, how CLA affected this profile o f expression and production.

In general, loading THP-1 macrophages with AcLDL dramatically increased 

production o f  TNF-a, IL -ip  and IL-6 relative to macrophages cultured without AcLDL. 

Thus, it appears that the net effect o f AcLDL loading in THP-1 macrophages is 

enhancement o f the inflammatory status o f the cells. Similar effects were observed when 

LPS-induced cytokine production was analysed. AcLDL increased the production o f LPS- 

stimulated TNF-a and IL -ip  from macrophages. However, the levels o f LPS-stimulated 

IL-6 and IL-10 produced in AcLDL loaded cells were less than those in unloaded 

macrophages. Lipid loading with AcLDL has been reported to decrease THP-1 

macrophage IL-ip-induced TNF-a production (Ares et al., 2002). Nitrated LDL induced
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and decreased TNF-a production in macrophages in a differentiation dependent manner 

(Smythe et al., 2003). OxLDL loading in THP-1 macrophages increased LPS-induced 

T N F-a and IL -ip  mRNA expression (Mikita et al., 2001), while in contrast, Ohlsson et al. 

(1996) found decreased LPS-induced TNF-a and IL -lp  mRNA and protein expression in 

OxLDL-loaded primary human monocyte-derived macrophages. In relation to IL-10, 

U>'emura et al. (1996) found that OxLDL induced IL-10 release from resting human 

monocytes.

Overall, it appears that the effects o f lipid loading on inflammatory mediator 

production depend on the type o f lipid, the species o f macrophage employed, and the 

differentiation and activation state o f the cells. Variations in experimental parameters such 

as cell culture technique between the studies must also be considered. For example, 

Ohlsson et al. (1996) cultured cells in the presence o f autologous serum, which may 

contain specific growth factors that can influence macrophage differentiation and cytokine 

production (Smythe et al., 2003). These findings indicate that a clear understanding of 

what effect modified lipid uptake and foam cell transformation has on cytokine production 

is lacking. Furthermore, characterisation o f how AcLDL exerts its affects on cytokine 

production in this cell model is required, e.g. the effects o f AcLDL on mRNA transcription 

and the putative involvement o f  transcription factors in mediating these effects.

Given that the gene expression profile o f AcLDL-loaded macrophages may be 

different to that o f macrophages, it was not surprising that the CLA isomers exerted 

different effects in the two cell types. In contrast to the comparable effects observed in 

LPS-stimulated macrophages, the CLA isomers exerted distinct effects in LPS-stimulated 

foam cells. T10,cl2-CLA  reduced foam cell TN F-a production and increased IL-10 

production, whereas c9 ,tll-C L A  decreased IL -ip  and increased IL-6 secretion. When 

resting foam cell cytokine production was analysed, c9,tl 1-CLA treatment was associated 

with a decrease in basal TNF-a, IL -ip  and IL-10 production. Similar effects were 

observed with the tlO ,cl2-CLA  isomer, with the exception o f  IL -ip , the production o f 

which was significantly increased.

Translating the consequences o f these in vitro results into an in vivo situation is 

very difficult. Although cytokines are commonly classified as pro- or anti-inflammatory, 

the biology o f cytokines is complex and much remains to be learned. The amount and type 

o f  cytokine produced, the nature o f the target cell and activating cell, the timing and the 

sequence o f cytokine action are all factors that can affect the nature o f an immune 

response. Cytokines function as networks or cascades o f  interacting cytokines, which are 

able to induce themselves and each other via autocrine, paracrine or endocrine pathways in
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response to stimuli (Whiteside, 2002). For example, IL-12 elicits the production o f TNF-a, 

whereas IL-10 suppresses the production o f IL-12 (Ma, 2001). Thus, it is possible that IL- 

10 may modulate the production o f TNF-a in a cell system. Such a scenario may help 

explain the opposing effects o f tlO ,cl2-CLA  on TN F-a and IL-10 production in LPS- 

stimulated macrophages and foam cells. Elucidation o f the effects o f  CLA on IL-12 

production in this cell model would shed further light on this situation.

The immune response that occurs locally during atherogenesis is not thoroughly 

understood and it is probable that inflammatory mediators and molecules that regulate 

cholesterol homeostasis work in close association (Ross, 1993). Recent research indicates 

that some pro-inflammatory cytokines may possess anti-atherogenic functions. Liao et al. 

(1999) reported that human macrophages treated with exogenous IL-6 displayed reduced 

uptake o f AcLDL paralleled by a reduction in the class A macrophage scavenger receptor. 

Furthermore, recent research suggests that IL-6 may possess anti-inflammatory properties 

in addition to its well-documented pro-inflammatory functions (Tilg et al., 1997; Xing et 

al., 1998). Similarly, TNF-a may modulate foam cell formation during atherogenesis. 

Hsu & Twu (2000) reported reduced foam cell formation in TN F-a treated murine 

macrophages exposed to OxLDL, possibly via down-regulation o f macrophage scavenger 

receptor (Hsu et al., 1996). In contrast, stimulation o f  SR-A with ligands such as 

polyinosinic acid and fucoidan induced IL -ip  production in human monocytes (Palkama, 

1991).

In general, cytokines are not stored intracellularly. Consequently, their production 

depends on new protein synthesis, which in turn is mediated by the rate o f gene 

transcription (Blackwell & Christman, 1997). To investigate potential mechanisms o f 

action o f CLA in this model, we investigated the effects o f the CLA isomers on the mRNA 

levels o f  TNF-a, IL -ip  and IL-6 in macrophages and macrophage-derived foam cells. 

Once again, the results generated vary between macrophages and foam cells. In LPS- 

stimulated macrophages (24 hr), the only significant effect observed was a decrease in 

TNF-a mRNA levels in tlO ,cl2-CLA  pre-treated macrophages, which contrasts with the 

observed increase in TNF-a production. To determine if  CLA affected cytokine mRNA at 

an earlier time-point, fatty acid-treated macrophages were stimulated with LPS for 6 hr. 

Following this shorter LPS stimulation, the only statistically significant effect observed 

was a decrease in IL-6 mRNA expression in cells pre-treated with tlO ,cl2-CLA, which 

correlates with its effect on the production o f this cytokine. Although more consistent 

effects were observed in LPS-stimulated foam cells for TN F-a and IL-6, it remains unclear 

whether alterations o f  mRNA levels by CLA are responsible for the observed profiles o f
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cytokine production in both macrophages and foam cells.

To address this, we assessed the effects o f CLA on components o f the NF-kB 

signalling cascade in macrophages and foam cells. NF-kB signalling is important in 

mediating transcriptional control o f cytokines such as TNF-a, IL -ip  and IL-6 (Blackwell & 

Christman, 1997; Ghosh et al., 1998). Although NF-kB subunits can form various homo- 

and hetero-dimers, the predominant dimer is composed o f p65 and p50 (Ballard et al., 

1992; Jobin & Sartor, 2000). In the absence o f specific extracellular activating signals, 

NF-kB is kept in the cytoplasm by IkB. This retention prevents nuclear translocation o f 

NF-kB and ensuing activation o f transcription. Upon exposure o f cells to LPS, IkBo is 

phosphorylated, ubiquitinated and ultimately degraded by the proteasome. The NF-kB 

subunits (p65/p50) are then free to translocate to the nucleus, bind DNA containing the kB- 

responsive sequence and activate transcription.

Analysis o f p65 and IkBu levels in macrophages and foam cells yielded results that 

in the majority o f cases did not reach statistical significance. Furthermore, there was little 

correlation between the effects o f CLA on components o f the NF-kB pathway and mRNA 

levels. Given the differential effects o f CLA on cytokine mRNA expression, it is 

impossible to say whether NF-kB is involved in the regulation o f gene transcription by 

CLA in this in vitro model o f  human macrophages and macrophage-derived foam cells. 

Information regarding the effects o f CLA on NF-kB is scarce, however, CLA has been 

reported to decrease NF-kB activity (Rajakangas et al., 2003; Cheng et al., 2004). 

Although NF-kB is a major pathway associated with inflammatory signalling in 

macrophages, but it is usually not sufficient for the expression o f these genes on its own. 

Transcriptional regulation by NF-kB involves, in part, synergistic interactions with other 

transcription factors such as activator protein (A P)-l, peroxisome proliferator-activated 

receptors (PPARs), cAMP response element binding protein (CREB), in addition to 

transcriptional cofactors such as CREB-binding protein (CBP) and p300 (de Martin et al., 

2000i. In order to clarify the effects o f CLA on transcription factor activity in this cell 

model, further work is needed e.g. mobility shift assays to analyse protein:DNA binding 

and/cr analysis o f  transcription factor-dependent transcriptional activation and gene 

expression using reporter gene assays.

With regard to experimental parameters, it is unclear whether the employed 

experimental design, e.g. time-points o f LPS stimulation and CLA treatment, was 

unsuitable to detect alterations in mRNA levels by CLA. It is also possible that alternative 

mectanisms mediate the effects o f CLA on cytokine expression and other factors that play 

key roles in the cellular response to an inflammatory stimulus must therefore be
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considered. Steady-state mRNA levels may be indicative o f the cellular physiological 

state, however, they do not determine the true transcriptional effect mediated by fatty 

acids. Further studies, e.g. run-on transcription or transfection experiments with constructs 

containing the promoter o f the target gene fused to a reporter gene are necessary to 

determine whether the rate o f transcription o f the target gene is specifically affected by the 

exogenous fatty acid treatment. In addition, cytokine mRNA expression does not 

inevitably lead to cytokine production and factors such as the rate o f post-transcriptional 

RNA processing, mRNA stability and translation efficiency are, for example, critical in 

determining the pattern o f cytokine production and vary considerably among cytokines. 

The effects o f CLA on cellular cytokine production could therefore be exerted at any o f 

these stages.

Post-translational modification and processing may play important roles in 

regulating the production, secretion and activity o f cytokines. Soluble, secretable TNF-a is 

derived from the membrane-bound TNF-a precursor via processing by TNF-a-converting 

enzyme. Both membrane-bound and soluble forms exhibit biological activity (LeBoeuf & 

Schreyer, 1998). IL -ip  is synthesised as a large precursor, which must be cleaved by IL- 

1 P-converting enzyme (caspase 1) for optimal biologic acfivity (Fisman et a i ,  2003; 

Dinarello & Wolff, 1993). Alterations in the levels and activities o f  these enzymes would 

affect the relative levels o f membrane-bound and diffusible forms o f  their associated 

cytokines. There are no reported studies on the effects o f CLA on post-translational 

modification o f cytokines or the enzymes that participate in these processes.

In conclusion, this study presents novel data on CLA-mediated regulation of 

cytokine production from human THP-1 macrophages and macrophage-derived foam cells. 

Overall, these findings suggest that CLA has the potential to modulate cellular immune 

responses in vitro. However, the contribution o f such effects to the anti-atherogenic 

properties o f CLA observed in vivo is not understood. The effects o f  CLA on the 

inflammatory component o f atherosclerosis have been relatively under-studied. Further 

work is needed to examine the in vivo effects o f CLA on inflammatory mediators of 

atherosclerosis in animal models o f atherogenesis and ultimately in human patients. 

Additionally, the molecular basis by which CLA alters cytokine production in this cell 

model requires further study.
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Chapter 6

Eicosapentaenoic Acid and Docosahexaenoic Acid Induce an Anti-Inflammatory 

Cytokine Profile in Lipopolysaccharide-Stimulated THP-1 Macrophages

6.1 Introduction

Eicosapentaenoic acid (EPA; 20:5«-3) and docosahexaenoic acid (DHA; 22:6«-3) are long 

chain (LC) «-3 polyunsaturated fatty acids (PUFAs) found in marine fish oils. Research 

indicates that «-3 PUFA have a beneficial effect in primary and secondary prevention o f 

atherosclerosis, and the strongest evidence for an effect o f  n-3 PUFA and disease is the 

inverse relationship between the amount o f «-3 PUFA in the diet, in blood and in tissues, 

and the occurrence o f coronary heart disease (Uauy & Valenzuela, 2000). Dietary «-3 

PUFA act to prevent heart disease through a wide variety o f actions but the mechanisms by 

which they exert such beneficial effects in disease states are not well understood. Reduced 

production o f pro-inflammatory cytokines has also been suggested as a possible 

mechanism (Endres et al., 1989). Potential mechanisms by which n-3 PUFA may exert 

immunomodulatory and anti-inflammatory effects are illustrated in Figure 6.1.

Fluidity

Enzymes

Eicosanoids

Receptors Cytokines

n-3 PUFA

Gene expression

Membrane phospholipids

Signal transduction 
pathways

IMMUNE CELL FUNCTION

Figure 6.1. Mechanisms by which n-3 PUFA may modulate immune cell function and 
anti-inflammatory effects (adapted from Calder, 1997b).

Monocytes and monocyte-derived macrophages are important mediators o f  cellular innate 

and adaptive immunity and are essential in atherosclerotic lesion initiation and progression 

(Glass & Witztum, 2001). Mediators o f atherosclerosis include many products o f activated 

macrophages, such as tumour necrosis factor (TNF)-a, interleukin (IL )-ip , IL-6 and IL-10.
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TN F-a was found expressed in atherosclerotic plaques (Barath et al., 1990; Rus et a l ,  

1991) and was also found to be co-localised with foam cells (Kishikawa et al., 1993). 

TNF-a elicits diverse biological responses involved in atherosclerosis, such as the 

expression and secretion o f pro-inflammatory cytokines, adhesion molecules, matrix 

metalloproteinases and tissue factor, which are known to make the plaque unstable. IL -ip  

has been demonstrated in the atherosclerotic lesion (W ang et al., 1989) and in coronary 

arteries o f patients with ischemic heart disease (Galea et al., 1996). Furthermore, the lack 

o f IL -ip  decreased the severity o f atherosclerosis in apolipoprotein E (apo E) deficient 

mice (Kirii et al., 2003).

IL-6 has been found in atherosclerotic plaques in large quantities (Rus et al., 1996). 

Increased serum levels o f IL-6 have been found in patients with unstable angina (Biasucci 

et al., 1999). IL-6 has multiple actions that may be pathogenic in atherosclerosis including 

induction o f acute phase proteins such as C-reactive protein. IL-10 is an essential anti

inflammatory cytokine produced primarily from T cells and activated macrophages and 

Uyemura et al. (1996) demonstrated that IL-10 is expressed in macrophages o f human 

atherosclerotic lesions. IL-10 is capable o f blocking or reducing the production o f 

numerous pro-inflammatory agents from macrophages including TNF-a, IL -lp , IL-6 and 

IL-12 (Moore et al., 2001b). The protective effects o f  IL-10 against atherosclerosis have 

been demonstrated by in vivo studies on diet-induced atherosclerosis in IL-10 deficient 

mice (Mallat et al., 1999a; Pinderski Oslund et al., 1999) and IL-10 gene transfer into apo 

E knockout mice (Namiki et al., 2004).

A large number o f studies have been carried out to investigate the effects o f n-3 

PUFAs on the production o f these and other inflammatory mediators. The majority o f the 

human cell culture studies have been ex vivo peripheral blood mononuclear cell (PBMC) 

investigations and have employed fish oils, which contain a heterogeneous blend o f EPA 

and DHA, at various concentrations. It has been shown that supplementation o f the human 

diet with fish oil decreased synthesis o f TNF-a, IL-1 and IL-6 in PBMCs (Endres et al., 

1989; Meydani et al., 1991; Caughey et al., 1996; Abbate et ah, 1996; Trebble et al., 2003) 

and that EPA inhibits the antigen-presenting function o f human monocytes (Hughes & 

Pinder, 2000). Animal studies have also shown that «-3 PUFA attenuate the inflammatory 

cytokine response (Billar et al., 1988; Renier et al., 1993; Grimm et al., 1994; Tappia & 

Grimble, 1994; Turek et al., 1994; Yaqoob et al., 1995; Wallace et al., 1998). There have 

been few studies o f the effects o f fish oils and IL-10, but those that have been reported 

suggest that fish oils reduce or have a minimal effect on IL-10 production in RAW 264.7 

macrophages (Babcock et al., 2002b) and mitogen-stimulated spleen lymphocytes from
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mice fed fish oil (Yaqoob & Calder, 1995).

Given the immunomodulatory effects o f fish oils on cytokine production, one 

possible explanation for these effects is modulation o f gene transcription. Studies have 

shown that pro-inflammatory cytokine mRNA expression is reduced by fish oils ex vivo 

and in vitro (Renier et al., 1993; Chandrasekar & Fernandes, 1994; Robinson et al., 1996; 

Lo et al., 1999; Novak et al., 2003). N-2> PUFA may affect gene expression through 

changes in signal transduction pathways that link cell surface receptors to the activation of 

nuclear transcription factors, or indeed, «-3 PUFA may bind directly to nuclear 

transcription factors, such as nuclear factor-KB (NF-kB) (Miles & Calder, 1998). NF-kB 

plays a key role in regulating the expression o f more than 160 genes, many o f which have a 

documented role in atherogenesis (Collins & Cybulsky, 2001). Activated NF-kB has been 

detected in human atherosclerotic lesions (Brand et al., 1996; Bourcier et al., 1997) and in 

intimal cells o f coronary arteries o f pigs placed on a hypercholesterolaemic diet (Wilson et 

al., 2000). Although these investigations are still in an early stage, there is evidence that n- 

3 PUFA can mediate the activity o f transcription factors such as NF-kB (Lo et al., 1999; 

Komatsu et al., 2003; Zhao et al., 2004); activator protein (A P)-l (Lo et al., 2000) and 

CCAAT-enhancer binding protein P (Bousserouel et al., 2003).

Although fish oils increase dietary LC n-3 PUFA, they also may contain a number 

o f  other fatty acids and different compounds. Hence, from the majority o f findings 

reported to date, examination o f the specific effects o f  the individual fatty acids and their 

relative potencies is not possible. A limited number o f  human and animal in vivo studies 

have examined the effects o f feeding pure EPA and DHA, and the findings reported are 

conflicting (Kew et al., 2004). Furthermore, only a relatively small number o f  studies have 

investigated the effects o f EPA and DHA on pre-translational events, such as mRNA and 

transcription factor expression, as a way to explain the effects seen on cytokine secretion. 

In order to assess the effects o f EPA and DHA on important macrophage-derived 

mediators o f inflammation and atherosclerosis, TNF-a, IL -ip , IL-6 and IL-10 production 

were investigated in fatty acid-treated THP-1 monocyte-derived macrophages. THP-1 

macrophages behave like native macrophages and therefore represent a valuable model for 

studying macrophage activities (Auwerx, 1991). To determine if  the effects o f EPA and 

DHA on cytokine production were mediated at the level o f transcription, we investigated 

the effects o f the n-3 PUFA on cytokine mRNA expression and whether the NF-kB 

pathway is implicated in the anti-inflammatory effects o f  EPA and DHA in this cell model.
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6.2 Materials and methods 

6.2.1 Cell culture and experimental design

THP-1 monocytes were differentiated into macrophages as outlined in section 2.1.5 and 

treated with fatty acids as described in section 2.1.8. Briefly, THP-1 monocytes were 

differentiated into macrophages by culturing in the presence o f PMA for 72 hr. The 

adherent macrophages were serum-starved for 24 hr prior to a 48 hr incubation with 100 

|iM EPA and 100 |iM DHA. For all experiments, control cells treated with DMSO alone 

were included. In some experiments, macrophages were stimulated with 1 |ig/ml LPS 

{Escherichia coli 055:05) for 1, 6 or 24 hr depending on subsequent analysis as described 

below.

6.2.2 Cytokine production assays (ELISAs)

THP-1 macrophages were set up as described in section 6.2.1. To allow examination of 

the effects of EPA and DHA on basal and LPS-stimulated cytokine production, fatty acid- 

treated macrophages were cultured in the absence or presence o f LPS for 6 hr and/or 24 hr 

as indicated in the figure and table legends. At then end of culture, supernatants were 

removed, centrifuged at 3000 rpm for 10 min to pellet dead cells and debris and aliquoted. 

Samples were stored at -80°C until analysis. TNF-a, IL-ip, IL-6, and IL-10 concentrations 

in supernatants were quantified by commercial ELISAs as detailed in section 2.8.2.

6.2.3 Cytokine mRNA analysis (TaqMan® RT-PCR)

RNA was extracted from the cells cultured in section 6.2.2. After removal of media 

supernatants for ELISA analysis, RNA was extracted from the monolayers as described in 

section 2.4. 2 |o,g RNA was DNase treated (section 2.5.1) and first strand cDNA

synthesised by reverse transcription (section 2.5.2). TaqMan® RT-PCR was performed for 

TNF-a, IL-ip and IL-6 using Pre-Developed Assay Reagent Kits from Perkin-Elmer 

Applied Biosystems (section 2.5.3). After PCR, standard curves were constructed and the 

Ct readings for each of the unknown samples were used to calculate the amount of target 

gene or GAPDH relative to the standard. For each sample, results were normalised by 

dividing the amount of target gene by the amount of GAPDH and expressed relative to the 

vehicle control treatment (DMSO).

6.2.4 p65 and IkBu immunoblotting

THP-1 macrophages were set up as described in section 6.2.1. To allow examination of 

the effects of EPA and DHA on basal and LPS-stimulated p65 and IkB o expression and
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distribution, fatty acid treated macrophages were cultured in the presence or absence o f 

LPS (1 |ig/ml) for 1 hr. At the end o f culture, cells were washed and nuclear and 

cytoplasmic extracts prepared as described in section 2.9 for SDS-PAGE and Western 

blotting (sections 2.10 and 2.11). 15 |xg o f nuclear and 75 |ig o f  cytoplasmic extracts were 

loaded and probed for p65 and IkB o . Quantification o f protein bands was performed using 

GeneSnap Acquisition and GeneTools Analysis Software (GeneGenesis Gel 

Documentation Analysis System, Syngene).

6.2.5 Electrophoretic mobility shift assay

To examine the effects o f EPA and DHA on NF-KB:DNA-binding in THP-1 macrophages, 

electrophoretic mobility shift assays (EMSA) were performed. EMSAs detect the 

interaction o f DNA binding proteins (e.g. NF-kB) with their cognate DNA recognition 

sequences (e.g. kB  enhancer elements) in a qualitative and quantitative manner. THP-1 

macrophage nuclear extracts were incubated with ^^P-labelled NF-kB for 30 min at room 

temperature. The DNA-protein binding reaction contained 4 |ag macrophage nuclear 

protein extract, 10,000 cpm ^^P-labelled oligonucleotide probe (Perkin-Elmer Life 

Sciences, Inc., MA, USA), 1 [il Poly dl-dC (Amersham-Pharmacia, UK), and 2.5 |xl 

binding reaction buffer [100 mM Tris pH 7.5, 500 mM NaCl, 40% glycerol, 5 mM EDTA, 

5 mM DTT, 1 mg/ml nuclease free BSA]. The binding reaction was arrested by adding 

one tenth o f a volume o f gel loading dye (0.25% Bromophenol blue, 30% glycerol in 

sterile water) prior to loading the samples onto the gel for electrophoresis. THP-1 

macrophage nuclear extracts were separated on 4% polyacrylamide non-reducing gels.

The gels were made up with 3.1 ml 40% Accugel acrylamide mix (National 

Diagnostics, Atlanta, Georgia, US), 2.5 ml lOX Tris borate buffer [0.6 M Tris Base, 0.87 

M Boric acid, 20 mM EDTA], 0.05 g ammonium persulphate, 15 [i\ TEMED, 1 M 

dithiothreitol and 19.3 ml distilled water. The gels were allowed polymerise for 30 min at 

room temperature and were pre-run in 0.5X TBE for 30 min at 140 V. After sample 

loading, the gels were run at 140 V for ~1.75 hr or until the bromophenol blue dye was one 

inch from the bottom o f the gel. The gels were transferred to blotting paper, wrapped in 

cling film, and dried in an automatic drier for 30 min at 70°C. The blots were exposed to 

X-ray film in autoradiography cassettes with intensifying screens for 24 hr at -80°C. After 

developing, relative band intensities were quantified using GeneSnap Acquisition and 

GeneTools Analysis Software (GeneGenesis Gel Documentation Analysis System, 

Syngene).
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6.2.6 Statistical analysis

Statistical analysis was performed with DataDesk 6.0 (Data Description Inc., NY). The 

distribution o f the data for each variable was assessed and variables transformed to 

normalise the distribution o f data if  necessary. M ultiple comparisons were performed by 

one-way ANOVA. Individual differences were subsequently tested by Fisher’s least 

significance difference test after demonstration o f significant inter-group differences by 

ANOVA. In some cases independent t-tests were employed as indicated in the text. A 

statistical probability o f P<0.05 was considered statistically significant.
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6.3 Results

6.3.1 M acrophage cytokine production

The influence o f  100 jiM EPA and 100 |0.M DHA on TNF-a, IL -ip , IL-6, and IL-10 

production from resting and LPS-stimulated THP-1 macrophages are presented in Figures 

6.2, 6.3, 6.4 and 6.5, respectively.

(i) TNF-a

In the resting state, EPA and DHA had no significant effect on macrophage TNF-a 

production (P=0.3). When fatty acid-treated macrophages were stimulated with LPS for 24 

hr, both EPA (-22%) and DHA (-31%) significantly reduced TNF-a production relative to 

vehicle control cells (P<0.0009 and P<0.0001). There was no significant difference 

between EPA and DHA.

(ii) IL-ip

In resting macrophages, both EPA and DHA increased IL -ip  production by 46% and 15%, 

respectively. Relative to the control cells, the increase seen with EPA was statistically 

significant (P<0.006), while the effect o f  DHA approached significance (P<0.08). There 

was no significant difference between EPA and DHA. In contrast, EPA and DHA had 

opposing effects on 6 hr LPS-stimulated IL -ip  production. W hile EPA treatment 

increased IL -ip  production relative to control cells, albeit not significantly, DHA  

significantly reduced IL -ip  production relative to control cells (P<0.04) and EPA-treated 

cells (P<0.02). When fatty acid-treated macrophages were stimulated with LPS for 24 hr, 

both EPA and DHA significantly reduced IL -lp  secretion relative to control cells 

(P<0.0003 and P<0.0001). The effect o f  DHA was more potent than EPA and therefore 

there was a significant difference between the treatments (P<0.0002). These findings 

indicate that DHA consistently inhibited LPS stimulated IL -ip  production over time. In 

contrast, with EPA we see an initial increase in macrophage IL -ip  production following 6 

hr LPS stimulation (18%), but after 24 hr a reduction was observed (-29%).

(iii) IL-6

EPA and DHA had no significant effect on IL-6 production from resting cells (P=0.12). 

When fatty acid-treated macrophages were exposed to LPS for 6 hr, EPA and DHA had 

divergent, albeit not significant effects on IL-6 production (P=0.15). EPA increased IL-6 

production (27%>) while DHA reduced it (-25%) compared to control cells. Following 24 

hr LPS stimulation, both EPA (-36%) and DHA (-81%) significantly reduced IL-6
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production (P<0.02 and P<0.0001) relative to control cells. The effect o f DHA was 

significantly more potent than that o f EPA (P<0.03). Overall, these trends are similar to 

those observed with IL -ip. Once again, DHA had a consistent reducing effect on LPS- 

stimulated IL-6 production over time, whereas, with EPA we see an initial increase in IL-6 

production following 6 hr stimulation but after 24 hr a reduction was observed.

( I V )  IL-10

EPA significantly increased resting macrophage IL-10 production relative to control cells 

(P<0.02) and this effect approached significance relative to DHA treated cells (P<0.08). 

DHA also increased resting IL-10 production but this effect was not significant compared 

to control cells. Following LPS stimulation for 6 hr, while EPA had no significant effect, 

DHA treatment significantly reduced IL-10 production relative to control cells and EPA- 

treated cells (P<0.0001 and P<0.0004, respectively). When fatty acid-treated macrophages 

were exposed to LPS for 24 hr, EPA and DHA had opposing effects on IL-10 production. 

EPA significantly increased LPS stimulated IL-10 production relative to control cells 

(P<0.02) and DHA treated cells (P<0.0004), whereas DHA significantly reduced IL-10 

production (P<0.05) compared to control cells.
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Figure 6.2. Effects of EPA and DHA on THP-1 macrophage TNF-a production.
THP-1 macrophages were pre-treated for 48 hr with vehicle control (DMSO), 100 |iM 
EPA or DHA and incubated for a further 24 hr in the absence (□) or presence (■) of 1 
|jg/ml LPS. TNF-a concentrations in cell culture supernatants were detected by ELISA. 
Results represent the mean ± SEM of 6 independent experiments, 
t  indicates P<0.001 relative to DMiSO.
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Figure 6.3. Effects of EPA and DHA on THP-1 macrophage IL-ip production.
THP-1 macrophages were pre-treated for 48 hr with vehicle control (DMSO), 100 |o.M 
EPA or DHA. Resting macrophages were cultured for a further 24 hr with DMSO or fatty 
acids without LPS (□). Stimulated macrophages were incubated with DMSO or fatty acids 
in the presence of 1 |xg/ml LPS for 6 hr (■) and 24 hr (■). IL-1(3 concentrations in cell 
culture supernatants were detected by ELISA. Results represent the mean ± SEM of 4 -  6 
independent experiments.
* indicates P<0.05, ** indicates P<0.01, t  indicates P<0.001; relative to DMSO.
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Figure 6.4. Effects of EPA and DHA on THP-1 macrophage IL-6 production.
THP-1 macrophages were pre-treated for 48 hr with vehicle control (DMSO), 100 |iM 
EPA or DHA. Resting macrophages were incubated for a further 24 hr with DMSO or 
fatty acids without LPS (□). Stimulated macrophages were incubated with DMSO or fatty 
acids in the presence o f 1 |ig/ml LPS for 6 hr (■) and 24 hr (■). IL-6 concentrations in cell 
culture supernatants were detected by ELISA. Results represent the mean ± SEM of 4 -  6 
independent experiments.
* indicates P<0.05, t  indicates P<0.001; relative to DMSO.
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Figure 6.5. Effects of EPA and DHA on THP-1 macrophage IL-10 production.
THP-1 macrophages were pre-treated for 48 hr with vehicle control (DMSO), 100 |o,M 
EPA or DHA. Resting macrophages were incubated for a further 24 hr in the presence o f  
DMSO or fatty acids without LPS (□). Stimulated macrophages were incubated with 
DMSO or fatty acids in the presence o f 1 |ag/ml LPS for 6 hr (■) and 24 hr (■). IL-10 
concentrations in cell culture supernatants were detected by ELISA. Results represent the 
mean ± SEM of 5 -  6 independent experiments.
* indicates P<0.05, t  indicates P<0.001; relative to DMSO.
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(v) Changes in cytokine production upon 24 hr LPS stimulation

LPS w as used to stim ulate cytokine production from  m acrophages and to exam ine if  the n -  

3 PU FA s EPA  and D H A  affected the m agnitude o f  LPS-induced cytokine production, the 

percentage change in cytokine (TN F-a, IL -ip , IL-6, and IL-10) production upon 

stim ulation o f  THP-1 m acrophages w ith LPS for 24 hr was calculated. Results are 

presented in Table 6.1.

In the case o f  T N F-a, EPA and DHA had no significant effect on the percentage 

change in T N F -a  production upon LPS stim ulation (P=0.4). H ow ever, both fatty acids 

reduced T N F -a  production upon LPS stim ulation relative to control cells w ith the effects 

o f D H A  visibly m ore potent than those o f  EPA. Both EPA  and D H A  significantly  reduced 

the percentage change in m acrophage IL -1 p production upon LPS stim ulation com pared to 

vehicle control cells (P<0.0001). The effect o f  D H A  was significantly  m ore potent than 

that o f  EPA (P<0.02).

Sim ilar to the effects observed w ith IL -ip , both EPA and D H A significantly 

reduced the percentage change in m acrophage IL-6 production upon LPS stim ulation 

com pared to vehicle control cells (P<0.02 and P<0.0001). O nce again, the effect o f  DHA 

was m ore potent than that o f  EPA and thus there w as a significant difference betw een the 

fatty acids (P<0.001). A lthough both EPA and D H A reduced the percentage change in IL- 

-0 production upon LPS stim ulation com pared to vehicle control, only the effect o f  EPA 

was statistically  significant relative to vehicle control cells (P<0.02). The effect o f  DHA 

approached significance relative to vehicle control (P<0.07). There was no significant 

difference betw een the effects o f  EPA and DHA.

Table 6.1. Percentage change in cytokine production upon stimulation with LPS for 
24 hr.
Results represent the m ean and SEM  (in parenthesis) o f  5 independent experim ents.
” ind icates P<0.05, f  indicates P<0.001; relative to vehicle control (DM SO ).

Treatment TNF-a IL-lp IL-6 IL-10
D M SO 9016.8 415.11 942.71 530.66

(1550.6) (49.99) (195.19) (138.25)

EPA 8038.6 162.86t 490.9* 224.61*
(499.1) (43.99) (88.55) (93.32)

DHA 6926.1 9 6 .17 t 8 5 .9 1 t 317.6
(1083.8) (15.34) (16.82) (118.64)
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6.3.2 M acrophage cytokine mRNA expression

The effects o f 100 [iM EPA and 100 |^M DHA on TNF-a, IL -ip  and IL-6 mRNA 

expression in resting and LPS stimulated THP-1 macrophages are presented in Figures 6.6, 

6.7 and 6.8, respectively.

(i) TNF-a

In resting macrophages, neither EPA nor DHA had a significant effect on TNF-a mRNA 

expression (P=0.2). When fatty-acid treated macrophages were stimulated with LPS for 6 

hr, EPA and DHA had divergent effects on TNF-a mRNA levels but these effects were not 

statistically significant relative to the control cells. EPA reduced TN F-a mRNA by 20% 

(P=0.1) while DHA increased it by 19% (P<0.09) relative to control cells. The increase 

seen with DHA was significant when compared to EPA treated cells (P<0.009). When 

macrophages were stimulated with LPS for 24 hr, both EPA and DHA significantly 

reduced TNF-a mRNA expression relative to control cells (P<0.0001). The effect o f DHA 

(-74%) was more pronounced than that o f EPA (-41%) and thus there was a significant 

difference between EPA and DHA (P<0.0001). These findings indicate that while EPA 

displayed a consistent lowering effect on LPS stimulated TNF-a mRNA levels over time, 

DHA increased TNF-a mRNA levels following 6 hr LPS stimulation but significantly 

reduced TNF-a mRNA expression after 24 hr.

(ii) IL -lp

In resting macrophages, relative to vehicle control treated cells, EPA significantly 

increased IL -ip  mRNA levels (P<0.0004), whereas DHA significantly reduced IL -ip  

mRNA expression (P<0.03). The fatty acids had no significant effects on IL -ip  mRNA 

expression after LPS stimulation for 6 hr (P=0.34). Following LPS stimulation for 24 hr, 

both EPA and DHA reduced IL -ip  mRNA expression (-14% and -65% ), but only the 

effect o f  DHA was statistically significant relative to control cells (P<0.003). The effect o f 

DHA was significantly more potent than that o f EPA and therefore there was a significant 

difference between the fatty acids (P<0.009).

(iii) IL-6

IL-6 mRNA was found to be barely detectable in resting, unstimulated macrophages. The 

majority o f the samples gave Ct values (see 2.5) o f near 40 (i.e. 36 -  40 PCR cycles) and 

were thus considered undetectable in these circumstances. Following LPS stimulation for 

6 hr, the fatty acid treatments had no significant effect on IL-6 mRNA levels (P=0.2).
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Nevertheless, similar to that observed in resting cells a 30% decrease in IL-6 mRNA levels 

was found in DHA treated cells. Statistically significant effects were observed only in 

fatty acid-treated cells that were stimulated for 24 hr with LPS. In these cells, both EPA (- 

68%) and DHA (-95%) significantly reduced IL-6 mRNA levels relative to control cells 

(P<0.0001). As observed previously, the effect o f DHA was significantly more 

pronounced than that o f EPA (P<0.01).
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Figure 6.6. Effects of EPA and DHA on TNF-a mRNA expression in THP-1 
macrophages.
THP-1 macrophages were pre-treated for 48 hr with vehicle control (DMSO), 100 p-M 
EPA or DHA. Resting macrophages were incubated for a further 24 hr in the presence of 
DMSO or fatty acids without LPS (□). Stimulated macrophages were cultured with 
DMSO or fatty acids in the presence of 1 |ig/ml LPS for 6 hr (■) and 24 hr (■). mRNA 
expression was analysed by TaqMan® RT-PCR. The mRNA levels of TNF-a were 
normalised to GAPDH and expressed relative to DMSO. Results represent the mean ± 
SEM of 4 -  6 independent experiments, 
t  indicates P<0.001 relative to DMSO.
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Figure 6.7. Effects of EPA and DHA on IL-lp mRNA expression in THP-1 
macrophages.
THP-1 macrophages were pre-treated for 48 hr with vehicle control (DMSO), 100 |xM 
EPA or DHA. Resting macrophages were incubated for a further 24 hr in the presence of 
DMSO or fatty acids without LPS (□). Stimulated macrophages were cultured with 
DMSO or fatty acids in the presence of 1 |ig/ml LPS for 6 hr (■) and 24 hr (■). mRNA 
expression was analysed by TaqMan® RT-PCR. The mRNA levels o f IL-ip were 
normalised to GAPDH and expressed relative to DMSO. Results represent the mean ± 
SEM of 5 -  6 independent experiments.
** indicates P<0.01, f  indicates P<0.001; relative to DMSO.
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Figure 6,8. Effects of EPA and DHA on IL-6 mRNA expression in THP-1 
macrophages.
THP-1 macrophages were pre-treated for 48 hr with vehicle control (DMSO), 100 nM 
EPA or DHA. The cells were further cultured with DMSO or fatty acids in the presence of 
1 |ig/ml LPS for 6 hr (■) and 24 hr (■), and analysed for mRNA levels by TaqMan® RT- 
PCR. The mRNA levels of IL-6 were normalised to GAPDH and expressed relative to 
DMSO. Results represent the mean ± SEM of 5 independent experiments, 
t  indicates P<0.001 relative to DMSO.

188



6.3.3 Macrophage nuclear and cytoplasmic p65 expression

The effects o f EPA and DHA on nuclear and cytoplasmic p65 expression were examined 

in both resting and LPS-stimulated TH P-1 macrophages. Increased nuclear p65 expression 

is indicative o f increased NF-kB activity. To investigate whether the changes in mRNA 

expression in resting and LPS-stimulated macrophages were secondary to changes in p65 

expression, nuclear and cytoplasmic p65 expression was measured in THP-1 macrophages 

treated in the absence (Figure 6.9) or presence o f LPS for 1 hr (Figure 6.10).

As shown in Figure 6.9, the fatty acid treatments had no significant effect on (A) 

nuclear (P=0.12) or (B) cytoplasmic p65 expression (P=0.9) in resting THP-1 

macrophages. However, in both extracts a non-significant increase in p65 expression is 

visible in EPA treated cells (30% in the nucelar and 27% in the cytoplasmic extracts). In 

resting nuclear extracts, DHA tended to reduce p65 expression by 26%, while increasing it 

slightly in the cytoplasm (10%).

As indicated in Figure 6.10A, nuclear p65 expression in LPS-stimulated 

macrophages was significantly reduced by DHA relative to control cells (-25%; P<0.004) 

and EPA treated cells (P<0.003). Macrophage cytoplasmic p65 expression (Figure 6.1 OB) 

was not significantly affected by EPA or DHA (P=0.7) following LPS sfimulation.

Although most o f  these results failed to reach statistical significance, a number o f 

important trends were observed. In resting and stimulated macrophage nuclear extracts 

DHA tended to decrease p65 expression, which could be indicative o f  reduced NF-kB 

activity. With EPA we see an increase in p65 expression in both resting macrophage 

nuclear and cytoplasmic fractions, which could be indicative o f increased NF-kB activity. 

These effects o f EPA were however lost upon LPS stimulation.
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Figure 6.9. Effects of EPA and DHA on p65 expression in resting THP-1 macrophage 
(A) nuclear and (B) cytoplasmic extracts.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 |o,M EPA or 
DHA. Nuclear and cytoplasmic extracts were prepared for SDS-PAGE and 
immunoblotting for p65. The relative protein levels were quantified by densitometry and 
data, expressed relative to the amount of p65 in vehicle control cells (DMSO; 100%), are 
presented as mean ± SEM of 5 independent experiments. Representative blots are shown 
to the right of graphs.
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Figure 6.10. Effects of EPA and DHA on p65 expression in LPS-stimulated THP-1 
macrophage (A) nuclear and (B) cytoplasmic extracts.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 |j.M EPA or 
DHA. The cells were stimulated with 1 |ag/ml LPS for 1 hr. Nuclear and cytoplasmic 
extracts were prepared for SDS-PAGE and immunoblotting for p65. The relative protein 
levels were quantified by densitometry and data, expressed relative to the amount of p65 in 
vehicle control cells (DMSO; 100%), are presented as mean ± SEM of 5 independent 
experiments. Representative blots are to the right of graphs.
** indicates P<0.01 relative to DMSO.
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6.3.4 Macrophage nuclear and cytoplasmic InBa expression

The effects of EPA and DHA on nuclear and cytoplasmic IkB o expression were examined 

in both resting and LPS-stimulated THP-1 macrophages. Increased IkB o expression is 

indicative of reduced degradation and subsequently decreased NF-kB activity. To evaluate 

whether these fish oils could influence the expression of IkB o, nuclear and cytoplasmic 

IkB q were measured in THP-1 macrophages in the absence (Figure 6.11) or presence 

(Figure 6.12) of LPS for 1 hr.

The fatty acid treatments had no significant effect (P=0.4) on IkBu expression in 

resting macrophage nuclear extracts as shown in Figure 6.1 lA. However, a 48% and 35% 

increase was observed with EPA and DHA, respectively. Overall, the effects of the fatty 

acid treatments on resting macrophage cytoplasmic IkBu (Figure 6.1 IB) approached 

statistical significance (P<0.06) as assessed by one-way ANOVA. EPA and DHA tended 

to increase IkB o expression in these extracts (70% and 34%, respectively) but only the 

effect of EPA was significant compared to the control cells (P<0.02).

The effects of EPA and DHA on nuclear IkBo expression were not statistically 

significant in LPS stimulated macrophages (see Figure 6.12A), although the effect of EPA 

(26% increase) approached significance when compared to control cells (P<0.08; 

independent t-test). There was no significant difference between EPA and DHA. As 

indicated in Figure 6.12B, in the cytoplasm of these cells DHA significantly increased 

IkBo expression compared to control cells (P<0.01) and EPA treated cells (P<0.04). 

Although there was a 35% increase in IkBu expression in EPA treated cells this effect was 

not statistically significant relative to control cells.

As with p65, in most cases the effects of EPA and DHA did not reach statistical 

significance. Overall however, the findings indicate that EPA and DHA treated 

macrophages (resting and stimulated) contained more IicBa in the nucleus and cytoplasm 

than vehicle control cells. The presence of IkB u in the nucleus is thought to contribute to 

the inhibition of the binding of the active NF-kB complexes to the kB sites located in 

regulatory sequences of various genes (Castrillo et al., 2000) and increased cytoplasmic 

IkB o is indicative of decreased N F-kB activity.
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Figure 6.11. Effects of EPA and DHA on iKBa expression in resting THP-1 
macrophage (A) nuclear and (B) cytoplasmic extracts.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 |aM EPA 
and DHA. Nuclear and cytoplasmic extracts were prepared for SDS-PAGE and 
immunoblotting for iKBa. The relative protein levels were quantified by densitometry and 
data, expressed relative to the amount of IkB u in vehicle control cells (DMSO; 100%), are 
presented as mean ± SEM of 5 independent experiments. Representative blots are shown 
to the right o f graphs.
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Figure 6.12. Effects of EPA and DHA on iKBa expression in LPS-stimulated THP-1 
macrophage (A) nuclear and (B) cytoplasmic extracts.
THP-1 macrophages were treated for 48 hr with vehicle control (DMSO), 100 |j,M EPA 
and DHA. The cells were stimulated with 1 |ig/ml LPS for 1 hr. Nuclear and cytoplasmic 
extracts were prepared for SDS-PAGE and immunoblotting for IkB u . The relative protein 
levels were quantified by densitometry and data, expressed relative to the amount of IkB u 
in vehicle control cells (DMSO; 100%), are presented as mean ± SEM of 2 -  4 
independent experiments. Representative blots are shown to the right of graphs.
** indicates P<0.01 relative to DMSO.
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6.3.5 NF-kB:DNA  binding

Figure 6.13 presents the effects o f DHA and EPA on THP-1 macrophage NF-kB:DNA 

binding following LPS stimulation for 1 hr. Overall, the findings show that DHA (-14%) 

and EPA (-13%) significantly decreased NF-kB:DNA  binding in LPS-stimulated 

macrophages relative to vehicle control treated cells (P<0.05; independent t-test).
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Figure 6.13. Effects of EPA and DHA on NF-kB:DNA  binding in LPS-stimulated 
THP-1 macrophage nuclear extracts.
THP-1 macrophages were pre-treated for 48 hr with vehicle control (DMSO), 100 |aM 
EPA and DHA. The cells were stimulated with 1 |^g/ml LPS for 1 hr. 4 [a.g nuclear 
extracts were incubated with P-radiolabelled N F-kB for 30 min at room temperature. 
The NF-kB:DNA  complexes were separated from free probe on 4% polyacrylamide gels. 
The NF-KB:DNA-bound complexes migrate at a slower rate than the free probe. The 
relative band intensity was quantified by densitometry and data, expressed relative to 
vehicle control cells (DMSO; 100%), are presented as mean ± SEM o f 3 -  4 independent 
experiments. A representative EMSA is shown to the left o f  graph.
* indicates P<0.05 relative to DMSO.
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6.4 Discussion

In this study we report that treatment o f TH P-1 derived macrophages with 100 |iM EPA 

and 100 )j,M DHA reduced the amount o f TNF-a, IL -ip  and IL-6 produced following 24 hr 

LPS stimulation. The effects o f DHA on these pro-inflammatory cytokines were 

consistently more potent than those o f EPA. In contrast, LPS-stimulated IL-IO production 

was differentially regulated by the n-3 PUFA, with EPA increasing and DHA decreasing 

the concentration o f this cytokine in the cell culture media. When production o f IL -ip , IL- 

6 and IL-IO was analysed after a shorter stimulation with LPS (6 hr), contrasting effects o f 

EPA and DHA were observed. EPA tended to increase IL -1P and IL-6 production after 6 

hr LPS stimulation but had no visible effect on IL-IO production. DHA on the other hand 

decreased LPS-stimulated production o f IL -ip , IL-6 and IL-IO regardless o f length o f LPS 

exposure. These findings highlight the importance o f  the use o f time points in in vitro 

studies with regard to optimal LPS stimulation and treatment effects. Furthermore, these 

findings suggest that DHA is considerably more effective in reducing the production o f 

LPS-stimulated pro-inflammatory cytokines from macrophages and that EPA may take 

longer to exert its effects compared to DHA. Overall, the effects o f EPA and DHA on the 

production o f this array o f cytokines in resting (unstimulated) cells followed no obvious 

trends. While basal macrophage TNF-a production was slightly reduced by both EPA and 

DHA, IL -ip  and IL-IO production were notably increased by EPA and to a smaller extent 

by DHA. Neither EPA nor DHA exerted a marked effect on IL-6 production in resting 

macrophages. Although these findings show that EPA and DHA have the potential to alter 

basal cytokine production in vitro, the effects o f EPA and DHA on TNF-a may be 

balanced by their effects on IL -ip  and IL-IO production to maintain homeostasis in the 

cells.

Suppression o f pro-inflammatory cytokines observed in this study has also been 

reported in both animal and human ex vivo studies. This study type is more abundant in 

the literature than in vitro studies. Human studies report that fish oil reduced TNF-a, IL -1P 

and IL-6 production by LPS-stimulated mononuclear cells (Endres et a l ,  1989; Meydani et 

al., 1991; Gallai et al., 1995; Caughey et ah, 1996). Animal studies have also shown that 

«-3 PUFA attenuate the inflammatory cytokine response (Billar et al., 1988; Renier et al., 

1993; Grimm et al., 1994; Turek et al., 1994; Yaqoob & Calder, 1995; Wallace et al., 

1998). It should be noted that some human studies have shown no effect o f fish oils on 

pro-inflammatory cytokines ex vivo (Molvig et al., 1991; Cannon et al., 1993; Schmidt et 

al., 1996; Blok et al., 1997; Yaqoob et al., 2000; Kew et al., 2004). In contrast, a number 

o f  animal, but not human, studies have demonstrated an increase in pro-inflammatory
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cytokine production following /j-3 PUFA supplementation (Lokesh et al., 1990; 

Hardardottir et al., 1991; Chaet et a i ,  1994; Hubbard et al., 1994). This species-specific 

effect may be due to differences in the cell population affected by the PUFAs between the 

various species (Blok et al., 1996). Many obvious differences limit comparisons between 

such ex vivo works and in vitro research including most notably difficulties extrapolating 

animal data to the human context, and the use o f heterogenous mixtures o f «-3 PUFAs in 

fish oil capsules, emulsions and animal feed compared to delivery o f  pure EPA or DHA to 

an in vitro cell. Nevertheless, there are several animal and human studies that support our 

in vitro  findings and thus provide further evidence that the THP-1 human cell model is 

suitable for examining the effects o f PUFA in an in vitro situation.

Studies o f «-3 PUFAs on cytokine production in pure human macrophage 

populations are limited. As mentioned above, the majority o f human cell culture studies 

have involved the use o f ex vivo cell populations such as PBMCs, which contain 

monocytes, lymphocytes etc., or whole blood. Resident peritoneal and thioglycollate- 

elicited peritoneal macrophages are common in animal ex vivo investigations. The 

majority o f published in vitro macrophage studies to date also support our findings. Chu 

et al. (1999) reported a significant reduction in LPS-stimulated (1.5 |^g/ml for 6 hr) TNF-a 

and IL -1P secretion from TH P-1 monocytes pre-treated for 72 hr with EPA (10 (jM) and 

DHA (10 |xM). Lo et al. (1999) observed a reduction in TNF-a production when RAW 

264.7 murine macrophages were treated with EPA (114 fj,M) for 24 hr and stimulated with 

LPS (100 ng/ml, 1 |ag/ml and 10 |o.g/ml) for a further 24 hr. Similarly Novak et al. (2003) 

and Babcock et al. (2002a) demonstrated a 46% reduction in TNF-a production by LPS- 

stimulated (1 |ig/ml) RAW 264.7 macrophages cultured for 4 hr with Omegaven® (a 

commercial lipid emulsion containing 1.25 -  2.82g EPA and 1.44 -  3.09 g DHA per 100 

ml), compared to control cells. Mice fed a fish oil diet for 8 weeks showed a significantly 

reduced plasma IL-6 response to the trichothecene mycotoxin deoxynivalenol (DON) 

compared with mice fed a control com oil diet (Moon & Pestka, 2003). In addition, the 

authors found that in vitro, both EPA and DHA (3 and 30|o,M) reduced IL-6 production in 

RAW 264.7 macrophages stimulated with LPS and DON (Moon & Pestka, 2003).

However, in contrast to our study, Baldie et al. (1993) demonstrated an increase in 

IL -ip  bioactivity and release in EPA-treated U937 and peripheral blood monocytes 

compared to control cells. These results contradict the reduction in IL -ip  found in our 

study and the inconsistency between studies may be due to differences in experimental 

protocol and design. Baldie et al. (1993) investigated the effect o f 21.2 |o.M EPA in U937 

monocytes and primary human monocytes, whereas our study tested the effects o f lOOfaM
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EPA and DHA in THP-1 monocyte-derived macrophages. Differences in results obtained 

may be due to differing doses o f EPA or to the different activation and maturation states o f 

monocytes versus THP-1 monocyte-derived macrophages. In summary, the potent 

inhibitory effects o f EPA and DHA on TNF-a and IL -lp  secretion found in the present 

study are reflected in the majority o f in vitro monocyte/macrophage studies to date. 

However, our study brings new data in terms o f the effects o f n-3 PUPA on macrophage 

IL-10 production in vitro.

The findings o f this study show that EPA significantly increased IL-10 production 

from resting macrophages and macrophages stimulated with LPS for 24 hr. No effect o f 

EPA was observed following 6 hr LPS exposure, indicating a time-dependent response. 

The reductions observed in TNF-a, IL -ip  and IL-6 production might be preceded by an 

increase in IL-10 production, as IL-10 is capable o f  blocking or reducing the output o f 

these cytokines (Moore et al., 2001b). Further work, including a comprehensive time- 

course experiment analysing the effects o f EPA on the production o f these cytokines, 

would be necessary to confirm this. On the other hand, DHA had divergent effects on IL- 

10 production depending on the activation state o f the macrophage. Treatment with DHA 

tended to increase resting macrophage IL-10 production, however, following LPS 

stimulation DHA significantly decreased IL-10 production while simultaneously 

decreasing the production o f TNF-a, IL -ip  and IL-6. Overall these findings suggest that, 

in this model, EPA and DHA may exert their anti-inflammatory effects through different 

pathways; EPA through an IL-10 dependent pathway and DHA through an IL-10 

independent pathway, although as stated previously, further work is required to confirm 

this hypothesis.

There have been few studies on the effects o f fatty acids and IL-10 so comparison 

o f  these results are difficult, but those that have been reported suggest that fish oils (EPA 

and DHA mixtures) reduce or have a minimal effect on IL-10 production. Dietary fish oil 

decreased the secretion o f LPS-stimulated IL-10 from murine resident peritoneal 

macrophages (Petursdottir et al., 2002). Babcock et al. (2002b) reported that RAW 264.7 

macrophages cultured with Omegaven® for 4 hr and stimulated with LPS produced less 

IL-10 compared to control cells, while short term Omegaven® infusions in healthy 

volunteers had no effect on resting or LPS-stimulated IL-10 secretion from human 

monocytes (M ayer et al., 2003). These findings highlight the difficulties and 

inconsistencies often observed when comparing findings from human and animal studies 

and from in vitro and ex vivo data. Supplementation with fish oil had no effect on the ex 

vivo production o f IL-10 by whole blood cultures (Yaqoob et al., 2000) or PBMC cultures
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stimulated with either concanavalin A or LPS (Yaqoob et al., 2000; Wallace et al., 

2003;Kew et al., 2003; Kew et al., 2004).

We have firmly established that EPA and DHA reduced LPS-stimulated THP-1 

macrophage TNF-a, IL -ip  and IL-6 production, however the exact mechanism o f this anti

inflammatory effect is still in question. As cytokines are generally not stored 

intracellularly, their secretion depends on new protein synthesis and therefore, elaboration 

o f cytokines in response to an inflammatory stimulus may be regulated by the transcription 

rates o f cytokine genes (Blackwell & Christman, 1997). We hypothesised that EPA and 

DHA may exert some o f its observed anti-inflammatory effects at the transcriptional level 

by decreasing cytokine mRNA expression. Indeed, EPA and DHA markedly reduced LPS- 

stimulated TNF-a, IL -ip  and IL-6 mRNA expression and like the effects seen on cytokine 

secretion, the effects o f  DHA were more potent than EPA. The reduction o f TNF-a 

mRNA by the n-3 PUFA corresponds with findings o f  Lo et al. (1999) and Novak et al. 

(2003), who observed a reduction in TNF-a mRNA in LPS-stimulated RAW 264.7 mouse 

macrophages treated with 114 |iM EPA and a fish oil based lipid emulsion, Omegaven®, 

respectively. Similar findings have also been reported in human T H P-1 monoyctes treated 

with EPA (Zhao et al., 2004). In addition, Renier et al. (1993) found that basal and LPS- 

stimulated TNF-a mRNA levels in peritoneal macrophages were reduced in cells from fish 

oil-fed mice compared to control. In addition to TNF-a, «-3 fatty acids have been found to 

suppress IL -ip  mRNA synthesis in murine LPS- and PM A-stimulated splenic monocytic 

cells (Robinson et al., 1996). Autoimmune disease prone mice fed a fish oil diet exhibited 

abolished mRNA production for IL -ip , IL-6 and TN F-a in their kidneys (Chandrasekar & 

Fernandes, 1994). To our knowledge, our study is the first to report the effects o f «-3 

PUFA on human THP-1 macrophage IL-6 mRNA expression in vitro.

In contrast to the previous findings, EPA and DHA had differential effects on 

cytokine mRNA expression when cells were stimulated with LPS for a shorter time (6 hr), 

but statistically none o f these effects were significant. EPA slightly reduced TNF-a 

mRNA, increased IL -ip  mRNA and had no effect on IL-6 mRNA levels while DHA 

slightly increased TNF-a mRNA but decreased IL -ip  and IL-6 mRNA levels. While EPA 

and DHA may affect mRNA levels indicative o f the physiological state o f the cells, it does 

not determine the true transcriptional nature o f the effect. Further studies are needed to 

determine whether EPA and DHA are actually inhibiting 24 hr LPS-stimulated mRNA 

synthesis or are in fact increasing mRNA degradation/reducing mRNA stability at this time 

point. Inclusion o f actinomycin D (a transcriptional inhibitor) in experiments would 

clarify whether changes in mRNA expression were due to a decrease in gene transcription
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rather than accelerated transcript degradation. Cytokine mRNA expression does not 

inevitably lead to translation, and cytokine production is regulated on multiple levels such 

as post-transcriptional mRNA processing and stability (Clark, 2000), translation, and post- 

translational modifications o f the expressed protein, e.g. processing o f TNF-a and IL -ip  by 

TNF-a converting enzyme (TACE) and IL-lp-converting enzyme (ICE), that may further 

modulate biological function (Dinarello & Wolff, 1993; Black, 2002).

Transcription factors, including NF-kB may play key roles in regulating cytokine- 

mediated inflammation. To investigate the potential involvement o f the NF-kB pathway in 

mediating the observed effects o f EPA and DHA on cytokine gene transcription, we 

analysed the effects o f these LC «-3 PUFA on the expression and distribution of 

components o f the NF-kB signalling cascade. The most abundant form o f NF-kB is the 

p65/p50 heterodimer in which the p65 subunit contains the transcriptional activation 

domain. In resting cells, NF-kB is retained in the cytoplasm bound to iKBa. Activation by 

LPS requires sequential phosphorylation o f IkBu, ubiquitination and degradation by the 

proteasome, followed by translocation o f NF-kB to the nucleus. Cytoplasmic and nuclear 

pools o f the p65 subunit and IkBo were examined by Western blot analysis to determine if  

EPA or DHA affected their relative expression.

In the majority o f  cases the findings did not reach statistical significance. In resting 

cells EPA tended to increase p65 and IkBo (or prevent its degradation) in the nuclear and 

cytoplasmic fractions o f THP-1 macrophages. In stimulated cells, EPA appeared to 

prevent IkBo degradation by LPS in both the nuclear and cytoplasmic extracts. Given the 

differential effects o f  EPA on cytokine mRNA expression, it is impossible to say whether 

NF-kB is involved in the regulation o f gene transcription in resting cells by EPA. By 

preventing the degradation o f IkB o in stimulated cells, it would appear that EPA has the 

potential to down-regulate NF-kB activity when the cells are activated and in an 

inflammatory condition, in agreement with the recent findings o f  Zhao et al. (2004). DHA 

tended to decrease nuclear p65 expression in both resting and LPS-stimulated 

macrophages, while increasing and nuclear and cytoplasmic IkB u. These findings support 

a possible role for NF-kB in mediating the inhibitory effects o f  DHA on gene expression as 

observed in this study. Indeed, both EPA and DHA decreased NF-kB :DNA binding in 

THP-1 macrophage nuclear extracts, possibly by their respective effects on p65 and IkBo. 

However, further work is required to confirm and analyse NF-kB activity in our cell model 

system, e.g. a time-course analysis o f nuclear and cytoplasmic translocation o f NF-kB 

subunits either by western blotting or by confocal microscopy (as recently described by 

Nelson et al., 2002), a time-course analysis o f the phosphorylation o f  iKBa and analysis o f
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NF-KB-dependent transcriptional activation and gene expression using transfections and 

reporter gene assays.

A limited number o f studies also suggest that «-3 PUP As have the potential to 

down-regulate NF-kB activity. Komatsu et al. (2003) reported that DHA (60 [iM) 

inhibited NF-kB activity in RAW 264.7 macrophages stimulated with interferon-y and 

LPS. EPA reduced LPS-induced N F-kB activation in monocytic T H P-ls (Zhao et al., 

2004). Novak et al. (2003) reported a reduction in both LPS-stimulated NF-kB activity 

and IkB phosphorylation in RAW 264.7 mouse macrophages treated with an «-3 PUFA 

lipid emulsion. Lo et al. (1999) demonstrated a reduction in p65/p50 expression in resting 

and stimulated RAW 264.7 macrophages incubated in EPA-rich media. Xi et al. (2001) 

found that feeding mice fish oil resulted in reduced activation o f N F-kB in LPS-stimulated 

spleen cells.

NF-kB appears to play a critical role in cytokine-mediated inflammation by up- 

regulating the transcription o f  a specific set o f cytokine genes in response to inflammatory 

stimuli, however, it is uncertain whether NF-kB has a significant role in the differential 

production o f NF-kB cytokines or in co-ordinating the production o f these cytokines. The 

timing o f cytokine production and relative amounts o f cytokines produced are probably 

functions o f  the synergistic interaction o f  NF-kB with other transcription factors such as 

AP-1, as well as factors independent o f NF-kB (Blackwell & Christman, 1997), as 

discussed above. Thus, although NF-kB is a major pathway associated with inflammatory 

signalling in macrophages, the interaction o f NF-kB with other transcription factors, e.g. 

AP-1, is similarly essential for the optimal induction o f distinct gene expression (Babcock 

et al., 2003). Recently, LC «-3 PUFA have been shown to reduce activation o f the 

mitogen-activated protein kinase (MAPK) cascade (Lo et al., 2000; Babcock et al., 2003; 

Moon & Pestka, 2003) and AP-1 activity in RAW 264.7 murine macrophages (Lo et al., 

2002; Babcock et al., 2003).

Although this study indicates that «-3 PUFA may effect macrophage cytokine 

production by disrupting gene transcription and altering components o f signal transduction 

pathways, EPA and DHA may affect macrophage cytokine production in many ways 

(Miles & Calder, 1998). Fatty acids have important roles in membrane structure and the 

phospholipids composition o f cell membranes is usually characteristic for the cell type. 

Culture o f lymphocytes (Yaqoob & Calder, 1995), monocytes (Endres et al., 1989) or 

macrophages (Hardardottir & Kinsella, 1992) in the presence o f  n-3 PUFA results in 

significant changes in the fatty acid composition o f membrane phospholipids and may have 

functional consequences by altering the activity o f membrane-bound enzymes and
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receptors. Another perceived mechanism through which «-3 PUFA may alter immune cell 

function is through alterations in pro-inflammatory eicosanoid synthesis, although the 

precise effects are proving complex with n-3 PUFA decreasing both inhibitory and 

stimulatory factors (Miles & Calder, 1998). In addition, Chu et al. (1999) suggest that n-3 

PUFA are able to block LPS transmembrane signalling mediating a variety o f significant 

antagonisms against LPS action including decreased tissue factor, nitric oxide, TNF-a and 

IL -ip . Thus at present, the intricate molecular mechanisms for the array o f n-3 PUFA 

functions for the most part remain unclear.

The effects o f DHA on pro-inflammatory cytokine production and mRNA 

expression were in general more potent than those for EPA. It is therefore possible that 

EPA and DHA have divergent mechanisms o f action. Few comparisons between EPA and 

DHA have been previously made in vitro. Chu et al. (1999) observed no difference 

between EPA and DHA on TNF-a and IL -ip  production. Similarly, there was no apparent 

difference between the effects o f EPA and DHA on IL-6 production in murine 

macrophages (Moon & Pestka, 2003). Lokesh et al. (1988) demonstrated that DHA- 

enriched mouse peritoneal macrophages produced less o f the pro-inflammatory eicosanoid 

leukotriene B4 than EPA-enriched cells, though cytokine production was not measured. 

Khalfoun et al. (1997) report a more potent reduction in IL-6 by stimulated lymphocytes 

with EPA compared to DHA. Our results are the first to demonstrate a more potent 

reduction in stimulated macrophage production o f cytokines by DHA compared to EPA in 

vitro. Differences between activities o f EPA and DHA may account for the observed 

effects. For instance DHA is not as readily accepted into the phospholipid cell membrane 

bilayer as EPA (Endres et al., 1989; Caughey et al., 1996), but further work is required to 

delineate the relative potencies o f EPA and DHA and their individual mechanisms of 

action.

The important role o f monocytes and monocyte-derived macrophages as mediators 

o f cellular innate and adaptive immunity and in atherosclerotic lesion initiation and 

progression (Glass & Witztum, 2001) make these cells important targets for anti- 

atherosclerotic therapies. Our findings suggest that the inverse relationship between n-3 

PUFA and atherosclerosis may at least be due partly to the ability o f EPA and DHA to 

modulate macrophage cytokine secretion. It is conceivable that intervention in cytokine 

signalling could provide effective prevention and/or treatment o f  atherosclerosis (von der 

Thusen et al., 2003), and proof-of-principle data to this effect have been obtained in a 

variety o f in vitro and in vivo studies (Mallat et al., 1999; Kirii et al., 2003). The 

mechanisms o f action o f these fatty acids are not yet clear, thus, further work is necessary
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to ascertain how these effects are achieved.
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Chapter 7 

General Discussion

Altering dietary intake could have a beneficial effect on a wide range of inflammatory 

diseases such as atherosclerosis. Research indicates that the n-6 polyunsaturated fatty acid 

(PUFA) conjugated linoleic acid (CLA) and the long-chain «-3 PUFA eicosapentaenoic 

acid (EPA) and docosahexanoic acid (DHA) modulate immune responses and can exert 

positive effects on atherosclerosis in vivo. The macrophage is believed to represent a key 

player in the initiation and progression of this disease and thus, the studies outlined in this 

thesis were designed to examine the relationship between fatty acids and macrophage 

function and their possible contributions as therapeutic mediators of atherosclerosis.

To achieve this, an in vitro cell culture model was employed whereby the effects of 

culturing human THP-1 monocyte-derived macrophages in the presence of exogenous 

doses of fatty acids were investigated. Differentiated THP-1 macrophages provide a 

valuable model for studying the regulation o f macrophage-specific genes as they behave 

like native or primary human monocyte-derived macrophages. With regard to 

atherosclerosis, THP-1 macrophages also represent a suitable model for studying foam cell 

formation and function (Auwerx, 1991). As with any in vitro investigation it must be 

considered that the findings presented in this thesis, though reflective of cell line 

behaviour, may not resemble in vivo macrophage behaviour. Conditions of cell culture are 

tightly controlled but are often unphysiological in nature (Calder et al., 2002). However, 

the use o f a cell line permits a focused examination of the effects of fatty acids on 

macrophage function in a homogenous population of cells. Furthermore, a proliferating 

cell line such as THP-ls can overcome the often limiting amounts of primary human 

monocytes available from human donors, as mononuclear cell preparations typically 

comprise only 10 -  15% monocytes. It is recognised that findings based on a cell model 

have to be further validated.

In general, cells were cultured in the presence of 100 |j.M free form fatty acids 

prepared in dimethyl sulfoxide. Although the fatty acid concentrations employed in this 

study were supraphysiological, the primary objective o f this study was to investigate the 

potential biological activity o f fatty acids in vitro. The fatty acid concentrations used are 

not greater than those employed in many other in vitro studies, which report culture with 

CLA at concentrations ranging between 50 -  200 |j,M and EPA/DHA between 10 -  114 

I^M. Further work is needed to establish the optimal concentrations of fatty acids in this 

cell system, although it is possible that these concentrations will vary between genes,
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proteins and other end-points of measurement.

In chapters three and four, the effects of CLA on a range of measures of cholesterol 

homeostasis were examined. Whilst the study shows that CLA did not significantly alter 

many of the investigated markers of macrophage cholesterol transport, the work is 

nevertheless important. The findings suggest that, despite increasing expression of the pro- 

atherogenic CD36 receptor, CLA did not promote intracellular cholesterol accumulation 

and foam cell formation in the presence of acetylated low density lipoprotein (AcLDL). 

C9,tl 1-CLA and tlO,cl2-CLA had no significant effect on SR-AI mRNA expression. 

However, further characterisation of the post-transcriptional regulation of this scavenger 

receptor by CLA is required to establish whether down-regulation o f SR-A protein 

expression and activity compensates for increased CDS6. In addition, c9,tl 1-CLA or 

tlO,cl2-CLA did not affect cholesterol efflux to the cholesterol acceptor apo AI. Recent 

research indicates that individual isomers of CLA may exert distinct effects. In this study 

we found that, although c9,tl 1-CLA tended to reduce the intracellular esterified cholesterol 

concentrations and esterifiedifree cholesterol, no other isomer-specific effects of the 

individual isomers were observed. This study examined net intracellular cholesterol 

concentrations but did not account for de novo cholesterol synthesis and catabolism in the 

cells. Loading macrophages with radiolabelled cholesterol for example, and measuring the 

reappearance of labelled cholesterol in the cells or the media would determine the true rate 

of exogenous lipid accumulation and efflux by macrophages.

In chapter five, the anti-inflammatory potential o f CLA in macrophages and 

AcLDL-loaded foam cells was explored. Similar to previous reports, the findings 

presented in this chapter provide evidence for the immunomodulatory potential of CLA. 

Both isomers of CLA significantly increased the production of TNF-a, while decreasing 

the secretion of IL-ip, IL-6 and IL-10 from LPS-stimulated macrophages. In contrast, 

isomer-distinct effects of c9,tl 1-CLA and tlO,cl2-CLA were identified in LPS-stimulated 

macrophage-derived foam cells. T10,cl2-CLA significantly reduced foam cell TNF-a 

production and increased IL-10 production, whereas c9,tl 1-CLA decreased IL-ip and 

increased IL-6 secretion. The net result of these effects in vivo are impossible to predict, 

however, these findings suggest that CLA isomers act to modulate the balance of pro- and 

anti-inflammatory cytokine production. In the majority of cases, CLA-induced alterations 

in cytokine production in these cells were not associated with corresponding alterations in 

mRNA levels. This may be due to unsuitable experimental design and further 

comprehensive time-course analyses are required to conclusively identify whether CLA 

alters mRNA levels in these cells. Transcriptional regulation by NF-kB is thought to play
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a key role in TNF-a, IL-ip, IL-6 and IL-10 expression, however the involvement of other 

transcription factors such as AP-1, PPARs etc., must be acknowledged. Nevertheless, 

given the observed results it is unlikely that CLA simply acts through a “master switch” of 

transcriptional regulation and mRNA synthesis. The effects of CLA isomers on post- 

translational cytokine processing may also play a role and deserve further attention.

Since it was originally postulated that LDL in the circulation must be somehow 

altered before it can be a source of foam cell cholesterol, several in vitro modifications of 

LDL have been found to contribute to the atherogenicity o f LDL. In this study we used 

AcLDL, however, there is no evidence that AcLDL is generated in vivo. Oxidised LDL 

(OxLDL) is also taken up avidly by macrophages causing foam cell formation and has 

been used to provide much of the evidence linking OxLDL to atherosclerosis. However, 

analysis of the modified lipids extracted from human atheroma indicates that these 

compounds do not necessarily correspond to OxLDL generated in vitro. The question 

remains, had we used OxLDL to induce cholesterol accumulation in macrophages would 

we have observed a different pattern of effects in chapters three, four and five?

With regard to macrophage cholesterol homeostasis, both AcLDL and OxLDL 

have been shown to induce the expression of key genes such as LXRa, ABCAl and 

ABCGI (Laffitte et al., 2001). The seminal paper upon which this study was based 

(Chinetti et al., 2001), investigated the influence of pharmacological peroxisome 

proliferator-activated receptor (PPAR) activators on AcLDL- and OxLDL-induced 

transformation of human macrophages into foam cells and apo Al-mediated cholesterol 

efflux. Chinetti et al. (2001) reported no difference between the effects of the PPAR 

ligands regardless of the source of modified LDL. In relation to cytokine production, 

recent research suggests that lipid loading can alter the profile o f inflammatory mediators 

produced by macrophages. These findings are however limited and inconsistent. Lipid 

loading with AcLDL has been reported to decrease human macrophage TNF-a production 

(Ares et al., 2002). Culture of human macrophages with OxLDL increased LPS-induced 

TNF-a and IL-ip mRNA expression (Mikita et al., 2001) and IL-IO release (Uyemura et 

al., 1996) and decreased LPS-induced TNF-a and IL-Ip mRNA and protein expression 

(Ohlsson et al., 1996). Further clarification of the effects lipid loading has on profiles of 

gene and protein expression is necessary to further the understanding o f molecular and 

cellular events associated with atherosclerosis. To our knowledge, this study represents the 

first report of the effects of CLA isomers on inflammatory mediator production from 

AcLDL-loaded macrophages. The effects of CLA on inflammatory mediator production 

from macrophages cultured with OxLDL or other modified forms of LDL remain to be
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determined.

Dietary fatty acid composition is known to determine tissue fatty acid composition 

(Gibney & Hunter, 1993) and subsequently, cellular responses. It is thought that the ratios 

o f  the different classes o f dietary fatty acids are more important in determining tissue fatty 

acid composition than absolute amounts (Kelley, 2001). Horrobin et al. (2002) propose 

that the key to understanding the biomedical roles o f essential fatty acids is the knowledge 

that both «-3 and n-6 PUFA are required for normal membrane structure and function and 

for normal signal transduction processes. Nevertheless, the optimal daily intakes o f 

PUFAs, and the optimal ratio o f n-6 to «-3 PUFAs remain unknown (Eritsland, 2000). For 

CLA, the majority o f reported physiological effects have been derived from animal studies 

using synthetic mixes o f a number o f CLA isomers at various concentrations. Research in 

animals shows that CLA is a potent anti-atherogenic molecule in animal models o f diet- 

induced atherosclerosis, with only one study published to date demonstrating a pro- 

atherogenic effect. Human CLA supplementation studies have largely yielded inconsistent 

results to date. The discrepancies between the effects o f CLA observed in animal models 

and humans need to be addressed. The majority o f  human CLA supplementation studies 

published to date have been in healthy subjects, therefore it remains to be determined 

whether individual isomers o f CLA would exert similar effects in patients with 

atherosclerosis.

For fish oil and its associated «-3 PUFA, in vivo findings indicate that dietary and 

supplemental n-3 PUFA have a beneficial effect on coronary heart disease. Such effects 

may be mediated via numerous anti-atherosclerotic or anti-inflammatory mechanisms 

(Yaqoob & Calder, 2003b). In chapter six, the anti-inflammatory effects o f  both EPA and 

DHA were examined. EPA and DHA significantly decreased the production o f LPS- 

induced pro-inflammatory cytokine production (TNF-a, IL -ip  and IL-6) by THP-1 

macrophages. Findings from mRNA expression analysis indicated that these effects were 

mediated at the level o f transcription possibly via down-regulation o f  NF-kB activity. 

Although electrophoretic mobility shift assays demonstrated that EPA and DHA down- 

regulated NF-kB:DNA binding, fiarther work is needed to confirm inhibition o f NF-kB 

activity. Transcription factors represent very complex targets for intervention because they 

potentially regulate large numbers o f genes as has been shown for NF-kB. Kanters et al. 

(2003) recently demonstrated that inhibition o f macrophage NF-kB in LDL receptor- 

deficient mice increased atherosclerosis possibly by affecting the pro- and anti

inflammatory balance that controls the development o f atherosclerosis. Thus, while 

inhibitors o f transcription factors are likely to be useful in acute disease settings, clinical
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use in chronic disease settings such as atherosclerosis may be more limited as therapeutic 

effects come at the expense o f compromised immune function and weakened defence 

mechanisms (Glass & Witztum, 2001).

In conclusion, the mechanisms o f action o f fatty acids remain to be determined. 

While the findings presented here suggest that PUFA may have the capacity to affect 

mRNA expression, they may affect macrophage function in many ways, as illustrated in 

Figure 7.1.

Fluidity

Enzymes

PUFA

Eicosanoids

Receptors

Gene expression

Membrane phospholipids

Cytokines/other
proteins

Signal transduction 
pathways

MACROPHAGE FUNCTION

Figure 7.1. Mechanisms by which PUFA may modulate macrophage function (adapted 
from Calder, 1997b).

Originally reported by Calder (1997b) to illustrate the potential mechanisms o f action o f n-

3 PUFA on inflammation. Figure 7.1 is applicable to other PUFA such as CLA and to

other physiological states. PUFA-induced alterations in membrane fluidity and

permeability may alter downstream signalling events. Furthermore, PUFA may alter the

fatty acid compositions o f lipid or membrane rafts (Stulnig et a i ,  2001; Fan et al., 2003).

Rafts are dynamic microenvironments enriched in cholesterol and sphingolipid that form a

liquid-ordered sub domain in the exoplasmic leaflet o f  the phospholipid bilayer o f plasma

membranes (Brown & London 1998; Brown & London, 2000; Yaqoob, 2003a). An

important property o f rafts is that they can include or exclude proteins to variable extents.
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Proteins with raft affinity include glycosyl-phosphatidylinositol-anchored proteins, acyl src 

family protein-tyrosine kinases, immune cell surface receptors such as members o f the 

TNF receptor family, and scavenger receptors such as CD36 (Simons & Toomre, 2000; Ha 

et a l ,  2003; Zeng et al., 2003). Although rafts may play a key role in immune cell 

activation and signal transduction, they may also be important in cholesterol metabolism in 

cells such as macrophages (Razani et al., 2002; Gargalovic & Dory, 2003). Thus, while 

the composition o f cellular lipid domains can be modified in vitro and also though diet, 

further work is required to define the functional and physiological implications o f such 

alterations.
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