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THESIS ABSTRACT 

 
 

STUDY 1: F2-isoprostanes (F2-IsoP) are markers of oxidative stress formed upon 

oxidation of arachidonic acid and have been measured in atherosclerotic plaques. F2-

IsoP have been shown to have biological activity relevant to the atherosclerotic process. 

Colony stimulating factor-1 (CSF-1) is essential to macrophage survival, proliferation 

and differentiation and has also been detected in human atherosclerotic plaques. 

Accumulation of macrophages within the vascular wall is an important component of 

atherosclerosis, however the effect of F2-IsoP on migration of these cells is unknown.  

Aim: To examine the effect of free and lipid-bound 15-F2t-isoprostane (15-F2t-IsoP) on 

macrophage migration and investigate the signalling pathways involved. 

Mouse macrophages (cell line BAC1.2F5) were incubated with 15-F2t-IsoP (free, bound 

to cholesterol or monoacylglycerol or within oxidized phospholipid) and cell migration 

was assessed using chemotaxis towards CSF-1 in Boyden chambers. Migration was also 

measured using the scratch assay with these cells and primary mouse bone marrow 

derived macrophages.  

Results: 15-F2t-IsoP dose-dependently inhibited BAC1.2F5 macrophage spreading and 

adhesion but stimulated their migration towards CSF-1, with maximum effect at 10µM. 

Analysis of CSF-1 stimulated signalling pathways in BAC1.2F5 macrophages showed 

that phosphorylation of Akt, a key mediator of cell migration, and one of its regulators, 

the mTORC2 component, Rictor, was significantly decreased. In contrast, 

phosphorylation of the adhesion kinases, FAK and Pyk2, and the adhesion scaffold 

protein, paxillin, was enhanced after treatment with 15-F2t-IsoP. Mouse bone marrow 

derived macrophages were transfected with FAK or Pyk2 small interfering RNA 

(siRNA) to examine the role of FAK and Pyk2 in 15-F2t-IsoP signalling. Pyk2 silencing 

inhibited 15-F2t-IsoP-induced reduction in cell area and phospho-paxillin adhesion 
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numbers. The size distribution of adhesions in the presence of 15-F2t-IsoP was also 

affected by Pyk2 silencing and there was a trend for Pyk2 silencing to reduce 15-F2t-

IsoP-stimulated macrophage migration.  

Conclusions: These results demonstrate that 15-F2t-IsoP affects macrophage adhesions 

and migration, which are integral components of macrophage involvement in 

atherosclerosis. There was evidence that the adhesion molecule Pyk2 is part of the 

signalling pathway of 15-F2t-IsoP in macrophages. 

STUDY 2: Low HDL cholesterol is a risk factor for coronary artery disease (CAD). 

However, interventions that raise HDL cholesterol have failed to reduce cardiovascular 

events, suggesting that HDL components, apart from cholesterol, may be important 

contributors to HDL effects. HDL was previously reported to be the main carrier of 

plasma F2-IsoP, which are predominantly associated with phospholipids. However, 

there is evidence that F2-IsoP in the liver of rats treated with carbon tetrachloride also 

associate with the neutral lipids. To date it is not known whether F2-IsoP are found in 

the neutral lipids in HDL in humans. Possible candidate neutral lipids include 

cholesteryl esters, triglycerides, diglycerides and monoglycerides.  

Aim: To identify the lipid classes within native and oxidized HDL that contain F2-IsoP.  

Results: This study showed that F2-IsoP in human HDL are bound to neutral lipids as 

well as phospholipids. HDL-3 contained the highest concentration of F2-IsoP in all lipid 

classes before and after in vitro oxidation. Using targeted LC/MS and high resolution 

MS, it was not possible to provide conclusive evidence for the presence of the 

synthesized standards 15(R)-15-F2t-isoP cholesterol and 1-ent-15(RS)-15-F2t-

isoprostanoyl-sn-glycerol in the neutral lipids of HDL.  

Conclusions: These findings show that oxidized lipids, such as F2-IsoP, are found in the 

core and surface of HDL. However, the exact molecular species remain to be 

definitively characterised.  
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STUDY 3: Although F2-IsoP are most commonly measured in plasma, there are many 

studies where F2-IsoP were measured in serum. Serum is the cell-free component of 

blood after clotting, while plasma is cell-free blood where clotting is prevented by 

addition of anti-coagulants.  

Aim: To determine if F2-IsoP levels in HDL are different if measured in serum 

compared to plasma from the same subject.  

Results: Measurements of F2-IsoP in HDL isolated from serum were significantly lower 

compared to HDL isolated from plasma. 

Conclusions: Significantly lower F2-IsoP in HDL from serum compared to plasma, 

suggested some F2-IsoP may be bound to blood clots during serum formation. This 

should be taken into consideration when comparing F2-IsoP levels in different studies. 
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OXIDATION  PRODUCTS  OF  ARACHIDONIC  ACID  WITHIN 

LIPOPROTEINS  AND  THEIR  EFFECTS  ON  MACROPHAGE MIGRATION 

 

CHAPTER 1: LITERATURE REVIEW 

 

1. INTRODUCTION 

Cardiovascular disease (CVD) refers to conditions involving the heart and blood 

vessels, and includes coronary heart disease (CHD), stroke and heart 

failure/cardiomyopathy. CVD was responsible for almost 21% of all deaths in Australia 

in 2016 (1).  Ischaemic heart diseases was the leading cause of death (12.0%), 

cerebrovascular diseases (stroke) was third (6.6%), while heart failure accounted for 

2.1% of deaths. Globally, an estimated 17.7 million people died from CVDs in 2015, 

representing 31% of all deaths. Of these deaths, an estimated 7.4 million were due to 

coronary heart disease and 6.7 million were due to stroke. These diseases have remained 

the leading causes of death globally in the last 15 years. (2). CVD risk factors include 

age, sex, elevated blood pressure, high levels of low density lipoprotein (LDL) 

cholesterol and low levels of high density lipoprotein (HDL) cholesterol, obesity, 

diabetes and a family history of CVD. Behavioural risk factors include tobacco use, 

unhealthy diet, physical inactivity and harmful use of alcohol (2).  

Atherosclerosis is involved as an underlying cause of CVDs (3). Atherosclerosis is a 

chronic inflammatory disease of the inner linings of medium- and large sized arteries, in 

which the walls of the blood vessels become thickened and hardened by the progressive 

development of plaques, resulting in narrowing of the arteries. The plaques are 

composed of cholesterol and other lipids, inflammatory cells and calcium deposits (4, 

5). 
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1.1  STAGES IN THE DEVELOPMENT OF ATHEROSCLEROSIS 

Animal experiments and studies of humans suggest that atherogenesis involves an initial 

change in the endothelial cell layer that lines the inner arterial layer (intima) (Fig.1 (1)). 

The distribution of lesions in the arterial tree probably reflects a combination of varying 

haemodynamics, differences in the development of arteries (6) and the effects of laminar 

shear stress on the endothelium (7).  

 

Figure 1 Proatherogenic roles of lesion macrophages  

Flow disturbance leads to endothelium activation and expression of adhesion molecules 

that capture passing monocytes. Changes in endothelial permeability encourages entry 

and retention of LDL particles, which may trigger entry of monocytes into the intima, 

where they differentiate into macrophages. Retained LDL particles may be modified 

within the inflammatory environment and are taken up by macrophages, producing 

foam cells. Macrophages may proliferate and secrete matrix metalloproteinases that 

may cause thinning of the fibrous cap and plaque rupture. Macrophage apoptosis is 

promoted in the lesion and may not be cleared due to defective efferocytosis, leading to 

necrotic cells that form a necrotic core. Abbreviations: LP, lipoprotein; Mφ, 

macrophage; MMPs, matrix metalloproteinases; ER, endoplasmic reticulum; ROS, 

reactive oxygen species; RIP3, receptor-interacting protein kinase 3, a critical regulator 

of programmed necrosis/necroptosis; DAMPs, damage-associated molecular patterns. 

From: Tabas I, García-Cardeña G, Owens GK. 2015 J Cell Biol. 209, 13-22 (8).  

 

When subjected to stimuli (for example dyslipidaemia, hypertension or pro-

inflammatory mediators), endothelial cells, which normally resist attachment of 

monocytes flowing past them, express adhesion molecules that capture monocytes 

(9). Changes in endothelial permeability and the extracellular matrix (basement 
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membrane) beneath the endothelium encourage the entry and retention of low 

density lipoprotein (LDL) particles in the artery wall (10). LDL particles may 

become modified in the inflammatory environment and promote adhesion of 

monocytes to endothelial cells. The interaction between activated endothelium and 

lipoprotein retention triggers entry of monocytes into the intima (Fig. 1 (1)). 

 

Figure 2 Atherosclerotic plaque progression 
A Transmigration of monocytes through activated endothelium is stimulated by 

cytokines. These monocytes differentiate into macrophages. B Macrophages take up 

modified lipids to become foam cells. Vascular smooth muscle cells (VSMC) can 

migrate and express macrophage markers, ingest lipids and become foam cells. C Foam 

cells undergo apoptosis and contribute to the necrotic core. Synthesis of extracellular 

matrix molecules by VSMC forms a fibrous cap, which thins as the necrotic core grows, 

and the plaque may rupture. D Apoptotic and necrotic cells may be cleared by lesional 

phagocytes through efferocytosis and the fibrous cap protects the plaque from rupturing. 
 
From: Brophy ML et al. 2017 Front Cardiovasc Med. 4, Article 2 (11). 

 
Chemoattractants also stimulate the migration of the bound monocytes into the intima 

(Fig. 2A). Here, monocytes differentiate into macrophages that take up modified 

lipoprotein particles and become foam cells (lipid-laden macrophages) (Fig. 1 (2), Fig. 

2B). Lesion macrophages are able to increase their numbers through proliferation (Fig. 1 
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(3)) and may produce pro-inflammatory cytokines such as interleukin-1β (IL-1β) and 

tumour-necrosis factor (TNF). This promotes plaque progression by producing an 

inflammatory response, while matrix metalloproteinases (MMPs) secreted by 

inflammatory macrophages may lead to thinning of the fibrous cap (Fig. 1 (4)).  

Some mononuclear phagocytes in plaques have dendritic cell characteristics. 

Lymphocytes, mast cells and T cells are also found in plaques, but are less numerous than 

phagocytes, although T cells probably have important regulatory roles in lesions. 

Migration of vascular smooth muscle cells (VSMC) from the media into the intima is 

involved in plaque development (Fig. 2). The intima of human arteries contains resident 

VSMC, in contrast to most experimental animals. Other VSMC migrate from the media 

into the intima during atherogenesis, and proliferate in response to local stimuli. VSMC 

in the intima can lose expression of SMC markers and gain expression of macrophage 

markers. This enables them to uptake lipid and become foam cells, which can undergo 

apoptosis and contribute to the necrotic core (Fig. 2C).  

Other VSMCs can synthesize extracellular matrix molecules, such as collagen and 

elastin, and create a fibrous cap that overlies the lesion (Fig. 2C). This cap covers a 

collection of macrophage-derived foam cells, some of which die, resulting in 

accumulation of released lipids. The build-up of cellular debris and lipids leads to the 

formation of a lipid-rich pool known as the necrotic core of the plaque (Fig. 1, Fig 2C).  

Macrophage apoptosis may be promoted by the environment of advanced lesions, where 

there is prolonged endoplasmic reticulum (ER) stress and/or reactive oxygen species 

(ROS) production. Apoptotic cell death may not be a problem if cells are cleared 

efficiently by lesional phagocytes (efferocytosis) (Fig. 1 (5), Fig. 2D). However, in 

advanced atherosclerosis, this process goes awry and necrotic cells, also formed through 

activation of the regulator of necrosis, receptor-interacting protein kinase 3 (RIP3), 

release damage-associated molecular patterns (DAMPs), amplifying inflammation (FIG. 
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1 (6)). As the necrotic core grows and the fibrous cap thins, the plaque is vulnerable to 

rupture, which may result in thrombosis (Fig. 2C). Blood coagulation components are 

able to come into contact with tissue factors in the plaque’s interior, triggering the 

thrombus that extends into the vessel lumen, where it can impede blood flow (9). 

 

1.2  LIPOPROTEIN INVOLVEMENT IN ATHEROSCLEROSIS 

 

 

Lipoproteins are spherical to disc-like particles with cholesteryl esters (CE) and 

triglycerides (TG) forming non-polar cores and a surface monolayer containing 

phospholipids (PL), free cholesterol, diglycerides (DG), monoglycerides (MG) and 

proteins (12), with polar groups aligned outwards and non-polar regions aligned 

towards the core (Fig. 3). This outer layer solubilizes the non-polar core in aqueous 

surroundings such as plasma. 

The four major types of lipoproteins are chylomicrons, very low density lipoproteins 

(VLDL), low density lipoproteins (LDL) and high density lipoproteins (HDL). 

Chylomicrons and VLDL are TG-rich and deliver TG to cells. As VLDL are stripped of 

TG, they become less dense and are remodeled in the liver to form LDL. The function 

of LDL is to deliver cholesterol to cells, where it is used in membranes and for synthesis 

of steroid hormones. Excess cholesterol from cells is transported back to the liver by 

HDL via a process known as reverse cholesterol transport. 



6 

 

 

Figure 3  Representation of HDL Composition showing phospholipids, cholesterol and 

protein on the surface and neutral lipids, CE and TG, forming a non-polar core of a 

spherical particle. 

 

HDL consists of approximately 50% protein and 50% lipid by mass and is highly 

enriched in phospholipids (PL) compared with larger, less dense lipoproteins, which are 

enriched in cholesteryl ester (LDL) or triglycerides (VLDL, Intermediate Density 

Lipoprotein (IDL)). More than 80 proteins have been associated with HDL particles 

(13).  

The two major lipoproteins found in the circulation are high density lipoprotein (HDL) 

and low density lipoprotein (LDL).   

 

1.2.1  LDL  

There is substantial evidence that increased levels of LDL are associated with an 

increased risk of atherosclerosis (14, 15).  Modified LDL is taken up by macrophages 

producing foam cells, fatty deposits and plaques which can eventually block arteries 

(16, 17).  Determination of the LDL synthesis pathway and treatment with inhibitors of 
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hydroxymethyl-glutaryl coenzyme A reductase (such as statins), which regulate this 

pathway, have been major achievements in the treatment of CVD (18). However, a 

significant residual cardiovascular risk remains even in patients treated with statins (19). 

 

1.2.2  HDL 

Epidemiological studies have shown that elevated plasma concentrations of HDL 

cholesterol (HDL-C) are inversely correlated with atherosclerosis and CVD (20), while 

low HDL-C levels are associated with increased risk (21).  

 1.2.2.1  HDL Function

 

Figure 4  HDL Functions  

From: Soran H et al. 2012 Curr Opin Lipidol 23, 353-366 (22). 
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HDL has been shown to influence multiple mechanisms associated with atherogenesis 

(Fig 4).  

Cholesterol Efflux: The ability of HDL to initiate the reverse cholesterol transport 

(RCT) pathway by accepting cholesterol from lipid-laden macrophages is known as 

cholesterol efflux capacity (CEC) (23, 24). Khera et al. (23) first used quantification of 

total cholesterol efflux from macrophages with apoB-depleted serum, and showed CEC 

inversely correlated with CAD independent of HDL-C concentration. Healthy subjects 

in the top quartile vs the lowest quartile of CEC had a 67% reduced CV risk (25). CEC 

was inversely associated with CHD events (fatal or non-fatal coronary heart disease) in 

a study comparing patients having CHD with healthy controls (26). Subjects with very 

high HDL-C and onset of CAD (a paradoxical phenotype) had significantly lower CEC 

and reduced levels of HDL phospholipids compared with healthy controls without CAD 

and with very high HDL-C (27), linking HDL composition and function to CAD, as 

distinct from HDL-C concentrations. 

Anti-inflammatory Effects: An important aspect in the development of atherosclerosis is 

inflammation-stimulated adhesion and migration of cells into the arterial intima and an 

increased concentration of inflammatory markers (28). HDL induces activating 

transcription factor 3 (ATF3) in macrophages, inhibiting pro-inflammatory cytokine 

production and macrophage activation (29). HDL alters inflammatory properties of 

plaque monocyte-derived cells (30), inhibits monocyte transmigration in response to 

oxidized LDL (31), decreases expression of adhesion molecules by activated endothelial 

cells (32) and inhibits cytokine-induced expression of VCAM-1, ICAM-1 and E-

selectin by human umbilical vein endothelial cells (HUVECs) (33-35).  

Antioxidative Effects: The uptake of LDL particles by macrophages to form foam cells 

is an important step in atherosclerotic plaque progression (Figs 1 and 2). Modified LDL 

is required to form foam cells and LDL modification by oxidation increases affinity to 
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macrophage scavenger receptors, resulting in rapid uptake (36). Formation of oxidized 

LDL in the subendothelial space is due to both enzymatic and non-enzymatic oxidants 

(36).  

There is extensive evidence that HDL may prevent LDL oxidation. HDL inhibits the 

accumulation of lipid hydroperoxides in LDL (37-39). The antioxidative properties of 

HDL particles are influenced by their composition. Ability to decrease LDL oxidation is 

inversely associated with HDL free cholesterol and sphingomyelin content and 

positively correlated to sphingosine-1-phosphate (S1P) levels (40). Several HDL protein 

components, such as apo A-I (41), apo A-II (42), apo A-IV (43), apo E (44) and apo M 

(45) demonstrate antioxidative function. HDL-associated enzymes, such as paraoxonase 

(PON) 1, lecithin-cholesterol acyltransferase (LCAT) and platelet activating factor 

acetyl transfer protein, cholesteryl ester transfer protein (CETP) (46) may also 

contribute to the antioxidative properties of HDL.  

Vasoprotective Effects: Endothelial dysfunction is linked to decreased vasodilator 

(nitric oxide (NO)) bioavailability and activity, and is considered to be the earliest event 

in atherogenesis. HDL stimulates endothelial nitric oxide synthase (eNOS) production 

of NO resulting in vasoprotective effects on endothelial cells (47). Reconstituted HDL 

(rHDL) stimulated eNOS activity in vitro and in humans (48, 49), and this was shown to 

be mediated by the SR-B1 signalling pathway (50). HDL also protects against 

ischemia/reperfusion injury by acting as a scavenger of TNF alpha, eliminating the 

cytokine before it is able to cause damage to ischemic tissue (51-53). 

Anti-infectious Effects: HDL sequesters and neutralizes endotoxin, a lipid 

polysaccharide (LPS) and potent stimulator of inflammation in response to bacterial 

infection, thus inhibiting LPS-induced pro-inflammatory signaling in macrophages (54-

57). Neutralization and clearance of LPS by HDL is the main pathway for detoxification 

of LPS in the body. 
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Antithrombotic Effects: HDL inhibits thrombosis by inhibiting expression of tissue 

factor and selectins, by downregulating thrombin generation and by decreasing platelet 

activation (47). ApoA-I activation of the SR-B1/eNOS signaling pathway is important 

for thrombosis inhibition (58). HDL activation of prostacyclin synthesis may protect 

against arterial and venous thrombosis (47) and HDL may reduce the risk of recurrent 

venous thrombosis (59). 

It has also been shown that apoA-I and HDL can neutralize procoagulant properties of 

anionic phospholipids (60).   

Antiglycation Effects: In diabetes, the deleterious effects of hyperglycemia are 

attributable, among other things, to the formation of sugar-derived substances called 

advanced glycation end products (AGEs). AGEs are a heterogeneous group of 

molecules formed from the nonenzymatic reaction of reducing sugars with free amino 

groups of proteins, lipids, and nucleic acids (61). 

Glycation of LDL has been shown to induce monocyte/macrophage uptake of LDL by 

receptor-mediated pathways similar to those for oxidized LDL (62). Oxidation is known 

to accompany glycation resulting in so-called glycoxidation (63). HDL can impede the 

glucose-induced glycoxidation of LDL in vitro by a mechanism which may involve 

PON1 (64). 

Antiapoptotic Effects: Apoptosis, triggered by chronic inflammation and oxidative 

stress, is an important feature of the development of atherosclerotic plaques (65, 66). 

Apoptosis of endothelial cells, VSMCs and macrophages contributes to plaque 

progression, lipid core development, plaque rupture and thrombosis. HDL protects 

endothelial cells from oxidized LDL cytotoxicity (67) and reduces endothelial cell 

apoptosis induced by mildly oxidized LDL (68), tumour necrosis factor-alpha (TNF-

alpha) (69) and growth factor deprivation (70). Recently, it was shown that sphingosine-
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1-phosphate (S1P) inhibited apoptosis in macrophages and macrophage apoptosis was 

also reduced by HDL, the principal S1P carrier in plasma (71). 

 

1.2.2.2  HDL Cholesterol 

In spite of the data from population studies that HDL cholesterol (HDL-C) may offer 

protection against CVD, treatments designed to elevate HDL-C levels, have failed to 

reduce CVD risk. Clinical trials studied the effect of niacin and niacin/laripoprant 

(reduces facial flushes induced by niacin) in CHD subjects with LDL cholesterol (LDL-

C) at the recommended level <70mg/dL (72, 73) and found that increases in HDL-C 

were not correlated with fewer CVD events. CETP inhibitors increase HDL-C 

concentrations by preventing the CETP-catalyzed exchange of TGs in apoB-containing 

lipoproteins for HDL cholesteryl esters. This results in retention of cholesterol in HDL 

particles, an increase in HDL-C and a decrease in LDL-C (74). CETP inhibition has 

been investigated with several agents (torcetrapib, dalcetrapib and evacetrapib). The 

clinical trial using torcetrapib was terminated early because of adverse events (increased 

serum aldosterone and blood pressure levels) (75). The study investigating dalcetrapib 

(76) was also terminated early due to lack of efficacy with respect to clinical 

cardiovascular outcomes. Although evacetrapib (77) raised HDL-C, lowered LDL-C 

and enhanced CEC, treatment did not result in a lower rate of CVD events compared to 

placebo. A recent clinical trial found that in patients with atherosclerotic vascular 

disease receiving intensive statin therapy, the use of the CETP inhibitor, anacetrapib, 

resulted in a lower incidence of major coronary events (10.8%) compared to placebo 

(11.8%), although it is not entirely clear whether the benefit in this study is attributable 

to the elevation in HDL (78). 

Mendelian randomization studies are observational studies investigating possible causal 

linkages of genetic polymorphisms with biomarkers like HDL-C (79). Lower plasma 



12 

 

HDL-C due to mutations in the ABCA1 gene were not associated with increased risk of 

ischemic heart disease (80). A lecithin-cholesterol acyltransferase (LCAT) single 

nucleotide polymorphism (SNP) that associates with decreased plasma HDL-C was not 

correlated with elevated risk of myocardial infarction (MI), despite low plasma HDL-C 

being associated with greater risk of MI (79). Another study found that mutations in the 

endothelial lipase gene associated with higher HDL-C (81). Epidemiological studies 

predicted a one standard deviation increase in HDL-C would be associated with a 

reduced risk of MI, however, a one standard deviation increase in HDL-C in carriers of 

an endothelial lipase mutation did not associate with reduced risk for MI (81). These 

genetic epidemiology studies do not support a causal relationship between HDL-C and 

risk of MI. However, Mendelian randomization studies have not investigated possible 

causal linkages of genetic polymorphisms and HDL functionality. Figure 4 outlines 

some of the functions of HDL that could be investigated for associations with genetic 

mutations. 

1.2.2.3  HDL Particles 

Results from clinical trials now question whether HDL-C concentration is a biomarker 

for CVD. In light of these findings, studies have focussed on HDL composition and 

structural characteristics as possible determinants of the atheroprotective properties of 

HDL, with recent studies attributing the protective effects mainly to small, dense, 

protein-rich HDL (HDL3) particles (82-85). HDL is a heterogeneous population of 

particles that vary in shape, size, density, apolipoprotein concentration and 

electrophoretic mobility (Fig. 5) (86). Cholesterol esterification by lecithin:cholesterol 

acyltransferase (LCAT) converts discoid HDL into spherical HDL, the most prevalent 

particles in normal human plasma (87). Cholesterol efflux capacity, antioxidative 

activity towards LDL oxidation, antithrombotic activity in human platelets, anti-

inflammatory activity and antiapoptotic activity in endothelial cells were predominantly 
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associated with small, dense, protein-rich HDL3 (82). HDL3 from subjects with familial 

apoA-I deficiency (85) and ST segment elevation MI (STEMI) patients (84) showed 

diminished anti-oxidative activity compared with controls, while HDL3 subfractions 

were the most efficient mediators of cholesterol efflux (83). 

 

 

Figure 5  HDL Particle Heterogeneity 

Major subpopulations of HDL particles showing differences in (a) shape, (b) density 

and size, (c) apolipoprotein composition and (d) electrophoretic mobility. 

From: Camont L, Chapman MJ and Kontush A. 2011 Trends in Molecular Medicine 

17, 594-603 (87). 

 

Inflammation and the common risk factors for the development of coronary artery 

disease (CAD) (dyslipidemia, hypertension, diabetes, obesity, sedentary lifestyle and 

tobacco use) have been linked to dysfunctional HDL that has impaired atheroprotective 

properties (28, 88).  The ability of HDL to remove cholesterol from macrophage foam 

cells was inversely associated with carotid intima-media thickness and angiographically 

confirmed CAD, independent of HDL cholesterol concentration (23).  A recent study 

also showed that in individuals on statin therapy, HDL particle number was a predictor 
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of CVD (89). Consequent to these findings, a shift in focus to increase functional HDL 

particles, which may be distinct from HDL cholesterol levels, has been suggested (90). 

 

 

1.3  HDL COMPOSITION 

 

1.3.1  HDL Proteins 

HDL proteins include apoplipoproteins, enzymes, lipid transfer proteins, acute-phase 

response proteins, complement proteins and proteinase inhibitors, with apoA-I 

accounting for about 70% of total HDL protein (91). HDL proteins were mentioned in 

the section on HDL functions (1.2.2.1).  

HDL enzymes include LCAT, with about 75% of plasma LCAT activity found in HDL, 

and PON1, which is almost exclusively associated with HDL (91).  

 

Figure 6  Total cholesterol in plasma lipoproteins isolated using FPLC.  

PON-1 activity was measured in fractions isolated from serum (-o-o-).  

From: Proudfoot JM et al. 2009 J Lipid Res 50, 716-722 (92). 
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We showed that PON-1 activity was associated with the HDL2 subfraction of HDL 

(Fig. 6) (92). The enzyme platelet activating factor-acetyl hydrolase (PAF-AH) (also 

known as lipoprotein-associated phospholipase A2 (LpPLA2)) degrades PAF and 

cleaves phospholipids at the sn-2 position, producing non-esterified fatty acids and 

lysophospholipids (93). We confirmed that the majority of PAF-AH is associated with 

LDL, while a small proportion is associated with HDL (Fig. 7) (92). 

 

Figure 7  PAF-AH activity in plasma lipoproteins isolated using FPLC.  

From: Proudfoot JM et al. 2009 J Lipid Res 50, 716-722 (92). 

 

Secretory phospholipases A2 (sPLA2) are members of the PLA2 family of enzymes. 

During the acute phase response, levels of type IIA and type V sPLA2 are increased 

(93). There are conflicting results regarding the potential role of groups IIA and V 

PLA2 in CVD. Higher levels of PLA2-IIA correlate with cardiovascular risk in 

asymptomatic individuals and patients with established coronary disease (94). Other 

investigations show the presence of sPLA2 groups IIA, III, V, and X in atherosclerotic 
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plaque and myocardial areas that have sustained ischaemic damage (95-97). However, 

pharmacological inhibition of sPLA2 was associated with a 60% increased risk of MI 

and stroke (98). In patients with sepsis, plasma sPLA2 was almost completely 

associated with HDL (99). Rallidis et al (100) reported that increased levels of PLA2 

bound to HDL was associated with lower risk for cardiac death in stable CAD patients. 

An earlier study showed that inactivation of HDL-associated Lp-PLA2 abolished HDL 

inhibition of LDL modification and restricted HDL suppression of biologically active 

phospholipid production by modified LDL (101). Recently, it was reported that sPLA2-

modified HDL particles potently suppressed platelet aggregation and other platelet 

responses such as integrin activation, P-selectin expression and ROS production (102). 

These studies suggest that the lipoprotein carrying PLA2 may determine its activity, 

with HDL-associated PLA2 having anti-inflammatory and anti-atherosclerotic 

properties.  

The lipid transfer protein, phospholipid transfer protein (PLTP), is mainly associated 

with HDL, converting it into larger and smaller particles (91). CETP moves between 

HDL and apoB-containing lipoproteins, facilitating the transfer of cholesteryl esters and 

triglycerides between them (91). CETP activity has been a target of inhibitors in clinical 

trials, as mentioned in section 1.2.2.2 and reviewed in Barter and Rye (103). 

Acute phase response proteins associate with HDL, and include serum amyloid A 

(SAA), and several complement components (104, 105). Serine protease inhibitors are 

important regulators of pathways involved in inflammation, coagulation, angiogenesis 

and matrix degradation and several proteins in HDL contain serine proteinase domains 

(105). 

The HDL particle has been reported to associate with a number of functional molecules, 

including various proteins, steroids, vitamins, hormones, bile acids, carotenoids, 

bioactive lipids (S1P and sphingosylphosphorylcholine), haemoglobin (Hb), 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Barter%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=29609759
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rye%20KA%5BAuthor%5D&cauthor=true&cauthor_uid=29609759
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haptoglobin (Hp), haemopexin (Hx), ubiquinone, microRNAs, small RNAs, tRNA-

derived RNA fragments (tRFs), sphingomyelin (SM) and PON-1 (reviewed in (106)) 

(Fig. 8). These diverse transported molecules confer on HDL the potential to affect a 

range of cellular systems as it interacts with many different cells. 

Small, dense, protein-rich HDL3c particles (Fig. 5) have been shown to be the 

predominant carrier of apoJ, apoL-1, apoF, PON-1, PON-3, PLTP and PAF-AH (107). 

HDL3c particles also demonstrate elevated activities of the HDL-associated enzymes 

LCAT, PON-1 and PAF-AH (38). In contrast, apoE, apoC-I, apoC-II and apoC-III 

preferentially associate with large, light HDL2 particles (Fig. 5, (107)).  

 
 

Figure 8  Alternative HDL cargo and cellular functions 

From: Vickers KC and Remaley AT 2014 J Lipid Res 55, 4-12 (106). 
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1.3.2  HDL Lipids 

HDL-associated lipids consist of surface lipids (phospholipids and sphingolipids) and 

neutral lipids found in the core (Fig. 3). PL are the main class of lipids present in HDL 

and account for about half of the lipid by weight. Within PL, the main subtype present 

is phosphatidylcholine (PC) (33-45 wt% of total HDL lipid), the most abundant of 10 

subtypes of PL (91). Of 7 types of sphingolipids identified, sphingomyelin (SM) (5-10 

wt% of total HDL lipid) is the most abundant (108). In comparison, LDL consists of 

about 20% protein and 80% lipid of which approximately 50% is CE and 30% PL (12).  

These results are supported by data from Wiesner et al. 2009 (109) who presented a 

comprehensive, quantitative glycerophospholipid and sphingolipid species profile of 

VLDL, LDL, and HDL generated by fast protein liquid chromatography (FPLC) 

fractionation and mass spectrometry of fasting healthy plasma. These results 

demonstrated good correlation with previous studies using thin layer chromatography 

(TLC) and gas chromatography (GC) to analyse lipoproteins purified by 

ultracentrifugation (110, 111).  

HDL subpopulations vary in their lipid content. The ratios of free cholesterol to 

cholesteryl ester and sphingomyelin to phosphatidylcholine (SM/PC) are reduced with 

increasing density from HDL2b to HDL3c (40) (Fig.5). Minor bioactive lipids such as 

sphingosine-1-phosphate (S1P) are mainly found in dense HDL3 particles (40, 112). An 

inverse association was found between HDL-containing S1P and the occurrence of 

ischaemic heart disease (113) and low S1P levels have been reported in HDL from 

CAD subjects (114). 
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1.4  REACTIVE OXYGEN SPECIES AND OXIDATIVE STRESS 

Reactive oxygen species (ROS), including superoxide anion radical (O2
·−) and hydroxyl 

radical (HO·), and non-radical molecules, such as hydrogen peroxide (H2O2), are 

produced in most cells and regulate several physiological processes including 

proliferation, migration and metabolism. They are relatively unstable with short half-

lives so are chemically reactive molecules. 

ROS have important functions in redox signalling but when in excess, they may react 

with lipids, proteins, and nucleic acids. An imbalance between ROS production and the 

ability to neutralize them with antioxidants and enzymes leads to oxidative stress (115, 

116) which has been associated with a number of chronic conditions including CVD 

and atherosclerosis (117-119). However, clinical therapies using antioxidants have been 

ineffective or have even caused harm (120). This may be due to ROS having essential 

signalling functions, for example in innate immunity, hormone synthesis and 

angiogenesis (120). 

 

1.4.1  Sources of ROS 

The main sources of cellular ROS include mitochondria (121), uncoupled nitric oxide 

synthase (122), lipoxygenase (123), myeloperoxidase (124), xanthine oxidase (XO) 

(125), and NAD(P)H oxidases (Nox) (126) (Fig. 9). ROS can be counteracted by 

antioxidant cell systems with nuclear factor erythroid 2-related factor 2 (Nrf2), encoded 

by the NFE2L2 gene, having a major part in the regulation of antioxidant gene response 

(127).  
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Figure 9  Sources of ROS in the vascular wall. 

LOX, lipoxygenase; MPO, myeloperoxidase; NOS, nitric oxide synthase; NOX, 

NAD(P)H oxidase; SOD, superoxide dismutase; XO, xanthine oxidase. 

From: Nowak WN et al. 2017 Arterioscler Thromb Vasc Biol. 37, e41-e52 (128). 

 

NAD(P)H oxidases (Nox) 

Nox are implicated in many cardiovascular diseases because their expression and 

activity is upregulated in the blood vessel wall in several ‘high-risk’ states, for example 

hypertension and hypercholesterolaemia (129). Nox enzymes are found in endothelial 

cells (EC), vascular smooth muscle cells (VSMC), macrophages, adventitial and cardiac 

fibroblasts, cardiac myocytes, adipocytes and stem cells. There are seven Nox isoforms; 

Nox 1-5 and the dual oxidase (DUOX) enzymes 1 and 2 (130). 

ROS have been associated with regulation of monocyte migration and differentiation 

and macrophage functions in atherosclerosis (131-133), however the source and 
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regulation of ROS are poorly understood. Numerous studies have shown that Nox-

derived ROS have a role in monocyte differentiation and macrophage processes (134, 

135). Tumour necrosis factor-like weak inducer of apoptosis (TWEAK), a 

proinflammatory cytokine, and fibroblast growth factor-inducible 14 (Fn14) have been 

found together with Nox2 in human atherosclerotic plaques (136). Production of Nox2-

dependent ROS in macrophages was regulated by TWEAK/Fn14 and knockout of 

TWEAK in Apoe-/- mice inhibited macrophage ROS production within plaques, 

implying involvement of TWEAK/Fn14 and Nox2-derived ROS in atherosclerosis 

(136). Rac2 can affect Rac1 (small GTPases) activity, which in turn increases ROS 

levels via Nox (137). These studies propose that Nox may have a role in atherosclerosis, 

although further research is required. 

Mitochondria 

Under physiological conditions, mitochondria are the main source of ROS in mammals 

(138). Raised mitochondrial ROS levels influence cardiovascular and numerous other 

diseases (139, 140).  

Macrophage mitochondrial ROS is implicated in atherosclerosis (141, 142). A 

mitochondrial catalase transgenic mouse, where mitochondrial ROS was quenched, 

showed reduced mitochondrial ROS-induced damage (142). Transplantation of 

mitochondrial catalase transgenic bone marrow cells into Ldlr-/- mice impaired 

monocyte infiltration and macrophage mitochondrial ROS and decreased lesions (142). 

Monocyte-derived macrophages from individuals with atherosclerotic CAD 

demonstrated greater production of the proinflammatory cytokines IL-6 and IL-1beta 

which was influenced by mitochondrial ROS but not Nox2 (141).  

Lipoxygenases (LOX) 

LOX oxidize polyunsaturated fatty acids to produce leukotrienes (LT), 

hydroperoxyeicosatetraenoic acids (HPETEs), hydroxyeicosatetraenoic acids (HETEs), 
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and hydroxyoctadecadienoic acids (HODEs), and are another ROS source in the 

vascular wall (143). Mice with 12/15-LOX, apoE double-knockout on a high-fat diet, 

have reduced atherosclerosis compared with apoE knockout mice (144). Overexpression 

of human 15-LOX in the vascular endothelium of LDL receptor-deficient mice 

increased early atherosclerosis (145). However, other studies suggest that 12/15-LOX 

products may have antiatherogenic effects due to their anti-inflammatory and 

vasodilatory properties (143).  

The lipoxins (for “lipoxygenase interaction products”) are formed from arachidonic acid 

by 5-, 12-, and 15-LOX (146). Lipoxins produced from the 15-LOX product 15HETE 

(termed lipoxin A4 and B4) induce vasodilation and suppress neutrophil function (147). 

The resolvins are derived from the omega-3 polyunsaturated fatty acids 

docosahexaenoic acid (the D-series resolvins) and eicosapentaenoic acid (the E-series 

resolvins), and their production can involve 5-LOX (resolvin E1) and 15-LOX (D-series 

resolvins) (148). E-series resolvins are associated with granulocyte function and 

clearance, and inhibit the release of various proinflammatory cytokines (149). 15-LOX 

is also involved in the formation of protectins (149), which are implicated in 

airway/mucosal injury in human asthma, and may also be protective after ischemic renal 

injury (150, 151). 

Xanthine Oxidase (XO) 

XO has been shown to be a source of ROS in atherosclerosis (152, 153) and congested 

heart failure (154, 155). An inverse association has been shown between endothelium-

bound XO activity and endothelium-dependent vasodilation in patients with CAD (156). 

Macrophage ROS production, inflammatory cytokine formation and atherosclerosis 

have been reduced by XO inhibitors (157, 158). XO activity produces ROS and XO-

dependent formation of ROS was reported to stimulate inflammatory cytokine 

generation in macrophages (159). 
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Uncoupled endothelial NOS (eNOS) 

The endothelium modulates vasodilation, inflammation, SMC growth, platelet 

aggregation and coagulation. The dysregulation of these processes is called “endothelial 

dysfunction”, which is evident as impaired vasorelaxation (160). Nitric oxide is an 

important ROS in the cardiovascular system produced by the nitric oxide synthase 

(NOS) family of enzymes, including endothelial NOS (eNOS). Uncoupling of eNOS, as 

occurs in pathophysiological conditions, generates increased superoxide resulting in 

endothelial dysfunction. Higher ROS production and impaired endothelium-dependent 

and –independent vasodilator responses resulting from eNOS uncoupling in platelets 

were seen in patients with congestive cardiac failure (161). Deficiency of L-arginine, 

the eNOS substrate, induces eNOS uncoupling. Stimulation of arginase I, which 

degrades L-arginine, and eNOS uncoupling were described in diabetes, pulmonary 

hypertension, ischaemia-reperfusion, atherosclerosis and aging (162-166).  

Myeloperoxidase (MPO) 

MPO produces several oxidants that induce lipid peroxidation and nitration, 

chlorination and carbamylation of amino acid residues in proteins (167). MPO was 

found in the neutrophils in atherosclerotic lesions of LDLR-/- mice (168). MPO 

stimulates protein carbamylation in the presence of hydrogen peroxide in areas of 

inflammation and in atherosclerotic plaques via thiocyanate oxidation, which is 

increased in smokers (169). Elevated HDL carbamylation by MPO stimulated 

cholesterol accumulation in macrophages (170). Chlorination of HDL apoA-I in 

atherosclerotic tissue and human plasma resulted in dysfunctional HDL (171). High 

levels of systemic MPO were associated with coronary plaque erosion in subjects with 

acute coronary syndrome (172). 

Interestingly, the role of some of these enzymes in atherosclerosis remains unclear, with 

different studies suggesting pro- or anti-atherosclerotic effects. For example, Nox4-
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derived mitochondrial ROS were harmful to older mice with atherosclerosis (173) and a 

dominant negative mutant form of Nox4 reduced atherosclerosis (174). In contrast, 

Nox4 knockout increased atherosclerosis in two other studies (175, 176). Apo e-/- mice 

with Nox4 overexpression specific for endothelial cells (Apo e-/- Nox4EC) had 

significantly reduced lesions compared to control Apo e-/- mice (177). In contrast, in a 

stroke model, Nox 4-/- mice showed reduced stroke area (178). Plaques from patients 

with cardiovascular events or diabetes showed reduced expression of Nox4, whereas 

Nox1 expression was elevated when compared to controls (179).  

Knockouts of antioxidant enzymes glutathione peroxidase-1 (Gpx1) (180), 

peroxiredoxin 2 (Prdx2) (181) and haeme oxygenase-1 (Hmox1) (182) stimulated 

plaque development. Deletion of the antioxidant gene, NFE2L2, in Apoe-/- mice 

decreased lesion formation (183-185), suggesting Nrf2 was proatherogenic, while in 

another study transplantation of NFE2L2-/- bone marrow into Ldr-/- mice resulted in 

enhanced plaque development (186), suggesting antiatherogenic effects of Nrf2. 

In summary, regulation of oxidative stress as a potential therapy for atherosclerosis is 

complex and likely would require targeting specific ROS in certain types of cells. 

 

1.4.2  Measurement of ROS 

This thesis will focus on non-enzymatically derived ROS and free radical-mediated 

lipid peroxidation (oxidation involving formation of a peroxyl radical). The following 

compares different lipid peroxidation products and technical issues associated with their 

measurement.  

Lipid Hydroperoxides 

Lipid hydroperoxides (LOOH) from oxidation of phospholipids can be measured by 

HPLC with fluorescence detection (187). The method has high sensitivity, although its 
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specificity is uncertain. Another limitation is that lipid hydroperoxides are rapidly 

metabolized or react with cell constituents and thus difficult to measure directly. 

Unsaturated Aldehydes 

Aldehydes including 4-hydroxy-trans-2-nonenal (HNE) and malondialdehyde (MDA) 

are important end products of lipid peroxidation. HNE can be quantitated using HPLC 

(188), GC/MS after derivatization (189) or LC/MS (190, 191) which is preferable 

because it does not need derivatization. A limitation is that direct measurement of 

aldehydes is difficult because, like hydroperoxides, they react with surrounding 

molecules, generating secondary end products and are metabolized quickly. Formation 

of these species is usually measured indirectly using their covalent protein adducts. 

However these procedures are not robust, as HNE and MDA react with many proteins 

to varying degrees making quantitation of total lipid peroxidation difficult. MDA is not 

a specific product of lipid oxidation, as other minor sources exist such as byproducts of 

free radical generation by ionizing radiation and the biosynthesis of prostaglandins 

(192). Proteins altered by lipid peroxidation-derived aldehydes, like HNE and MDA, 

are measured by Western analysis or immunohistochemistry with antibodies against the 

modified proteins. 

Oxidized phospholipids 

Peroxidation of phospholipids produces carbonyls esterified to the phospholipid 

backbone. For example, peroxidation of the most abundant phospholipid, 1-palmitoyl-2-

arachidonyl-glycerol-3-phosphocholine (PAPC), yields 1-palmitoyl-2-oxo-valeroyl-sn-

glycero-phosphocholine (POVPC), 1-palmitoyl-2-glutaroyl-sn-glycero-phosphocholine 

(PGPC) and 1-palmitoyl-2-(5,6-epoxyisoprostane E2)-sn-glycero-phosphocholine 

(PEIPC) which can be quantitated by mass spectrometry (193, 194). Several antibodies 

have been cloned that recognize oxidized phospholipids (195, 196), however, they are 

non-specific and also recognize MDA-modified LDL or HDL (197). 
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Isoprostanes 

Prostaglandin-like molecules known as isoprostanes, produced by non-enzymatic 

peroxidation of arachidonic acid, have been measured as biomarkers of oxidative stress 

(198) (Fig 10). The principal isoprostanes of arachidonic acid, however, are the F2-

Isoprostanes comprising four regioisomers with the 5-series F2-Isoprostanes (F2-IsoP) 

and 15-series F2-IsoP being the most commonly assessed (Fig 11) (199, 200). Other 

isoprostanes derived from eicosapentaenoic acid, docosahexaenoic acid, adrenic acid 

and alpha-linolenic acid have also been quantitated (201).  

GC/MS or LC/MS are the main methods used for measurement of these molecules 

because of their large structural variability. The precision of these methods is achieved 

by a) stability of the analyte b) analyte enrichment c) specific detection by multiple 

reaction monitoring transitions d) the sensitivity of the MS method and e) availability of 

stable isotope standards for the analyte of interest. An advantage in measuring 

isoprostanes is that they are more stable than other lipid peroxidation products. 

Additionally, mass spectrometry is recognized as being more reproducible, sensitive 

and specific than other assay techniques. Other assays for F2-IsoP include enzyme 

immunoassays (EIAs). However, questions concerning the specificity of the antibodies 

remain, as well as interfering substances in biological samples. We compared our GC-

MS method and an EIA measurement of the same samples and found that the values 

from the assays correlated in terms of trends, but did not exactly agree (202). Further 

research is required to improve F2-IsoP analysis by enzyme-linked immunoassay in 

terms of sensitivity, specificity, precision and accuracy in comparison to GC-MS. 

F2-IsoP are considered the most reliable and representative measures of in vivo 

oxidative stress (203) and have been validated as oxidative stress markers in animal and 

clinical studies (199). 
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Overall, F2-IsoP have advantages over other measures of lipid peroxidation in that they 

are relatively stable products that can be measured in complex media, such as blood, 

urine or tissue, and their measurement is not confounded by artifacts or diet. A 

limitation is the requirement for sample preparation steps, chemical derivatization and 

costly equipment.   
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1.5  LIPID OXIDATION PRODUCTS – ISOPROSTANES 

 

Figure 10  Metabolic cascade for the non-enzymatic generation of isoprostanes.  

From: Galano JM et al. 2015 Free Radic Res. 49, 583-598 (198). 

 

Figure 11  The main F2-isoprostane isomers formed from arachidonic acid. 

From: Galano JM et al. 2017 Prog Lipid Res 68, 83-108 (204). 
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Morrow et al. (205) first reported the formation of prostaglandin-like molecules 

isomeric to prostaglandin F2α and termed them F2-isoprostanes (F2-IsoP). They are 

produced in vivo by the free radical-catalyzed peroxidation of arachidonic acid (206) to 

yield four regioisomers (5-, 8-, 12- and 15-series) (Figs. 10 and 11), each with 8 racemic 

diastereoisomers, generating 64 possible isoprostane molecules (198). 15-F2t-IsoP is the 

most studied isoprostane (Fig. 11). The F2-IsoP are formed on arachidonoyl-containing 

lipids and then released via the enzymatic action of phospholipase A2 (PLA2) (200, 

207) and PAF-AH (208). Measurement of total F2-IsoP in blood and tissue samples 

requires hydrolysis to release F2-IsoP bound to lipid. Samples for measurement were 

base hydrolysed prior to solid phase extraction and derivatization (91, 377). 

1.5.1  F2-Isoprostanes – markers of in vivo oxidative stress 

There is strong evidence that F2-IsoP represent good markers of oxidative stress in 

experimental and human atherosclerosis and CVD. One of the earliest experiments 

using a rat model of hepatic failure after treatment with carbon tetrachloride, a strong 

inducer of free radicals, showed a greater than 100-fold increase in hepatic isoprostane 

formation compared with untreated animals (207). In porcine models of septic shock, 

cardiac arrest and cardiopulmonary resuscitation, F2-IsoP increased after each event 

(209, 210). A large increase in F2-IsoP during ischaemia has been reported in the 

effluents of isolated and perfused rat hearts (211). F2-IsoP were also elevated in a canine 

model of coronary thrombolysis, suggesting that coronary reperfusion is associated with 

increased lipid peroxidation (212).  

A number of studies have reported F2-IsoP in human conditions associated with 

oxidative stress and following intervention. Barden et al. (213, 214) for example 

showed increased levels of F2-IsoP in pre-eclamptic patients. Urinary F2-IsoP were 

significantly reduced after treatment with n-3 fatty acids (215) in Type 2 diabetic 

patients (216). Plasma F2-IsoP were reduced in overweight, dyslipidaemic men and also 
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in treated-hypertensive Type 2 diabetic patients after supplementation with n-3 fatty 

acids (217). N-3 fatty acid supplementation in pregnancy lowered plasma and urinary 

F2-IsoP in neonates (218), while pre-natal n-3 fatty acid supplementation did not affect 

offspring F2-IsoP at 12 years (219). Plasma F2-IsoP in male smokers decreased after 

dealcoholized red wine intake but not after alcohol-containing beverages (220), and F2-

IsoP were higher in infants of smokers at 3 months of age (221).  

Other studies have shown that F2-IsoP were elevated in induced sputum from airway 

disease subjects compared to controls (222) and were also increased in plasma and urine 

from individuals with the metabolic syndrome compared with controls (223) and in urine 

from non-obese, sedentary participants overfed for 28 days (224). F2-IsoP were higher in 

cerebrospinal fluid of healthy humans aged over 45 years compared to younger 

participants (225) and in urine from patients with sepsis (226). Plasma F2-IsoP were 

reduced in general anaesthesia patients compared to spinal anaesthesia patients (227). 

 

Of note, F2-IsoP have been measured in human atherosclerotic plaques (228-232). 

Micromolar concentrations of oxidized species may be reached intracellularly, locally 

within tissues, or in the circulation (233, 234). Levels of F2-IsoP have been shown to 

vary in different areas of the plaque, with the tissue around the necrotic core exhibiting 

significantly greater concentrations (228).  

1.5.2  F2-Isoprostanes in plasma lipoproteins 

Morrow et al. (207) showed F2-IsoP are mainly found in PL, and PL containing F2-IsoP 

have been reported in human HDL (235-237). We have shown that HDL is the main 

carrier of F2-IsoP in human plasma fractionated by ultracentrifugation or by fast protein 

liquid chromatography, accounting for about 60% of total plasma F2-IsoP (Fig. 12, 

(92)). Levels of F2-IsoP corrected for cholesterol, were 50% greater in HDL3 compared 

with HDL2 (0.76 ± 0.16 pmol/µmol chol for HDL3 vs 0.52 ± 0.12 pmol/µmol chol for 

HDL2, p<0.02) (92). 
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Figure 12  Plasma F2-Isoprostanes and cholesterol in lipoproteins.  

A Plasma F2-Isoprostanes (solid bars) and total cholesterol (triangles) in lipoproteins 

isolated by ultracentrifugation. B F2-Isoprostanes in HDL, LDL and VLDL isolated by 

ultracentrifugation. C F2-Isoprostanes (corrected for cholesterol) in HDL, LDL and 

VLDL isolated by ultracentrifugation. D F2-Isoprostanes in HDL, LDL and VLDL 

isolated by fast protein liquid chromatography (FPLC). Data ± SEM. * p<0.05 and + 

p<0.01 compared with HDL.  

From:  Proudfoot JM et al. 2009 J Lipid Res 50, 716-722 (92). 
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1.5.3  Biological activities of F2-Isoprostanes  

As well as being markers of lipid oxidation, several F2-IsoP molecules have been shown 

to be biologically active possessing potentially pro-atherosclerotic actions. 

 

Figure 13  Proposed effects of F2-Isoprostanes in the cardiovascular system.  

From: Bauer J et al. 2014 Br J Pharmacol 171, 3115-3131 (238). 

 

Vasoconstriction 

15-F2t-IsoP induced a sustained coronary vasoconstriction in isolated guinea pig hearts 

(239), which was confirmed in other blood vessels, including human umbilical arteries, 

chicken embryo ductus arteriosus, pulmonary artery, femoral artery and porcine arteries 

(240, 241).  

Platelet Modulation 

Minuz et al. showed that 15-F2t-IsoP caused platelet shape change, increased platelet 

adhesion to fibrinogen and reduced the anti-aggregatory effect of endothelial cell nitric 

oxide (242, 243).   
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Immune cell / Endothelial Cell Interaction 

Leitinger et al. (244) showed that 15-F2t-IsoP stimulated endothelial cells to bind 

monocytes thus increasing adhesion of monocytes. 15-F2t-IsoP increased monocyte 

adhesion to human umbilical vein endothelial cells (HUVECs), and in the same study, 

suppressed monocyte adhesion to human dermal endothelial cells and rat renal 

microvascular endothelial cells (245). 15-F2t-IsoP was shown to enhance the adhesion 

of neutrophils to HUVECs (246). 15-F2t-IsoP also increased neutrophil adhesion to 

fibrinogen (247, 248). Given neutrophils are major players in ischemia/reperfusion 

injury, 15-F2t-IsoP may also have a role in this condition. 

Angiogenesis 

Benndorf et al. (249) demonstrated 15-F2t-IsoP inhibited endothelial cell migration and 

tubule formation, key processes involved in the formation of blood vessels or 

angiogenesis.  

Plaque formation 

The potential role of 15-F2t-IsoP in plaque formation was suggested when peritoneal 

injection of 15-F2t-IsoP increased macrophage density and atherosclerotic plaque 

formation in a mouse model (250). 

The relevance of F2-IsoP to CVD has been highlighted in several reports. F2-IsoP 

associated with atherosclerosis (251, 252) and angiographic evidence of CAD (253). 

Subjects with advanced atherosclerotic plaques showed significantly higher F2-IsoP 

levels near the atherosclerotic lesions (254). Urinary F2-IsoP levels were also shown to 

correspond with the number of risk factors for CAD present and significantly increased 

with the number of diseased vessels (255, 256). Patients with CAD displayed up to 2–3-

fold greater levels of plasma and urinary F2-IsoP relative to age- and sex-matched 

controls, and levels correlated with the extent and severity of the disease (256-259).  
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1.6  MACROPHAGES AND CSF-1 IN ATHEROSCLEROSIS 

The relationship between hypercholesterolaemia and atherosclerosis led to the early 

characterisation of atherosclerosis as a disorder of lipids. However, more recent 

research has established inflammation as a major component of atherosclerosis and 

noted the importance of leukocytes to the initiation and development of atherosclerotic 

plaques (5). 

The macrophage, along with the macrophage-derived foam cell, is one of the defining 

cells within an atherosclerotic lesion (260). Macrophages originate from circulating 

monocytes and are specialized to rapidly change shape, migrate and phagocytose, and 

are important in immune responses (261). Macrophage migration was shown to be 

influenced by oxidized LDL which may contribute to trapping of macrophages in the 

arterial intima (262). In the intima, monocytes differentiate into macrophages which 

release the inflammatory chemokine CCL2 (263). Activation of macrophages present in 

atherosclerotic lesions results in production of inflammatory cytokines, such as TNF-α, 

IL-1, IL-6, IL-12, IL-15 and IL-18, and also the anti-inflammatory cytokines IL-10 and 

TGF-β (264). Macrophages take up modified lipoproteins, developing into foam cells 

which produce further inflammatory species (265). ROS from both monocytes and 

macrophages play an important role in atherogenesis. (133). Migration, invasion, 

phagocytosis and regulation of cell shape are important components of macrophage 

function and are actin-based cellular events (266).  

 

1.6.1  Colony-stimulating factor-1 (CSF-1)  

CSF-1 (also known as macrophage colony-stimulating factor, M-CSF) is the main 

growth factor regulating survival, proliferation and differentiation of mononuclear 

phagocytic cells (267, 268) and is also an important regulator of macrophage 

morphology and motility (269, 270). CSF-1 stimulates rapid reorganization of the actin 
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cytoskeleton and is chemotactic both in vitro (269-272) and in vivo (273). CSF-1 

mRNA and protein are rapidly expressed after injury to arteries (274) and have been 

quantitated in atherosclerotic plaque (275, 276).  A role for CSF-1 in atherosclerosis has 

been demonstrated, with CSF-1 deletion (277-279) or blocking the CSF-1 receptor 

resulting in reduced plaque development in mice (280). In patients with already 

established CAD, high plasma CSF-1 was a positive predictor of adverse events (281) 

and high CSF-1 at six weeks after the occurrence of unstable angina was a predictor of 

long-term negative prognosis in these patients (282). In contrast, high levels of CSF-1 

were found in participants with no clinical evidence of CAD, and a strong independent 

negative association between CSF-1 and CAD risk was reported (283). These results 

suggest that the role of CSF-1 in CVD is complex and may be dependent on the stage of 

the disease. 

The effects of CSF-1 are mediated via the CSF-1 receptor tyrosine kinase (RTK) (284, 

285), which, in response to CSF-1, mediates tyrosine phosphorylation of many cellular 

proteins (286). 

 

1.6.2  Macrophages 

1.6.2.1  Macrophage migration   

Macrophage migration is an important feature of many diseases, including cancer and 

chronic inflammation. In cancer, tumor associated macrophages (TAMs) stimulate 

tumor cell migration and invasion required for tumor cells to become metastatic and 

escape into the circulatory or lymphatic system (287). Macrophages play major roles in 

inflammatory arthritis (288, 289) where CSF-1 induces monocytes to migrate to 

arthritic joints and promotes their differentiation into inflammatory macrophages (290). 

Similarly, in atherosclerosis, CSF-1 attracts monocytes into the intima (291, 292) and 

stimulates their differentiation into macrophages (260), and their subsequent 
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proliferation and survival (291, 293). If macrophages migrate towards the lesion, a rise 

in plaque macrophage numbers may be detrimental to plaque stability. The total number 

of macrophages increases with plaque severity (assessed by vessel diameter reduction, 

intra-plaque haemorrhage, fibrous cap rupture and lipid rich necrotic core) and is greater 

in plaques from symptomatic patients (suffering from symptoms such as acute ischemic 

attack) than in asymptomatic plaques (from patients who did not present with 

symptoms) (294-296).  

1.6.2.2  Macrophage heterogeneity 

In mice, monocytes may be divided into two main subsets (297) according to cell 

surface expression of the glycoprotein Ly6C. Ly6Chigh monocytes— CD14++CD16– and 

CD14++CD16+ cells in humans—are the major subclass to infiltrate the developing 

plaque, where they differentiate into macrophages and dendritic cells and become foam 

cells. Ly6Clow monocytes— CD14+CD16++ cells in humans—are longer lived and patrol 

the vasculature and monitor endothelial cells (298).  

There has been great interest in macrophage heterogeneity in atherosclerotic lesions. 

Macrophages can be classified into functionally distinct subgroups (299) including 

those involved in proinflammatory processes termed M1 and those involved in 

resolution and repair termed M2 (Fig. 14). Macrophages undergo either classical M1 or 

alternative M2 activation, although other subsets have been described (300-303). The 

M1-M2 classification has more recently been replaced by more subtle divisions of 

phenotypes (304) (Fig. 14). Signals within atherosclerotic plaques polarize the 

macrophages into these different phenotypes (302, 304, 305).  
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Figure 14  Main macrophage subtypes found in atherosclerotic lesions.  

Abbreviations: COX-2, cyclooxygenase; CXCL4, C-X-C motif chemokine 4; HMOX-1, 

haem oxygenase (decycling) 1; LDL, low-density lipoprotein; LXR, liver X receptor; 

MMP-7, matrix metalloproteinase-7; NFE2L2, nuclear factor (erythroid-derived 2)-like 

2; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; TLR, toll-like 

receptor; TNF, tumour necrosis factor. 

From: Chinetti-Gbaguidi G et al. 2015 Nat Rev Cardiol 12, 10-17 (304). 

 

1.6.2.3  Macrophage accumulation 

Local proliferation has been shown to be a main contributor to macrophage 

accumulation in plaques (306), in contrast to the long-standing belief that increased 

lesion macrophages are primarily due to ongoing recruitment of blood monocytes. 

Macrophage proliferation in atherosclerotic lesions has been reported in humans and 

rabbits (307-309). In mouse models, Robbins et al. (306) used continuous in vivo 

delivery of BrdU (5-bromo-2’-deoxyuridine) to track proliferation, and showed that in 

advanced atherosclerosis (lesions with lipid-laden macrophages, necrotic core and 

developing fibrous cap), macrophage turnover depended mainly on local macrophage 

proliferation rather than recruitment of circulating monocytes. In contrast, in early 

lesions (comprised mainly of lipid-laden macrophages), both monocyte recruitment and 

macrophage proliferation contributed to lesion development. Together, these 
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experiments show that, as atherosclerosis develops, macrophage accumulation relies 

increasingly on local proliferation rather than monocyte recruitment. Staining of 

atherosclerotic plaques from human carotid arteries demonstrated nuclear proliferation 

antigen Ki67-expressing macrophages, suggesting proliferation of mature intimal 

macrophages in experimental and human atherosclerosis (306). 

It has also been reported that the spleen contributes macrophages in various disease 

settings, including atherosclerosis (310, 311). 

Two theories have been proposed for the fate of inflammatory macrophages: 

inflammatory macrophages die locally (312-315), or are mainly cleared by emigration 

to draining lymph nodes (316). Although some data supports an association between 

atherosclerosis and emigration to lymph nodes (317-319), emigration from 

atherosclerotic plaques is not required for clearance of macrophages from plaques (320). 

Alternatively, a combination of macrophage death and inhibition of monocyte entry was 

sufficient for macrophage reduction during regression (320). Gautier et al. (321) 

showed that emigration to lymph nodes was a minor quantitative factor in the removal 

of macrophages compared to local death, which was a dominant factor.  

1.6.2.4  Oxidized lipids affect macrophage phenotype 

It has been shown that oxidized lipids may have adverse or protective effects depending 

on the tissue and the different disease states (322). Oxidized lipoproteins stimulate 

human (323, 324) and mouse (325) macrophages towards an M1 pro-inflammatory 

phenotype. Cholesteryl esters linoleate and 7-ketocholesteryl-9-carboxynonanoate also 

induce inflammatory M1 polarization in macrophages (326, 327). In contrast, the 

cholesteryl ester oxidation product, 9-oxononanoyl-cholesterol, induces an anti-

inflammatory M2 macrophage phenotype (327). Similarly, the sphingolipid metabolite, 

sphingosine-1-phosphate (S1P), alters the phenotype of mouse macrophages from M1 to 

M2 (328). The omega 3 fatty acid derivative, resolvin D1, an anti-inflammatory and 
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inflammation-resolving mediator (329) also switches macrophage polarization towards 

an anti-inflammatory M2-like phenotype (330). Conjugated linoleic acid, a group of 

naturally occurring isomers of linoleic acid (331) induces an anti-inflammatory M2 

phenotype in vivo (332). 

 

1.7  CELL SIGNALLING IN MIGRATION 

 

The cytoskeleton supports organisational, mechanical and signalling activities within 

the cell (333, 334). Actin, a family of cytoskeletal proteins, acts as a scaffold to preserve 

cell shape and assembly (333). Actin filaments are regulated by extra- and intracellular 

signalling and these processes are important in cell shape and movement (333, 335). 

 

1.7.1  CSF-1 

1.7.1.1  CSF-1 Receptor (CSF-1R) 

CSF-1 regulates the organization of the actin cytoskeleton (267, 336). Addition of CSF-

1 to cells results in rapid activation of the CSF-1 receptor (CSF-1R), a receptor tyrosine 

kinase (RTK), resulting in receptor auto-phosphorylation and tyrosine phosphorylation 

of several cytoskeletal proteins and cytoplasmic proteins involved with signalling (337, 

338).  

CSF-1 binding to the CSF-1R leads to autophosphorylation of up to eight tyrosine 

residues (339) (Fig 15). The pY721 and pY974 motifs have both been shown to be 

crucial for motility signalling (340, 341). 
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Figure 15  Colony-stimulating factor-1 receptor (CSF-1R) and downstream motility 

signalling.  

Abbreviations: SFKs, Src Family Kinases; PI3K, Phosphatidyl Inositol 3-Kinase; Hck, 

Hematopoietic cell kinase; Rac/Rho Cdc42, Rho family GTPases; Akt, Protein kinase 

B; PDK1, 3-Phosphoinositide-Dependent Kinase 1; Cbl, Casitas B-lineage Lymphoma, 

E3 ubiquitin ligase. 

From: Dwyer AR et al. 2017 Cancers 9, (6) pii: E68 (339). 

 

Phosphorylation of the Y721 residue of the CSF-1R activates phosphatidylinositol 3-

kinase (PI3K) p110δ, producing phosphatidylinositol (3,4,5)-triphosphate (PIP3) at the 

cell membrane (341, 342) and promoting translocation of molecules such as Akt (or 

PKB), 3-phosphoinositide-dependent kinase 1 (PDK1) and Rho GTPases (Rac, Rho and 
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Cdc42) (Fig 15).  This stimulates growth, survival, proliferation and migration signals 

(343, 344), while PIP3 induces actin polymerization and paxillin phosphorylation to 

support ruffling, spreading and adhesion (341, 345). pY974, which binds the E3 

ubiquitin ligase, c-Cbl, also influences motility signalling through regulation of Src 

family kinases (SFK) expression (346, 347). Hck, and other SFKs, affect integrin-

mediated activation of adhesion and actin polymerization, resulting in regulation of 

CSF-1-stimulated motility (340, 348). 

1.7.1.2  CSF-1 and migration 

CSF-1 stimulation affects morphology by promoting macrophage spreading and 

formation of lamellipodia and ruffles, followed by cell polarization and enhanced 

migration towards the CSF-1 source (Fig 16) (270, 349). 

 

Figure 16  Phosphotyrosyl paxillin incorporation model for the formation of focal 

complexes in macrophages.  

Protein tyrosine phosphatase φ (PTPφ) and Pyk2, and paxillin and Pyk2 associate in 

macrophages. In the presence of CSF-1 (left side of figure), baseline quantities of PTPφ 

allow sufficient paxillin tyrosine phosphorylation for normal inclusion of 

phosphotyrosyl paxillin into focal complexes. In contrast, enhanced PTPφ expression in 

CSF-1-starved cells results in dephosphorylation of paxillin, interfering with focal 

complex formation and generating poorly adherent lamellipodia that retract as dorsal 

ruffles.    

From: Pixley FJ et al. 2001 Mol Cell Biol. 21, 1795-1809 (272). 
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The adverse effects of macrophages are likely related to their motility and ability to 

produce agents that cause tissue damage. Regulation of motility is key in the 

recruitment of macrophages to specific tissue sites. CSF-1 concentration gradients in the 

microenvironment stimulate macrophage chemotaxis towards the higher concentrations 

of CSF-1 (270).  

Cell migration is controlled by phosphorylation and de-phosphorylation of signalling 

molecules within the cell. Tyrosine phosphorylation is an important regulator controlled 

by protein tyrosine kinases (PTKs) and protein tyrosine phosphatases (PTPs), which 

may in turn influence RTKs (350). Cell morphology and motility are controlled by 

RTK-associated intracellular signalling and by interactions with the extracellular matrix 

(ECM) (351). 

Signalling by the CSF-1R leads to activation of actin polymerization that results in a 

protrusion towards the source of chemoattractant.  Once extended, the directional 

protrusion needs to be stabilized by attachment to the substratum. Cells need a certain 

level of adhesiveness to generate traction and move forward; however, too much 

adhesiveness prevents cell migration (352, 353). Macrophages develop small point 

complexes and focal complexes instead of large focal adhesions observed in other cells, 

consistent with their fast migratory response to CSF-1 and other chemoattractants (272, 

354). Integrins mediate cell–cell and cell–matrix interactions and hence play an 

important role in cell adhesion and migration (355). Interactions between adhesion- and 

growth factor–initiated signal transduction appears to facilitate the convergence 

between cell spreading and migration.  

CSF-1 signals through at least two distinct pathways to modulate macrophage adhesion 

and motility – the Src (Sarcoma virus-derived protein kinase) family kinase (SFK) 

pathway and the PI3K (phosphatidylinositol 3-kinase) pathway and Akt is the most 

prominent effector of PI3K (267, 339). 
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Figure 17  A representation of the signalling mechanism of actin polymerization. 

Adapted from: Hayashi K et al. 2016 Scientific Reports 6, Article number: 23372 

(356). 

 

1.7.2  Signalling in migration 

Autophosphorylation of RTKs induces the recruitment of p85 regulatory subunits 

leading to PI3K activation (339). Once activated, p110 catalytic subunits phosphorylate 

plasma membrane-bound phosphoinositides (PI-4-P and PI-4,5-P2). The second 

messengers resulting from this PI3K-dependent reaction are PI-3,4-P2 and PI-3,4,5-P3 

(PIP3) (341, 342). PIP3, in turn, is the substrate for the phosphoinositide 3-phosphatase 

PTEN, an endogenous inhibitor of PI3K signaling in cells (357) (Fig. 17). The 

phosphoinositide products of PI3K form high-affinity binding sites for the pleckstrin 

homology (PH) domains of intracellular molecules (343). PDK1 and Akt are two of the 

many targets of PI3K products in cells. Following binding of the Akt PH domain to 

PI3K products, Akt is phosphorylated by PDK1 on a threonine residue in its kinase 

domain, a reaction catalysed by PIP3 binding to the PH domains of both molecules 

(358) (Fig. 17). mTORC2 is the main kinase activity that, through phosphorylation of a 

serine residue, locks Akt enzyme into an active conformation (Fig. 17). mTORC2 and 
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mTORC1 are multiprotein kinase complexes, with mTOR functioning as the catalytic 

component in each. While Akt is a downstream substrate of mTORC2, it is also an 

upstream regulator of mTORC1 (359, 360). mTORC2 provides negative feedback on 

the PI3K/Akt pathway (361, 362). 

Integrins are cell adhesion proteins with α and β transmembrane heterodimers that are 

important in focusing signals from the cell membrane to the inside of the cell (363). The 

cytosolic segments of both heterodimers interact with several cytoskeletal proteins and 

signalling molecules, with FAK and Src being the most dominant signalling kinases 

(364). Tyrosine phosphorylation of these kinases results in recruitment of cytoskeletal 

proteins, such as paxillin (365). 

Signal redundancy, where multiple receptors or ligands exert similar actions, adds to the 

complexity of cell signalling. Increased signalling may occur through other RTKs that 

activate PI3K or alternatively, distinct signalling molecules may compensate for 

inhibited pathway components to maintain the activity of downstream factors (366). 

A further complexity in cell signalling is the proximity of different cell types and their 

varying responses to stimuli. For example, the different isoforms of Akt are expressed 

to varying degrees in cells involved in the development of atherosclerosis and initiate 

distinct responses (Fig. 18). 
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Figure 18  Akt isoforms in endothelial cell (EC), vascular smooth muscle cell (VSMC) 

and macrophage function in atherosclerosis.  

From: Yu H et al. 2015 Vascular Pharmacology 71, 57-64 (367). 

 

ECs and VSMCs mainly express Akt1. In ECs, Akt1 stimulates eNOS and NF-κB to 

support cell survival. In VSMCs, Akt1 phosphorylates FOXO3a and GSK3 to prevent 

apoptosis. Akt1 has a protective role in EC and VSMC survival to inhibit 

atherosclerosis. In macrophages, Akt2, but not Akt1, activates inflammation, the M1 

phenotype, foam cell accumulation and CCR2-mediated migration, exacerbating 

atherosclerosis. As a minor isoform in macrophages, Akt3 inhibits macrophage foam 

cell formation and is found to be anti-atherogenic (367). 

1.8  ISOPROSTANE SIGNALLING 

 

Several studies have shown that F2-IsoP interact with the thromboxane prostanoid (TP) 

receptor. Thromboxane A2 (TxA2) is the most potent ligand of TP receptors, but 

prostaglandins PGD2, PGE2, PGF2α, and high concentrations of PGI2 can also cause 

vasoconstriction through TP receptors (368).  
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1.8.1  F2-Isoprostane interaction with the TP receptor 

15-F2t-IsoP has been shown to affect platelet, endothelial cell and stellate cell function 

via the TP receptor. 15-F2t-IsoP-stimulated vasoconstriction of rabbit pulmonary 

vasculature was inhibited by the TP receptor antagonist SQ29548 (369). In platelets, 15-

F2t-IsoP induced a shape change and at higher concentrations caused aggregation, both 

blocked by SQ29548 (370). 15-F2t-IsoP increased platelet adhesion to fibrinogen or 

plasma-coated microwells and stimulated expression of adhesion molecules and these 

effects were prevented by a TP receptor antagonist (242). 15-F2t-IsoP inhibited 

endothelial cell migration, tube formation and angiogenesis via TP receptor activation 

(249). In cultured human stellate cells (HSCs), 15-F2t-IsoP stimulated cell proliferation 

and collagen synthesis through TP receptor binding (371).  

 

Figure 19  TP Receptor Signalling   

Adapted from: Nakahata N et al. 2008 Pharmacology and Therapeutics 118, 18-35 

(372) and Minuz P et al. 2006 Biochem J 400, 127-134 (373). 

 

 

The signalling pathway for 15-F2t-IsoP through the TP receptor has been proposed by 

Nakahata et al. (372) (Fig. 19). In this pathway, the TP receptor couples with 
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heterotrimeric G-protein composed of α, β and γ subunits. Activation of G12 family 

proteins (G12 and G13) stimulates p115 guanine nucleotide exchange factor for Rho 

(p115-RhoGEF) and results in platelet shape change. In platelets, a low concentration of 

the TP receptor agonist U46619, which induces platelet shape change but not 

aggregation, stimulates rapid tyrosine phosphorylation of members of three cytoplasmic 

tyrosine kinase families, FAK, Src and Syk (but not Pyk2 or Akt), via a G12/13 signaling 

pathway (373). Activation of Gq family proteins (Gq, G11, G15, and G16) results in 

stimulation of phospholipase C-β (PLC-β), inducing production of inositol 1,4,5-

triphosphate (IP3 or PIP3) and diacylglycerol (DAG). This causes calcium release from 

the endoplasmic reticulum together with protein kinase C (PKC). Calcium release 

stimulates platelet activation and vascular smooth muscle cell (VSMC) contraction 

while DAG is involved with platelet granule secretion. Gi inhibits adenylyl cyclase 

(AC) while Gs stimulates it, both inducing changes in the levels of cyclic AMP (cAMP). 

Gh, which activates phospholipase C-δ (PLC-δ), results in a similar response to that 

mediated by Gq. Stimulated Gβγ induces activation of phosphatidylinositol 3-kinase 

(PI3K), phospholipase C-β2 (PCβ2) and p44/42 mitogen-activated protein kinase 

(MAPK)/extracellular signal-regulated kinase 1/2 (ERK1/2). Activation of G-protein-

coupled receptors (GPCRs) results in stimulation of receptor tyrosine kinases (RTKs) 

and cross-talk between GPCR signalling and RTK signaling, for example Gβγ-mediated 

Src-dependent phosphorylation of the RTK epidermal growth factor (EGF) receptor 

(374). The G proteins coupling with the TP receptor are dependent on the tissue or cell 

type (372). 
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Figure 20  Proposed signalling pathways for 15-F2t-IsoP-mediated effects in hepatic 

stellate cells (HSCs).  

From: Acquaviva A et al. 2013 Free Radical Biology and Medicine 65, 201-207 (371). 

 

The biological actions of the TP receptor are realized through activation of one or both 

of its isoforms (TPα and TPβ). Both isoforms are members of the G-protein-coupled 

receptor (GPCR) superfamily (375-377). In HSCs, 15-F2t-IsoP induced an increase in 

IP3 and significantly stimulated p-ERK1/2, p-JNK, p38MAPK and cyclin D1 

expression, suggesting that these molecules are involved in the 15-F2t-IsoP-induced 

fibrogenic effects in HSCs (Fig. 20). 15-F2t-IsoP decreased cAMP levels, which 

negatively regulate these MAPKs, demonstrating that 15-F2t-IsoP activate MAPKs in 

HSCs by decreasing cAMP levels. These results suggest that the biological effects of 

15-F2t-IsoP in HSCs are mainly mediated by binding through the TPβ receptor, with 

activation of Giα and Gq pathways (371). 

Khasawneh et al. 2008 (378) have suggested that two separate F2-IsoP signalling 

pathways may exist in human platelets. One pathway is TP receptor-dependent and the 

other TP receptor-independent, which they proposed involved an unknown isoprostane 
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receptor with close homology to TP receptors (378). These results suggested that F2-

IsoP are partial agonists of TP receptors and that their biological effects may also be 

mediated through an F2-IsoP-specific receptor, although, as yet, there is no evidence for 

an isoprostane-specific receptor. In competition binding studies, very high 

concentrations of 15-F2t-IsoP are necessary to displace the antagonist SQ29548 or the 

agonist I-BOP from TP receptors on human embryonic kidney 293 (HEK293) cells or 

platelets, with 15-F2t-IsoP  being 1000 times less effective than the TXA2 analog I-BOP, 

the agonist U46619 or the antagonist SQ29548 (379-381). These results call into 

question the significance of 15-F2t-IsoP as a TP ligand in vivo. Other TP receptor-

independent F2-IsoP signalling pathways have been reported. Human 

polymorphonuclear granulocytes (PMN) adhesion to human umbilical vein endothelial 

cells (HUVECs) was significantly enhanced after 15-F2t-IsoP treatment of HUVECs, 

but was not inhibited by the TP receptor antagonist SQ29548 (246). 15-F2t-IsoP 

triggered rapid adhesion of PMNs to human fibrinogen through receptors distinct from 

TP receptors (247). 
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1.9 THIS THESIS 

 

Macrophages are one of the major cellular components of atherosclerotic plaque and 

their migration has a large influence on the development of atherosclerosis. HDL is 

considered to have anti-atherogenic properties while also being the main carrier of F2-

IsoP. It has been suggested that HDL may act as a “sink” for oxidized species, shielding 

surrounding cells and lipoproteins from their influence and transporting these oxidized 

products to the liver for removal and de-toxification.  

In the environment of the plaque, it is likely that lipoproteins are modified, with some 

modifications resulting in hydrolysis of F2-IsoP and release of free F2-IsoP. F2-IsoP 

have been measured in plaque, however I have not found any reports published on the 

effect of F2-IsoP on macrophage migration. The effect of F2-IsoP on macrophage 

migration towards the growth factor and chemoattractant CSF-1, also present in plaque, 

was investigated. Associated with this, the effect of F2-IsoP on macrophage spreading, 

the precursor of migration and the cell signalling pathways involved in these effects was 

also examined. 

The discovery that HDL is the main carrier of F2-IsoP in human plasma was counter-

intuitive to the expectation that LDL, being an atherogenic particle, would harbour more 

oxidized lipids. The question of the location of F2-IsoP within the HDL particle then 

arose.  

To answer this question, the lipids from HDL (and LDL) were extracted and separated 

by binding them to a solid phase and eluting lipid classes with solvents of different 

polarity. CE eluted first, followed by TG, MG/DG, FA and finally PL, being the most 

polar. After separation of the lipids, the F2-IsoP content of each lipid fraction was 

measured. F2-IsoP had previously been reported in PL, so their presence in this fraction 

was expected. However, the existence of a significant amount of F2-IsoP in the neutral 
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lipid (MG/DG) fraction of HDL was a novel finding and had not previously been 

reported in human HDL. Further investigation was undertaken to identify the oxidized 

species present in the neutral lipids of HDL, with the potential to determine a new 

biomarker for oxidative stress. 

 

While analyzing the lipid classes in HDL and LDL for F2-IsoP content, a query was 

raised regarding the levels of F2-IsoP in serum versus plasma samples. Some 

publications reported measuring F2-IsoP in serum samples, in contrast to our careful 

method of using plasma prepared from blood collected into EDTA, reduced glutathione 

and BHT on ice. Serum HDL, prepared from clotted blood, may be representative of 

HDL in the vicinity of thrombosis where a clot has formed. 

The F2-IsoP concentration in serum and plasma from the same subject was compared, as 

was the distribution of F2-IsoP in lipid classes.  
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1.10 HYPOTHESIS and AIMS 

 

HYPOTHESIS:   

 

F2-isoprostanes are pro-atherogenic lipid oxidation products that adversely affect 

macrophage migration. The F2-isoprostanes in HDL are found in the neutral and 

phospholipid fractions. 

 

AIMS: 

 

1. Investigate how F2-isoprostanes affect macrophage spreading and migration, and 

the molecular cell signalling pathways involved. 

 

2. Determine the lipid fractions in lipoprotein particles in which the F2-

isoprostanes reside and identify the specific lipid molecules containing F2-

isoprostanes. 
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CHAPTER 2: MATERIALS and METHODS 

 

2.1. Reagents 

Cholesteryl linoleate (standard CE) and cholesterol (Chol free) were purchased from 

Sigma-Aldrich (St. Louis, MO). 1-palmitoyl-2-oleoyl-3-linoleoyl-rac-glycerol (standard 

TG), 2-arachidonoyl glycerol (standard MG), 1-stearoyl-2-arachidonoyl-sn-glycerol 

(standard DG), 15-F2t-isoprostane (15-F2t-IsoP, 8-iso PGF2α) and 15-F2t-isoprostane-d4 

were purchased from Cayman Chemical Co. (Ann Arbor, MI); 1-palmitoyl-2-

arachidonoyl-sn-glycero-3-phosphocholine (PAPC) (standard PL) from Avanti Polar 

Lipids; 2,2′-Azobis(2-methylpropionamidine) dihydrochloride (AAPH) from Aldrich 

Chemical Co. (Milwaukee, WI); Disodium EDTA from ICN Biomedicals (CA); PBS 

from Gibco™ Invitrogen (Carlsbad, CA); silylating agent N,O-bis-

(trimethylsilyl)trifluoroacetamide with 1% trimethylchlorosilane (BSTFA-TMCS, 99:1) 

(BSTFA) from Pierce Chemicals (Rockford, IL); Cholesteryl linoleate, 

Pentafluorobenzylbromide (PFBBr), N,N-diisopropylethylamine (DIPEA), butylated 

hydroxytoluene (BHT) and all other chemicals were from Sigma-Aldrich (St. Louis, 

MO).  All solvents were HPLC grade or higher, methanol (MeOH) (Burdick and 

Jackson, Muskegon, MI, USA) and water (Optima, Thermo Fisher Scientific, Victoria, 

Australia) were LC/MS grade. Lithium hydroxide reagent grade, 2-propanol, 

ammonium formate and formic acid LC/MS grade were from Sigma Aldrich (St. Louis, 

MO, USA).  tert-Butyldimethylsilyl chloride, dicyclohexylcarbodiimide, 4-

dimethylaminopyridine, and tetra-n-butylammonium fluoride were purchased from 

Sigma-Aldrich (St. Louis, MO). 

The following rabbit polyclonal antibodies were used: anti-phospho-paxillin Y118 and 

anti-phospho-Pyk2 Y402 (Biosource, Invitrogen, Carlsbad, CA, USA), anti-phospho-

FAK Y397 (Invitrogen), anti-FAK (Santa Cruz Biotechnology, Dallas, Texas, USA) 
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and anti-Akt (BD Transduction Laboratories). Cell Signaling Technology supplied 

rabbit polyclonal antibodies: anti-phospho-Akt Ser473, anti-phospho-Akt Thr308, anti-

phospho-CSF-1R Y721, anti-phospho-Rictor Thr1135, anti-Rictor, anti-phospho-PDK1 

S241 and anti-PDK1. The CSF-1R antibody (C19, rabbit polyclonal) was a kind gift 

from Dr E R Stanley. Mouse monoclonal antibodies used were: anti-paxillin (clone 349) 

and anti-Pyk2 (clone 11/PYK2/CAK b) (BD Transduction Laboratories, San Jose, CA, 

USA), and anti-Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (clone 6C5) 

(Calbiochem, EMD Millipore, Billerica, MA, USA). Horseradish peroxidase (HRP)-

conjugated secondary antibodies were from Cell Signaling Technology and Alexa-

Fluor-488-conjugated secondary antibody, Alexa-Fluor-568-conjugated phalloidin and 

Prolong Diamond antifade reagent with 4’,6-diamidino-2-phenylindole (DAPI) were 

from Molecular Probes (Life Sciences). Fluoromount and 2’,7’-dichlorofluorescin 

diacetate (DCF) were purchased from Sigma-Aldrich. Buffer F contained 5 mM KCl, 

137 mM NaCl, 4 mM NaHCO3, 0.4 mM KH2PO4, 1.1 mM Na2HPO4, 2 mM MgCl2, 5 

mM PIPES (piperazine-N,N9-bis(2-ethanesulfonic acid), pH 7.2), 2 mM EGTA and 5.5 

mM glucose. Phosphate buffered saline (PBS) was from Gibco, Life Sciences. 

Hydrogen peroxide, phorbol 12-myristate 13-acetate (PMA), dimethyl sulphoxide 

(DMSO) and all other chemicals were purchased from Sigma-Aldrich. 

2.2. Measurement of F2-isoprostanes 

F2-IsoPs were measured by GC-MS using electron capture negative ionization as 

previously described (92, 382). F2-IsoPs with 15-F2t-IsoP-d4 (1 ng) as internal standard, 

were base hydrolysed then acidified, prior to solid phase extraction on pre-washed 

Certify II cartridges (Agilent Technologies, Santa Clara, California, US). After washing 

with methanol/water and hexane/ethyl acetate, the F2-IsoPs were eluted with ethyl 

acetate/methanol and dried. F2-IsoPs were derivatized by treatment with a mixture of 

10% PFBBr (40 µL) and 10% DIPEA (20 µL) for 30 min at room temperature. The 
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sample was dried under nitrogen and then treated with BSTFA + TMCS (99:1 v/v, 20 

µL) and anhydrous pyridine (10 µL) at 45 oC for 20 min to yield the trimethylsilylethers 

that were dried under nitrogen and reconstituted in isooctane. Samples were analyzed on 

an Agilent Technologies 6890N gas chromatograph coupled to an Agilent 5975B mass 

spectrometer (Agilent Technologies, Santa Clara, U.S.A.). Chromatography used a HP-

5MS column (30 m X 0.25 mm, 0.25 µm, Agilent Technologies) using helium as the 

carrier gas at a flow rate of 0.68 ml/min. Electron capture negative ionization used 

methane as the reagent gas at an ion source pressure of 1.8 torr. The injector 

temperature was maintained at 250°C, the transfer line at 280°C, and the ion 

source and quadrapole temperatures were 200 and 100°C, respectively. Injections 

were made using an Agilent Technologies 7683B Series Injector autosampler 

(Agilent Technologies) in a splitless mode for the first 1 min. The initial column 

temperature of 160°C was held for 1 min and then programmed from 160 to 

300°C at 20°C/min and maintained at 300°C for 17 min, giving a total run time of 25 

min. The mass spectrometer was operated in the selective ion monitoring mode and F2-

IsoPs were detected by monitoring m/z 569, which corresponded to the loss of the 

pentafluorobenzyl radical from the intact F2-IsoP anion (M-181). The corresponding ion 

for the deuterium-labeled 8-iso-PGF2a-d4 was m/z 573. Peak identification was based on 

comparison of retention times with standards. The intra- and inter-assay variations were 

7 and 4%, respectively. 

2.3. Preparation of Lipoproteins 

Blood was collected from fasting, healthy, non-smoking men and women with written 

informed consent and ethics approval from the Human Ethics Committee of the 

University of Western Australia (Ethics Number RA/4/1/4012). Plasma was prepared as 

previously described, from blood collected into EDTA (final concentration 1 mg/mL), 

reduced glutathione (final concentration 1 mg/mL) and BHT (final concentration of 40 
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µg/mL) and centrifuged immediately at 1,000 g for 10 min at 4°C and stored at -80 oC 

(92). Serum samples were collected from blood clotted at 37°C for 30 min, centrifuged 

at 1,000 g for 10 min at 4°C and stored at -80 oC. 

Lipoproteins were isolated from plasma or serum adjusted to density 1.26 g/mL with 

gradient solutions layered on top (92). Samples were ultracentrifuged at 250 000 g for 

24 h at 15 oC using a Beckman L-90K ultracentrifuge (Beckman Instruments, Australia) 

and fractions aspirated. Lipoproteins were stored at 4 oC and used within 14 days. Total 

Cholesterol was measured using the Cholesterol reagent enzymatic method (Roche 

Diagnostics GmbH, Germany). PLs were measured using a kit (Wako Pure Chemical 

Industries Ltd, Japan) and MG, DG and TG were quantitated using triglycerides reagent 

(Thermo Scientific, France). 

In some experiments, lipoproteins were diluted to 0.35 mM Cholesterol in PBS and 

oxidized with 5 mM AAPH at 37 oC. Aliquots were collected at different time intervals 

and F2-IsoPs were measured after lipids were extracted and separated on SPE columns 

(See section Extraction and Separation of Lipids from Plasma HDL and LDL). 

2.4. Preparation of Oxidized Lipid Standards 

2.4.1. Synthesis of Monoglyceride - F2-isoprostane (MG-IsoP) 1-ent-15(RS)-15-F2t-

isoprostanoyl-sn-glycerol 

Following our previously described synthesis of 15-F2t-IsoP (383), fully tert-

butyldimethylsilyl-protected ent-15(RS)-15-F2t-IsoP was coupled with 1,2-bis-tert-

butyldimethylsilyl-2-(R)-glycerol with dicyclohexylcarbodiimide and 4-

dimethylaminopyridine. The second step consisted of tert-butyldimethylsilyl cleavage 

using tetra-n-butylammonium fluoride followed by Kaburagi and Kishi (384) work-up 

to furnish 1-ent-15(RS)-15-F2t-isoprostanoyl-sn-glycerol in 35% overall yield. 
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1H-NMR (300MHz, CD3OD): 5.52 – 5.37 (m, 4H), 4.12-3.78 (m, 5H), 3.65-3.48 (m, 

3H), 2.70-2.60 (m, 1H), 2.50-2.41 (m, 1H), 2.37-2.23 (m, 2H), 2.13-1.99 (m, 5H), 1.70-

1.6 (m, 2H), 1.55-1.42 (m, 3H), 1.36-1.25 (m, 6H), 0.88 (br t, 1H). 

2.4.2. Synthesis of Cholesterol - F2-isoprostane (Chol-IsoP) 15(R)-15-F2t-isoprostane 

cholesterol  

Following our previously described synthesis of 15-F2t-IsoP (383), fully tert-

butyldimethylsilyl-protected 15(R)-15-F2t-IsoP was coupled with cholesterol with 

dicyclohexylcarbodiimide and 4-dimethylaminopyridine. The second step consisted in 

tert-butyldimethylsilyl cleavage using tetra-n-butylammonium fluoride followed by 

Kaburagi and Kishi (384) work-up to furnish 15(R)-15-F2t-isoprostane cholesterol in 

26% overall yield. 

1H-NMR (300MHz, CD3OD): 5.50 (dd, J=5.0 Hz, 1H), 5.52-5.32 (m, 4H), 4.57-4.48 

(m, 1H), 4.00-3.91 (m, 2H), 3.87-3.81 (m, 1H), 2.71-2.64 (m, 1H), 2.50-2.41 (m, 1H), 

2.30-2.25 (m, 4H), 2.10-1.98 (m, 6H), 1.97-1.78 (m, 4H), 1.68-1.24 (m, 23H), 1.21-0.96 

(m, 9H), 1.03 (s, 3H), 0.92 (d, J=6.6 Hz, 3H), 0.88 (br t, 3H), 0.87 (d, J=1.0 Hz, 3H), 

0.85 (d, J=1.0 Hz, 3H), 0.70 (s, 3H). 

2.4.3. Preparation of Oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-

phosphocholine (oxidized PAPC) 

PAPC was oxidized according to the method of Longmire et al. (385). Briefly, PAPC 

(10 mg in 0.4 mL ethanol) was incubated at 37 oC with a final concentration of 5 µM 

ferric chloride, 2 mM ADP and 1 mM ascorbic acid in 50 mM Tris-HCl pH 7.4 

containing 150 mM KCl in a total volume of 3.6 mL, with intermittent mixing. After 45 

min, lipids were extracted with chloroform/methanol (2:1 v/v) (386), containing 0.005% 

BHT, followed by extraction with 4 mL equivalents of aqueous NaCl (0.9%) to 20 mL 

equivalents of chloroform/MeOH (2:1 v/v). The lower layer was dried under vacuum. 

Oxidized PAPC (oxPAPC) was resuspended in 90% methanol/10% water and purified 
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on a Hypersil Gold C8 column (5 µm) (250 x 4.6 mm) (Thermo Fisher Scientific, 

Scoresby, Victoria, Australia) eluted isocratically with 90% methanol/10% water at 1 

mL/min using a Hewlett Packard 1100 series HPLC (Hewlett Packard). Fractions were 

dried and resuspended in methanol and F2-IsoPs were measured by GC-MS (92, 382) 

and PL measured (Wako Pure Chemical Industries Ltd, Japan) in each fraction to detect 

unoxidized PAPC (Fig 1).   

 

Figure 1 HPLC purification of oxidized PAPC.  

F2-IsoPs in each fraction were measured using GC-MS as described in the methods and 

PL was measured using a colorimetric assay as described in the methods. 

 

2.5. Extraction and Separation of Lipids from Plasma HDL and LDL 

Lipids were extracted from plasma HDL and LDL using chloroform/MeOH (2:1 v/v) 

(386), dried under vacuum, and separated using solid phase extraction (SPE).  

The SPE method used Bond Elut NH2 columns (200 mg, Varian, Agilent Technologies) 

(Fig 3) to separate lipid extracts into lipid classes as described by Agren et al. (387), 

prior to LC/MS analysis. The method of Kaluzny et al. (388) was also assessed and 

compared to the Agren et al. (387) method. Lipid standards of CE, TG, MG, DG and 

PL, as well as MG-IsoP, Chol-IsoP, oxPAPC and 15-F2t-IsoP, were applied to separate 

columns and fractions collected to identify their elution pattern. Standards and lipid 

extracts were eluted under the same conditions. SPE columns were prewashed with 0.6 
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mL acetone/water (7:1 v/v) and n-hexane (2×1mL). The standards or dried lipid extracts 

(approximately 3 mg lipid) were resuspended in 0.2 mL of n-hexane/methyl tert-butyl 

ether/acetic acid (100:3:0.3 v/v) and applied to the column under gravity. The column 

was eluted sequentially with 2.5 mL n-hexane (CE fraction), 3 mL n-

hexane/chloroform/ethyl acetate (100:5:5 v/v) (TG fraction), 2.5 mL chloroform/2-

propanol (2:1 v/v) (MG and DG fraction), 3 mL chloroform/MeOH/acetic acid (100:2:2 

v/v) (FA fraction) and 3.5 mL MeOH/chloroform/water (10:5:4 v/v) (PL fraction). All 

column elution solutions contained 4µg/mL BHT to prevent artefactual production of 

IsoPs. The CE standard was identified in fractions using the Chol reagent (Roche 

Diagnostics GmbH, Germany), the TG, MG and DG standards were identified using the 

TGs reagent (Thermo Scientific, France) and the PL standard identified using a kit 

(Wako Pure Chemical Industries Ltd, Japan); MG-IsoP and Chol-IsoP standards, 

oxPAPC and 15-F2t-IsoP standard were identified following concentration under 

vacuum, hydrolysis and GC-MS (92, 382); HDL lipid extracts were eluted, fractions 

concentrated under vacuum, then hydrolyzed and analyzed for F2-IsoPs by GC-MS (92, 

382).  

2.6. Purification of the neutral lipid (MG/DG) fraction 

For more detailed analysis, the MG/DG fraction from chromatography on Bond Elut 

NH2 columns was further purified using HPLC. The MG/DG fraction was resuspended 

in acetonitrile and fractionated on a Hypersil Gold C8 column (5 µm) (250 × 4.6 mm) 

using a Hewlett Packard 1100 series HPLC to separate CE, MG and DG. The column 

was eluted at 1 mL/min with the following mobile phases A: acetonitrile, B: 2-propanol 

and C: MeOH. Chromatography used a gradient of 100% A at 0 min to 100% B at 40 

min, followed by 100% B from 40 to 60 min and 100% C from 60 to 80 min. 1 ml 

fractions were collected, dried and F2-IsoPs were measured by GC-MS (92, 382). 
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2.7. LC/MS analysis of HPLC purified neutral lipid 

HPLC fractions 4 and 11 were analysed using LC/MS consisting of two Agilent 1290 

UPLC binary pumps coupled to an Agilent 6460 triple quadrupole tandem mass 

spectrometer with a Jetstream source. The column used was an Eclipse XDB-C18 (3.5 

µm) (2.1 × 150 mm). Data processing was performed using Agilent MassHunter 

software.  

2.7.1. LC/MS of the Chol-IsoP standard using tandem mass spectrometry 

(i) Conditions identifying the Chol fragments: (Fig 9A) Chromatography used the 

following mobile phases: A: 50% H2O, 20% MeOH, 30% THF, 10 mM ammonium 

formate, 0.1% formic acid; B: 5% H2O, 20% MeOH, 75% THF, 10 mM ammonium 

formate, 0.1% formic acid with a gradient of 100% A at 0 min to 100% B at 8 min, 

followed by 100% B from 8 to 10 min and finally 100% A from 10 to 12 min. The flow 

rate was 500 µL/min and the column temperature was 40 oC. The mass spectrometer 

was operated in positive electrospray ionization mode (ESI+) with the gas temperature 

at 350 oC, gas flow 5 L/ min, nebulizer 45 psi, sheath gas 250 oC, sheath gas flow 11 

L/min, capillary 3,500 V and charging 500 V. Mass transitions for detection were 

M+NH4
+ 740.5→369.2 (cholestane) (Collision-induced dissociation (CID) 30), 

M+NH4
+ 740.5→161 (CID 30) (collision energy 15V). 

(ii) Conditions identifying the IsoP fragments: (Fig 9B) Chromatography used the 

following mobile phases: A: 50% H2O, 20% MeOH, 30% THF, 10 mM lithium 

hydroxide, 0.1% formic acid; B: 5% H2O, 20% MeOH, 75% THF, 10 mM lithium 

hydroxide, 0.1% formic acid, with a gradient of 100% A at 0 min to 60% B at 1 min, to 

100% B at 5 min then 100% B to 7 min and finally 100% A from 7 to 10 min. Flow rate 

was 350 µL/min and the column temperature was 20 oC. The mass spectrometer was 

operated in ESI+ mode with the gas temperature at 300 oC, gas flow 8 L/min, nebulizer 

45 psi, sheath gas 250 oC, sheath gas flow 8 L/min, capillary 3500 V and charging 500 
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V. Mass transitions for detection were M+Li+ 729.5→361 (CID 40), M+Li+ 729.5→343 

(CID 45) (collision energy 45V). 

2.7.2. LC/MS of the MG-IsoP standard (Fig 9C) Chromatography used the mobile 

phases as described under 2.7.1 (ii) with 100% A at 0 min to 4 min, then a gradient of 

100% A at 4 min to 100% B at 5 min, then 100% B from 5 to 7.5 min and 100% A from 

7.5 to 10 min. The flow rate was 350 µL/min and the column temperature was 20 oC. 

The mass spectrometer was operated in ESI+ mode with the gas temperature at 300 oC, 

gas flow 8 L/min, nebulizer 45 psi, sheath gas 250 oC, sheath gas flow 8 L/min, 

capillary 3500 V and charging 500 V. Mass transitions for detection were M+Li+ 

435.1→ 417 (CID 35), M+Li+ 435.1→ 153 (CID 35) (collision energy 35V). 

2.8 Cell culture 

The BAC1.2F5 cell line was cultured in supplemented alpha modified minimal essential 

medium (α+MEM) (Gibco, Invitrogen, Carlsbad, CA, USA) containing 10% v/v fetal 

calf serum (FCS; Life Sciences) and 20 ng/mL mouse recombinant MCSF (CSF-1) 

(R&D Systems, Minneapolis, MN, USA or Peprotech, Rocky Hill, NJ, USA). THP-1 

cells were cultured in RPMI (Gibco, Invitrogen) containing 10% v/v FCS and 

differentiated into macrophages with PMA in DMSO (final concentration 60 ng/mL 

(100nM) and 0.1% v/v DMSO) for 3 days. Primary mouse bone marrow derived 

macrophages (BMM) were extracted from C57BL/6 mouse femurs and tibias, 

differentiated and maintained in α+MEM containing 10% v/v FCS as described 

previously (389). BMM were grown in 120ng/mL human recombinant CSF-1 (a kind 

gift from Dr ER Stanley, Albert Einstein College of Medicine, New York, NY, USA) 

for at least 1 week after thawing. 

2.9 Cell Adhesion and Spreading 

Macrophages were plated onto fibronectin-coated glass coverslips (BD Biosciences, 

San Jose, CA, USA) and grown to 60–70% confluence in the presence of 20 ng/mL 
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(BAC1.2F5 cells) or 120 ng/mL (BMM) CSF-1. Cells were starved of CSF-1 overnight 

to upregulate CSF1R expression, before incubation with vehicle (0.07% v/v ethanol) or 

(0-30 µM) 15-F2t-IsoP (dissolved in ethanol) in α+MEM+0.1% w/v bovine serum 

albumin (BSA) for 30 min at 37°C, followed by stimulation with CSF-1 (67 ng/mL for 

BAC1.2F5 cells; 120 ng/mL for BMM) for 20 min at 37°C. The cells were rinsed with 

PBS, fixed in 4% v/v paraformaldehyde in Buffer F for 10 min, permeabilized with 

0.25% v/v Triton-X100 in Buffer F for 20 min, washed with 0.1M glycine in Buffer F 

for 10 min then washed with Tris buffered saline pH8 (TBS) as previously described 

(272). Staining for F-actin (red) and phospho-paxillin (green) involved incubation of 

coverslips with Alexa-Fluor-568-conjugated phalloidin (red) (1:20 v/v) in 1% w/v BSA, 

10% v/v goat serum in TBS for 20 min, removal of this solution and addition of primary 

antibody polyclonal anti-paxillin-Y118-P for 60 min. This solution was removed and 

the coverslips were washed 3 times with TBS+1% w/v BSA at 4°C, followed by 

addition of Alexa-Fluor-488-conjugated secondary antibody (rabbit) (green) for 60 min 

and then washing with TBS+1% w/v BSA. Coverslips were mounted on slides with 

Prolong Diamond antifade reagent with DAPI (blue staining of nuclei). Samples were 

imaged using an Olympus IX-81 (Olympus, Tokyo, Japan) inverted fluorescence 

microscope with images recorded using a cooled FluoView II CCD digital monochrome 

camera in the Centre for Microscopy, Characterisation and Analysis (University of 

Western Australia) and images analysed using NIS-Elements BR 4.10.00 (Nikon) 

software to calculate footprint area from cell outline tracing. Quantification of phospho-

paxillin adhesion structures was carried out using the method of Horzum et al. (390), in 

ImageJ (U.S. National Institutes of Health, Bethesda, MD, USA). This uses 

thresholding to give phospho-paxillin particle numbers and average particle size per 

cell. GraphPad Prism 5 (San Diego, CA, USA) was used to analyse the frequency 

distribution of phospho-paxillin particle sizes with the centre of the first bin 0.0001, bin 
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width 0.0003 for BAC1.2F5 cells and bin width 0.00025 for mouse BMM. Point 

contacts were defined as 0-<0.00055 in area for BAC1.2F5 and 0-<0.000475 for BMM, 

and focal complexes ≥0.00055-0.00115 in area for BAC1.2F5 and ≥0.000475-0.001225 

for BMM. 

2.10 Motility assays 

The effect of 15-F2t-IsoP on macrophage motility was determined using 3 different 

assays.  

2.10.1 Boyden Chamber assay  

BAC1.2F5 cells were incubated with 15-F2t-IsoP (0-10 µM) (or other test lipids) in 

α+MEM+0.1% w/v BSA containing 67 ng/mL CSF-1 for 30 min at 37°C. In some 

experiments, the thromboxane prostanoid (TP) receptor antagonist SQ29548 (10 or 30 

µM) was incubated with cells 15 min prior to addition of 15-F2t-IsoP (10 µM). The 

lipids 15(R)-15-F2t-isoP-cholesterol (Chol-IsoP) (10 µM), Ent-15(RS)-15-F2t-

isoprostanoyl-sn-glycerol (MG-IsoP) (10 µM) and oxidized 1-palmitoyl-2-

arachidonoyl-sn-glycero-3-phosphocholine (oxPAPC) (0-5 nM) were also studied. Cells 

were scraped, counted, resuspended in α+MEM+0.1% w/v BSA and 2.5×105 cells were 

seeded into 8 µm pore size 24-well inserts (BD Biosciences) and the inserts placed in 

α+MEM+0.1% w/v BSA containing 67 ng/mL CSF-1 in the lower wells. Macrophages 

were allowed to migrate for 5 hours before fixation in 4% v/v paraformaldehyde and 

washing with TBS. Insert membranes were cut out and mounted (Fluoromount) on 

coverslips prior to counting of cells on the underside of the insert membrane. The 

number of migrated cells was counted for 10 representative fields per sample at ×20 

magnification and normalized to the number of cells loaded. Assays were performed in 

triplicate. 
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Figure 2 Image of migrated cells and set-up of Boyden assay. 

 

2.10.2 xCELLigence assay 

The xCELLigence cell invasion/migration (CIM) assay used BAC1.2F5 cells incubated 

with 15-F2t-IsoP (0-10 µM) in α+MEM+0.1% w/v BSA for 30 min at 37°C. Cells were 

scraped, counted, resuspended in α+MEM+0.1% w/v BSA and 40,000 cells were 

dispensed per well into the CIM upper chamber. The lower chamber wells contained 

α+MEM+0.1% w/v BSA with or without 67 ng/mL CSF-1. After clipping the plate 

together, Cell Index was measured in the xCELLigence RTCA DP Instrument (Roche 

Diagnostics, Roche Applied Science, Indianapolis, Indiana, USA). 
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2.10.3 Scratch assay  

 

Figure 3 Images of cells migrating into a scratch at different time points. 

 

Cells were grown to confluence, washed with α+MEM+0.1% w/v BSA, then incubated 

with 10 µM 15-F2t-IsoP in α+MEM+0.1% w/v BSA with or without 67 ng/mL CSF-1 

for BAC1.2F5 or THP-1 cells, or 120 ng/mL CSF-1 for BMM, for 30 min at 37°C. In 

one experiment, THP-1 macrophages were also incubated with 10 µM 15-F2t-IsoP in 

α+MEM+0.1% w/v BSA with or without 100 ng/mL human recombinant monocyte 

chemoattractant protein-1 (MCP-1) (Sigma-Aldrich) for 30 min at 37°C. Then a scratch 

was made with a 200 µL plastic pipette tip, the medium removed and replaced with 

culture medium (α+MEM+10% v/v FCS with or without 20 ng/mL CSF-1 for 

BAC1.2F5 cells or 120 ng/mL CSF-1 for BMM). The cells were photographed with a 

DS-5M camera attached to a Nikon Eclipse TS-100 microscope and wound area 

quantitated using ImageJ (U.S. National Institutes of Health, Bethesda, MD, USA). 
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2.11 Reactive Oxygen Species (ROS) assay 

BAC1.2F5 cells were grown to 70-80% confluence in the presence of CSF-1 in 96 well 

plates then starved of CSF-1 overnight. THP-1 cells were plated at 5x104 per well prior 

to differentiation with 100 nM PMA in 0.1% v/v DMSO diluted in RPMI+10% v/v 

NBCS for 3 days. Cells were washed with PBS then loaded with DCF dissolved in 

ethanol and diluted in PBS to a final concentration of 5 µM (and 0.1% v/v ethanol), for 

30 min at 37°C in the dark. Cells were washed 3 times with PBS, then 10 µM 15-F2t-

IsoP or controls in PBS+0.1% w/v BSA were added with or without 67 ng/mL CSF-1. 

Fluorescence (Ex 485nm; Em 520nm) was measured over time using a Fluostar Omega 

plate reader (BMG Labtech GmbH, Offenburg, Germany) with a positive control of 10 

µM hydrogen peroxide. 

 

2.12 CSF-1 stimulation and western blotting 

Subconfluent (~70%) 100 mm dish cultures of BAC1.2F5 cells were starved of CSF-1 

overnight to upregulate CSF-1R expression. Cells were incubated with 10 µM 15-F2t-

IsoP or vehicle (0.07% v/v ethanol final concentration) in α+MEM+0.1% w/v BSA for 

30 min at 37°C, followed by stimulation with or without 67 ng/mL CSF-1 for the 

indicated times at 37°C. Following incubation, cells were rinsed by gently pipetting 

2mL ice-cold PBS onto the dish and aspirating the PBS. The procedure was repeated 

twice and the cells were scraped into 120 μL of lysis buffer (Cell Signaling Technology, 

with additions 2 mM benzamidine, 17 μg/mL aprotinin, 0.5% w/v sodium deoxycholate, 

0.1% w/v SDS, 1% v/v NP-40, 10% v/v PhosStop (Roche)(1 tablet/mL stock)) at 4°C, 

vortexed and centrifuged at 13,000 g for 30 min at 4°C. 30–50 μg of protein in XT 

sample buffer (Bio-Rad, Gladesville, NSW) was loaded for sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE and western blots were 

performed using the Criterion Bis-Tris XT gel electrophoresis system (Bio-Rad, 



67 

 

Gladesville, NSW). Polyvinylidene difluoride (PVDF) membranes were incubated with 

HRP substrates (EMS-Millipore), and the chemiluminescent signal was detected with an 

ImageQuant LAS 4000 biomolecular imager (GE Healthcare, Piscataway, NJ, USA) 

and band density quantitated using ImageJ (U.S. National Institutes of Health, Bethesda, 

MD, USA). Protein loading for lysates was assessed by blotting with anti-GAPDH 

antibody and band densities adjusted to give equal protein. 

 

2.13 FAK and Pyk2 siRNA 

Specific small interfering RNA (siRNA) molecules targeting FAK (ID: 157448), Pyk2 

(ID: 152396) and a scrambled siRNA (Silencer® Negative Control #2 AM4613) 

(Thermo Fisher) were dissolved in RNAse free water to a concentration of 10μM. 

Electroporation was performed using the Neon transfection system (Thermo Fisher) as 

follows: BMM were lifted (2mM EDTA in PBS) and resuspended in buffer R. Two 

x105 cells per transfection were mixed with 0.6μM of either FAK, Pyk2 or scrambled 

siRNA and collected in a 100μL Neon electroporation tip. The microporator was set to a 

pulse voltage of 1000v, pulse width of 40ms and pulse number of 2. Cells were then 

plated as required into pre-warmed growth media and allowed to recover for 48 hours 

before CSF-1 upregulation, F2-IsoP treatment and CSF-1 stimulation as described 

above. 

FAK/ptk2: Sense (CCUAGCAGACUUUAACCAAtt) Antisense 

(UUGGUUAAAGUCUGCUAGGtg) 

Pyk2/ptk2b Sense (CCCUAGGUUUAUAUGAAUtt) Antisense 

(AUUCAUAUAAACCAUAGGGt) 
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2.14 FAK and FAK/Pyk2 Inhibitors 

FAK (PF-573228) and FAK/Pyk2 (PF-431396) inhibitors (Sigma-Aldrich) were diluted 

in DMSO to a concentration of 10mM. Cells were treated with either 5μM inhibitor or 

DMSO for 30 minutes prior to washing with α+MEM+0.1% w/v BSA and incubation in 

the same medium containing 10μM 15-F2t-IsoP or ethanol in the presence of 5μM 

inhibitor or DMSO for 30 minutes. This was followed by CSF-1 stimulation 

(120ng/mL) for 10 minutes at 37°C and fixing as described above. For the Scratch 

assay, confluent cells were treated with either 5μM inhibitor or DMSO for 30 minutes 

prior to washing with α+MEM+0.1% w/v BSA and incubation in the same medium 

containing 10μM 15-F2t-IsoP or ethanol in the presence of 5μM inhibitor or DMSO with 

or without CSF-1 (120ng/mL) for 30 minutes. Then a scratch was made, the cells were 

washed and the medium replaced with culture medium (α+MEM+10% v/v FCS) with or 

without 120 ng/mL CSF-1. 

 

2.15 Statistics 

Statistical analysis used GraphPad Prism 5 (San Diego, CA, USA). Significance testing 

for F2-isoprostanes in HDL analyses used paired t-test and plasma versus serum 

comparisons employed paired or unpaired t-tests with p<0.05 considered significant. 

Significance testing for the migration, spreading and western blot assays used repeated 

measures ANOVA with Bonferroni’s multiple comparison test, unpaired t-test or paired 

t-test with p<0.05 considered significant. Comparisons for the mouse BMM siRNA 

paxillin particle counts were carried out using General Linear Models entering the day 

of the experiment as a covariate to account for day to day differences in the 

experiments, with p values adjusted for multiple comparisons using Sidak’s test. 
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CHAPTER 3: F2-ISOPROSTANES AFFECT MACROPHAGE MIGRATION  

AND CSF-1 SIGNALLING 

 

FOREWORD 

F2-isoprostanes (F2-IsoP) are formed in vivo via free radical peroxidation of arachidonic 

acid. Enhanced oxidative stress is implicated in the development of atherosclerosis in 

humans and F2-IsoP have been detected in atherosclerotic plaque. Colony stimulating 

factor-1 (CSF-1) is essential to macrophage survival, proliferation and differentiation 

and has been detected in human atherosclerotic plaques. Accumulation of macrophages 

within the vascular wall is an important component of atherosclerosis but little is known 

about the effect of F2-IsoP on the migration of these cells. The object of the following 

study was to examine the effect of free and lipid-bound 15-F2t-isoprostane (15-F2t- IsoP) 

on macrophage migration and investigate the signalling pathways involved. 

Mouse macrophages (cell line BAC1.2F5) were pre-incubated with 15-F2t-IsoP (free, 

bound to cholesterol or monoacylglycerol or within oxidized phospholipid) and cell 

migration was assessed using chemotaxis towards CSF-1 in Boyden chambers. 

Migration was also measured using the wound healing assay with primary mouse bone 

marrow derived macrophages. Cell spreading and adhesions were also examined. 

CSF-1 stimulated signalling pathways in BAC1.2F5 macrophages were analysed. This 

included measurement of phosphorylation of Akt, a key mediator of cell migration, and 

one of its regulators, the mTORC2 component, Rictor, and phosphorylation of the 

adhesion kinases, FAK and Pyk2, and the adhesion scaffold protein, paxillin. 

Mouse bone marrow macrophages were transfected with FAK or Pyk2 small interfering 

RNA (siRNA) to examine the role of FAK and Pyk2 in 15-F2t-IsoP-induced effects on 

cell spreading, adhesions and migration, which are integral components of macrophage 

involvement in atherosclerosis. 



70 

 

3.1 INTRODUCTION 

Activation of various cell types in the vascular wall leads to local inflammation and the 

development of atherosclerosis (260). Arterial injury results in rapid expression of CSF-

1 mRNA and protein (391) both of which have been measured in atherosclerotic plaque 

(275, 276). Involvement of CSF-1 in atherogenesis was demonstrated by decreased 

plaque progression in CSF-1-deficient mice (277-279). CSF-1 is an important regulator 

of macrophage survival, proliferation and differentiation, and is also a strong 

chemotactic factor (271). CSF-1 signals through the CSF-1 receptor (CSF-1R), a 

receptor tyrosine kinase (RTK) containing several tyrosine residues that are 

phosphorylated upon activation of the receptor (285).  

There is evidence that excessive production of ROS may participate in the development 

of atherosclerosis (117, 119). F2-IsoP are formed predominantly from the free-radical 

catalyzed peroxidation of arachidonic acid (206). Four classes of F2-IsoP may be 

produced (5-, 8-, 12- and 15-series), resulting in 64 isomers (206). F2-IsoP are 

considered the most reliable markers of in vivo lipid oxidation and 15-F2t-IsoP is the 

most studied (392). In addition, several F2-IsoP have atherogenic properties including 

vasoconstriction, modulation of platelet activity, inhibition of angiogenesis, and 

stimulation of monocyte and neutrophil adhesion (238). High density lipoprotein (HDL) 

is the main carrier of F2-IsoP in plasma (92) and the F2-IsoP are found in the 

phospholipid and neutral lipid fractions in HDL (393).  F2-IsoP have also been 

identified in human atherosclerotic plaques (228-232). 

Given macrophage migration into plaques is a central component in the development of 

atherosclerosis (262), we investigated whether 15-F2t-IsoP affects macrophage motility, 

and the cell signalling pathways involved. Experiments employed BAC1.2F5 mouse 

macrophages and primary mouse bone marrow-derived macrophages (BMM). 

BAC1.2F5 mouse macrophages have many properties in common with primary BMM, 
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such as an adherent phenotype and requirement for CSF-1 to survive and proliferate 

(394). Key mediators of cell migration evaluated included CSF-1R, Protein Kinase B 

(Akt), the Akt regulators Rictor and 3-Phosphoinositide-Dependent Kinase 1 (PDK1), 

the adhesion kinases, Focal Adhesion Kinase (FAK) and Proline-rich Tyrosine kinase 2 

(Pyk2), and their substrate, the adhesion protein paxillin. 

 

Hypothesis: 15-F2t-IsoP adversely affects macrophage migration 

Aims:  1. Investigate the effect of 15-F2t-IsoP on macrophage migration, spreading and 

adhesions using BAC1.2F5 mouse macrophages and primary mouse bone 

marrow-derived macrophages.  

2. Examine the cell signalling pathways involved in these effects. 
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3.2 RESULTS 

3.2.1 Inhibition of macrophage spreading by 15-F2t-IsoP 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 15-F2t-IsoP reduces macrophage spreading and adhesion 

BAC1.2F5 cells grown on fibronectin-coated coverslips and starved of CSF-1 overnight 

were incubated with 15-F2t-IsoP or vehicle (Control) for 30 min at 37°C, then 

stimulated with or without CSF-1 (67 ng/mL) for 20 min at 37°C. Coverslips were 

fixed, stained for F-actin and pY118 paxillin, mounted with Prolong Diamond 

containing DAPI, then the cells were imaged. Cell area and adhesion numbers were 

quantified for n≥30 cells per treatment as described in the methods. A BAC1.2F5 cells 

were incubated with varying concentrations of 15-F2t-IsoP (+ CSF-1) and cell area was 

plotted against 15-F2t-IsoP concentration +/-SE. Unpaired t-test **p<0.01 vs 
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Control+CSF-1, ****p<0.0001 vs Control+CSF-1 B BAC1.2F5 cells were incubated 

with 10 µM 15-F2t-IsoP + CSF-1 or vehicle (Control) with or without CSF-1 and cell 

area was quantitated +/SE, n=3. C Images of BAC1.2F5 cells stained with pY118 

paxillin comparing vehicle (Control)-CSF-1 (left), vehicle (Control)+CSF-1 (centre) 

and 10 µM 15-F2t-IsoP+CSF-1 (right) treated cells. Scale bar represents 5 µm. D 

BAC1.2F5 cells were incubated with 10 µM 15-F2tIsoP +CSF-1 or vehicle (Control) 

with or without CSF-1 and phospho-paxillin particle count was quantitated and 

expressed as a ratio of C-CSF-1 +/-SE, n=3. Paired t-test * p<0.05. E BAC1.2F5 cells 

were incubated with 10 µM 15-F2tIsoP +CSF-1 or vehicle (Control) with or without 

CSF-1 and frequency distribution of phospho-paxillin adhesion size determined using 

ImageJ as described in the methods, n=3. Cells were divided into point contacts (small) 

or focal complexes (large) using this method. 

 

 

15-F2t-IsoP treatment of BAC1.2F5 mouse macrophages resulted in a dose-dependent 

reduction in cell spreading, measured by the actin footprint, with maximum effect at 10 

µM 15-F2t-IsoP (Fig. 1A). 15-F2t-IsoP at 10 µM showed a trend to decrease cell 

spreading of BAC1.2F5 macrophages compared to control cells treated with CSF-1 

alone (Fig. 1B). A count of phospho-paxillin adhesions showed that CSF-1 stimulated 

the formation of many point contacts under the ventral surface of control cells (Fig. 1C, 

D). In contrast and consistent with reduced spreading, CSF-1 treatment did not increase 

the phospho-paxillin particle count in 15-F2t-IsoP treated cells. Instead fewer but larger 

peripherally positioned focal complexes were seen, similar to CSF-1 starved control 

cells (Fig. 1C, D). The distribution of phospho-paxillin particle size (Fig. 1E) tended to 

support the images in Fig. 1C, although differences between treatments were small (Fig. 

1E). Control cells stimulated with CSF-1 had a greater number of smaller adhesions 

than larger adhesions, while 15-F2t-IsoP treated cells in the presence of CSF-1 had a 

lower proportion of small adhesions and a higher proportion of large adhesions, 

compared to CSF-1-stimulated control cells (Fig. 1E).  



74 

 

 

Figure 1-1 Effect of HDL and LDL on macrophage spreading and adhesion  

BAC1.2F5 cells were pre-incubated with or without HDL (0.5 mg/mL) or LDL (0.1 

mg/mL) for 6h, then incubated with or without 10 µM 15-F2t-IsoP for 30 min followed 

by stimulation with CSF-1 for 20 min (as described in Figure 1) +/-SE, n=1. A Cell 

footprint area, B phospho-paxillin particle count and C distribution of phospho-paxillin 

particle size for n≥30 cells were compared. Statistical analysis compared treatment to 

C+CSF-1 using a paired or unpaired t-test. 

 

 

Figure 1-1 shows that 15-F2t-IsoP significantly reduced cell spreading (p<0.05) and pre-

incubation with HDL did not appear to diminish this effect (p=0.062 C+CSF-1 vs 

HDL+IsoP paired t-test). Similarly, phospho-paxillin particle count was significantly 

decreased by incubation with 15-F2t-IsoP (p<0.001) and HDL pre-incubation failed to 

influence this effect (p<0.0001 C+CSF-1 vs HDL+IsoP paired t-test). Although LDL 

had no significant effect on cell spreading, phospho-paxillin particle count was 

significantly reduced (p<0.01). These results were supported by the distribution of 

phospho-paxillin particle size (Fig. 1-1C). C-CSF-1, IsoP, HDL+IsoP and LDL had 

similar effects on particle size distribution, having lower frequency of small particles 

than C+CSF-1 and HDL and greater frequency of large particles than C+CSF-1 and 

HDL (Fig. 1-1C). HDL had no significant effects on control cell (C+CSF-1) spreading 

or number of phospho-paxillin particles (Fig. 1-1A,B) and phospho-paxillin particle size 

distribution were similar for both (Fig. 1-1C). 

(A) (B) (C) 
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Experiments were also conducted using the human monocyte cell line THP-1 

differentiated into macrophages, measuring the effect of 15-F2t-IsoP on cell spreading 

using actin staining. 

 

Figure 1-2  15-F2t-IsoP reduces macrophage spreading in a human cell line  

THP-1 cells were differentiated into macrophages, as described in the methods, and 

incubated with 10 µM 15-F2t-IsoP or vehicle (Control) for 30 min or HDL (0.5 mg/mL) 

for 6 h, then stimulated with CSF-1 for 20 min and cell area was quantitated +/-SE, n=2. 

 

The effect of 15-F2t-IsoP on the human cell line THP-1 was similar to the effect on 

BAC1.2F5 cells. There was a trend for 15-F2t-IsoP to decrease spreading of THP-1 

macrophages, while HDL had little effect on THP-1 macrophage cell area.  
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3.2.2 Free and lipid-bound 15-F2t-IsoP stimulated migration of macrophages 

Figure 2 15-F2t-IsoP stimulates macrophage migration 

A BAC1.2F5 cells were incubated with varying concentrations of 15-F2t-IsoP in the 

presence of CSF-1 (67 ng/mL), for 30 min at 37°C. Cell migration was measured using 

the Boyden Chamber motility assay as described in the methods. Cells per field are 

expressed as a ratio of cells per field for Control cells treated with vehicle +/-SE, n=4. 

Repeated measures ANOVA with Bonferroni’s multiple comparison test **p<0.01 for 

10 µM F2-isoP vs 0 µM F2-isoP 

B BAC1.2F5 cells were incubated with 10 µM of 15-F2t-IsoP, MG-IsoP or Chol-IsoP in 

the presence of CSF-1 (67 ng/mL), for 30 min at 37°C. Cell migration was measured 

using the Boyden Chamber motility assay as described in the methods. Cells per field 
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were compared to cells per field for Control cells treated with vehicle +/-SE, n=4-6. 

Paired t-test **p<0.01 vs Control 

C BAC1.2F5 cells were incubated with varying concentrations of HPLC-purified 

oxPAPC in the presence of CSF-1 (67 ng/mL), for 30 min at 37°C. Cell migration was 

measured using the Boyden Chamber motility assay as described in the methods. Cells 

per field were expressed as a ratio of cells per field for Control cells treated with vehicle 

+/-SE, n=3. Repeated measures ANOVA with Bonferroni’s multiple comparison test 

**p<0.01 for 1.2 nM F2-isoP vs 0 nM F2-isoP 

D BAC1.2F5 cells were incubated with 10 or 30 µM TP receptor antagonist SQ29548 

for 15 min at 37°C in the presence of CSF-1 (67 ng/mL), prior to addition of 10 µM 15-

F2t-IsoP for 30 min at 37°C. Cell migration was measured using the Boyden Chamber 

motility assay as described in the methods. Cells per field are expressed as a ratio of 

cells per field for Control cells treated with vehicle +/-SE, n=3. Repeated measures 

ANOVA with Bonferroni’s multiple comparison test **p<0.01 vs Control, 

****p<0.0001 vs Control 

E BAC1.2F5 cells were incubated with varying concentrations of 15-F2t-IsoP for 30 min 

at 37°C and cell migration measured in the xCELLigence CIM assay as described in the 

methods. Cell Index at 60 min was used as background and subtracted from subsequent 

readings +/-SE. Control-CSF-1 (n=2) and 10 µM F2-IsoP-CSF-1 (n=2), other treatments 

(n=3). 

 

 

Some experiments examined the effect of HDL on macrophage migration using the 

Boyden assay. 

 

 
 

 

Figure 2-1 Effect of HDL on macrophage migration  

BAC1.2F5 cells were pre-incubated with or without HDL (2mg/mL) for 6 h prior to 

incubation with or without 10 µM 15-F2t-IsoP + CSF-1 or vehicle (Control) + CSF-1 for 

30 min at 37oC. Cell migration was measured using the Boyden assay and cells per field 

expressed as a ratio of control cells +/-SE, n=5. 
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Figure 2-2 Effect of varying concentrations of HDL and LDL on macrophage migration 

BAC1.2F5 cells were incubated with varying concentrations of HDL or LDL for 6h 

then stimulated with CSF-1 (67 ng/mL), for 30 min at 37°C. Cell migration was 

measured using the Boyden Chamber motility assay as described in the methods. Cells 

per field are expressed as a ratio of cells per field for Control cells treated with vehicle 

+/-SE, n=1. 

 

 

Cell migration measured using the Boyden Chamber assay with BAC1.2F5 cells in the 

presence of CSF-1 showed 15-F2t-IsoP stimulated macrophage chemotaxis in a dose-

dependent manner (Fig. 2A). Incubation with 15-F2t-IsoP bound to lipid (MG-IsoP and 

Chol-IsoP) also significantly increased macrophage migration (Fig. 2B). Motility of 

mouse macrophages incubated with HPLC-purified oxPAPC was enhanced at 

substantially lower concentrations (1-5 nM), likely due to the presence of additional 

oxidized lipid species present in oxPAPC that co-eluted with F2-IsoP-containing lipid 

during HPLC purification (Fig. 2C). Pre-incubation with the TP receptor antagonist 

SQ29548 prior to addition of 15-F2t-IsoP had no significant effect on 15-F2t-IsoP 

stimulated macrophage migration (Fig. 2D). 

Cell Index (a measure of cell impedance corresponding with cell number) in the 

xCELLigence cell invasion/migration assay was increased dose-dependently with 15-

F2t-IsoP treatment (0-10 µM) compared with vehicle alone (Fig. 2E).  

The effect of HDL on BAC1.2F5 macrophage migration was also examined, since HDL 

is the main carrier of F2-isoprostanes in plasma (92). While 15-F2t-IsoP-stimulated 

enhancement of migration did not reach statistical significance, pre-incubation of 
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BAC1.2F5 macrophages with 2 mg/mL HDL resulted in a significant increase in 

migration (*p<0.05 unpaired t-test) (Fig.2-1). The addition of 15-F2t-IsoP to HDL 

appeared to enhance the stimulation of migration, however this was not significantly 

different to cell migration in the presence of HDL alone, while remaining significantly 

greater than control cells (**p<0.01 unpaired t-test) (Fig. 2-1).  

An experiment to examine the effect of varying concentrations of HDL or LDL on 

BAC1.2F5 migration showed that HDL at 0.5 mg/mL was as effective as HDL at 2 

mg/mL, while LDL showed maximal effect at approximately 0.15 mg/mL (Fig. 2-2). 

Similarly, cell migration measured by the scratch assay showed 15-F2t-IsoP significantly 

stimulated migration of mouse macrophages in the presence of CSF-1 (*p<0.05 paired 

t-test) (Fig. 3A, B) and there was a trend for HDL to increase macrophage migration 

(p=0.0903 paired t-test) measured with the scratch assay (Fig. 3C). 
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Figure 3 15-F2t-IsoP enhances macrophage scratch healing 

BAC1.2F5 cells were grown to confluence then incubated with 10 µM 15-F2t-IsoP or 

vehicle (Control) with or without CSF-1 (67 ng/mL) for 30 min at 37°C. After the 

scratch was made, cells were photographed over time and the gap quantitated as 

described in the methods.   A An example of BAC1.2F5 cells coverage of the scratch 

over time (n=1). Each point represents a triplicate. B Pooled results for n=5 experiments 

where area under the curve up to 70h was calculated and expressed as a ratio of area 

under the curve for Control cells treated with vehicle in the absence of CSF-1 +/-SE. 

Paired t-test *p<0.05 for IsoP+CSF-1 vs Control+CSF-1. C In some experiments, 

BAC1.2F5 cells were pre-incubated with HDL (0.5 mg/mL) for 6h +/-SE, n=3. 

 

 

Figure 3-1 Effect of 15-F2t-IsoP and HDL on THP-1 macrophage scratch healing  

THP-1 cells were differentiated into macrophages and incubated with A 10 µM 15-F2t-

IsoP + CSF-1 or vehicle (Control) + CSF-1 or C HDL (0.5 mg/mL) for 6h and cell 

migration measured using the scratch assay +/-SE, n=3. Unpaired or paired t-test 

**p<0.01 vs Control+CSF-1. B THP-1 macrophages were incubated with 10 µM 15-F2t-

IsoP + CSF-1 or vehicle (Control) + CSF-1, or 10 µM 15-F2t-IsoP + MCP-1 or vehicle 

(Control) + MCP-1 and cell migration measured using the scratch assay +/-SE, 

scratches in quadruplicate, n=1. 
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When human cell line THP-1 macrophages were incubated with 15-F2t-IsoP there was a 

non-significant increase in cell migration (Fig. 3-1A).  When a different chemotactic 

agent, MCP-1, was compared to CSF-1, THP-1 macrophage migration was again 

stimulated by 15-F2t-IsoP compared to controls (Fig.3-1B). Incubation with HDL 

significantly stimulated migration of THP-1 macrophages measured with the scratch 

assay (Fig. 3-1C). 

Combined, these data support the Boyden assay results demonstrating 15-F2t-IsoP 

increased macrophage motility (Fig. 2A, 3B, 3-1A,B). Similarly, the Boyden assay and 

scratch assay results suggest that HDL also stimulated macrophage migration (Fig. 2-1, 

3C, 3-1C). 

3.2.3 15-F2t-IsoP stimulated ROS production in macrophages 

 

 

Figure 4 15-F2t-IsoP increases macrophage ROS 

A BAC1.2F5 cells starved of CSF-1 overnight or B differentiated THP-1 cells, were 

incubated with 5 µM DCF for 30 min at 37°C in the dark. Cells were washed, then 

10µM 15-F2t-IsoP or vehicle (Control) were added and fluorescence measured over time 

as described in the methods, +/-SE, n=6. Paired t-test *p<0.05 for IsoP-CSF-1 vs 

Control-CSF-1. 

 

 

Given evidence that ROS promote movement in migrating cells (395), the effect of 15-

F2t-IsoP on ROS production was examined in two cell types. 15-F2t-IsoP significantly 

increased ROS production in mouse BAC1.2F5 macrophages (Fig. 4A) and human cell 
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line THP-1 macrophages (Fig. 4B). This effect was blunted in the presence of CSF-1. 

These data suggest that ROS production may contribute to the mechanism of 

stimulation of macrophage migration by 15-F2t-IsoP. 

3.2.4 15-F2t-IsoP signaling through Akt, Rictor, FAK, Pyk2 and paxillin. 

To examine changes in underlying adhesion and motility signaling with 15-F2t-IsoP 

treatment, BAC1.2F5 mouse macrophages were starved of CSF-1 overnight to 

upregulate CSF-1R expression then incubated with 15-F2t-IsoP for 30 min and 

stimulated with CSF-1 for 20 min, followed by Western blotting on cell lysates (Fig. 

5A, B). 

The density of the bands was quantitated and the ratio of phosphorylated protein to 

total protein was calculated. CSF-1 treatment increased phosphorylation of 

pY721CSF1R (p<0.01), pS473Akt (p<0.05), pT308Akt (p<0.01), pS241PDK1 

(p<0.05) and pT1135Rictor (p=0.0564) in control cells (Fig. 5C). In contrast, 

pY397FAK, pY402Pyk2 and pY118paxillin showed little change in phosphorylation 

after stimulation with CSF-1 for 20 min. Pre-treatment with 15-F2t-IsoP, followed by 

addition of CSF-1 for 20 min, resulted in a significant decrease in phosphorylation of 

the protein Rictor (p<0.05) and significant inhibition of phosphorylated Akt (when 

pS473Akt results were pooled with those for pT308Akt) (p<0.05), compared to pre-

treatment with vehicle (Control) and CSF-1 (Fig. 5C). 15-F2t-IsoP treatment 

significantly increased phosphorylation of FAK (p<0.05) and Pyk2 (p=0.010), with a 

trend for 15-F2t-IsoP stimulated phosphorylation of paxillin (p=0.07), compared to 

Control (Fig. 5C).  
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Figure 5 15-F2t-IsoP modifies CSF-1 signalling 

BAC1.2F5 cells, starved of CSF-1 overnight, were incubated with 10 µM 15-F2t-IsoP or 

vehicle (Control) for 30 min at 37°C then treated with or without 67 ng/mL CSF-1 for 

20 min at 37°C. After washing with PBS, cells were lysed and supernatants run on SDS-

PAGE and then western blotting performed, as described in the methods. Proteins 

measured were A pY721CSF1R, CSF1R, pS473Akt, pT308Akt, Akt, pS241PDK1, 

PDK1, and B pY397FAK, FAK, pY402Pyk2, Pyk2, pY118Paxillin, Paxillin, 

pT1135Rictor, Rictor and GAPDH. C Western blot band densities were quantitated 

using ImageJ and ratios determined for phosphorylated protein density/protein density 

after treatment with 10 µM 15-F2t-IsoP or vehicle (Control), followed by 20 min 

incubation with or without CSF-1 +/-SE, n=6. Paired t-test *p<0.05 for IsoP+CSF-1 vs 

Control+CSF-1, **p<0.01 for IsoP+CSF-1 vs Control+CSF-1 
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Figure 5-1 Effect of HDL on CSF-1 signalling and time course of CSF-1 stimulation  

BAC1.2F5 cells, starved of CSF-1 overnight, were incubated with 10 µM 15-F2t-IsoP 

or vehicle (Control) for 30 min at 37°C then treated with or without 67 ng/mL CSF-1 

for 20 min at 37°C. After washing with PBS, cells were lysed and supernatants run on 

SDS-PAGE and then western blotting performed, as described in the methods. A In 

some experiments, cells were also incubated with HDL (0.5 mg/mL) for 6h prior to 

CSF-1 stimulation +/-SE, n=2. B Western blot band densities were quantitated after 

treatment with 10 µM 15-F2t-IsoP or vehicle (Control), followed by incubation with 

CSF-1 for 0, 5 and 20 min +/-SE, n=4. 

 

 

The Boyden and scratch migration assays suggested that HDL stimulated macrophage 

migration (Fig. 2-1, 3C, 3-1). When signalling molecules were investigated by 

western blot, it was found that, in contrast to 15-F2t-IsoP, HDL increased both 
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pS473Akt and pT308Akt phosphorylation (Fig. 5-1A). In support of these results, a 

study by Al-Jarallah et al. (396) showed that HDL stimulated migration in mouse 

peritoneal macrophages and the macrophage cell line RAW 264.7. They also 

demonstrated that HDL induced Akt phosphorylation in these cells (396). The present 

study showed that there were no apparent differences in the other signalling molecules 

examined (Fig. 5-1A). This suggests that HDL increases macrophage migration via a 

different signalling pathway to 15-F2t-IsoP. A time course of CSF-1 addition showed 

that CSF-1 stimulation for 20 min (compared to 5 min) was required for effects of 15-

F2t-IsoP on Akt, Rictor, FAK, Pyk2 and Paxillin phosphorylation to become apparent 

(Fig. 5-1B). While phosphorylation of the CSF1 receptor was greater after CSF-1 

stimulation for 5 min compared to 20 min, there were no appreciable differences in 

CSF1R phosphorylation between 15-F2t-IsoP -treated cells and control cells at either 

time point (Fig. 5-1B). 

3.2.5 Influence of silencing FAK and Pyk2 RNA, and FAK and FAK/Pyk2 

inhibitors on the effect of 15-F2t-IsoP on mouse bone marrow-derived 

macrophage spreading, phospho-paxillin adhesions and motility. 

To further investigate the involvement of FAK and Pyk2 in the 15-F2t-IsoP signalling 

pathway in macrophages, mouse bone marrow derived macrophages (BMM) were 

transfected with control (scrambled, Scr), FAK or Pyk2 siRNA (Fig. 6A). In four 

individual experiments, while FAK knockdown was modest at 20-40% and Pyk2 from 

40-60% (Fig. 6A), there was a measurable phenotype for each and cells with a double 

Pyk2/FAK knockdown did not survive. Transfected BMM were treated similarly to the 

BAC1.2F5 macrophages, and were incubated with ethanol vehicle or 15-F2t-IsoP, with 

or without CSF-1 stimulation, resulting in 9 treatments: Scr-CSF-1, Scr+CSF-1, 

Scr+IsoP+CSF-1, siFAK-CSF-1, siFAK+CSF-1, siFAK+IsoP+CSF-1, siPyk2-CSF-1, 

siPyk2+CSF-1 and siPyk2+IsoP.  
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Figure 6 Effect of FAK and Pyk2 siRNA on 15-F2t-IsoP-induced changes in mouse 

BMM spreading and adhesion staining 

A Lysates from mouse BMM transfected with scrambled (Scr), FAK or Pyk2 siRNA 

were run on SDS-PAGE and then western blotting performed to measure FAK, Pyk2 

and GAPDH expression. A representative blot is shown and the graph represents means 

+/- SE, n=3. Transfected BMM were also grown on fibronectin-coated coverslips, 

starved of CSF-1 overnight then incubated with 10 µM 15-F2t-IsoP or vehicle for 30 

min at 37°C, followed by stimulation with or without CSF-1 (120ng/mL) for 20 min at 

37°C. Coverslips were fixed, stained for F-actin and paxillin, mounted with Prolong 

Diamond containing DAPI, then the cells were imaged. B Cell area was quantitated by 

tracing F-actin footprint cell area for n≥30 cells per treatment as described in the 
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methods. Results are expressed as means +/-SE, n=3. *p<0.05 unpaired t-test for ScrC-

CSF-1 vs ScrC+CSF-1, *p<0.05 paired t-test for Pyk2C-CSF-1 vs Pyk2C+CSF-1, 

*p<0.05 paired t-test for ScrIsoP+CSF-1 vs Pyk2IsoP+CSF-1. C Mouse BMM images 

showing phospho-paxillin staining (above) and after thresholding (below) to show 

adhesions. Scr-CSF-1 (left), Scr+CSF-1 (centre) and Scr+IsoP+CSF-1 (right). 

 

 

While CSF-1 induced spreading in control BMM (Scr-CSF-1 vs Scr+CSF-1, comparing 

means p=0.0433 unpaired t-test), spreading was not affected by 15-F2t-IsoP (Fig. 6B). 

There was, however, a similar trend, to that seen with BAC1.2F5 macrophages (Fig. 

1B). FAK knockdown did not alter the spreading of BMM (Fig. 6B). In contrast, 

knockdown of Pyk2, which is abundantly expressed in macrophages, blocked the effects 

of 15-F2t-IsoP on CSF-1-induced spreading of BMM (Fig. 6B).  

15-F2t-IsoP had marked effects on BMM adhesions (Fig. 6C, 7A-C). Macrophages do 

not form large focal adhesions but adhere to the matrix via small linear focal complexes 

and tiny dot-like point contacts, which are stimulated by CSF-1 (271). In mouse BMM, 

CSF-1 stimulated the formation of adhesions during macrophage spreading and 15-F2t-

IsoP inhibited this effect (Fig. 6C). 

 



88 

 

 
Figure 7 Effect of FAK and Pyk2 siRNA on 15-F2t-IsoP-induced changes in mouse 

BMM adhesion count and adhesion size distribution.  

A Phospho-paxillin adhesion numbers were quantitated using ImageJ for n≥30 cells per 

treatment as described in the methods. Results are expressed as means with 95% 

confidence intervals. Comparisons used the General Linear Models with p values 

adjusted for multiple comparisons using Sidak’s test, n=3. *p<0.05, ***p<0.001.  

B Phospho-paxillin adhesion numbers expressed as a ratio of Scr+IsoP +/-SE, n=4. 

*p<0.05 paired t-test. C Frequency distribution of phospho-paxillin adhesion size 

determined using ImageJ as described in the methods. Transfected cells with CSF-1 in 

the presence or absence of 15-F2t-IsoP were divided into point contacts (small) or focal 

complexes (large) using this method. 

 

 

Quantification of phospho-paxillin adhesions (particle count), as described in the 

Methods (390), confirmed the CSF-1-induced increase in BMM adhesions and showed 
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that 15-F2t-IsoP not only blocked this increase but reduced adhesion numbers below 

baseline (Fig. 7A). FAK knockdown also blocked CSF-1-induced adhesions and the 

combined effect of reduced FAK expression and 15-F2t-IsoP treatment reduced 

adhesion numbers further (Fig. 7A). In contrast, a reduction in Pyk2 expression blunted 

the effects of both CSF-1 and 15-F2t-IsoP on BMM adhesions (Fig. 7A). When the 

influence of 15-F2t-IsoP on CSF-1 stimulated adhesion numbers was examined in 

isolation, there was a significant effect of a reduction in Pyk2 but not FAK expression 

(Fig. 7B).  

As well as reducing total adhesions, 15-F2t-IsoP affected the balance of (small) point 

contacts and (large) focal complexes in BMM. In the absence of CSF-1, control BMM 

displayed more focal complexes than point contacts while CSF-1 stimulated the 

formation of point contacts, thereby altering the balance in favour of the smaller 

adhesions (Fig. 6C, 7C). The CSF-1-induced change from larger to smaller adhesions 

was blocked by 15-F2t-IsoP treatment (Fig. 6C, 7C). BMM expressing lowered FAK 

levels demonstrated a blunted response to CSF-1 while Pyk2 siRNA BMM contained a 

similar proportion of focal complexes to point contacts in the absence of CSF-1 and this 

balance did not change substantially with CSF-1 stimulation (Fig. 7C). In FAK-silenced 

BMM, 15-F2t-IsoP incubation marginally influenced the size distribution of adhesions 

while it had no effect in Pyk2-silenced cells (Fig.7C). 

The effects of a FAK inhibitor (PF-573228, 5µM) and a dual FAK/Pyk2 inhibitor (PF-

431396, 5µM) were also tested on CSF-1-induced adhesions in mouse BMM. Similar to 

the siRNA results, 15-F2t-IsoP induced a switch to larger focal complexes in the 

presence of the FAK inhibitor while the balance of adhesion size remained unchanged 

in the presence of the dual FAK/Pyk2 inhibitor (Fig 7-1C). Taken together, these results 

suggest that the effect of 15-F2t-IsoP on macrophage spreading and adhesion is likely 
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mediated by Pyk2 although a role for FAK cannot be excluded, particularly considering 

the modest levels of FAK knockdown. 

 

Figure 7-1 Effect of FAK and FAK/Pyk2 inhibitors on 15-F2t-IsoP-induced changes in 

mouse BMM cell spreading and adhesions 

Mouse BMM were grown on fibronectin-coated coverslips, starved of CSF-1 overnight, 

pre-incubated with 5μM FAK or FAK/Pyk2 inhibitor or DMSO vehicle for 30 min at 

37°C, then incubated with 10μM 15-F2t-IsoP or ethanol in the presence of 5μM inhibitor 

or DMSO for 30 min at 37°C. This was followed by CSF-1 stimulation (120ng/mL) for 

10 min at 37°C. Coverslips were fixed, stained for F-actin and paxillin, mounted with 

Prolong Diamond containing DAPI, then the cells were imaged.    A Cell area was 

quantitated by tracing F-actin footprint cell area for n≥30 cells per treatment as 

described in the methods. Results are means +/-SE, n=3. *p<0.05, **p<0.01 unpaired t-

test. B Paxillin particle count was quantitated using ImageJ for n≥30 cells per treatment 

as described in the methods. Results are expressed as a ratio of C-CSF-1 +/-SE, n=3. 

*p<0.05 paired t-test, **p<0.01 unpaired t-test. C Paxillin particle count was quantitated 

using ImageJ for n≥30 cells per treatment. Results are expressed as a ratio of IsoP+CSF-

1 +/-SE, n=3. D Frequency distribution of paxillin particle size determined using 

ImageJ as described in the methods. Cells incubated with or without inhibitors in the 

presence or absence of 15-F2t-IsoP were divided into small or large cells using this 

method. 
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FAK and FAK/Pyk2 inhibitor treated cells demonstrated a similar cell spreading profile 

(Fig. 7-1A) to FAK and Pyk2 siRNA transfected cells (Fig. 6B). There were similar 

trends with significant differences between cells stimulated with and without CSF-1. 

Only Pyk2 siRNA transfected cells incubated with 15-F2t-IsoP demonstrated 

significantly increased cell spreading compared to Scr siRNA cells treated with 15-F2t-

IsoP (Fig. 6B), although a similar trend was seen with FAK/Pyk2 inhibitor treated cells 

incubated with 15-F2t-IsoP compared with control cells incubated with  15-F2t-IsoP (Fig. 

7-1A).  

Measurement of phospho-paxillin adhesions (particle count) showed a similar trend to 

the siRNA experiments (Fig. 7A), with an increase in BMM adhesions with CSF-1 

stimulation (non-significant) and a decrease on incubation with 15-F2t-IsoP (non-

significant) (Fig. 7-1B). FAK inhibitor treatment had little effect on adhesion number 

(Fig. 7-1B). In contrast, the FAK/Pyk2 dual inhibitor significantly diminished the effect 

of CSF-1 (p<0.01) and further decreased BMM adhesion particle count in the presence 

of 15-F2t-IsoP (p<0.05) (Fig. 7-1B). A small, non-significant increase in the presence of 

the FAK inhibitor (1.2 fold) and a reduction with FAK/Pyk2 inhibitor treatment (0.8 

fold), compared to 15-F2t-IsoP incubated in the absence of these inhibitors (p=0.0872 

FAK inhibitor vs FAK/Pyk2 inhibitor), was seen when the effect of 15-F2t-IsoP on 

adhesion numbers was considered in isolation (Fig. 7-1C). This contrasted with the 

results seen with FAK and Pyk2 siRNA (Fig. 7B), where FAK siRNA decreased (0.8 

fold) and Pyk2 siRNA increased (1.4 fold) adhesion number compared to 15-F2t-IsoP in 

the absence of FAK or Pyk2 silencing. These differences suggest variations in cell 

targets between the siRNA and the inhibitors, although FAK/Pyk2 dual siRNA was not 

investigated. 

Similar to the siRNA experiments (Fig. 7C), CSF-1 increased the production of smaller 

point adhesions and decreased the number of larger adhesions (7-1D) in control cells. In 
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the inhibitor experiments, 15-F2t-IsoP had little effect on the distribution of adhesion 

particle size in control cells (Fig. 7-1D). However, BMM incubated with the FAK 

inhibitor showed similar adhesion size distribution to FAK siRNA transfected cells 

(Fig. 7C). Similar to Pyk2 siRNA BMM (Fig. 7C), the proportion of small or large 

adhesions did not change with CSF-1 stimulation or 15-F2t-IsoP addition when BMM 

were incubated with the FAK/Pyk2 inhibitor (Fig. 7-1D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 Effect of FAK and Pyk2 siRNA on 15-F2t-IsoP-induced stimulation of mouse 

BMM migration 

BMM were transfected with scrambled (Scr), FAK or Pyk2 siRNA, grown to 

confluence over two days in CSF-1 (120 ng/mL) then incubated with 10μM 15-F2t-IsoP 

or ethanol, in the presence or absence of CSF-1, for 30 min at 37°C. After a scratch was 

made, cells were washed and incubated in culture medium with or without CSF-1, 

photographed over time and the gap quantitated as described in the methods. A Area 

under the curve (AUC) up to 50h was calculated and expressed as a ratio of AUC for 

control (Scr siRNA)+CSF-1 BMM +/- SE, n=3. B AUC up to 50h was calculated for 

each of the transfected BMM treated with 15-F2t-IsoP and expressed as a ratio of AUC 

for the corresponding transfected BMM treated without 15-F2t-IsoP +/- SE, n=3. 

*p<0.05 unpaired t-test. 
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As the effect of 15-F2t-IsoP on BMM adhesions was similar to that seen with BAC1.2F5 

macrophages, we sought to determine whether 15-F2t-IsoP also stimulated BMM 

motility and whether this increase was mediated by Pyk2 and FAK. Similar to 

BAC1.2F5 macrophages, 15-F2t-IsoP stimulated migration in control BMM almost 1.5-

fold (Fig 8, red bar). There was a trend for Pyk2 silencing to inhibit 15-F2t-IsoP 

stimulation of migration (1.5 fold reduced to 1.0, p<0.08, n=3, Fig 8A). When the three 

different transfected BMM populations were examined (Fig 8B), the 1.5 fold increase in 

control (Scr) BMM migration induced by 15-F2t-IsoP was reduced to no effect (ratio 

1.0) in FAK silenced BMM and decreased further in Pyk2 silenced BMM (ratio 0.8), 

reaching statistical significance (p<0.05, n=3) (Fig 8B). Similar results were seen when 

area under the curve (AUC) for the scratch assay was calculated up to 30h instead of 

50h (results not shown).  

Thus, 15-F2t-IsoP stimulated BMM migration, likely through activation of Pyk2 and 

FAK. 
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Figure 8-1 Effect of FAK and FAK/Pyk2 inhibitors on 15-F2t-IsoP-induced stimulation 

of mouse BMM migration  

Mouse BMM were grown to confluence, starved of CSF-1 overnight, pre-incubated 

with 5μM FAK or FAK/Pyk2 inhibitor or DMSO vehicle for 30 min at 37°C, then 

incubated with 10μM 15-F2t-IsoP or ethanol in the presence of 5μM inhibitor or DMSO, 

with or without CSF-1 (120ng/mL), for 30 min at 37°C. After a scratch was made, cells 

were washed and incubated in culture medium with or without CSF-1, then 

photographed over time and the gap quantitated as described in the methods. A Area 

under the curve (AUC) up to 50h was calculated and expressed as a ratio of AUC for 

control (C+CSF-1) BMM +/- SE, n=3. B AUC up to 50h was calculated for control or 

inhibitor treated BMM co-incubated with 15-F2t-IsoP and expressed as a ratio of AUC 

for the corresponding BMM incubated without 15-F2t-IsoP +/- SE, n=3. 

 

There was large variability between experiments examining the effects of the inhibitor 

treatments, in the presence or absence of 15-F2t-IsoP, on mouse BMM migration (Fig. 

8-1A) and there were no significant differences between any of the treatments.  A 

contributing factor may have been that the inhibitors were washed out after the scratch 

was made and so their effect may not have persisted over the time course of the scratch 
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migration assay. When the three 15-F2t-IsoP treatments were compared (Fig. 8-1B), 

there was a trend for the FAK/Pyk2 dual inhibitor to blunt the effect of 15-F2t-IsoP on 

BMM migration (1.2 fold increase reduced to 0.9), however this did not reach statistical 

significance. 

Overall, the results suggest that Pyk2 and possibly FAK activation are involved in the 

stimulation of macrophage migration by 15-F2t-IsoP. 
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3.3 DISCUSSION 

This study has shown that 15-F2t-IsoP inhibited CSF-1 induced spreading of mouse 

(BAC1.2F5) macrophages. In contrast, HDL or LDL did not significantly reduce cell 

spreading, and the presence of HDL did not influence the inhibition of cell spreading by 

15-F2t-IsoP. In addition, free or lipid-bound 15-F2t-IsoP increased CSF-1 induced 

migration of BAC1.2F5 macrophages, as did HDL and LDL. Underpinning the 

reduction in spreading and increase in motility was an alteration in adhesion structure 

number and size distribution in BAC1.2F5 cells as 15-F2t-IsoP blocked CSF-1-induced 

stimulation of point contacts and focal complexes. LDL, like 15-F2t-IsoP, reduced 

adhesion number and changed adhesion size distribution compared to control, while 

HDL, in contrast, gave a comparable result to control. The presence of HDL did not 

influence the outcome of 15-F2t-IsoP treatment. Similar effects of 15-F2t-IsoP were 

demonstrated on primary mouse BMM adhesions. Examination of CSF-1 stimulated 

motility pathways showed increased activation of the adhesion kinases, FAK and Pyk2, 

by 15-F2t-IsoP (Fig 9). 15-F2t-IsoP tended to decrease Akt phosphorylation, while HDL, 

in contrast, stimulated Akt phosphorylation, suggesting a different signalling pathway 

for HDL stimulation of macrophage migration. FAK and Pyk2 siRNA experiments 

indicated that Pyk2 may mediate the effects of 15-F2t-IsoP on macrophage motility. 

The effect of enhanced macrophage migration in the pathogenesis of atherosclerosis is 

unclear. It is well known that macrophages are recruited to and accumulate in 

atheromatous plaques (260). Increased macrophage emigration from the site of 

inflammation may blunt the progression of atherosclerosis  (397), although Gautier et 

al. (321) have reported that macrophage migration to lymph nodes is a quantitatively 

minor contribution to reducing macrophage burden in atherosclerosis. Conversely, if 

migration is stimulated towards the plaque, an increase in plaque macrophages may be 

detrimental to plaque stability (304). Consistent with these conflicting observations, 
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oxidized lipids may have both adverse and protective effects in different tissues and 

disease states (322). 

The experiments carried out show that 15-F2t-IsoP had a maximum effect on 

macrophage spreading and migration at a concentration of 10µM. Whilst it is difficult to 

relate this concentration to levels of F2-IsoP found in human plaques, reported as 0.1-

0.5 pmol/mg tissue (228, 229, 232), studies have shown that F2-IsoP levels differ in 

different regions of the plaque, with significantly higher concentrations in tissue around 

the necrotic core (228). Given macrophages contribute to the formation of the necrotic 

core in advanced atherosclerosis (260), our data suggest that 15-F2t-IsoP may contribute 

to progression of advanced plaques. 

A number of proteins involved in the CSF-1 signalling pathway were analysed to 

investigate potential mechanisms for the effects of 15-F2t-IsoP on macrophage 

spreading and motility. Stimulated CSF-1R triggers phosphatidylinositol 3-kinase 

(PI3K) association and activation (341, 398), resulting in generation of 

phosphatidylinositol (3,4,5)-triphosphate (PIP3) at the plasma membrane (399). PIP3 

recruits Akt (400) and facilitates its phosphorylation on residue Ser473 by mammalian 

target of rapamycin complex2 (mTORC2) component Rictor (401) (Fig 9). mTORC2 

also regulates the actin cytoskeleton and cell polarity (402). The present study showed 

that phosphorylation of Rictor was inhibited by 15-F2t-IsoP. PDK1 also interacts with 

PIP3 and phosphorylates Akt at residue T308 (400, 403). Combined pT308 and pS473 

Akt phosphorylation was also reduced after 15-F2t-IsoP treatment, suggesting that 15-

F2t-IsoP may inhibit macrophage spreading through its effects on mTORC2/Akt 

signalling.  

CSF-1R signalling also stimulates macrophage migration through activation of adhesion 

formation and actin cytoskeletal remodelling (271). FAK is an adhesion kinase that has 

been linked to macrophage migration (404, 405). A second member of the FAK family, 
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Pyk2, is highly expressed in macrophages and both FAK and Pyk2 phosphorylate 

paxillin on tyrosine residues to regulate macrophage adhesion and motility (405, 406). 

Paxillin is a multi-domain adhesion protein that serves as a molecular scaffold for 

protein recruitment to cell adhesions, which are specialized sites of cell attachment to 

the extracellular matrix (ECM) and which range in size from large focal adhesions in 

fibroblasts and epithelial cells through to smaller, shorter lived focal complexes and 

point contacts (407). Integrins are adhesion receptors that couple the ECM to the actin 

cytoskeleton at adhesions (408, 409). Integrin clustering results in the recruitment and 

activation of the adhesion kinases and other non-receptor tyrosine kinases such as Src as 

well as paxillin and other tyrosine phosphorylated substrates. In macrophages, Pyk2 and 

FAK are tyrosine phosphorylated and activated in response to CSF-1 (271, 405), 

leading to their incorporation into focal complexes and point contacts with subsequent 

phosphorylation of paxillin and increased spreading and adhesion (341, 389, 405). 

Macrophages then polarise and move in a directed manner towards CSF-1 and this is 

accompanied by redistribution of adhesions to the leading edge with an overall 

reduction in adhesion number and spreading (271). Consistent with this, 15-F2t-IsoP 

reduced spreading while increasing motility in BAC1.2F5 macrophages and BMM, 

implying an effect on the actin cytoskeleton.  

The mechanisms by which 15-F2t-IsoP affect spreading and motility in macrophages are 

not clear. F2-IsoP have been reported to bind to the Thromboxane Prostanoid (TP) 

receptor (410), a G-protein coupled receptor (GPCR), and influence TP receptor 

signalling pathways in macrophages. However, TP receptor-independent F2-IsoP 

signalling pathways have also been reported (246, 247, 378) and an IsoP receptor with 

close homology to the TP receptor has been described (378). In the present study, the 

TP receptor antagonist SQ29548 did not inhibit 15-F2t-IsoP-stimulated BAC1.2F5 

macrophage migration in the presence of CSF-1, supporting a TP receptor-independent 
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signalling pathway for 15-F2t-IsoP in macrophages. However, TP receptor signalling 

may also play a role as Ashton and Ware (411)  showed that the TP receptor agonist, 

IBOP, decreased phosphorylation of Akt and PDK1 and inhibited FAK and Src 

activation in vascular endothelial growth factor (VEGF)-treated endothelial cells to 

reduce their migration. They demonstrated that cross-talk between the VEGF receptor 

(VEGFR) and TP receptor systems targeted several pathway components without 

causing overall inhibition of VEGFR signalling (411). CSF-1R and VEGFR2 are both 

Receptor Tyrosine Kinases (412). Thus, it is possible that 15-F2t-IsoP binding to its 

receptor triggers signalling through the PI3K/mTOR/Akt pathway and there may be 

cross-talk between the CSF-1R and IsoP receptor signalling pathways. This cross-talk 

may influence selective pathway components (Akt and Rictor are suppressed) without 

broadly suppressing CSF-1R signalling, since FAK, Pyk2 and paxillin are 

phosphorylated as expected in response to CSF-1 (Fig 9).  

 

Figure 9 Proposed signalling pathway for the effects of F2-IsoP on macrophage 

spreading and migration 



100 

 

Rovida et al. (413) showed that inhibition of PI3K reduced Akt phosphorylation but 

stimulated phosphorylation of FAK in BAC1.2F5 cells treated with CSF-1. Consistent 

with this, Tzenaki et al. (414) reported that inhibition of p110γ PI3K led to increased 

phosphorylation of FAK and decreased phosphorylation of Akt. In our study, 15-F2t-

IsoP inhibition of p110γ PI3K, which associates with GPCRs but not with RTKs (415), 

could account for the increased FAK phosphorylation and the inhibition of Akt 

phosphorylation during stimulation of BAC1.2F5 cells with CSF-1. We also observed a 

reduction in Rictor phosphorylation, suggesting this may have a role in the inhibition of 

Akt phosphorylation. Importantly, as part of the mTORC2 complex, Rictor both 

phosphorylates and is phosphorylated by Akt (416). 

A protein tyrosine phosphatase (PTP), PTP-PEST, de-phosphorylates and inactivates 

FAK and Pyk2 (417, 418). When BAC1.2F5 cells were incubated with the PTP 

inhibitor orthovanadate, then stimulated with CSF-1, adhesion and spreading were 

markedly reduced while FAK phosphorylation was increased (413). Importantly, ROS 

can regulate cell adhesion by reversibly inhibiting PTPs (419). The present study 

showed that 15-F2t-IsoP increased ROS production in both BAC1.2F5 and THP-1 

macrophages, which would inhibit PTP-PEST, resulting in increased FAK 

phosphorylation and inhibition of cell spreading. It has been demonstrated that ROS are 

involved in cell migration (395), suggesting that 15-F2t-IsoP-stimulated ROS production 

may contribute to the observed increase in macrophage migration. 

These results showed that similar to 15-F2t-IsoP, lipid-bound 15-F2t-IsoP such as Chol-

IsoP and MG-IsoP significantly stimulated BAC1.2F5 macrophage migration, 

suggesting that binding to lipid did not diminish 15-F2t-IsoP activity. F2-IsoP may be 

cleaved from lipid during intracellular processing of lipoproteins (305). 
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Conclusion: The present study has shown that 15-F2t-IsoP inhibited CSF-1 induced 

spreading and increased migration of macrophages. The data provides evidence of 

crosstalk between the signalling pathways of CSF-1 and 15-F2t-IsoP in mouse 

macrophages. We showed that CSF-1 activation of its receptor stimulated 

phosphorylation of pathway components, Tyr721 CSF-1R, PDK1, Rictor and Akt. 

Addition of 15-F2t-IsoP resulted in signalling modifications, with Akt and Rictor 

phosphorylation reduced and FAK, Pyk2 and paxillin phosphorylation augmented. 

These signalling changes translated into increased macrophage motility (Fig 9). The 

consequence of increased macrophage migration in atherosclerosis is influenced by 

many factors, including the source of chemotactic agents and cross-talk with signalling 

molecules within the plaque microenvironment, highlighting the complicated nature of 

atherosclerosis. 
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CHAPTER 4: F2-ISOPROSTANES IN HDL ARE BOUND TO NEUTRAL          

LIPIDS AND PHOSPHOLIPIDS 

 

FOREWORD 

Low blood level of HDL cholesterol (HDL-C) is a risk factor for coronary artery disease 

(CAD). However, interventions that raise HDL-C have failed to reduce cardiovascular 

events. It was previously reported that HDL is the main carrier of plasma F2-

isoprostanes (F2-IsoP) that are markers of oxidative stress formed upon oxidation of 

arachidonic acid. F2-IsoP are predominantly associated with phospholipids. However, 

there is evidence that F2-IsoP in the liver of rats treated with carbon tetrachloride 

associate with the neutral lipids. To date it is not known whether F2-IsoP are found in 

the neutral lipids in HDL in humans. Possible candidate neutral lipids include 

cholesteryl esters, triglycerides, diglycerides, and monoglycerides.  

The following study was undertaken to identify the lipid classes within native and 

oxidized HDL that contain F2-IsoP. The presence of the synthesized standards 15(R)-

15-F2t-isoP cholesterol (Chol-IsoP) and 1-ent-15(RS)-15-F2t-isoprostanoyl-sn-glycerol 

(MG-IsoP) in the neutral lipids of HDL was investigated using targeted LC/MS. 

4.1 INTRODUCTION 

Many human population studies have demonstrated that higher HDL cholesterol levels 

are associated with decreased risk of CAD (20, 21) and that low levels are correlated 

with increased CAD risk (420).  However, randomised clinical trials designed to raise 

HDL cholesterol, have failed to reduce the incidence of CAD (72, 75, 76).  This has 

prompted a shift in focus to examine whether an increase in functional HDL particles 

that may be distinct from HDL cholesterol levels (90), is responsible for the apparent 

protective effect of HDL on CAD risk. 
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HDL has many antiatherogenic functions, including the ability to promote cholesterol 

efflux from cells (421), protecting LDL from oxidation (422) and exhibiting anti-

inflammatory properties (28). These attributes are related to HDL composition and 

structural characteristics as described recently (82, 83). Cholesterol efflux capacity, and 

antioxidative, antithrombotic, anti-inflammatory and antiapoptotic activities, are 

predominantly associated with small, dense, protein-rich HDL3 (82, 83). 

An earlier study reported that HDL is the main carrier of the oxidized lipid species, F2-

IsoP, in plasma (about 60% of total plasma F2-IsoP) and that HDL3 particles contain 

significantly elevated concentrations of F2-IsoP compared with HDL2 particles (92).  

Thus the presence of F2-IsoP in HDL has the potential to influence many of the 

functions of HDL. However the location of these oxidized lipid species within HDL 

particles is unknown, as is their possible effect on the antiatherogenic properties of 

HDL. 

F2-IsoP result from free radical oxidation of arachidonic acid (205) so any lipids within 

lipoproteins containing arachidonic acid are a potential source of F2-IsoP following 

oxidation. In liver extracts from rats treated with carbon tetrachloride, F2-IsoP were 

predominantly associated with phospholipids (207). F2-IsoP detected in less polar 

fractions were not further analysed and were thought to contain F2-IsoP esterified to 

other phospholipids and/or neutral lipids (207). To date these neutral lipids have not 

been characterized. F2-IsoP-containing PLs in human HDL have been described (207, 

235, 236). However, no one has measured F2-IsoP in neutral lipids in HDL in humans. 

Possible candidate neutral lipids include cholesteryl esters (CE), triglycerides (TG), 

diglycerides (DG) and monoglycerides (MG). 
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Hypothesis: The F2-IsoP in HDL are found in the neutral and phospholipid fractions. 

Aims:  1. Determine the lipid fractions in lipoprotein particles in which the F2-IsoP 

reside. 

2. Identify the specific lipid molecules containing F2-IsoP. 

Objectives:  

1. F2-IsoP in the lipids of HDL and LDL in humans were examined by 

extracting lipids from lipoproteins, separating them into lipid classes and 

assaying each fraction for the presence of F2-IsoP.  

2. Cholesterol-F2-isoprostane (Chol-IsoP) (Fig 1) and monoglyceride-F2-

isoprostane (MG-IsoP) (Fig 1) were synthesized (see Methods) as potential F2-

IsoP-containing molecules within HDL and LDL. Chol-IsoP was an example of 

F2-IsoP within a cholesteryl ester while MG-IsoP represented F2-IsoP as part of 

a monoglyceride. 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine 

(PAPC) was oxidized according to the Methods, resulting in oxidized PAPC 

(oxPAPC), and represented F2-IsoP bound to phospholipid (Fig 1).  

3. It was determined if the distribution of F2-IsoP was altered by oxidation of 

HDL and LDL. 

4. HPLC and LC/MS were used to investigate the presence of Chol-IsoP and 

MG-IsoP in HDL neutral lipids. 
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Figure 1 Structures of lipid standards. 

4.2 RESULTS 

4.2.1. Distribution of F2-isoprostanes in plasma HDL and LDL lipid classes 

The methods investigated to identify Chol-IsoP in HDL lipid extracts used separation of 

HDL and LDL lipid extracts on Bond Elut-NH2 SPE columns. The method of Kaluzny 

et al. (388) reported the separation of neutral and polar lipid classes using aminopropyl 

bonded phase (Bond Elut) columns, a more rapid and simpler method than preparative 

TLC or HPLC. Agren et al. (387) reported a modification of the Kaluzny et al. (388) 

method using a single Bond Elut column to separate cholesteryl esters (CE), 

triglycerides (TG), free fatty acids (FA) and phospholipids (PL). Fig 2 shows a 

comparison between the methods of Agren et al. (387) and Kaluzny et al. (388) when 

the lipid standards F2-IsoP, Chol-IsoP and MG-IsoP (Fig 2A) and HDL lipid extracts 

(Fig 2B) were employed to characterize the SPE columns. It can be seen that there was 

a close correlation between the elution patterns of lipid class using the two separation 

methods. The Agren method was utilized for subsequent investigations because it was a 

simpler technique. 
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Figure 2A Comparison of the Agren et al. (387) and Kaluzny et al. (388) methods for 

the separation of F2-IsoP-containing lipid standards. Each lipid standard was 

individually fractionated on an SPE column and F2-IsoP measured in each fraction. 

 

 

Figure 2B Comparison of the Agren et al. (387) and Kaluzny et al. (388) methods for 

the separation of F2-IsoP-containing HDL lipids. F2-IsoP were measured after lipids 

were extracted and separated using SPE columns, as described in the methods. Results 

are shown as mean ±SE, n=2. 

 

 

Figure 2A shows that the Chol-IsoP and MG-IsoP standards both eluted in the MG/DG 

fraction, while 15-F2t-IsoP standard appeared predominantly in the PL fraction. HDL 
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lipids containing F2-IsoP were found principally in the neutral lipid MG/DG fraction 

and the PL fraction (Fig 2B). 

Partitioning of lipid classes on these columns was confirmed using lipid standards: 

cholesteryl linoleate (CE), 1-palmitoyl-2-oleoyl-3-linoleoyl-rac-glycerol (TG), 2-

arachidonoyl glycerol (MG), 1-stearoyl-2-arachidonoyl-sn-glycerol (DG) and PAPC 

(PL) (Fig 3). The elution of free cholesterol in the TG and MG/DG fractions was 

ignored, as our interest was focused on lipids containing F2-IsoP. 

 

Figure 3 Characterization of SPE columns with lipid standards measured using 

colorimetric assays.  Each lipid standard was individually fractionated on an SPE 

column and each fraction quantitated using the Chol assay (CE and free cholesterol), 

TG reagent (TG, MG and DG) or phospholipid reagent (PL) as described in the methods 

(n=2-4). 

 

 

HDL and LDL lipid extracts were eluted on SPE columns and each fraction assayed for 

the presence of cholesterol, glyceride or phospholipid (Fig 4). 
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Figure 4 Fractionation of HDL and LDL lipid extracts on SPE columns. All fractions 

were quantitated colorimetrically with the Chol assay (detecting CE and free 

cholesterol), the TG reagent (detecting TG, MG and DG) and the phospholipid reagent 

(detecting PL) as described in the methods (n=4). 

 

 

The appearance of cholesterol in the TG and MG/DG fractions (Fig 4) was due to the 

presence of free cholesterol (as seen in Fig 3) within HDL and LDL particles, with a 

greater concentration in LDL (Fig 4). LDL lipid extracts also possessed higher 

concentrations of TG (Fig 4). Partitioning of HDL F2-IsoP predominantly into the 

MG/DG and PL fractions was confirmed (Fig 5), as was the elution of the 15-F2t-IsoP 

standard in the PL fraction (Fig 5). 
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Figure 5 Partitioning of HDL F2-IsoP-containing lipids and elution of 15-F2t-IsoP 

standard on SPE columns. F2-IsoP were measured in each fraction after HDL lipids 

were extracted and separated using SPE columns, and after elution of 15-F2t-IsoP 

standard on SPE columns, as described in the methods. Results are shown as mean ±SE, 

n=4 for HDL lipids and n=3 for 15-F2t-IsoP standard. 

 

 

HDL2 and HDL3 lipids were extracted and separated into fractions corresponding to 

CEs, TGs, MGs/DGs, FAs and PLs (387), and F2-IsoP were measured following 

hydrolysis of each fraction. LDL was extracted and separated in a similar manner for 

comparison.  
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Figure 6A Distribution of F2-IsoP in the lipid classes of native LDL, HDL2 and HDL3 

diluted to 0.35mM cholesterol, prior to oxidation with AAPH. F2-IsoP were measured 

after lipids were extracted and separated using SPE columns, as described in the 

methods. Oxidized PAPC (oxPAPC) was prepared and purified using HPLC according 

to the methods. MG-IsoP, Chol-IsoP, oxPAPC and 15-F2t-IsoP standard were eluted 

separately on Bond Elut NH2 SPE columns and F2-IsoPs were measured in each 

fraction.  Their elution peaks are indicated. Results are shown as mean ±SE, n=3-4. 

 

Figure 6A shows the distribution of F2-IsoP within HDL2, HDL3 and LDL.  

Oxidation of LDL, HDL2 and HDL3 with AAPH induced a gradual increase in F2-IsoP 

up to 60 min and then greater concentrations were formed after oxidation for 150 min 

(Fig 6B, 6C).  
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Figure 6B Time course of production of F2-IsoP in the MG/DG and PL fractions of 

LDL, HDL2 and HDL3 during oxidation with AAPH. Lipoproteins were diluted to 

0.35mM cholesterol in PBS and incubated with 5mM AAPH at 37 oC. Aliquots were 

collected at different time intervals and F2-IsoP were measured after lipids were 

extracted and separated using SPE columns, as described in the methods. Results are 

shown as mean ±SE, n=3-4. 

 

 

Figure 6C Distribution of F2-IsoP in the lipid classes of LDL, HDL2 and HDL3 diluted 

to 0.35mM cholesterol and oxidized with 5mM AAPH at 37 oC for 150 min. F2-IsoP 

were measured after lipids were extracted and separated using SPE columns, as 

described in the methods. Results are shown as mean ±SE, n=3-4. 
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HDL2 and HDL3 had higher levels of F2-IsoP than LDL before and after oxidation with 

AAPH (Fig 6A, 6B and 6C). Prior to oxidation with AAPH approximately 30% of HDL 

F2-IsoP were in the neutral lipids and about 60% in the PL fraction (Fig 6A) and this 

proportion was maintained after oxidation (Fig 6B and 6C), suggesting both lipid 

fractions had similar susceptibility to AAPH oxidation.  

The appearance of F2-IsoP in the neutral lipid fraction suggested that they may be in the 

form of Chol-IsoP or MG-IsoP. This was supported by the observation that synthesized 

standards of Chol-IsoP or MG-IsoP also eluted in this fraction (Fig 2A) whereas free 

15-F2t-IsoP standard eluted in the PL fraction (Fig 2A and Fig 5). 

 

4.2.2 LC/MS to determine presence of Chol-IsoP and MG-IsoP in HPLC-purified 

HDL neutral lipids 

HPLC was employed to separate the neutral lipids in the HDL MG/DG fraction from 

the Bond Elut-NH2 SPE, and provide purer fractions for LC/MS analysis. F2-IsoP were 

measured in each HPLC fraction after concentration and hydrolysis. For comparison, 

LDL MG/DG and total plasma MG/DG eluates were also fractionated using HPLC (Fig 

7).  

Figure 7 shows that MG-IsoP and Chol-IsoP eluted in different fractions after HPLC, in 

contrast to the Bond Elut-NH2 SPE column where they co-eluted. F2-IsoP in the HDL 

MG/DG fraction from Bond Elut-NH2 SPE eluted predominantly in HPLC fractions 4 

and 11 that corresponded to the retention times for the MG-IsoP and Chol-IsoP 

standards, respectively (Fig 7). LDL MG/DG F2-IsoP were found mainly in HPLC 

fraction 4, while F2-IsoP in plasma MG/DG eluted in both HPLC fractions 4 and 11, 

similar to HDL (Fig 7). 
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Figure 7 Plasma LDL, plasma HDL and total plasma lipids were extracted and 

separated using the SPE columns, as described in the methods. The MG/DG fraction of 

each was purified using HPLC and F2-IsoP were measured in each fraction. MG-IsoP 

and Chol-IsoP were separately fractionated using HPLC and their F2-IsoP elution peaks 

are indicated. 

 

HPLC fractions 4 and 11 from HDL MG/DG (Fig 7) were analysed using ESI+, CID 

with multiple reaction monitoring (MRM) employing a triple quadrupole LC/MS, along 

with the Chol-IsoP and MG-IsoP standards.  

The structure of Chol-IsoP in Figure 1 indicates that fragmentation of the molecule can 

occur via cleavage of the cholesterol (Chol) moiety or the isoprostane (IsoP) 

component. Mass transitions for the Chol moiety of the Chol-IsoP synthetic standard are 

shown in Figure 8A and for the IsoP component in Figure 8B. 
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Figure 8A Analysis of fraction 11 from HPLC purified HDL MG/DG and the Chol 

moiety of the Chol-IsoP standard using LC/MS. Analysis of fractions from HPLC 

purified HDL MG/DG using ESI+, CID with MRM employing a triple quadrupole 

LC/MS. Fragmentation of the Chol moiety of the Chol-IsoP standard examined 

M+NH4
+ transitions of the standard and the same mass transitions in HPLC fraction 11 

from HDL MG/DG. Composites of the standard and HPLC fraction 11 chromatograms 

are shown. 
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Figure 8B Analysis of fraction 11 from HPLC purified HDL MG/DG and the IsoP 

moiety of the Chol-IsoP standard using LC/MS. Fragmentation of the IsoP component 

of the Chol-IsoP standard examined M+Li+ transitions of the standard and the same 

mass transitions in HPLC fraction 11 from HDL MG/DG. Composites of the standard 

and HPLC fraction 11 chromatograms are shown. 

 

Figure 8A shows the fragmentation of the Chol component of HPLC fraction 11 with 

two M+NH4
+ transitions. The composite of the fragmentation of the Chol-IsoP standard 
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and HPLC fraction 11 shows a small but inconclusive overlap (Figure 8A). However, 

the close elution of another isobaric peak indicates strongly that this may be an isomer 

of the CE species. 

Fragmentation of the IsoP component of HPLC fraction 11 with two M+Li+ transitions, 

and overlay of this chromatogram with that for the Chol-IsoP standard is shown in 

Figure 8B. Again the data are inconclusive, however, there is an isobaric peak with a 

retention time close to the standard, suggesting a CE isomer. 

Figure 8C shows fragmentation of the MG-IsoP standard compared to that of HPLC 

fraction 4 with two M+Li+ transitions.  The resulting chromatograms and composite 

provide inconclusive evidence for the presence of MG-IsoP in HDL neutral lipids, 

although the broad peaks for HPLC fraction 4 transitions suggest multiple isobaric 

species. 
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Figure 8C Analysis of fraction 4 from HPLC purified HDL MG/DG and the IsoP 

moiety of the MG-IsoP standard using LC/MS. Fragmentation of the IsoP moiety of the 

MG-IsoP standard examined M+Li+ transitions of the standard and the same mass 

transitions in HPLC fraction 4 from HDL MG/DG. Composites of the standard and 

HPLC fraction 4 chromatograms are shown. 
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4.3 DISCUSSION 

This is the first study describing the presence of F2-IsoP in the neutral lipid fraction in 

human HDL and LDL. This work shows that approximately 30% of the total F2-IsoP in 

HDL are in neutral lipids. F2-IsoP were identified in fractions that corresponded with 

the elution profile of Chol-IsoP and MG-IsoP standards, however, using mass 

spectrometry and specific synthesized standards, conclusive evidence for the presence 

of these lipids in HDL could not be found. Spectra from the Chol-IsoP fragmentations 

showed there was a peak that eluted closely to the retention time of our synthesized 

Chol-IsoP standard in both the cholesterol moiety transitions and the isoprostane moiety 

transitions, suggesting the presence of an IsoP isomer of the CE species. These studies 

were conducted using samples collected under reducing conditions with care taken to 

prevent possible ex-vivo oxidation during isolation of lipoproteins and their lipid class 

fractions. In vitro oxidation of HDL and LDL showed the profile of F2-IsoP was similar 

to that of native lipoproteins, indicating that the lipid fractions were equally susceptible 

to oxidation. This is the first study in humans identifying F2-IsoP in neutral lipids and 

supports a report by Morrow et al. (207) that showed F2-IsoP were primarily bound to 

PLs and neutral lipids in liver extracts from carbon tetrachloride treated rats. 

The major lipid components of HDL have recently been reviewed (91). Most plasma 

HDL particles are spherical with a neutral lipid core containing CE and TG surrounded 

by protein, PL, sphingolipids and cholesterol on the surface. A recent study (423) 

reported that Type 2 diabetics had smaller HDL particles, forcing CE and TG from the 

HDL core to the surface, termed “herniated” HDL. This extrusion of core lipids 

increased hydrophobicity of the HDL surface and may increase susceptibility of neutral 

lipids to oxidation.  

The neutral lipids comprise about 50 mol% of total lipids in HDL of which CE account 

for around 36 mol% (91).  The CE cholesteryl arachidonate represented 7.3% of total 
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cholesteryl ester species in HDL2 and HDL3 (424). Other studies reported 7 mol% 

(109) and 9.4 mol% (425) cholesteryl arachidonate in HDL.  Arachidonate-containing 

DG comprised 3.8% of native HDL DGs (424), however, DG accounted for only about 

0.23 mol% of HDL total lipids (91). These arachidonate-containing lipids are possible 

sources of the F2-IsoP measured in HDL neutral lipids, particularly the relatively 

abundant cholesteryl arachidonate being oxidized to Chol-IsoP. 

Two candidate oxidized neutral lipids, cholesterol-15-F2t-isoprostane (Chol-IsoP) and 

monoglyceride-15-F2t-isoprostane (MG-IsoP), were synthesised and used as standards 

to determine their presence in lipid fractions isolated from native HDL. During SPE 

chromatography and Bond Elut NH2 column elution, the Chol-IsoP standard did not 

elute in the CE fraction but was present in the MG/DG fraction where the MG-IsoP 

standard eluted. This is most likely due to increased polarity of Chol-IsoP compared 

with cholesteryl arachidonate, similar to the reported increased polarity of F2-IsoP-

containing phosphatidylcholine compared to non-oxidized phosphatidylcholine (207). It 

is possible that F2-IsoP-containing lipids in the MG/DG fraction could derive from 

oxidized arachidonate-containing CE, TG, MG and/or DG.   

When the HDL MG/DG fraction from the Bond Elut NH2 column was purified using 

HPLC, two F2-IsoP-containing peaks were identified, that corresponded to the elution 

times of the MG-IsoP and Chol-IsoP standards. However, conclusive evidence was not 

obtained for the presence of either MG-IsoP in the first peak (fraction 4, Figure 7) or 

Chol-IsoP in the second peak (fraction 11, Figure 7). Elution of peaks close to the 

retention time of the standards suggested that the species in HDL neutral lipids may 

have been isomers of the synthesized standards. The sensitivity of current LC/MS 

technology for measuring oxidized neutral lipids may be a limiting factor and 

exacerbated by the low levels present compared with other lipids. There is potential for 

multiple F2-IsoP-containing neutral lipids in HDL and also the possibility that other 
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residues in the lipids are oxidized, along with the arachidonic acid, for example 

oxidized cholesterol in CE. This expands the number of potential oxidized neutral lipids 

in lipoproteins. There are many IsoP isomers and some of these co-elute during 

measurement with GC-MS (382). The Chol-IsoP and MG-IsoP standards were prepared 

using the 15-F2t-IsoP isomer.   

It was previously reported that blood collection into EDTA alone resulted in significant 

increases in F2-IsoP compared to collection into EDTA/BHT/reduced glutathione (426). 

In the present study, plasma was collected into EDTA/BHT/reduced glutathione to 

minimize artefactual production of F2-IsoP and BHT was included in column elution 

solutions for the same reason. 

A recent investigation demonstrated that surface lipids, such as oxidized 

phosphatidylcholines and oxidized cholesterol, were readily transferred from oxidized 

LDL to HDL, while internal oxidized CEs were less readily transferred (427). An earlier 

report found that HDL can accept oxidized CEs from oxidized LDL, but only in the 

presence of cholesteryl ester transfer protein (CETP) (46). CETP did not distinguish 

between oxidized or unoxidized CEs as it facilitated their transfer between HDL and 

LDL (46). Transfer of PL hydroperoxides (PLOOH) from oxidized LDL to HDL3 was 

shown to be dependent on the rigidity of HDL surface lipids, and was followed by 

inactivation of PLOOH by apoAI (428). Transfer of oxidized lipids between 

lipoproteins is a possible source of F2-IsoP in HDL. Du et al. (83) showed that small, 

dense HDL3 subfractions were the most efficient mediators of cholesterol efflux. 

Results from the current study indicated that HDL3 particles contained the greatest 

concentration of F2-IsoP in neutral lipids and PLs, compared to HDL2 particles.  

Whether this reflects their greater involvement in efflux of not only cholesterol, but also 

PLs and other lipids, oxidized or un-oxidized, is unknown. The magnitude of F2-IsoP 
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may reflect a balance between lipid transfer between lipoproteins, lipid efflux from cells 

and in situ HDL oxidative damage. 

Conclusion: This is the first report describing F2-IsoP in human lipoprotein neutral 

lipids. Measurement of these markers in core and surface lipids may provide valuable 

information on the degree of oxidative damage in different lipid classes and contribute 

to our understanding of the role of oxidative stress in CAD. Future studies will also 

need to determine whether the presence of F2-IsoP in neutral lipids alters HDL function. 

 

Figure 9 A diagrammatic representation of a HDL particle depicting F2-IsoP as part of 

phospholipids and neutral lipids. A spherical HDL particle depicting F2-IsoP as part of 

polar phospholipids on the outer surface, and also as a component of neutral lipids, such 

as CE, TG, MG and DG in the non-polar core of the particle. 
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CHAPTER 5: ARE HDL F2-ISOPROSTANES ALTERED DURING BLOOD 

CLOTTING? 

 

FOREWORD 

During the process of blood coagulation, enzymes are activated in a cascade, resulting 

in formation of a fibrin clot. The clot or thrombus consists mainly of aggregated 

platelets and red blood cells that form a plug, and a mesh of cross-linked fibrin protein. 

Serum is the cell-free component derived from blood after clotting and is devoid of 

clotting factors and fibrinogen. Plasma is cell-free blood after treatment with anti-

coagulants to prevent clotting, and contains clotting factors and fibrinogen. 

The following study examined whether F2-IsoP levels in HDL are significantly different 

if they are measured in serum from clotted blood compared to plasma from the same 

subject. 

5.1 INTRODUCTION 

The blood clotting cascade consists of activation of enzymes and protein cofactors via 

limited proteolysis (429). The resulting enzymes are catalytically active serine 

proteases. The enzyme that triggers the pathway of blood clotting consists of two 

subunits, the catalytic subunit factor VIIa (FVIIa), and the cofactor, tissue factor (TF). 

The complex between TF and FVIIa (TF:VIIa) is a potent activator of coagulation. The 

TF:VIIa complex activates two downstream substrates in the coagulation cascade, factor 

IXa (FIXa) and FXa. Enzyme FIXa must assemble with cofactor FVIIIa and enzyme 

FXa with cofactor FVa in order to propagate the clotting pathway. This ultimately leads 

to a large burst of thrombin, the final serine protease in the clotting cascade. Thrombin 

converts fibrinogen into fibrin, which in turn assembles into a fibrin clot (429) (Figure 

1). Thrombin is also a potent activator of platelets, further contributing to the formation 
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of a haemostatic plug (in normal haemostasis) or a thrombus (in pathologic activation of 

clotting). 

Serum is prepared from whole blood following the clotting process, while plasma is 

obtained from whole blood in the presence of an anticoagulant, so that coagulation 

factors are not activated and thus no blood clot is formed. Previous studies have found 

differences in the metabolite profiles of plasma and serum (430-433). 

 

Figure 1: Schematic representation of the coagulation cascade and the fibrinolytic 

system. The coagulation cascade (blue arrows) can be activated during haemostasis via 

the intrinsic pathway (contact system; red arrows) or the extrinsic pathway (gray 

arrows) that converge on the common pathway of coagulation. Both pathways lead to 

the activation of factor X and thrombin, which is required for the conversion of 

fibrinogen into fibrin and for activation of factor XIII. The fibrin clot is cross-linked and 

stabilized by factor XIII. Fibrinolysis (green arrows) is activated at the same time as the 

coagulation system but operates more slowly and is important for the regulation of 

haemostasis. During fibrinolysis, plasminogen is converted into plasmin that degrades 

the fibrin network. Coagulation factors are indicated with “F” followed by a roman 

numeral, an additional “a” denotes the activated form; HK, high molecular weight 

kininogen; uPA, urokinase plasminogen activator; tPA, tissue plasminogen activator.  

From: Loof TG, Deicke C, Medina E. Front Cell Infect Microbiol. 2014; 4: 128 (434). 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Loof%20TG%5BAuthor%5D&cauthor=true&cauthor_uid=25309880
https://www.ncbi.nlm.nih.gov/pubmed/?term=Deicke%20C%5BAuthor%5D&cauthor=true&cauthor_uid=25309880
https://www.ncbi.nlm.nih.gov/pubmed/?term=Medina%20E%5BAuthor%5D&cauthor=true&cauthor_uid=25309880
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4161043/
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An investigation of lipid metabolites (431) found that the concentration of thromboxane 

B2 (TXB2), 12-hydroxy-eicosatetraenoic acid (12-HETE), and 12-hydroxy-

eicosapentaenoic acid (12-HEPE) tended to be higher in serum than in plasma, 

suggesting that their release was stimulated by the clotting process. A subsequent study 

(435) reported that levels of lysophosphatidylcholine, diacylglycerol (DAG), 

arachidonic acid (AA), 12-hydroxyheptadecatrienoic acid (12-HHT), 12-

hydroxyeicosatetraenoic acid (12-HETE), 5,6-dihydroxyeicosatrienoic acid (5,6-

diHETrE), eicosapentaenoic acid, and 4-hydroxyldocosahexaenoic acid (4-HDoHE) 

were significantly higher in serum than in plasma, whereas four metabolites (8-HETE, 

15-HETE, 10-HDoHE, and 20-HDoHE) were present at significantly lower levels in 

serum than in plasma.  

Mas et al. (436) reported that the concentrations of 18-HEPE and 17-HDoHE, two lipid 

mediators derived from eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), 

in plasma were approximately two-fold greater than those in serum following 3 weeks 

of oral supplementation with n-3 fatty acids, perhaps suggesting enhanced release 

during the clotting process.  

Morrow et al. (206) who were the first to identify and report F2-IsoP as markers of lipid 

oxidation, showed that ex-vivo formation of F2-IsoP in plasma during storage, could be 

prevented by adding BHT, a lipophilic antioxidant, prior to storage. Further to this 

study, it was shown that blood collection into the anti-coagulant, EDTA, resulted in 

significant increases in F2-IsoP, compared to collection into EDTA with the 

antioxidants BHT and reduced glutathione (426).  

Plasma is the most common blood component reported in the literature for the 

measurement of F2-IsoP. However, there are many reports where F2-IsoP are measured 

in serum (for example (437-446)). Given F2-IsoP are widely accepted as a marker of 
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lipid peroxidation and oxidative stress, and as a follow-up to our report that F2-IsoP are 

primarily found in HDL (92), it would seem imperative to ascertain whether the 

concentration of F2-IsoP in HDL differs according to the method of blood collection and 

preparation. 

Hypothesis: F2-IsoP levels are affected by the method of blood collection and 

preparation. 

Aims:  1. Investigate if F2-IsoP levels in HDL are different in clotted blood (serum) 

compared to plasma from blood collection into EDTA/BHT/reduced glutathione.  

2. Determine if the distribution of F2-IsoP within lipoproteins is altered by the 

clotting process.  

 

5.2 RESULTS 

 

Fasting blood was collected from healthy, non-smoking men (n=2) and women (n=4), 

age range 34-59 years, with written informed consent and ethics approval from the 

Human Ethics Committee of the University of Western Australia (RA/4/1/4012). 

Plasma was prepared as previously described, from blood collected into EDTA (final 

concentration 1 mg/mL), reduced glutathione (final concentration 1 mg/mL) and BHT 

(final concentration of 40 µg/mL) and centrifuged immediately at 1,000 g for 10 min at 

4°C and stored at -80 oC (92). Serum samples were collected from blood clotted at 37°C 

for 30 min, centrifuged at 1,000 g for 10 min at 4°C and stored at -80 oC. 

Lipoproteins VLDL, LDL and HDL and lipoprotein-deficient serum (LPDS) were 

isolated from plasma or serum samples after ultracentrifugation and aspiration of 

fractions. F2-IsoP were measured in each fraction by GC-MS as described in the 

Methods. Total F2-IsoP were significantly lower in serum (0.396±0.052 pmol/mL) 

compared to plasma (0.470±0.070 pmol/mL, n=6, p<0.02).  Furthermore, the 
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concentration of F2-IsoP in HDL isolated from serum was lower compared to HDL 

isolated from plasma (p<0.005) but there were no significant differences in F2-IsoP in 

the other lipoproteins isolated from serum compared to plasma (Figure 2A). 

 

Figure 2  Plasma and sera from healthy subjects (n=6) were subjected to 

ultracentrifugation to isolate VLDL, LDL, HDL and lipoprotein-deficient serum 

(LPDS).  Figure 2A F2-IsoP were measured in each fraction, as described in the 

methods. Results are shown as mean ± SE and differences between plasma and serum 

lipids were analysed using a paired t-test.  **p<0.01, NS not significant  

 

 

There were no significant differences in serum versus plasma LDL or serum versus 

plasma HDL cholesterol, phospholipid or protein concentrations (Figure 2B).  
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Figure 2B Chol, PL and protein were measured in plasma LDL and HDL and serum 

LDL and HDL, as described in the methods. Results are shown as mean ± SE, n=6. 

 

Lipid classes from plasma and serum derived HDL (Figure 2A) were isolated using 

solid phase columns as described in the Methods. Both MG/DG and PL fractions from 

serum HDL contained significantly lower levels of F2-IsoP compared to the 

corresponding plasma HDL lipid fractions (Figure 2C). 
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Figure 2C Plasma and serum HDL lipids were extracted and separated into lipid classes 

by solid phase extraction (SPE) and F2-IsoP were measured in the MG/DG and PL 

fractions. Results are shown as mean ± SE (n=6) and differences were analysed using a 

paired t-test, *p<0.05. 
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5.3 DISCUSSION 

 

A number of proteins bound to fibrin clots have been identified (447, 448) and some of 

these proteins are known to associate with HDL (13, 447), suggesting that HDL has 

affinity for fibrin. Fibrin clot-bound plasma proteins associated with HDL include 

haptoglobin, serum amyloid P and the apolipoproteins A-I, A-IV, J and E (448).  

Platelets are main constituents of thrombi, however the concentration of CE and TG in 

thrombi suggested the presence of lipoproteins (449), since these neutral lipids are 

minor components of platelets (450). Together, these studies suggest that HDL proteins 

and lipids may be involved in the blood clotting process.  Phospholipids may play an 

important part in coagulation due to their amphiphilic properties which may support 

interactions between nonpolar lipids and polar coagulation proteins (451). The role of 

the binding of HDL to a fibrin clot is not known.  However, the results from the current 

study suggest that during the clotting process, some of the lipids in HDL may bind to 

the clot, including lipids containing F2-IsoP, resulting in serum HDL with reduced F2-

IsoP.  

During inflammation, serum amyloid A (SAA) levels increase and are mainly 

associated with HDL. It has been reported that SAA binding to HDL releases apoA-I 

from HDL (452). ApoA-I is bound to fibrin clots (see above). It is possible that during 

the clotting process, protein(s) bind to HDL and displace lipids, including those 

containing F2-IsoP, resulting in lower serum HDL F2-IsoP levels. 

Another possibility that may explain the lower concentrations of F2-IsoP in serum is that 

phospholipase A2 is activated during clotting, resulting in release of F2-IsoP, which may 

bind to the clot resulting in lower isoprostane concentrations in serum and serum HDL. 

In the acute-phase response, normal HDL is converted into pro-inflammatory acute-

phase HDL. Pruzanski et al. (237) showed that acute-phase HDL was hydrolysed faster 
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and more extensively by secretory group IIA phospholipase A2 (sPLA2) than normal 

HDL and had 10-20 times less isoprostanes than normal HDL.  

Recent reports have shown that sPLA2 hydrolysis of HDL phospholipids produced 

modified HDL particles (sPLA2-HDL) that inhibited platelet aggregation, P-selectin 

(adhesion molecule) expression, GPIIb/IIIa (integrin complex receptor) activation and 

superoxide production, whereas native HDL had little effect on these parameters (102). 

This suppression of platelet aggregation by sPLA2-hydrolysed HDL would appear to be 

an anti-thrombotic effect, in contrast to the pro-inflammatory properties of acute-phase 

HDL. 

HDL removal of cholesterol from cells is considered to be a major atheroprotective 

function of HDL.  Measurement of cholesterol efflux capacity of apoB-depleted serum 

has been investigated in a number of studies (for example, (23, 26, 453, 454)).  The 

current study showed that HDL isolated from serum has significantly lower F2-IsoP 

than HDL isolated from plasma, suggesting that serum HDL lipid composition differs to 

that in plasma.  This should be taken into consideration when using serum to assess 

cholesterol efflux potential and other functional properties of HDL.  Because blood was 

collected into EDTA/BHT/reduced glutathione, artefactual production of F2-IsoP in 

plasma would have been minimised. The lower serum HDL F2-IsoP concentrations 

were therefore most likely due to the clotting process, as previous studies have shown 

involvement of HDL proteins and lipids in coagulation.  

 

Conclusion: This study showed that F2-IsoP in HDL lipids extracted from serum were 

significantly lower than those from plasma, suggesting that some F2-IsoP may be bound 

to blood clots or degraded during clot formation. 
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CHAPTER 6: SUMMARY, FUTURE DIRECTIONS and LIMITATIONS 

 

 

6.1 Summary: Many studies have reported the biological activities of F2-isoprostanes, 

however very few have investigated the effect of F2-isoprostanes on macrophages and 

none have examined whether F2-isoprostanes influence macrophage migration. F2-

isoprostanes and macrophages are both found in atherosclerotic plaques and 

macrophage migration is a key element in the development of atherosclerosis. 

This study showed that the F2-isoprostane, 15-F2t-isoprostane, enhanced CSF-1-

stimulated migration in both a mouse macrophage cell line (BAC1.2F5) and primary 

mouse bone marrow-derived macrophages. 15-F2t-isoprostane-treated cells 

demonstrated a reduction in adhesion-associated phospho-paxillin particles and a 

change in the size distribution of these particles, compared to control cells.  

Investigation of migration signalling molecules in macrophages demonstrated that 15-

F2t-isoprostane inhibited Akt and Rictor phosphorylation, while stimulating 

phosphorylation of the adhesion molecules FAK and Pyk2. HDL also stimulated 

macrophage migration, however this was via a different signalling pathway, since Akt 

phosphorylation was stimulated and there was no change in adhesion molecule 

phosphorylation. 

Transfection of macrophages with small interfering RNA confirmed a role for Pyk2 in 

15-F2t-isoprostane signalling, while involvement of FAK was less clear.  

This investigation also showed that F2-IsoP in human HDL are bound to neutral lipids 

as well as phospholipids. However, the exact molecular species remain to be 

characterised.  Chol-IsoP and MG-IsoP synthesized standards also stimulated 

macrophage migration, suggesting that the F2-isoprostane-containing neutral lipids may 

also increase macrophage migration. 
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HDL isolated from serum was found to have less F2-isoprostanes than HDL isolated 

from plasma, suggesting F2-isoprostanes may bind to blood clots. 

 

6.2 Future Directions: Future work in this area may examine in more detail the 

involvement of ROS in 15-F2t-isoprostane signalling, since F2-isoprostanes stimulated 

production of ROS by macrophages. Investigations into the effect of F2-isoprostanes on 

other features of macrophage migration, such as extracellular matrix degradation, a 

hallmark of high-risk atherosclerosis, is another area for investigation. Tangirala et al 

(455) quantitated the isoprostane iPF(2alpha)-VI (or 5-F2t-IsoP) (an isomer of the 

isoprostane discussed in this thesis 15-F2t-IsoP or iPF(2alpha)-III) in aged LDL 

receptor-deficient (LDLR-/-) mice fed a western type diet to induce advanced 

atherosclerotic lesions. They used hepatic apoE gene transfer and found that expression 

of apoE markedly reduced urinary, LDL-associated, and arterial wall iPF(2alpha)-VI 

levels. Regression of lesions was accompanied by loss of macrophage-derived foam 

cells and a trend toward increase in extracellular matrix of lesions. They concluded that 

liver-derived apoE directly induced regression of advanced atherosclerosis and had anti-

oxidant properties in vivo that may contribute to its anti-atherogenic effects. As ApoE 

associates with HDL (and also VLDL and chylomicron remnants) in plasma, future 

studies could investigate the relationship between F2-IsoP (both 5-F2t-IsoP and 15-F2t-

IsoP), macrophage-derived foam cells, extracellular matrix (that may affect migration), 

HDL and apoE. 

The influence of F2-isoprostanes on other cell types involved in atherosclerosis, such as 

platelets, neutrophils and endothelial cells, would help determine the extent to which 

isoprostanes affect cellular functions and mechanisms relevant to atherosclerosis. 

A more direct role for F2-isoprostanes in the atherosclerotic process could be studied by 

infusing F2-isoprostanes in animal models of disease. Recent research has reported that 
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composition of the athero-protective lipoprotein, HDL, is more important than HDL 

cholesterol content alone. As part of HDL composition, the oxidized lipids, F2-

isoprostanes, were found in the neutral lipid classes and phospholipids of human HDL, 

the main carrier of F2-isoprostanes in plasma. 

F2-isoprostanes in HDL phospholipids have been reported previously, however the 

report of F2-isoprostanes in human HDL neutral lipids was a novel finding. Future work 

could examine whether the distribution of F2-isoprostanes within HDL lipid classes 

affects HDL function. 

Although the molecules within HDL neutral lipids containing F2-isoprostanes were 

unable to be identified, the results suggested that they may include an isomer of 

cholesterol-F2-isoprostane (Chol-IsoP), a synthesized standard used in this study. Future 

work using more sophisticated and sensitive equipment may identify this isomer, 

enabling its synthesis and then investigation as a biomarker of HDL function. An 

additional approach would be to use NMR to assist in identification of the F2-

isoprostane-containing molecules. However, the complex nature of the mixtures may be 

a limitation. Consequently, future work would require the isolation of each compound 

in the mixture, prior to their identification. 

A comparison of F2-isoprostanes in plasma and serum was undertaken and extended to 

an analysis of the F2-isoprostanes in lipoproteins from plasma and serum. Serum HDL 

had significantly less F2-isoprostanes than HDL isolated from plasma, whereas F2-

isoprostanes in the other lipoproteins were not different. This work is relevant to the 

role of isoprostanes during thrombotic events, and future studies could examine F2-

isoprostanes in blood clots and HDL from subjects who have experienced thrombosis, 

for example, ischaemic stroke patients. 
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6.3 Limitations:  

6.3.1 The effect of F2-isoprostanes on macrophage migration- 

A limitation of this study was the small number of repeats for some experiments. Time 

limitations and availability of cells for testing meant that some experiments were 

repeated less than 3 times, especially those examining the effects of HDL. The focus 

was the effect of F2-isoprostanes, so this was given priority. 

Another limitation was the silencing experiments where FAK knockdown was 20-40%. 

Greater knockdown may have resulted in clearer differences. 

It would have been informative to have tested the effects of F2-isoprostanes on human 

primary macrophages, to confirm the results in mouse macrophages. However, access to 

enough human blood to isolate sufficient macrophages for testing was not possible 

during the course of this study. 

The ROS assay results were limited because antioxidants were not tested to show 

inhibition of ROS production. Also, investigating an alternative ROS assay to confirm 

these results would have given more robust conclusions. 

There are many other mediators of cell migration not investigated due to time 

constraints. Thus, there may be other components in the F2-isoprostane cell signalling 

pathway yet to be identified. 

6.3.2 Distribution of F2-isoprostanes in HDL lipids- 

Only two lipid standards were synthesized and examined. This is a limitation as there 

are many other possible isoprostane-containing neutral lipids within HDL that could be 

investigated. 

HPLC and LC/MS methodology may have been limitations. Improved HPLC to further 

purify the lipid fractions from HDL and more sensitive LC/MS instrumentation may 

enable identification of HDL neutral lipids containing F2-isoprostanes. 
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6.3.3 Measurement of F2-isoprostanes in plasma and serum- 

A limitation in this study was the relatively small number of blood samples examined. 

Also, measurement of F2-isoprostanes in blood clots produced during the formation of 

serum would have added to the investigation. A small pilot study measuring F2-

isoprostanes in clots was undertaken, however the methodology proved difficult and 

complex and time became a limiting factor. 

 

 

 

In summary, the oxidized lipids, F2-isoprostanes, reported to be elevated in many 

diseases, were present in the neutral lipid classes and phospholipids of HDL, the main 

carrier of F2-isoprostanes in plasma. There is evidence that a neutral lipid in HDL 

carrying F2-isoprostanes may be an isomer of Chol-IsoP. HDL isolated from serum has 

less F2-isoprostanes than HDL isolated from plasma, suggesting that F2-isoprostanes 

may bind to blood clots. 15-F2t-isoprostane increased CSF-1-induced macrophage 

migration via a signalling pathway containing the adhesion molecule Pyk2. Since 

increased macrophage numbers in plaques renders them less stable and more severe, 

stimulation of macrophage migration by F2-isoprostanes could be considered a pro-

atherogenic property that, in addition to the other biological activities of F2-

isoprostanes, makes them worthy of future study. 
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