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Abstract 

The following thesis began by discussing current controversies surrounding EPC 

identification then studied the effect of atorvastatin on EPC numbers in bench and bed 

side studies.   

Atorvastatin was hypothesised to increase chemokine CXCL-12 its receptor CXCR-4, 

adhesion molecule e–selectin and EPCs on damaged endothelium. The study found 

atorvastatin had a significant increase in CXCL-12 concentration (P<0.05) an effect also 

seen with greater incubation time also had a significant effect on CXCL-12 

concentration (P<0.05) and maintained elevated expression of CXCR-4 and E-selectin 

on denuded intima. The study confirmed the feasibility of performing flow cytometric 

analysis of whole blood samples at Royal Stoke University hospital and that samples 

may be analysed up to 12 hours after venesection if stored at 40 C.  An inverse trend 

was found between EPC count and coronary artery calcium score, converse to pre 

study hypothesis of a linear relationship between EPC count and coronary artery 

calcification - a marker of coronary artery disease. The thesis also expected to find that 

a greater number of EPCs in patients admitted with acute coronary syndromes and 

given the higher dose of 80 mg atorvastatin when compared with patients diagnosed 

with stable angina given 20mg atorvastatin. However, despite no statistical difference 

there appeared to be a peak of EPC numbers by 48 hours with return to baseline levels 

at day 3. Finally, the study found no significant difference in EPC counts over the 28 

day study period in patients treated with 80mg atorvastatin.  
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Chapter 1  

 

Introduction and literature review 

1.1 Coronary artery disease epidemiology and pathophysiology  

 

Epidemiology 

Ischaemic heart disease is the leading cause of death and morbidity worldwide and 

accounting for over 9 million deaths each year. [1] Figure 1.1. 

 

Figure 1.1; Leading causes of death worldwide (WHO 2018) [1] 

 

 

In the United Kingdom (UK) there are an estimated 7 million people living with heart 

and circulatory diseases. [2] Cardiovascular disease, coronary artery disease and 

stroke, causes 1 death every 3 minutes, 420 deaths per day, 150,000 deaths each year 
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and accounts for approximately 25% of all deaths. [2] Coronary artery disease (CAD) 

is responsible for over 66,000 deaths each year, on average 180 deaths per day or 1 

death every 8 minutes [2] and 540 daily admissions in to hospital with an acute heart 

attack. CAD has also a large economic burden with the annual health cost for 

cardiovascular disease estimated at £9 billion each year rising to £19 billion if 

including premature deaths, disability and informal costs. [2] However, the disease 

and economic burden is likely to increase when we take into consideration our ageing 

population and improved survival rates from heart and circulatory events. 

 

Pathophysiology 

CAD is due to atherosclerosis, a chronic inflammation of coronary arterial walls. 

Atherosclerotic lesions are initiated by dysfunction of the endothelial layer and 

endothelial cell damage lining the arterial wall, caused by irritation caused by 

dyslipidaemia. This results in endothelial activation, subsequently leading to 

monocyte adhesion to, and migration through, the endothelium. Monocyte-derived 

macrophages in the arterial wall take up cholesterol-rich LDL particles, leading to the 

formation of foam cells. The progression of atherosclerotic lesions causes smooth 

muscle cells migration from the media to the intima and propagate synthesis of 

extracellular elastin, collagen and proteoglycans. This eventually leads to formation 

of a necrotic core constituting of extracellular lipids derived from necrotic and 

apoptotic foam cells forms in advanced plaques, along with a fibrous cap consisting 

of collagen and smooth muscle cells (SMCs). This results in eventual narrowing of 

coronary artery disease that gives rise to angina if flow limiting. However, if the 
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plaque ruptures complete vessel occlusion through thrombus formation may occur. [3, 

4] Figure 1.2. This pathophysiological process gives rise to a spectrum of disease from 

angina to acute myocardial infarction. The differentiation of each syndrome relies on 

clinical history, ECG changes and biochemical markers of troponin levels that 

correspond to any evidence of myocardial damage. Figure 1.3. The management of 

CAD includes optimisation of medical therapy and if required, coronary 

revascularisation. This had led to a reduction of UK death rate from heart and 

circulatory diseases by more than three quarters. [2] Figure 1.4. 

 

Figure 1.2; Pathophysiology of Coronary artery disease [5] 
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Figure 1.3; Diagram illustrating the spectrum and pathophysiology of coronary artery 

disease [6] 

 

 

 

 

Figure 1.4; Death rate from CVD, by gender, UK, 1969 to 2016 [2] 

 

 

The central step of cardiovascular disease is disruption or damage of endothelial cells 

lining the blood vessels. Therefore, any method of enhancing repair of endothelial 

cells would potentially be of great clinic benefit in terms of reducing morbidity and 

mortality. 
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1.2 Endothelial progenitor cells 

Endothelial integrity depends on a balance between the extent of endothelial cell injury and 

the capacity for endogenous repair. Loss of endothelial integrity may cause atherosclerosis 

leading to coronary heart disease. [7-10] In healthy individuals, neighbouring mature 

endothelial cells are capable to replicate locally and replace damaged cells. [7] However local 

replication has limited potential and may be insufficient if the injurious stimuli remains 

prolonged and or is repeated. [11] Therefore an alternative mechanism is required. Vascular 

repair was thought to be due to migration and proliferation of fully differentiated endothelial 

cells, in a process called angiogenesis. [12] However an alternative proposed mechanism is 

dependent on undifferentiated cells migrating to sites of vascular injury [13-15] then 

differentiating into mature endothelial cells [16-23]. Asahara et al [28] identified putative cells 

with cell surface marker CD34+ or kinase insert domain receptor (KDR) markers were capable 

to differentiate into endothelial cells in vitro and in vivo [28-30]. Subsequent studies 

recognised that undifferentiated cells named endothelial progenitor cells (EPCs) migrate to 

sites of neovascularisation and then differentiate into endothelial cells [28, 30] in a process 

called vasculogenesis [31]. Figure 1.5 below. 

 

1.3 Function of endothelial progenitor cells  

These undifferentiated cells [28, 33] have a central role in vascular repair due to their 

ability to proliferate, migrate to the site of vascular injury, then differentiate into 

mature vascular endothelium [23, 24] and perpetuate this cycle by secreting pro-

angiogenic cytokines. [25-27] Figure 1.6 below. 

It is now generally accepted that cardiovascular risk correlates with EPC number. This 

highlights the integral relationship between endothelium and atherosclerosis [34-38]. 
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Several studies have shown EPC dysfunction correlate with cardiovascular events. [13, 

36-38] 

Figure 1.5; Comparison between angiogenesis and vasculogenesis [32] 

Angiogenesis                     Vasculogenesis 

 

 

 

Comparison of angiogenesis and 

vasculogenesis. Angiogenesis originates 

from pre-existing vasculature (i) with 

secretion of matrix metalloproteases 

resulting in a breakdown of basement 

membrane (ii) allowing migration of 

endothelial cells with subsequent migration 

of proliferated endothelial cells in 

formation of solid endothelial cords (iv). 

The final stages include lumen formation 

and stabilization (v). In comparison 

vasculogenesis starts from the formation of 

primary vascular plexus by EPCs (i and ii) 

with matrix deposition (iii) and formation 

of the lumen (iv) by EPCs with consequent 

formation of immature capillaries. 

Adapted from Krenning, G., M.J. van Luyn, and 

M.C. Harmsen, Endothelial progenitor cell-based 

neovascularization: implications for therapy. Trends 

Mol Med, 2009. 15(4): p. 180-9. 

 

. Decreased numbers have been found in patients with traditional risk factors for 

coronary artery disease including smoking, hypertension, [39] diabetes mellitus, [40-45] 

elevated low-density lipoprotein cholesterol [46, 47] and hypercholesterolemia. [46-51] 

Disruption of endothelial integrity by endothelial cell injury has been shown to be a 

stimulus for the development of atherosclerosis [10] but also as a stimulus for 

augmentation of EPC number and function [19, 52, 53]. Continued endothelial damage 

[54] may lead to an eventual reduction of the number of EPCs resulting in deficient 

endothelial repair and progression of atherosclerosis and myocardial ischemia[19, 46]. 
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This has led to great interest and research in the possibility of EPC being infused in 

patients with intractable angina, post myocardial infarction left ventricular recovery 

and in chronic heart failure patients with some studies showing beneficial effect [55-64]. 

Therefore, the ability to augment the number and/or the function of endothelial 

progenitor cells may have a profound beneficial effect on vascular repair and a 

positive impact on outcomes and become a possible treatment strategy in patients 

with atherosclerotic heart disease. 

 

Figure 1.6; The role of EPC under normal physiological conditions and disease [53] 

 

Role in healthy vasculature (A), EPCs 

maintaining integrity of vasculature 

(1), balance between anticoagulation 

(2) and thrombosis (3), modulation of 

immune system by regulating 

leucocytes (4), lastly maintain 

vascular tone (5). Disease state (B and 

C) senescent EPCs with decreased 

capacity to repair damaged 

endothelium vessel denudation (6), 

causing plaque formation (7), rupture 

and thrombosis (8) with consequent 

vessel occlusion, vasoconstriction (9) 

and arterial stiffening. 

 

Section 1.4 Endothelial progenitor cells and cytokines 

Vascular injury results in the initiation of an inflammatory response. Atherosclerosis 

has been referred to as a chronic inflammatory disease of arterial walls characterised 
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by the development of lesions through continuous and progressive infiltration and 

accumulation of lipids and leukocytes [3, 4] These inflammatory responses involves a 

complex interaction between inflammatory cells (neutrophils, lymphocytes, 

monocytes and macrophages) but also has been associated with increased expression 

of adhesion molecules on endothelial cells, growth factors and cytokines. Cytokines 

are released from endothelial cells, vascular smooth muscle and inflammatory cells.[65] 

Cytokines interact with specific receptors on various cell types and may augment cell 

adhesion, permeability and even apoptosis. Chemokines are the largest family 

member of cytokines. [66] Endothelial cells interact with inflammatory cells and 

smooth muscle cells via a variety of chemokines and their receptors. [67] Chemokines 

play an integral role in proliferation, migration and re-endothelisation after injury. [68] 

The chemokine C-X-C motif chemokine 12 (CXCL-12), also known as stromal cell-

derived factor 1 (SDF-1) has been shown to have a central role in vascular repair in 

cardiovascular disease. [69, 70] CXCL12 is highly expressed in human atherosclerotic 

plaques, endothelial cells [71] and a strong chemotactic factor for EPCs. [72-74] Human 

studies have shown that CXCL-12 is a possible regulatory agent in atherosclerosis 

with up regulation of the expression of CXCL-12 on platelets and atherosclerotic 

plaques. This up regulation is thought to enhance homing of EPC to sites of vascular 

injury [70, 71, 75]  Furthermore, vascular injury or damage releases inflammatory 

mediators TNF- α and IL-1β that both upregulate CXCL-12 and CXCR-4 expression. 

[76] Plasma levels of CXCL-12 have been shown to be lowest in unstable angina 

followed by stable angina and normal in healthy controls. [77]  CXCL-12 in high 

concentrations has been thought to mediate anti-inflammatory and atherosclerotic 
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plaque stabilising effects. [77] Some authors have therefore suggested that CXCL-12 to 

be superior to traditional risk factors in predicting adverse cardiovascular outcomes. 

[78] This has led to CXCL-12 to be considered a novel target for CAD.[77, 79]  Direct 

injection of CXCL-12 has been shown to reduce myocardial infarct size after ischemia 

with the authors hypothesising that this was due to an associated increased neo-

angiogenesis. [80] This effect postulated to be secondary due to mobilisation and 

chemo-attraction of EPCs to site of vascular injury. [73] CXCL-12 with its receptor 

signalling has been suggested to have a protective role after a myocardial infarction.[81]  

CXCL-12 binds to the cell surface receptor G-protein coupled receptor, chemokine (C-

X-C motif) receptor 4 (CXCR-4) that are found on several different cell types. [82, 83] The 

CXCL-12/CXCR-4 axis has been shown to play a crucial role in the homing and 

retention of EPCs in the stem cell niches of the bone marrow. [84] In physiological 

conditions hematopoietic stem cells are retained in bone marrow due to high levels of 

CXCL-12 by stromal cells. [81] CXCL-12 secreted by endothelial cells of sinusoids 

within the bone marrow arrest of rolling CXCR4+ EPCs. [84] Once vascular 

extravasation within the bone marrow has occurred, EPCs home to areas within the 

bone marrow that provide optimal conditions for EPC to survive, function and 

potentially differentiate into other lineages. [85] During conditions of stress, EPCs begin 

to be released into the circulation. [84] Decreased surface expression, but increased gene 

expression of CXCR-4 have been found in peripheral blood mononuclear cells from 

patients with stable angina and patients with unstable angina [77] Modulation of 

CXCL-12/CXCR-4 axis has been shown to have a central role in mobilisation of 

endothelial progenitor cells by decreasing CXCL-12. [81, 84, 91] Studies have shown cell 
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surface molecular expression has been observed to last 3-5 hours before down 

regulation.[65]  

E-selectins are cell adhesion molecules expressed only on endothelial cells activated 

by cytokines. [92] They are also known as CD62 antigen-like family member E (CD62E), 

endothelial-leukocyte adhesion molecule 1 (ELAM-1), or leukocyte-endothelial cell 

adhesion molecule 2 (LECAM-2). [92] E-selectins are not stored in cells and therefore 

must be transcribed, translated, and transported to the cell surface. The production of 

E-selectin is stimulated by the expression of P-selectin that is in turn, is stimulated by 

inflammatory mediators tumour necrosis factor α (TNF-α), interleukin-1 (IL-1) and 

lipopolysaccharide.[93] Studies have shown that approximately two hours are required 

for expression on endothelial cell surface after cytokine recognition with maximal 

expression taking 6–12 hours with levels returning to normal by 24 hours. [93] E-

selectins are thought to be integral for EPC adhesion. [94-98] Interestingly an increased 

CXCR-12 in ischaemic tissue may stimulate both a local endothelial cell and EPC from 

bone marrow to express reciprocally E-selectin/ligand pairs and therefore enhancing 

the interaction between endothelial cells and EPCs. [99]  

 

1.5 Endothelial progenitor cell identification, classification and 

nomenclature 

Endothelial progenitors cells are accounting for only 0.001-0.0001% of peripheral 

blood cells in an unstressed state [100]. EPCs may be isolated from bone marrow or the 

circulation as mononuclear cells [28, 101, 102] expressing a variety of endothelial surface 

markers [103]. Currently, there remains a lack of consensus not only on phenotyping 



 

11 
 

but also on EPC function [104-109] with consequent conflicting reports regarding EPC 

identification and function. Confounding this, some studies have combined different 

cell populations and labelled cell populations as EPCs without recognition of the 

possible synergistic effect of different cell populations.[110] Furthermore, EPCs are 

often referred to as a diverse group of cells of different lineages having angiogenic 

potential despite some populations unable to differentiate into functional endothelial 

cells. [104]. Consequently this has led to a lack of understanding the role of EPCs in 

health and disease. [111] In recognition of this, current EPC nomenclature proposed 

over a decade ago is widely regarded as insufficient. [112]  

The review below highlights current controversies on a general consensus on a 

working definition on identification of EPCs.[108] The review will approach the current 

controversies on identification and function of EPCs by considering limitations of the 

commonly used laboratory methods used in EPC identification. There are currently 

two laboratory methods commonly used for identification and classification of EPCs. 

The first a blood-based assays quantified by several specific cell surface markers using 

flow cytometry. The second by the number of colonies of adherent cells that can be 

obtained from circulating mononuclear cells (MNCs) expressing mature endothelial 

cell markers in-vitro by cell culture isolation. [113] 

 

1.5.1 EPC identification by flow cytometry 

This assay is through flow cytometric identification and subsequent quantification of 

cells of interest as defined by the presence of specific cell surface markers. Principles 

of flow cytometry are discussed in section 3.6.2. Cellular identification and staging of 
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differentiation have been made possible by specific surface receptors called epitopes 

that allow immunophenotyping. This process allows identification of subset of 

cellular surface molecule termed cluster of differentiation (CD). Cellular subtypes may 

be defined by the presence or absence of a particular CD molecule. Therefore “CD” 

may be “+ “or “ – “ denoting either presence of absence of a particular CD, and is used 

to describe stem cells rather than fully differentiated cell types. Certain cell types may 

have variable CD marker expression during maturation for example, and therefore 

classed as bright (high), mid (mid) or dim (low) denoting intensity of expression. [114, 

115]  

Flow cytometry is an integral component of this research thesis and a widespread 

laboratory based analytical modality. There remains controversy with no current 

general consensus on specific markers identifying EPCs. EPCs, thought to be derived 

from CD34+ hematopoietic progenitor cells [16, 28, 101, 103], with co-expression of specific 

endothelial marker proteins [16, 101, 103]. With certain cell surface markers thought to be 

related to the stage of maturations of the EPC. For example, the cell surface marker 

CD133, a 120-kDa trans-membrane polypeptide, is expressed on bone marrow 

derived hematopoietic stem and progenitor cells in peripheral blood.[116] Interestingly, 

expression of CD133 decreases to a complete absence in mature EPCs within the 

peripheral circulation. The timing of the loss of expression of CD133 remains unclear 

[117]. However, the loss of CD133 indicates the transformation into more mature 

endothelial like cells [116]. The converse is true for the expression of CD34, a cell surface 

marker found on immature pluripotential stem cells. [103] CD34 gradually increases as 

the CD133 decreases as the EPC matures [116]. The value of using CD133 as a marker 
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of EPC remains contentious, firstly due to the rarity of cells expressing CD133 and 

more importantly studies suggest that CD133 are hematopoietic cell lines and 

therefore unable to form endothelial phenotypic EPCs. [118, 119]  

Certain authors suggest a minimal antigenic profile should include at least 1 marker 

of immature cells, commonly CD34 and/or CD133 plus at least 1 marker of 

endothelial cells commonly VEGFR2+ (KDR/Flk-1). CD133+ either alone or in 

combination with CD34+/VEGFR2+ has been used for identification of EPCs in some 

studies [103, 120]. Whereas other studies suggest expression of CD34+, CD133+, and/or 

VEGF2+ [100, 104, 118, 121, 122]. Table 1 summarises and compares the distinct expression of 

three commonly used markers within bone marrow and EPCs. Some authors propose 

EPCs being derived from CD45− lineage. [100] Interestingly, CD34+, VEGFR2+ and 

diminished CD45 (CD45dim) cells have been found to have greater correlation with 

coronary heart disease and response to statins when compared to healthy individuals. 

[123, 124] With the combination of CD133, CD34 and VEGFR-2 associated with early 

functional EPCs [17, 103]. Therefore, EPCs may express markers of both hematopoietic 

stem cells (CD34 and CD133) and endothelial cells (CD146, vWF, and VEGFR2). [30, 100, 

101, 103, 116, 119, 125-128] amongst other proposed markers. [28, 116, 117, 129] Hence current flow 

cytometric identification of EPCs remains controversial. Table 1.1 below summarises 

the CD markers associated with maturity of EPCs. 
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Table 1.1; Cell surface markers during course of maturation of EPCs (adapted from Sandhu 

et al [109]) 

 Bone marrow Circulation 

  Early EPCs Mature EPCs 

CD133+ + +/- - 

CD34+ + + + 

VEGFR2+ + ++ +++ 

 

 

1.5.2 EPC cell culture analysis 

Cell culture allows identification by formation of colonies of cells that have a pattern 

of immunofluorescence identifying functioning endothelial cell lines [130]. Asahara et 

al first isolated and defined EPCs as circulating mononuclear cells expressing CD34 

and Flk-1 with further cell culture identification by CD31, uptake of acLDL, and lectin 

binding. [28] Characteristics that are still commonly used to define EPC in cell culture.  

Cell culture definitions of EPCs also lack phenotypic specificity for several reasons. 

Firstly, microparticles from platelets may transfer CD31 to haematopoietic cells. [131] 

Secondly, CD31 and vascular endothelial growth factor receptor 2 (VEGFR2) may also 

be found in some monocytic subpopulations.[132] Finally, AcLDL uptake and lectin 

binding have been found in both macrophages and mature endothelial cells. [106]  

Several studies have described two types of time-dependent cell cultured with distinct 

properties. The spindle shaped early outgrowth EPC (EO-EPC) in the early period of 

culture and late outgrowth EPC (LO-EPC) that produce colonies and tube formation 

in latter period of culture. [19, 28, 110, 133-136] These two populations have very different 

phenotypes, EO-EPC are thought of as haematopoietic and LO-EPC as endothelial cell 
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lines. [137] This has led to populations being named as “hematopoietic EPCs” and “non-

hematopoietic EPCs”. [138] Thereby supporting the hypothesis of hematopoietic EPCs 

giving rise to non-hematopoietic EPCs and ultimately endothelial cells.  

Early outgrowth EPC (EO-EPC) are thought to be short-lived cells (< 2 weeks) and do 

not differentiate into endothelial cells in vivo but can restore endothelial function and 

enhance angiogenesis after tissue ischaemia through a paracrine mechanism. [28, 127, 139] 

However, they are thought to be a heterogeneous population of hematopoietic cells 

[139-141] and often referred to as circulating angiogenic cells (CACs). [142] CACs have 

been produced in vitro in cell culture conditions, with little evidence to suggest that 

this occurs in vivo. Leading to some authors suggesting that this cell population be 

termed as myeloid angiogenic cells (MACs) based on their lineage and function. [106] 

MACs are characterised by cell culture immune phenotyping with CD45, CD14, CD31, 

and negative for CD146, CD133, and Tie2. [143, 144] These cells have potent pro-

angiogenic and vaso-reparative effect by a paracrine mechanism [22, 145-147]. 

Importantly, they are not capable of becoming endothelial progenitor cells. [108, 148] 

Therefore the terms MACs/CACs should not be used interchangeably with EPCs. [106]  

In contrast, LO-EPCs, are thought to be homogeneous endothelial-like progenitor cell 

population that possess a high proliferative potential, differentiate into vascular 

endothelial cells and form networks in vitro and in vivo. Furthermore LO-EPCs are 

also capable of augmenting the process by auto paracrine mechanism. [106, 110, 149-152] A 

mechanism noted in patients with cardiovascular risk factors.[150, 153] More recently, 

current recommendations suggest this population of cells perhaps should be referred 

to as endothelial colony forming cells (ECFCs). [102, 106] ECFCs derived from peripheral 
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blood mononuclear cells, or umbilical cord blood, grown in endothelial cell culture 

conditions are characterised by immunophenotype positive for CD31, VE-Cadherin, 

von Willebrand factor, CD146, VEGFR2, and negative for CD45 and CD14. CD34 

expression may also be expressed, however it may decline during in vitro expansion 

[149, 154, 155] under flow cytometric analysis. 

Interestingly, the proliferative, differentiation and tube forming ability have been 

found to been enhanced by laminar shear stress, [156-159] suggesting that they may 

contribute to autologous vascular repair. This is an important finding, raising the 

possibility of using these cells as viable treatment option for cardiovascular patients. 

[136] However any future use in as a treatment option would require an ex vivo 

production due to the low concentrations of LO-EPC in vivo. [133, 160]  

The use of ECFCs and MACs are preferentially used terms, as this definition 

accurately describes the phenotype and function of these cell-types. [148, 161] Figure 1.7 

adapted from Medina et al [106] summarises cellular analysis technique, phenotype 

markers, preferred nomenclature and function of cells often termed as EPC in current 

literature.  
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Figure 1.7; Figure summarising cellular analysis technique, phenotype markers, preferred nomenclature and function of cells often termed 

as EPC in current literature. [162] 

 

Abbreviations EPC – endothelial progenitor cell, ECFC - endothelial colony forming cells, MAC - myeloid angiogenic cells, vWF - von Willebrand factor 

 



 

 18 

1.6 Endothelial progenitor cells and cardiovascular risk factors 

There are several well-recognised risk factors of atherosclerosis including age, 

physical activity, diabetes, dyslipidaemia, hypertension, smoking and family history. 

A number of studies have highlighted an association between these risk factors and 

EPCs.  

An inverse relationship between age and bone marrow cells expressing endothelial 

progenitor markers [29] circulating EPC number [19, 46, 53, 165] and EPC function [166] has 

been described. CD34+ VEGFR2+ [46] and CD133+ VEGFR2+ cells [167] decrease with 

advancing age. One mechanism thought to be responsible for this age-related decline 

in EPC number is based on the premise that bone marrow EPC are subjected to 

oxidative stresses throughout a lifetime. These can be at least initially compensated, 

however these compensatory mechanisms may become exhausted resulting in a 

decrease in the function of EPCs [168]. Alternative explanations include down 

regulation of tissue hypoxia-inducible factor 1 or insufficient local expression of 

VEGFR2+ pivotal attractors for EPC accounting for the decrease in EPC numbers with 

age [169]. Shaffer et al [170] showed a progressive decline in number of certain subsets of 

EPCs with advancing age in both healthy volunteers and patients with peripheral 

vascular disease [170]. Jie et al found an inverse relationship between the number of 

circulating CD34+ VEGFR2+ EPCs in healthy individuals aged from 1 to 81 years [165]. 

However, to the contrary, Pelliccia et al [171] found no difference in absolute numbers 

of CD34+, CD133+, CD105+, and CD14+ cells in older patients with coronary artery 

disease. This study suggested that other factor(s) may be required to reduce EPCs 
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numbers and arguably more fundamentally the importance of a precise definition of 

EPC populations studied. [171] 

Physical activity is known to have a beneficial effect in both primary and secondary 

prevention of atherosclerosis. [172] This beneficial effect is multifactorial however 

exercise has been shown to increases EPCs number, function and prevention of EPC 

apoptosis, enhance replacement of dysfunctional endothelium by EPCs in animal 

studies. [172, 173] These effects have been observed to last for up to 4 weeks after physical 

activity.[172] The mechanisms that increase circulating EPCs include acute mobilisation 

of EPCs from a bone marrow EPC pool as a response to shear stress [174, 175] or due to 

an exercise induced increase in nitric oxide bioavailability. [176] This phenomenon of a 

significant increase in EPC number and function after exercise has also been observed 

in patients with coronary artery disease [177, 178] but also in patients who have had an 

acute coronary syndrome. [179, 180] A complex relationship exists between diabetes, a 

well-known risk factor for CAD and EPCs. However, fewer circulating EPCs are seen 

in diabetes. [41-45] Interestingly there also appears to be a progressive decrease in EPCs 

levels, from impaired glucose tolerance, through to diagnosed diabetes, in patients 

with an acute myocardial infarction.[181] A reduction in EPC migratory capacity has 

been associated with hypertension [39, 46] and hypercholesterolemia. [46, 47] 

Hypercholesterolemia has also been observed to reduce EPC number, migration, 

function and inversely related to both total and LDL-cholesterol levels [46]. LDL levels 

have been associated not only with premature apoptosis of circulating EPCs [48, 49] but 

also together with oxidised LDL capable of blocking VEGF-induced EPC migration 
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via inhibition of NO production [47, 50, 51]. These mechanisms have also been attributed 

to the reduction of circulating EPCs seen in with hypercholesterolemia [47].  

Smoking has a complex interaction with EPCs, with higher levels associated with 

cytotoxic effects [182]. Smoking has been shown to reduce EPC numbers, whereas low 

concentration of nicotine has been shown to have a positive effect on both EPC 

numbers and function [182, 183]. The use of nicotine patches increases the magnitude of 

EPC numbers seen after smoking cessation alone [183]. Chronic smoking is associated 

with a reduction in EPCs with a rapid restoration of EPC numbers seen in smoking 

cessation, especially in light smokers.[183] 

A significant inverse relationship between age and bone marrow cells expressing 

endothelial progenitor markers, [29] circulating EPC number [19, 46, 53, 165] and EPC 

function [166] has been described. Both CD34+ VEGFR2+ [46] and CD133+ VEGFR2+ cells 

[167] decrease with advancing age. Alternative explanations include down regulation 

of tissue hypoxia-inducible factor 1 or insufficient local expression of VEGFR2+ pivotal 

attractors for EPC accounting for the decrease in EPC numbers with age [169]. Shaffer 

et al [170] showed a progressive decline in number of certain subsets of EPCs with 

advancing age in both healthy volunteers and patients with peripheral vascular 

disease [170]. Jie et al found an inverse relationship between the number of circulating 

CD34+ VEGFR2+ EPCs in healthy individuals aged from 1 to 81 years [165]. However, 

to the contrary, Pelliccia et al [171] found no difference in absolute numbers of CD34+, 

CD133+, CD105+, and CD14+ cells in older patients with coronary artery disease. This 

study suggested that other factor(s) may be required to reduce EPCs numbers and 
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arguably more fundamentally the importance of a precise definition of EPC 

populations studied [171].  

 

1.7 Endothelial Progenitor cells (EPCs) and atherosclerosis  

There is a well-described integral relationship between impairment of endothelium 

repair and atherosclerosis. [34-38] A reduction in EPC numbers subsequently leads to 

decrease in endothelial repair and progression of atherosclerosis. [19, 46] Patients with 

coronary artery disease may have significantly lower EPC numbers when compared 

to patients without coronary artery disease. [185, 186] Several studies have also found 

impaired function of EPCs being associated with cardiovascular events. [13, 36-38, 46] 

EPCs defined as CD34+ VEGFR2+ cells have been associated with freedom from 

myocardial infarction, hospitalisation, revascularisation and cardiovascular death in 

patients with coronary artery disease.[185] 

Werner et al measured EPCs with cell surface markers CD34+ VEGFR2+ in 519 patients 

with angiographically confirmed coronary artery disease and compared the 

association between baseline EPC levels and major adverse cardiac events at 12 

months. The group found increased levels of EPCs were associated with a reduced 

risk of death from cardiovascular cause, major adverse cardiovascular events, 

coronary revascularisation and rehospitalisation after adjustments for age, sex and 

vascular risk factors [187]. Similarly, Schmidt-Lucke et al studied 120 patients (43 

control subjects, 44 patients with stable coronary artery disease, and 33 patients with 

acute coronary syndromes) with a median follow up of 10 months. The primary 

outcome measures were percutaneous coronary intervention, coronary artery bypass 
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graft or ischaemic stroke. They found that reduced numbers of EPCs were associated 

with a significantly higher incidence of cardiovascular events by Kaplan-Meier 

analysis. [164] Several studies have found that after multivariate analysis, reduced EPC 

levels or reduction in function were a significant, independent predictor of poor 

prognosis, even after adjustment for traditional cardiovascular risk factors and disease 

activity. [135, 164, 187] Furthermore the combination of cardiovascular risk factors and 

decreased numbers of CD34+ VEGFR2+ EPCs appear to have a cumulative effect. [46]  

Interestingly, the prognostic association between EPC number and cardiac events has 

also been observed in patients with no known coronary disease. Hill et al studied 45 

men with no cardiac history and with varying magnitude of cardiovascular risk 

factors and found a correlation between number of circulating EPCs and Framingham 

risk factor score. The group found the level of circulating EPCs was a better predictor 

of vascular risk than presence or absence of traditional cardiovascular risk factors and 

therefore suggested EPCs levels may be a marker for cardiovascular risk [19].  

 

1.8 The effect of cardiac ischemia on EPCs  

Cardiac ischemia has been considered as a primary stimulus for EPC mobilisation and 

has been associated with increased levels of both inflammatory and haematopoietic 

cytokines stimulating EPC mobilisation from the bone marrow. [188-191] Several smaller 

studies have also suggested an increase in the numbers of circulating 

CD34+/CD133+/VEGFR2 EPCs after an acute myocardial infarction. [120, 192] The 

timing of the increase in EPCs numbers is debatable. [189, 190, 192, 193] Shintani et al [192] 

was the first to describe a significant increase in CD34+ EPCs by flow cytometry and 
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cultured clusters of endothelial cell lineage markers (CD31, vascular endothelial 

cadherin, and kinase insert domain receptor) plateauing on day 7 after onset of cardiac 

ischemia.[192] Similarly Regueiro et al found the number of EPCs increased after 7 days 

and peaked at 30 days in patients admitted with an acute myocardial infarction, the 

group defined EPCs as CD45-, CD34+, KDR+, CD133+.[194] Other cell subpopulations, 

such as CD34+/CD117+, CD34+/CXCR4+, CD34+/CD38+ and CD34+/CD45+ have also 

been observed to have similar patterns as that mentioned above.[188, 189] Whereas 

Massa et al [189] observed a 5.8 fold increase of CD34+ VEGFR2+ and circulating CD34 

circulating CD34+ cells co-expressing CD33, CD38, or CD117 and in-vitro culture 

peaking at 3 hours after onset of symptoms of an acute myocardial infarction. This 

was followed by a significant decrease by day 7 and normalisation within 60 days. 

The group noted the increase in EPCs occurred prior to pharmacological or invasive 

percutaneous coronary intervention. [189]  

 

1.9 EPCs and treatment of coronary artery disease  

Percutaneous coronary intervention (PCI) has been associated with an increase in 

EPCs. This, in one study may be as early as 6 hours after PCI and returned to basal 

levels after 24 hours post-PCI following elective PCI in patients with stable angina. 

[195] Similarly Bannerjee et al found increased CD34/CD31 positive EPC colony-

forming units (EPC-CFU) in patients undergoing elective PCI without a 

corresponding rise in VEGF levels 12h after PCI. However the study found patients 

with an acute coronary syndrome had no significant increase in EPC mobilisation 12h 

after PCI despite a significant rise in VEGF. [196] Perhaps unsurprisingly, the 
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combination of an acute coronary syndrome treated by angioplasty provokes a greater 

EPC response. [197] 

Recruitment of EPCs to the site of vascular injury has been proposed to promote 

vascular healing and has been shown to inhibit neo-intimal proliferation and 

restenosis associated with PCI, [198, 199] this is to the contrary Schober et al. [200] The 

JACK-EPC trial found the use of the Genous TM stents used in acute coronary 

syndrome patients were associated with lower restenosis rate than BMS at 6 months 

and the number of circulating EPCs was inversely correlated with in-stent re-stenosis 

at 6 months. [199] The Genous TM stent (OrbusNeich Medical Technologies, Fort 

Lauderdale, FL, USA) was described as an EPC capturing stent coated with anti-

human CD34+ antibodies that bound circulating EPCs from the peripheral blood. This 

was hypothesised to facilitate rapid differentiation into a functional endothelial layer 

on the stent surface. The safety and feasibility of Genous TM stent have been previously 

verified. [201, 202] The first randomised, single-center study showed a non-significant 

higher rate of repeat revascularisation in the GenousTM stent compared with the drug 

eluting Taxus Liberté™ (Boston Scientific, MA, USA) stents in 193 patients with 

lesions carrying a high risk of restenosis randomised to have either GenousTM or the 

Taxus stent. The Taxus Liberté™ stent group were noted to have higher rates of stent 

thrombosis. [203]  As described above, atherosclerosis has been linked with a reduction 

in EPCs and therefore reduction in repair of vascular endothelium resulting in an 

increased risk of myocardial ischemia. [19, 46] This has led to several studies assessing 

EPCs transplantation as potential treatment modality in patients with intractable 

angina, post myocardial infarction left ventricular recovery and in chronic heart 



 

 25 

failure patient. [55-64, 204] Matured endothelial cells have been associated with reduction 

of infarct size. [205] Initial animal studies assessing the effect of EPC transplantation 

had shown some favourable outcomes. This finding led to other clinical studies in 

ischemic heart disease patients. [206] The beneficial effects of EPCs in re-

endothelialisation has raised great interest in the direct infusion of EPC or bone 

marrow mononuclear cells, [204, 207-209] use of colony stimulating factors to increase EPC 

levels [210-212] and the use of stents with EPC capture ability. [213] Further interest was 

raised when a greater improvement of left ventricular contractility was observed by 

bone marrow derived cells delivered to infarct-related coronary arteries when 

compared to circulating mononuclear cells. [57, 61, 62] The BOOST trial, revealed no long-

term benefit on left ventricular systolic function after acute myocardial infarction 

when compared to the randomised group. However, left ventricular recovery was 

accelerated in the stem cell therapy group. [63] Similarly Janssens et al, [64] despite no 

improvement in global left ventricular function the group found favourable infarct 

remodelling with a reduction in infarct size at 4 months follow-up. [64] The REPAIR-

AMI trial, a double-blind, placebo controlled multicentre study of 204 patients with 

myocardial infarction were randomised to bone marrow-derived progenitor cells via 

intracoronary infusion or placebo with the pre-specified cumulative endpoint of 

death, myocardial infarction, or revascularisation. The 12-month end points were 

significantly reduced in the bone marrow-derived progenitor cells group compared 

with placebo but also that the bone marrow-derived progenitor cells was an 

independent predictor of favourable clinical outcome [204]. Dobert et al, found 

intracoronary infusion of bone marrow derived or circulating blood EPCs 4 days after 



 

 26 

myocardial infarction resulted in a significant increase in myocardial viability and 

perfusion as shown by positron emission tomography and single photon emission 

computerised tomography.[56] In another study by Flores-Ramirez et al intracoronary 

infusion of CD 133+ phenotypic EPCs into patients with New York Heart Association 

scale of at least II and left ventricular ejection fraction of less tha 35% showed 

significant improvement in both left ventricular ejection fraction and quality of life. 

[55] Several other small studies noted favourable outcomes of infused EPCs for 

management of acute coronary syndromes, intractable symptomatic angina and after 

recanalisation of chronic coronary artery occlusion. [57-60] A number of studies have 

shown the feasibility and safety of advancements in stem cell engineering augmenting 

the regenerative capacity of stem cells including EPCs has led to the possibility of 

personalised therapy cell-based therapy of patients with CAD. [214, 215] 

 

1.10 Statin therapy in coronary artery disease 

The importance of early statin therapy in acute coronary syndrome patients was 

highlighted in the MIRACL trial [216] that assessed effects of atorvastatin on early 

recurrent ischemic events. This was a double blinded randomised controlled trial from 

May 1997 to September 1999 cross 122 clinical centres in Europe, North America, 

South Africa, and Australasia. The study recruited 3086 patients with unstable angina 

or non-Q-wave acute myocardial infarction. The patients were randomly assigned and 

matched to receive either 80mg of atorvastatin or a placebo between 24 and 96 hours 

after hospital admission. Primary end points were all cause death, non-fatal acute 

myocardial infarction, cardiac arrest with resuscitation, or recurrent symptomatic 
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myocardial ischemia with objective evidence and requiring emergency re-

hospitalisation. The trial noted a beneficial effect of high-dose statin intervention 

immediately after an ACS within a 4-month period compared with placebo. This 

consequently led to question of the benefit of high versus moderate dose statin 

therapy. [216] 

The REVERSAL trial [217] attempted to answer this. The study randomised 654 patients 

with symptomatic coronary artery disease, angiographic evidence of 20% or greater 

stenosis in the non-culprit coronary artery, and LDL levels between 125 mg/dL (3.2 

mmol/L) and 210 mg/dl (5.4 mmol/L) to either pravastatin 40 mg or atorvastatin 80 

mg. Intravascular ultrasound (IVUS) imaging of the non-target coronary artery was 

used to assess atheroma and performed prior to randomisation and repeated after 18 

months of treatment. The primary end point was percentage change in atheroma 

volume. The study found a significantly lower progression rate in the intensive 

atorvastatin (P 0.02). Secondary end points included change in total atheroma volume 

and change in percent stenosis volume, which also confirmed no significant change in 

the intensive dose atorvastatin group. The REVERSAL trial was one of the first to 

suggest that intensive lipid-lowering therapy may be superior to standard therapy. 

However, the study did not assess clinical outcomes, but rather was a mechanistic 

investigation. [217]  

This led to the PROVE IT trial, [218] comparing standard pravastatin (40mg) dose to 

intensive high-dose atorvastatin (80mg) and measured the composite end point of 

death from all-cause and major cardiovascular events. The trial randomly assigned 

4,162 ACS patients hospitalised within the previous 10 days to receive either intensive 
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statin therapy with 80 mg atorvastatin or standard therapy with 40 mg pravastatin. 

The primary end points were time to all cause death, myocardial infarction and 

unstable angina requiring hospitalisation, revascularisation or stroke. The intensive 

therapy group had lower median low-density lipoprotein (LDL) cholesterol level and 

a significant 16% reduction in outcome events after a mean follow up of 24 months. 

The benefits were observed early after initiation of statin therapy and over the 2 years 

mean follow up period. [218] Similarly the ASTEROID trial [23] found a reduction in 

cardiovascular events in high-intensity statin therapy with regression of coronary 

atherosclerosis. This prospective trial included 53 centres within the United States, 

Canada, Europe, and Australia. The study recruited 507 patients that had baseline 

IVUS examination and at least 1 dose of the study drug with 349 patients undergoing 

repeat IVUS assessment of coronary atheroma burden a after 24 months. The group 

found that the high-intensity statin therapy with rosuvastatin 40 mg achieved an 

average reduction of LDL-C of 60.8 mg/dL (1.6 mmol/L) and increased HDL-C by 

14.7%. The study found significant regression of atherosclerosis burden. [23] The 

beneficial effect of intensive therapy was further studied by a larger prospective meta-

analysis by Baigent et al, of 90,056 patients in 14 randomised trials found greater 

cholesterol reduction was associated with better patient outcomes.[219] These studies 

have shown that pre-treatment with atorvastatin may reduce peri-procedural 

myocardial infarction in patients with stable angina during elective PCI. This led to 

the ARMYDA-ACS randomized trial. [220] A total of 171 patients with non-ST-segment 

elevation ACS were randomised to pre-treatment with atorvastatin (80 mg 12 h before 

PCI, with a further 40-mg pre-procedure dose [n = 86]) or placebo (n = 85). All patients 
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received long-term atorvastatin treatment thereafter (40 mg/day). Multivariable 

analysis found that pre-treatment with atorvastatin conferred an 88% risk reduction 

of 30-day major adverse cardiac events. The authors concluded that even short-term 

pre-treatment with atorvastatin may improve outcomes in patients with ACS 

undergoing early invasive strategy. [220] This led on to the ARMYDA RECAPTURE 

study that found reloading of high dose statin, atorvastatin 80mg in 383 NSTEMI and 

stable angina patients on chronic therapy prior to PCI had a 50% reduction in 30-day 

major adverse cardiac events in both group with a greater reduction in NSTEMI 

group. [221] Furthermore a meta-analysis of 13 RCTs including 3321 patients compared 

intensive statin therapy versus low dose/no statin therapy loading prior to PCI. The 

authors found aggressive statin therapy was associated with reduced peri-procedural 

myocardial infarction and a 44% risk reduction in major adverse cardiovascular 

events at 30 days irrespective of clinical presentation. [222] A post hoc analysis of 1600 

patients aged less than 75 with coronary artery disease showed a reduction in 

cardiovascular mortality over a 3 year follow up. [223]  

Statin therapy rapidly enhances coronary blood flow in patients with stable coronary 

artery disease [224] and to reduce myocardial ischemia after an acute ischemic episode 

within a few weeks of treatment. [216] Statins reduce death and cardiovascular events 

in primary prevention of atherosclerosis, [225] stable coronary artery disease (CAD),[226-

229] and acute coronary syndromes (ACS). [216, 218] Statins also appear to reduce 

development of atherosclerotic lesions and decrease plaque burden [23, 217, 230, 231]. 

Several large clinical studies have shown the safety and efficacy of statins in reducing 

cardiac events by decreasing serum cholesterol. [226, 232, 233]  
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Therefore, statins have been recommended in national and international guidelines in 

patients with coronary artery disease.[234, 235] 

 

1.11 Pleiotropic effects of statin therapy  

Several studies have shown the early beneficial effect of statins occurs before any 

significant decrease in lipid profile. This has led to the suggestion that cardiovascular 

benefits of statins may occur via alternative mechanisms other than reduction of 

cholesterol alone [219, 236]. The beneficial effect(s) of any therapeutic intervention 

augmenting EPC proliferation, differentiation and longevity may represent a 

potential therapeutic strategy for ischemic heart disease patients and therefore is of 

great interest. There have been a number of mechanisms proposed to account for 

pleiotropic effects of statin therapy. These include reduction in vascular inflammation 

[237], reduction of platelet agreeability and thrombus deposition [230, 238-240], 

enhancement of fibrinolysis [241] and increased endothelium derived NO production 

[242-244]. Several proposed intracellular signalling mechanisms accounting for the 

pleiotropic effect of statin therapy have been put forward. Figure 1.8 below 

summarizes the positive and negative effects on EPC proliferation, mobilisation and 

longevity but also the effect of statin therapy. 

 

1.11.1 Nitric oxide pathway 

The first proposed intracellular signalling mechanisms involves nitric oxide pathway. 

The endothelium releases nitric oxide (NO), a primary mediator of smooth muscle 

tone that causes vasodilatation through the activity of endothelial-type nitric oxide 
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synthase (eNOS) [245-248]. NO has an central role in vascular homeostasis with its 

bioavailability dependent on expression of endothelial eNOS [249], presence of eNOS 

substrate and or co-factors [250], phosphorylation of eNOS [251, 252] or due to excessive 

depletion of NO such as seen with presence of excessive reactive oxygen species [253]. 

However, the main functions of NO is as a cellular signalling molecule [245], an 

angiogenic factor involved in stimulation, promotion, and stabilisation of new blood 

vessels together with VEGFs, FGFs, angiopoietins, PDGF, MCP-1, TGF, various 

integrins, VE-cadherin, [254-257]. Statin therapy has been proposed to both enhance 

expression and activity of eNOS [258] a prerequisite stage for statin-mediated EPC 

mobilisation [259]. Statins are known to augment eNOS activity [260-262], increase eNOS 

expression and restoration of endothelial function [248, 263-265]. Statins have also been 

associated with increased EPC longevity via several pathways including inhibition of 

p27 [266], down regulating TNF  or IL-1β expression [267] and prolonging eNOS 

expression [266] and finally by increasing eNOS mRNA half-life [268, 269]. Kosmidou et al 

found simvastatin and rosuvastatin prolonged expression by increasing 3' 

polyadenylation of eNOS mRNA [270]. Laufs et al firstly noted simvastatin and 

lovastatin reversed the down-regulation of eNOS expression caused by hypoxia [242, 

268] and secondly simvastatin reversed down regulation of eNOS expression induced 

by oxidised LDL [242, 268] a recognised cause of atherosclerosis.  
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Figure 1.8; Simplified diagram illustrating the positive and negative effects on EPC proliferation, 

mobilisation and longevity together with proposed mechanisms of action by statin therapy [109] 

 

 

EPC: Endothelial progenitor cell; NO: Nitric oxide; eNOS: Endothelial nitric oxide synthase; VEGF: 

Vascular endothelial growth factor; mRNA: Messenger ribonucleic acid; TNF: Tumour necrosis factor 

alpha; IL-1: Interleukin 1; P13k-AKT: Phosphoinositide 3-kinase - protein kinase B pathway; NAD(P)H 

oxidase: Nicotinamide adenine dinucleotide phosphate-oxidase; miR : Micro non-coding ribonucleic 

acid.  

 

1.11.2 Micro non-coding RNA (MiR 221 and miR 222)  

A second observed pleotropic mechanism of statin therapy has been a decreased level 

of micro non-coding RNAs called miR 221 and miR 222. These negatively regulate 

protein expression at post-transcriptional stage [271]. This down regulating effect 

occurs by targeting 3’ untranslated regions (UTRs) resulting in either degradation of 
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target mRNA or impairing translation [272] . Furthermore miR-221 and miR-222 have 

been observed to regulate proliferation and differentiation of CD34-positive 

haematopoietic progenitor cells by reducing expression of c-kit receptor factor impairs 

haematopoietic progenitor cell proliferation [273]. Increased miR-221 and or miR-221 

expression in EPC down regulates EPC differentiation and mobilisation via c-kit and 

or eNOS pathways in coronary artery disease patients [271]. Atorvastatin has been 

shown firstly to decrease miR 221 and miR 222, and secondly increase EPC numbers 

[271]. Cerda et al found both atorvastatin and simvastatin increased NO levels and 

NOS3 mRNA expression, whereas ezetimibe did not [274]. Atorvastatin, simvastatin 

and ezetimibe have all been shown to down-regulate the expression of miR-221, 

whereas miR-222 was reduced only after atorvastatin treatment. The magnitude of the 

reduction of miR-221 and miR-222 after treatment with statins correlated with an 

increment in NOS3 mRNA levels [274]. The eNOS and miR221/222 are thought likely 

to be components of the same pathway [275].  

 

1.11.3 The PI3K/Akt/MTOR pathway 

The third proposed pleiotropic mechanism involves the phosphoinositide 3-kinase 

(PI3K)/protein kinase B (Akt)/mammalian target of rapamycin (mTOR) signalling 

pathway plays. The PI3K/Akt/MTOR pathway plays a central role in multiple 

cellular processes, including cell proliferation, angiogenesis, metabolism, 

differentiation and longevity. [276, 277] PI3K generates phosphatidylinositol 3,4,5-

triphosphate (PIP3) an important lipid secondary messenger which in turn plays a 

central role in several signal transduction pathways [278, 279] including activation of the 
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serine/threonine kinases PDKl and AKT. AKT controls protein synthesis and cell 

growth via the phosphorylation of mammalian target of rapamycin (mTOR). [280] The 

PI3K/AKT pathway has been associated with angiogenesis through the regulation of 

the nitric oxide (NO) signalling pathway. [281] The PI3K pathway releases a group of 

angiogenic factors including VEGF. VEGFR2 has a central role in VEGF-induced 

angiogenesis. [282] VEGF is required for the migration of endothelial cells and via PI3K–

AKT dependent manner allows formation of capillary like structures. [51] Studies have 

shown that NO production may be induced by VEGF and appears to be attenuated by 

the inhibition of PI3K. [283] This is thought to occur via phosphorylation of eNOS at the 

serine 1177 residue by AKT, [251, 284] required for the VEGF induced endothelial cell 

migration. [285] Factors that stimulate the PI3-K/Akt protein kinase pathway, 

including statins, have been shown also to activate eNOS. [241, 284, 286] In turn, the 

expression of eNOS appears to be fundamental for mobilization of EPC and any 

impairment in PI3K/Akt/eNOS/NO signaling pathway may result in decreased EPC 

number. [287, 288]  

The PI3K/AKT/mTOR intracellular pathway via inhibition of the Rho kinase has also 

been shown to preserves mitochondrial permeability transition pore (MPTP) 

preventing mitochondrial apoptosis, and therefore death, while conserving 

cardiomyocyte function. [289, 290]  

These proposed mechanisms may account for difference in the effect of statin therapy 

in acute or chronic therapy. Statins given during acute ischaemic stress have been 

shown to firstly potentiate adenosine receptors [291, 292] eventually leading to 

downstream regulation of eNOS and therefore increases NO production. Secondly, 
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statins augment activation of the reperfusion injury salvage kinase (RISK) pathway [293]. 

This results in enhanced activity of the PI3K/AKT/mTOR intracellular signal 

pathways, [294] leading to preservation of mitochondrial function and cardio-

protection. Short-term high dose statin therapy has shown an increase in both EPC 

mobilisations from bone marrow and augmented function. [288, 295-299]  

Whereas chronic statin therapy has been linked to a phenomenon termed pre-ischaemic 

conditioning, protecting the myocardium against ischaemia. [300] This is believed to be 

secondary to statin induced NO availability by up regulation of eNOS and 

stabilisation of eNOS mRNA. Secondly, by increased production of NO and 

superoxide radicals improves vascular function and reducing vascular inflammation 

respectively. [242, 301] Statins also inhibit isoprenylation of a number of Ras superfamily 

GTPase including Rho, Ras and Rab [302] NO inhibitors resulting in increased NO 

bioavailability. Thirdly, by preventing mitochondrial apoptosis and preservation of 

cardiomyocyte function via the up regulation of the PI3K/AKT/mTOR intracellular 

signalling pathway by inhibition of Rho kinase. [289, 290] However, the RISK pathway 

has been shown the down regulated with chronic statin therapy [303] and has been 

shown to become reactivated by statin re-loading. [304] The latter may account for the 

increase in EPC count in patients on chronic statin therapy reloaded with statin 

therapy. [221, 305, 306] 

 

1.11.4 Oxidative stress 

Finally, EPC mobilisation and or function may also be affected by oxidative stress. [298, 

307] Oxidative stress occur secondary to generation of oxygen free radicals or reactive 
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oxygen species (ROS). Oxidative stress has a central role in cardiovascular disease, 

and a pivotal role in atherosclerosis. [308] Cellular oxidative stress seen with oxidised 

low-density lipoprotein (ox-LDL) has a central role in the pathogenesis of 

atherosclerosis. LDL is oxidised by reactive oxygen species from both circulating cells 

and cells on vascular walls. [309, 310] In essence, LDL oxidation is a result of a chain 

reaction of free radicals converting polyunsaturated fatty acids into lipid peroxides 

and as a consequence, formation of active aldehydes.[311] The biochemical reaction 

forming ox-LDL have been found to cause senescence of EPCs.[312] Whereas high 

density lipoprotein is regarded as atheroprotective due to some part of its antioxidant 

properties also has a positive effect on EPC number and function.[313] There are a 

number of endogenous antioxidants exerting protective effects by scavenging ROS. 

An indirect way ROS affects EPCs includes ROS reacting with NO forming a potent 

oxidant [314] with a consequent decrease in NO. Decrease in NO either by excessive 

oxidation or impaired production decreases EPC mobilisation and/or function. [308, 315] 

Secondly, direct exposure to oxidative stresses or in disease conditions with high 

oxidative stress, for example diabetes, is associated with induced EPC apoptosis with 

significant reduction in EPC numbers,[315, 316] mobilisation, function [317] and reduced 

ability to migrate and or integrate into vasculature.[41, 308]  

In an attempt to counteract the effects of oxidative stress EPCs produce superoxide 

dismutase.[318] Interestingly, cardiovascular risk factors have been found to alter and 

or reduce EPC oxidative stress. Healthy volunteers have found to express higher 

levels of anti-oxidative enzyme catalases including glutathione peroxidase and 

manganese superoxide dismutase when comparing patients with cardiovascular 
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disease.[319, 320] The underlying pathophysiological mechanism currently remains 

undetermined. The antioxidant pleiotropic effect of statins may include indirect 

mechanism increasing NO bioavailability accounting for antioxidant properties 

contributing to an increase in EPC mobilisation and or function. [258, 321] Secondly, 

statin therapy has also been shown to inhibit activation of NAD(P)H oxidase and ROS 

release, [322] but also activate catalase and thioredoxin ROS scavenging mechanisms. 

[322, 323] Finally, statins appear to have a direct effect by significantly reducing peroxide 

induced apoptosis of EPCs [316] and decreasing the oxidative damage to DNA in EPCs. 

[324] 

 

1.11.5 G-proteins and G-protein-coupled receptors  

G protein-coupled receptors (GPCR) are comprised of seven trans-membrane domain 

proteins and are a super family consisting of a large and diverse number of proteins 

encoded by approximately 5% of human genes.[325] There have been a number of 

classification systems proposed the most recent “GRAFS” (Glutamate, Rhodopsin, 

Adhesion, Frizzled/Taste2 and Secretin). [326] In mammals there are five main families. 

[327] GPCRs have an integral role in transfer of extracellular stimuli to within the cell 

by conformational changes in trans-membrane domain structure. [328-331] They regulate 

physiological responses to a myriad of endogenous ligands including amines, 

glycoproteins, peptides and lipids. Therefore, not surprising GPCRs have been 

implicated in regulation of cellular maintenance, differentiation, proliferation and 

migration of various stem cells. [332-334] [335] 
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GPCRs modulate activity of intracellular signalling via G proteins. There are currently 

four known G protein subfamilies each able to potentiate a number of downstream 

effectors triggering a number of signalling pathways. [328] These include activation of 

Rho associated kinases (ROCK) [336, 337] activation or inhibition of cyclic AMP 

production [338] and Phosphoinositide 3-kinases (PI3Ks) and therefore modulate the 

PI3K/Akt pathway. [339, 340] The aforementioned have been implicated in EPC 

proliferation and function as described above.  

GPCRs have evoked great interest as a possible target for novel drug therapy[341] as an 

estimated 50% of all currently prescribed drugs target only a small proportion of 

GPCRs.[342] They are also becoming increasingly recognised as having a major role in 

stem cell signalling.[343] The role of GPCR in regulation and function of EPCs and the 

effect of statin therapy remains yet to be elucidated however current evidence 

suggests that they may have a pivotal role.The positive and negative effects of statin therapy 

on EPC proliferation, mobilisation and longevity are summarised in figure 1.8 below. 

However, the proposed pleiotropic mechanism that has evoked perhaps the greatest 

interest is augmentation of both number and function of EPC

 

1.12 The effect of statin therapy on endothelial progenitor cells in 

patients with coronary artery disease. 

The effect of statin therapy on EPCs in patients with coronary artery disease remains 

contentious. This ambiguity has arisen from a lack of consensus definition of EPCs, 

clinical scenario but also type and dose of statin therapy. However, studies have 

shown statin therapy being associated with greater numbers of circulating EPCs 
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possibly by enhancing mobilisation, differentiation, increasing longevity, enhance 

homing to sites of vascular injury with augmentation of re-endothelisation by 

enhancing expression of adhesion molecules on EPC cell surface membrane. [13, 225, 287, 

288, 344, 345] 

The following reviews assess the effect of statin therapy in patients with stable angina 

and acute coronary syndromes.  

 

1.12.1 Stable angina 

Statins are thought to have a number of advantageous pleiotropic effects. [13, 109, 126, 241, 

288, 346] Since the first randomised placebo-controlled trial found a positive effect of 

statin therapy on endothelium-mediated response in patients with atherosclerosis [347] 

several studies have been undertaken. Further understanding of endothelial 

functional integrity and the central role of EPCs led to intense research assessing the 

effect statin therapy on EPCs. These have included enhancing mobilisation, 

differentiation, increasing longevity, enhancing homing to sites of vascular with 

augmentation of re-endothelisation by enhancing expression of adhesion molecules 

on EPC surface. [13, 225, 287, 288, 344, 345] The effect of statin therapy on EPCs in stable CAD 

patients remains contentious. Vasa et al found atorvastatin therapy significantly 

increased circulating EPC (CD34, CD133, and CD34/kinase insert) as soon as 1 week 

with plateauing after 3-4 weeks, and a 3-fold increase of EPCs from baseline in a stable 

angina population was also observed. The study included 15 patients with 

angiographically documented stable coronary artery disease (CAD) that were 

prospectively treated with 40 mg of atorvastatin per day for 4 weeks. [225] Deschaseaux 
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et al [346] investigated whether EPCs could be firstly detected and secondly 

characterized in patients receiving long-term statin therapy defined as 4 weeks. The 

group found a significantly greater number of CD34+, CD34+/CD144+ circulating 

EPCs in patients receiving statin therapy compared to statin naïve patients. 

Interestingly, two types of EPCs were detected in culture described as early and late 

EPCs. The early EPCs were found to form elongated cells, whereas the late EPC 

population gave rise to cobblestone-like colonies with strong proliferation capacities 

seen in-vitro cell culture. The numbers of early EPCs were significantly higher in 

patients not receiving statin therapy whereas late EPCs were significantly higher in 

patients receiving statin therapy. The study also observed that long-term statin 

therapy specifically maintained late EPCs in circulation with a CD34+/CD144+ 

phenotype. [346] 

More recently, it has been suggested that the effect on EPC mobilisation might be 

dose-and duration of treatment dependent. [348-350] A double blinded randomised pilot 

study found greater number of circulating CD34+ VEGFR-2+ EPCs after 12 weeks of 

therapy with pravastatin 20 mg when compared to atorvastatin 10mg in patients with 

risk factors including hypercholesterolemia and type 2 diabetes mellitus. [350] A study 

of 100 patients over a 12-month period with ischemic heart disease were treated with 

atorvastatin 40 mg/day (n=50) was associated with a higher EPC numbers than 

atorvastatin 10 mg/day (n=50). The same study found chronic statin therapy was 

associated with a reduced rather than increased EPC number and function. [348] The 

EPCs were identified after 5 days in culture. [348] Similarly, a study of 209 patients with 

angiographically confirmed CAD and treated with 10–40 mg/day of statins 
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(simvastatin or atorvastatin) for >8 weeks. The study found treatment with 40 

mg/day significantly reduced EPC counts. Univariate analysis found the dose of 

continuous statin therapy inversely correlated with the EPC number. In a prospective 

analysis, initiation of statin therapy significantly reduced the number of circulating 

and isolated EPCs after 3 months but not after 1 month. EPC number was determined 

by flow cytometry directly (CD34+/KDR+, n = 58) and after in vitro-culture (n = 209). 

EPC function was assessed by the formation of colony forming units (CFUs). The 

study concluded that statin dose during continuous treatment independently 

predicted reduced numbers of circulating, as well as isolated EPCs in patients with 

CAD without effecting functional properties of EPCs tested by the CFU-Hill Assay.[349] 

The “Hipocrates” study included stable or unstable angina pre-treated with 

atorvastatin 80mg therapy (80 mg the day before PCI and 40 mg 2-4 h before PCI) 

versus low dose atorvastatin have been found to have higher circulating EPCs. The 

study defined EPCs by flow cytometry as the proportion of peripheral mononuclear 

cells co-expressing VEGFR-2+ CD133+ and VEGFR-2+ CD34+ and the capacity of the 

cells to form colony-forming units (CFUs) after 7 days of culture. [351] The study 

included statin naïve or treated chronically with low-dose statins and either stable or 

unstable angina who underwent PCI [351]. The authors found that the mean number of 

EPC-CFUs before PCI was higher in patients treated with high-dose atorvastatin vs. 

low-dose statins. However, after 24 hours after PCI, numbers of EPC-CFUs were 

similar between both groups. No statistically significant differences in flow cytometric 

analyses were found. [351] Similarly the REMEDY-EPC early substudy that defined 

EPCs as CD34+ /CD45- cells, deriving from several combination of endothelial 
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markers (CD144, CD146 and CD309), by flow cytometry found no significant increase 

of EPCs after pre-procedural administration (within 24 h) of different statins, at higher 

doses compared with moderate statin dose before an elective PCI. [352] However, other 

studies have suggested that statin reloading in patients on moderate statin therapy 

undergoing percutaneous coronary intervention has been shown to increase EPC 

count, [305, 306] this correlates with the beneficial effect of statin reloading of high dose 

statin in patients on chronic therapy. [221]  

The studies highlight the contentious effect of statin therapy on EPCs in stable 

coronary artery disease. One main factor accounting for this may be the lack of a 

universal definition of EPCs. Secondly, the analytic method used to quantify any 

response as flow cytometry or cell culture. For example, Deschaseaux et al [346] 

described two types of EPCs detected in culture described as early and late EPCs. The 

study inadvertently described two different types of cells derived from different cell 

lineage. These late EPCs, are thought to be homogeneous endothelial-like progenitor 

cell population that possess a high proliferative potential, differentiate into vascular 

endothelial cells, and form networks in vitro and in vivo. Furthermore, these cells are 

also capable of augmenting the process by autocrine mechanism. [106, 110, 149-152] More 

recent recommendations have suggested that this population of cells perhaps should 

be referred to as endothelial colony forming cells (ECFCs). [102, 106] In contrast, early 

outgrowth EPC are thought to be short-lived cells, usually less than 2 weeks. These 

cells are also known as early EPCs/CFU-ECs/ EPC-CFU/early EPCs/early 

outgrowth EPCs. However, they are not capable to differentiate into endothelial cells 

in vivo, as the term EPC would imply. Rather, they can restore endothelial function 
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and enhance angiogenesis after tissue ischemia through a paracrine mechanism. [28, 127, 

139, 351] They are thought to be a heterogeneous population of haematopoietic cells [139-

141] and more recent recommendations suggest these cells to be referred to as 

circulating angiogenic cells. [142] Perhaps this explanation may account for the positive 

effect on EPCs by intense therapy statin measured by cell culture seen in other studies. 

[221, 305, 306, 349, 351]  

High dose statins appear to inhibit angiogenesis possibly by promoting endothelial 

cell apoptosis [349, 353]. It has been suggested that this effect is dependent on the 

duration of treatment, with the initial increase in EPC number being followed by a 

fall, possibly due to EPC depletion as result of continuous stimulation or enhanced 

incorporation into the endothelium [354]. The initial increase in EPC number is thought 

to be partly due to augmented mobilisation [354]. There also appears to be a dose 

response effect of statin therapy and EPC numbers. In vitro animal studies by Urbich 

et al found a dose dependant increase in EPC migration [345]. Therefore, the dose of 

statin is of great importance to have the desired pleotropic effects. Shao et al noted 

EPC proliferation, migration and inhibition of apoptosis augmented at lower doses of 

fluvastatin however at higher concentrations significant inhibition [355]. 

 

1.12.2 Acute coronary syndromes 

Shintani et al were the first to propose an increase of EPCs after an acute myocardial 

infarction. The group defined EPCs by both flow cytometric and culture, peripheral 

blood mononuclear cells that formed multiple cell clusters with endothelial cell 

lineage markers (CD31, vascular endothelial cadherin, and kinase insert domain 
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receptor). The group found circulating CD34+ mono-nuclear cell counts significantly 

increased in patients with acute myocardial infarction (n=16), peaking on day 7 after 

onset, whereas they were unchanged in control subjects (n=8) who had no evidence 

of cardiac ischemia. In patients with acute myocardial infarction, more cell clusters 

and EPCs developed from cultured peripheral blood mononuclear cells obtained on 

day 7 than those on day 1. Plasma levels of vascular endothelial growth factor 

significantly increased, peaking on day 7, and they positively correlated with 

circulating CD34+ mononuclear cell counts.[192] Whereas other studies found EPCs 

were maximally mobilised either at 3–4 days [356] or peak on presentation and fall in 

the days following myocardial infarction. [189, 357-359]  

The STRAP trial studied forty ST-segment elevation myocardial infarction (STEMI) 

patients undergoing a successful primary or rescue PCI were randomised to receive 

atorvastatin 80 mg immediately after the admission or atorvastatin 20 mg from the 

day of the discharge. Patients randomised to atorvastatin 80mg after primary or rescue 

PCI was associated with greater EPC count at 4 months follow up as compared to 

20mg atorvastatin. EPCs were defined by flow cytometry as CD34+/KDR+ (VEGF 2). 

The authors however, found no beneficial effect in an improvement of LV function. 

[360]  

Kim et al found high dose atorvastatin (80mg) verses 20mg prior to primary PCI in 

STEMI patients had no significant reduction of MACE, however improved immediate 

coronary flow was observed after primary PCI in the high dose atorvastatin group 

[361]. High dose statin therapy may also aid vascular healing after drug eluting stent 

implantation after OCT 3 and 12 months [362]. A randomised placebo controlled multi-
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centre trial of 185 patients compared high dose statin therapy (rosuvastatin 40 mg plus 

maintenance for 7 days) compared to low dose (placebo before treatment plus 

rosuvastatin 10-mg maintenance for 7 days) in STEMI patients with serial cardiac MRI 

at 3-7 days and 3 months. The study found no differences between the groups for peri-

procedural micro-vascular circulation assessed by Thrombolysis In Myocardial 

Infarction (TIMI) flow grade, ST-segment resolution, micro-vascular obstruction on 

cardiac MRI, reduction in infarct volume measured by MRI or clinical outcomes [363]. 

Acute coronary syndrome patients’ intensive statin therapy with atorvastatin 80mg 

after primary or rescue PCI was associated with greater EPC count at 4 month follow 

up as compared to 20mg atorvastatin. The authors however, found no beneficial effect 

in an improvement of LV function [360]. 

 

1.13 Summary 

The maintenance of endothelial integrity is essential for the preservation of a healthy 

vasculature resulting from a balance between endothelial damage and the rate of 

vascular repair. [7, 27, 364] Disruption of endothelial integrity has been shown to be a 

stimulus for the development of atherosclerosis and myocardial ischemia. [10, 34-38] In 

healthy individuals, neighbouring mature endothelial cells replicate locally to replace 

damaged cells. [7] This has limited potential and therefore an alternative repair 

mechanism must be present. [11] This may include undifferentiated cells migrating to 

sites of vascular injury [13-15] then differentiating into mature endothelial cells [16-28, 52, 

53] These undifferentiated cells have been termed endothelial progenitor cells (EPCs) 

[28, 33] The ability of EPCs to repair blood vessels has a number of potential clinical 
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applications and therefore any therapy augmenting EPC number or function has 

evoked great interest. [365] EPCs can be isolated from bone marrow or the circulation 

as a sub-population of mononuclear cells [28, 101, 102] expressing several cell surface 

markers [100, 103, 118, 119, 121] and account for only 0.001-0.0001% of peripheral blood cells. 

[100] Studies have shown the early beneficial effect of statins occurs before any 

significant decrease in lipid profile. Therefore, cardiovascular benefits of statins may 

occur via alternative mechanisms other than reduction of cholesterol alone. [109, 219, 236] 

These beneficial pleiotropic effect(s) of statins may include augmenting with the 

greatest interest being augment number and/or function of EPCs. [13, 109, 225, 287, 288, 344, 

345]   

This thesis will assess the effect of atorvastatin therapy on EPC in bedside studies and 

the potential mechanisms in bench side studies.   

 

1.14 Aims and hypothesis 

The first challenge was to define EPCs as there are currently no consensus. Therefore, 

I began by reviewing the current literature, to define EPCs used in this thesis. This 

was followed by bed and bench side studies – a brief description follows below.  

Chapter 3 a bench side study to assess the effect, if any, of atorvastatin, on chemokine 

CXCL-12 its receptor CXCR-4, adhesion molecule e–selectin and EPCs on damaged 

endothelium. The study hypothesis was that atorvastatin would increase CXCL-12 its 

receptor CXCR-4 and of adhesion molecule e–selectin resulting in greater EPC 

numbers on the denuded endothelium. Chapter 4 confirmed the feasibility to perform 
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whole blood flow cytometric assay for EPCs. The second objective of the study was to 

assess if whole blood samples could be stored safely for analysis later time. The study 

hypothesis was that samples could be store at 40C for accurate flow cytometric 

analysis for some time after venesection. Chapter 5 aimed to find an association 

between coronary artery calcium score and EPC count. The hypothesis being the 

greater the calcium score would be associated with greater number of EPCs. Chapter 6 

aimed to assess the EPC response to moderate (20mg) and high (80mg) atorvastatin 

doses in patients presenting with stable angina and acute coronary syndromes 

respectively. Extrapolating from other studies 80mg atorvastatin would have a greater 

effect on EPC numbers than 20mg. Chapter 7 measured the effect of 80mg atorvastatin 

over a 28-day period The study investigated the effect of high dose atorvastatin 

loading on real world patients that have been inadvertently precluded from other 

studies. The study hypothesis was the earlier the administration of atorvastatin the 

greater the EPC count.  
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Chapter 2  

 

Context, Methodology and Strategy 

2.1 Introduction  

The following chapter describes experimental design principles, methodology and 

description of the laboratory techniques used in both bench based and clinical studies. 

The described techniques allowed quantitative analyses of endothelial progenitor 

cells, cell surface receptor CXCL-12 (SDF-1) its ligand CXCR-4, cell culture and 

tracking of EPCs. Summarised in table 2.1 below.  

Table 2.1 Summary table of the study setting, relevant chapters in thesis, method of analyses 

and particular markers studied. 

Study 
setting 

Full 
description 
of analytical 

technique  

Chapter(s) 
in thesis 

Marker Source Method of analyses 

Bench side 
study 

Chapter 2 
Section 2.3 

3 Quantification 
of CXCL-12 

(SDF-1)  

TEIL 
construct 

Culture fluid 
 

Enzyme Linked 
Immunosorbent 
Assay (ELISA) 

 

Bench side 
study 

Chapter 2 
Section 2.4 

3 CXCR-4 and E-
selectin 

TEIL 
construct 

 

Immuno-staining 
 

Bench side 
study 

Chapter 2 
Section 2.5 

3 Tracking of 
EPCs  

TEIL 
construct 

 

Staining of cultured 
cells  

 

Clinical 
studies 

Chapter 2.6 4,5,6,7  EPC Immuno-
phenotyping of 

Cluster of 
differential (CD)  

Whole blood 
samples 

Flow cytometric 
analyses 
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Tissue engineered blood vessels and more precisely tissue engineered intimal layers 

were central to bench based studies in chapter 3.  

 

2.2 Tissue engineered constructs 

2.2.1 Introduction 

Quantification of CXCL-12 (SDF-1), CXCR-4, E-selectin and tracking of EPCs required 

use of tissue mimicking endothelial layer of blood vessels. Modern advancements 

have led to 3D tissue engineered constructs mimicking true physiologically responses. 

This thesis presents a summary of the main principle of tissue engineering relies on a 

triad of appropriate cell source, scaffold, and signal media [367-369] 

 

2.2.2 Tissue engineered models 

Historically cellular biology studies were performed on two-dimensional tissue 

cultures. These were associated with several limitations including an artificial 

“polarising effect” with one side of the cell exposed to wall of petri dish with the other 

facing culture media causing to reduction of cell to cell and cell to matrix interactions. 

[370, 371] Langer and Vacanti first coined the term tissue engineering in 1993. [372] This 

led to development of three-dimensional tissue engineered models (TEM) allowing 

both cell to cell and cell to matrix interactions. Modern TEMs have increased the 

understanding of cellular response, but also a greater and detailed understanding of 

the functioning physiological system being studied in real time. TEMs more closely 
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resemble pathophysiological responses and perhaps more importantly overcome a 

number of ethical issues encountered with human and animal based research. [373] 

 

2.2.3 Principles of tissue engineered blood vessel constructs 

Modern tissue engineering has made possible formation of tissue constructs 

mimicking intimal (endothelial), medial and adventitial layers that form blood 

vessels. Please see table 3.1 below for the abbreviated terms used. Tissue engineered 

blood vessel (TEBV) constructs allow real time, controlled studies assessing the effect 

of different physiological factors and or drugs on intimal (endothelial), medial and 

endothelial layers. TEBV allow adventitia, medial and intimal layers to be represented 

by fibroblasts, human cardiac artery smooth muscle cells (HCASMCs) and human 

umbilical vein endothelial cells (HUVECs) respectively. Figure 3.2 below. This thesis 

used only tissue engineered intimal layers.  

 

Table 2.2; Summary of the abbreviated terms for tissue-engineered constructs used in this 

thesis 

Tissue engineered constituent Abbreviation 

Tissue engineered blood vessel TEBV 

Tissue engineered adventitial layer TEAL 

Tissue engineered medial layer TEML 

Tissue engineered intimal (endothelial) layer TEIL 
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Figure 2.1 - Tissue engineered blood vessels (TEBV) 

 

 

Key 

HUVEC - human umbilical vein endothelial cells 

HCASMC - human coronary artery smooth muscle cells 

 

 

2.2.4 Construction of tissue engineered intimal layers 

2.2.4.1 Materials 

Fabrication of tissue engineered blood vessels were based on current standard 

methodologies [374-376] Poly-l,d-lactic acid (96% l/4% d) (Purac BV Gorinchem, the 

Netherlands). Rat-tail collagen type I (BD Biosciences). Mouse anti-human collagen 

type I and III IgG primary antibodies and goat anti-mouse IgG FITC (Santa Cruz 

Biotechnology). Primary human coronary artery smooth muscle cells (HCASMCs), 

human umbilical vein endothelial cells (HUVECs) pooled, medium 200, medium 231, 

low-serum growth supplement (LSGS), smooth muscle growth supplement (SMGS), 

cell tracker (CMAC), and 5-(and-6)-carboxyfluorescein diacetate, succinimidyl ester, 

mixed isomers (CFSE) (GIBCO, Life Technologies). Fura-2/AM and prostaglandin I2 
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(Cambridge Biosciences). Thrombin was obtained from Merck Chemicals. 

Chloroform, dimethyl formamide (DMF), rhodamine B, Sudan black B, Tween 20, 

fibronectin from bovine plasma, 3,3′-dihexyloxacarbocyanine iodide (DiOC6), and 

apyrase (Sigma Aldrich). 

 

2.2.4.2 Construction of tissue-engineered intimal layer (TEIL) 

The tissue engineered intimal layer (TEIL) comprised of human umbilical vein 

endothelial cells (HUVECs) mimicking physiological blood vessel intimal layer 

supported by aligned poly lactic acid (PLA) nanofibers sheet. The fabrication of each 

construct was along standard published techniques. [374] Figure 3.2 below. 

 

Figure 2.2; tissue-engineered intimal layer (TEIL) 

 

 

BD type I collagen solution (0.2 mL neutralised 3 mg/mL) was added to a square 

frame made by filter paper of an area of 1 cm2 forming an acellular collagen gel base. 

On to this a fibronectin-coated PLA nanofiber mesh was placed on a non-adhesive 

PTFE plate.  1mL of 10 ng/mL concentrated fibronectin solution was added to the 

nanofibers and incubated for 1 h at room temperature. Following this the solution was 

removed and the mesh allowed to dry. HUVECs 4 × 104 cells per sample were then 

seeded onto the dried mesh and incubated at 37°C, 5% CO2, for 1 h to allow 

attachment. This formed the TEIL which was supplemented with 200 medium with 

further incubation for 4 days at 37°C and 5% CO2. The media was changed after 48 
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hours. This cycle continued for 10 days to ensure attainment of normal cell 

morphology and surface coverage. 

 

2.2.4.3 Electro-spinning of poly lactic acid (PLA) nanofibers  

These nanofibers provide structural support and allow passage of supplement media 

throughout the TEIL. The PLA nanofiber meshes were fabricated as per established 

laboratory protocol.[375] The technique was modified to allow visualisation of each 

layer and nanofibers by confocal microscope by addition of rhodamine B to the 2% 

PLA solution at a final concentration of 0.1% (w/v). In summary, aligned nanofibers 

were made by dissolving Poly-L,D-lactic acid (96% L/4% D, inherent viscosity of 5.21 

dL/g, Purac BV, Gorinchem, the Netherlands) (PLA) in a 7:3 mixture of chloroform 

and dimethylformamide (DMF) (Sigma,Welwyn Garden City, UK) into 2% solution. 

2% PLA solution was deposited onto detachable metal collectors that comprised of 

two partially insulated steel blades (30 cm x 10 cm), with a gap of 5 cm between the 

gaps that allowed the deposition of the nanofibers. The blades were connected to a 

permanent copper plate with a steel wire. Deposition of the fibres involved connecting 

the permanent plate to a negative electrode, and a syringe containing the solution was 

connected to a positive electrode. The PLA extruded through an 18G needle and at a 

rate of 0.025 mL/min. Nanofibers were collected and affixed onto acetate frames 

followed by sterilisation using UV irradiation (over 3 cycles each lasting 90 seconds) 

prior to use in culture. The nanofiber diameter was measured as ~500 µm and the mat 
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thickness ~3 µm. The porosity was less than 1 µm therefore no endothelial cells were 

seen to migrate through the nanofiber layer 

 

2.2.5 Lesion formation 

To mimic vascular injury as seen in coronary artery disease required denudation of 

the intimal layer. There were two potential methods, chemical and mechanical injury. 

Chemical injury used a 1x1mm (0.1x0.1cm) square of filter paper in 10% ferrous 

chloride (FeCl3) and placing this onto TEIL HUVECs for 1 minute. After this, the TEIL 

was washed with PBS and topped up with fresh media as per standardised ratio 

Section 3.2.5 below. The second potential method was mechanical injury by use of 

1x1mm (0.1x0.1cm) square of filter paper alone paced on the TEIL HUVECs for 5 

seconds. Studies performed by Njoroge et al. suggested the use of FeCl3 was extremely 

toxic and difficult to reproduce. This was secondary to toxic nature of the 10% FeCl3 

that caused the central denuded area, that may also damage the underlying collagen 

perpetuating the detrimental effects. Secondly this technique had no clear margin, 

rather a bleeding effect that dissipated outwards along the endothelial layer was 

observed. This also increased the number of endothelial cells damaged. Both result in 

an unpredictable and varied response. Whereas the mechanical injury results in a well 

demarcated area without any bleeding effect.  

Therefore, mechanical injury may more closely mimic physiological injury seen in 

coronary artery disease. Secondly mechanical injury was much more reproducible in 
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our laboratory. This was particularly important as chapter 4 studied concentration of 

CXCR-4 and E-selectin in denuded areas. Please refer to chapter 3. 

 

2.2.6 Supplemented media  

The supplemented media contained essential nutrients for cellular maintenance and 

growth as summarised in table 3.3 below. 

Table 2.3; Description of the incubation solution used for tissue engineered intimal (TEIL)  

 

Tissue engineered 

media 

Cells Supplemented media (Gibco, Life technology USA) 

Intimal layer (TEIL) Human Umbilical Vein 

Endothelial Cells (HUVEC) 

HUVEC media 200 with low serum growth supplement 

(LSGS)  

 

In this study, we defined the control sample perfusion media being composed of 

methanol dilated 20mg/mL in 5ml media made of 70% smooth muscle cell and 30% 

HUVEC media fluid. The supplemented test media had the addition of 60μg/mL 

atorvastatin (section 2.2.7 for concentration selection rationale). 

The TEIL constructs were stained immunologically after 1, 3, 5, 7 and 9 hours in either 

standard media or standard media with atorvastatin and incubated at 370 C and 5% 

CO2. The TEIL constructs were used in the following experiments described in 

sections 3.3, 3.4 and 3.5 and summarised in figure 2.3 below.  
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2.2.7 Concentration and type of statin used in bench side studies  

The concentration of atorvastatin were based on previous publications [377] and based 

on manufacturers recommendations based on current standard therapy. Therefore, 

atorvastatin calcium trihydrate (5g) (Active Pharma Supplies Ltd) diluted with 100% 

methanol and kept at less than 1% of total media volume at a concentration of 

60ug/mL. 

 

2.3 Principles of Enzyme Linked Immunosorbent Assay (ELISA) quantification 

The effect of atorvastatin on CXCL-12 (SDF-1) within denuded endothelium was 

analysed by ELISA of tissue engineered intimal layer (TEIL) supplemented incubation 

media. The protocol was based on manufacturers protocol on the standard PeproTech 

Human SDF-1α (CXCL12) Mini ABTS ELISA Development Kit (Catalog# 900-M92, 

Lot# 0215092-M).
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Figure 2.3; Summary of experimental plan 

 

TEIL constructs

Standard media
Induced injury of 
endothelial layer

Analyses at 1,3,5,7 
and 9 hours

Culture fluid

(Section 2.3)

ELISA quantification 
of CXCL-12 (SDF-1)

Immunostaining

(Section 2.4)

Flourostaining of 
CXCR-4 and E-

selectin

Cultured EPCs 

(Section 2.5)

Staining and tracking 
of EPCs

Standard media and 
atorvastatin 
60umol/L

Induced injury of 
endothelial layer

Analyses at 1,3,5,7 
and 9 hours

Culture fluid

(Section 2.3)

ELISA quantification 
of CXCL-12 (SDF-1)

Immunostaining

(Section 2.4)

Flourostaining of 
CXCR-4 and E-

selectin

Cultured EPCs 

(Section 2.5)

Staining and tracking 
of EPCs)
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2.3.1 Materials 

Materials and solutions for ELISA quantification of CXCL-12 based on the standard 

PeproTech Human SDF-1α (CXCL12) Mini ABTS ELISA Development Kit (Catalog# 900-

M92, Lot# 0215092-M). ELISA microplates (Nunc MaxiSorp Prod. # 439454, or Corning Prod # 3590); Tween-20 

(Sigma Cat. # P-7949); BSA (Sigma Cat # A-7030); ABTS Liquid Substrate Solution (Sigma Cat. # A3219); 

Dulbecco’s PBS [10x] (Gibco BRL Cat. # 14200-075). ELISA microplates (Nunc MaxiSorp Prod. # 439454, or 

Corning Prod # 3590); Tween-20 (Sigma Cat. # P-7949); BSA (Sigma Cat # A-7030); ABTS Liquid Substrate 

Solution (Sigma Cat. # A3219); Dulbecco’s PBS [10x] (Gibco BRL Cat. # 14200-075).  

Wash Buffer: 0.05% Tween-20 in PBS Block Buffer: 1% BSA in PBS Diluent: 0.05% 

Tween-20, 0.1% BSA in PBS. PBS: dilute 10xPBS to 1xPBS, pH 7.20 in sterile water. 

Wash Buffer: 0.05% Tween-20 in PBS Block Buffer: 1% BSA in PBS. Diluent: 0.05% 

Tween-20, 0.1% BSA in PBS. Reconstitution and storage were as per supplier’s 

recommendations for Capture Antibody (Rabbit Anti-Human CXCL12), Detection 

Antibody (rabbit Anti-Human CXCL12 Human CXCL12 Standard and), Avidin-HRP 

Conjugate. Atorvastatin calcium trihydrate (5g) (Active Pharma Supplies Ltd) diluted with 

100% methanol and kept at less than 1% of total media volume at a concentration of 

60ug/mL. 

 

2.3.2 Supplemented incubation media  

The supplemented incubation media was composed of methanol dilated 20mg/mL in 

5ml media made of 70% smooth muscle cell and 30% HUVEC media fluid. This was 

the control. The test fluid had the addition of atorvastatin at a concentration of 
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60μg/mL. The media was then collected and analysed by ELSA to allow quantification 

of CXCL-12.  

 

2.3.3 Plate preparation 

The plate was prepared as per manufacturers recommendations. The capture 

antibody was diluted with PBS to a concentration of 2.0μg/m with immediate 

addition of 100μl to each to ELISA plate. The ELISA plate was then sealed and 

incubated overnight at room temperature. The cells were then aspirated to remove 

liquid and washed 4 times with 300μl of wash buffer per well. The plates were then 

inverted and blotted on blotted on paper towel to remove residual buffer. 300μl block 

buffer was added to each well and incubated for at least 1 hour at room temperature. 

Finally, the plates were then aspirated and washed a further 4 times and as per 

manufacturers recommendations prior to ELISA. The collected supplemented media 

could be stored if required within Eppendorf tubes and stored at -800 C. Once ready 

for analysis, the Eppendorf tubes were left to thaw at room temperature for 

subsequent ELISA analysis.  

 

2.3.4 ELISA protocol 

The standard was diluted from 4000pg/ml to zero in diluent with immediate addition 

of 100μl of sample to each well in triplicate obtaining numerical values. 100μl of the 

dilute detection antibody at a concentration of 0.50μg/ml was added to each well and 

incubated at room temperature for 2 hours. The wells were then aspirated and washed 

4 times. 100μl of 5.5μl of Avidin-HRP Conjugate diluted to 1:2000 for total volume of 
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11ml was added to each well and incubated for 30 minutes at room temperature. The 

plate was aspirated and washed 4 times. 100μl of 2,2'-azino-bis (3-

ethylbenzothiazoline-6-sulphonic acid (ABTS) substrate solution was added to each 

well and incubated at room temperature for colour development. The plate reader 

was set at 405nm with wavelength correction set at 650nm to obtain absorbance of 

each sample as per manufacturer recommendations. The absorbance valves for each 

triplicate for each concentration may then be tabulated. Table 2.4. 

 

Table 2.4; ELISA triplicate as recommended by manufacturer 

Triplicate 

Sample 

number 

CXCL-12 (pg/ml) 

4000 2000 1000 500 250 125 63 31 16 8 4 2 

1             

2             

3             

Average             

 

Plater reader set at 405nm 

Wavelength correction 650nm  

The average values were then plotted with absorbance (y axis) and CXCL-12 

concentration (x axis). This allowed a “line of best fit” to be derived. Figure 3.4 below 

demonstrates hypothetical average value from the triplicates as plotted “dots” and 

line of best fit (dashed line). 
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Figure 2.4; Standardised plot for ELISA analysis with “line of best fit” 

 

   Key  

  - - - Line of best fit      true values 

 

This allowed concentration of CXCL-12 in Pg/ml to be calculated. From figure 1 and 

application of equation of straight line: 

y=mx+c 

Where 

Y axis = absorbance  m and c - defined constants  X axis = concentration (pg/ml) 

 

Therefore: 

Absorbance = mX Concentration of CXCL-12 (pg/ml) + c 

Concentration of CXCL-12 (pg/ml) = absorbance/m – c 

 

The CXCL-12 (SDF-1) concentrations were then calculated. 

 

2.4 Immunostaining 

The effect of atorvastatin on CXCR-4 and E-selectin within denuded endothelium was 

analysed by immunostaining of tissue engineered intimal layer (TEIL). 
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2.4.1 Materials 

Materials and solutions for immunostaining atorvastatin calcium trihydrate (5g) 

(Active Pharma Supplies Ltd) diluted with 100% methanol and kept at less than 1% of 

total media volume at a concentration of 60ug/mL. Human umbilical vein endothelial 

cells (HUVEC) media medium 200 supplemented with low serum growth supplement 

(LSGS) (GIBCO, Life Technologies). Primary human coronary artery smooth muscle 

cells (HCASMC) media 231 supplemented with smooth muscle growth supplement 

(SMGS) (GIBCO, Life Technologies). 5% bovine serum albumin (BSA). E-selectin pre-

conjugated with flourochrome alexafluor 488 (stains green) Santa Cruz. Rabbit 

monoclonal antibody required a secondary antibody (mouse anti-rabbit SC-3917 Ig G-

TR Santa Cruz) DAPI (4′,6-diamidino-2-phenylindole) staining solution (ab228549). 

Olympus confocal microscope (Fluoview FV1200). 
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2.4.2 Method and protocol 

The study compared standard media with test media that had addition of atorvastatin 

calcium trihydrate (5g) (Active Pharma Supplies Ltd) diluted with 100% methanol and 

kept at less than 1% of total media volume at a concentration of 60ug/mL The 

constructs had lesion formations as described above. 

The TEIL constructs were incubated for 3, 5, 7 and 9 hours in either standard 

supplemented media (Table 3.3) or test solution and incubation at 370 C and 5% 

CO2. On completion of the incubation time, the constructs were fixed with 4% 

paraformaldehyde for 20 minutes, after which they were stained immunologically. 

Once immunostaining was ready to be performed, the tissue construct had PBS 

changed to 5% bovine serum albumin (BSA) and left in ambient room temperature for 

1 hour. The BSA avoided non-specific binding of antibodies.  

E-selectin was identified by a mouse antibody conjugated with flourochrome 

alexafluor 488 staining green (Santa Cruz).  

However, rabbit monoclonal CXCR4 ab124824 antibody was the primary antibody for 

CXCR-4. The primary antibody CXCR-4 were added at a dilution of 1:100 (1 μL of 

primary antibody to 100 μL of PBS) and incubated overnight at 4°C. The primary 

antibody was then removed, and the sample washed three times with PBS at 5 minutes 

per wash. The secondary antibody was conjugated donkey anti-rabbit IgGNL493 that 

stained green. 

The constructs were then incubated at room temperature for a further two hours and 

thereafter washed three times with PBS. The use of rabbit and mouse antibodies 

minimised any cross reactivity between CXCR-4 and E-selectin. Finally, the constructs 
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were then incubated with 4′,6-diamidino-2-phenylindole (DAPI) staining. DAPI 

confirms cellular staining due to its strong affinity to adenine–thymine rich regions in 

DNA. Therefore, any artefactual material could be easily identified and distinguished 

from CXCR-4 and E-selectin. DAPI staining solution (ab228549 Abcam Switzerland) 

was applied to the constructs for 10 minutes after which the stain was removed, and 

the sample washed with PBS. The constructs were then viewed under Olympus 

confocal microscope (Fluoview FV1200) with images stored by Olympus Fluoview 

version 4.2b software.  

The obtained images assessed for firstly the presence and secondly effect of 

atorvastatin on CXCR-4 within denuded endothelium. 

 

2.5 EPC extraction, culture and cell tracking staining 

This experiment assessed if atorvastatin was a stimulus for attraction of EPCs on 

denuded endothelial/intimal layer. Human EPCs were extracted from healthy 

volunteers and cultured in cellular supplemented media. The culture media had daily 

microscopic reviews and daily changes of supplemented media. Once ready, trypsin 

was added to the culture media to allow separation of extra-cellular matrix and EPC. 

EPCs are then stained with fluorescent dye. The EPCs are then transferred onto 

prepared denuded tissue engineered intimal layer (TEIL). The TEIL are either intact 

or have an area of denuded simulating damages vascular endothelium as described in 

section 3.2.5 above. These are then placed on a rocker to replicate in-vivo environment 

for 1 hour in either standard or test solution-containing atorvastatin 60ug/mL. The 

constructs are then fixed and reviewed under a microscope. The images were then 
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analysed with specific computer software (ImageJ) to calculate number of EPCs and 

assess if atorvastatin increased number of EPCs.  

 

2.5.1 Materials 

Fibronectin (2.5µg/cm2), Anticoagulant (acid-citrate-dextrose (ACD)), PBS, 

Separation medium (Ficoll paque), Falcon tubes (50 mL and 15mL), 1x 12 wells plate, 

penicillin/streptomycin, Complete EPC media (7.5ml supplement: 42.5ml basal 

media). atorvastatin calcium trihydrate (5g) (Active Pharma Supplies Ltd) diluted 

with 100% methanol and kept at less than 1% of total media volume at a concentration 

of 60ug/mL. 

 

2.5.2 Method 

Ficoll-Paque solution (Sigma-Aldrich), PBS and EPC media were warmed to room 

temperature. The well plates were prepared by adding 0.5mL of 2.5µg/cm2 fibronectin 

to and coating 8 wells of the 12 well plate and incubated for 1 hour. Thereafter any 

residual fibronectin was aspirated, and the well plates left to dry. EPC were obtained 

from whole blood samples. 60 ml of whole blood were venesected, and then split into 

2 falcon tubes that contained 5ml of ACD solution. The blood/anticoagulation 

mixture was then equally divided into 15ml Falcon tubes then centrifuged at 2800 rpm 

for 8 minutes. The layers seen then corresponded from top to bottom plasma, enriched 

cell fraction (interphase consisting of lymphocytes / PBMC's) and finally erythrocytes 

and granulocytes. The plasma layer and minimum remnant of 0.5-1mL above the 

interphase was aspirated thus ensuring prevention of contamination of enriched cells 
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with platelets. The enriched cells were then pipetted with care into a tube and PBS at 

a ratio or 1:1 added. The diluted enriched cell fractions were carefully added to 2 tubes 

containing 15 mL of Ficoll Paque solution ensuring no mixing of the two components. 

Ficoll Paque increases density of red blood cells (RBCs) and granulocytes therefore 

sink to lower layer and prevent mixing of different solutions. These were then 

centrifuged (GE Healthcare Bio Sciences) at 400G for 30 minutes.  

The layers after centrifugation (top to bottom) consisted of supernatant fluid, Ficoll 

Paque and the cell pellet at the bottom of the tube consisting of granulocytes. The 

supernatant fluid above the Ficoll Paque layer were pooled and diluted with PBS then 

underwent further centrifugation at 400g for 15minutes. This resulted in a cell pellet 

containing EPCs. The cell pellet was mixed with 2mL of complete EPC media and mixed 

thoroughly by pipetting up and down. 1mL of this mixture were added to 2 wells of the 

prepared 12 well plates. The well plates were incubated at 370 C and 5% CO2.  

On day 1, the contents of the plate were agitated and transferred to new wells. This was 

repeated over the preceding 72 hours. This step allows as many un-adhered EPCs to be 

collected as possible. The media was changed daily for the first 7 days then every 2-3 days 

for the duration of culture. The culture media had daily microscopic reviews and daily 

changes of supplemented media. Once the EPCs reached maturity, seen as elongated 

spindle shaped cells with depletion of other cells, trypsin was added to the culture 

media to allow separation of extra-cellular matrix and EPC. EPCs were then stained 

with carboxyfluorescein succinimidyl ester (CFSE) fluorescent dye. The non-specific 

CFSE dye stains cell membranes fluorescent green. However, as we used only purified 

sample, any stained cells corresponded to EPC number.  
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The preformed TEILs were then lesioned as described in section 3.2.5 above. Fresh 

media, either with or without 60ug/mL atorvastatin was then added. TEIL constructs 

were then placed in an incubator set at 370 C and 5% CO2 for 1, 3, 5, 7 and 9 hours. 

After incubation period the TEIL constructs were transferred to a non-adherent well 

plate and the stained EPCs were added at a density of 1000 cells/100μl, and placed on 

rocker for 1 hour to simulate physiological stress forces. Following this the tissue 

constructs were then fixed with 4% paraformaldehyde for 20 minutes. The excess 

paraformaldehyde was removed, and phosphate buffer solution added and incubated 

at 370 C at 40 C. The samples were then ready to be viewed under fluorescence 

dissection microscope (Leica microsystems Switzerland model MSV269) at 2.5 

magnifications.  

Quantification of attached cells was performed by imageJ software [378] that in essence 

changed fluorescent stained cells into grey scale permitting calculation of number of 

EPCs within the sample.  

ImageJ [378] software is a commonly used image analyser that allows quantification of 

number of cells. There are two methods available manual or automated counting. This 

thesis used automated counting firstly to exclude any operator counting error and 

secondly differentiation of overlapping cells by use of advanced functions such as 

pixel intensity and cell diameter. Table 2.5 summarises the step involved in converting 

images to numbered cell count.  
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Table 2.5; Summary ImageJ [378] for automated cell counting of single colour images (basic)  

Open image to be counted  

Convert to grey scale (Edit – Options – conversions to scale converting) 

Image –Type – 8 bit to convert to grey scale 

Image – Adjust – Threshold (Cntl+shift+T) to highlight structures that require counting 

 

To count grouped or overlapping cells more advanced functions such as changing 

binary number of grey scale may be performed. [379] A brief description can be seen in 

figures 2.5. 

Figure 2.5; Summary of conversion of fluorescent image seen on microscopy to inverted 

image allowing calculation of number of cells. 

 

 

 

(a) Original image from fluorescence 

dissection microscope (Leica 

microsystems Switzerland model 

MSV269) at 2.5 magnifications. 

 

 

(b) Final image to perform cell count by 

ImageJ. The ImageJ then summarises the 

calculated data including total number of 

cells.  

 

Once the numbers of EPCs were determined they were analysed to assess for any 

significant change in the test sample with atorvastatin. Chapter 3.  
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2.6 Flow cytometry  

2.6.1 Introduction  

Cellular identification and staging of differentiation have been made possible by 

specific surface receptors called epitopes that allow immunophenotyping. This 

process allows identification of subset of cellular surface molecule called cluster of 

differentiation (CD). These can be detected by flow cytometry. Fundamentally flow 

cytometry relies on a light source, usually a laser to analyse the physical and chemical 

characteristics of particles suspended in a fluid medium. Flow cytometry may be used 

for cell counting; biomarker detection and separating different cell lines in a process 

called cell sorting. The ability to cell count, detect specific biomarkers and cell sort is 

made possible bypassing suspending cells within a stream of fluid along an electronic 

detection system. Modern flow cytometry machines can perform real time multi-

parametric analysis at a rate of several thousand particles per second. This acquired 

data can then be stored and displayed as either “dot and plot” or alternatively 

“contour “plots. These fundamental qualities have led to the routine and ubiquitous 

use of flow cytometry in modern pathology and research laboratories.  

 

2.6.2 EPC flow cytometric method  

Flow cytometry is a well-established laboratory technique. [380-381] The flow cytometric 

protocol used in this thesis has been verified from earlier studies [385-388] and based on 

ISHAGE guidelines for flow cytometric enumeration of CD34+ hematopoietic stem 

cells. [389] Based on these adaptations, Hristov et al further refined the analytic 

technique, [390] by simplifying earlier flow cytometric techniques [123, 124, 389] by using a 
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“lyse/no-wash procedure” with determination of absolute cell counts by simple gating 

and with the use of common routinely used staining techniques.[390] This modification 

allowed measurement of absolute counts as defined by those cells with intact cell 

membranes and therefore excluding dead cells. Secondly, use of fluorochromes with 

greater staining capacity for anti-CD34 monoclonal antibodies. Thirdly, with the 

addition of the use of fluorescence minus one (FMO) control that allows identification of 

cells of interest and therefore increasing accuracy. These modifications are particularly 

important in flow cytometric studies with low/rare events of interest, [391] such as 

EPCs that only account for 0.001-0.0001% of peripheral blood cells in an unstressed 

state. [100] Therefore, the Hristov et al technique optimised matching of high intensity 

fluorochromes for example allophycocyanin (APC) or phycoerythrin (PE) to low-

density markers CD34 and the use of FMO control to accurately assess the cut-off 

point for true positive by subtracting any, noise artefact - recommended by earlier 

studies. [387, 392, 393] Furthermore we also sequentially gated for cell size, clustering and 

viability. [390] These gating measures allowed elimination of background noise, 

spurious erroneous results due to potential antibody binding to platelets or red cell 

debris.  

The same immunostaining techniques were universally performed in all samples. To 

ensure consistency throughout the study only monoclonal antibodies from BD 

Biosciences were used. In accordance with manufacturer’s recommendations, we 

allowed at least 30 minutes warm up period for the flow cytometer and calibration on 

each day of analysis. 
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2.6.3 EPC Immunostaining protocol 

EPCs were stained immunologically by pipetting 20 μl CD45- Fluorescein 

isothiocyanate (FITC) (clone 2D1, no. 345808, 5 μl CD34-allophycocyanin (APC) (clone 8 G12, no. 

345804), 20 μl CD309/VEGFR2- Phycoerythrin (PE) (no. 560494) monoclonal antibodies and 

5 μl 7 amino actinomycin D (7-AAD) (BD Biosciences, no. 559925) into a Trucount tube (BD 

Biosciences, no. 340334). 

The fluorescence-minus-one (FMO) control was formed from pipetting 20 μl CD45-

FITC and 5 μl CD34-APC monoclonal antibody into a polystyrene round-bottom snap 

cap tube.  

Monocyte assessment was performed by pipetting 20 μl CD45-peridinin chlorophyll 

protein (PerCP) (clone 2D1, no. 345809), 20 μl CD14- FITC (no. 345784) and 20 μl CD16-PE (clone 3 

G8, no. 555407) monoclonal antibodies into a Trucount tube. 50 μl of well-mixed blood were 

added to each tube by reverse pipetting. The sample tubes were then incubated for 20 

min at room temperature in the dark. Red blood cell lysis was achieved by adding 450 

μl of 10% Pharm lysing solution (BD Biosciences, no. 555899) to each tube. Thereafter each tube 

was incubated for a further 10 minutes in the dark at room temperature. The tubes 

were then placed immediately on wet ice (40C) and protected from light in preparation 

for analysis [390].  

 

2.6.4 Flow cytometric analysis and sequential gating  

Sample acquisition was performed within 1 hour of red cell lysis on a FACSCanto II 

flow cytometer (2-laser, 6-color configuration) with FACS Diva 6.1.2 software (BD 

Biosciences). Instrument performance checks were performed daily with CST beads 
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(BD Biosciences, no. 641319). This ensures optimal daily set up of the flow cytometer 

for our study. The CST beads were safely stored in the dark and kept cold. The 

instrument was allowed to warm up for at least 30 minutes between fluidics start-up 

of the flow cytometer and acquisition of samples or QC beads as recommended by the 

manufacturer. Sample tubes were acquired at a medium flow rate < 10,000 events per 

second by setting the threshold on CD45 positive white cell events. We obtained at 

least 200,000 CD45+ events. This would allow identification of low/rare events. 

The gating strategy was a modification of the ISHAGE guidelines for stem cell 

enumeration [389] and modified from the paper of Histrov. [390]  

This was based on a hierarchy (family tree) of sequential gating from all cells in the 

sample being reduced to EPCs alone. Figure 2.6 below. 

Figure 2.6 – Figure of hierarchy (family tree) of sequential gating 

 

 
 

 

Sequential gating was used to selectively remove any non-specific events so the final 

gate has an accurate measurement of cells of interest, in this thesis EPCs. Figure 2.7, 
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2.8 and 2.9 below are sequential gating steps used in this thesis. A summary follows 

below and described in figure 2.9. 

All samples had leucocytes first gated on a forward scatter/side scatter (FSC/SSC) 

dot plot (P1) this allowed separation of white cells into granulocytes, monocytes 

lymphocytes and stem cells.  

The cells in gate P1 were displayed on an SSC/7-AAD dot plot. This is used to identify 

viable living cells (7AAD negative) and non-viable dead leucocytes (7AAD Positive) 

that express CD45+. The non-viable leucocytes have a porous membrane allowing 7-

AAD into the cell whereas the viable leucocytes had a non-porous membrane 

excluding the dye. 7AAD binds to G-C rich regions within DNA. The viable leucocytes 

are seen on the left side of the dot plot and were subsequently gated as P2. This is a 

dye exclusion assay; therefore, only dead cells take up the dye and live cells do not. 

P1 – total white cell population 

This P2 viable live population were then gated by SSC/CD45 dot plot and the CD45+ 

events are gated as P3 that showed CD45+ viable cells.  

The P3 population were further gated to CD34+ cells in the P3 population events by 

SSC/CD34 dot plot identifying CD34+ cells and termed P4 population.  

These represented leucocytes that were viable having both CD45+ and CD34 cell 

surface markers. CD34 is a stem cell marker expressed on progenitor cells. The EPCs 

have be reported to be within this population. [390] The P4 population events were then 

gated on a FSC/SSC dot plot. This was an important part of the analysis to ensure 

identification of the stem cell scatter region but also to remove residual debris and 

termed P5 events. Figure 3.20.  P5 - CD45dim cells 
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The population in P5 was then gated and shown on a SSC/CD45 dot plot allowing 

identification of CD45dim cells and were gated as P6. Immature Stem Cells are known 

to express lower levels of CD45 compared to lymphocytes.  

These two latter steps were essential in identifying cell size and clustering of 

CD45dimCD34+ stem cells. The CD45dimCD34+ stem cell events were shown on a 

CD34/VEGFR2 dot plot and accurate cut-off point for VEGFR2+ events (P7) were 

made possible by the fluorescence minus one (FMO) control tube. The FMO control 

underwent the same steps as the sample however no PE- flourochrome was added to 

the tube therefore defining the background fluorescence in the PE channel. This 

allowed accurate gating of the VEGF positive population, maximising objectivity and 

minimised subjectivity in placing the gate. This allowed justification of setting the gate 

defining positive and negative EPC events. Every cell to the right of the gating marker 

corresponds to cells of interest (EPCs). Stem cells are larger than and have a more 

complex internal structure than lymphocytes, [390] thus allowing identification of 

CD45dim/CD34+/ VEGFR2 cells. The beads were measured on the red laser as they 

have a good signal to noise ratio, therefore minimising non-bead artefact being 

included in the gating. The number of cells in each gating step is recorded below the 

dot plots. Figure 3.20 describes in greater detail the sequential gating steps. 

In summary, we modified the earlier techniques for this thesis to maximise the 

accuracy of results in enumeration of CD45dim/CD34+/ VEGFR2 EPCs by sequential 

gating. This allowed determination of the percentage of stem cells in total white cell 

population to be calculated. The optimisation of sequential gating analyses was 

critical due to the rare true events recalling that EPCs constitute only approximately 
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0.02% of total blood cells in an unstressed state. The sequential gating to exclude 

debris and include non-debris and bead counts. This decreased cell numbers from 

millions to hundreds of thousands. This allowed accurate discrimination of true 

events in subsequent sequential gating and secondly transfers of smaller volume of 

data files to other software used such as FlowJo. This non-debris and bead count 

(Cells) were used in the calculation of dispersion, section 2.6 below.
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Figure 2.7; Dot graph with sequential gating, hierarchy (family tree) of sequential gating (bottom left) and table of numbers seen in 

some of the sequential gated steps (bottom right).  
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Figure 2.8; FMO sample dot plot with sequential gating, hierarchy (family tree) of sequential gating (bottom left) and table of numbers seen 

in some of the sequential gated steps (bottom right) and contour plot (right column) Please note dot graph with sequential gating FMO –no 

EPC. Therefore no cells seen (EPCs) in P6 or P7. 
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Figure 2.9; Description of each step of sequential gating 

Gated P number Cell surface marker identified Image 

 

Debris 

and P1 

 

This initial gate called the debris gate allowed 

the separation and exclusion of debris. 

Therefore, only white cells from whole blood 

sample are seen on the right side of the dot 

plot.  

Debris is the small square gate in the bottom 

left corner highlighted by the red square. 

Drawn on the FSc (size) versus SSc 

(complexity) plot.  

The P1 gate (green rectangle) identifies the 

total white blood cell fraction. The 

population in the top left of this plot are the 

counting beads. 

. 

 

 

 

P2 

 

 

The plot title shows the population shown in 

the plot, so in this case this plot shows P1 

WBCs.  

The cells to the left represent the viable 

(living cells). 

This gating step separated viable living and 

non-viable dead leucocytes expressing 

CD45+. 7AAD traverses the porous cell 

membranes and therefore enters dead non-

viable cells and unable to transverse intact 

membranes of living cells.  

Viable living (7AAD negative) and non-

viable dead leucocytes expressing CD45+ 

(left side – dye exclusion cells). Therefore, 

dead cells are on the right side of dot plot. 

The red coloured population represents 

debris in the WBC gate that is outside the 

debris gate on the previous plot 
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P3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

P9 

 

CD45 is a pan white cell marker, so cells 

expressing this antibody are white cells 

including granulocyte, monocytes, 

lymphocytes and stem cells. Granulocytes, 

monocytes, lymphocytes and stem cells 

express CD45 to different levels. The cells of 

interest were in this P3 gate on the dot plot.  

Some non specific binding can be seen 

indicated by the red coloured population 

(Blue arrow). 

Below is an idealised diagram of the 

positions of granulocytes, monocytes and 

lymphocytes. 

 

Stem Cells in the Blue area.  

P9 Lymphocytes (indicated by the black oval 

ring) are used to identify any lymphocytes 

falling into the stem cell gate in a later plot. 

 

 

 

P4 

 

 

Viable cells expressing CD45+ and CD34  

(7AAD negative).  

This plot is gated on the viable CD45 positive 

white cells from the previous gate. The CD34 

antibody identifies the stem cell population 

which includes the EPC events. 

Caution has to be exercised when gating this 

population as debris falling out the debris 

gate can be seen in red (Blue Arrow). This 

needs to be removed by gating out on 

subsequent plots.  
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P5 

 

 

Viable cells expressing CD45+ CD34+ 

stem cells are larger and have more complex 

internal structure than other white cells. 

Therefore, forward scatter (indicator of size) 

and side scatter (indicator of complex 

internal structure) can be used to remove any 

further debris and identify the larger stem 

cells.  

Further debris is removed in this plot (blue 

arrow) 

 

 

 

 

P6 and 

P9 

 

 

Viable cells expressing CD45+ CD34+ within 

the Stem Cell Scatter gate with residual 

debris excluded. Stem cells in purple (P6) 

indicated by the green arrow. Thin blue 

arrow shows a few lymphocytes (high CD45 

expression compared to stem cells). This plot 

is also used to remove these lymphocytes 

which may fall into the stem cell scatter gate 

P5. 

 

 

 

P7 

 

 

Viable cells expressing CD45+ CD34+ 

CD45dim cells within lymph-blast scatter 

region. Y axis = side scatter x axis cd45. That 

is why EPCs are present higher up therefore 

more complex internal structure and cd45 

dimmer. EPCs are reported to express 

VEGFR2 (CD309).  

The EPCs are purple coloured to the right of 

the line. 
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P7 

FMO tube 

 

To accurately measure EPC area a 

fluorescence minus one (FMO) tube is 

required. The FMO tube is prepared 

identical to the sample, except for the 

addition of VEFG PE. Therefore on actual 

sample anything on the right of the line and 

encircled identifies true EPCs as seen in P7 

above. 

The FMO decreases errors by compensating 

for background fluorescence. Background 

fluorescence may be caused by auto-

fluorescence, undesirable antibody binding and 

spectral overlap. [381] The required EPCs (red 

cluster of cells) on right side were identified 

and any debris removed any non-bead 

events to exclude stray events.  

 

 

 

P8 

 

You need an EPC vs SSc plot to show the first 

bead gate. The P8 gate is use to clean up any 

non bead events falling into it (the grey 

marks on the plot to the right. 

Bead count region. This gate identified 

highly fluorescence beads used in the 

experiment.  
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2.6.5 Determination of ECP count 

The final step is the quantification of EPCs by the following equation 

EPC count/μl = (events in P7) x (Trucount bead count) on pouch x1 (dilution factor) 

 

(Events in P8) x (sample volume uL added into tube) 

This equation highlights the importance obtaining accurate sequential gating leading 

to P7 but also the bead count region P8. The gated P7 value will be discussed latter in 

more detail below 3.6.8 and chapter 5 under the assessment of dispersion of the dot 

and plot points with varied time and temperature.  

 

2.6.6 Calculation of dispersion 

The two most common graphical methods of data presentation are linear and 

logarithmic scales. The use of either linear or logarithmic graphs depends on the data. 

Linear scaling presents data in an evenly distributed manor with the distance between 

data points being proportional to the numerical distance between the values.  

All data acquired on the flow cytometer (FacsCanto II BD Biosciences), used a linear 

amplifier, and the measured values were binned into 218 (262144 channels) by a process 

called, binning resolution. Parameters with small differences in populations can be 

plotted on graphical diagrams (e.g. dot plots) directly. However, fluorescent values 

may cover a much larger range of magnitudes of thousands or tens of thousands such 

as in flow cytometric analysis, therefore linear scale to display the data would be 

inappropriate. Logarithmic (log) scales may overcome this limitation of linear scales 

and relies on an exponential difference between consecutive gradations along the axis 
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that represent equal changes in ratio. Therefore, the observations observed are 

percentage changes rather than absolute changes. This is particularly useful in 

presenting fluorescent flow cytometry data. Mathematically transforming the linear 

value using a log look up table converts the measured linear value to a log equivalent 

allowing large differences in the data to be shown on the same plot. The log scale has 

great advantage of representing data at the high end of expression however have 

limitations in when expressing lower end values. Therefore, transformation of the 

data is required in such a way so cells on the axis can be observed more accurately. 

On traditional log plots zero or negative values, generated after fluorescent 

background subtraction and introduction of compensation errors are not possible. 

This results in data being pushed into the first displayed channels and piled up on x and 

y axes on data plots. To avoid this pile up of data biexponential scaling algorithms have 

been developed which provides a more precise way to visualise the data at low 

fluorescence levels. An example of this is shown below. Biexponential scaling helps 

visualise compressed data by adding a section of linear scale to log data. This allows 

more precise data visualisation and allows data to be more easily interpreted as in the 

example below.  

Despite the advantages of biexponential graphical representation the log scale needed 

to be changed to a linear scale for calculation of dispersion. FlowJo © Version 10.5.3 

Java version (Tree Star (BD Biosciences)) was used to convert log value data values 

into linear scale. To allow transfer of required information the use of non-debris and 

bead count “dot plot” information was transferred. This reduced total number of 

events from millions to tens of thousands and therefore enabled quicker calculation. 
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The gated P7 dot plot was of interest as they included only EPCs with CD34+ and 

VEGF on Y and X-axis respectively and were therefore converted to linear scale from 

biexponential logarithmic scale.  

The first step was to open the raw data file in Diva. This includes a large number of 

irrelevant data and to decrease this the data was defined as debris and non-debris. 

This was defined by drawing a debris gate in the bottom left corner on the FSc versus 

SSc dot plot. Non-debris was an inverted gate of the debris and included the cells of 

interest and importantly, as they were a small fraction of the total cells from whole 

blood sample and therefore a smaller fcs data file. This was then imported back into 

Diva and subsequently underwent sequential gating as described above.  

The defined EPC population (P7 from the gating) was then saved as a specific data file 

for transfer into FlowJo software.  

The result was the linear scale data points in an Excel file format. The linear data points 

were then stored. These values were then used to assess dispersion of the dot and 

plots over time the study time period. The two mathematical models used to assess 

for dispersion were dispersion covariance and distance. These values formed a matrix. 

These models took 3 main considerations to obtain a unique value. Firstly, dispersion 

in horizontal axis, secondly, dispersion in vertical axis and finally dispersion related 

in both horizontal and vertical axis. The mathematical formulae below were used in 

this thesis with the assistance of Dr I Olier.  

The advantage of calculation of covariance matrix allowed measure of dispersion in 2 

planes. Unlike conventional standard deviation that allows calculation in a single 

plane only. Therefore, dispersion was described not only in horizontal and vertical 
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axes but also dispersion related in both horizontal and vertical axis the give a 3-

dimensional position. Two plausible mathematical models were derived, dispersion 

covariance and dispersion distance. Dr Ivan Olier was instrumental in advice and 

assistance with ese models. Section 3.6.8 The first model was dispersion covariance. 

To determine a unique value, the following formula was used. Figure 2.10 

Figure 2.10 Formulae for dispersion covariance with a 2 x 2 matrix: 

𝐶𝑜𝑣 = [
𝑆𝑥 𝑆𝑥𝑦

𝑆𝑥𝑦 𝑆𝑦
] 

𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑛𝑡 = 𝑆𝑥 × 𝑆𝑦 − 𝑆𝑥𝑦
2   

𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 𝑐𝑜𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 =  √𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑛𝑡(𝐶𝑜𝑣)
4

 

Where: 

𝑆𝑥 - the variance of points 𝑥.  

𝑆𝑦 - the variance of points 𝑦 

Variance calculated as ∑ (xi – ẋ)2/ n-1 

Covariance - relationship between x and y = ∑ [(xi – ẋ) (yi –ý)] /n-1 

For each point the dispersion covariance was calculated by 4th root of the determinant. 

The determinant allows a matrix value to be converted into linear formulae. 

The second method used was determination of dispersion distance rather than 

covariance. This model, based on the principles of Euclidean distance, is a measure of 

a straight line between 2 points in space. More specifically a Euclidean space, a 

geometric principle in 2 or 3-dimensional space, whereby points are defined by co-

ordinates that define a specific point with the distance between these co-ordinates 

given by a distance formula. In our study the co-ordinates corresponded to the 
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distance in x-axis and distance in y axis of a particular point. This model corresponded 

to the distance in x axis and distance in y axis of a particular point. Figure 1.10 below. 

Figure 2.11 Formulae for dispersion distance -  

𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =
1

𝑛 − 2
√∑(𝜇𝑥 − 𝑥𝑖)2 + (𝜇𝑦 − 𝑦𝑖)

2
𝑛

𝑖=1

 

 

𝜇𝑥 – mean of all x values 

yi – nth y value 

𝜇𝑦 – mean of all y values 

n = number of observations. 

 

xi - nth x value  

The obtained values for both these variance mathematical models were then plotted 

to assess for any relationship between dispersion and time with the mean (blue line) 

and confidence intervals are represented by the grey shaded area. 

 

2.6.7 Statistical data analysis 

On completion of each successful flow cytometric analysis, FCS files were saved with 

all studies exported and stored in the BD FACS database. Data analysis was performed 

with the FACS DIVA software. Every sample had a unique study number with no 

actual patient demographic including hospital or NHS identifiers used or stored 

within either the BD FACS database or FACS Diva software. This is in accordance with 

the Ethics Committee recommendations. Data analysis was performed by use of R – 

statistical programming language (version 3.6.1 St. Louis, Missouri, USA) or Microsoft 

Excel ANOVA statistical software programme.  
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2.6.8 Standard operating procedure for sample preparation for EPC enumeration 

based on Hristov et al [390] flow cytometric analysis method. 

1. Allow all reagents and consumables to stabilise at room temperature for 

approximately 15 minutes 

2. In a blank Falcon tube pipette 20µl CD45 FITC and 5µl CD34 APC. This is the 

fluorescence minus one (FMO) tube. 

3. Using a Trucount tube pipette 20µl CD45 FITC, 5µl CD34 APC, 20µl 

CD309/VEGFR2 and 5µl 7ADD. This is the EPC tube. 

4. Reverse pipette 50µl of well mixed whole blood into the EPC and FMO tubes 

5. Incubate both tubes for 20 minutes at room temperature in the dark 

6. After 20 minutes add 450µl of 10% Pharmlyse to each tube. This will lyse red 

cells 

7. Incubate both tubes for a further 10 minutes at room temperature in the dark 

8. Leave for 10 minutes then place the Trucount tube on ice in the dark 

9. Analyse the FMO tube 

10. All leucocytes are first gated on the FSC/SSC plot (P1) 

11. The P1 population is displayed on the SSC/7ADD plot. All 7AASD negative 

events are gated as the P2 population 

12. This P2 population is shown on the SSC/D45 plot and the CD45 positive events 

are then gated as P3 

13. The P3 population is shown on SSC/CD45 plot and the CD45 positive events 

gated as P4 population 

14. The events of the P4 are subsequently presented on the FSC/SSC plot and gated 

as P5 in order to confirm the lymph-blast scatter region and remove residual 

debris 

15. The P5 events are then shown on the SSC/CD45 plot and only the CD45 dim 

cells are gated as P6 

16. Finally, the CD45dim/CD34 positive events are shown on the CD34/FMO plot 

for the FMO tube and on the CD34/VEGFR2 plot for the EPC tube. This is the 

P7 population 

17. The cut off for the VEGFR2 positive events- P7 is assessed by the FMO control 

In the EPC tube, the bead region – P8 is gated on the CD45/CD34 plot showing 

all events. 

 



 

 88 

2.6.9 Standard Operating Procedures (SOPs) flow cytometry 

1. Setting up of the FACSCanto for EPC enumeration 

2. Switch on the FACSCanto analyser and leave for 30 minutes 

3. Switch on the FACSCanto PC. Press Ctrl/Alt/Delete 

4. Username will appear as Administrator – Password is BDIS 

5. Open FACSCanto software. Enter username and password 

6. Set up analyser as detailed in HST004 

7. Ensure that CS&T beads Lot 60811 is used. Exit FACSCanto software  

8. Open FACSDiva software Select Username RB project, no password required 

press ok. Select new folder (1st Icon on browser) 

9. Select new experiment (2nd Icon on browser) 

10. In the experiment, right click on Cytometer settings →Link set up → RB Project 

COMP → Link → Overwrite 

11. Back to Cytometer settings. Right click → Unlink from RB Project COMP → OK 

12. Back to Cytometer settings 

13. Right click → Application Settings →Apply → RB Project App Settings → 

Apply 

14. Acknowledges the messages to keep the compensation value and any other 

alterations to the settings 

15. Right click on the Experiment and select New Specimen 

16. From the Panel template, select the RB Project tab → RB project → OK and the 

worksheet appears. Highlight the inspector dialogue box 

17. Select the specimen tab and enter the patient details 

18. Select the keywords tab and enter the Trucount value of the beads from the 

pouch of Trucount beads currently in use 

19. In the experiment, click on the RB Project icon to bring up Tube 1 – the FMO 

tube and Tube 2 the EPC tube 

20. Position the green pointer against the appropriate tube and load the specimen 

onto the analyser, ensuring the tube guide is moved to the left and the aspirator 

arm is vertical 

21. In the Experiment, click on the RB Project icon to bring up Tube 1 – the FMO 

tube and Tube 2 the EPC tube 

22. Position the green pointer against the appropriate tube and load the specimen 

onto the analyser, ensuring the tube guide is moved to the left and the aspirator 

arm is vertical 
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2.7 Clinical studies  

2.7.1 Study application and ethics 

The study was conducted in accordance with the declaration of Helsinki.[395] The 

studies firstly underwent successful external independent peer review followed by 

Keele University Independent Peer Review Committee and finally by the Royal Stoke 

University Hospital Research and Development Department. All studies had 

Integrated Research Application Service (IRAS) and ethical approval from the national 

research ethical committee (NREC). A Research Ethics Committee (REC) reference 

number, IRAS project and European Union drug regulating authority’s clinical trial 

(EudraCT) numbers were obtained. 

 

2.7.2 Study Setting  

This was a single centre study to be performed at Department of Cardiology, The 

Royal Stoke University Hospital NHS Trust and Keele University. 

 

2.7.3 Study inclusion/exclusion criteria 

Potential patients were identified for enrolment within the study by strict inclusion 

and exclusion criteria. Inclusion criteria included age 18 to 75 years with new onset 

angina. Participants with new onset angina had to be statin naïve. All patients were 

able to attend follow up visits and not enrolled in or planned participation in other 

drug trial(s). 
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Exclusion criteria 

The exclusion criteria can be sub-divided into 6 categories. Table 2.6 below. 

Exclusion criteria Description 

Clinical  • Diabetes mellitus type I or II 

• Stable angina group should be statin naive  

• All participants must have no other significant 

comorbidity for example malignancy on or off therapy, 

chronic obstructive pulmonary disease on home oxygen 

or nebuliser therapy, inflammatory bowel disease, on-

going steroid therapy, autoimmune disease, therapy 

with disease modifying medications for rheumatic or 

autoimmune disease. 

• Women who are pregnant or breastfeeding 

• Allergies to excipients of IMP 

• Women of childbearing potential unless they are using a 

recognised effective form of contraception or are not 

sexually active and have no intention of becoming 

sexually active during the course of the trial. 

Previous adverse reaction 

or contra-indications 

• Any contraindication(s) to statin therapy 

• Any prior adverse reaction(s) to any statin therapy 

Biochemical • Total cholesterol greater than 7.5 mmol/L 

• Liver function tests deranged from normal range 

• eGFR less than 90 ml/min/1.73m2  

Haematological • Concurrent haematological conditions requiring active 

drug or chemotherapy 

Follow up • Able to attend outpatient clinic follow up 

Other • Individuals lacking the capacity to consent for 

themselves 

• Participation in other clinical trials 
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Withdrawal criteria  

Withdrawal criteria from the study included adverse events, inter-current illness, 

inability attend follow up research clinics. The data collected from withdrawn patients 

was analysed alongside the other process outcomes unless the patient explicitly states 

their wish not to contribute further data to the trial, this will be clearly noted.   

 

2.7.4 Patient consent 

Potential patientswere identified and if they fulfilled the inclusion criteria were 

consented. This initially included a face-to-face discussion. The potential participant 

was also given a patient information sheet (PIS) and at least 24 hours to decide if they 

wish to participate in the study. The only exceptions were patients enrolled into pilot 

“acute coronary syndrome” (ACS) group and “All-comers” studies, chapters 5 and 8 

respectively. These studies involved patients with acute coronary syndromes, where 

treatments are given in a time sensitive manner. Therefore, these patients were given 

3 hours in concordance with research ethics committee recommendations. This was to 

avoid any delay in potentially life-saving treatment such as coronary angiography or 

angioplasty. These patients were given a brief information sheet. Thereafter a full 

explanation of the consent form was given, allowing ample opportunity to ask 

questions and then if the individual wished to participate, they were asked to sign the 

consent form.  

Chapter 7 assessing effect of EPC by timing of atorvastatin therapy in all comer ACS 

patients. This study assessed if the timing of statin therapy had an influence on EPC 

count in patients presenting with an acute coronary syndrome (ACS). This was made 
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possible due to three variables. Firstly, flow cytometric determination of EPC count 

was only possible during 9am to 5pm Monday to Friday. Secondly hospitalised 

patients were given atorvastatin late in the evenings at 2200. Finally, patients may be 

admitted with ACS any time or day. Therefore, patients admitted between 1600 – 2200 

were given atorvastatin 80mg first and then had venesection for EPC count during 

working hours. Whereas patients admitted between 2200 - 1600 the following day had 

venesection for EPC counts prior to being given atorvastatin 80mg. This allowed 

determination of time between onset of chest pain to atorvastatin therapy, secondly 

time of onset of chest pain to venesection of blood for determination of EPC count. 

These two-time intervals allowed determination of the time difference between statin 

therapy and venesection for EPC count. Therefore, the time of admission of the patient 

influenced the timing of both venesection and atorvastatin initiation. For example, 

patients were admitted between 9am to 5pm then venesection and EPC count 

determination was performed before initiation of atorvastatin 80mg. In this way the 

study could determine if the timing of initiation of 80mg atorvastatin had any effect 

on EPC count without the need for randomisation or delaying in treatment such as 

coronary intervention. To consider that venesection may occur on the following day 

if admission was ‘out’ of hours the time intervals were days 1-2, 3-4 or 7-8. The day of 

admission was day 0. Patients then had venesection for EPC analysis on days 1-2, 3-4 

and finally 7-8. ACS patients were inpatients within the cardiac unit for 3 or 4 days 

provided there are no complications. Therefore days 0, 1 and 3 venesections were 

performed whilst patients were admitted within the cardiology department. 
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However, outpatient cardiology research clinic follow-up arranged for day 7 to allow 

the final venesection for EPC analysis. Please refer to figure 7.1. 

All patients requiring outpatient follow up attended the cardiology research 

outpatient clinic and were reviewed by a member of the cardiac research team. The 

outpatient clinic reviews were defined as per each study protocol however patients 

were allocated a time of their choice. Patients were assessed for any adverse effects of 

statin therapy, symptoms and any alterations to medications. Patients were verbally 

consented to continue in the study and if given had 3-5ml of blood aseptically 

venesected for EPC analysis.  

Patients were refunded any travel expenses incurred to attend the outpatient clinic 

appointments this included either car parking charges or travel expenses. 

 

2.7.5 Sample acquisition and transport 

Analysis of all blood samples was performed within the Department of Haematology 

of The Royal Stoke University Hospital, University Hospitals of North Midlands NHS 

Trust.  

All consented patients had aseptic venesection of 3-5ml of whole blood into a study 

labelled ethylene diamine tetra acetic acid (EDTA) bottle and immediately transported 

to the haematology laboratory. The time and temperature pilot study protocol to 

investigate time and temperature stability had two EDTA blood sample to be taken 

on day 1. One of these were stored at room temperature the other at 40 C. These 

samples then had aliquots taken at regular intervals of 0, 2, 4, 6, 9 and 12 hours for 

flow cytometric analysis. The Initial study protocol required immediate flow 
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cytometric analyses of whole blood samples. However, during the time and 

temperature study (chapter 5) data emerged and there was no degradation for up to 

12 hours. Therefore, study protocol change was successfully applied for and changed 

for whole blood samples to be analysed within 2 hours of venesection. This protocol 

amendment allowed for greater flexibility in the use of the flow cytometer and in turn 

increased recruitment into the studies within this thesis.   

No samples were stored or kept for greater than 24 hours and no samples were used 

in any other study. All samples were disposed of within the haematology department 

and sent for incineration as per haematology laboratory disposal protocol. The trial 

was closed after the final follow up on day 28 and once 20 complete patient datasets 

had been collected. The MHRA, HRA and Sponsor were notified within 90 days of 

completing the trial. 

 

2.7.6 Clinical studies sample size  

There are four clinical studies within this thesis including 83 patients. Inclusion or 

exclusion criteria and consenting have been described above in sections 3.7.2 and 3.7.4.  

The CTCA study (chapter 6) included 23 patients as the national guidelines for 

performing CTCA changed during the study. Table 2.7. 
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Table 2.7: Number of patients in each clinical study 

Clinical study Chapter Number of 

patients 

Time and temperature stability study  5 10 

 

Computerised tomography coronary artery (CTCA) 

calcium scoring and endothelial progenitor cell count 

Study shortened due to changes in national guidelines 

 

6 

 

23 

 

Mobilisation of endothelial progenitor cells and statin 

therapy: A pilot – proof of concept study 

 

7 

 

20 

 

The effect on endothelial progenitor cells by statin 

loading in “all comers” with an acute coronary 

syndrome 

 

8 

 

40 

 

The study design was based on power calculation as described by Ricottini et al.[306] 

By using power of 90% and a significance level of 0.05, with a normal distribution and 

a two sided significance test, this abstract reported that reloading with atorvastatin 

raised EPC level from 0.25±0.29% to 0.76±1.04%; a difference of means of ~0.5 and an 

estimated population standard deviation of 0.45 giving a sample size of 18 per group. 

[306]  

In more detail, there were four different factors that needed to be considered when 

estimating the study size if the outcome is a continuous normally distributed variable:  
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1) Type I error rate 𝛼, or significance test size 

2) Type II error rate 𝛽 (related to the power of the study as 1 − 𝛽) 

3) Anticipated standard deviation of the outcome measure, 𝜎𝑝𝑙𝑎𝑛 

4) The anticipated effect size, 𝛿𝑝𝑙𝑎𝑛 (difference between test and control means) 

It is conventional to set 𝛼 = 0.05  and 𝛽 = 0.1  (or 𝛽 = 0.2 , for more conservative 

analysis), which implies the minimum power of the test will be 90% (1 − 𝛽 = 0.9). The 

anticipated standard deviation and anticipated effect size are usually taken from 

previous similar studies. In our study, we assume 𝜎𝑝𝑙𝑎𝑛 = 0.45  and 𝛿𝑝𝑙𝑎𝑛 = 0.5  as 

those were the values estimated [306]. Figure 2.12. 

The four factors are used to estimate the study size using the following equation: 

𝑚 = 2𝜃
𝜎𝑝𝑙𝑎𝑛

2

𝛿𝑝𝑙𝑎𝑛
2 , 

where; 

 𝜃 = (𝑧𝛼 2⁄ + 𝑧1−𝛽)
2
, being 𝑧𝛼 2⁄  and 𝑧1−𝛽 the ordinates for the Normal distribution of 

values 𝛼/2 and 1 − 𝛽. 

 In this study, 𝜃 = 10.5 

Therefore, the study size can be estimated as figure 2.12 

𝑚 = 2 × 10.5 ×
0.452

0.52
= 17.01 ≈ 18 

This was rounded up to a sample of 20 patients in the pilot –proof of concept study of 

mobilisation of endothelial progenitor cells and statin therapy. We decided to double 

the number of patients in the All-comers and CTCA studies as we included other 

parameters such as significant co-morbidities.  
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Chapter 3  

 

The effect of atorvastatin on EPC associated 

chemokine CXCR-12 (SDF-1), its receptor CXCR-4 

and cell adhesion molecule E-selectin 

3.1 Abstract 

Introduction: Atorvastatin is thought to mediate chemokines, cell surface molecules 

and adhesion molecules as a pleiotropic mechanism to augmentation of EPCs .  

Method: This study assessed the effect of atorvastatin on human EPCs, chemokine 

CXCL-12, cell surface marker CXCR4 and an adhesion molecule E-selectin in denuded 

tissue engineered intimal layers. Tissue constructs were incubated for varied length 

of time in either standard culture media or standard culture media with the addition 

of atorvastatin at a concentration of 60μg/L. Human EPCs, concentrations of CXCR-

4, CXCL-12 and E-selectin were analysed by cell culture, ELISA and immunostaining 

respectively. The study hypothesis was that atorvastatin would increase CXCL-12 its 

receptor CXCR-4 and of adhesion molecule e–selectin resulting in greater EPC 

numbers on the denuded endothelium. The aim of the study was to prove this. 

Results: The study found incubation time and atorvastatin significantly increased 

CXCL-12 concentration. The study found no significant interaction between 

atorvastatin and time of incubation. Atorvastatin appeared to non-significantly 
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increase CXCR-4 within 1 hour, an effect maintained for up to 9 hours and peak E-

selectin by 5 hours. No significant difference was observed in EPC numbers. 

Conclusion: Atorvastatin appears to significantly increase CXCL-12 concentration, 

reach peak concentrations of CXCR-4 and E-selectin earlier and maintain higher 

steady state concentrations than standard culture media. However no significant 

increase of cell cultured EPCs was found.  

 

3.2 Introduction 

Several studies have shown the early beneficial effect of statins occurring before any 

decrease in lipid profile. A proposed pleiotropic mechanism includes enhanced 

release of cytokines and or expression of adhesion molecules on EPC surface. [13, 225, 287, 

288, 344, 345] Cytokines are central to cell signalling. A common chemokine termed C-X-

C motif chemokine 12 (CXCL-12), also known as stromal cell-derived factor 1 (SDF-1) 

[69] has shown to be great importance and bind to the (C-X-C motif) receptor 4 

(CXCR4). [81-83] CXCL-12 plays an integral role in vascular repair during 

cardiovascular disease, [70] and shown to be a strong chemotactic factor for EPCs. [72-74] 

Therefore any pharmacological treatment shown to be capable of increasing CXCL-12 

and or CXCR-4 to sites of endothelial damage could potentially be of clinical benefit. 

There has been some evidence that statins may enhance EPCs via increasing CXCL-

12. E-selectins are cell adhesion molecules expressed only on endothelial cells 
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activated by cytokines. [92] E-selectins have been shown to be integral for EPC 

adhesion. [94-98]  

This study used tissue engineered intimal layer (TEIL) in assessing the effect of 

atorvastatin on chemokine CXCL-12 from culture, its receptor CXCR-4, cell adhesion 

molecule E–selectin and human EPCs form tissue engineered denuded endothelial 

layers. ELISA (section 3.3) and immunostaining (methods section 3.4) were used to 

quantify CXCL-12 and CXCR-4 respectively. Cell culture and staining (methods 

section 3.5) were used to identify human EPCs on TEIL layers.  

 

3.3 Materials  

Please refer to sections 2.3, 2.4 and 2.5.  

3.4 Construction of tissue engineered intimal layers  

Please refer to section 2.2.  

 

3.5 Lesion formation 

Please refer to section 2.2.4.  

 

3.6 Method 

Please refer to sections 2.1 to 2.5. 

3.7 Enzyme Linked Immunosorbent Assay (ELISA) quantification  

Please refer to section 2.3.  
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3.8 Immunostaining of TEIL constructs 

Please refer to section 2.4 

 

3.9 Cell tracking and staining of cultured EPCs  

Please refer to section 2.5 

 

3.10 Statistical analysis  

The statistical analytical method needed to consider two important factors. Firstly, to 

comparison of 6 groups, time 0, 1, 3, 5, 7 and 9 hours and secondly the effect of addition 

of atorvastatin in standard media. Therefore, two-way replication analysis of variance 

(ANOVA) statistical software was used. The effect of atorvastatin, length of time of 

incubation or interaction between these variables would influence CXCL-12 

concentration (pg/ml).  The significance was assessed by F-test and P-value. The F test 

assumed population from F distribution, also called Fisher-Snedecor distribution. In 

this study chosen level of significance was α 0.05.  
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Figure 3.1. Figure to illustrate study design 
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3.11 Results 

The effect of atorvastatin on CXCL-12 within denuded endothelium was analysed by 

ELISA of tissue engineered intimal layer (TEIL). Methods section 2.3. A standardised 

curve as per manufacturer recommendations was obtained. The obtained 

standardised curve can be seen in Figure 3.2 below. 

 

 

By application of equation of straight line, the concentration of CXCL-12 was 

determined. 

Equation of straight line y=mx+c 

Where 

Y axis = absorbance  m = defined constant 0.0002 

X axis = concentration (pg/ml) c = defined constant 0.4187 

 

Absorbance = 0. 0002.Concentration + 0.4187 

Therefore: 

 

CXCL-12 Concentration (pg/ml) = absorbance/0.0002 – 0.4187. 

The equation was applied to each data point at each time interval and summarised in 

tables 3.1 and 3.2 below.  

y = 0.0002x + 0.4187
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Figure 3.2 - Standard curve
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Table 3.1 Standard media calculated CXCL-12 concentration (pg/ml) 

 

 
Time in hours  

Number 0 1 3 5 7 9 

1 1692 2657 2027 1982 1702 1807 

2 1577 2597 2257 2202 1967 1722 

3 1222 2477 2087 2157 1982 1817 

4 1557 2287 2227 2067 2067 1692 

5 1377 2527 2222 2102 1767 1792 

6 1162 2542 2062 2617 1852 1717 

7 1137 2012 2062 1782 1857 1477 

8 1152 1807 1882 1562 1777 1587 

9 1332 2527 2357 2117 1937 1867 

10 1842 1957 1962 1932 1877 1892 

11 1842 1957 1907 2012 1902 1837 

12 1827 1937 1937 1957 1952 1912 

13 1822 1952 1912 1942 1892 1852 

14 1872 1937 1982 1992 1887 1877 

15 1847 1927 1967 1932 1927 1942 

16 1917 1982 2002 2027 1982 1932 

17 1947 2067 2297 2042 1952 1972 

18 1872 2122 1917 1967 2022 1917 

Average 1610 2181 2059 2021 1905 1811 

SD 300 290 149 206 92 130 
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Table 3.2 Standard media with atorvastatin calculated CXCL-12 concentration 

(pg/ml) 
 

Time in hours 

Number 0 1 3 5 7 9 

1 2457 2932 3147 2977 3107 3572 

2 2127 2652 2542 2632 2522 2557 

3 2042 2512 2842 2572 2352 2502 

4 1922 2437 2212 2457 2322 2397 

5 1637 2302 2627 2702 2367 2512 

6 1677 2197 2467 2247 2542 2557 

7 1487 2527 2127 2037 2212 2272 

8 1712 2252 2232 2047 1942 2377 

9 1497 3122 2817 2577 2497 2192 

10 2307 2532 2462 2487 2437 2417 

11 2317 2582 2507 2507 2492 2487 

12 2307 2607 2522 2462 2552 2397 

13 2392 2567 2492 2502 2507 2447 

14 2307 3142 2442 2467 2562 2482 

15 2317 2607 2547 2512 2547 2477 

16 2357 2602 2477 2577 2487 2532 

17 2397 2642 2592 2597 2622 2512 

18 2272 2657 2497 2412 2392 2432 

Average 2085 2603 2530 2487 2470 2506 

SD 337 255 236 218 225 282 

 

 

Statistical analysis was performed with two-way ANOVA with replication in 

Microsoft Excel. Table 3.3 summarises the findings. 
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Table 3.3 Summary of the two-way ANOVA analysis 

 

 
Time/hours  

 
SUMMARY 0 1 3 5 7 9 Total 

Standard media 
       

Count 18 18 18 18 18 18 108 

Sum 28996 39271 37066 36391 34301 32611 208636 

Average 1610.89 2181.72 2059.22 2021.72 1905.61 1811.72 1931.81 

Variance 89875.16 84066.09 22318.30 42598.45 8505.31 16977.86 76462.58 

        
Standard media with 

Atorvastatin 
       

Count 18 18 18 18 18 18 108 

Sum 37531 46871 45551 44771 44461 45121 264306 

Average 2085.06 2603.94 2530.61 2487.28 2470.06 2506.72 2447.28 

Variance 113779.82 64823.94 55805.31 47374.92 50571.00 79689.62 93784.97 

        
Total 

       
Count 36 36 36 36 36 36 

 
Sum 66527 86142 82617 81162 78762 77732 

 
Average 1847.97 2392.83 2294.92 2254.50 2187.83 2159.22 

 
Variance 156732.60 118159.29 95084.82 99435.00 110619.29 171159.21 

 

        

        
ANOVA 

       
Source of Variation SS df MS F P-value F crit 

 
Atorvastatin 14347912 1 14347912 254.551 9.85E-38 3.887 

 
Time (hours) 6272742.6 5 1254549 22.257 8.803E-18 2.258 

 
Interaction between 

atorvastatin and 

time 445187.04 5 89037.41 1.580 0.1672683 2.258 
 

Within 11498558 204 56365.48 
    

        
Total 32564400 215 

     

        
Key 

ss - sum of squares  df - degrees of freedom  

MS - Mean squares  F statistic= MS in group/MS within groups 

F crit values for α significance of 0.5  
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Plotting concentration of CXCL-12 (pg/ml) against time (hours), figure 4.3 below 

highlights the difference in CXCL-12 (pg/ml) seen between sample media and sample 

media with atorvastatin. The figure also shows standard deviation.  

 

Figure 3.3; Graph comparing concentration of CXCL-12 in standard media and standard 

media with atorvastatin including standard deviation markers 

 

 

 

The effect of atorvastatin on CXCR-4 within denuded endothelium was studied by 

immunostaining of tissue engineered intimal layer (TEIL). The effect of atorvastatin 

on CXCR-4 within denuded endothelium was analysed by immunostaining of tissue 

engineered intimal layer (TEIL). The TEIL constructs were incubated, fixed and 

stained immunologically by the methods previously described (methods section 2.4). 

The immunostaining images are shown in figure 4.4 below. CXCR-4 stained green and 

therefore we hypothesised a circumscribed area of denuded endothelium to become 
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increasingly intense correlating to increasing concentration of CXCR-4. Cellular debris 

and other artefacts were stained blue by DAPI staining.  

Immunostaining for E-selectin images are shown in figure 3.5 below. E-selectin was 

stained green and there is blue nuclear staining with DAPI, as described previously. 

Figure 2.5. 

The final part of this study was to assess culturing, staining and tracking of EPCs. 

Methods section 2.4. Figure 3.6 shows time elapsed images of EPC culture and cellular 

maturation over a 13-day period. Table 3.4 summarises the total EPC number and 

average for both standard and standard media with atorvastatin. 

 

Table 3.4a; Total EPC number for both standard and standard with atorvastatin 

media obtained from J-image software. 

  

  
Time in hours  

  
1 3 5 7 9 

Standard media Sample 1 90 192 97 131 139 

 
Sample 2 329 244 187 315 331 

Atorvastatin Sample 1 199 177 296 177 199 

 
Sample 2 438 286 248 152 142 
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Figure 3.4 Stained immunologically images for CXCR-4 

Standard supplemented media Standard supplemented media with 

atorvastatin (60ug/mL) 

1 hour 

 

1 hour 

 

5 hours 

 

5 hours 

 

9 hours 

 

9 hours 
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Figure 3.5 Stained immunologically images for E-selectin 

Standard supplemented media Standard supplemented media with 

atorvastatin (60ug/mL) 

1 hours  

 

1 hours  

 

5 hours 

 

5 hours 

 

9 hours 

 

9 hours 
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Figure 3.6; Figure representing EPC maturation.  

 

Days 1-8 several different cell lineage are present with immature EPCs. Day 13 shows survival of only mature EPCs identified by their elongated spindle 

shape. Trypsin was then added to the culture media to allow separation of extra-cellular matrix and EPC. EPCs were then stained with CFSE fluorescent 

dye and transferred to TEILs and placed on a rocker with either standard media or standard media with atorvastatin. 
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Table 3.4b Anova: Two-Factor With replication 

SUMMARY 1 3 5 7 9 Total 

Standard media 
      

Count 2 2 2 2 2 10 

Sum 419 436 284 446 470 2055 

Average 209.5 218 142 223 235 205.5 

Variance 28560.5 1352 4050 16928 18432 8898.3 
       

Atorvastatin 
      

Count 2 2 2 2 2 10 

Sum 637 463 544 329 341 2314 

Average 318.5 231.5 272 164.5 170.5 231.4 

Variance 28560.5 5940.5 1152 312.5 1624.5 8047.6 
       

Total 
      

Count 4 4 4 4 4 
 

Sum 1056 899 828 775 811 
 

Average 264 224.75 207 193.75 202.75 
 

Variance 23000.67 2491.583 7367.333 6887.583 8072.25 
 

       

       

ANOVA 
      

Source of Variation SS df MS F P-value F crit 

Atorvastatin 3354.05 1 3354.05 0.31 0.59 4.96 

Time (hours) 12408.7 4 3102.175 0.29 0.88 3.48 

Interaction 

between 

atorvastatin and 

time 
 

33191.7 4 8297.925 0.78 0.57 3.48 

Within 106912.5 10 10691.25 
   

       

Total 155867 19 
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3.12 Discussion 

This study compared the effect of atorvastatin added standard culture fluid compared 

to standard cultured fluid alone on denuded tissue engineered endothelium. This 

study used 60μg/mL atorvastatin corresponding to the equivalent intense statin 

therapy when administered orally to patients. [377]  

The first part of this study compared the concentration of the cytokine CXCL-12 in 

culture fluid of standard media with standard media with atorvastatin group by 

ELISA. CXCL-12 is well a recognised chemotactic factor for EPCs. [72-74]. [68-70]  

The study found that addition of atorvastatin had a significant increase in CXCL-12 

concentration  P<0.05. Secondly the greater incubation time also had a significant 

effect on CXCL-12 concentration P<0.05. The study found no significant interaction 

between atorvastatin and time of incubation, P =.167. This can be seen in figure 4.3, 

which demonstrates the positive effect of atorvastatin on CXCL-12 concentration, and 

that the atorvastatin appeared to maintain an elevated concentration of CXCL-12. 

Whereas in the standard media CXCL-12 peaked by 1 hour followed by a decrease in 

concentration. This suggests that atorvastatin firstly increased the concentration of 

CXCL-12 and secondly maintained a more sustained duration of effect when 

compared to the standard group. This is in keeping with well described up regulation 

of the expression of CXCL-12 on atherosclerotic plaques that enhances homing of EPC 

to sites of vascular injury [70, 71, 75]  

Modulation of CXCL-12/CXCR-4 axis has been shown to have a central role in 

mobilisation of endothelial progenitor cells by decreasing CXCL-12. [81, 84, 88-91] Binding 

of CXCL12 to CXCR4 mediates intracellular signalling via G-protein mediate 
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response. One of the proposed effects is the inhibition of adenylyl cyclase activity and 

triggers MAPK and PI3K pathway activation, [399] which are intracellular mechanisms 

associated with EPC mobilisation. [400]  

The study used immunostaining to assess the effect of atorvastatin on CXCR-4 at 1, 5 

and 9 hours. No significant difference was observed visually in CXCR-4 between the 

standard sample and the standard sample incubated with atorvastatin at any time 

period of the study. This may be because the concentrations of CXCL-12 were 

insufficient to require modulation by CXCL-4 or that longer time was required to 

stimulate a response. Secondly, there was no identifiable circumscribed area of green 

immunostaining, suggesting no differentiation between denuded endothelial areas 

and normal endothelium. This suggested that the effect of atorvastatin was not 

confined only to denuded endothelium alone but also on neighbouring endothelial 

cells. This may have been due to ‘spill-over’ of the culture fluid or chemotactic factors. 

Despite no obvious significant difference between the standard media compared to 

standard media with atorvastatin there were however subtle difference within each 

group suggesting some effect due to atorvastatin. In the standard group, there 

appeared to be a modest increase of CXCR-4 by 5 hours with a visible decrease by 9 

hours. This is in keeping with an earlier study. [65] In contrast the atorvastatin group, 

appeared to have a greater concentration of CXCR-4 by 1 hour that was maintained to 

9 hours. These findings are comparable to the effect seen with atorvastatin on CXCL-

12, with an acute increase at 1 hour followed by a more sustained and maintained 

concentration. E-selectins were included in this study as they are recognised as integral 

component for EPC adhesion. [94-98] We observed no circumscribed area of green immunostaining, 

suggesting no differentiation between denuded endothelial areas and normal endothelium. This 
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may be due to neighbouring cells expression of E-selectin to potentiate the effect of EPC adhesion. 

However, by 1 hour there appeared to be greater concentration of E-selectin in atorvastatin 

group. Secondly, the atorvastatin group appeared to have maximal concentration by 5 hours and 

by 9 hours less staining was seen. In comparison to the standard group a gradual increase to 9 

hours was seen. This suggests that atorvastatin may potentiate expression of E-selectin. This 

delayed response may be explained by the fact that E-selectins are not stored in cells and 

therefore have to be transcribed, translated, and transported to the cell surface and have been 

found to peak between 6-12 hours. [93] Our results suggest firstly that atorvastatin may cause a 

more rapid transcription, translation and expression on cell surface of E-selectin. Secondly the 

response of E-selectin expression may not be confined only to denuded endothelium but also to 

neighbouring endothelial cells. Figure 4.5. The study hypothesis was a higher concentration of 

CXCL-4 or E-selectin within denuded endothelium.  

The final part was to assess if EPCs were recruited specifically to denuded areas and 

secondly if atorvastatin group had a greater response. Figure 4.6 shows time elapsed 

images of EPC culture and maturation. Microscopic images between days 1-8 show a 

number of different cell lineage at varying stages of maturity. By day 13 only mature 

EPCs are seen and readily identifiable by their elongated spindle shape. Figure 4.6.  

The study found that addition of atorvastatin had no significant increase in EPC count 

with P= .59. Secondly the greater incubation time had no significant increase in EPC 

count P= .88. These may be due to negative feedback mechanism.    

This study had several limitations. The main limitation was the small sample size used 

for each sub-study, which is driven by the practicalities of creating the TEIL 

constructs. Secondly, the study only had a single concentration of atorvastatin 

(60ug/mL) and therefore potential effect on CXCR-4 or EPC numbers may occur at 

lower or higher concentrations, but this dose was picked to represent the average 
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tissue concentration seen with 80mg/day of atorvastatin. Thirdly immunostaining 

analyses of CXCR-4 and E-selectin was based on subjective visual interpretation and 

subjective rather than quantitative analyses, with Image-J to minimise this factor.  

 

3.13 Conclusion 

The study found atorvastatin had a significant increase in CXCL-12 concentration 

(P<0.05) an effect also seen with greater incubation time also had a significant effect 

on CXCL-12 concentration (P<0.05). No significant interaction between atorvastatin 

and time of incubation (P =.167). Atorvastatin appeared to firstly increase the 

concentration of CXCL-12 and secondly maintained a more sustained duration of 

effect when compared to the standard group. The study found a greater concentration 

of CXCR-4 by 1 hour that was maintained up to 9 hours. A similar effect was seen on 

E-selectin with greater concertation observed by 1 hour, peaking by 5 hours following 

by decrease by 9 hours. This suggests that atorvastatin potentiated expression of both 

CXCR-4 and E-selectin and maintained this effect. Interestingly the study observed no 

significant difference between EPC numbers by culturing in either time of incubation 

of addition of atorvastatin.  

The study supports earlier studies that suggest atorvastatin has pleiotropic effects 

other than effect on lipid profile alone.  
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Chapter 4 

 

Time and temperature stability study 

4.1 Abstract 

Introduction: Current flow cytometric protocols recommend that whole blood 

samples are analysed within a short time interval. This may be difficult in busy 

haematology laboratories. The study aim was to demonstrate the feasibility of 

performing flow cytometric analysis of whole blood sample. The study hypothesis 

was that this was firstly possible and secondly that sample could be stored at 40C and 

analysed later.  

Methods: This study was performed in collaboration with Chapter 7. Newly 

diagnosed angina patients had baseline blood samples prior to starting atorvastatin 

20mg as required for chapter 7 study. At day 1 two EDTA bottles each containing 5ml 

of blood were stored at either room temperature or at 40 C. From these samples, 

aliquots of the whole blood were then taken at time 0, 2, 4, 6, 9 and 12 hours and 

underwent flow cytometric analysis for quantification of CD45dim, CD34+ and 

VEGFR2+ EPCs.  

Results: No statistical difference in EPC count was observed up to 12 hours at either 

room temperature (p=0.8) or 40 C (p=0.9). Significant EPC dispersion at room 

temperature was found (p=0.04).   
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Conclusion: Whole blood samples may be stored up to 12 hours at 40 C prior to flow 

cytometric analyses.  

 

4.2 Introduction 

EPCs can be analysed by flow cytometry relatively easily and reliably. Current flow 

cytometric protocols recommend that whole blood samples analysed as soon as 

possible after venesection. [390] However, due to the limited availability of flow 

cytometers which are often located in busy haematology laboratories, often with 

workflows heavily weighted to oncological and immunological diseases. Many 

clinical units have limited flow cytometry trained staff, who are often rostered to other 

investigative processes, and this often precludes patients that present out of working 

hours, as the flow cytometer workflows are often batched.  

As part of my research plan investigated EPCs in ACS, being able to capture out of 

hours patients was potentially important. Therefore, the first objective of this study 

was to assess the feasibility to perform whole blood flow cytometric assay for 

endothelial progenitor cells (EPCs), and perhaps more importantly to assess 

temperature and time stability of whole blood samples to produce accurate EPC 

counts. This would identify the optimal time frame from venesection to accurate EPC 

count analysis and possibly demonstrating that whole blood could be safely stored 

for analyses from patients presenting overnight.  
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4.3 Methods and materials 

Please refer to section 2.7. 

Figure 4.1. Study flow diagram 

 

 

4.4 Patient recruitment 

Please refer to section 2.7.1 – 2.7.4 

 

4.5 Inclusion/exclusion criteria 

Please refer to section 2.7.3. 

 

4.6 Blood sample acquisition and transport. 

Please refer to section 2.7.5 

 

Day 0 - newly diagnosed 
angina. Fullfill inclusion 

criteria. 

Informed consent. Blood 
test (full blood count, 

liver and renal function, 
lipid profile and EPC 

levels) start atorvastatin 
20mg 

Day 1 - Out patient clinic 
review. 

5ml of blood venesected 
in two EDTA tubes. 

Sample 1 stored at room 
temperature.

Aliquots taken at time at 
0,2,4,6,9 and 12 hours for 
flow cytometric analysis 

Sample 2 stored at 4O 

Celcius

Aliquots taken at time at 
0,2,4,6,9 and 12 hours for 
Flow cytometric analysis 



 

 119 

4.7 Sample preparation 

Please refer to section 2.6.  

 

4.8 Flow cytometric analysis 

The same immunostaining technique was universally performed in all samples 

without exception and described in section 3.6.2. EPC counts were determined as 

described in section 3.6.5. 

 

4.9 Statistical analysis 

R–statistical programming language (version 3.6.1 St. Louis, Missouri, USA), and 

Microsoft excel were used for the statistical analysis in this chapter. 

The study analysed results in three ways. Single ANOVA was used to assess for any 

significant difference between EPC count and time at either room temperature or 40 

C. Two factor ANOVA without replication to assess the interaction between time and 

temperature.  

Finally, dispersion characteristics were used to assess the accuracy of flow cytometric 

analysis of whole blood cells up to time 12 hours after venesection. The 2 models used 

were dispersion covariance and distance. 2.6.8. 
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4.10 Results 

This study recruited 11 patients from the pilot study. The study included only stable 

angina patients. These patients had no history of previous statin therapy. The 

demographics summarised in table 4.1. 

Table 4.1 – summary of patient demographics 

  
Study group of newly diagnosed angina 

 
Age 56.7 ±9.6 

 
Gender [Males] 5/10 [50%] 

 
Number of comorbidities 1.0 ±0.6 

BP Systolic 127.9 ±18.5 
 

Diastolic 73.6 ±8.7 

Smoking status Current 1/10 [10%] 
 

Ex-smoker 6/10 [60%] 
 

Never 3/10 [30%] 

Renal function Creat umol/l 71.5 ±17.2 
 

urea mmol/l 9.6 ±12.4 
 

eGFR ml/min 1.72m2 88.8 ±3.8 

Liver function ALT u/l 22.5 ±4.7 
 

ALP u/l 77.1 ±16.4 
 

Bilirubin g/l 9.9 ±3.5 
 

Hb g/l 150.7 ±12.8 

Pre-statin Cholesterol mmol/l 5.25 ±0.8 
 

HDL mmol/l 1.28 ±0.3 
 

LDL mmol/l 3.2 ±0.8 
 

Triglycerides mmol/l 1.6 ±0.5 
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Table 4.2: showing the EPC count/ul on day 1 with sequential analysis of time and 
temperature stability. 
 

Patient Day 0 Day 1 Time/hours 

Room temperature 4O Degrees 

  0 2 4 6 9 12 0 2 4 6 9 12 

AG-1 2.2 2.9 7.6 0.6 1.1 1.0 3.4 2.1 0.6 0.6 0.8 0.2 3.8 

AG-2 1.5 Excluded from study 

AG-3 1.0 1 0 0.5 0.3 0.5 0.7 0.3 0.0 0.5 0.4 0.4 0.4 

AG-4 1.1 0.5 0.2 1.0 1.5 1.3 1.4 0.2 0.6 1.4 0.5 1.4 1.5 

AG-5 2.7 3.3 5.8 4.7 5.3 6.0 0.5 1.3 4.4 3.6 4.5 0.5 0.5 

AG-6 0.8 0.6 1.2 1.1 1.0 0.9 1.0 0.5 0.7 1.0 0.7 0.7 0.5 

AG-7 0.3 0.4 0.4 0.3 0.3 0.0 0.0 0.4 0.3 0.2 0.1 0.0 0.0 

AG-8 0.3 0.1 0.7 0.7 0.6 1.2 1.2 0.1 0.5 0.4 0.6 0.6 1.2 

AG-9 1.9 0.7 2.2 3.4 3.1 2.6 2.9 0.9 2.1 2.2 3.7 1.7 1.3 

AG-10 1.8 2.1 2.2 2.4 2.4 0.4 2 2.0 1.7 1.8 2.4 1.4 1.2 

AG-11 0.7 1.2 1.3 1.6 1.1 1.9 1.6 1.3 1.3 0.7 1.4 1.5 1.5 

 

The EPC counts verses times were plotted in figure 4.2 below. This figure highlights 

the variation in EPC counts in each sample over the study period for samples stored 

at room temperature and 40 C prior to analysis at 0, 2, 4, 6, 9 and 12 hours.  

Figure 4.2: Shows EPC count per uL verses time in hours for each angina patient 

(AG 1- 11) at 40C (top) and room temperature (below). 

Figure 4.2 
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Table 4.3 summarises the mean and standard deviation of the samples at both study 

temperatures. Figure 4.3 illustrates the average count of EPCs at each time period.  

Table 4.4 a&b summarises the EPC counts for each patient at room temperature at 

each time period and the ANOVA statistical analysis. 

 

Table 4.3 The derived mean and standard deviation of EPC counts of each patient at 

room temperature and 40 C 

 

  Patient number   

 Time 1 3 4 5 6 7 8 9 10 11 Av SD 

Room temperature 0 2.9 1.0 0.5 3.3 0.6 0.4 0.1 0.7 2.1 1.2 1.3 1.1 

 
2 7.6 0.0 0.2 5.8 1.2 0.4 0.7 2.2 2.2 1.3 2.2 2.4 

 
4 0.6 0.5 1.0 4.7 1.1 0.3 0.7 3.4 2.4 1.6 1.6 1.4 

 
6 1.1 0.3 1.5 5.3 1.0 0.3 0.6 3.1 2.4 1.1 1.7 1.5 

 
9 1.0 0.5 1.3 6.0 0.9 0.0 1.2 2.6 0.4 1.9 1.6 1.6 

 
12 3.4 0.7 1.4 0.5 1.0 0.0 1.2 2.9 2.0 1.6 1.5 1.0 

40 degrees  0 2.1 0.3 0.2 1.3 0.5 0.4 0.1 0.9 2.0 1.3 0.9 0.7 

 
2 0.6 0.0 0.6 4.4 0.7 0.3 0.5 2.1 1.7 1.3 1.2 1.2 

 
4 0.6 0.5 1.4 3.6 1.0 0.2 0.4 2.2 1.8 0.7 1.2 1.0 

 
6 0.8 0.4 0.5 4.5 0.7 0.1 0.6 3.7 2.4 1.4 1.5 1.4 

 9 0.2 0.4 1.4 0.5 0.7 0.0 0.6 1.7 1.4 1.5 0.8 0.6 

 
12 3.8 0.4 1.5 0.5 0.5 0.0 1.2 1.3 1.2 1.5 1.2 1.0 

Key  

AV – Average    SD – standard deviation 
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Figure 4.3 Day 1 Mean EPC number verses time (hours) for each temperature  

 

 

Table 4.4 Summary of EPC counts for each patient at room temperature at each time 

point and the ANOVA statistical analysis  

(a) Summary of the EPC count at times 0, 2, 4, 6, 9 and 12 hours stored at room 

temperature 

 Time/hours 

Patient (AG) 0 2 4 6 9 12 

1 2.9 7.6 0.6 1.1 1 3.4 

3 1 0 0.5 0.3 0.5 0.7 

4 0.5 0.2 1 1.5 1.3 1.4 

5 3.3 5.8 4.7 5.3 6 0.5 

6 0.6 1.2 1.1 1 0.9 1 

7 0.4 0.4 0.3 0.3 0 0 

8 0.1 0.7 0.7 0.6 1.2 1.2 

9 0.7 2.2 3.4 3.1 2.6 2.9 

10 2.1 2.2 2.4 2.4 0.4 2 

11 1.2 1.3 1.6 1.1 1.9 1.6 
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(b) Summary of the one-way ANOVA analyses. 

Groups Count Sum Average Variance 
  

Column 1 10 12.8 1.3 1.2 
  

Column 2 10 21.6 2.3 6.5 
  

Column 3 10 16.3 1.6 2.1 
  

Column 4 10 16.7 1.7 2.4 
  

Column 5 10 15.8 1.6 2.9 
  

Column 6 10 14.7 1.5 1.1 
  

       
ANOVA 

      
Source of Variation SS df MS F ratio F crit P-value 

Between Groups (b) 4.3 5 0.9 0.3 2.4 0.9 

Within Groups (w) 146 54 2.7 
   

       
Total 151 59         

Key 

ss - sum of squares  df - degrees of freedom  MS Mean squares  F ratio MS between groups/MS within 

groups F crit values for α significance of 0.5  

 

Table 4.5 a&b Summary of EPC counts for each patient at 4 0C at each time point and 

the ANOVA statistical analysis. 

 

Table 4.5 EPC count at time 0, 2, 4, 6, 9- and 12-hours samples stored at room 

temperature.  

 Time/hours 

Patient (AG) 0 2 4 6 9 12 

1 2.1 0.6 0.6 0.8 0.2 3.8 

3 0.3 0 0.5 0.4 0.4 0.4 

4 0.2 0.6 1.4 0.5 1.4 1.5 

5 1.3 4.4 3.6 4.5 0.5 0.5 

6 0.5 0.7 1 0.7 0.7 0.5 

7 0.4 0.3 0.2 0.1 0 0 

8 0.1 0.5 0.4 0.6 0.6 1.2 

9 0.9 2.1 2.2 3.7 1.7 1.3 

10 2 1.7 1.8 2.4 1.4 1.2 

11 1.3 1.3 0.7 1.4 1.5 1.5 
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Table X2b One-way ANOVA 
 

Groups Count Sum Average Variance   
Column 1 10 9.1 0.9 0.5   
Column 2 10 12.2 1.2 1.7   
Column 3 10 12.4 1.2 1.1   

Column 4 10 15.1 1.5 2.3   
Column 5 10 8.4 0.8 0.4   

Column 6 10 11.9 1.2 1.1   

       

       

ANOVA       
Source of Variation SS df MS F ratio P-value  F crit  

Between Groups 2.9 5 0.6 0.5 0.8 2.4 

Within Groups 63.9 54 1.2    

       

Total 66.9 59         

 

 

 

Key 

ss - sum of squares df - degrees of freedom  MS - Mean squares F crit values α 

significance of 0.5  F ratio = MS between groups/MS within groups 
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Table 4.6 a&b summarises the EPC counts for each patient at each time period and the two-way 

ANOVA statistical analysis. 

Table 4.6 a Summarising the EPC counts at both room temperature and 40C 

 
Time/ hours 

 
0 2 4 6 9 12 

RT 2.9 7.6 0.6 1.1 1 3.4 

 
1 0 0.5 0.3 0.5 0.7 

 

0.5 0.2 1 1.5 1.3 1.4 

 
3.3 5.8 4.7 5.3 6 0.5 

 
0.6 1.2 1.1 1 0.9 1 

 
0.4 0.4 0.3 0.3 0 0 

 
0.1 0.7 0.7 0.6 1.2 1.2 

 
0.7 2.2 3.4 3.1 2.6 2.9 

 

2.1 2.2 2.4 2.4 0.4 2 

 
1.2 1.3 1.6 1.1 1.9 1.6 

4 0 C 2.1 0.6 0.6 0.8 0.2 3.8 

 
0.3 0 0.5 0.4 0.4 0.4 

 
0.2 0.6 1.4 0.5 1.4 1.5 

 
1.3 4.4 3.6 4.5 0.5 0.5 

 

0.5 0.7 1 0.7 0.7 0.5 

 
0.4 0.3 0.2 0.1 0 0 

 

0.1 0.5 0.4 0.6 0.6 1.2 

 
0.9 2.1 2.2 3.7 1.7 1.3 

 
2 1.7 1.8 2.4 1.4 1.2 

 1.3 1.3 0.7 1.4 1.5 1.5 
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Table 4.6 b Two-way ANOVA analysis 

SUMMARY 0 hours 2 hours 4 hours 6 hours 9 hours 12 hours Total 

Room temperature               

Count 10 10 10 10 10 10 60 

Sum 12.8 21.6 16.3 16.7 15.8 14.7 97.9 

Average 1.28 2.16 1.63 1.67 1.58 1.47 1.63 

Variance 1.23 6.47 2.09 2.42 2.97 1.12 2.56 

        

40C               

Count 10 10 10 10 10 10 60 

Sum 9.1 12.2 12.4 15.1 8.4 11.9 69.1 

Average 0.91 1.22 1.24 1.51 0.84 1.19 1.15 

Variance 0.54 1.67 1.10 2.31 0.37 1.11 1.13 

        

Total           

Count 20 20 20 20 20 20  

Sum 21.9 33.8 28.7 31.8 24.2 26.6  

Average 1.10 1.69 1.44 1.59 1.21 1.33  

Variance 0.87 4.09 1.55 2.25 1.73 1.08  

        

        

ANOVA        

Source of Variation SS df MS F P-value F crit  

Sample 6.91 1 6.91 3.55 0.06 3.93  

Columns 5.10 5 1.02 0.52 0.76 2.30  

Interaction 2.21 5 0.44 0.23 0.95 2.30  

Within 210.57 108 1.95     

        

Total 224.79 119          

        
Key 

ss - sum of squares df - degrees of freedom  MS Mean squares   F ratio MS between groups/MS within 

groups F crit values for α significance of 0.5  

 

The above calculations do not take into consideration the progressive spread of the 

dots in the histograms over time, but rather reports the outcome of whether a data 

point is within the zone classified as an EPC or not. This so-called dispersion is 

illustrated in Figure 4.3. The dispersion can be clearly seen when comparing the two 
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extremes of time 0 hours and 12 hours in figure 5.4a and b. The dot and plot have a 

widespread or dispersion of the data points at 12 hours (Figure 4.4a) when compared 

to data points at 0 hours (Figure 4.4b). 

Figure 4.4 a and b dot and plot of EPC analysis at time 0- and 12-hours 

demonstrating dispersion. 

 

 

 

 

 

 

Figure 4.4a 

Dot and plot of sample at 0 hours 

Figure 4.4b 

Dot and plot of sample at 12 hours 

 

To mathematically account for the dispersion, we derived two mathematical models. 

The first ‘dispersion covariance’ and secondly ‘dispersion distance’. Please refer to 

discussion section.  

The calculated dispersion covariance values were plotted against time (hours) Figure 

4.5 below.  
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Figure 4.5; Relationship between dispersion verses time in hours for each patient. 

Dispersion measured as the determinant of the covariance matrix. 

 

 

 

Table 4.7; EPC versus dispersion (as measured as a function of the covariance matrix), and 

adjusting for time and temperature 

  

Coefficient 

 

Confidence interval 2.5 - 97.5 

 

P-value 

Intercept 0.96 0.16 - 1.75 0.02 

Dispersion covariance 0.02 -0.02 - 0.06 0.41 

Time/hour -0.01 -0.07 - 0.05 0.75 

Room temperature 0.52 0.01 - 1.04 0.04 
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Figure 4.6 – Figure showing dispersion verses time in hours per patient. Dispersion as 

measured as the 2D standard deviation (based on Euclidean distance) 

 

4.11 Discussion  

The current standardised flow cytometric protocol for EPC defined as CD45dim, 

CD34+ and VEGFR2+ recommends all samples should be analysed within 2 hours 

and stored at 40 C. [390]  This may not always be possible for 2 main reasons. The first, 

patients presenting with acute coronary syndromes may be admitted out of normal 

working hours of haematological laboratories. Secondly, flow cytometry has become 

an integral part of clinical haematology and immunology and therefore may not 

always available on an ad-hoc basis. Therefore, the possibility of storing whole blood 

sample for accurate EPC analyses at greater than 2 hours could be extremely helpful. 

This study assessed the feasibility and accuracy of EPC count by flow cytometry after 

storage of whole blood samples for up to 12 hours at either room temperature or 40 C 

(ice).  
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The average age was 56.7 years with equal gender split. Patients had one co-morbidity 

including hypertension (40%), osteoarthritis, hypothyroidism, asthma or chronic 

pulmonary obstructive disease. Only 30% of patients never smoked, 10% were 

currently smoking and 60% of patients were ex-smokers. The baseline renal and liver 

functions were within normal range for all patients as per study inclusion/exclusion 

criteria. Total cholesterol, high density lipoprotein (HDL), low density lipoprotein 

(LDL) and triglycerides were measured prior to initiation of statin therapy. Total 

cholesterol is the sum of HDL, LDL and triglycerides. 

The pre-statin therapy total cholesterol and LDL cholesterol levels were 5.25mmol/l 

and 3.2mmol/l respectively. Both values were higher than the national guidelines 

recommendations.  

Table 4.8. Current national guidelines NICE guidelines recommend 

Cholesterol Recommended value (mmol/l) 

Total cholesterol < 5 

HDL >1 

LDL <3 

Triglycerides <2.3 

 

Recruited patients had on average raised total and LDL cholesterol, were more likely 

to be either current or ex-smokers and had at least 1 other com-morbidity. This is in 

keeping with risk factors for coronary artery disease and was expected.  

The study analysed the results in three ways. Single ANOVA was used to assess for 

any significant difference between EPC count and time at either room temperature or 

40 C. The second statistical analysis was ANOVA two-factor without replication to 

assess the interaction between time and temperature. The third method was to 
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describe dispersion characteristics to assess the accuracy of flow cytometric analysis 

of whole blood cells. The study found no clear relationship between EPC count and 

time was seen. The study set out to assess if accurate flow cytometric analyses was 

possible after storage of whole blood at either room temperature or 40 for as long as 

12 hours. The study found no statistical difference in EPC count if samples were 

analysed at time 0, 2, 4, 6, 9 or 12 hours at either room temperature of 40 C. These 

results suggest that whole blood samples could be stored at either room temperature 

or 40 C for up to 12 hours prior to accurate flow cytometric analyses. However, this 

relates to the simple numerical value, of the data plot being bound in the zone 

designated of likely to represent an EPC within the flow cytometry software. Albeit 

reassuring that we do not appear to have to rush to the flow cytometer machine with 

samples on ice, and within the hour to get meaningful data about raw EPC numbers, 

it tells us nothing about whether the spread of those data points over the analysis time 

period or by storage temperature. The study found no significant difference with 

temperature and no interaction between temperature and time. However, there was a 

borderline significance p=0.06 between EPC count at 40C and room temperature and 

therefore with greater number of observations may have proven to be significant. The 

determination of EPC count had an inherent limitation that relied observer bias on 

demarcating and area on P-7 of dot and plot graphs. The above simplified statistical 

analysis of raw numbers with binary values for EPC counts found that samples could 

be stored at either room temperature or 40 C and analysed by flow cytometry up to 12 

hours after venesection.  
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By looking more closely at the dot and plot values at time 0 to those at 2, 4, 6, 9 and 12 

hours a wider distribution and in some cases the presence of two different subsets 

become apparent. Figure 4.4. This dispersion may have led to inherent accuracies in 

EPC count determination. Dispersion may be in part at least be due to the 

phenomenon of capping [401]  

Therefore, the second part of the study aimed to derive mathematical models to 

explain the observed dispersion. These models assessed for any relationship between 

dispersion and time. The study hypothesis was a proportional relationship between 

time and dispersion. That is, the greater the time from venesection to flow cytometric 

analyses, the greater the dispersion of the flow cytometer data points. The dispersion 

as defined in this model as a covariance matrix that suggests that no significant spread 

or dispersion occurs over 12-hour study period. The intercept acts a base line and 

assesses the relation between dispersion and EPC excluding the cofounders of time 

and temperature. The intercept predicted EPC count at 40C degrees at first time point 

(T at 0 hours) with no dispersion. However, when adjusting for time and temperature 

there was a significant correlation between temperature and EPC number p=0.04. 

Therefore, samples stored at room temperature have greater dispersion and less 

accurate results than samples stored at 40C. This is in keeping with the study 

hypothesis. Dispersion distance was then plotted against time. Figures 4.5 and 4.6 

illustrate dispersion covariance and distance respectively against time (hours). Both 

illustrations are similar. This is reassuring as both models are analysing the same data 

albeit as different mathematical models. With EPC versus dispersion when measured 

as a function of the covariance matrix and adjusting for time and temperature shows 
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no significant difference. Therefore this study suggests that flow cytometric analysis 

of whole blood samples for EPCs defined as CD45dim, CD34+ and VEGFR2+ can be 

accurately performed up to 12 hours after venesection. However, samples should be 

stored at 40 C. However, the limitations of this study are the small sample size. 

Secondly there was a lack of negative controls in this study of healthy non-patient 

individuals.  

 

4.12 Conclusion 

This study confirmed the feasibility of flow cytometric analysis for EPC from whole 

blood samples. Current flow cytometric protocols recommend flow cytometric 

analyses of whole blood samples within 2 hours of venesection and storage at 40 C. 

This study suggests that samples may be stored at for as long as 12 hours. This study 

suggests that whole blood storage at room temperature may be inferior to storage of 

samples at 40 C.  

However, this pilot study paves the way for larger studies to fully elucidate the length 

of storage of whole blood samples.  
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Chapter 5 

 

Computerised Tomography Coronary Artery 

Scoring and Endothelial Progenitor Cell Count 

 

5.1 Abstract 

Introduction: Traditional risk factors for coronary artery disease are also know to 

effect EPC count, with the combinations of cardiovascular risk factors together with 

reduced numbers of EPCs have a cumulative effect. Earlier and current national 

guidelines have recommended cardiac computerised tomography and coronary 

calcium scoring as first line investigations for chest pain. The study aim was to find 

an association between computerised tomographic coronary angiography calcium 

score (CACS) and EPC count. The study hypothesis was a linear relationship between 

EPC count and CACS that is the greater the CACS the greater the number of EPCs. 

 

Methods: The study recruited 23 patients undergoing outpatient coronary artery 

calcium scoring (CACS) as part of clinical care. Potential participants were given an 

information sheet on the day of planned computerised tomography (CT) and given at 

least 24 hours to consider participation. On consenting and 2 weeks after CT scan a 

single blood test of 3-5ml of whole blood into an EDTA tube underwent flow 

cytometric analysis.  
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Results: The study found an inverse trend between coronary artery calcium score and 

number of endothelium cells (CD34+, VEGFR2+ CD45dim).  

 

Conclusion: No significant association between CACS or EPC counts was found. 

There were several inherent limitations to the study.  

 

5.2 Introduction  

Several studies found a prognostic value of the coronary calcium scoring in both 

asymptomatic [402-407] and symptomatic patients. [408-410] Coronary artery calcium 

scoring (CACS) has been found to be strong independent predictor of future cardiac 

events. [407, 411]  The greater the calcium score, the greater the risk of future cardiac 

events. [410][412] Several studies have shown an association between calcium scoring 

and traditional cardiovascular risk factors. There are a number of well-recognised risk 

factors for atherosclerosis and a number of studies have highlighted an association 

between these traditional risk factors and number or function of EPCs. [19, 29, 39, 41-51, 53, 

135, 164-166, 168-170, 172-181, 187] With some authors proposing circulating EPCs a better 

predictor of cardiovascular risks than presence or absence of traditional 

cardiovascular risk factors. [19]  This study assessed for a possible association between 

CACS and EPC counts.  
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5.3 Study design and methodology 

Please refer to section 2.7.4.   

Figure 5.1: Summary of study protocol 

 

 
 

 
 

Step 1: CTCA scan performed as planned. 
 
 
 
 

Step 2: Patient information sheet given to potential 
participants and given at least 24 hours to consider 
participation in the study 

 
 

Step 3: Participants had an out-patient appointment 
in the cardiology research clinic 2-3 weeks after the 
CTCA to ensure no artefactual effect on EPC count 
after venflon insertion for CTCA imaging. 5 ml whole 
blood sample taken to undergo flow cytometric 
analysis for EPC after written consent. 

 

Step 1;

CT scan performed

Step 2;

Dicussion of the study 

Given a patient information sheet

Step 3;

Out -patient cardiology rsearch clinic 
appointment 2-3 weeks after CT scan

Written onsent

5 ml whole blood in EDTA - EPC 

End of study
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5.4 Sample preparation and transport. 

Please refer to section 3.7.5 

 

5.5 Flow cytometric analysis 

Please refer to section 3.6.  

5.6 Statistical analyses. 

Simple linear regression was used to assess for a possible relationship between EPC 

count and CACS but also attempt to quantify the strength of any relationship. This 

was quantified by Pearson correlation co-efficient (R) and P value. 

5.7 Results 

The demographics of the 23 recruited patients are shown in table 5.1.  

Table 5.1: Patient demographics and significant co-morbidities 

Patient demographics Number (%) 

Age (years) Average (SD) 54.7 (8.6) 

Gender 

Male 

Female 

16 (70) 

7 (30) 

Smoker 

Current 

Ex 

Never 

3 (13) 

9 (39) 

11 (48) 

Comorbidities 

Hypertension 

PAF 

COPD/Asthma 

Arthritis 

Hyper or Hypothyroidism 

Previous anaemia 

4 (17) 

1 (4) 

3 (13) 

1 (4) 

3 (13) 

1 (4) 
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The EPC count and CACS for each patient are summarised in table 5.2. These are 

plotted in figure 5.2 as black date points. The regression line is coloured blue with 95% 

confidence intervals in dark grey. Table 5.2 summarises the coronary calcium score 

and EPC count for each patient. 

Table 5.2: EPC count and calcium score 

EPC count/μl CACS 

0.6 0 

1.7 0 

0.8 2.8 

0.6 0 

3.8 0 

1.4 0 

3.2 159 

4.6 0 

2.7 0 

0.9 281 

0.4 318 

1.5 1 

3.5 4 

0.4 55 

0.4 8 

0.7 151 

5.1 27 

2.9 0 

3.1 45 

0.3 67 

2.2 120 

0.3 377 

1.4 4 
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Figure 5.2: Figure showing EPC count verses Calcium score 

 

Key .  

Black dots – data series Blue line 

represents the mean value Grey 

area – confidence interval. Note 

part of graph lots of points 

narrower gray area the fewer points 

larger gray area ie confidence 

interval. 

 

Table 5.5 a-c summarises the regression statistical analysis of the study. 

Table 5.3 (a-c) 

 (a)      

Multiple R 0.347      

R Square 0.120      

Adjusted R Square 0.079      

Standard Error 1.419      

Observations 23      

(b)       

  df SS MS F- stat Significance F (α .05) 

Regression 1 5.790 5.790 2.874 0.105 

Residual 21 42.307 2.015   

Total 22 48.097       

( c )       

  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 

Intercept 2.168 0.351 6.177 0.000 1.438 2.897 

CACS  -0.005 0.003 -1.695 0.105 -0.010 0.001 

       
Key  

ANOVA analysis of variance Df = degrees of freedom Ss = sum of squares Mean sum off squares ms= 

ss/df  F = MS regression/MS residual  k = independent variable = 1  F value for alpha α 0.05 F same as 

p value in simple linear regression 

 



 

 141 

Finally, adjusted the model was assessed for confounders of age, gender, 

hypertension, hypercholesterolemia and smoking status against the linear regression 

model. Table 5.4. These were calculated with R – statistical programming language, 

version 2.6.1. 

Table 5.4; Correlation between EPC and Calcium adjusted for confounders 

  

Co-efficient 

 

Confidence interval 

 

P-value 

  2.5 97.5  

Intercept 0.795 -3.835 5.424 0.62 

CACS -0.002 -0.009 0.005 0.50 

Age 0.031 -0.047 0.111 0.40 

Gender (M) -1.224 -2.757 0.308 0.11 

Hypertension 0.035 -1.853 3.537 0.97 

Hypercholesterolaemia 1.312 -0.913 3.537 0.23 

Current smoker 0.396 -2.013 2.805 0.99 

Ex- smoker 0.405 -0.890 1.700 0.73 

 

5.8 Discussion 

Traditionally invasive coronary angiography had been the most reliable modality 

used to assess the severity of coronary artery disease. However invasive angiography 

has an associated complication rate. [414] This, and technological advancements has led 

to the use of non-invasive computerised tomography of coronary arteries (CTCA). 

One of the advantages of CTCA is the ability to calculate calcium scores, quantified in 

Agatston Units. Coronary artery disease results from atherosclerotic plaques within 

the walls of coronary arteries. This results in a spectrum of symptoms from stable 
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angina at one end ranging to acute myocardial infarction. Anatomical burden of 

coronary artery disease has also long been linked with risk of cardiac events. [415]  

With time calcium deposition begins to occur within the lipid laden coronary artery 

plaques. Coronary artery calcification (CAC) results in reduced vascular compliance, 

abnormal vasomotor responses, and impaired myocardial perfusion. The presence of 

CAC is associated with worse outcomes in the general population and in patients 

undergoing revascularization. There are two recognised types of coronary artery 

calcification (CAC), medial and atherosclerotic or intimal. Medial artery calcification 

has been associated with age, chronic kidney disease and diabetes. This results in 

arterial stiffness and may increase adverse cardiovascular events. However, of greater 

interest is atherosclerotic calcification that occurs within the intima. The deposition of 

calcium occurs in areas of high lipid content and elevated inflammatory markers 

within atherosclerotic plaques. CAC has been associated with greater plaque burden. 

This is a chronic process rather than an acute process. The result of these micro 

calcifications within the fibrous cap increases the risk of micro-plaque rupture, 

hemorrhage, and healing. Reoccurrence of this process results in obstructive fibro-

calcification lesions and subsequent symptoms of angina. Studies have shown an 

increase in CACS in predicting progression of atherosclerotic plaques and future 

cardiovascular risk This study defined EPC population of interest within our study as 

CD45dim, CD34+ and VEGFR2+ based on earlier studies [16, 28, 100, 101, 103, 104, 118, 121, 123, 124] 

A number of studies have highlighted an association between traditional risk factors 

and number or function of EPCs. [19, 29, 39, 41-51, 53, 165, 166, 168-170, 172-181] This study 

investigated a possible association between calcium scoring and EPC count.  
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Simple linear regression was used to assess for a possible relationship between EPC 

count and CACS but also attempt to quantify the strength of any relationship. This 

study found R value of 12%. In other words, only 12% of the values were on the line 

of best fit. The calculated multiple R or Pearson correlation co-efficient was found to 

be -0.34. Table 6.3 (a). R2adjusted value of 0.079, therefore only 7.9% of the variation in 

EPC was explained by the variation in CACS of the total number of observations of 

23. Adjusted R2 was not calculated as limited value for single variable, as in this study. 

Therefore, the study no relationship.  However, the study found an inverse trend with 

EPC count decreasing with higher CACS. The reason for lower EPC counts were not 

elucidated in this study and could be due to high coronary artery disease burden but 

may be due to decreased mobilisation or great consumption of due to maturation of 

the CD45dim, CD34+ and VEGFR2+ EPC and therefore expression of different cell 

surface markers.  

There are several well-recognised risk factors of atherosclerosis including age, 

physical activity, diabetes, dyslipidaemia, hypertension, smoking and family history. 

Table 6.4 summarised the effect of confounders of age, gender, hypertension, 

hypercholesterolemia and smoking status. Interestingly none of the patients included 

in the study had diabetes. Of note the p-values for CACS is different when comparing 

table 6.3 and table 6.4 at 0.105 and 0.5 respectively. This is because table 6.3 

summarises the model that only considers a single variable CACS, so the values 

calculated are relating to only that variable and its impact on the model. However, 

table 6.4 shows how different covariates affect the outcome, so considering the effect 

of all the different variables in relation to the others. Looking at this, CACS is 
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contributing less to the model with multiple variables than in the single model. The 

confounders of age, gender, hypertension, hypercholesterolemia and smoking status 

had no significant effect on EPC count. 

The main limitation of the study was recruitment of only 23 patients. There were three 

main reasons accounting for the lack of recruitment. First, the study’s inclusion criteria 

recruited only statin naïve patients. Secondly, change in structure of rapid chest pain 

clinics. During the study period nurse led chest pain clinic were introduced. These 

specialised nurses led chest pain clinics more stringently followed the 2010 chest pain 

guidelines. This subsequently led to CTCA being performed in low-risk patients that 

tended to have lower CACS and limiting any conclusion regarding possible 

relationship between EPC count and higher calcium scores. Secondly, the clinics 

initiated angina treatment based on clinical judgement as recommended by the 2010 

guidelines. [413] Therefore patients with typical angina symptoms were started on 

statin therapy prior to CTCA. This led to exclusion of these patients within the study. 

Finally, the study was initiated during 2010 NICE guidelines [413] that were updated 

during the study recruitment period to the 2016 NICE guidelines that no longer 

necessitated use of pre-test probabilities to guide further investigations. Despite cost 

saving projected [416] the 2010 NICE guidelines raised several concerns. Firstly, the 

guidelines overestimated the prevalence of CAD particularly in females secondary to 

the increased use of therapy for risk factor modification.[417] Secondly, the guidelines 

based the use of CACS on studies with asymptomatic patients.[418] Thirdly CTCA was 

only performed in patients with an elevated Agatston score. Fourthly, the guidelines 

recommended functional imaging in patients with intermediate PTL. This inherently 
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led to an increased number of both false positive and false negative results based on 

sensitivity and specificity of these techniques. [419] However the 2016 guidelines 

recommended functional imaging tests being reserved for the assessment of patients 

with chest pain and known CAD and for patients where the CTCA is equivocal or has 

shown CAD of uncertain significance. [414] These guidelines’ [414] have been validated 

by large-scale randomised controlled trials [420-423] With one study finding cardiac CT 

in addition to standard care in patients with stable chest pain resulted in a significantly 

lower rate of death from coronary heart disease or nonfatal myocardial infarction at 5 

years. [424]  

5.9 Conclusion 

The study found no significant correlation between EPCs, identified by CD34+, 

VEGFR2+ and CD45dim and Coronary artery calcium score. However there appeared 

to be a trend of decreased EPCs with higher CACS. The study did not elucidate the 

cause for the observed trend of lower EPC count with higher coronary artery disease 

burden. However, may include decreased mobilisation, great consumption, 

maturation of the CD45dim, CD34+ and VEGFR2+ EPC and therefore expression of 

different cell surface markers and/or a combination of all these factors. The inherent 

limitation of this study was inclusion of only 23 patients that inherently included only 

low risk population with few traditional risk factors for coronary artery disease, 

driven by guideline changes nationally. 
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Chapter 6 

 

Mobilisation of Endothelial Progenitor Cells and 

statin therapy: A pilot – proof of concept study 

 

6.1 Abstract 

Introduction: Guidelines recommend intense and moderate therapy with atorvastatin 

80mg and 20mg in patients with acute coronary syndrome (ACS) or angina (AG) 

respectively. This study aimed to identify any differences in EPC response between 

intense and moderate statin therapy over a 28-day period. The hypothesis was that 

ACS patients given 80mg atorvastatin would have greater number of EPCs 

Method: New onset AG participants were statin naïve. Whereas ACS participants 

were either statin naïve or established on moderate dose of atorvastatin. All ACS 

participants were loaded with 80mg atorvastatin. Both groups had their first blood 

test done at the time of diagnosis (day 0) and repeated after 1, 3, 7 and 28 days. The 

first blood test on day 0 also included full blood count, lipid profile, liver and kidney 

function. Two amendments were made during the study.  The first amendment was 

flow cytometric analyses within 2 hours rather than immediately after venesection. 

However, all whole blood samples were stored at 40C. The second amendment was 
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inclusion of participants with eGFR ≥ 60 ml/min/1.73m2 rather than ≥ 60 

ml/min/1.73m2. 

Results: In total 21 patients were recruited with 11 AG patients enrolled into the study 

and 10 patients completed follow up. Eight out of 10 patients completing follow up in 

the ACS group. The study had equal gender split in AG group with a male bias (90%) 

within the ACS group. No significant difference in the number of comorbidities 

between ACS and AG group were found. There was a significant difference in ALT in 

the ACS group. No significant difference in full blood count or renal function was 

observed between AG and ACS patients. There was borderline significant difference 

between cholesterol and LDL levels at the end of the day at day 28 between ACS and 

AG patients.  No patient reported any adverse events with atorvastatin therapy. The 

study showed a non-significant initial increase in the number of EPCs within the first 

3 days post atorvastatin therapy. There was no relationship between EPC count and 

ACS, age, gender, number of comorbidities or systolic blood pressure when adjusting 

area under the curve for these variables.  Interestingly, cholesterol was found to have 

no significant effect on EPC count. 

Conclusion: No significant increase in EPC count was found within or between AG 

and ACS patients. However, the study observed an initial increase of EPC counts 

within the first 72 hours with gradual decrease by 28 days. A significant and 

borderline difference were seen in ALT and cholesterol/LDL levels respectively. The 

study observed no adverse reactions to atorvastatin therapy. 
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6.2 Introduction 

This study aimed to identify any differences in EPC response between ACS treated 

with intense statin therapy (atorvastatin 80mg) and AG patients treated with 

moderate statin therapy (atorvastatin 20mg) over a 28-day period, both international 

guidelines driven dose choices. 

 

6.3 Study design 

This study had full Integrated Research Application Service, Research and 

Development Department of Royal Stoke University Hospital and ethical approval. 

Please refer to sections 2.7.1, 2.7.2 and 2.7.3, summarised in table 6.1a and 6.1b below 

 

6.4 Blood sample acquisition 

Please refer to section 2.7.5.  

 

6.5 Study protocol amendments 

Two protocol amendments were successfully granted. The amended flow diagrams 

are demonstrated in Figure 6.2a&b.  

 

6.5.1 Time and temperature stability 

The first amendment related to time and temperature study. The initial protocol was 

to perform flow cytometric analysis of whole blood samples straight after venesection. 

This was amended to all samples being stored at 40C and analysed within 2 hours after 
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venesection.  This was from chapter 5 in this thesis that demonstrated validity of 

cytometric analyses of whole blood samples.   

 

6.5.2 Renal function (eGFR) 

The second amendments related to renal function. The initial exclusion criteria 

included an eGFR less than 90 ml/min/1.73m2. Patients may be initiated with 

atorvastatin 80mg and secondly undergo coronary angiography with eGFR ≥ 60 

ml/min/1.73m2. This amendment allowed a greater number of patients to be eligible 

for recruitment into the study. 

 



 

 150 

Figure 6.1a: Flow diagram for patients 

admitted with ACS 

 

 

Figure 6.1b: Flow diagram for patients of 

newly diagnosed angina 

 

 

 

 

 

 

Day 28 - Out patient clinic review 

Verbal consent,monitoring of any adverse 
events, blood pressure and heart rate 

measurement,  venesection of 5 ml of blood in 
EDTA tube for EPC analysis and blood test to 

check lipid profile. 

Discharge from follow up.

Days 7 - Out patient clinic review 

Verbal consent,monitoring of any adverse 
events, blood pressure and heart rate 

measurement,  venesection of 5 ml of blood in 
EDTA tube for EPC analysis.

Day 3 - During stay on CCU

Verbal consent,monitoring of any adverse 
events, blood pressure and heart rate measure,  

5 ml of blood venesected to be sent for EPC 
analysis.

Day 1 - During stay within CCU 

Verbal consent, blood pressure, heart rate, 
monitoring of any adverse events. 5ml of blood 

venesected in EDTA tube X2. Blood samples 
analysed for temperature and time stability. 

Day 0 - Admission onto CCU with ACS

Informed consent. Blood test (full blood count, 
liver and renal function, lipid profile and EPC 

levels)

Start Atorvastatin 80mg

Day 28 - Out patient clinic review 

Verbal consent,monitoring of any adverse events, 
blood pressure and heart rate measurement, 5 ml of 

blood venesected to be sent for EPC analysis and 
blood test to check lipid profile. 

Discharge from follow up.

Days 3 and 7 - Out patient clinic review 

Verbal consent,monitoring of any adverse events, 
blood pressure and heart rate measurement, 5 ml of 

blood venesected to be sent for EPC analysis.

Day 1 - Out patient clinic review

Verbal consent, blood pressure,heart rate, 
monitoring of any adverse events. 5ml of blood 

venesected in EDTA tube X2. Blood samples 
analysed for temperature and time stability. 

Day 0 - Out patient clinic newly diagnosed Angina 

Informed consent. Blood test (full blood count, liver 
and renal function, lipid profile and EPC levels) start 

atorvastatin 20mg 
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Figure 6.2a: Amended flow diagram for 

patients admitted with ACS 

 

 

Figure 6.2b: Amended flow diagram for 

patients of newly diagnosed angina 

 

 

 

 

 

Day 28 - Out patient clinic review 

Verbal consent,monitoring of any adverse 
events, blood pressure and heart rate 

measurement,  venesection of 5 ml of blood in 
EDTA tube for EPC analysis and  5ml blood test to 

check lipid profile. 

Discharge from follow up.

Day 7 - Out patient clinic review 

Verbal consent,monitoring of any adverse 
events, blood pressure and heart rate 

measurement.

5 ml of blood venesected to be sent for EPC 
analysis.

Days 1 and 3 - During stay on CCU

Verbal consent,monitoring of any adverse 
events, blood pressure and heart rate measure,  

5 ml of blood venesected to be sent for EPC 
analysis.

Day 0 - Admission onto CCU with ACS

Informed consent. Blood test (full blood count, 
liver and renal function, lipid profile and EPC 

levels)

Start Atorvastatin 80mg

Day 28 - Out patient clinic review 

Verbal consent,monitoring of any adverse 
events, blood pressure and heart rate 

measurement, 5 ml of blood venesected to be 
sent for EPC analysis and blood test to check 

lipid profile. 

Discharge from follow up.

Days 1,3 and 7 - Out patient clinic review 

Verbal consent,monitoring of any adverse 
events, blood pressure and heart rate 

measurement.

5 ml of blood venesected to be sent for EPC 
analysis.

Day 0 - Out patient clinic newly diagnosed 
Angina 

Informed consent. 

Blood test (full blood count, liver and renal 
function, lipid profile and EPC levels) start 

atorvastatin 20mg 
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6.6 Sample preparation 

The same immunostaining technique was universally performed in all samples 

without exception and described in section 3.6.5.  

 

6.7 Flow cytometric analysis 

The same immunostaining technique performed in all samples without exception and 

described in section 3.6. The EPC counts were calculated as described in section 3.6.5. 

 

6.8 Statistical analysis  

The study used Microsoft Excel software for calculating means, standard deviation 

and P-values, and under the curve AUC box and whisker charts.   

The increase in EPC values were calculated as: 

Relative increase day 1 (RD1) = EPC day 1 – EPC day 0 

Relative increase day 3 (RD2) = EPC day 3 – EPC day 0 

Relative increase day 7 (RD7) = EPC day 7 – EPC day 0 

 

Then, the area under the curves were estimated as follows: 

0.5*(RD1) + 0.5*(RD3 + RD1)/2 + 0.5*(RD7 + RD3)/4 

R – statistical programming language (version 3.6.1 St. Louis, Missouri, USA) was 

used for all interpolation curves and for deriving correlation between of EPC between 

AG and ACS adjusted for confounders. 
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SPSS 27 (IBM, USA) was used to calculate the one-way ANOVA with repeated 

measures and Friedman’s Test, both using the Bonferroni correction for multiple 

comparisons. 

 

6.9 Results 

In total 21 patients were recruited into the study with 11 and 10 patients in the AG 

and ACS groups respectively. One patient in the AG group was excluded from the 

study due to the inability to attend follow clinic. Therefore 10 patients in each group 

were studied.  Patient demographics are summarised in table 6.1. 
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Table 6.1. Study patient demographics 

 

  Angina ACS P-value 

Age  56.7 ±9.6 58.8 ±6.1 0.57 

Gender [Males]  5/10 [50%] 9/10 [90%] 0.14 

N. 

Comorbidities 

 1.0 ±0.6 0.6 ±0.9 0.29 

BP Systolic 127.9 ±18.5 122.0 ±13.6 0.42 

 Diastolic 73.6 ±8.7 74.3 ±11.1 0.87 

Smoking status     

  Current  1/10 [10%] 5/10 [50%]  

  Ex-smoker  6/10 [60%] 4/10 [40%]  

  Never  3/10 [30%] 1/10 [10%]  

Renal function Creatine 

(umol/L) 

71.5 ±17.2 76 ±15.1 0.54 

 Urea (mmol/L) 9.6 ±12.4 5.8 ±1.6 0.35 

 eGFR  

(ml/min 

1.72m2) 

88.8 ±3.8 86.5 ±6.5 0.35 

Liver function ALT (u/L) 22.5 ±4.7 62.8 ±39.8 0.01 

 ALP (u/L) 77.1 ±16.4 67.6 ±14.7 0.19 

 Bilirubin (g/L) 9.9 ±3.5 8.3 ±1.9 0.23 

 Hb (g/L) 150.7 ±12.8 144 ±10.3 0.21 

Pre-statin Cholesterol 5.25 ±0.8 5.23 ±0.9 0.95 

 HDL 1.28 ±0.3 1.15 ±0.5 0.49 

 LDL 3.2 ±0.8 3.5 ±1.1 0.55 

 TG 1.6 ±0.5 1.4 ±0.9 0.62 

End of study Cholesterol 3.6 ±0.8 3.1 ±0.5 0.09 

 HDL 1.12 ±0.25 1.03 ±0.39 0.55 

 LDL 1.99 ±0.76 1.46 ±0.33 0.08 

 TG 1.23 ±0.37 1.3 ±0.48 0.75 

 

The EPC counts per micro-litre for the AG and ACS groups over the 28 days study are 

summarised in table 6.2. Whereas EPC curves of all of the patients are shown in figure 

6.3.   
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Table 6.2: EPC count per micro-litre (μl) over the study period for both angina (AG) and acute 

coronary syndrome (ACS) group. 

 

Group Patient number Day 0 Day 1 Day 3 Day 7 Day 28 

AG 1 2.2 2.9 0.2 0.2 0.7 

 2  1.5 - 

 3 1.0 1.0 0.8 0.3 0.0 

 4 1.1 0.5 1.8 0.6 2.6 

 5 2.7 3.3 2.5 3.1 2.3 

 6 0.8 0.6 0.4 0.3 0.4 

 7 0.3 0.4 0.3 0.6 1.2 

 8 0.3 0.1 0.3 1.2 1.3 

 9 1.9 0.7 2.6 2.3 1.7 

 10 1.8 2.1 2.4 2.7 1.4 

 11 0.7 1.2 1.6 1.7 1.2 

ACS 1 0.8 2.3 0.2 1 1.5 

 2 0.8 0.7 0.4 - 

 3 2.7 1.2 4 0.7 0.7 

 4 1.8 2.1 1.6 1.7 2 

 5 0 1.7 2 0.6 0.9 

 6 1.1 0.5 1.1 0.2 0.5 

 7 0 0.4 0.9 0.9 0.5 

 8 0 2.4 2 1.5 2.2 

 9 1.4 2.2 0.7 1.4 - 

 10 0.3 2.1 0.8 1.4 1.2 

 

Key 

- Excluded from the study failure of patient to attend follow up appointments 
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Figure 6.3 shows the heterogenic response to atorvastatin in both ACS and AG groups.  

 

Figure 6.3; Interpolated EPC curves of all patients. 

 

Table 6.3 statistically summarises the data. 

 

6.9.1 Within group analysis 

Visually each group looked broadly similar when evaluated over time. This was 

confirmed by both parametric (repeated measured analysis of variance) and non-

parametric testing (Friedman’s Test).  

The small group size suggest that the data will not be normally distributed, and that 

nonparametric testing would be more logical. Therefore, a Friedman’s Test was 

undertaken. There was no difference with either the angina group (p=0.98) or the ACS 

group (p=0.19) 

The one way repeated measured ANOVA showed no change over time in the angina 

group (p=1.00) or the ACS group (p=0.27). 
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This confirms no difference in EPC levels within each group over time with both 

parametric and non-parametric testing. 

 

6.9.2 Between groups analysis 

 

Table 6.3 Summarises average, standard deviation and P values for EPC counts 

between AG and ACS groups 

 

Study day AG ACS P-value 

Day 0 1.28 ±0.82 0.89 ±0.89 0.32 

Day 1 1.28 ±1.11 1.56 ±0.79 0.52 

Day3 1.29 ±1.00 1.37 ±1.11 0.86 

Day7 1.29 ±1.1 1.04 ±0.49 0.51 

Day 28 1.28 ±0.80 1.19 ±0.66 0.79 

 

P - Two tail t test – 2 sample assuming unequal variances. 

 

 

No significant statistical difference between EPC count for AG day 0 and day 28 or 

ACS days 0 and day 28. The area under the curves for EPC counts (AUC-EPC) were 

calculated for each group over the 28-day study period for the patients that completed 

the entire study. A box and whisker plot was constructed - figure 6.4. 
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Table 6.4 Summary of the area under the curve for entire study 

 Patient number Area under the curve (AUC) 

AG 1 13.35 

 2 - 

 3 7.15 

 4 40.7 

 5 73.7 

 6 9.75 

 7 21.4 

 8 29.65 

 9 55.1 

 10 57.75 

 11 39.85 

ACS 1 31.5 

 2 - 

 3 29.3 

 4 49.15 

 5 24.65 

 6 11.55 

 7 19.6 

 8 50.25 

 9 - 

 10 34.6 

 

Figure 6.4: Comparison of the Area under the EPC curves (AUC-EPC) between the 

ACS and AG groups. 

 

 

Key The boxes represent 1st and 3rd quartiles and line within the box following T-student distribution 
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Figure 6.5 Interpolation curves for AG (upper graph) and ACS (lower graph) groups 

 

Key Blue line represents the mean value, grey area – confidence interval 

The final table showing the correlation between EPC count and ACS when adjusted for the 

co-variables of age, gender, number of comorbidities, blood pressure, smoking status and pre-

statin therapy cholesterol levels. 

 

Table 6.5 Correlation between of EPC and ACS when adjusted for confounders 

  Confidence interval (%)  

 Estimate 2.5 97.5 P Value 

Intercept 2.497 -2.485 7.481 0.290 

ACS 0.641 -0.373 1.657 0.189 

Age -0.043 -0.089 0.002 0.059 

Gender  -0.778 -1.744 0.186 0.102 

Number of co-morbidities -0.484 -1.007 0.037 0.065 

Systolic 0.012 -0.019 0.045 0.395 

Diastolic 0.042 -0.001 0.086 0.058 

Current smoker -1.763 -3.208 -0.319 0.021 

Ex-smoker -1.755 -2.931 -0.579 0.007 

Cholesterol  

(pre-statin therapy) 

-0.145 -0.595 0.304 0.486 
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6.10 Discussion  

In total 21 patients were recruited into the study. In total 11 AG patients enrolled into 

the study with only 10 patients completed follow up. Eight out of 10 patients 

completed follow up in the ACS group. The study had equal gender split in AG group 

with a male bias (90%) within the ACS group. This is perhaps not surprising given the 

prevalence of coronary artery disease in men. The co-morbidities were represented by 

numerical values rather than category due to the low number of patients in the study. 

Interestingly, no significant difference in the number of comorbidities between ACS 

and AG group were found. There was a significant difference in ALT in the ACS 

group. This could be secondary to an acute inflammatory response seen in ACS 

patients. The use of ALT/AST has some historical importance. Prior to troponin 

assays, AST/ALT were part of a panel of enzymes, including CK-MB to assess for 

myocardial injury. No significant difference in full blood count or renal function was 

observed between AG and ACS patients. There was borderline significant difference 

between cholesterol and LDL levels at the end of the day at day 28 between ACS and 

AG patients, likely due to the differing doses used in each group; 20mg vs 80mg 

angina vs ACS respectively. No patient reported any adverse events with atorvastatin 

therapy in the study, in keeping with larger scale studies concluding the safety of 

statin therapy. [226, 232, 233] 

Figure 6.3 is a graphical representation of the data and clearly demonstrate the wide 

distribution of the EPC counts within each patient group. However, an overall 

impression is that of an initial increase in the number of EPCs within the first 3 days 

post atorvastatin therapy followed by a plateau with return to basal levels by 28 days 
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in both angina and ACS patients.  Of note, in the angina group AG 3 had an initial 

decrease followed by a larger increase followed by a decrease in EPC count.  However, 

there was no significant difference within each group observed, looking between 

baseline and all other time periods within either the AG or the ACS groups. There was 

no significant difference between EPC counts between AG and ACS groups but a 

marginal difference between the groups at each study day within the EPC count 

between ACS and AG group. This may be due secondary to the higher dose of 

atorvastatin or represent part of an inflammatory response in ACS patients. Due to 

the low numbers in both groups and the difference in number of patients completing 

the study between AG and ACS, ANOVA analysis was not possible. Dot and whisker 

plots constructed to illustrate findings. Therefore, to better understand and illustrate 

study findings an area under the curves for EPC counts (AUC-EPC) for each group 

over the 28-day study period. The study found a wide distribution of the EPC values 

of the AG group. The median value lies in the middle of the ‘box’ shape suggests 

normal distribution of data. Comparing the medians, the AG group appears to be 

greater than ACS group, however the value is within the interquartile range of ACS 

group therefore not significant.  The maximum and minimum values of the ACS 

group are almost within the interquartile range and therefore no significant difference 

between groups. The trend appears to be a lower EPC count in ACS group. This could 

also be due to increased consumption or secondary to inhibitory effect of larger dose 

atorvastatin. 

The AG group shows a static line with no change in average EPC counts throughout 

the study. The ACS group shows an initial increase with a peak at approximately day 
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2 followed by decrease in EPC counts within first 3 days. This suggests that either 

higher dose of atorvastatin or acute response following an ACS or both increase EPC 

count. The decrease could be auto feedback to decrease EPC release from bone 

marrow or represent consumption of EPCs. This is followed by a gradual plateauing 

phase.  

Finally, a linear model for EPC-AUC adjusted for age, gender, number of 

comorbidities and smoking.  Current smoking had borderline, whereas ex-smoking 

(P=0.014) had a significant effect on EPC count. However, no relationship between 

EPC count and ACS, age, gender, number of comorbidities and systolic blood pressure 

was found. Interestingly, cholesterol was found to have no significant effect on EPC 

count. 

This study has several limitations. The main limitation is the low number of patients 

enrolled or completing the study. There appears to be a peak of EPC count within the 

first 48 -72 hours in ACS patients.  However, no blood tests were performed at day 2. 

Therefore, a daily blood sample for the first 72 may be considered in future studies. 

The effect of atorvastatin may more pronounced in other EPC populations rather than 

EPC population defined by CD45dim, CD34+ and VEGFR2+ used in this study or 

other subsets grown in cell culture. However, the study does show an initial increase 

of EPC numbers with a subsequent fall with gradual plateauing. The cause of the 

initial increase may be due to an inflammatory response of an ACS or due to 

atorvastatin 80mg loading. The subsequent decease may be due to consumption of the 

EPCs, negative feedback on the release from bone marrow or toxic effect of 
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atorvastatin 80mg. There was also lack of negative controls and small number of 

patients. Therefore, a larger study could be performed to address these questions.  

 

 

7.11 Conclusion  

The study found no significant difference in the endothelial progenitor cell (EPC) 

count between angina (AG) group loaded with atorvastatin 20mg and acute coronary 

syndrome (ACS) patients loaded with 80mg atorvastatin, either within or between 

groups. However, this study appears to show a peak in EPC count within first 48 

hours followed by a fall by day 3 in ACS patients. The causes of the increase may be 

inflammatory or due to the higher dose of atorvastatin with the subsequent fall due 

to consumption of the EPCs, negative feedback of release from bone marrow or toxic 

effect of the dose of atorvastatin or a combination of the aforementioned.  

The main limitation of the study was the low number of patients in both groups. But 

this pilot study supports larger scale studies. 
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Chapter 7 

 

The effect on endothelial progenitor cells by 

timing of atorvastatin loading in “all comers” with 

acute coronary syndromes. 

 

7.1 Abstract  

Introduction: This real-world study of patients with ACS and eligible to undergo 

coronary intervention assessed the effect of the timing of atorvastatin on EPC count. 

The study aim was to assess for any link with the hypothesis being an inverse 

relationship between time interval between symptom onset and administration of 

atorvastatin and EPC count. 

 

Methods: Patients presenting with an ACS had the time from pain onset to statin 

therapy with atorvastatin 80mg, time from pain onset to EPC sample and time 

difference between statin therapy to EPC count calculated.  The study hypothesis was 

an inverse relationship between EPC count and time difference between symptom 

onset and administration of atorvastatin 80mg.   
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Results: 40 patients with an average age of 60 and 83% male gender were recruited 

into the study. 68% of patients were either current or ex-smokers, 1 patient had a 

history of previous percutaneous coronary intervention. Significant risk factors for 

coronary artery disease including history of diabetes and hypertension were observed 

in 10% and 35% patients respectively. This study included 4 patients that were 

admitted with a STEMI, 36 patients with an NSTEMI of which only 2 patients had no 

stents implanted.  No statistical difference was found between EPC count and time 

over the study period as seen in earlier studies in this thesis. Adjusting for 

confounders including age, gender, number of comorbidities and smoking status 

shows a trend towards significance (P=0.06) in time difference and number of co-

morbidities. Age and gender had significant differences with P=0.009 and P=0.01 

respectively. This study found a trend towards a significance relationship between 

relative EPC area under the curve and a negative time difference.  In other words, 

administration of atorvastatin 80mg sooner after pain was associated with a greater 

relative increase in EPCs in acute coronary syndrome patients.  

 

Conclusion: A trend towards significance for an inverse relationship between EPC 

count and time difference between symptom onset and administration of atorvastatin 

80mg.  However, this study had several limitations. Therefore, further larger scale 

studies are required to further investigate the effect of timing of intensive statin 

therapy in ACS patients on EPC count, but at this time there is no evidence to suggest 

earlier intensive statin administration during an ACS admission.  
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7.2 Introduction 

Several studies have shown a link between endothelial progenitor cell (EPC) count, 

coronary artery disease and statin therapy or loading. However, many of these have 

excluded patients with significant comorbidities and therefore have not truly 

represented the patients we manage day to day. This study therefore represents “real 

world” patients.  If the study found that atorvastatin increases EPC count this may 

lead on to larger studies to assess outcomes for up front statin therapy to be initiated 

by paramedics in the community along with the current recommended aspirin 

therapy. 
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7.3 Study design  

Fig 8.1 Flow diagram of study and patient-participant pathway 

7.4 Inclusion and exclusion criteria  

Please refer to 2.7.2. 

Day 0

Acute admission with an 
ACS

Eligable for PCI

Consent for study

Admission between 1600 
- 2200

Atorvastatin 80mg

Venesection

for EPC count

Day 1-2 

Venesection

for EPC count

Day 3-4

Venesection

for EPC count

Day 7-8

Venesection

for EPC count

Admission between 2200 
- 1600 the following day

Venesection 

for EPC count

Atorvastatin 80mg 
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7.5 Patient consent and follow up 

Please refer to section 2.7.4 and 2.7.5.  

 

7.6 Sample preparation 

Please refer to section 2.6.5.  

 

7.7 Flow cytometric analysis 

Please refer to sections 2.6.5, 2.6.6 and 2.6.7. 

 

7.8 Statistic analysis  

Microsoft Excel 2010 software was used for calculating means, standard deviation P-

values, relative area under the curve values with box and whisker plots. R – Statistical 

programming language (version 3.6.1 St. Louis, Missouri, USA) was used for all 

interpolation curves and for calculation of significance.  

The effect of atorvastatin 80mg on EPC were illustrated on box and whisker plots of 

relative area under the curve. Relative area under the curve for each patient was 

calculated by the following: The first step was to calculate relative count at each of the 

study dates of 1,3 and 7 days. 

Relative EPC count at day 1 (R1) = EPC count day 1- day 0 

Relative EPC count at day 3 (R3) = EPC count day 3 - day 0 

Relative EPC count at day 7 (R7) = EPC count day 7 - day 0 

This allowed determination of the relative area under the curve for each patient.  

R-AUC = [(0.5 x R1) + 0.5 (R3 + R1)/2+ 0.5 (R7 + R3)/4] 
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7.9 Results. 

Table 7.1 summarises patient demographics including presence of co-morbidities 

and smoking status. 

Table 7.1 – Patient demographics 

Patient demographics  Number (%)  
 Age (Mean/SD)  60 (+/- 11.5)  
Gender 

              Male 

              Female 

33 (82.5) 

7 (17.5) 

Comorbidities 

             Nil 

             Previous PCI 

             Previous CABG 

             Angina 

             DM type 2 

             Hypertension 

             COPD/ emphysema/ asthma  

             Colitis/UC 

             Previous malignancy 

             Current malignancy  

             OA 

             Previous cholecystectomy 

14 (35) 

1 (2.5) 

0 (0) 

1 (2.5) 

4 (10) 

14 (35) 

5 (12.5) 

2 (5) 

2 (5) 

1 (2.5) 

1 (2.5) 

2 (5) 

Smoking status 

            Current 

            Ex 

            Never 

22 (55.5) 

5 (12.5) 

13 (32.5) 
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Table 7.2 summarises the EPC count for every patient over the study period and the 

derived relative area under the curve.  

Patient 

EPC count / μl 

Relative AUC-EPC  

Day 

0 1 3 7 

1 2.3 2.9 2.7 2.5 0.63 

2 2.1 1.3 2.4 1.6 -0.55 

3 0.3 0.7 1.7 1 0.91 

4 1 0.4 0.4 0.6 -0.73 

5 2.2 0 0.4 - -2.33 

6 0 1.2 - - 0.90 

7 0.2 1 - - 0.60 

8 2.4 2.6 2.4 2 0.10 

9 0.5 0.5 0.8 0.9 0.16 

10 1.8 1.3 0.7 0.6 -0.94 

11 0.5 1 0.8 1.1 0.56 

12 0 1 0.7 0.3 1.05 

13 0.5 2.8 1.3 2.6 2.29 

14 1.5 3.6 1.9 2.3 1.83 

15 0.9 0.8 2.1 2.3 0.55 

16 0.9 3.1 - 2.6 1.86 

17 0.5 0.8 2.7 - 1.05 

18 1.9 1.6 3.7 1.5 0.40 

19 1.8 1.7 2 3 0.15 

20 4.3 1.1 2 1.8 -3.58 

21 2.3 - 2.7 2.5 0.18 

22 1.9 2.2 1.3 0.7 -0.15 

23 1.1 2.7 3.7 1.2 2.19 

24 1.6 1.8 2.4 3.1 0.64 

25 3.7 3.1 3.6 2.5 -0.64 

26 3.9 4.1 2.8 1.9 -0.51 

27 3.2 1.2 1.6 1.2 -2.35 

28 3.5 1.4 2.3 4.2 -1.94 

29 1.6 3.3 2.8 2.6 1.85 

30 2 3.4 1.5 2.5 0.93 

31 0.7 1.1 2.1 1.2 0.89 

32 2.9 2.7 2.4 - -0.34 

33 2.1 2.4 1.2 1.8 -0.15 

34 1.2 2 5.4 4.8 2.63 

35 2.6 2.1 1 2.3 -1.01 

36 1.6 3.7 - - 1.58 

37 4.7 3.7 1.3 2 -2.36 

38 0.8 1.5 0.6 0.1 0.36 

39 3.7 - - - 0.00 

40 0.8 1 0.2 - -0.08 
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This study had 4 patients that were admitted with a STEMI, all of whom were stented, 

and 36 patients with an NSTEMI of which only 2 patients had no stents implanted. 

The impact of an invasive coronary strategy on the EPC numbers was not therefore 

further considered in this study, as almost all patients had an invasive procedure, 

which is a well-recognised stimulus to EPC release 

Table 7.3 (a) and (b) shows the single ANOVA calculation to assess for any significant 

difference in the EPC counts over the 7-day study period.  

 

Table 7.3 (a) and (b) 

Days Count Sum Average Variance 

0 30 56.4 1.88 1.52 

1 30 59.3 1.98 1.08 

3 30 59.2 1.97 1.26 

7 30 56.2 1.87 1.16 

 

Source of Variation SS df MS F ratio P-value F crit 

Between Groups 0.29 3 0.10 0.08 0.97 2.68 

Within Groups 145.70 116 1.26    

       
Total 145.99 119         

 

Figure 7.3 illustrates the time from pain to administration of atorvastatin (blue circle) 

and venesection for EPC count (red triangle) from start of chest pain experienced by 

the patient. Statin therapy with atorvastatin 80mg was administered at a fixed drug 

round at 10pm every day of the week. Secondly EPC count was only possible during 

9am to 5pm Monday to Friday. Therefore, as can be seen in figure 8.2 that some 

patients had atorvastatin before venesection for EPC analysis and visa-versa. This was 

dependant on time the patient was admitted into hospital. This gives rise to ‘negative’ 

values seen in table 4 that summarises time difference between statin therapy to EPC 

count. 
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Figure 7.2 Summary of the time of administration of atorvastatin and venesection for 

each patient from the onset of pain (time in minutes with in the boxes) 
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Key - Time from onset of pain to administration of atorvastatin (blue circle) 

          Time from onset of pain to venesection for EPC count (red triangle) 
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Table 7.4; Summarises the time from onset of pain to atorvastatin therapy and 

venesection for determination of EPC count. 

 Time in minutes 

Patient 
Time from pain onset to 

statin 
Time from pain onset to EPC 

sample 
Time difference between statin 

therapy to EPC count 

1 1310 895 415 

2 540 1440 -900 

3 660 135 525 

4 210 1130 -920 

5 1710 1205 505 

6 1920 1370 550 

7 480 1380 -900 

8 1260 275 985 

9 1020 1955 -935 

10 3090 2585 505 

11 1332 870 462 

12 420 1450 -1030 

13 1960 1650 310 

14 1080 2090 -1010 

15 930 1945 -1015 

16 570 1637 -1067 

17 330 1345 -1015 

18 1140 715 425 

19 1110 630 480 

20 990 610 380 

21 570 1535 -965 

22 750 1580 -830 

23 1740 1205 535 

24 450 1380 -930 

25 1440 870 570 

26 1140 590 550 

27 360 1295 -935 

28 4800 4393 407 

29 559 1975 -1416 

30 1200 730 470 

31 1440 2525 -1085 

32 930 433 497 

33 1740 1148 592 

34 1335 795 540 

35 1310 810 500 

36 780 2096 -1316 

37 1335 713 622 

38 1260 2232 -972 

39 1560 1075 485 

40 1860 1395 465 
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Table 7.5 Relative area under the curve and time difference between statin therapy to 

time of EPC count. 

Patient Relative AUC-EPC Time difference between statin therapy to EPC count 

1 0.63 415 

2 -0.55 -900 

3 0.91 525 

4 -0.73 -920 

8 0.10 985 

9 0.16 -935 

10 -0.94 505 

11 0.56 462 

12 1.05 -1030 

13 2.29 310 

14 1.83 -1010 

15 0.55 -1015 

18 0.40 425 

19 0.15 480 

20 -3.58 380 

22 -0.15 -830 

23 2.19 535 

24 0.64 -930 

25 -0.64 570 

26 -0.51 550 

27 -2.35 -935 

28 -1.94 407 

29 1.85 -1416 

30 0.93 470 

31 0.89 -1085 

33 -0.15 592 

34 2.63 540 

35 -1.01 500 

37 -2.36 622 

38 0.36 -972 
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Figure 7.3 Linear model shows an inverse relationship between relative area under 

the EPC curve values and time difference from table 7.5. 
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Tables 7.6 and 7.7 summarise the association between timing of atorvastatin and 

venesection for EPC count when unadjusted and adjusted for confounders.   

Table 7.6; Association between EPC curve and time from statin therapy to EPC count 

(unadjusted). AUC relative to day 0 (baseline) 

  Confidence interval (%)  

 Estimate 2.5 97.5 p-value 

Intercept 0.08 -0.46 0.62 0.76 

Time difference -0.0003 -0.001  0.0004 0.44 
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Table 7.7 Association between EPC curve and time from statin therapy to EPC count 

adjusted for confounders. 

  Confidence interval (%)  

 Estimate 2.5 97.5 P Value 

Intercept 2.009 -0.451 5.38 0.15 

Time difference -0.00069 -0.0012 3.32x10-6 0.06 

Age -0.1005 -1.58x10-2 0.045 0.009 

Gender (M) 1.600 0.427 2.77 0.01 

Number of co-morbidities 0.530 -0.0137 1.073 0.06 

Current smoker -0.934 -1.498 5.81x10-1 0.15 

Ex-smoker 0.458 -2.834 4.878 0.37 

 

7.10 Discussion 

The importance of early intense statin therapy and reloading prior to percutaneous 

coronary intervention in ACS patients has been highlighted in several studies. [216, 218-

223]  This study attempted to assess the effect of the timing of atorvastatin 80mg loading 

on EPC count in patients presenting with acute coronary syndrome. 

In total 40 patients were recruited into the study. The average age was 60 years of age 

and 83% of patients were male. 68% of patients were either current or ex-smokers, 1 

patient had a history of previous percutaneous coronary intervention. Significant risk 

factors for coronary artery disease including history of diabetes and hypertension 

were observed in 10% and 35% patients respectively. Patient demographics are 

summarised in table 8.1. In total 30 patients fully completed the study. Table 8.2 

summarises the EPC count at days 0, 1, 3, 7 and the calculated relative area under the 
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curve.  Relative area under the EPC curve was used in the analysis of the effect of the 

timing of atorvastatin on EPC count. This reflected any actual change in EPC count 

from baseline but also at each time period throughout the study for each patient. No 

statistical difference was found between EPC count and time (0, 1, 3 and 7) in days as 

seen in earlier studies in this thesis. The study had certain inherent time constraints. 

Firstly, statin therapy with atorvastatin 80mg was administered at a fixed drug round 

at 10pm every day of the week. Secondly EPC count was only possible during 9am to 

5pm Monday to Friday. This therefore allowed the derivation of time from pain onset 

to statin therapy, time from pain onset to EPC sample and time difference between 

statin therapy to EPC count. Time difference between statin therapy to EPC count 

could be either positive or negative valves. Positive valves corresponded to patients 

having venesection first and then atorvastatin therapy. Conversely negative values 

corresponded to atorvastatin therapy prior to venesection for EPC analysis. Table 8.5 

was used to plot Figure 8.3 a linear model showing an inverse relationship between 

relative area under the EPC curve values and time difference. No significant difference 

of the timing of atorvastatin therapy was found.  

However, adjusting for confounders including age, gender, number of comorbidities 

and smoking status the association of EPC and count becomes insignificant. This 

model shows a trend towards significance (P=0.06) in time difference and number of 

co-morbidities. Age and gender had significant differences with P=0.009 and P=0.01 

respectively. Both known risk factors for ischaemic heart disease. No significant 

difference was noted with smoking status another risk factor of ischaemic heart 

disease. ACS is an umbrella term that includes patient presenting with non-ST 
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elevation myocardial infarction (NSTEMI) and ST-elevation myocardial infarction 

(STEMI). The latter group are a medical emergency and therefore have percutaneous 

coronary interventions and stents. Conversely stable NSTEMI patients may undergo 

coronary intervention 24-48 hours after admission. Please refer to sections 1.1,1.6 and 

1.7. This study had only 4 patients that were admitted with a STEMI, 36 patients with 

an NSTEMI of which only 2 patients had no stents implanted. This was a very skewed 

population as the study only included patients consenting to participate and was not 

40 consecutive patients. Patients initially diagnosed as a NSTEMI who after 

angiography had no significant coronary artery disease and could be discharged did 

not wish to participate in the study due to the need to attend follow up. Second group 

of NSTEMI patients were those that on angiography were found to have severe three 

vessel coronary artery disease and required coronary bypass surgery.  The study did 

not assess clinical outcomes. The dose of atorvastatin was based on current national 

guidelines. However, the effect on EPCs may be either insufficient or inhibitory. The 

study identified EPC as CD45dim, CD34+ and VEGFR2+ and further studies would 

include other flow cytometric EPC nomenclature.  

This study had several limitations. Firstly, the study only had 40 patients in the study 

with only 30 patients completing the study. The primary reason for patients not 

completing of the study was the requirement of follow up with a blood test. Most 

patients were discharged at day 3 therefore required at last 1 further follow up 

appointment at day 7. Royal Stoke University Hospital provided emergency tertiary 

cardiac service to large geographic region and this hampered ability of patients to 

return for follow up, despite significant encouragement and the offer of free 
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transportation. The study had no control patients that were non hospitalised healthy 

subjects, and no dose responses were performed.  Moreover, the timing of 

administration of atorvastatin was governed by the drug round on the ward.  

 

7.11 Conclusion  

This study found no significant difference in EPC counts throughout the study period 

as with earlier studies in this thesis. In keeping with the study hypothesis, the study 

found a trend towards early administration of atorvastatin 80mg and association with 

a greater relative increase in EPCs in acute coronary syndrome patients. Male gender 

and increasing age were found to significantly increase EPC counts when adjusted for 

confounders. Larger studies are required to assess the effect of atorvastatin 80mg in 

acute coronary syndrome patients. Further studies should also include other defined 

nomenclature for EPCs. Therefore, based on current evidence there are no indications 

to support earlier administration for statin therapy in ACS patients. 
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Chapter 8 

 

General summary 

The premise of the thesis was based on the importance of maintaining endothelial 

integrity.  This integrity being a balance between endothelial damage and mechanisms 

of repair. The first mechanism of repair having limited potential with neighbouring 

endothelial cell replication. The second relying on undifferentiated EPCs migrating to 

site of vascular damage to form endothelial cells. An effect that may be potentiated by 

atorvastatin therapy. The study defined EPCs by flow cytometric co-expression of 

CD34+ /VEGFR2+ and diminished (dim) CD45 (CD45dim).   

This thesis used bench side studies to assess the effect of atorvastatin on chemokine, 

chemokine receptor and adhesion molecules CXCL-12, CXCR-4 and E-selectin 

respectively to account for increase in EPCs in chapter 3 of the thesis. The study 

hypothesis was that atorvastatin would increase CXCL-12 its receptor CXCR-4 and of 

adhesion molecule e–selectin resulting in greater EPC numbers on the denuded 

endothelium.   The study found atorvastatin significantly increased the concentration 

of CXCL-12 and secondly maintained a more sustained duration of effect when 

compared to the standard group. Although no significant difference visually in either 

CXCR-4 or E-selectin when compared with standard sample. Atorvastatin was 

associated with greater concentration of CXCR-4 and E-selectin by 1 hour and an effect 

seen to be maintained. The peak levels of CXCR-4 and E-selectin were 1 and 5 hours 
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respectively. Despite effects on CXCL-12, CXCR-4 or E-selectin, no significant increase 

in cultured EPCs was observed.  

The remaining studies were bed side based.  Chapter 4 aimed to demonstrate the 

feasibility of flow cytometric analysis of EPC at RLUH but also to study if whole blood 

samples could be stored to be undergo flow cytometric analysis at a later time. The 

study hypothesis was that accurate flow cytometric analysis would be possible in our 

haematology laboratory and that it would be possible to safely store whole blood 

samples for analysis at a latter time. The study confirmed feasibility of EPC analysis. 

Secondly the study found that whole bloods samples stored at 40 C could undergo 

flow cytometric analysis up to 12 hours after venesection. This led to protocol 

amendment for further studies allowing samples to be stored at 40 C and analysed by 

2 hours after venesection.   

Chapter 5 assessed for any association between computerised tomography of 

coronary arteries calcium scoring and EPC count in patients undergoing CT coronary 

angiography as part of clinical review. The hypothesis being that the greater the 

coronary artery calcium score the greater the number of EPCs. The study found an 

inverse non-significant trend with EPC count decreasing with higher CACS. The 

reason was not elucidated in this study however may be due to decreased 

mobilisation or great consumption of EPCs.  

Chapter 6 assessed the effect of moderate (20mg) and intense dose (80mg) atorvastatin 

on EPC count given to newly diagnosed angina and acute coronary syndrome patients 

respectively. The study hypothesis was that atorvastatin 80mg would be associated 

with a greater number of EPCs. The study found no significant difference in number 



 

 183 

of co-morbidities, full blood count or renal function between AG and ACS patients. 

There was borderline significant difference between cholesterol and LDL levels at the 

end of the day at day 28 between ACS and AG patients. There were no reports of any 

adverse events with atorvastatin therapy in the study.  The study found an overall 

trend of an initial increase in the number of EPCs within the first 3 days post 

atorvastatin therapy followed by a plateau with return to basal levels by 28 days in 

both angina and ACS patients. There appeared to be a trend of lower EPC count in 

ACS group, in contrary to study hypothesis.  

Chapter 7 assessed the effect of atorvastatin 80mg loading on EPC count in patients 

presenting with an ACS. The study hypothesis was an inverse relationship between 

EPC count and time difference between symptom onset and administration of 

atorvastatin 80mg.  In other words, the sooner the atorvastatin given the greater the 

number of EPCs. No significant difference of the timing of atorvastatin therapy was 

found. However, the study found a trend towards significance in both time difference 

and number of co-morbidities when adjusted for comorbidities. This study suggests 

administration of atorvastatin 80mg may be associated with a greater relative increase 

in EPCs in ACS patients with earlier administration.   

The studies had several limitations. The bench side studies had lack of dose response 

studies. The bedside studies had no control patients that were non hospitalised 

healthy subjects.  The most significant limitation was the small number of patients 

recruited in this thesis.  Larger studies would be required if any changes to current 

guidelines are to be proposed. 
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