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Abstract 

Elderly and type 2 diabetes mellitus (T2DM) patients with stable coronary artery 

disease (CAD) have increased risk of atherothrombotic events despite recommended 

secondary prevention therapy. High platelet reactivity drives this risk. Novel 

approaches to antiplatelet therapy are needed. 

Objectives: 

To: 

¶ determine the effect of age and T2DM on blood thrombogenicity and response 

to dual antiplatelet therapy in stable CAD  

¶ assess the effect of changes in platelet count on thrombus quantity and quality 

with Rafigrelide 

Methods: 

Study 1: Patients with stable CAD, 4 groups: age<75 non-DM, ageÓ75 T2DM, ageÓ75 

non-DM and age<75 T2DM studied at baseline and one week after clopidogrel. I 

performed Badimon chamber study, thromboelastography, VerifyNow® and 

Multiplate® aggregometry, coagulation and inflammatory biomarkers and scanning 

electron microscopy. 

Study 2: Twelve volunteers took Rafigrelide (novel platelet lowering agent) singly and 

then with aspirin. I performed Badimon chamber study and thromboelastography at 

pre-defined intervals. 

Results: 

Study 1: At baseline and after clopidogrel therapy, there was no difference in thrombus 

area between the four groups. Serum TNFŬ levels were higher in elderly T2DM 

patients. Other coagulation and inflammatory markers were similar between the 

groups. Clopidogrel reduced thrombus area, lowered platelet content of thrombus and 

increased fibrin diameter and density in all four groups. Elderly and T2DM patients 

demonstrated high platelet reactivity and hyporesponsiveness to clopidogrel. 

Significant reduction in thrombus area was demonstrated both in good- and hypo-

responders to clopidogrel. Point of care tests and thrombus area showed no 

correlation. Post chamber blood confirmed release of P selectin, CD40 ligand and PAI-

1 from activated platelets. 
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Study 2: Rafigrelide reduced platelet count and thrombus area, delayed initiation of 

clot formation and reduced over all clot strength. Platelet count positively correlated 

with thrombus area. 

Conclusion: 

Elderly and T2DM patients had similar over all blood thrombogenicity but higher 

platelet reactivity when compared to young and non-diabetic patients. Addition of 

clopidogrel reduced thrombus area with ultrastructural changes in fibrin favouring 

fibrinolysis. Reduction in platelet count with Rafigrelide reduced thrombus formation 

and lowered viscoelastic strength. Dual antiplatelet therapy and novel therapeutic 

strategies may reduce future thrombotic risk in these high risk populations.  
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Chapter 1  Introduction 

1.1  Epidemiology and Pathogenesis of Coronary Artery Disease (CAD) 

1.1.1 Epidemiology of Cardiovascular Disease 

Over the last decade, cardiovascular disease (CVD) has become the single largest 

cause of death worldwide. In 2004, CVD caused an estimated 17 million deaths and 

led to 151 million disability-adjusted life years (DALYs) lost ï about 30% of all deaths 

and 14% of all DALYs that year ('World Health Organization: The Global Burden of 

Disease: 2004 Update.,' 2008). During the last century, similar to the high-income 

countries, an alarming increase in the rates of CVD has been observed in low- and 

middle-income countries and this change is accelerating. In approximately 38 % of 

individuals in high-income countries, death is due to CVD. 

In high-income countries, despite the overall increase in CVD burden, the age adjusted 

death rates from CVD are declining, predominantly due to large stroke rate reductions. 

Almost 80% of deaths occur in those older than 60 years compared with 42% in low- 

and middle-income countries (Lopez et al., 2006). 

In Europe, CVD is the main cause of death: accounting for over 4.30 million deaths 

each year. Nearly half (48%) of all deaths are from CVD (54% of deaths in women and 

43% of deaths in men). The main forms of CVD are coronary artery disease (CAD) and 

stroke. CAD by itself is the single most common cause of death in Europe: accounting 

for 1.92 million deaths each year. 20% of deaths before the age of 75 in men and 19% 

of deaths before the age of 75 in women are from CAD (Nichols et al., 2012). In 2001, 

75% of global deaths and 82% of total DALYs lost because of CAD occurred in low- 

and middle-income countries (Lopez et al., 2006). Between 1990 and 2020, CAD 

deaths alone are anticipated to increase by 120% for women and 137% for men in 

developing countries (Leeder et al., 2004). 
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1.1.2 Diabetes and Cardiovascular disease 

Diabetes mellitus (DM) can be described as a metabolic disorder of multiple aetiologies 

characterised by chronic hyperglycaemia with disturbances of carbohydrate, fat, and 

protein metabolism resulting from defects of insulin secretion, insulin action, or a 

combination of both (DeFronzo, 2004). Clinical features include polydipsia, polyuria 

and weight loss. 

The World Health Organisation biochemical diagnostic criteria for diabetes are: 

i. Fasting plasma glucose Ó 7.0 mmol/L and 

ii. Plasma glucose two hours after ingestion of 75 grams of oral glucose 

load Ó 11.1 mmol/L 

In the presence of clinical features, one of the above is sufficient to make a diagnosis 

of DM (www.who.int/diabetes/publications/diagnosis_diabetes2006/en/, accessed on 

07th July 2015) 

iii. An HbA1c of 48mmol/mol (6.5%) is recommended as the cut off point 

for diagnosing diabetes. A value of less than 48mmol/mol (6.5%) does 

not exclude diabetes diagnosed using glucose tests.  

(www.who.int/diabetes/publications/diagnosis_diabetes2011/en/, accessed on 07th 

July 2015) 

The world prevalence of diabetes among adults (aged 20-79 years) was approximately 

6.4%, affecting 285 million adults in 2010 and is predicted to rise to 7.7%, affecting 439 

million adults by 2030 (Shaw et al., 2010). Between 2010 and 2030, there will be a 

69% increase in numbers of adults with diabetes in developing countries and a 20% 

increase in developed countries. Type 2 diabetes mellitus (T2DM) accounts for ninety 

percent of patients with diabetes (www.who.int/mediacentre/factsheets, accessed on 

07th July 2015). Insulin resistance usually precedes the onset of T2DM and is 

commonly accompanied by other related metabolic abnormalities such as 

hyperglycaemia, dyslipidaemia, hypertension, and pro-thrombotic factors, all of which 

contribute to the increased cardiovascular risk. This condition is called the metabolic 

syndrome (Hopkins et al., 1996; Gray et al., 1998). It is estimated that there will be 4 

million people in the UK with diabetes by 2025 and the majority will have type 2 

diabetes mellitus (T2DM). (www.diabetes.org.uk, Accessed 03rd Jan 2011) 
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1.1.3 Cardiovascular mortality and morbidity in type 2 diabetes mellitus (T2DM) 

Cardiovascular Disease (CVD), particularly coronary artery disease (CAD) resulting 

from accelerated atherosclerosis, is the leading cause of morbidity and mortality in 

patients with T2DM accounting for 80% of all causes of death (Fox et al., 2007). A 

large body of epidemiological and pathological data documents that diabetes is an 

important independent risk factor for CVD in both men and women (McGill and 

McMahan, 1998; Wilson et al., 1998). Patients with T2DM have a fivefold risk of 

developing CVD compared to non-diabetics (Preis et al., 2009).To make matters 

worse, when patients with diabetes develop clinical CVD, they have a poorer prognosis 

than the CVD patients without diabetes (Smith et al., 1984; Singer et al., 1989; Stone 

et al., 1989). Cardiovascular mortality in patients with DM without a history of prior MI 

is comparable to mortality in non-diabetic subjects with previous MI (Haffner et al., 

1998). Hence, diabetes has been classified as a coronary ñrisk equivalentò ('Third 

report of the National Cholestrol Education Program (NCEP) Expert Panel on 

Detection, Evaluation, and Treatment of High Blood Cholestrol in Adults (Adult 

Treatment Panel III) final report ', 2002). In general, women have lower prevalence of 

cardiovascular disease and age specific cardiovascular mortality. However, pre-

menopausal women with diabetes seem to not only lose most of their inherent 

protection against developing CVD but also have a poorer prognosis for cardiovascular 

illness (Brezinka and Padmos, 1994). Their mortality rates are 50% higher than in men 

(Mulnier et al., 2006; Kautzky-Willer et al., 2010). 

Despite a significant overall reduction in cardiovascular mortality over the last two 

decades due to improved aggressive secondary prevention strategies, the relative risk 

of cardiovascular mortality in patients with diabetes remains around 2.5, unchanged 

over the last fifty years (Hanefeld et al., 1996; Fox et al., 2007). Cardiovascular 

morbidity is difficult to estimate in patients with diabetes. However, cardiovascular 

disease is responsible for significant number of hospitalisations, prolonged in-hospital 

admissions and loss of quality adjusted life years (QALY) in patients with diabetes 

(Sampson et al., 2006). 

Coronary Artery Disease (CAD) accounts for the majority of cardiovascular events in 

patients with T2DM. CAD can present as acute coronary syndrome (unstable angina, 

non ST elevation and ST elevation acute myocardial infarction) and chronic stable 

angina. A significant number of patients with T2DM do not survive their first myocardial 
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event (Cho et al., 2002). Mortality rates for DM patients with acute MI are 1.5 - 2.0 

times those of non-DM patients. In hospital and 6 month mortality rates after an acute 

MI are highest among DM patients receiving insulin therapy. The negative impact of 

DM on the outcomes is maintained across the ACS spectrum, including unstable 

angina and non-ST elevation myocardial infarction (NSTEMI) (Yusuf et al., 2001b), ST 

elevation myocardial infarction (STEMI) treated medically (Mak et al., 1997) and ACS 

undergoing percutaneous coronary intervention (PCI) (Roffi and Topol, 2004). DM 

patients have more progressive, diffuse and multi vessel coronary disease compared 

to non-diabetic patients and have poorer outcomes after both PCI (especially with bare 

metal stent [BMS]) and coronary artery bypass graft surgery (CABG), compared to 

non-diabetic patients (Flaherty and Davidson, 2005). 

Following an acute cardiac event, patients with T2DM demonstrate higher incidence of 

recurrent cardiovascular events despite optimal secondary prevention therapy (Lee et 

al., 2004). For example, the 7 year incidence of recurrent MI in a large population 

based study was 45% in diabetic patients versus 19% in non-diabetic patients. 

Cardiovascular mortality during that period was 42.0% and 15.4% in DM patients with 

and without history of acute MI, respectively (Haffner et al., 1998). T2DM has been 

shown to be a strong independent predictor of mortality and recurrent cardiovascular 

events (Kotseva et al., 2010). The advent of drug eluting stents (DES) has improved 

PCI outcomes but the problem of atherothrombotic complications, including stent 

thrombosis, persists in diabetic patients (Cola et al., 2009). Patients with T2DM 

demonstrated higher rates of stent thrombosis following percutaneous coronary 

intervention (Machecourt et al., 2007). 

1.1.4 Risk factors for coronary artery disease in T2DM 

Increased prevalence of conventional risk factors such as hypertension, dyslipidaemia, 

central obesity, smoking and endothelial dysfunction, all contribute to higher adverse 

cardiovascular events in patients with T2DM (Eberly et al., 2003; Bhatt et al., 2010; 

Griffin et al., 2011) Hyperglycaemia may play an important role in increased 

atherothrombotic risk in DM patients. This has been supported by the Diabetes 

Mellitus, Insulin Glucose Infusion in Acute Myocardial Infarction (DIGAMI) trial. In this 

study, acute intensive glucose lowering therapy with insulin-glucose infusion led to a 

reduction in mortality after 3.4 years follow up in DM patients with acute myocardial 

infarction (Malmberg, 1997). In UKPDS follow up study, tighter control of 
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hyperglycaemia (HbA1c~7.0 %) reduced cardiovascular mortality over many years 

when begun in individuals with short-duration diabetes (Home, 2008; McGuire and 

Gore, 2009). However, in longstanding T2DM patients, long-term aggressive glucose 

lowering (glycated haemoglobin < 6.0 %) was associated with increased mortality in 

the Action of Control Cardiovascular Risk in Diabetes (ACCORD) study (Gerstein et 

al., 2008). This was supported by ADVANCE trial and VADT trial data (Patel et al., 

2008; Duckworth et al., 2009; Skyler et al., 2009). 

1.1.5 Ageing and Cardiovascular disease 

Ageing is a continuous and extremely complex multifactorial process that involves the 

interaction of genetic and environmental factors, and in which the incidence of 

diseases and the possibility of dying increases (Tosato et al., 2007). Ageing is a major 

cardiovascular risk factor and is a strong predictor of adverse outcomes after acute 

coronary syndrome. Coronary artery disease is the most common cause of death in 

the elderly. Due to increasing longevity and declining fertility, the geriatric population 

is rapidly expanding globally. At present, humans over age 65 years are more likely to 

be active and productive than at any other time in history, and life expectancy, disability 

rates, and health and wealth indicators have all shown significant improvement in the 

last 25 years.  

The US census bureau reported that average life expectancy has gone up from about 

47.3 years in 1900 to 77.9 years in 2004 and is estimated to increase to 79.2 years by 

2015. This increase appears to be largely due to improvements in health care, nutrition, 

and overall standard of living for most people. Population ageing represents a shift in 

the distribution of a countryôs population towards greater ages. This shift is partly 

related to increased longevity, as a consequence of improvements in living conditions 

and health care. Considered as one of the most important human achievements, this 

shift is not only seen in the developed countries, but also in developing countries. The 

UN has projected that by 2025 there will be almost 1.2 billion elderly people living in 

the world, 71% of whom are likely to be in developing countries. Between 1950 and 

2025, the ñOldò Old (those who are 80 years and above) will grow twice as fast as the 

60-plus-age group (Iliescu and Zanoschi, 2004). By 2030, 20% of the population will 

be aged 65 years or older (Muss, 2001). In 2020, the proportion of the population aged 

80 years and above is expected to range between 3.7% and 7.5% (Anderson and 

Hussey, 2000). 
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Ageing is an inevitable part of life and is an independent risk factor for the development 

of atherosclerosis that plays a significant role in the development of many 

cardiovascular disorders including coronary artery disease (CAD). Given the rapid 

growth of an ageing population worldwide, an increasing proportion of morbidity and 

mortality related to cardiovascular disorders is likely to occur in elderly patients. Both 

the prevalence and severity of atherosclerotic CAD increase with age in men and 

women. Autopsy studies show that more than half of people older than 60 years of age 

have significant CAD with increasing prevalence of left main or triple-vessel disease 

with older age. Estimates from electronic medical records report almost half of men 

older than 80 years of age have CAD, as do one third of women (Steinman et al., 

2012).  

Ageing unfortunately poses the largest risk factor for cardiovascular disease and CAD 

is the most common cause of death in the elderly. In fact, older people are not only 

more likely to develop acute myocardial infarction, but also more likely to die from it. 

Optimizing care for elderly patients with CAD constitutes both a central priority and a 

formidable challenge in contemporary medicine. The cost to treat cardiovascular 

diseases is estimated to get tripled in the next 15 years. Hence it remains vital that we 

understand why age is such a crucial component of CVD etiology. 

1.1.6 Cardiovascular disease mortality and morbidity in elderly  

The CRUSADE National Quality Improvement Initiative investigators 2005 report 

states that persons aged Ó 75 years constitute <10% of the US population but they 

account for 35% of patients with non-ST segment elevation acute coronary syndromes 

(ACS). As expected, the prevalence of CAD is very high in the elderly population 

(Aronow, 1999). Elderly patients presenting with ACS including unstable angina and 

non-ST segment myocardial infarction (NSTEMI) have a very high prevalence of 

coronary risk factors (Woodworth et al., 2002).  

In the United Kingdom in 2008, more than twice as many individuals >75 years of age 

(n = 55,028) died from IHD compared to younger individuals ᾽75 years (n = 25,540) 

(Nichols et al., 2014). According to the UK Myocardial Ischemia National Audit Project 

(MINAP) database annual public report 2011-2012, there were 79,433 admissions with 

a final diagnosis of myocardial infarction (MI). Of these, 41% had ST-elevation 

myocardial infarction (STEMI). The mean age of patients presenting with MI in England 
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and Wales was 65 years in men and 73 years in women (68 years overall). Individualsô 

ι70 years represented 49% of patients with an MI in the MINAP data. The average 

age for a first STEMI was 65 years, while that of NSTEMI was 70 years (21% of STEMI 

patients and 26% of NSTEMI patients were between 70 and 79 years of age, in 

comparison to 15% of patients with STEMI and 27% of patients with NSTEMI who were 

80ï89 years of age). Although cases of STEMI appear to be equally distributed around 

the age-range 60ï69 years, for NSTEMI the majority are older than this at presentation 

(Gavalova and Weston, 2012). In the Global Registry of Acute Coronary Events 

(GRACE) (Avezum et al., 2005), increasing age was associated with increased 

incidence of NSTEMI. NSTEMI was diagnosed in just over 30% of patients aged ᾽65 

years compared with 41% in those aged Ó85 years. STEMI was more frequent in 

younger patients (36.5% in 45-74 years vs 30.7% in ι75 years). All in-hospital events 

after ACS were more frequent among elderly patients. Cardiogenic shock was nearly 

6 times more common in the oldest compared with the youngest group (9.8% vs 1.6%, 

respectively). Rates of major bleeding were twice that in patients aged Ó85 years 

compared to 6̓5 years (p<0.0001). Each 10-year increase in age resulted in a 75% 

increase in hospital mortality. 

Age Ó75 years constitutes one of the seven prognostic variables in the Thrombolysis 

In Myocardial Infarction (TIMI) risk score (Antman et al., 2000). In general, the 

management of ACS in the elderly patients does not differ a great deal from that the 

younger patients in terms of management according to the current guidelines 

(Braunwald et al., 2002; Smith et al., 2006). 

As a result of higher prevalence of cardiac risk factors and impaired healing processes, 

elderly patients with ACS are at higher risk of recurrent ischaemic events and death, 

as well as treatment-related complications compared with younger patients. It has 

been reported that patients >75 years of age comprise one third of overall ACS 

episodes and that this age group accounts for around 60% of the overall mortality from 

ACS. Further, after allowance for confounding factors, the odds for in-hospital death 

from acute events increases by 70% for each 10-year increase in age (OR: 1.70; 95% 

CI: 1.52 to1.82). Atypical symptoms are more common in elderly patients presenting 

with ACS, dyspnoea, and confusion are relatively common, whereas ischaemic pain is 

less likely to be present or is present in an atypical location.  
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Despite these demographic realities, elderly persons are generally underrepresented 

in randomized controlled trials and recent data have suggested limited success in 

attempts at making cardiovascular trials more inclusive by including the elderly (Lee et 

al., 2001). Current ACS treatment guidelines are based primarily upon studies largely 

comprising younger patients (Roe et al., 2013). Although age may alter the balance of 

risk and benefit of therapeutic strategies, trials data regarding older patients with ACS 

have usually been limited to subgroup analyses rather than derived from dedicated 

age-specific studies. Registries have found that elderly patients presenting with an 

ACS less frequently receive evidence-based therapies highlighting the need for studies 

targeted specifically to the elderly. 

1.1.7 Factors contributing to increased risk of CAD in elderly 

Age dependent alterations of haemostasis suggest that certain coagulation proteins 

such as fibrinogen, factor V, VII, VIII, IX, XIII, high-molecular weight kininogen and 

prekallikrein levels increase with age (Franchini, 2006). Overall, the elderly experience 

a shift of the haemostatic balance towards increased clotting and decreased 

fibrinolysis. Ageing may also lead to intrinsic changes to platelets, thereby increasing 

platelet reactivity. This increased platelet reactivity has been correlated with a higher 

content of platelet phospholipids, suggesting an age related increase in platelet trans-

membrane signalling (Bastyr et al., 1990b). Blood stasis and endothelial dysfunction 

also play a key role contributing to increased platelet activation and arterial thrombosis 

in the elderly (Zahavi et al., 1980; Loscalzo, 2001; Brandes et al., 2005).  

Ageing of the vasculature results in increased arterial thickening and stiffness as well 

as endothelial dysfunction. Clinically, these changes result in increased systolic 

pressure and present major risk factors for development of atherosclerosis, 

hypertension and stroke, and atrial fibrillation. The vasculature undergoes structure 

and function alterations with age that are well documented, such as luminal 

enlargement with wall thickening and a decline in endothelial cell function negatively 

affecting endothelium-dependent dilation and promoting vascular stiffness. In addition, 

endothelial cells lose their ability to proliferate and migrate after tissue injury. 

Furthermore, endothelial barriers become porous and vascular smooth muscle cells 

migrate into sub-endothelial spaces and deposit extracellular matrix proteins that result 

in intimal thickening. At the molecular level, as endothelial cells age, they exhibit a 

reduction in endothelial nitric oxide synthase (eNOS) activity, reducing the abundance 
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of nitric oxide (NO). NO is a critical vasodilator produced by endothelial cells, regulating 

vascular tone, in addition to inhibiting vascular inflammation, thrombotic events, and 

aberrant cellular proliferation. Loss of NO also promotes endothelial cell senescence. 

Numerous mechanisms can modulate eNOS activity. However, hemodynamic shear 

stress, the frictional force acting on endothelial cell surface as a result of blood flow, is 

one of the most potent inducers of eNOS activity. As vessels age, they are exposed to 

less hemodynamic stress due to reduced blood flow caused by decline in heart 

function; in addition, endothelial cells become less responsive to shear stress, resulting 

in a decline in the protective NO. 

1.1.8 Ageing and bleeding 

Age features as a risk factor in many bleeding risk stratifications. Indeed, bleeding risk 

is greater in elderly versus younger patients. In a recent meta-analysis of stroke 

prevention in elderly patients with atrial fibrillation, the risk of serious bleeding 

increased for each decade increase of age (HR: 1.61; 95% CI, 1.47 to 1.77). 

Furthermore, the use of several antiplatelet and anticoagulant therapies is associated 

with increased bleeding risk in the elderly, with a resulting reduction in net clinical 

benefit. For example, age is a predictor of intracranial haemorrhage in patients 

receiving antiplatelet or anticoagulant therapy. In the Assessment of the Safety and 

Efficacy of a New Thrombolytic Regimen (ASSENT)-III PLUS trial, enoxaparin as a 

conjunctive therapy to tenecteplase in patients with ST-segment elevation myocardial 

infarction was associated with an unacceptable risk of intracranial haemorrhage in the 

elderly population, warranting a dose reduction in patients aged >75 years. 

1.1.9 Ageing and Diabetes Mellitus 

The prevalence and incidence of T2DM are greater among elderly individuals 

compared to the younger population. From a study in France, the overall prevalence 

of DM was estimated at 4.4% in 2009. The prevalence increased with age to 14.2% in 

those aged 65-74 years, peaking at 19.7% in men and 14.2% in women aged 75-79 

years (Fagot-Campagna et al., 2005). From 2001 to 2005, the prevalence of DM 

increased by 3.1 % in men aged 70-79 years, 3.8 % in men aged 80-89 years and by 

0.7 % and 3.0 % respectively in women in those age group (Pornet et al., 2011). Elderly 

patients with T2DM are at increased risk of vascular complications, loss of cognitive 

function and mobility and, consequently, of dependency (Bourdel-Marchasson and 
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Berrut, 2005). Hence, the increasing number of older individuals with T2DM will lead 

to a greater public health burden (Bethel et al., 2007; Sloan et al., 2008). Ageing is 

accompanied by increased arterial stiffness and reduced myocardial compliance, 

contributing to adverse cardiovascular events. Patients with T2DM manifests these 

changes at a younger age, suggesting that mechanisms underlying these changes in 

vasculature during ageing is accelerated in diabetes. Advanced glycation end-products 

(AGEs) that form during the Maillard reaction (non-enzymatic reaction between 

glucose and proteins) are implicated in the complications of ageing and diabetes. The 

formation of AGEs on vascular wall collagen causes cross-linking of collagen 

molecules to each other. This leads to the loss of collagen elasticity, and subsequently 

a reduction in arterial compliance. This causes hypertension and might be contributing 

to increased cardiovascular events (Aronson, 2003; Aronson, 2004).  Booth et al 

showed that diabetes confers an equivalent risk to ageing by 15 years. Elderly people 

with diabetes, on average seemed to be at high risk of CVD compared to young 

diabetics or elderly non-diabetics (Booth et al., 2006). 

1.2   Pathophysiology of coronary atherosclerosis 

Pathophysiological mechanisms contributing to atherosclerosis are complex and inter 

linked. The 20th century has witnessed a remarkable evolution in the concepts 

concerning the pathogenesis of atherosclerosis. In the mid-19th century Rudolf Virchow 

viewed atherosclerosis as a proliferative disease whilst Karl Rokitansky believed that 

atheroma was derived from healing and resorption of thrombi (Mayerl et al., 2006). 

Experiments in the early 20th century identified cholesterol as the main culprit 

(Steinberg). In the mid-20th century characterisation of human lipoprotein particles 

promoted the insudation of lipids as a cause of atherosclerosis. In late 20th century, 

studies have revealed significant involvement of inflammation and genetic propensity 

in various stages of atherosclerosis. We now recognise that elements of all these 

mechanisms contribute to atherogenesis with inflammation occupying a significant role 

in the initiation and progression of atherosclerotic lesions. 

Atherosclerosis is a systemic dysfunctional endothelial, focal occurring or diffuse, 

chronic inflammatory, fibro-proliferative, prothrombotic, angiogenic, multifactorial 

disease of the arterial wall caused by the retention of modified low-density lipoproteins 

and hemodynamic and reductive-oxidative stress (Hayden and Tyagi, 2004). 
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Atherosclerosis was viewed as a localised narrowing of arteries secondary to 

cholesterol and smooth muscle cell deposits but this view has change in the last 

decade and atherosclerosis is now considered as a widespread vascular inflammatory 

process with varying clinical manifestations (Libby et al., 2002). Atheroma or an 

atheromatous plaque is a focal atherosclerotic lesion in a coronary artery which is in a 

state of constant flux. It responds to changes mainly mediated by inflammation, 

immune, vasomotor and lipid environment in the intra and extra plaque milieu. 

1.2.1 Coronary artery anatomy 

An appreciation of the ultrastructure of coronary arteries is crucial in understanding the 

complex pathophysiology of atherothrombosis. Knowledge of coronary artery anatomy 

and pathogenesis of atherosclerosis has significantly evolved since the days of Rudolf 

Virchow.   

The normal coronary artery has a well-developed trilaminar structure: 

1. Tunica intima ï innermost monolayer of endothelial cells abutting directly on a 

basal lamina containing non-fibrillar collagen types such as type IV collagen, 

laminin, fibronectin and other extra cellular matrix molecules. The internal 

elastic lamina bounds intima abluminally and serves as the border between the 

intimal layer and the underlying tunica media. 

2. Tunica media ï lies under the intimal layer and internal elastic lamina. This layer 

is made up of layers of SMCs interleaved with layers of elastin-rich extracellular 

matrix. In a normal artery the extracellular matrix neither accumulates nor 

atrophies due to a fine balance between the rate of matrix synthesis and 

dissolution. The external elastic lamina bounds the media abluminally, forming 

the border with the adventitial layer. 

3. Tunica adventitia ï outer layer consisting of collagen fibrils and other cells such 

as fibroblasts and mast cells. This layer also contains the neurovascular bundle 

with the vasa vasorum. Emerging evidence suggests a role of mast cells in 

atheroma in animal models, but their importance in humans remains speculative 

(Libby and Shi, 2007). 

In general the endothelial monolayer forms a continuous sheet as the innermost layer 

of the arterial lumen, remains non thrombogenic and prevents the exposure of highly 
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thrombogenic collagen in tunica media from being exposed to flowing blood (Fuster et 

al., 1992). 

With ageing, human arteries develop a more complex intima, containing arterial 

smooth muscle cells (SMCs) and fibrillary forms of interstitial collagen (type I and III). 

This is termed as diffuse intimal thickening and characterizes most of the adult arteries. 

This does not necessarily go hand in hand with lipid accumulation and may occur in 

individuals without substantial atheroma burden. 

1.2.2 Laminar flow and protection against atherosclerosis 

Atheromatous changes in the coronary arteries are either focal or diffuse. Laminar 

blood flow, has been found to elicit various antiatherogenic homeostatic mechanisms 

(atheroprotective functions) and anti-inflammatory functions such that under usual 

conditions of laminar shear stress in normal coronary arteries, the endothelium is 

atheroprotective. Early atheromatous plaques in proximal segment of the coronary 

arteries at bifurcations or branch points, progresses to significant atherosclerotic 

plaque (Nigro et al., 2011). This results in rapid changes to shear stress on the vessel 

wall and the plaque resulting in non-laminar flow. This triggers endothelial damage and 

dysfunction, mediated via the nuclear factor kappa B (NFKB) pathway (Tegos et al., 

2001; Cunningham and Gotlieb, 2005; Chiu and Chien, 2011). 

1.2.3 Initiation of plaque formation ï endothelial dysfunction 

The initial steps in atherogenesis remains inconclusive. However, observations from 

tissues obtained from young humans and from experimental studies in animals points 

towards structural and functional changes in the endothelial layer as a marker of 

initiation of atherosclerosis. 

 All infants have focal thickening of the coronary artery intima due to vascular smooth 

muscle cell (VSMC) proliferation (Milei et al., 2008). Although focal thickening is an 

important hallmark of the developing atherosclerotic plaque, this is considered to be 

an adaptive response to turbulent blood flow rather than to be pathological. 

1.2.4 Fatty streak 

Endothelial dysfunction initiated by risk factors permits the entry of lipids (low density 

lipoprotein - LDL) and inflammatory cells into the artery wall. LDL particles accumulate 
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over a period of time and undergo oxidative modification in the presence of free 

radicals. This oxidised and glycated LDL is more atherogenic and immunogenic (Tegos 

et al., 2001; Kruth, 2002). Leucocyte recruitment and accumulation also occurs early 

in lesion generation (Muller, 2009). Normal endothelial lining generally resists adhesive 

interactions with leukocytes. However, at sites of endothelial dysfunction, the damaged 

endothelial cell responds by expressing adhesion molecules for leucocytes such as 

vascular cell adhesion molecule-1 (VCAM-1) and P-selectin as a repair mechanism.  

Upon continuous insult by endogenous (high cholesterol) and exogenous (smoking) 

factors, these adhesion molecules are over expressed in coronary endothelium 

allowing the circulating leucocytes to adhere to the endothelium. They then move 

between the endothelial cell junctions or penetrate through endothelium (transcytosis) 

to enter the intima (Linton and Fazio, 2003). Once in the artery, monocytes differentiate 

into macrophages which take up the lipid and become foam cell macrophages. This 

results in the formation of lesions termed ñfatty streaksò. These are small, slightly raised 

lesions caused by focal collections of foam cell macrophages in the intima. They may 

progress to larger atherosclerotic plaques or may regress. Chemoattractant cytokines 

or chemokines especially monocyte chemoattractant protein 1 (MCP-1) and 

interleukin-8 (IL-8) are involved in the process of leucocyte migration (Libby et al., 

2002; Gleissner et al., 2008). 

Fatty streak progresses to a more complex lesion due to the formation of a necrotic 

core and a fibrous cap. Foam cell macrophages, engorged with LDL, begin to die and 

their contents contributes to the formation of a necrotic core. The release of the 

cytoplasmic contents of the foam cells leads to the accumulation of extracellular lipids, 

cytokines, leukotrienes, prostanoids, histamine like substances and growth factors, all 

of which induce inflammation. These also impair nitric oxide synthesis which in turn 

reduces the functional and regenerating capacity of the endothelium (Stary et al., 1995; 

Virmani et al., 2000).  

The occurrence of VSMC migration and proliferation results in the formation of a fibrous 

cap. VSMCs migrate into the intima where they proliferate and deposit extracellular 

matrix. The increase in cell number and presence of matrix causes augmentation of 

the bulk of the plaque, which now protrudes into the lumen. This is termed a stable 

advanced plaque (George and Dwivedi, 2004; Newby, 2006). The size and 

composition of the plaque determine its outcome.
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Figure 1.1 Progression of coronary atherosclerosis 

Spectrum of representative coronary lesion morphologies seen in a sudden 
death population, forming the basis for the modified American Heart Association 
(AHA) descriptive classification. The 2 non-progressive lesions are intimal 
thickening and intimal xanthomas (foam cell collections known as fatty streaks, 
AHA type II). Pathological intimal thickening (PIT) (AHA type III transitional 
lesions) marks the first of the progressive plaques, as they are the assumed 
precursors to more advanced fibroatheroma (FA). Thin-cap fibroatheromas are 
considered precursors to plaque rupture. Essentially missing from the AHA 
consensus classification are alternative entities that give rise to coronary 
thrombosis, namely erosion and the calcified nodule. Erosions can occur on a 
substrate of PIT or FA, whereas calcified nodules depict eruptive fragments of 
calcium that protrude into the lumen, causing a thrombotic event. Luminal 
thrombi overlie areas lacking surface endothelium and so are in communication 
with the lipid-rich necrotic core. Lastly, healed plaque ruptures are lesions with 
generally smaller necrotic cores and focal areas of calcification where the surface 
generally shows areas of healing rich in proteoglycans. Multiple healed plaque 
ruptures are thought responsible for progressive luminal narrowing. Ca2+ = 
calcium; EL = extracellular lipid; FC = fibrous cap; NC = necrotic core; Th = 
luminal thrombus. From (Virmani et al., 2000)  Arterioscler Thromb Vasc Biol. 
2000; 20(5):1262-75. 
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1.2.5 Progression and evolution of atheromatous lesion 

Innate and adaptive immunity: Mechanisms of inflammation in atherogenesis 

During the last decade, the role of inflammation in atherogenesis has been well 

established (Libby et al., 2002; Hartvigsen et al., 2009). The macrophage foam cells 

serve as the rich source of proinflammatory mediators including proteins such as 

cytokines, chemokines, various eicosanoids and lipids such as platelet activating 

factor. These can also elaborate large quantities of oxidant species such as superoxide 

anion, in the milieu of the atherosclerotic plaque. This ensemble of inflammatory 

mediators can promote inflammation in the plaque and contribute to the progression 

of lesions. The term innate immunity describes this type of amplification of the 

inflammatory response that does not depend on antigenic stimulation. 

In addition to innate immunity, antigen-specific or adaptive immunity in plaque 

progression has also been identified (Andersson et al., 2010). Macrophages and 

dendritic cells in the atherosclerotic lesions can present antigens to the T cells. These 

antigens include modified lipoproteins, heat shock proteins, beta2-glycoprotein 1b and 

infectious agents (Tsimikas et al., 2005; Chou et al., 2008). The antigen presenting 

cells allow the antigen to interact with T cells in a manner that triggers their activation. 

These activated T cells then can secrete copious quantities of cytokines that can 

modulate atherogenesis.    

The helper T cells (bearing CD4) fall in to two general categories: 

i. T helper 1 (Th1) subtype secretes proinflammatory cytokines such as interferon-

y (IFN-y), lymphotoxin, CD40 ligand and tumour necrosis factor-Ŭ (TNF-Ŭ) 

which in turn activates vascular wall cells leading to plaque destabilization and 

heightened thrombogenicity. 

ii. T helper 2 (Th2) subtype secretes cytokines such as interleukin-10 which can 

inhibit inflammation in the context of atherogenesis (Ait-Oufella et al., 2009). 

The cytotoxic T cells (bearing CD8) can express Fas ligand and other cytotoxic factors 

that can promote cytolysis and apoptosis of target cells, including smooth muscle cells 

(SMCs), endothelial cells and macrophages. The death of these cell types can occur 

in the atherosclerotic lesion and may contribute to plaque progression and 

complication.  
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The regulatory T cells (Treg ï bearing CD4 and CD25) can elaborate transforming 

growth factor-ɓ (TGF-ɓ) and interlukin-10. These cytokines can exert anti-inflammatory 

effects. Several experimental studies have suggested an antiatherosclerotic function 

of Treg cells in vivo (Taleb et al., 2008; Andersson et al., 2010). 

Smooth muscle cell migration and proliferation 

Evolution of atheroma into more complex plaques involves SMCs in addition to 

endothelial dysfunction and leucocyte recruitment (Manabe and Nagai, 2003; Mulvihill 

et al., 2004). Intimal SMCs in atheroma contain rougher endoplasmic reticulum and 

fewer contractile fibres than do the normal medial SMCs.  SMCs are recruited from the 

underlying tunica media into the intimal layer in advanced atheroma. This recruitment 

is facilitated by chemoattractants such as platelet-derived growth factor (PDGF) 

secreted by activated macrophages. Although replication of SMCs in the steady state 

appears infrequent in mature atheroma, bursts of SMC replication may occur during 

the life history of a given atheromatous lesion. These can occur during episodes of 

plaque disruption with thrombosis, when the intimal SMCs are exposed to mitogens 

including the coagulation factor thrombin. Thus accumulation of SMCs and their growth 

in the intima does not occur in a continuous linear fashion but bursts of SMC replication 

or migration may occur. 

Smooth muscle cell death during atherogenesis 

In addition to replication, death of these cells also participate in complication of the 

atherosclerotic plaque (Clarke et al., 2006). Some SMCs in advanced atheroma exhibit 

fragmentation of their nuclear DNA that is characteristic of programmed cell death or 

apoptosis. Soluble proinflammatory cytokines act in conjunction with Fas ligand 

expressing T cells in the atheromatous lesion and this leads to SMC apoptosis 

(Kavurma et al., 2008). Thus, SMC accumulation in a progressing atheromatous 

plaque probably results from a tug-of-war between cell replication and cell death (Geng 

and Libby, 2002). Contemporary cell and molecular biologic research has identified 

candidates that mediate replication and attrition of SMCs. 

Arterial extracellular matrix 

Extracellular matrix makes up much of the volume of an advanced atherosclerotic 

plaque. These molecules include interstitial collagens (types I and III) and 

proteoglycans. SMCs produce these matrix molecules and the main stimuli include 
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PDGF and TGF-ɓ. Elastic fibers may also accumulate in atherosclerotic plaques. 

Similar to accumulation of SMCs, extracellular matrix is also in a state of constant flux. 

The biosynthesis of matrix molecule is counterpoised by catabolic enzymes known as 

matrix metalloproteinases (MMPs). Dissolution of extracellular matrix molecules 

undoubtedly plays a crucial role in the migration of SMCs into the intima from media 

traversing the elastin-rich internal elastic lamina (Dollery and Libby, 2006).  

Extracellular matrix breakdown also is likely to play a role in arterial remodelling that 

accompanies atheroma growth. During the early life of an atheromatous lesion, 

plaques grow outwardly, in an abluminal direction, rather than inwardly. Luminal 

stenosis starts to occur only after the plaque burden exceeds around 40% of the cross-

sectional area of the artery. 

Angiogenesis in plaques 

Atherosclerotic plaques develop their own microvasculature as they grow because of 

endothelial migration and replication. These microvessels probably form in response 

to angiogenic peptides overexpressed in the atheroma. These factors include vascular 

endothelial growth factor (VEGF), placental growth factor (PGF) and oncostatin M. As 

a consequence of the presence of microvessels, there is increased trafficking of 

leucocytes, prominence of adhesion molecules like VCAM-1 and increased growth of 

plaque overcoming diffusion limitations on oxygen and nutritional supply (Dollery and 

Libby, 2006). The plaque microvessels may be friable and prone to rupture. 

Haemorrhage and thrombosis in situ could promote local SMC proliferation and matrix 

accumulation in the area adjacent to the microvascular disruption. This in turn helps 

progression of atheromatous plaque. 

Plaque mineralisation 

Plaques develop areas of calcification as they evolve. Some subpopulation of SMCs 

may foster calcification by enhanced secretion of cytokines such as bone morphogenic 

proteins (BMP), homologues of TGF-ɓ. Receptor activation of NF-kB ligand (RANKL), 

a member of TNF-Ŭ family, appears to promote SMC mineral formation through the 

BMP4 dependent pathway. Osteoprotegerin can inhibit plaque mineralisation by 

inhibiting RANKL signalling. Genetic absence of osteoprotegerin augments 

calcification of mouse atheromas and administration of exogenous osteoprotegerin 

limits it (Bennett et al., 2006; Morony et al., 2008). Transcription factor Runx-2, 
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activated by inflammatory mediators and oxidative stress also promote SMC mineral 

formation (Aikawa et al., 2007; Byon et al., 2008). 

1.2.6 Plaque vulnerability and rupture 

Atherosclerotic plaque morphology has been classified into 7 types based on lipid core, 

ratio of fibrous tissue to lipid core, fibrous tissue lining of the plaque and the presence 

of thrombus. This pathological classification is based on the vulnerability and rupture 

of the plaque (Farb et al., 1996; Virmani et al., 2000). This final common end point of 

an atheromatous plaque is plaque rupture and thrombosis (Arai et al., 2010). 

Fracture of the fibrous cap, accounts for two thirds of acute myocardial infarctions. 

Another mechanism involves superficial erosion of intima. The rupture of the fibrous 

cap reflects an imbalance between the forces that impinge on the cap and the 

mechanical strength of the fibrous cap. Interstitial collagen provide most of the 

biomechanical resistance to disruption of the fibrous cap and hence collagen 

metabolism is thought to participate in regulating the propensity of plaque rupture 

(Libby, 2008). T cell derived cytokine INF-y potently inhibits SMC collagen synthesis, 

thereby impairing the ability of the plaque to repair and maintain the fibrous cap. On 

the other hand, certain mediators released from platelet granules during activation, 

including TGF-ɓ and PDGF, increase collagen synthesis and reinforce the plaqueôs 

fibrous structure. 

Increased catabolism of extracellular matrix macromolecules that compose the fibrous 

cap can also contribute to weakening of this structure, rendering it susceptible to 

rupture and hence thrombosis. Macrophages in advanced atheroma overexpress 

MMPs and elastolytic cathepsins that can breakdown the collagen and elastin of the 

arterial extracellular matrix (Dollery and Libby, 2006; Libby, 2008). The strength of the 

fibrous cap undergoes dynamic regulation, linking the inflammatory response in the 

intima with the molecular determinants of plaque stability and hence thrombotic 

complications of atheroma. 

Another feature of vulnerable plaque is a relative lack of SMCs. As describe earlier, 

inflammatory mediators, can produce apoptosis of SMCs. Loss of SMCs from regions 

of local inflammation within plaques probably explains the relative lack of SMCs at 

places where plaque ruptures. Due to lack of SMCs there is reduced collagen 

production that is needed to repair and maintain the matrix of the fibrous cap. This 
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contributes to the weakening of the fibrous cap and increases the propensity for plaque 

rupture (Clarke et al., 2008). 

A prominent accumulation of macrophages and a large lipid milieu is a third micro-

anatomical feature of the so-called vulnerable atherosclerotic plaque. The activated 

macrophages produce cytokines and matrix degrading enzymes thought to regulate 

matrix catabolism and SMC apoptosis. These macrophages and SMCs can generate 

particulate tissue factor, a potential instigator for microvascular thrombosis after plaque 

disruption.  

The success of lipid lowering therapy in reducing the incidences of acute myocardial 

infarction or unstable angina in patients at risk may result from a reduced accumulation 

of lipid and decrease in inflammation and plaque thrombogenicity. Plaque rupture 

exposes thrombogenic lipids and collagen to flowing blood and can result in either 

occlusive or non-occlusive thrombus leading to myocardial necrosis (Lafont, 2003). 

The pathobiology of superficial erosion is much less well understood. Most of the 

superficial erosions do not result in clinically apparent myocardial infarction but are 

responsible for bursts in growth of atheromatous plaques (Fuster et al., 2005; Virmani 

et al., 2006). In humans, superficial erosion appears more likely to cause fatal acute 

myocardial infarction in women and in individuals with hypertriglyceridemia and 

diabetes mellitus but the underlying molecular mechanisms remain obscure. Apoptosis 

of endothelial cells contributing to desquamation of endothelial cells and the role of 

MMPs in degrading the nonfibrillar collagen in the basement membrane have been 

postulated for superficial erosion (Kramer et al., 2010).   
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Figure 1.2 Schematic of the evolution of the atherosclerotic plaque.  

1: Accumulation of lipoprotein particles in the intima. The modification of these 
lipoproteins is depicted by the darker colour. Modifications include oxidation and 
glycation.  

2: Oxidative stress, including products found in modified lipoproteins, can induce 
local cytokine elaboration.  

3: The cytokines thus induced increase expression of adhesion molecules for 
leukocytes that cause their attachment and of chemoattractant molecules that 
direct their migration into the intima.  

4: Blood monocytes, upon entering the artery wall in response to chemoattractant 
cytokines such as MCP-1, encounter stimuli such as macrophage colony 
stimulating factor (M-CSF) that can augment their expression of scavenger 
receptors. 

 5: Scavenger receptors mediate the uptake of modified lipoprotein particles and 
promote the development of foam cells. Macrophage foam cells are a source of 
mediators such as further cytokines and effector molecules such as hypochlorous 
acid, superoxide anion (O2-), and matrix metalloproteinases.  

6: Smooth muscle cells in the intima divide other smooth muscle cells that migrate 
into the intima from the media.  

7: Smooth muscle cells can then divide and elaborate extracellular matrix, 
promoting extracellular matrix accumulation in the growing atherosclerotic plaque. 
In this manner, the fatty streak can evolve into a fibrofatty lesion.  

8: In later stages, calcification can occur (not depicted) and fibrosis continues, 
sometimes accompanied by smooth muscle cell death (including programmed cell 
death, or apoptosis) yielding a relatively acellular fibrous capsule surrounding a 
lipid-rich core that may also contain dying or dead cells and their detritus. 

Abbreviation: IL-1 = interleukin-1; LDL = low-density lipoprotein. Adapted from 
(Libby et al., 2010). 
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Figure 1.3 Interplay between adaptive and innate immunity during 

atherogenesis. 

The principal effector cell of innate immunity, the macrophage (MF), secretes 
cytokines that critically regulate many functions of atheroma-associated cells 
involved with disease initiation, progression, and complication, as well as 
thrombosis. IFN-ɔ, a product of the activated T cell, activates a number of these 
functions of the macrophage. In turn, the activated macrophage expresses high 
levels of MHC class II antigens, needed for antigen-dependent activation of T cells.  

Abbreviation: IFN-ɔ = interferon- ɔ; MF = macrophages; Th = T helper cell 

From (Hansson et al., 2002) 
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1.3 Blood Haemostasis and thrombus formation 

Thrombus formation is the most effective protective mechanism by which haemostasis 

is maintained in a closed, high pressure circulatory system after vessel wall damage. 

Haemostasis is natureôs first and most efficient response to control bleeding and 

preserve the integrity of the circulatory system. This process remains inactive but 

readily gets activated following vascular injury to minimise extravasation of blood from 

the vasculature. Following this activation, it is critical to contain this thrombus formation 

so that it is localised to the site of injury and to modulate thrombus size to be 

appropriate to the injury. Thus, there exists a very fine balance between pathways that 

initiate thrombus formation and that regulate / modulate thrombus formation (Furie, 

2009). 

1.3.1 Mechanisms of thrombosis 

At sites of vascular injury, platelets rapidly adhere to the exposed sub-endothelial 

extracellular matrix, gets activated and together with the coagulation system form a 

thrombotic plug that seals the lesion (Furie and Furie, 2008). A highly specified and 

efficient haemostatic system consisting of cellular (platelets) and non-cellular 

(coagulation factors) components is responsible for three main steps in thrombus 

formation as listed below: 

i. Initiation of thrombosis 

ii. Propagation of thrombus 

iii. Autolysis of thrombus 

Initiation of thrombosis 

The vessel wall with intact endothelium is crucial to the maintenance of a patent 

vasculature. The endothelium contains three thromboregulators ð nitric oxide, 

prostacyclin and the ectonucleotidase CD39 ð which together provide a defence 

against thrombus formation.  Collagen and tissue factor facilitate the maintenance of a 

closed circulatory system. When the vessel wall is injured or the endothelium is 

disrupted, collagen and tissue factor gets exposed to the flowing blood, thereby 

initiating thrombus formation.  
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Two distinct pathways act in parallel to activate platelets. In one, exposed collagen 

triggers the accumulation and activation of platelets, whereas in the other exposed 

tissue factor initiates thrombin generation, which not only converts fibrinogen to fibrin 

but also activates platelets. 

The interactions of platelet glycoprotein VIb with the collagen of the exposed vessel 

wall and of platelet glycoprotein Ib-V-IX with collagen-bound von Willebrand factor 

(vWF) result in adhesion of platelets to the site of injury (Ruggeri, 2000). In addition to 

its role in the adherence of platelets to collagen, glycoprotein VIb is the major agonist 

for initial platelet activation and granule release. The platelet integrin Ŭ2ɓ1 plays a 

supportive but not essential role in the interaction between platelets and collagen 

(Nieswandt et al., 2001). 

Tissue factor (TF) triggers a second independent pathway that initiates platelet 

activation. Tissue factor forms a complex with coagulation factor VIIa, the 

enzymatically active form of factor VII, and this tissue factorïfactor VIIa complex 

activates coagulation factor IX, thereby initiating a proteolytic cascade that generates 

thrombin (Steffel et al., 2006). Thrombin cleaves protease-activated receptor 1 (PAR 

1) on the platelet surface, thereby activating platelets and causing them to release 

adenosine diphosphate (ADP), serotonin, and thromboxane A2 (Vu et al., 1991). In 

turn, these agonists activate other platelets, and in doing so, amplify the signals for 

thrombus formation. 

Von Willebrand factor synthesised by endothelial cells and megakaryocytes, 

promotes platelet adhesion to subendothelium. Elevated levels of vWF indicates 

endothelial damage and correlates with cardiovascular risk factors including T2DM and 

dyslipidaemia (Kessler et al., 1998). vWF plays a crucial role in thrombosis by binding 

to fibrillar and non-fibrillar collagen, heparin and sulfatide in the sub endothelium. vWF 

interacts with platelet GPIb receptor and initiates platelet adhesion. It also triggers the 

expression of GPIIb/IIIa and binds to it, thereby promoting irreversible adhesion and 

aggregation of platelets (Kessler et al., 1998; Reininger et al., 2006) 

Propagation of thrombus formation 

A developing thrombus recruits unstimulated platelets and within the thrombus, 

activation occurs only in a subgroup of the recruited platelets (Dubois et al., 2007). 

Other platelets remain loosely associated with the thrombus but do not undergo 
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activation and may ultimately disengage from the thrombus. In short, thrombus 

formation is a dynamic process in which some platelets adhere to and others separate 

from the developing thrombus, and in which shear, flow, turbulence, and the number 

of platelets in the circulation greatly influence the architecture of the clot. 

Following adhesion and platelet activation, cyclooxygenase-1 (COX-1)-dependent 

synthesis and release of thromboxane A2 (TXA2) and release of ADP from storage 

granules occur. TXA2 is a potent vasoconstrictor and it locally activates platelets and 

recruits them to the site of injury. This results in expansion of the platelet plug. To 

activate platelets, TXA2 and ADP binds to their respective receptors on the platelet 

membrane. The role of ADP receptors in platelet function and the pharmacology of 

drugs directed against these receptors are described in detail later. Activated platelets 

promote assembly of coagulation factor complexes. These complexes trigger a burst 

of thrombin generation and subsequent fibrin formation. In addition to converting 

fibrinogen to fibrin, thrombin amplifies platelet activation further and helps anchor the 

platelet aggregates at the site of injury.  

This is followed by platelet aggregation, the final step in the formation of the platelet 

plug. Platelet aggregation links platelets to each other to form clumps. Glycoprotein 

IIb/IIIa (GP IIb/IIIa) mediates these platelet to platelet linkages. On nonactivated 

platelets, GP IIb/IIIa exhibits minimal affinity for its ligands (Lefkovits and Topol, 1995). 

On platelet activation it undergoes a conformational transformation, which reflects 

transmission of signals from its cytoplasmic domain to its extracellular domain. This 

transformation enhances the affinity of GP IIb/IIIa for its ligands, fibrinogen under low 

shear and vWF under high shear conditions (Italiano et al., 2008). Fibrinogen and vWF 

serve as bridges and bind adjacent platelets together. Fibrin, the final end product of 

the coagulation cascade, tethers the platelet aggregates together and anchors them 

to the site of injury. The viscoelastic property of thrombus is derived from fibrin to fibrin 

cross linkage and overlapping of longitudinal fibrin fibres. By forming a mesh-like 

structure due to crosslinking of individual fibres, cellular elements in the blood are 

trapped in thrombus resulting in cellular thrombus (Collet et al., 2003; Weisel, 2005). 

Circulating monocytes are attracted towards this organising thrombus. Leukocyte-

platelet adhesion is mediated by inflammatory cytokines, microparticles and P-selectin 

from activated platelets (Zarbock et al., 2007). 
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Figure 1.4 Mechanism of thrombus formation. 

Plaque rupture exposes subendothelial components. Platelet adhesion is mediated by 
interactions between vWF and GP Ib/V/IX receptor complexes located on the platelet 
surface, and between platelet collagen receptors (GP VI and GP Ia) and collagen 
exposed at the site of vascular injury. Binding of collagen to GP VI induces the release 
of activating factors (ADP, thromboxane A2, serotonin, epinephrine, and thrombin), 
which promote interactions between adherent platelets, as well as further recruitment 
and activation of circulating platelets. Platelet activation leads to changes in platelet 
shape, expression of proinflammatory molecules, platelet procoagulant activity, and 
activation of platelet integrin GP IIb/IIIa. Activated GP IIb/IIIa binds to the extracellular 
ligands fibrinogen and vWF, leading to platelet aggregation and thrombus formation. 
Vascular injury also exposes subendothelial tissue factor, which forms a complex with 
factor VIIa and sets off a chain of events that results in formation of the prothrombinase 
complex. Prothrombin is converted to thrombin, which subsequently converts 
fibrinogen to fibrin, generating a fibrin-rich clot. Abbreviations: GP, glycoprotein; vWF, 
von Willebrand factor. From (Franchi and Angiolillo, 2015) 
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Autolysis of formed thrombus 

Autolysis is a natural mechanism by which haemostasis is regulated and maintained 

by removal of excess thrombus formation. An early but weaker thrombus retraction 

mediated by platelets is followed by a stronger fibrinolysis mediated by fibrinolytic 

enzymes. Thrombus retraction involves rearrangement of internal actin cytoskeletons 

in the platelet cell wall resulting in platelet contraction (Carroll et al., 1981). 

Thrombus retraction is followed by fibrinolysis where plasminogen activators convert 

plasminogen to plasmin, which then degrades insoluble fibrin into soluble fibrin 

degradation products. Two immunologically and functionally distinct plasminogen 

activators, namely endothelial tissue plasminogen activator (t-PA) and hepatic 

urokinase-type plasminogen activator (u-PA) (Cesarman-Maus and Hajjar, 2005) are 

present in the circulation. Tissue plasminogen activator mediates intravascular fibrin 

degradation and u-PA mediates both proteolysis and tissue remodelling and repair 

(Medcalf, 2007). 

Regulation of fibrinolysis occurs at two levels. Plasminogen activator inhibitor-1 (PAI-

1) and to a lesser extent PAI-2, inhibits plasminogen activator whereas Ŭ2-antiplasmin 

inhibits plasmin. Endothelial cells synthesise PAI-1 which inhibits both t-PA and u-PA. 

Monocytes and placental cells synthesise PAI-2 which specifically inhibits u-PA. A 

dynamic equilibrium is maintained between t-PA and PAI-1 on the luminal surfaces of 

the vessels to determine net local fibrinolytic activity. Either increased expression of 

PAI-1 or decreased expression of t-PA or both can lead to decreased fibrinolytic activity 

predisposing to thrombosis (Vaughan, 2005). The other fibrinolysis inhibitors include 

Ŭ2-antiplasmin, Ŭ2-macroglobulin and thrombin-activated fibrinolysis inhibitor (TAFI).  

Macrophages are also involved in thrombus resolution. Following completion of 

fibrinolytic process, platelets and other cellular elements of thrombus are resorbed by 

macrophages. Some of these cellular components undergo calcification resulting in 

giant cell formation. Macrophage induced calcification is the hallmark of old and 

recurrent thrombus (Fuster et al., 2005; Medcalf, 2007). 

1.3.2 Platelets in thrombogenesis 

Platelets are anucleate particles released into the circulation after fragmentation of 

bone marrow megakaryocytes. Once they enter the circulation, they have a life span 

of 7 to 10 days (Kaushansky, 2005). Platelets are involved in haemostasis, wound 
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healing and inflammation. They contribute to haemostasis by activation, adhesion and 

aggregation. Under physiological conditions, platelets circulate in a quiescent state, 

protected from untimely activation by inhibitory mediators released from intact 

endothelial cells, mainly NO and prostaglandin I2 (PGI2, prostacyclin) which increase 

the platelet content of cyclic AMP (cAMP) and cyclic GMP (cGMP) respectively. 

Endothelial dysfunction and changes in release of antiplatelet factors may lead to 

increased platelet activation followed by their interaction with neutrophils and 

monocytes, and increased platelet adhesion and aggregation (Frenette et al., 1995; 

Frenette et al., 1998). 

Upon activation by thrombin, ADP or TXA2, platelets undergo shape change, and 

secrete the contents of Ŭ- and dense granules (Holmsen, 1994). Rearrangement of 

cytoskeletal proteins, including the disassembly of a microtubule ring, occurs as one 

of the very first steps and results in a shape change from a disc shaped cell into an 

intermediate spherical shape cell. This is followed by actin polymerization and 

extension of pseudopodia (Bearer, 1995).  

Platelet secretion 

Activated platelets secrete a number of potent inflammatory and mitogenic substances 

into the local microenvironment. These mediators modulate functions of other platelets, 

leukocytes, and endothelial cells. Platelets secrete: 

i. chemokines (CCL3, 5, 7, 17, CXCL1, 4, 5, 7, and 8)  

ii. cytokines (e.g., IL-1b, CD40 ligand, b-thromboglobulin)  

iii. growth factors (e.g., PDGF, TGF-b, EGF, VEGF, bFGF), 

iv. coagulation factors (e.g., factor V, factor XI, PAI-1, plasminogen, protein S).  

These factors participate in cell survival, proliferation, coagulation and fibrinolysis, 

chemotaxis, and cell adhesion. 

Platelet chemokines play a key role in the activation of different cell types and can 

induce adhesion by activating integrins (Carveth et al., 1989; Detmers et al., 1990). 

Most of the platelet chemokines are stored in Ŭ-granules and can be released upon 

platelet activation. CXCL4 (platelet factor 4) is a chemokine that is constitutively and 

abundantly expressed in platelets.  
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The platelet cytokine CD40 ligand (CD40L), a transmembrane protein, was originally 

described on stimulated CD4+ T cells and also found on stimulated mast cells as well 

as basophils (Vishnevetsky et al., 2004). Preformed CD40L is stored in platelets and 

rapidly translocated to the cell surface upon activation. CD40L, surface-expressed or 

secreted by platelets, can bind to endothelial CD40 and induces chemokine secretion 

and up-regulation of adhesion molecules. This process leads to recruitment to and 

extravasation of leukocytes at the site of injury and thereby immediately links 

haemostasis to the inflammatory system. 

Activated platelets secrete IL-1ɓ, a major activator of endothelial cells (Hawrylowicz et 

al., 1991). Interaction of activated platelets with endothelial cells induces an IL-1ɓ 

dependent secretion of IL-6, CXCL8, CCL2 (monocyte chemoattractant protein-1) from 

endothelial cells. In addition to the induction and release of these inflammatory 

mediators, IL-1ɓ induces increased expression of adhesion molecules, such as E-

selectin, VCAM-1, ICAM-1, alpha2b/beta3 integrin and others (Kaplanski et al., 1994; 

Gawaz et al., 2000). Two other important platelet agonists released upon activation 

are ADP and serotonin. ADP acts through P2Y1 receptor and produces calcium 

mobilisation, shape changes and initial transient activation. It also interacts with the 

P2Y12 receptor, which mediates potentiation of platelet secretion and irreversible 

aggregation. Serotonin is an agonist of the GŬq-coupled 5HT2A-receptor and amplifies 

the platelet response (Gachet, 2001a). 
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Figure 1.5 Platelet components implicated in coagulation and atherosclerotic 
process.  
 

ADP, adenosine diphosphate; bFGF, fibroblast growth factor; EGF, endothelial 
growth factor; ENA, neutrophil-derived peptide activator of epithelial cells; GP, 
glycoproteins; IGF, insulin-like growth factor; IL, interleukin; MIP-1, macrophage 
inflammation protein 1; PAI-1, plasminogen activator inhibitor 1; PDGF, platelet-
derived growth factor; PECAM, platelet and endothelial cell adhesion molecule; 
PF4, platelet factor 4; TGFb, transforming growth factor b; VEGF, vascular 
endothelial growth factor; vWF, von Willebrand factor. From (Badimon et al., 2009) 
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1.3.3 Platelet-neutrophil interaction 

Polymorphonuclear leukocytes (PMN) play an important role in host defence and in 

the pathogenesis of various diseases. The recruitment of PMN into inflammatory tissue 

follows a distinct recruitment pattern. During these different recruitment steps, PMN 

become activated and subsequently release mediators into the surrounding tissue 

(Zarbock et al., 2007). In many experimental animal models, blockade of PMN 

recruitment or PMN depletion leads to attenuation of organ damage. In addition to 

observations in animal models, clinical studies show a positive correlation between the 

number of PMNs and the risk of acute myocardial infarction as well as recurrence 

(Ernst and Matrai, 1987; Danesh et al., 1998). 

In addition to classical neutrophil recruitment, platelets bound to activated endothelial 

cells can interact with leukocytes, and induce ósecondary captureô which induces 

interactions of neutrophils with platelets first, followed by neutrophil-endothelial 

interaction (Mine et al., 2001). Under high shear stress as may be encountered in 

arterioles or stenotic arteries, platelets can adhere to subendothelial vWF. The 

interaction of platelets with vWF is mediated by the GPIb/IX/V complex. These 

interactions induce the activation of GPIIb/IIIa with a subsequent binding of GPIIb/IIIa 

to immobilized vWF, fibrinogen, and other ligands (Yuan et al., 1999; Zaffran et al., 

2000). The binding of integrin Ŭ5ɓ1 to fibronectin can also mediate stable adhesion. 

Neutrophil rolling on platelets is mostly mediated by platelet P-selectin binding to P-

selectin glycoprotein ligand (PSGL) on leukocytes. Firm adhesion of leukocytes to 

platelets is achieved by CD11b/CD18 and CD11a/CD18. Further mechanisms involved 

in firm adhesion include the simultaneous binding of fibrinogen to GPIIb/IIIa on 

platelets and CD11b/CD18 on leukocytes and the binding of GPIbŬ to CD11b/CD18. 

Hence, GPIIb/IIIa antagonists do not prevent the formation of platelet-neutrophil-

aggregates in patients (Zhao et al., 2003). Upon adhesion of PMN to platelets, 

activation of PMN is induced through PSGL-1 and chemokine and lipid mediators 

presented by platelets.  

In addition to interacting with neutrophils, platelets interact with other leukocyte 

subpopulations. Platelets present chemokines to and thereby activate monocytes (Huo 

et al., 2001). Activated platelets increase monocyte binding to inflamed endothelium, 

which is important in atherosclerosis. The interaction between endothelial cells, 
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platelets, and monocytes leads to increased monocyte recruitment and accelerates the 

development of atherosclerotic lesions (Huo et al., 2003). 

The end result of platelet activation is conversion of soluble fibrinogen into insoluble 

fibrin and also activation and recruitment of other platelets. Platelets along with other 

cells such as erythrocytes and monocytes are trapped in the fibrin mesh formed by 

fibrin polymerisation resulting in growth and stabilisation of thrombus. 

1.3.4 Platelet procoagulant activity 

Activated platelets further activate other resting platelets and interact with other 

coagulant factors, eventually promoting thrombogenesis (Ilveskero et al., 2001). This 

inherent property of platelets is known as platelet procoagulant activity (PPA). 

Activated platelet adhesion is mediated by vWF and GPIb interaction as described 

earlier. This interaction also initiates PPA which comprises of changes in platelet 

membrane architecture, intra cytoplasmic enzyme activation and release of powerful 

procoagulants from the platelets.  

The plasma membrane of activated platelets provides this surface for the assembly of 

the "tenase" and "prothrombinase" complexes that activate factor X and prothrombin, 

respectively. Activation of factor X and conversion of prothrombin to thrombin are the 

most powerful steps in the coagulation cascade. Platelet plasma membrane 

asymmetry is maintained by two enzymatic activities: a "flippase" directing the inward 

transport of lipids and a "floppase" that directs the transport of choline- and amino-

phospholipids to the outer leaflet. Following an agonist-stimulated rise in intraplatelet 

calcium (Ca2+), membrane asymmetry is lost with exposure of anionic phospholipids 

on the platelet surface. Platelets then round off to balloon-like structures as well as 

developing membrane blebs termed membrane vesicles or microparticles. The 

significance of microparticles is described elsewhere.  

High shear forces can increase PPA. In high shear conditions, despite blocking vWF 

and GPIb receptors platelet activation was present. Increased release of ADP and 

intraplatelet accumulation of Ca2+ in activated platelets under high shear conditions 

help sustain further procoagulant activity thereby enhancing thrombogenesis (Goto et 

al., 2003; Chen et al., 2010). Activated platelets contribute to coagulation activity by 

releasing several compounds including thrombin, factor V, factor XIII, fibrinogen, vWF, 

calcium ions and ADP from their Ŭ-granules and dense granules. These in turn activate 
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the resting platelets and this vicious cycle helps to maintain and increase platelet 

procoagulant activity (Jennings, 2009). 

1.3.5 Coagulation physiology and factors 

The coagulation system, together with endothelial cells and platelets, is responsible for 

maintaining blood in a fluid state, but when activated rapidly results in the development 

of a fibrin clot by conversion of the fibrinogen to the insoluble polymer fibrin by the key 

enzyme, thrombin (Mann, 1999; Dahlback, 2000). The coagulation system comprises 

of proenzymes that typically reside in the intravascular space in an inactivated state 

together with cofactors, cations and cell-associated phospholipids. Coagulation can be 

activated by two principal mechanisms, the intrinsic and the extrinsic pathways that 

converge to produce thrombin by the common pathway through a series of inter-related 

enzymatic reactions (Davie and Ratnoff, 1964; Macfarlane, 1964).  

The intrinsic pathway 

One mechanism of coagulation activation is the intrinsic pathway, so called because 

its components, factors XII, XI, IX, VIII, prekallikrein (PK), and high molecular weight 

kininogen (HMWK), are all plasma proteins and are ñintrinsicò to the lumen of the blood 

vessel. The intrinsic pathway can be activated when factor XII undergoes auto-

activation to factor XIIa on a negatively charged surface through a process called 

ñcontact activationò (Gailani and Renne, 2007) (Figure 1.6). Negatively charged 

surfaces include the artificial reagents in the APTT assay, such as kaolin, celite, and 

silica, which explains the dependence of the APTT on the contact activation factors. 

However, the intrinsic pathway can be activated in vivo by substances such as articular 

cartilage, endotoxin, L-homocysteine, and the developing thrombus (Schmaier and 

McCrae, 2007). Activation of factor XII leads to conversion of PK to kallikrein, facilitated 

by the cofactor HMWK, with kallikrein further stimulating the activation of factor XII. 

Activated factor XII subsequently activates factor XI, with factor XIa activating factor 

IX. Factor IXa, together with factor VIIIa, phospholipids, and calcium from the tenase 

complex that activates factor X. The intrinsic pathway can also be activated in a cell-

based process, as the components can assemble on endothelial cells, platelets, and 

granulocytes. HMWK-PK binds to a cell-based receptor complex, which includes a 

binding protein for the globular head domains of complement component C1q, 

designated gC1qR, cytokeratin 1 (CK1) and urokinase plasminogen activator receptor 
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(u-PAR) (Schmaier and McCrae, 2007). Prolylcarboxypeptidase (PRCP) bound to the 

complex activates PK to form plasma kallikrein, resulting in factor XII activation. Apart 

from activation of factor XI, this complex is involved in other physiological activities 

through formation of bradykinin, which participates in fibrinolysis activation and the 

production of antiplatelet molecules, nitric oxide and prostacyclin, from endothelial 

cells. 

The Extrinsic Pathway  

The so-called Extrinsic Pathway of coagulation, comprising tissue factor (TF) and 

factor VII, is activated by tissue injury or cellular activation and is likely the primary 

mechanism for in vivo haemostasis (Dahlback, 2000; Mackman et al., 2007). TF is an 

intrinsic membrane glycoprotein expressed on many vascular wall cells, such as 

endothelial cells, vascular smooth muscle cells, pericytes, fibroblasts (Day et al., 2005) 

and blood borne cells including platelets and monocytes (Giesen et al., 1999; Steffel 

et al., 2006). TF is a 236-residue membrane-bound glycoprotein which is not normally 

present in or exposed to the circulation. Constitutively expressed cell-based tissue 

factor can be exposed to the blood following vascular injury, but tissue factor 

expression can also be induced on vascular endothelial cells and leukocytes by 

thrombin and inflammatory stimuli. This induction is well described for monocytes, but 

also may occur in neutrophils and eosinophils. Activation of many cells leads to 

production of minute membrane-bound microparticles, which may be a source of 

circulating tissue factor activity (Aras et al., 2004). Recent studies have shown that 

platelets can be stimulated to produce TF mRNA and synthesize TF protein (Panes et 

al., 2007). 

Fibrin Formation and Common Pathway Activation  

The purpose of coagulation is the formation of an insoluble fibrin polymer as a 

hemostatic plug. To this end, the transformation of plasma-based fibrinogen to cross-

linked insoluble fibrin is accomplished by several mechanisms and is tightly regulated. 

Fibrinogen is a plasma protein synthesised by liver which helps blood thrombogenesis 

and platelet aggregation. This is also an acute phase reactant and a marker of 

inflammation. It is present in blood at a concentration of 2.0 to 5.0 g/dl. Fibrinogen 

binds with high affinity to the Ŭ2b/ɓ3a integrin receptor on activated platelets, and acts 

as a bridge to link platelets. Fibrinogen dimer is composed of two mirror-image groups 
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of three polypeptide chains, the AŬ, Bɓ, and ɔ chains which are held together by a 

group of central disulfide bonds (McKee et al., 1966). Fibrinogen has a trinodular 

structure, with the central disulfide bonded area forming the central E domain, and the 

flanking polypeptides forming two lateral D domains (Yang et al., 2000) (Figure 1.7). 

Serum fibrinogen level is a well-known independent risk factor for coronary artery 

disease. In a longitudinal observational study over 13 years, elevated plasma 

fibrinogen was associated with higher rates of subclinical cardiovascular disease 

(Danesh et al., 1998).  

Fibrin is formed by polymerisation of fibrinopeptides. Thrombin cleaves off small 

fibrinopeptides from the AŬ and Bɓ chains, converting fibrinogen to fibrin monomer. 

Binding sites in the central region of the fibrin monomer, termed A-knobs and B-knobs, 

are exposed. This allows the ñknobsò on one monomer to bind to ɔC and ɓC ñholesò in 

the D domains in another monomer in a half-staggered overlap pattern, facilitating non-

covalent assembly into a fibrin protofibril polymer (Weisel, 1986; Yang et al., 2000). 

The protofibrils then associate laterally into bundles that form thicker fibers. Concurrent 

with the conversion of fibrinogen to fibrin, thrombin catalyses the activation of factor 

XIII, a transglutaminase enzyme that stabilizes the fibrin polymer by forming covalent 

crosslinks between ɔ chains in the D domains of adjacent fibrin molecules (Chen and 

Doolittle, 1969). After reaching a sufficient length (600-800 nm) protofibrils elongate 

laterally by binding to their adjacent fibrils to form mesh like fibrin network (Cohen et 

al., 1983; Weisel, 1986; Ryan et al., 1999). Twisting of individual fibrin fibres limits its 

length and lateral growth thereby reducing the available binding sites for fibrinolytic 

agonists. Increased thickness of fibrin strands in this way limits the growth of fibre 

(Wolberg, 2007). Fibrin is characterised by stiffness (representing its elastic properties) 

and compliance (representing its inelastic properties). 

Thrombin, which plays a key role in the formation of fibrin and its crosslinking, is a 

serine protease that is formed from prothrombin by the action of factor Xa and the 

prothrombinase complex, a phospholipid membrane-based complex consisting of 

factors Xa and Va together with calcium (Lane et al., 2005). Apart from fibrin formation, 

thrombin is associated with propagation of coagulation through activation of factors V 

and VIII, thus accelerating the activity of the prothrombinase and tenase complexes, 

respectively (Brummel et al., 2002) (Figure 1.8). Thrombin also exhibits direct 

activation of factor XI. Thrombin also activates platelets and other cells, such as 

endothelial cells and monocytes via G-coupled protease-activated receptors (PARs) 
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(Martorell et al., 2008). Upregulation of PARs in smooth muscle cells play a key role in 

the pathogenesis of atherosclerosis (Barnes et al., 2004). Due to its wide-ranging 

effects, thrombin activity is closely regulated. The activation of thrombin requires the 

action of factor Xa, in the prothrombinase complex resulting in cleavage of a peptide 

fragment, prothrombin fragment F1 + 2, from prothrombin (Tracy et al., 1985).  

The formation of active factor Xa from the proenzyme factor X is considered the start 

of the common pathway and can be triggered by both TF/factor VIIa from the extrinsic 

pathway and by the tenase complex (factors IXa, VIIIa, calcium, and phospholipids) 

from the intrinsic pathway (Dahlback, 2000). Having two separate mechanisms for 

factor Xa activation is thought to be associated with two temporal stages of blood 

coagulation (Butenas et al., 1997; Butenas et al., 2007), the initiation and propagation 

stages. In the initiation stage, factor X is initially activated by TF/factor VIIa. This 

produces small amounts of thrombin, which activates factors V and VIII, leading to 

further thrombin production (Brummel et al., 2002).  

1.3.6 Regulation of coagulation 

The major regulation of TF/factor VIIa activity is through an inhibitor, tissue factor 

pathway inhibitor (TFPI). TFPI, a serine protease then downregulates the ability of 

tissue factor/VIIa to activate factor X (Broze et al., 1993; Lu et al., 2004). TFPI may 

also further downregulate coagulation by causing TF-expressing cells to internalise 

surface TF/factor VIIa complexes (Iakhiaev et al., 1999). Coagulation then enters the 

propagation phase, directing the activity of tissue factor/VIIa toward activation of factor 

IXa, resulting in a switch of the primary activation of factor X to be via the intrinsic 

pathway tenase complex. Further thrombin production leads to the activation of factor 

XIa, which amplifies the propagation phase further.  

Levels of TFPI correlate positively to levels of TF in patients with dyslipidaemia 

(Hansen et al., 2001) and acute coronary syndrome (Falciani et al., 1998; Gori et al., 

2002). Hyperactivation of the coagulation system in ischaemic heart disease patients 

may, in part be compensated for by TFPI but may not be sufficient to attenuate the 

elevation of TF (Viles-Gonzalez and Badimon, 2004).  A rise in TFPI is a marker of 

hyperactivation of the coagulation system and offers some but not full protection 

against future thrombotic events (Leurs et al., 1997; Badimon et al., 1999a). 
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Figure 1.6 The coagulation cascade.  

Subendothelial collagen and tissue factor, both released during vessel intimal 
injury, initiate the intrinsic and extrinsic pathways, respectively, of the cascade. 
Ca++ = calcium, HMWK = high-molecular-weight kininogen, PK = prekallikrein 

 
 

 

Figure 1.7 Schematic diagram of the three pairs of polypeptide chains 

of fibrinogen.  

The AŬ, Bɓ, and ɔ chains are represented by bars with lengths proportional to 
the number of amino acid residues in each chain and the N- and C-terminal ends 
of the chains are labelled. The coiled-coil regions are indicated by the diagonally 
striped boxes, while the intra- and inter- chain disulfide bonds are indicated by 
solid lines. Carbohydrate attachment sites are labelled with CHO, while thrombin 
and major plasmin cleavage sites are indicated by T and P, respectively. From 
(Weisel, 2005) 
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Figure 1.8 Schematic diagram of fibrin polymerization.  

Fibrinopeptide A is cleaved from fibrinogen, producing desA fibrin monomers, 
which aggregate via knob-hole interactions to make oligomers. Fibrinopeptide B 
is cleaved primarily from polymeric structures. The oligomers elongate to yield 
protofibrils, which aggregate laterally to make fibers, a process enhanced by 
interactions of the ŬC domains. Factor XIIIa crosslinks or ligates ɔ chains more 
rapidly than Ŭ chains. Plasmin cleaves the ŬC domains and Bɓ1-42 and then 
cuts across the fibrin in the middle of the coiled coil. At the bottom of the diagram, 
a branch point has been initiated by the divergence of two protofibrils. From 
(Weisel, 2005). 
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1.4 Blood thrombogenicity in Diabetes and Ageing 

Higher cardiovascular mortality has been attributed to higher thrombogenicity in 

patients with T2DM (Osende et al., 2001; Berry et al., 2007). In vitro studies have 

demonstrated an inherent prothrombotic state in patients with T2DM. Endothelial 

dysfunction, coagulation factors, hyperactive platelets, inflammatory milieu and 

impaired fibrinolysis results in higher blood thrombogenicity in patients with T2DM 

(Balasubramaniam et al., 2012). Antiplatelet therapy reduces this thrombogenicity but 

less so in those with T2DM compared to those without (Natarajan et al., 2008a). Hypo-

responsiveness to current antiplatelet therapy may also be contributing towards excess 

mortality seen in patients with T2DM (Angiolillo, 2009b).  

The incidence of thrombotic cardiovascular disease dramatically increases with age 

(Tracy and Bovill, 1992), and recent studies have begun to address the important 

clinical problem of ñageing and thrombosisò (Wilkerson and Sane, 2002). Age-related 

changes may occur in the vascular and hemostatic systems, which includes platelets, 

coagulation, and fibrinolytic factors as well as endothelial changes. Ageing-associated 

sclerotic changes in the vascular wall may also contribute to the increased incidence 

of thrombosis in the elderly (Kiechl et al., 1999). The hypercoagulability of the blood in 

the elderly may be yet another cause of the increased thrombotic tendency. For 

example, platelet activity is enhanced with advancing age, and ageing is associated 

with increased plasma levels of several blood coagulation factors (e.g., factor VII, 

factor VIII, and fibrinogen) (Balleisen et al., 1985), all of which have been shown to be 

risk factors for thrombotic diseases (Koster et al., 1994). Advanced age is associated 

with elevated interleukin-6 (IL-6) and C-reactive protein (CRP) levels, indicating an 

inflammatory state that may also be an important stimulus for thrombus formation in 

the elderly. On the other hand, a proportional increase in natural anticoagulant factors 

(e.g., protein C, protein S, antithrombin, tissue factor pathway inhibitor, etc.) has not 

been observed in the elderly (Sagripanti and Carpi, 1998). The fibrinolytic system is 

impaired by ageing since a progressive prolongation of the lysis time (Abbate et al., 

1993) and an increase in plasminogen activator inhibitor-1 (PAI-1), a principal regulator 

of fibrinolysis (Loskutoff, 1988), have been observed with ageing (Hashimoto et al., 

1987). Thus, increases in coagulation factors without a proportional increase in 

anticoagulant factors is the likely contributing factor for increased thrombotic events in 

the elderly. As the population ages, further studies are warranted to define the 

mechanisms for thrombosis in the elderly. 
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1.4.1 Platelets in Diabetes - ñAngry Diabeticò platelets and Ageing platelets 

ACS is precipitated by the ischaemic effect of an occlusive intra-coronary thrombus 

that develops over a ruptured atheromatous plaque as a result of platelet adhesion and 

aggregation (Badimon et al., 1999b). Platelet function is significantly altered favouring 

a thrombotic tendency in patients with T2DM (Vinik et al., 2001; Natarajan et al., 2008b; 

Ferroni et al., 2009). Platelets in patients with T2DM constantly remain in a state of 

hyperactivation and hence have been referred to as óangry plateletsô (Bhatt, 2008). 

Platelet synthesis is also enhanced in patients with T2DM. As diabetic platelets 

respond more frequently to sub-threshold stimuli, they soon become exhausted, 

consumed and finally incorporated into thrombus. This relative excess consumption of 

platelets results in accelerated thrombopoiesis in the bone marrow mediated by 

thrombopoietin and the release of ófreshô hyper-reactive platelets (Watala et al., 1999; 

Watala et al., 2005). 

Among diabetic individuals increased platelet aggregation and adhesion are due to: 

¶ Reduced platelet membrane fluidity due to changes in the lipid composition or 

glycation of membrane proteins (Papanas et al., 2004)  

¶ Increased production of thromboxane A2 (TXA2) which increases platelet 

sensitivity (Halushka et al., 1981) 

¶ Increased expression of platelet adhesion molecules such as CD31, CD36, 

CD49b, CD62P and CD63 (Eibl et al., 2004) 

¶ Upregulation of platelet ADP P2Y12 receptor signalling leading to increased 

adhesion, aggregation and pro-coagulant activity 

¶ Increased expression of platelet surface receptors such as P-selectin, 

Glycoprotein (GP) Ib and GP IIb/IIIa (Lefkovits et al., 1995)  

¶ Increased generation of platelet dependent thrombin 

¶ Decreased sensitivity to the effects of PGI2 and NO (Ferroni et al., 2004) 

¶ Disorder in calcium and magnesium haemostasis. Increased intracellular 

calcium and decreased intracellular magnesium have been linked to platelet 

hyperaggregability and adhesiveness (Gawaz et al., 1994; Lee et al., 2001) 
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¶ Increased platelet content of cytokines and chemokines such as platelet factor-

4, interleukin-1ɓ and CD40L contribute to inflammation and atherogenesis 

alongside a pro-coagulant milieu (Ross, 1999; Lindemann et al., 2001; 

Cipollone et al., 2002; Weyrich et al., 2003) 

¶ Accelerated platelet turnover results in the presence of óyoungô activated 

platelets in the circulation which demonstrate reduced responsiveness to 

antiplatelet agents and augment their response to naturally circulating agonists 

(Ferreiro and Angiolillo, 2011) 

These platelet characteristics may contribute to the poorer outcomes observed in DM 

patients despite compliance with the recommended secondary prevention therapy. 

A significant age related elevation in the markers of platelet activation such as ɓ 

thromboglobulin and platelet factor 4 has been observed (Zahavi et al., 1980). Platelets 

of individuals aged 60 years showed greater aggregation in response to ADP and 

collagen than did the platelets from younger individuals (Kasjanovova and Balaz, 

1986). A significant reduction in the bleeding time and an increase of eicosanoid 

biosynthesis has been reported in older individuals, suggesting that platelet activation 

increases with age (Reilly and Fitzgerald, 1986). The increase of platelet activity with 

age is also correlated with higher content of platelet phospholipids, suggesting an age 

related increase in platelet transmembrane signalling (Bastyr et al., 1990a).      

1.4.2 Microparticles in Diabetes and Ageing 

In addition to platelets, microparticles (MPs) are also involved in diabetic 

atherothrombosis. MPs are small membrane coated vesicles (size: 0.02 to 0.10 µm) 

that emerge by exocytosolic budding from their parental cells upon activation or 

apoptosis and which carry procoagulant activity (Burnier et al., 2009). They retain at 

least some functions of their cells of origin, which can include platelets, endothelial 

cells and various leukocytes.  MPs have the ability to activate the coagulation cascade 

with consequent thrombosis formation (Morel et al., 2010). Platelet-derived MPs 

(PMPs) expose negatively charged phospholipids which act as binding sites for 

activated coagulation factors (George, 2008). Platelet MPs also bind to the sub 

endothelial matrix and act as a substrate for further platelet adhesion via GP IIb/IIIa 

fibrinogen bridging (Morel et al., 2008). Monocyte-derived MPs (MMPs) exposing TF 

have P-selectin glycoprotein ligand-1 which interacts with P-selectin on the surface of 
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activated platelets and helps in further stabilization of thrombus. Other possible 

pathways regulated by MPs include production of lysophosphatidic acid (a strong 

platelet agonist), endothelial and leukocyte activation, recruitment of monocytes within 

the plaque, stimulation of neoangiogenesis, induction of apoptosis in endothelial or 

smooth muscle cells and increase in T XA2 release which in turn causes 

vasoconstriction (Ardoin et al., 2007; Leroyer et al., 2008).  

Increased levels of platelet-derived MPs and their role in macrovascular complications 

have been reported in patients with T2DM patients (Nomura et al., 1995). Elevated 

levels of endothelial cell-derived MPs (EMPs) are predictive for the presence of 

coronary artery lesions, and are a more significant independent risk factor than the 

duration of DM, lipid levels and history of hypertension (Nomura et al., 2004). In 

patients with T2DM and ACS, increased EMPs have been linked to non-calcified 

atheromatous lesions as detected by multi-detector computed tomography (Bernard et 

al., 2009). Increased levels of procoagulant TF positive MPs have been demonstrated 

within the occluded coronary artery of patients with STEMI (Morel et al., 2009). 

Beneficial effects of statins in T2DM and atherothrombosis are possibly due to their 

effects on MPs (Sommeijer et al., 2005; Koh et al., 2007; Diamant et al., 2008; Nomura 

et al., 2009). All this evidence indicates that MPs are not only a reliable marker for 

vascular injury but they also actively participate in promoting atherothrombotic 

complications in T2DM (Morel et al., 2010). 

Age was shown to be associated with reduced basal levels of EMP but with 

preservation of MP procoagulant potential (Forest et al., 2010). In stable conditions, 

despite a reduction in EMP, procoagulant activity was maintained using PMP, RBC-

MP, TF-bearing MP or annexin V MP in the elderly (Forest et al., 2010). These results 

suggest that MP still carry their procoagulant activity with age, possibly due to reduced 

ability to maintain energy consuming plasma membrane phospholipid asymmetry, 

resulting in increased exposure of the anionic procoagulant phospholipid 

phosphatidylserine on the external layer. 

In this context, drugs that may reduce the release of MPs and/or their thrombogenicity 

may have the potential to improve the effects of current antiplatelet therapy, resulting 

in lower adverse event rates in elderly patients and those with T2DM. 
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1.4.3 Platelet leukocyte aggregates (PLA) in Diabetes and Ageing 

Platelets and leukocytes from patients with DM are hyperreactive and express more 

adhesion molecules. P-selectin is one of the markers of platelet activation and is the 

main link for platelet adhesion to circulating leukocytes (Vandendries et al., 2004). 

Platelet P-selectin interacts with leukocyte P-selectin glycoprotein ligand (PSGL-1) 

leading to the formation of PLA (Rinder et al., 1991; Hidari et al., 1997). Consequently, 

activated leukocytes secrete several pro-inflammatory cytokines and express a pro-

thrombotic membrane phenotype. Elevated levels of circulating PLA have been 

reported in DM population, thereby suggesting their involvement in the pathogenesis 

of atherothrombosis. Elevated circulating PLA levels are linked with vascular injury in 

DM patients (Vandendries et al., 2004). A significant increase in circulating platelet-

polymophonuclear aggregates (PPA) and platelet-monocyte aggregates (PMA) 

percentages was demonstrated in DM patients (Elalamy et al., 2008). Interestingly, 

levels of circulating PPA and PMA were significantly higher in DM with vascular injury 

compared to DM without vascular injury, suggesting the involvement of inflammatory 

leukocytes in vascular damage (Hu et al., 2004; Elalamy et al., 2008). 

Platelet aggregation in platelet-rich plasma (PRP) is increased in the elderly, relative 

to young individuals, in response to the agonists ADP, epinephrine, collagen and 

arachidonic acid. Platelet reactivity, aggregation, adherence to thrombogenic surfaces 

and plasma levels of the secreted platelet Ŭ-granule protein thromboglobulin are 

increased in elderly. However, there are no published data comparing circulating PLA 

levels among older and younger individuals. 

1.4.4 Coagulation in Diabetes and Ageing 

TF and Factor VII (F VII) initiate the thrombotic process, resulting in the generation of 

thrombin. This subsequently helps in the conversion of fibrinogen into a three-

dimensional network of fibrin fibres which forms the skeleton of the blood clot 

(Alzahrani and Ajjan, 2010). TF is an integral prothrombotic transmembrane protein 

expressed by both vascular and non-vascular cells, including monocytes, 

macrophages and platelets (Breitenstein et al., 2010). In T2DM, TF expression is 

upregulated due to the presence of low grade inflammation. Levels of TF in 

atherosclerotic plaques in patients with unstable angina are higher compared with 

those who have stable angina (Annex et al., 1995). Plasma TF levels are raised in 
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subjects with CAD, particularly ACS, further emphasising the role of TF in 

atherothrombosis (Suefuji et al., 1997; Soejima et al., 1999). Patients with T2DM have 

higher circulating TF levels which are directly modulated by glucose and insulin, and 

the two appear to have an additive effect (Boden et al., 2007). In T2DM, increased 

levels of advanced glycation end products and reactive oxygen species activate NFəB 

which in turn leads to increased TF production (Breitenstein et al., 2010). 

Factor VII is a vitamin-K dependent coagulation factor synthesised in the liver. F VII 

coagulant activity (F VII: c) has been associated with fatal cardiovascular events 

(Folsom et al., 1991; Heinrich et al., 1994; Scarabin et al., 1998). T2DM subjects have 

elevated F VII: c levels (Heywood et al., 1996). An association between triglyceride 

levels and F VII: c levels has been demonstrated; this appears to be independent of 

obesity and insulin resistance (Karatela and Sainani, 2009). 

Thrombin concentration influences fibrin clot formation and also determines the clot 

structure and stability (Wolberg and Campbell, 2008). High thrombin concentration 

results in denser and less permeable clots which are more resistant to lysis. Thrombin 

generation is enhanced in T2DM secondary to low grade coagulation system activation 

(Boden et al., 2007; Ceriello et al., 2009).  

Plasma fibrinogen is a well-known independent CVD risk factor and is used as a 

surrogate marker for CVD risk (Corrado et al., 2010). High fibrinogen levels predict 

silent myocardial ischaemia in patients with T2DM (Guardado-Mendoza et al., 2009). 

High levels of IL-6 in T2DM stimulate fibrinogen synthesis by hepatocytes, 

representing a link between inflammation and the prothrombotic state (Ajjan and Grant, 

2006). Insulin resistance is also associated with increased hepatocyte fibrinogen 

synthesis (Barazzoni et al., 2003; Tessari et al., 2006). Overall, in patients with T2DM 

there is increased TF production, increased F VII: c levels, increased thrombin 

generation, high levels of IL-6 and fibrinogen. 

Fibrinogen levels increase with advancing age from approximately 18 to 85 years old 

(Tracy et al., 1992). Plasma concentrations of IL-6, F VII, factor VIII, factor IX activation 

peptide, factor X activation peptide, prothrombin fragments 1+2, thrombin-antithrombin 

(TAT) complex and fibrinopeptides A (FPA) were found to positively correlate with 

advancing age (Bauer et al., 1987; Mari et al., 1995).  
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1.4.5 Fibrinolysis in Diabetes and Ageing 

Fibrinolysis is initiated by the conversion of plasminogen to plasmin and this is largely 

mediated by tissue plasminogen activator (tPA). Plasminogen activator inhibitor-1 

(PAI-1) is the main inhibitor of fibrinolysis by binding to tPA and forming PAI-1/tPA 

complex. In a long term 18 year study, glycated haemoglobin (HbA1C) correlated 

positively with PAI-1 and negatively with tPA. This demonstrates an association 

between hyperglycaemia and elevated PAI-1 levels (Seljeflot et al., 2006). 

Hyperinsulinaemia also has been shown to increase PAI-1 levels, which may account 

for elevated PAI-1 levels in insulin resistant states (Alessi and Juhan-Vague, 2008; 

Stegenga et al., 2008). 

A study indicated that clots derived from fibrinogen purified from plasma from 150 

subjects with T2DM had a more compact structure characterised by smaller pore size, 

increased fibrin thickness and number of branch points than that from 50 healthy 

controls (Dunn et al., 2005). Clot lysis from diabetic patients was slower when 

compared to controls due to elevated PAI-1 levels. 

There is strong evidence that PAI-1 increases with ageing (Wilkerson and Sane, 2002). 

A significant age related decrease in fibrinolytic activity, documented by an increase in 

PAI-1 levels has been reported (Mehta et al., 1987). Age related increase of plasmin-

antiplasmin complex, D-dimer and thrombin activatable fibrinolysis inhibitor (TAFI) 

have also been reported (Mari et al., 1995; Sakkinen et al., 1999; Schatteman et al., 

1999).
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Figure 1.9  Fibrinolytic system and its regulation. 

Plasminogen activators convert plasminogen to plasmin. Plasmin then degrades 
fibrin into soluble fibrin degradation products. The system is regulated at two 
levels. PAI-1 regulates the plasminogen activators, whereas Ŭ2-antiplasmin 
serves as the major inhibitor of plasmin. From Jeffrey I, Haemostasis, 
thrombosis, fibrinolysis and cardiovascular disease, Braunwaldôs Heart Disease. 
9th edition.  
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1.4.6 Inflammation and thrombosis in Diabetes and Ageing 

The presence and extent of inflammation, procoagulant state and composition of the 

atherosclerotic plaque have been strongly associated with an increased risk of future 

cardiovascular events. Thus, the perpetuation of the inflammatory response likely 

plays a pivotal role in the pathobiology and vulnerability of the atherosclerotic plaque. 

Inflammatory markers once thought to be passive observers are now being 

investigated as active participants in the progression of atherosclerosis and therefore 

targets for future pharmacological intervention. Inflammation up-regulates 

procoagulants and down-regulates anticoagulants and fibrinolysis. 

Subclinical chronic low-grade inþammation is linked to insulin resistance and is 

involved in the pathogenesis of type 2 diabetes (Stern, 1995; Herder et al., 2005). 

Inþammatory and insulin signalling pathways are tightly linked, both of which lead to 

insulin resistance and endothelial dysfunction, contributing to cardiovascular 

complications including coronary events (Hotamisligil, 2006). As mentioned earlier, it 

is possible that inflammation is the hidden but potent ócommon soilô for the 

prothrombotic state in T2DM (Omoto et al., 2002; Koga et al., 2005).  

 Adipose tissue is an active endocrine and paracrine organ that releases a large 

number of cytokines and bioactive mediators, such as leptin, adiponectin, IL-6 and 

TNF-Ŭ that inþuence insulin resistance, inþammation and atherosclerosis (Hauner, 

2005; Halberg et al., 2008). Obesity is also associated with more generalized, systemic 

inþammation involving circulating inþammatory proteins such as CRP, IL-6, PAI-1, P-

selectin, VCAM-1, and ýbrinogen. Adhesion molecule expression is induced by 

proinþammatory cytokines such as IL-1ɓ, TNF-Ŭ, and CRP produced by the liver in 

response to IL-6 (Szmitko et al., 2003). A study was performed in offspring of patients 

with T2DM who are at high risk of developing diabetes and CVD. This demonstrated 

the presence of insulin resistance, an excess of intra-abdominal fat mass, 

hypoadiponectinemia, and multiple defects in glucose and energy metabolism in these 

individuals (Salmenniemi et al., 2004). This study also demonstrated high levels of 

high-sensitivity CRP (hsCRP), IL-6, IL-1ɓ, IL-1 receptor antagonist, and adhesion 

molecules (P-selectin, ICAM-1) among these pre-diabetic subjects, indicating that low-

grade inþammation and markers of endothelial dysfunction are characteristic ýndings 

in subjects at high risk of T2DM and CVD (Ruotsalainen et al., 2008). 
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Tumour necrosis factor Ŭ (TNFŬ) is a pleiotropic proinflammatory cytokine present 

in atherosclerotic lesions. This appears to be one of the most important influences on 

the progression of atherosclerosis. Its upregulation is known to mediate and amplify a 

multitude of interactions resulting in progressive inflammation, plaque destabilisation 

and prothrombotic tendencies (Rus et al., 1991). Plasma TNFŬ levels are higher in 

T2DM and have been linked to insulin resistance and complications of T2DM such as 

retinopathy and nephropathy (Mavridis et al., 2008). Suppression of TNFŬ either by 

biological antagonists or by physical measures such as weight reduction and exercise 

improves glycaemic control in T2DM. Treatment with biological antagonists to TNFŬ 

has been shown to suppress inflammation in patients with rheumatoid arthritis and has 

also been proven to be associated with the rapid down-regulation of a spectrum of 

cytokines (IL-6), cytokine receptors and acute phase proteins (amyloid A, haptoglobin 

and fibrinogen) (Charles et al., 1999). This potent suppression of markers and 

mediators of inflammation may have tremendous potential in preventing progression 

of atherosclerosis. 

Interleukins, especially IL-6 and IL-8 circulating levels are significantly higher in 

patients with T2DM compared to those without even after adjustment for confounding 

factors including visceral obesity. IL-6 increases platelet production and indirectly 

increases thrombogenicity since young platelets are more thrombogenic compared to 

the old platelets (Lim et al., 2004). IL-6 increases fibrinogen and PAI-1, promotes 

adhesion of neutrophils and myocytes during myocardial reperfusion (Miyao et al., 

1993). Elevated levels of IL-6 in subjects with unstable angina were associated with 

higher 6- and 12- month mortality which was independent of troponin levels (Lindmark 

et al., 2001). IL-8 is a powerful trigger for firm adhesion of monocytes to vascular 

endothelium. In addition, it may play a potential atherogenic role by inhibiting local 

inhibitors of metalloproteinases in atherosclerotic plaques and by stimulating smooth 

muscle cell migration (Yue et al., 1993; Gerszten et al., 1999). Inflammatory mediators 

induce expression of protease activated receptors (PARs) on the endothelium of 

patients with T2DM which in turn increases leukocyte adhesion molecules on the cell 

surface (Dangwal et al., 2011). 

Adipokines, such as leptin, adiponectin, TNF-Ŭ, IL-6, resistin, visfatin, and retinol-

binding protein 4, have been suggested to be associated with insulin resistance (Van 

Gaal et al., 2006). Adiponectin has important anti-atherogenic, antidiabetic, and anti-

inþammatory properties and is expressed abundantly in adipocytes. In subjects with 
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an excess of intra-abdominal fast mass, adiponectin levels are low, which might be 

explained by an increase in TNF-Ŭ secretion from visceral fat. High adiponectin level 

correlates with high insulin sensitivity (Kadowaki et al., 2008). Adiponectin inhibits the 

expression of ICAM-1, VCAM-1, and E-selectin through the inhibition of nuclear factor-

əB (NF-əB) activation and has several antiatherogenic and anti-inþammatory 

properties (Kadowaki et al., 2008). 

Ageing is associated with increased inflammatory activity in the blood, including 

increased circulating levels of TNF-Ŭ (Bruunsgaard et al., 1999), IL-6 (Ershler et al., 

1993; Cohen et al., 1997), cytokine antagonists, acute-phase proteins and neopterin 

(Ballou et al., 1996). Increased inflammatory activity in the elderly may reflect age-

related pathological processes. Thus, atherosclerosis is an age-related inflammatory 

disease reflected by secretion of cytokines such as TNF-Ŭ, IL-1, IL-6, and IFN-ɔ and 

the presence of large numbers of macrophages and activated CD4+ T cells within 

inflammatory atherosclerotic plaques. 

High TNF-Ŭ levels in centenarians are associated with a low ankle-brachial arterial 

pressure index, indicating peripheral atherosclerosis. Furthermore, atherosclerosis 

and increased risk of thromboembolic complications have been associated with 

several parameters which are related to TNF Ŭ, e.g. increased circulating levels of IL-

6, acute-phase proteins such as C-reactive protein (CRP) and fibrinogen, intercellular 

adhesion molecule-1 (ICAM-1), leucocytes, and a lipid profile including increased 

levels of triglycerides, total cholesterol (TC), and low-density lipoproteins (LDL), 

decreased concentrations of high-density lipoproteins (HDL), and a low HDL/TC ratio. 

Thus, TNF-Ŭ is an early mediator of the acute-phase response and involved in the 

production of chemokines, IL-6, and CRP as well as the recruitment of leucocytes 

during inflammatory reactions. TNF-Ŭ is also known to induce smooth muscle 

proliferation and to increase adherence of leucocytes to endothelial cells by inducing 

the expression of cell adhesion molecules such as ICAM-1 and vascular cell adhesion 

molecule-1 (VCAM-1). Furthermore, TNF-Ŭ induces the expression of a wide range of 

cytokines, including chemokines and IL-6 by endothelial cells. TNF-Ŭ also has an 

important role in lipid metabolism by decreasing the activity of 7 Ŭ-hydroxylase and 

lipoprotein lipase and by stimulating the liver production of triglycerides. 
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1.4.7 Markers of inþammation 

Previous studies have shown that high levels of CRP, IL-6, and TNF-Ŭ predict 

subsequent development of T2DM (Schmidt et al., 1999). In one study, hsCRP levels 

were measured in 1,045 subjects with T2DM. Subjects with hsCRP >3 mg/l had a 

higher risk for CHD death than patients with hsCRP Ò3 mg/l, even after the adjustment 

for confounding factors (Soino et al., 2006). This study confirmed hsCRP as an 

independent risk factor for CHD deaths in patients with T2DM. In another recent study, 

hsCRP was independently associated with short-term mortality risk in individuals with 

T2DM and in those without a previous diagnosis of CVD (Bruno et al., 2009). The 

American Heart Association suggested in their guidelines on cardiovascular risk 

factors that higher levels of CRP are a hallmark of T2DM and may warrant preventive 

therapy for cardiovascular events even in patients with pre-diabetes (Sabatine et al., 

2007). 

CRP has been suggested to play a more direct role in atherothrombosis involving the 

endothelium, platelets, and leukocytes as well as vascular smooth muscle cells (Mazer 

and Rabbani, 2004; Paffen and Demaat, 2006). Evidence now suggests that CRP may 

possess procoagulant activity, as it has been shown to decrease tPA activity while 

increasing PAI-1 levels in human aortic endothelial cells (Devaraj et al., 2003; Singh 

et al., 2005). CRP also inhibits endothelial nitric oxide synthase and prostacyclin 

activity, thus promoting a prothrombotic state. CRP increases TF synthesis on 

monocytes, promotes platelet adhesion via up-regulation of P-selectin, promotes 

monocyte-platelet aggregation, increases vascular smooth muscle cell migration and 

proliferation, as well as neointima formation (Danenberg et al., 2007). 

 

. 
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1.5 Antiplatelet therapy in patients with CAD 

Platelets play a central role in thrombosis and hence anti-platelet agents are vital in 

prevention of acute coronary events in high risk patients. A clear benefit of antiplatelet 

agents in the prevention of atherothrombotic events in those at high risk is well 

established. Multiple genetic, iatrogenic and environmental factors influence platelet 

responsiveness to these agents. Three different classes of antiplatelet agents are 

approved for treatment and/or prevention of ACS:  

i. Cyclooxygenase-1 (COX-1) inhibitors (Aspirin)  

ii. ADP P2Y12 receptor antagonists (thienopyridines ï Clopidogrel, Prasugrel and 

Ticagrelor) 

iii. Platelet GP IIb/IIIa inhibitors (Figure 1.10).  

Commonly used antiplatelet agents in patients with CAD and T2DM have been aspirin 

and clopidogrel. Prasugrel and Ticagrelor is being used more often than clopidogrel in 

ACS setting. Clopidogrel is still being used in patients who have contraindications to 

prasugrel or ticagrelor, elderly population or patients at high risk of bleeding. 
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Figure 1.10 Schematic representation of mechanisms of action of 

antiplatelet agents. 

PAR-1: Protease activated thrombin receptor ï 1. Adapted from (Schafer, 1996) 

 

 

 

Figure 1.11 Structure of aspirin 

 








































































































































































































































































































































































































































































































































































































































































