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1. Introduction 

1.1     Coronary artery disease 

1.1.1 Definition and epidemiology of coronary artery disease 

Coronary artery disease (CAD) refers to a progressive damage in the epicardial arteries due 

to atherosclerotic plaques.1 Initially understood as a cholesterol storage disease, it is 

currently accepted that it is inflammatory in nature.2 These plaques remain for a lengthy 

period of time stable and silent, and can spontaneously be symptomatic, presenting as 

stable angina, unstable angina, myocardial infarction (MI) or sudden cardiac death3, mainly 

following the plaque’s rupture or erosion.1 Owing to its diverse clinical presentation, CAD 

has been studied either as acute coronary syndrome (ACS) and chronic coronary syndrome 

(CCS).1 

CAD is the leading cause of cardiovascular disease worldwide, which in turn is a major cause 

for mortality in every region of the world4, including developing countries.5 In 2015, an 

estimate of 442.7 million cases and 17.9 million deaths were attributed to cardiovascular 

disease.6 In Germany, in spite of occupying the top position in mortality, incidence and 

mortality have been falling for several decades.7  

1.1.2 Risk factors 

Since prevention was set as the main strategy, several risk behaviors have been spotted 

which carry an increased likelihood to develop CAD. Modifiable factors have been extremely 

attractive for researchers, as a mediation is straightforward. The most prevalent risk factor 

is hypertension.1 It can exacerbate atherosclerosis, the underlying cause of CAD.8 In fact, by 

managing blood pressure, every 10 mmHg reduction of systolic blood pressure reduces CAD 

by 17%.1 Smoking has been increasingly related to a number of diseases; hemodynamics 

are affected too. The increase in risk is proportional to the number of cigarettes smoked, 

the duration of the smoking (packs/years) and the increased depth of smoke inhalation.9 

Diabetes mellitus, particularly type 2, is strongly linked to CAD, conferring a two-fold 

increased risk for CAD.10 In addition, diabetes is strongly related to dyslipidaemia11, a risk 

factor itself as well.12 Just as smoking, a graded relationship has been proven with high 

levels of low density lipid cholesterol (LDL) and increasing risk of coronary artery 
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disease.13,14 Furthermore, dyslipidaemia accompanies another risk factor called obesity, 

which also raises the risk for atherosclerotic disease and mortality.15 As these risk factors 

are often intertwined, metabolic syndrome refers to the cluster of these clinical findings16, 

requiring at least three out of the four factors: arterial hypertension, obesity, dyslipidaemia, 

and insulin resistance (the underlying cause of diabetes mellitus type 2). As it would be 

expected by the addition of risk factors, metabolic syndrome carries an increased risk for 

CAD.16 All these modifiable risk factors share an origin within a person’s lifestyle, which 

certainly contributes to progression of CAD. Additional factors such as chronic kidney 

disease, hyperuricaemia, homocysteinaemia and stress, can  increase the cardiovascular 

risk further.9 

Another group of factors are known as the non-modifiable risk factors. These include 

genetic variants in several systems as lipid metabolism, diabetes likelihood or arterial 

hypertension propensity.9 Family history of heart disease is a main factor for disease 

development.17 Regardless of sex, age predisposes to a high incidence and prevalence in 

CAD. Patients >75 years of age have the greatest mortality due to CAD because of the vast 

extent of comorbidities and the often atypical clinical picture which delays the diagnosis.1 

1.1.3 Pathophysiology of coronary atherosclerosis 

All arteries are subjected to potential atherosclerosis with coronary and cerebral 

atherosclerosis having a bigger impact on mortality. Major coronary arteries are located on 

the epicardium and have a diameter of >500 µm.18 The complex interaction of the risk 

factors with the endothelial cells and their molecular messengers, as well as inflammation, 

sustain the formation and progress of the disease.19 The pathogenesis may be 

multifactorial, but two aspects are considered as most relevant: deposition of lipids, which 

are metabolized and oxidized, and ensuing local infiltration of leukocytes.20 The 

development of atherosclerotic lesions classically begin with “fatty streaks”, a focal 

thickening of the intima (the most luminal cellular layer of the arterial wall) through 

accumulation of macrophages containing lipids and extracellular matrix.21 This might be 

facilitated by an increased expression of adhesion molecules. 
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Dyslipidaemia, vasoconstricting hormones, non-enzymatic advanced glycation products 

and proinflammatory cytokines derived from excess adipose tissue augment the expression 

of these adhesion molecules as well.19 The infiltrated phagocytes embedded in the arterial 

intima, alongside T lymphocytes attracted by adhesion molecules, communicate with 

endothelial and smooth muscle cells via prostanoids, other arachidonic acid derivates, 

cytokines and histamine. These mediators attract the latter smooth muscle cells from the 

tunica media, which proliferate and elaborate an extracellular matrix.  

Circulating platelets also play a role in this proinflammatory milieu.22 A facilitated 

adherence on an injured endothelial site induces platelets to secrete atherogenic 

mediators, such as cytokines, growth factors, adhesion molecules and coagulation factors.23 

The perivascular connective tissue will gain metalloproteinases, which exacerbate oxidative 

stress and inflammation, will also produce lipidic binding sites and will propagate 

inflammatory response. The growing lesion can merge with other preexisting lesions, 

forming a lipid rich core with cellular debris of apoptotic cells surrounded by tissue factor, 

resulting in a high thrombogenic potential.2 The plaque’s bulge towards the lumen accounts 

for the vascular disruption and stenoses, nonetheless the lesion growth is mainly outward.19 

As a result of the expanding atherosclerotic plaque and flow obstruction, a mismatch occurs 

between myocardial oxygen requirement and blood supply.24 

1.1.4 Pathophysiology of the acute coronary syndrome 

Coronary artery disease must be divided by the urgency of its presentation into two distinct 

clinical presentations. Acute CAD, better known as ACS, translates to the sudden flow 

obstruction, mainly due to thrombosis.25 Physical disruption of the atherosclerotic plaque 

accounts for the great amount of coronary thromboses. As the plaque protective cap 

ruptures, collagen contact triggers platelet activation. Simultaneously, tissue factor in the 

plaque’s core activates the coagulation cascade.19 The coagulation pathway and the 

activated platelets continue to stimulate each other, generating thrombin which 

reinvigorates the amplification mechanism. Natural fibrinolytic systems which are designed 

to counteract amplification cascades, such as plasmin, have additional obstacles in patients 

with classical cardiovascular risk factors, as plasminogen activator inhibitor-1 is increased in 
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diabetes, obesity and finally in hypertension via angiotensin II.19 Recent studies have 

carefully reviewed this widely accepted pathophysiological course, as it has been postulated 

that many plaques can rupture without sparking clinical manifestations. In fact, constant 

rupture and healing creates progressive luminal obstruction.25 Consequently, predicting 

which particular lesion will provoke a clinically-significant vascular thrombosis remains 

challenging. In addition, the thrombosis-promoting milieu should also be assessed in more 

detail.25 

1.1.5 Pathophysiology of the chronic coronary syndrome 

Widely known as “stable ischaemic heart disease”, CCS refers to recurrent, transient events 

of thoracic pain secondary to the demand-supply mismatch. CCS is the initial manifestation 

of CAD in up to 50% of all patients.26 It is usually results from the obstruction of at least 1 

large epicardial artery by atheromatous plaque.24 Among CCS, other causes of obstruction 

such as intramural remodeling, vascular rarefaction, myocardial pathology, and perivascular 

fibrosis are more common than with ACS.27  

A group of patients with myocardial ischaemia and no evident obstruction has been 

described and is largely represented by patients without classical risk factors. It has been 

suggested that these patients might have microvascular damage or autonomic nervous 

system anomalies.18 

1.1.6 Diagnosis of CAD 

Myocardial ischaemia’s clinical equivalent is angina. It is experienced as a substernal 

heaviness, or discomfort, which may radiate to the jaw, shoulder, back or epigastrium. It 

typically appears on physical exertion, cold and emotional stress and lasts several minutes, 

disappearing by rest or nitroglycerin administration.24 All these factors are required to label 

angina as stable angina. A prolonged duration, its emergence at rest or its persistence after 

nitroglycerin administration, or a combination of either results in an unstable angina. The 

Canadian Cardiovascular Society (CCS grading of angina is of great aid in differentiating 

stable from unstable angina, as the latter is easily defined as a new CCS grade III or IV (Table 
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1). Despite both resulting from O2 supply-demand mismatch, unstable angina is a part of 

ACS spectrum, while non-progressive stable angina signals CCS. 

Table 1. Modified Canadian cardiovascular society grading for angina severity (adapted 

from Campeau, L. 1976)28 

Class I Angina occurs with strenuous/rapid/prolonged exertion 

Class II Angina occurs with moderate exertion (walking >2 blocks on ground 

level, climbing 1 store of stairs at normal pace) 

Class III Angina occurs with mild exertion (walking 1 or 2 blocks on ground level, 

climbing 1 store of stairs at normal pace) 

Class IV Angina occurs with no level of exertion 

 

Other symptoms such as breathlessness or fatigue are prevalent in CAD, or perhaps even 

dominant, and are regarded as ‘angina equivalents’, particularly in elderly patients.24 

1.1.7 Basic testing 

For well over a century, electrocardiography has been the tool of choice for the detection 

of ischaemia, seen as repolarization anomalies. ACS is basically separated in two scenarios 

after an ECG: ST-elevation myocardial infarction (STEMI) and non-ST-elevation ACS1. 

Echocardiography studies assist to the diagnosis by informing about the cardiac function 

and anatomy. Finally, biochemical markers of myocardial injury, as troponins, are required 

for further differentiation between non-ST-elevation myocardial infarction (NSTEMI) and 

unstable angina (UA). Serial testing of troponin at presentation and after three hours is 

extensively encouraged by most current guidelines, as a dynamic rise (with or without signs 

or symptoms) suffices for the diagnosis of myocardial infarction.29 Laboratory studies can 

also aid in the risk stratification of patients.1 With these tests and the clinical picture, acute 

myocardial infarction may be diagnosed.30 More techniques are widely utilized in the 

stratification of urgency and prognosis in patients suffering from ACS or CCS.  
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1.1.8 Treatment 

Although treatment strategies differ greatly between ACS and CCS, a common ground is 

shared: antiplatelet therapy. In fact, it is the mainstay treatment of both, as it is in 

peripheral vascular disease. 31 Even beyond the coronary vascular bed antiplatelet therapy 

is required in atherosclerotic disease. The reason for this is that a high risk of a future 

cardiovascular event persists in CAD, as platelet adhesion, activation, and aggregation both 

initiate and promote atherosclerotic lesions and thrombotic complications.23 Dual 

antiplatelet therapy with acetylsalicylic acid, which disables platelet COX-1, inhibiting 

platelet aggregation irreversibly, and P2Y12 inhibitors, which constrain the adenosine 5’-

diphosphate (ADP) receptor, have been found superior for preventing thromboischaemic 

events when used in combination than as a monotherapy, albeit increasing risk of 

bleeding.31 

1.1.9 Treatment of ACS 

Ahead of the vascular revascularization therapy, an integral management must be assured. 

Oxygen must be available to reduce demand and supply mismatch. Its supplementation will 

ensue only with evidence of low peripheral saturation.32 Nitrates also decrease oxygen 

demand, by increasing coronary artery flow. Pain management with morphine is indicated, 

as it additionally dilates veins, reducing heart rate and blood pressure.32 Beta blockers, 

calcium antagonists, inhibitors of the angiotensin-aldosterone system and ranolazine can 

be all added under qualifying circumstances for a better outcome.33 

Primary percutaneous coronary intervention is the optimal revascularization technique 

available for STEMI, as long as it can be provided in a timely matter. When over 120 minutes 

have elapsed, fibrinolysis may still offer an alternative. Anticoagulant therapy, usually 

achieved with heparin or low molecular weight heparins, is extensively encouraged in the 

acute phase of therapy. In addition, dual antiplatelet therapy should be administered and 

kept for up for a year after ACS.29  

For patients undergoing an UA or NSTEMI, the main treatment target is to simultaneously 

provide relief and prevent recurrence of further ischemic events. An urgent coronary 
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angiography is still advised for clinically unstable patients, with a time frame of up to 24 

hours.34 Low risk patients can be readily managed medically, and revascularized only if 

ischaemia recurs.  

Lipid lowering therapy with statins should be started, or intensified, in all cases. Optimal 

values to be achieved of LDL have been more rigorous in every guideline actualization, as 

consistent and ever growing evidence sustains that lower rates of myocardial infarction are 

reached with intensive therapy.35 Current objectives lay in a target LDL level <70 mg/dl in 

high risk patients, and <55 mg/dl for very high risk patients.35 

1.1.10 Treatment of CCS 

General management of CCS intends to reduce symptomatology and improve prognosis, 

which is achieved by lifestyle modification and medication. These healthier lifestyle 

improvements are a risk factor counter reduction by including smoking cessation, physical 

activity, a healthy diet and maintaining a healthy weight.1 Medical comorbidities acting as 

additional risk factors should also be identified and treated accordingly.24 Pharmacological 

first line therapy are beta-blocking agents, followed by calcium channel antagonists for 

symptoms, whereas acetylsalicylic acid and statins are added for secondary prevention.18 

Myocardial revascularization is central to CCS management, but it should be an adjunct 

therapy to the medical treatment, reserved only for symptomatic relief or prognosis 

improvement.1 

1.2 Platelets 

Platelets are anucleate, discoid blood cells with numerous functions and a reduced lifespan 

(7 – 10 days). They are produced primarily in the bone marrow within megakaryocytes by 

thrombopoiesis and are eliminated in the spleen and liver if they have not been consumed 

to maintain vascular integrity. Platelets are mainly in an inactive state and are activated by 

thromboinflammatory processes, as they are capable to interact with activated endothelial 

cells, leukocytes, and coagulation proteins. A heterogeneity in platelet morphology, 

function, protein expression profile and age has long been described but remains subject of 

speculation.36 In this activated state, platelets are capable of altering the expression and 
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signaling of many active surface receptors and secretory products (CD36, CD41, CD42a, 

CD42b and CD61).37 

The normal platelet count is 150,000 to 400,000 per microliter of blood, which accounts for 

approximately two thirds of total platelets, as the final third is stored in the spleen. Daily 

platelet production in an adult is about 1011. Although platelets lack a nucleus within their 

phospholipid bilayer membrane, they remain capable to synthesize new proteins.38 They 

additionally carry distinct mitochondria and storage granules, with dense granules and α 

granules being the major ones. Within the granules a vast array of biologically active 

molecules are kept: α granules contain coagulation cascade initiators as von Willebrand 

factor (vWf), fibrinogen, GPIIbIIIa, P-selectin, while dense granules store hemostatically 

active molecules as ADP, calcium (Ca2+), serotonin, catecholamines and adenosin 5’-

triphosphate (ATP).37 

1.2.1 Hemostasis  

When a blood vessel is damaged, subendothelial structures, mainly highly thrombogenic 

collagen, are exposed to flowing blood. Platelets bind directly to exposed collagen; this 

initial tethering is called ‘adhesion’ and it is the initial step to thrombus formation. vWf 

binds to exposed collagen fibers as well, which slows platelets down and allows stronger 

bonds to be created between collagen and platelets.39 Platelets are resultantly activated 

and form a surface for additional recruitment via transformed receptors and fibrinogen 

bridges22, the latter acting as a bridge for platelet aggregation and, hence, thrombosis.36 By 

undergoing activation, platelets become spherical and extend long, spiky pseudopods.40 

In order to aggregate, however, platelets most prevalent (and platelet specific) integrin 

αIIbβ3 must undergo transformation from “low affinity” to a “high affinity” state, which 

enables platelet cross linkage and forms a firm aggregate.39 In spite of many theories on 

integrin αIIbβ3 activation, it is still unclear how various platelet agonists achieve this 

condition, although it seems increasingly clear that this process involves a phospholipase 

mediated intracellular Ca2+ increase and/or a protein kinase C activation.39 
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Furthermore, tissue factor, stored by macrophages and subendothelial muscle cells, 

contributes to thrombin generation and thereby increases platelet activation and thrombus 

formation.41 During thrombus development, involved platelets are exposed differently to 

collagen and thrombin, resulting in a heterogeneous platelet response, as platelets in outer 

shell are less influenced by collagen and thrombin, while inner, densely packed platelets 

might be more activated.36  

1.2.2 Platelets and inflammation  

The activation of platelets is a common occurrence in a number of inflammatory diseases 

beyond cardiovascular pathologies, such as in sepsis, inflammatory bowel disease or 

arthritis.38 

At the early site of endovascular damage, an increased secretion of vWf could be 

responsible for the initial platelet recruitment. This process is favored by increased 

plasmatic cholesterol.42 Endothelial adhesion by platelets occurs simultaneously to the 

expression of inflammatory genes, and precedes atherosclerotic invasion by leukocytes.43 

While platelets are being activated and continue to adhere, they release a wide array of 

mitogenic and inflammatory substances, as well as coagulation factors, into the local 

environment. By liberating all these factors, their microenvironment turns proteolytic, 

chemotactic and adhesive. This naturally supports monocyte recruitment to the site of 

lesion.44 In other words, platelets promote inflammation by leukocyte chemoattraction45, 

and are themselves a surface provider for leukocyte adhesion.22 This is achieved not only 

by the receptor expression of adhesive molecules like P-selectin on their membrane but 

also through receptor secretion, and via interaction with fibrinogens to generate additional 

reactive surfaces.42 Platelets, however, induce inflammatory responses in the endothelium 

as well via CD40 ligand, which is stored in high amounts within platelets and released 

instantaneously after activation.46 This CD40 ligand accounts for smooth muscle cell 

stimulation as well, eliciting a metalloproteinase response and tissue degradation.47 

In addition, platelets have a direct impact on the atherosclerotic environment, as one of its 

secreted chemokines (platelet factor 4) promotes lipoprotein retention, enhances 
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cholesterol esterification and oxidized LDL uptake.22 In fact, platelet factor 4 has been found 

in human atherosclerotic plaques.48 The existence of multiple mechanisms in which 

platelets and platelet-derived mediators communicate with inflammatory pathways 

suggests that inflammatory and haemostatic roles of the platelets overlap.36 

1.2.3 Platelets lipidomics 

Upon platelet activation, significant changes are conducted in membrane lipids, while 

simultaneously diverse bioactive lipids, essential for hemostasis are formed and released. 

Ever since mass spectrometry enabled analyzing these key processes, science unraveled 

“platelet lipidomics” with the task of gaining insight into platelet biology, aggregation, 

shape alteration, coagulation and degranulation, their hemostasis and regulation as well as 

exploring how platelets influence endo- and leukocytes.49 

Platelets host different lipid families, mainly phospholipids, sphingolipids, steroids and 

prenol lipids. As they become activated, these lipids are substrates of the enzymatically 

converted bioactive species, including prostaglandines. Their conversion is responsible for 

platelet structural alteration and degranulation.49  

An attempt to correlate platelet mean volume, a surrogate of platelet activation, with 

hypercholesterolaemia, was recently done. Surrounded by a higher amount of cholesterol 

extracellularly, platelets also displayed greater activation in patients with familiar 

hypercholesterolaemia. 

1.2.4 Additional platelet effects 

Platelet adhesion has a pro-angiogenic effect, assisting in blood and lymphatic vessel 

development. Further, endothelially adhered platelets participate in vascular progenitor 

cell recruitment.36 Platelets accomplish this by recruiting bone marrow - derived progenitor 

cells, and once more, providing adhesion mediated by P – selectin and GPIIb intergrin.50 

Thrombin signaling may additionally enhance angiogenesis.37 

Moreover, not only vascular progenitor cells can be recruited but also with the help of the 

chemokine stromal cell-derived factor-1 (SDF-1), an additional pro-angiogenic factor, stem 

cells can be recruited for myocardial regeneration.51  
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Platelets may have the capacity to store proteins as well. In Alzheimer’s disease, a large 

amount of amyloid precursor protein has been found within platelets. Furthermore, 

platelets could contribute to the amyloid β accumulation in the brain and its vessels.52 

1.2.5 Platelets in ACS 

Even prior to the acute vessel occlusion, platelets of patients with ACS have an augmented 

affinity to oxidized LDL, which in turn correlates with platelet activation. Platelets with 

higher oxidized LDL binding are also more likely to adhere and activate the endothelium, 

both in vitro and in vivo, of an injured carotid artery.53 This effect is maximized in 

dyslipidaemia, and is mediated by reactive oxygen species.54 

Plaque rupture is the triggering factor to clot formation and resulting ACS. The clot then 

occludes the diseased vessel. The likelihood of thrombosis is related to the formation of a 

platelet plug and its stabilization by insoluble fibrin. The development of a thrombus at the 

site of plaque rupture, or coronary stenosis, depends greatly on the prothrombotic 

potential, of which platelets are crucial determinants. Thus, platelets play a dual role in 

atherothrombosis consisting of aggregation and coagulation.55 

In presence of strong agonists, a subgroup of platelets assembles coagulation factors, which 

are required for the efficient formation of thrombin. They are subsequently known as 

procoagulant platelets and are the link between platelet activation and fibrin recruitment.55  

Furthermore, it is shown that circulating platelets interact with the vessel wall, and 

incorporate pathogenic material from the atherosclerotic plaque.56 Hence, platelets could 

be carefully analyzed for procoagulant/prothrombotic propensity, potentially carrying 

information of rupture prone plaques and increased procoagulant propensity.55 In a 

nutshell, enhanced activity of circulating platelets increases the number of cardiovascular 

events, including death, in CAD.57 

1.2.6 Platelets in CCS 

In physiological state, platelets circulate in proximity to endothelial cells, without adhering 

to them. There is evidence that in subjects with cardiovascular risk factors, platelets are in 
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a hyper-reactive state. Under pathological endothelial lining, as in a fatty streak, platelets 

may rigidly attach to the site of lesion.40 

Several studies have tried to underline this fact: a non-significantly increased ADP 

responsiveness in patients with angina or history of myocardial infarction has been 

measured58, a significant relationship between CAD and platelet aggregation with 

electrocardiographic evidence of ischaemia has been demonstrated.59 Moreover, platelets 

of patients with stable angina pectoris have been found to be more aggregable than those 

from healthy subjects60, and in an additional comparison between patients with CCS under 

acetylsalicylic acid therapy and healthy subjects, low amounts of exercise (Bruce protocol 

stage III or higher) have demonstrated  enhanced platelet aggregability in patients with 

CAD.61 Nevertheless, there is plenty of controversy  regarding these particular findings. 

In CAD, irrespective of CCS or ACS, platelets exhibit a marked propensity to form 

microaggregates in vitro after anticoagulation with citrate, and it’s believed to be caused by 

a high-affinity state of integrin, and do not engage leukocytes.62 

Moreover, platelets are key mediators in initiation and maintenance of a chronic 

proinflammatory and prothrombotic milieu, which contribute to vascular inflammation, 

which in turn underlines atherogenesis and progression.63  

1.2.7 Medication effect on platelet physiology 

Current antiplatelet treatment is aimed to reduce platelet aggregation. Antiplatelet drugs 

block autocrine release mechanisms rather than receptors of primary agonists.36  

Acetylsalicylic acid, better known as aspirin, irreversibly inhibits cyclooxygenase. As stated 

above, this effect lasts throughout the platelets’ lifespan. Cyclooxygenase is responsible for 

thromboxane A2 synthesis, which once formed, usually during intracellular Ca2+ influx, 

diffuses across the plasma and activates other platelets. Its ephemeral lifetime does not 

exceed 30 seconds, which restricts thromboxane A2 to a reduced, local effect.39 

Cyclooxygenase is however also responsible for synthesis of many other arachidonic acid 

derivates, such as prostaglandin I2, an endothelially produced vasodilator and platelet 

inhibitor. Unlike thromboxane A2, prostaglandin I2 production is spared by low dose 
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acetylsalicylic acid. Both effects sustain acetylsalicylic acids 25% risk reduction of 

thrombotic events in patients with confirmed coronary, peripheral or cerebrovascular 

disease.64 

The ADP-receptor is an additional target of drugs. The ADP receptor P2Y12 is a G-protein 

coupled receptor which stimulation is required for full platelet activation. An irreversible 

effect is achieved when using slow onset clopidogrel, prodrug prasugrel or reversible 

ticagrelor.65 

It must be however noted that although a dual antiplatelet therapy is widely recommended, 

a residual platelet aggregation remains and is believed to be responsible for the occurrence 

of ACS after coronary stenting, particularly in patients older than 65 years of age, suffering 

from diabetes mellitus, reduced left ventricular function and after ACS.66 

1.3 Proprotein convertase subtilisin/kexin type 9 

In 2003, a novel sequence encoding for a proprotein convertase in chromosome one gained 

attention for the first time, as it was linked to autosomal dominant familiar 

hypercholesterolaemia, a genetic trait which increases plasmatic cholesterol dramatically, 

in turn being a risk factor for CAD. This sequence coded for a putative proprotein 

convertase, belonging to the subtilase family.67 After being briefly known as NARC-1, it soon 

would be renamed proprotein convertase subtilisin/kexin type 9 (PCSK9).68 

There have been nine distinct proprotein convertases isolated in mammals. All these serine 

proteases have a great resemblance with bacterial subtilisin and yeast kexin.69,70 The genes, 

with the exceptions of members 3 and 8 (FURIN and MBTPS1), are referred to as proprotein 

convertases subtilisin/kexin types 1–9 (PCSK1 through PCSK9). The first eight members 

activate secretory proteins like hormones, growth factors, receptors and transcription 

factors, by cleaving their peptide bond, which irreversibly leads to fragments which can 

even have distinct or complementary functions.71 

In humans it is mainly synthesized by the liver and can be released into circulation.67 It is 

also produced to a lesser extent in the intestine, endocrine pancreas and brain.72 PCSK9 

undergoes an autocatalytic cleavage between its pro- and catalytic domains in the cell’s 
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endoplasmic reticulum. It is only at that moment where PCSK9 acts as a protease, unlike 

other proprotein convertases.71 Once activated, PCSK9 binds to numerous receptors and 

escorts them to endosomes or lysosomes for degradation.73 

 

Figure 1. PCSK9 secretion and local effect (adapted from Cesaro, A. et al. 2020).72  

1.3.1 PCSK9 in cholesterol metabolism 

As its first description was made in the search of genes predicting autosomal dominant 

familiar hypercholesteraemia (currently the third major gene locus to predict this 

condition), it is unsurprising that PCSK9 plays an important role in cholesterol metabolism. 

However, this is not true for triglycerides.68 

PCSK9 promotes the degradation of the LDL receptor. By acting as a chaperone for the 

internalized LDL-LDL receptor complex and guiding it to a lysosome for premature 

termination, LDL receptor number decreases.74 High concentrations of PCSK9 result in a 

high level of plasma LDL and a shortage of LDL receptors in the liver. Loss of function 

mutations of PCSK9 are associated with lower LDL levels.75 In fact, complete loss of PCSK9 

seems to have no other additional effect than a profound LDL decrease. This discovery has 



21 
 

raised a lot of interest to pharmaceutically inhibit this protein via monoclonal antibodies as 

part of the treatment of dyslipidaemia.71 

Additionally, PCSK9 reduction lowers lipoprotein(a), a highly atherogenic lipoprotein. It is 

believed that under a higher amount of accessible LDL receptors, lipoprotein(a) may be 

internalized.71  

Basic lifestyle modifications may have an impact on PCSK9 levels. Mediterranean diet and 

exercise reduce circulating PCSK9 levels. In contrast, high-fat and fructose-rich diets 

increase PCSK9.76 Counterintuitively, statins upregulate PCSK9 messenger ribonucleic acid 

(mRNA) levels. This could be the reason  for the poor incremental LDL decreases seen with 

increasing statin doses.77   

Current guidelines uniformly recommend the use of PCSK9 inhibitors in high risk patients 

with CAD in addition to statins (with or without ezetimibe), when LDL values cannot be 

reduced to 70 mg/dl (or 100 mg/dl). The two available monoclonal antibodies are 

alirocumab and evolocumab, both capable of reducing LDL levels up to 50-60 % and 

lipoprotein (a) up to 25-30 %. They have been available since 2015 for parenteral 

administration.74 The administration of PCSK9 inhibitors additionally reduced the risk of 

cardiovascular death, myocardial infarction, stroke, hospitalization for unstable angina by 

15 % as a combined endpoint, and up to 20 % when only considering death, myocardial 

infarction or stroke, during a median of over two years.78 

1.3.2 PCSK9 in inflammation and sepsis 

A substantial change in lipid (and lipoprotein) metabolism occurs in inflammatory states 

and during infection. In humans with dysfunctional PCSK9, a reduced level of cytokines and 

a better survival after sepsis has been found, whereas in mutations with excessive PCSK9 

production the opposite has been demonstrated. In fact, a positive correlation has been 

made between PCSK9 and the extent of cardiovascular failure in septic patients. The 

implication of PCSK9’s absence, namely a high LDL receptor proportion, seems to protect 

from severe sepsis.79 The monoclonal antibodies used for the treatment of 

hypercholesterolaemia are promising for the prevention of septic shock.71 
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Recombinant human PCSK9 induces a pro-inflammatory phenotype, as it increases the 

expression of a number of cytokines such as TNF-α, IL-1β and IL-6, and chemokines in T-

helper cells and macrophages.80  

In animal models, PCSK9 deficiency has even conferred protection against systemic 

bacterial dissemination, tissue inflammation and organ pathology, particularly in the liver 

and lungs. PCSK9 overexpression has been noted to exacerbate hypercoagulability and 

proinflammatory states.81 

1.3.3 Mechanism of action of PCSK9 

The exact mechanisms by which PCSK9 induce LDL receptor degradation remain to be 

elucidated. To date, it is known that proPCSK9 undergoes autocleavage to be activated. The 

prodomain remains attached, which prevents PCSK9 from interacting with other substrates 

and makes it highly selective for transmembrane receptors, particularly LDL. In the absence 

of PCSK9, the LDL receptor binds to LDL and is endocytosed. The acidic pH of the endosome 

dissociates the receptor from the substrate and allows the LDL receptor to be recycled while 

LDL is destroyed in the lysosomes. When LDL receptor is bound to PCSK9, both the LDL and 

LDL receptor are destroyed with no recycling occurring.82 

 

Figure 2. Influence of PCSK9 in cholesterol metabolism (adapted from Seidah, N.G et al. 

2017).71 A schematic representation. 
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1.3.4 PCSK9 and atherosclerosis 

PCSK9 has been isolated within the atherosclerotic plaque. It can be synthesized de novo or 

reach the plaque through the blood stream, as both protein and mRNA of PCSK9 have been 

found. The presence of PCSK9 suggests that it influences smooth muscle and endothelial 

cells as well.83 These proinflammatory effects on macrophages have been observed even at 

relatively low PCSK9 concentrations.80 

In addition, macrophage expression of the LDL receptor is influenced by PCSK9.83 When 

anti-PCSK9 antibodies have been tested, a reduced macrophage count has been seen in the 

atherosclerotic plaques, which additionally are more stable and are richer in extracellular 

matrix.84  

Several studies point out that PCSK9 may assist in the recruitment of circulating monocytes 

and neutrophils to the atherosclerotic plaque.80 However, this should awaits confirmation 

by large randomized clinical studies. 

1.3.5 Association of PCSK9 with platelet reactivity 

PCSK9 has furthermore been linked to the activation of thrombogenic pathways. High levels 

of PCSK9 correlate positively with higher incidence of atherothrombotic events in patients 

within one year after ACS. Hence, PCSK9 could be a predictor of enhanced platelet 

activation.85 In fact, despite treatment with newer P2Y12 inhibitors, this association remains 

relevant and is independent of serum LDL levels or statin use.86 It has been reported that 

the rates of cardiovascular events are lowered by antagonizing PCSK9.87 

A possible explanation for the association of PCSK9 and platelet reactivity is that high PCSK9 

levels impair cholesterol clearance. Oxidized and native LDL are both capable of increasing 

platelet activation and aggregation.88 It is clear that oxidized LDL orchestrates the initiation 

and the progression of atherosclerosis, since it promotes cellularity, macrophage activation 

and differentiation into foam cells as well as smooth muscle cell proliferation, while also 

decreasing nitric oxide production.89 A cholesterol-independent mechanism could 

additionally enhance this association since a dynamic upregulation of PCSK9 synthesis can 

be provoked by cardiac ischaemia.90 
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In in vitro conditions, human recombinant PCSK9 enhanced platelet aggregation. In this 

experiment a percentual increase in platelet expression levels of activated GP IIb/IIIa 

receptor was evident after treatment with PCSK9. In other words, circulating platelets are 

targeted as well by PCSK9.91 

1.4 Hypothesis 

With platelets being crucial in development and progression of CAD and PCSK9 being linked 

to atherosclerosis and platelet reactivity a relationship between CAD, platelets and PCSK9 

seems undeniable. In the current work, we aimed to explore the possibility of platelets 

being a carrier of PCSK9 to atherosclerotic sites and we attempt to describe the role of 

platelet-derived PCSK9 for the ensuing platelet-dependent thrombosis and inflammation in 

ACS and CCS. 
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2. Materials and methods 

2.1 Type of study and approval of the local ethics committee 

The current study represents an observational, non-interventional, monocentric and 

retrospective clinical study. All 707 consecutively included patients had CAD and provided 

informed consent, as established by the Declaration of Helsinki’s ethical standards.92 No 

diagnostic or therapeutic decisions were taken or altered because of the participation in 

this study. The local ethics committee of the University of Tuebingen’s Medical Faculty 

approved this study and the comprehensive analysis added by the present thesis 

(141/2018B02, 240/2018B02). 

2.2. Definition of study groups, exclusion, and inclusion criteria 

CAD patients were firstly studied as a whole. Subsequently, participants subdivided in ACS 

and CCS were investigated as subgroups. ACS patients included all patients presenting with 

acute onset of chest pain. ACS patients have been clinically stratified in distinct entities: 

STEMI, NSTEMI and UA. Briefly, if persistent ST-elevation was found, these patients were 

labelled as STEMI and were submitted to coronary angiography immediately. For patients 

with normal ECGs, a further bio-chemistry test (troponin) was undertaken. According to the 

troponin values, patients were then subclassified in NSTEMI or UA, if troponin remained 

normal.93 As all three STEMI, NSTEMI and UA underlie to a similar pathophysiology, we 

included them in a common ACS group. CCS was defined accordingly to the ESC 2019 

guidelines as patients with suspected CAD and stable angina and/or dyspnea, patients with 

new heart failure onset, patients with stabilized symptoms <1 year after ACS, patients with 

angina and suspected microvascular disease or asymptomatic subjects with incidental 

finding of CAD at screening.1 

2.3 Blood sampling 

Blood was drawn from all patients included into this study. Samples were obtained by a 

trained physician from a peripheral vein. Blood was taken once within 24 hours after 

catheterization. In CCS patients lacking an indication for catheterization but with previously 

diagnosed coronary or peripheral vascular disease, blood was drawn at ambulatory 

presentation. 
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2.4 Platelet isolation from peripheral blood 

Venous blood was drawn and collected in acid-citrate-dextrose-buffer. Platelet-rich plasma 

(PRP) was collected after centrifugation. After a second centrifugation of the PRP the 

supernatant was removed. Then Tyrodes-HEPES buffer (HEPES 2.5 mM; NaCl, 150 mM; KCl, 

1 mM; NaHCO3, 2.5 mM; NaH2PO4, 0.36 mM; glucose, 6 mM; BSA, 1 mg/ml; pH 7.4) was 

added.94,95  

2.5 Whole-blood platelet flow cytometry 

Whole blood from citrated tubes was diluted with PCS+Ca2+ at 1:50. 80 µl of the diluted 

blood were added to 1.5 ml preloaded tubes with 5µl anti-CD42b-APC, anti-CD62P-PE, and 

anti-PCSK9-FITC. 

2.6 Immunoblotting  

In order to detect PCSK9 western blot analyses were conducted. After centrifugation of the 

PRP supernatant was taken and the protein concentration was measured with Bradford 

assay (Biorad). For immunoblotting, proteins were electro-transferred onto a nitrocellulose 

membrane and blocked with 5% non-fat milk or 5% bovine serum albumin at RT for 1 hour. 

Then, the membrane was incubated with the Anti-PCSK9 antibodies.96 These antibodies 

were obtained as primary antibodies (polyclonal goat IgG, R&D Systems/BioTechne, 

Minneapolis, USA) and secondary antibodies (IR-Dye 680 RD donkey anti-goat IgG; LICOR, 

Lincoln, USA). 97 

2.7 In vitro monocyte migration assay 

Monocyte migration was assessed with a 48-well Boyden chamber. Isolated monocytes 

were loaded into the upper chamber. In the lower chamber, recombinant human PCSK9, 

evolucumab (Amgen, Thousand Oaks, USA), or a supernatant obtained from resting or 

activated platelets were added in different concentrations.  

After an incubation of 4 hours, the membrane of the Boyd Chamber was fixed with 100 % 

ethanol, and consequently stained with May-Gruenwald/Giemsa. The membrane was then 

placed on glass slides for light microscopy (Nikon Optiphot-2, 20x objective) for image 
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capturing. The number of migrated monocytes was counted for each well in multiple, 

randomly selected, microscopic fields.98 

2.8 Platelet aggregometry 

Platelet aggregation was evaluated with the use of an impedance platelet aggregometry 

(Multiplate Analyzer, F. Hoffmann-La Roche Ltd., Basel, Switzerland). The obtained samples 

were stored and allowed to warm up at room temperature prior to use.99 Afterwards, they 

were treated with different reconstituted agonists: ADP 6.5 µM, arachidonic acid (AA) 484 

µM, collagen (COL) 3.2 mg/ml and thrombin related activated peptide (TRAP) 32 µM at the 

indicated concentrations after prior calibration100. Aggregation was measured for 10 

minutes with a stir speed of 1000 rpm at 37°C. Maximum platelet aggregation, as well as 

the area under the curve (AUC), was quantified using the Aggrolink8 software 

(ChronoLog).101  

2.9 Ex vivo thrombus formation-flow chamber assay 

Platelet adhesion and aggregation under flow is an indispensable tool for assessing platelet 

function. This can readily be achieved with flow chambers, capable of measuring platelet 

adhesion, platelet aggregation, and coagulation within one experiment. Combining flow 

chambers and microcapillaries, thrombus formation outside of the circulation has 

progressed the understanding of rheological processes.102 

Human whole-blood was incubated with the fluorochrome 3,3′-dihexyloxacarbocyanine 

iodide (1 mM DiOC6, Sigma Aldrich Co., St. Louis, MO, USA) for 10 min at room temperature. 

Afterwards 1 ml blood was perfused over a collagen-coated surface (100 µg/ml), through a 

transparent flow chamber with high (1000 s−1) shear rates. During the perfusion 1 min 

videos were taken (1 s/frame, Nikon Eclipse Ti2-A, ×20 objective). Subsequently, the 

chamber was rinsed, and pictures were taken of representative areas (Nikon Eclipse Ti2-A, 

20x objective). The covered area was analyzed using the NIS-Elements AR software (Nikon, 

Japan).103 
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2.10 Monocyte differentiation into macrophages and foam cells 

Monocytes and platelets were co-cultured on coated 96-well plates in RPMI-1640 medium 

for 8 days. For cell culture, IMDM with Glutamax supplemented with 5 % heat-inactivated 

fetal calf serum, penicillin (100 U/ml)/streptomycin (100 µg/ml), 1 % MEM vitamins, and 1% 

nonessential amino acids, were used; all purchased from Life Technologies, Inc. 

(Invitrogen).104 

We additionally assessed PCSK9 as a chemoattractant by using a modified Boyden chamber. 

We also added an anti-PCSK9 antibody (evolucumab) (Amgen, Thousand Oaks, USA) to 

evaluate migration under a PCSK9 blockage. 

Post-acquisition image analysis with ImageJ software (National Institutes of Health, 

Bethesda, MD, USA) was utilized to differentiate and quantify macrophages and foam cells, 

which characteristically display an increased cell diameter (> 10 µm). 

2.11 Immunostaining of atherosclerotic carotid samples  

To thoroughly assess the presence of PCSK9 in atherosclerotic lesions, an additional sample 

of atherosclerotic carotids of mice were procured by carotid endarterectomy in paraffin.  

Immunohistochemical staining for PCSK9 (anti-m/rPC9 affinity-purified goat IgG, AF3985, 

R&D Systems/BioTechne, Minneapolis, MN, USA), CD68 (anti-human mouse monoclonal 

IgG F1118, Santa Cruz Biotechnologies, Dallas, TX, USA), and CD42b (anti-human mouse 

monoclonal IgG B0712, Santa Cruz Biotechnologies, Dallas, TX, USA) were performed by 

using HRP-DAB staining systems (anti-goat kit, CTS008, R&DSystems/BioTechne, 

Minneapolis, MN, USA, anti-mouse kit, CTS0002, R&D Systems/BioTechne, Minneapolis, 

MN, USA) according to the manufacturer’s instruction.105 

2.12. Statistics  

Patient data was analyzed using the software platform SPSS version 26.0 (SPSS Inc., Chicago 

IL). Normally distributed variables were presented as mean values ± standard deviation 

(SD).106 Correlations were assessed by Spearman’s rank correlation coefficient (ρ). General 

linear models were established using univariate analysis of covariates to show independent 

associations of platelet count with plasma LDL cholesterol. Variables entered into the model 
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included age, sex, body mass index, arterial hypertension, diabetes mellitus type II, 

smoking, statins, and aspirin. When variables followed a non-gaussian distribution, they 

were presented as medians, with accompanying quartiles. Data of non-normal distribution 

were tested using the Mann–Whitney U test at 95% CI.105 

Furthermore, LDL-values were also regrouped as quintiles to reduce the groups sizes and 

compare them to each other. This was graphically displayed with a box-and-whisker 

diagram, a non-parametric display fit to show the dispersion amidst all groups. 
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3. Results 

Several studies have shown a relationship between high cholesterol levels and platelet 

hyperactivity.107 From March 2017 to February 2020 we recruited 707 consecutive patients. 

364 patients (51.5 %) were diagnosed with ACS, and the remaining 343 participants (48.5 

%) corresponded to the CCS collective. Baseline characteristics are displayed in Table 2. 

Mean age was 70 years and less than 30 % of patients were female. Arterial hypertension 

was highly prevalent and about a third of participants (32.4 %) had a prior diagnosis of 

diabetes.  

Table 2. Baseline characteristics (n=707) 

Demographic characteristics   

Age, years (mean ±SD) 70 (±12) 

Male, n (%) 500 (70.7) 

Body mass index (mean ±SD) 27.5 (±5.1) 

Cardiovascular risk factors  

Arterial hypertension, n (%) 630 (89.1) 

Hyperlipidaemia, n(%) 459 (64.9) 

Diabetes mellitus, n(%) 229 (32.4) 

Current smokers, n(%) 126 (17.9) 

Ex-smokers >6mo, n(%) 141 (20.0) 

Obesity, n(%) 237 (33.5) 

Atrial fibrillation, n(%) 167 (23.7) 

Prior CABG, n(%) 39 (5.5) 

Prior MI,n (%) 153 (21.6) 

Chronic kidney disease, n(%) 88 (12.4) 

Coronary artery disease  

ACS, n(%) 365 (51.6) 

   NSTEMI, n(%) 194 (27.4) 

   STEMI, n(%) 63 (8.9) 

   Unstable angina, n(%) 108 (15.3) 
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CCS, n (%) 342 (48.5) 

Transthoracic echocardiography  

Ejection fraction %, (mean±SD) 53 (±10) 

Medication at blood sampling  

Oral anticoagulation, n(%) 115 (22.1) 

ACEi/ARB, n(%) 595 (84.2) 

Aldosterone inhibitors, n(%) 160 (22.7) 

Diuretics, n(%) 263 (37.4) 

Calcium chanel blockers, n(%) 250 (35.6) 

Beta blockers, n(%) 489 (69.5) 

Statins, n(%) 586 (83.2) 

Acetylsalicylic acid, n(%) 503 (71.4) 

Clopidogrel, n(%) 263 (37.5) 

Ticagrelor, n(%) 160 (22.7) 

Prasugrel, n(%) 82 (11.6) 

Laboratory parameters  

Leucocytes, 1000/µl (mean ± SD) 8.4 (±2.9) 

Platelets, 1000/µl (mean ± SD) 226 (±69) 

Creatinin, mg/dl (mean ± SD) 1.2 (±2.2) 

Total cholesterol, mg/dl (mean ± SD) 165 (±45) 

LDL-cholesterol, mg/dl (mean ± SD) 103 (±42) 

HDL-cholesterol, mg/dl (mean ± SD) 47 (±20) 

Triglycerides, mg/dl (mean ± SD) 148 (±105) 

C-reactive protein, mg/dl (mean ± SD) 1.2 (±3.0) 

HB1Ac ,% (mean ± SD) 6.3 (±1.0) 
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3.1 Platelet count is associated with plasma cholesterol 

We found a weak correlation between platelet count and total cholesterol (p≤0.001, 

Spearman ρ=0.151). This suggests that the higher the platelet count, the higher the 

cholesterol level in the circulatory system. This was also true for plasma LDL (p≤0.001, 

ρ=0.156) and plasma high density lipid cholesterol (HDL) (p=0.033, ρ=0.008) but not for 

plasma triglycerides (p=0.364, ρ=-0.0034). These results are displayed in Figure 3.   

 

Figure 3. Correlation of platelet count with different plasma lipids 

After observing a significant correlation between LDL and platelet count, LDL-values were 

also regrouped in five equally large quintiles (n = 141) to reduce the groups sizes and 

compare them to each other. The first quintile contains the lowest LDL values whereas the 

fifth quintile shows the highest LDL values. Thereafter, we compared the fifth quintile with 

the other four, and found that the fifth quintile had a higher number of platelets, as seen in 

Figure 4. 
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Figure 4. Platelet count stratified according to LDL fifth quintile compared to the remaining 

LDL quintiles. When subgrouping LDL levels into equally large quintiles, a significant 

difference was seen in patients with ACS between the fifth quintile and the other quintiles. 

In patients with CCS, a nonsignificant trend was observed as shown in Figure 5.   

 

Figure 5. Platelet count stratified according to LDL Quintiles in patients with ACS and CCS 

Additionally, platelet count was an independent predictor for LDL plasma levels, as assessed 

by a univariate analysis of covariance (Table 3). We found that platelet count is 

independently associated with LDL plasma levels. This hints to a complex correlation 

between LDL and platelets. 
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Table 3. Univariate Analysis of Covariance. Dependent variable: LDL 

 Covariables p value CI 

Platelets (µl*1000) 0.013 (0.013 – 0.106) 

Age (years) <0.001 (-0.898 – -0.276) 

Body mass index (kg/m2) 0.880 (-0.686 – 0.588) 

Sex 0.010 (2.227 – 16.315) 

Arterial hypertension 0.245 (-16,957– 4.341) 

Diabetes mellitus type 2 0.013 (-15.334 – -1.838) 

Smoking 0.371 (-13.2 – 4.92) 

Statins <0.001 (-35.377 – -17.733) 

Acetylsalicylic acid 0.003 (3.849 – 18.157) 

 

3.2 PCSK9 levels in different subtypes of CAD 

We proceeded to explore distinct platelet PCSK9 levels in CCS and ACS subgroups, namely 

STEMI, NSTEMI and UA patients. Thus, we utilized a subgroup of participants with initial 

available platelet PCSK9 measurements. This subgroup included 67 patients with CCS, 53 

patients with NSTEMI, 13 patients with STEMI and 22 patients with UA. We found, as shown 

in Figure 6, that platelet PCSK9 levels are relatively homogenously distributed in different 

atherosclerotic conditions.  
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Figure 6. Platelet PCSK9 in different manifestations of atherosclerotic vascular disease 

 

3.3 Platelet count and PCSK9 correlation 

Platelet number and platelet PCSK9 were also assessed in a sample of 155 patients. We 

observed that there is no correlation between platelet number and the amount of platelet 

bound PCSK9 measured by flow cytometry. 

 

Figure 7. Platelet count correlation with platelet PCSK9 
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In addition, concerning free plasma PCSK9 and platelet count, available in 126 patients, no 

correlation could be found among both variables, as demonstrated in Figure 8. After 

repeating the analysis with ACS (n = 61) and CCS (n = 46) patients (left and right in Figure 9, 

respectively) no additional differences could be found. 

 

Figure 8. Platelet count correlation with plasma PCSK9 

 

 

Figure 9. Correlation of platelet count with plasma PCSK9 in ACS and CCS 

 

3.4 LDL influence on platelet hyperreactivity ex vivo 

After enrichening probes with LDL on the aggregometer, we observed that higher plasma 

LDL values displayed a weak correlation with ex vivo platelet aggregation on platelets 

stimulated with tetrapropylammonium perruthenate (TRAP) (32 μM) (p=0.002, ρ=0.132) 
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(n=545). These functional results additionally sustain a relationship of LDL with platelet 

activity. Platelet aggregometry with LDL enrichment is displayed in Figure 10. 

 

Figure 10. Platelet aggregometry with enriched LDL and distinct aggregation stimulators. 

Platelet aggregation tested with adenosine diphosphate (ADP, 6.5 μM) (n=548), arachidonic 

acid (484 μM) (n=545) or collagen (3.2 mg/mL) (n=119) did not show a statistically 

significant correlation. However, as it has been previously shown that TRAP is superior ADP 

to define platelet hyperactivity in platelet aggregometry108, an LDL induced hyperreactivity 

ex vivo must be considered. 

3.5 Platelets produce, host, and secrete PCSK9 

It has been recently described that human megakaryocytes express messenger ribonucleic 

acid (mRNA) for PCSK9, although at low levels. Platelets, however, have not been found to 

do so. It is believed that platelets receive the mRNA by their precursor.109 It is to be expected 

that platelets express and release PCSK9 upon activation, since PCSK9 is a predictor of 

platelet activation and clinical ischemic events.85  
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Activated platelets display an increased correlation with the amount of platelet bound 

PCSK9. This was examined by measuring platelet CD62p receptor (P-selectin), a marker of 

platelet activation, as shown in Figure 11. CD62p, a known thrombotic factor, aids in 

intracellular signaling and also has adhesive functions.110 In a sample of patients (n = 154) a 

significant positive correlation p<0.001 was found in non-stimulated and stimulated 

platelets. 

 

Figure 11. Platelet PCSK9 correlation with platelet surface CD62p, non-stimulated and in 

previously activated platelets with CoRP  

The correlation factor was expectedly even larger when platelets were previously activated 

with collagen related peptide, as seen in the right panel of Figure 11. Hereafter, we isolated 

human platelets in high purity to explore their capacity to express and release PCSK9. It is 

well known that platelets both store and release a number of prothrombotic and 

proinflammatory regulators of atheroprogression and thrombo-inflammation.22 We 

explored platelets capacity to express and release PCKS9 upon activation. For this purpose, 

a platelet immunoblotting was conducted. After electrophoresis, we found that platelets 

expressed two PCSK9 immunoreactive bands with molecular mobility of 53 and 62 kDa. In 

cultivated hepatic human cells (HepG2), a third band of 74 kDa was additionally detected, 

which represents PCSK9 as an inactive proprotein.111 The presence of the bands indicates 

the presence of PCSK9 in human platelets, as seen in Figure 12A. Assessing platelet 

activation through flow cytometry, we also observed a significant increase in PCSK9 upon 

activation, as seen in Figure 12B and C. 
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Figure 12. Platelet PCSK9 expression upon activation (Petersen-Uribe, Á., Kremser, M. & 

Rohlfing, A. K. 2021)105 

To further examine PCSK9 thrombogenic role, we assessed platelet aggregation in a PCSK9 

lacking milieu. For this purpose, while stimulating platelet aggregation with ADP and CoRP 

int the aggregometry experiment, monoclonal antibodies against PCSK9 were. Here we 

could observe a decreased platelet aggregation, as demonstrated in Figure 13. 
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Figure 13. PCSK9 blockage leads to reduced platelet aggregation (Petersen-Uribe, Á., 

Kremser, M. & Rohlfing, A. K. 2021)105 

 

3.6 Plasma LDL and platelet PCSK9 

In a sample of 155 patients, no correlation was found between plasma LDL and platelet 

bound PCKS9. This is demonstrated in Figure 14. 
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Figure 14. Platelet PCSK9 correlation with plasma LDLIn comparison, when correlating LDL 

levels with plasma PCSK9 (n = 126), a significant, inverse correlation could be seen, as stated 

in Figure 15.  

 

Figure 15. Plasma PCSK9 correlation with plasma LDL 
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3.7 Platelet PCSK9 correlation with C-reactive protein 

Plasma C-reactive protein (CRP) is a hepatic protein and acute phase reactant. As such, CRP 

is a marker of inflammation. We correlated platelet PCSK9 with C-reactive protein to 

evaluate PCSK9 in a pro-inflammatory setting. In a sample of 155 participants there was no 

significant correlation at higher levels of CRP, suggesting that platelet bound PCSK9 is not 

ubiquitously elevated in inflammatory conditions. 

 

Figure 16. Platelet PCSK9 correlation with CRP 

 

 

3.8 Platelet PCSK9 correlation with troponin I 

Troponin I is a cardiac biomarker of ACS. High values of Troponin I correlate with myocardial 

ischaemia. Plasma PCSK9 has consistently been studied in patients with ACS.85 We 

correlated platelet bound PCSK9 with troponin I plasma levels in a subgroup of 115 

participants.  
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Figure 17. Platelet PCSK9 correlation with troponin I 

 

Creatinin kinase, a further marker of myocardial necrosis, was similarly analyzed in a 

subgroup of 114 patients and compared with platelet bound PCSK9. As with troponin I, we 

observed no significant correlation between creatinine kinase and platelet bound PCKS9, 

as seen in Figure 18. 
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Figure 18. Platelet PCSK9 correlation with creatinine kinase after 48 hours 
 

 
3.8.1 Gensini Score and platelet PCSK9 

Previously, a relationship between high plasma PCSK9 levels and CAD had been described. 

The Gensini score is a tool to quantify CAD severity angiographically, taking into account the 

degree of coronary luminal reduction and the localization of the atherosclerotic plaque.112 

By structurally quantifying CAD, high plasma PCSK9 has been correlated with a high Gensini 

score, which is synonymous with severe CAD.113 A correlation between platelet bound 

PCSK9 and the Gensini score in a sample of n = 30 was not significant, as seen in Figure 19. 

Figure 20 displays a non-significant trend for higher Gensini scores in patients with ACS than 

with CCS. 
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Figure 19. Gensini score correlated with platelet bound PCSK9  

 

 

Figure 20. Gensini score stratified according to ACS and CCS 
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3.9 Plasma PCSK9 and coronary artery disease 

No difference could be seen between different CAD phenotypes. Considering the relatively 

small sample size for this subgroup analysis (n = 94), no significant differences could be 

shown between ACS and CCS.  

 

Figure 21. Plasma PCSK9 in different CAD phenotypes 

3.10 Plasma PCSK9 and platelet count  

Unlike the correlation of platelet number and platelet bound PCSK9, plasma PCSK9 displays 

a trend towards a positive correlation with platelet count. However, this correlation fails to 

show statistical significance. This can be seen in Figure 22. 



47 
 

 

Figure 22. Plasma PCSK9 correlation with platelet count 

 

3.10.1 Plasma PCSK9 and platelet activation  

As previously shown in Figure 11, we found a positive correlation between platelet bound 

PCSK9 and CD62p. Figure 23 displays the correlation of CD62p with free plasma PCSK9 (n = 

125). 
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Figure 23. Plasma PCSK9 correlation with platelet CD62p 
 

3.11 Platelet activation and plasma LDL cholesterol 

In a subgroup of 154 patients, LDL cholesterol had no significant correlation with CD62p 

levels, as displayed in the following Figure 24. 

 

Figure 24. LDL correlation with platelet CD62p 
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3.12 Plasma PCSK9 and platelet-bound PCSK9  

No correlation could be found when comparing platelet-bound PCSK9 to plasma PCSK9. This 

analysis was performed in three consecutive subgroups, n=40, n=80 and n=128. In either of 

the groups a trend for a correlation could be seen. Additionally, subgroup analysis was also 

performed by splitting the collectives in ACS and CCS. Hereto we could neither find a 

significant correlation. 

 
Figure 25. Platelet PCSK9 correlation with plasma PCSK9 

 
 

 

Figure 26. Platelet PCSK9 correlation with plasma PCSK9 in ACS and CCS 
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3.13 PCSK9 promotes thrombus formation 

To further analyze the prothrombotic effect of platelet PCKS9, we evaluated its effects in 

thrombus formation in a flow chamber. To evaluate PCKS9 role in platelet-dependent 

thrombus formation, we examined platelets under physiological conditions, i.e. with no 

added inhibitor (IgG controls), and under PCSK9 deprived settings by adding anti-PCSK9 

antibody to the collagen coated flow chamber. Compared to the IgG controls, we saw a 

reduced onset of thrombus formation in PCSK9-antagonized platelets over time, as shown 

in Figure 27.  

 

Figure 27. PCSK9 effect on thrombus formation in a flow chamber (adapted from Petersen-

Uribe, Á., Kremser, M. & Rohlfing, A. K. 2021).105  

By adding anti-PCSK9 antibodies, we observed a reduction in thrombus formation in 

concentration-dependent manner assessed by the thrombus area. 

 

Figure 28. Anti-PCSK9 effect on thrombus formation in a flow chamber (Petersen-Uribe, 

Á., Kremser, M. & Rohlfing, A. K. 2021). 105 
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3.14 PCSK9 and immunomediatory activity 

It has previously been described that platelets are involved differentiation into endothelial 

cells and foam cells.104 Additionally, there is increasing evidence of high PCSK9 as risk factor 

for atherosclerosis, independently from its LDL effects.72 As atherosclerosis is an 

inflammatory process, we aimed to test if platelet PCSK9 would explain this proinflamatory 

change in the vessel. Taking into account that activated platelets are phagocytosed by 

monocytes104, we examined the macrophage development in two different settings: a 

untreated control setting, and a setting with added human recombinant PCSK9. 

By adding human recombinant PCSK9, we could observe a significant, concentration 

dependent increase in number and density of macrophages/foam cells in the cell culture. 

This indicates that platelet-derived PCSK9 is highly involved in the platelet-dependent 

differentiation of monocytes into macrophages. 

 

Figure 29. Electronic microscopy and PCSK9 dependent macrophage/foam cell enlargement 

(Petersen-Uribe, Á., Kremser, M. & Rohlfing, A. K. 2021)105 

3.15 PCSK9 induces monocyte migration 

PCSK9 proinflammatory’s effects are not limited to monocyte differentiation. In mice, 

PCSK9 may serve as a chemoattractant as it promotes macrophage infiltration in 

atherosclerotic lesions.80 In order to test its chemoattractant potential on our patient 

collective, we evaluated the effect of recombinant human PCSK9 (rhPCSK9) on monocyte 
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migration with use of a modified Boyden chamber. As displayed in figure 30, we could 

observe a concentration dependent migration toward PCSK9 rich environment. 

 

Figure 30. Monocyte migration after PCSK9 enhancement in a modified Boyden 

chamber(Petersen-Uribe, Á., Kremser, M. & Rohlfing, A. K. 2021)105 

Following the same principle, we hypothesized that, if PCSK9 acts as a chemoattractant, its 

blockage would reverse the effect. Hence, we repeated the test using both recombinant 

human PCSK9 and evolocumab, which is illustrated in the following Figure 31. 
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Figure 31. Monocyte migration after anti-PCSK9 antibodies in a modified Boyden chamber 

(Petersen-Uribe, Á., Kremser, M. & Rohlfing, A. K. 2021)105 
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4. Discussion 

The objective of this study was to study the implications of PCSK9 in platelets, as a potential 

carrier to atherosclerotic lesions and its implication in platelet dependent thrombosis and 

inflammation in patients with CAD.  

The participation of platelets in LDL-cholesterol levels is likely to be mediated PCSK9. As we 

have proved, platelets can produce PCSK9 (Figure 12) and release it (Figure 12), particularly 

during platelet activation (Figure 11). By raising the PCK9 level, it will inhibit hepatic LDL-

receptor recycling: as a high amount of PCSK9 is binds to the LDL receptor and triggers 

endocytosis from the extracellular compartment into primarily liver cells, where a 

lysosomatic destruction of both of LDL-LDL receptor occur. This will elevate plasmatic LDL 

levels, which in turn might increase platelet number (Figure 1) and, more importantly, could 

also explain an increased aggregation of platelets (Figure 10). 

Furthermore, in dyslipidaemia LDL has the potential to activate platelets.89 Activated 

platelets will secrete their PCSK9. This PCSK9 release will impair the liver to reuse the LDL 

receptor, implicating that a high LDL value will be maintained. A sustained LDL elevation will 

then activate platelets, completing the cycle, and keeping it going on. Taking this into 

account, platelets are a pathophysiological-relevant, and until now unrecognized 

compartment of PCSK9 and, as a result, mediators of lipid metabolism. In fact, plasma PCSK9 

has been correlated with LDL levels,114 which is why we see an increase in PCSK9 with LDL 

increase. A therapeutical consequence would be to block PCSK9, which results in recycling 

of LDL receptor and promotes further clearance of plasma LDL. To further understand this 

concept, a scheme describing this process is shown in Figure 32. 
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Figure 32. Platelet involvement in PCSK9 levels and LDL metabolism (Petersen-Uribe, Á., 

Kremser, M. & Rohlfing, A. K. 2021)105 

As platelets are activated and secrete PCSK9, not only the liver is targeted by the molecule. 

In the microenvironment were platelets are aggregating, PCSK9 participates in the 

chemotaxis of leukocytes, and aids in the differentiation of monocytes into foams cells, as 

it shown in the left part of Figure 32. 

A LDL and platelet correlation has also been observed by Fessler et al., who pointed out a 

positive relationship between platelet count and non-HDL cholesterol.115 We describe the 

same correlation (Figures 3 & 4). Plasma PCSK9 and LDL associations have previously been 

found and significantly modified by lipid-lowering drugs.116 As seen in Figure 15, where a 

negative correlation was apparently found between plasma PCSK9 and LDL, this is most 

likely owed to the fact that over 80% of our participants were on statin therapy (Table 3). A 

recent meta-analysis highlighted this phenomenon, where statin use was associated with 
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an increased PCSK9 level.117 In fact, statins upregulate a transcription factor called sterol 

regulatory binding protein-2 transcription factor, which itself increases PCSK9 synthesis.118 

The activation of platelets and PCSK9 secretion additionally promotes atheroprogression, 

by triggering thrombosis and inflammation. Through the experiments in the flow chamber 

displayed in Figures 27 and 28, PCSK9 rich environment was shown to have a faster and 

larger thrombus development, and by antagonizing through anti-PCSK9 antibodies proved 

to have the contrary effect. In the PCSK9-REACT study, a direct relationship between PCSK9 

levels and ex vivo platelet reactivity under stimulation with ADP had been described. It was 

postulated that PCSK9 increases platelet reactivity, which had a significant and independent 

association, which then could lead to ischemic and thrombotic complications.85 

Additionally, platelet aggregation was increased under higher platelet bound PCSK9, as 

found in Figures 11 and 12. And similarly, the addition of anti-PCKS9 antibodies hindered 

the aggregation (Figure 13). This evidence further suggests that the haemostatic effects of 

PCSK9 are not only regulated indirectly through LDL/LDL-R but directly as a positive 

modulator of platelet aggregation.72 In fact, PCSK9 effects on haemostasis could go beyond 

platelets. The role of PCSK9 in modulation of coagulation was described. This was found in 

an animal model under genetically induced PCSK9 deficiency, where it appeared protective 

against the occurrence of venous thrombosis. As coagulation factor VIII is cleared by LDL 

receptor, which is upregulated by PCSK9, its inhibition would influence the coagulation 

cascade.72 

In further studies in mice, PCSK9 overexpression accentuated a hypercoagulable state 

during sepsis. In one study wild-type, PCSK9 knockout, and transgenic mice that 

overexpressed PCSK9 were subjected to sham surgery or cecal ligation and puncture. In wild 

type and transgenic mice different procoagulant molecules as cfDNA and thrombin–

antithrombin (TAT) complexes were found significantly different in comparison to the 

PCSK9 knockout mice, while all having similar protein C levels.81 

Indeed, an inhibition of PCSK9 could not only be an effective therapy for plasmatic LDL 

accumulation,119 but also for CAD and atherosclerosis altogether. Furthermore, the use of 
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PCSK9 inhibitors significantly reduced adverse clinical events and mortality in patients with 

CAD.120 Finally, in comparison to statins and enteral cholesterol absorption inhibitors, 

PCSK9 inhibitors are capable of  reducing lipoprotein (a) levels, which could further aid to 

its anti-atherogenic and anti-prothrombotic intervention.74 

The role of PCSK9 as a chemoattractant and inductor of macrophage transformation was 

explored (Figures 29-31). We observed a higher rate of monocytes into macrophages 

differentiation under increasing PCSK9 levels. As we found, activated platelets have an 

increased PCSK9 bound level (Figure 11), which they rapidly release upon activation, 

secreting many other cytokines and chemokines: macrophage migration inhibitor factor, C-

X-C motif chemokines (e.g. CXCL4, 5, 12, 14), IL-16 and β-thromboglobulin, which have also 

chemotactic properties on smooth muscle cells, macrophages, monocytes and 

fibroblasts.44, 103 These platelet-derived chemokines propagate infiltration of monocytes 

and modulate thrombo-inflammation.103 Upon arrival of leucocytes, the platelets induce 

the differentiation into foam cells and endothelial cells. In this process, CD34+ cells 

(haematologic progenitor cells) begin phagocytosis, and it has been proven that platelets 

are internalized into macrophages/foam cells.104 As platelets can bind to LDL, the uptake of 

platelets bound with LDL accelerates the transformation into foam cells. In this same study, 

monocytes which did not internalize platelets with LDL did not turn into foam cells.104  

Platelets induction of cell type differentiation has been thoroughly documented. As stated, 

also endothelial cell can be induced by platelet contact, via the platelet-membrane bound 

SDF-1 with circulating CD34+ cells at sites of vascular injury. This repair mechanism may 

participate in structural repair in diverse diseased organs.51  

PCSK9 involvement in immune response goes beyond its chemotactic and transformative 

effects in cell differentiation. It has been seen in murine sepsis models, that PCSK9 

deficiency confers protection against systemic bacterial dissemination, organ pathology, 

and tissue inflammation.81 The main PCKS9 effect in downregulating LDL-receptors is 

responsible for this finding, as polysaccharides from Gram negative bacteria bind plasma 

lipids to be internalized and are internalized in the hepatocytes by the LDLR.71 
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It has already been established that platelet hyperactivity and circulating PCSK9114,121 are 

associated with the intima wall thickness of the carotid artery as they are associated to 

coronary plaque inflammation.122 We found a significant amount of PCSK9 in 

atherosclerotic tissue, areas known for macrophage and platelet reactivity. It can be 

speculated that PCSK9 has a local effect in atherosclerosis, as our in vitro experiments have 

pointed out.  

Recent evidence has also described PCSK9 within atherosclerotic lesions, which has been 

independently associated of other cardiovascular risk factors, including LDL, lipoprotein (a) 

and obesity. It has been postulated that PCSK9 has a direct effect on atherogenesis, as it is 

also secreted by smooth muscle cells and endothelial cells in atherosclerotic lesions. This 

could enhance the differentiation of macrophages into foam cells in a paracrine way. 

Furthermore, by upregulating an additional LDL receptor, namely lectin-type oxidized LDL 

receptor 1, PCSK9 could mediate the uptake of oxidized LDL by macrophages.72 In our study 

we were able to identify platelets as an additional PCSK9 compartment.  Furthermore, the 

recent GLAGOV clinical trial found a reduced progression of atheroma volume in patients 

with coronary artery disease with the use of the PCSK9 inhibitor evolocumab.123  

The inhibition of PCSK9 gains momentum as an effective and simultaneous safe therapeutic 

approach for patients with coronary artery disease and refractory hyperlipidemia120. An 

improvement of quality of life in this patient collective is therefore expected, while 

simultaneous lowering of adverse clinical events and mortality is observed.124,125  

The interesting fact is that PCSK9 levels, mainly expressed in activated platelets, were not 

different in our population of patients with ACS and CCS, as shown in Figure 21. This could 

be explained as follows. For instance, it has been documented that PCKS9 levels are 

elevated in ischaemic heart disease, regardless of chronicity.82 Nonetheless, as a correlation 

between Troponin I and platelet bound-PCKS9 or CK after 48h hours and platelet bound 

PCKS9 (Figures 17 and 18) did not show any significance, this may be due to a transitory 

increase, as it has been previously described.90 
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In summary, the main findings of the current work are: 1) a correlation exists between 

platelets and cholesterol, mainly LDL cholesterol, 2) platelets may participate in cholesterol 

metabolism, as they can synthesize, carry and secrete PCSK9, particularly at higher 

concentrations of LDL, 3) platelet PCSK9 additionally influences platelet aggregation and 

thrombus development, 4) PCSK9 also acts upon monocyte as a chemoattractant, and 

stimulates their conversion into macrophages/foam cells, and 5) PCSK9 is present in the 

atherosclerotic lesion.  

4.1 Limitations 

Our study has several limitations. The studied groups were heterogeneous and had a 

number of cofounders, as prior medication (particularly statins and antiplatelet agents), 

which must be considered. All data was taken retrospectively, with clinical follow up not 

available. As tempting as it is to assume the in vitro data reflect aspects of the in vivo 

physiology, conclusive proof is still required. 
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5.Summary 

Modern civilization’s sedentary lifestyle has found in CAD an increasing worldwide trend 

towards morbidity and mortality. Its incidence continues to peak as its risk factors, including 

hyperlipidemia, have also risen. Recently, a new component in cholesterol metabolism was 

identified. PCSK 9 proprotein convertase is expressed in many tissues and cell types, and 

binds to the LDL receptor, reducing the uptake of LDL-cholesterol particles from the 

extracellular compartment. PCSK9 has a major impact on lipoprotein homeostasis. 

Inhibition of PCSK9 results in lowered LDL and has shown improved prognosis in patients 

with coronary artery disease. Recent reports have highlighted additional effects of PCKS9, 

as a platelet activator and modulator of macrophage function and vascular inflammation. 

In this study, we characterized the release of PCSK9 from platelets and its consequences for 

thrombo-inflammation. 

We observed that platelet PCSK9 may contribute to atherothrombosis in a collective of CAD 

patients. This could be through a direct vascular effect, leading to increased aggregation, 

recruitment of leukocytes, and differentiation into foam cells; as well as indirectly through 

inhibition of LDL-receptor recycling and increase of plasmatic LDL, which in turn could 

increase platelet number and facilitate activation, creating a vicious cycle. Hence, it is 

tempting to assume that the herein-described effects of platelet PCSK9 on thrombosis and 

thrombo-inflammation might contribute to atherothrombosis. 

To summarize, platelets are potential additional and unexpected source of PCKS9 with 

potential impact on lipoprotein metabolism and further suggest PCSK9 as a thrombo-

inflammatory promoter in coronary artery disease. In consequence, PCSK9 should be 

highlighted as a target in the treatment of vascular inflammation and hypercholesterolemia. 
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Zusammenfassung 

Der bewegungsarme Lebensstil der modernen Gesellschaft hat in der CAD einen weltweit 

zunehmenden Trend zur Morbidität und Mortalität festgestellt. Die Inzidenz nimmt 

weiterhin zu, während die Risikofaktoren, einschließlich der Hyperlipidämie, ebenfalls 

zugenommen haben. Vor kurzem wurde in PCSK9 eine neue Komponente des 

Cholesterinstoffwechsels identifiziert. Diese Proproteinkonvertase wird in vielen Geweben 

und Zelltypen exprimiert, sie bindet an den LDL-Rezeptor und reduziert die Aufnahme von 

LDL-Cholesterinpartikeln aus dem extrazellulären Kompartiment. Dadurch hat PCSK9 einen 

großen Einfluss auf die Lipoprotein-Homöostase. Die Hemmung von PCSK9 führt zu einer 

Senkung des LDL-Spiegels und hat die Prognose bei Patienten mit koronarer Herzkrankheit 

verbessert.  

Neue Ergebnisse von verschiedenen Studien haben weitere Wirkungen von PCKS9 als 

Thrombozytenaktivator und Modulator der Makrophagenfunktion und der 

Gefäßentzündung aufgezeigt. Wir haben versucht, die Freisetzung von PCSK9 aus 

Thrombozyten und ihre Auswirkungen auf die Thrombo-Entzündung zu charakterisieren. 

Wir haben festgestellt, dass PCSK9 aus Thromboyzten bei einem Kollektiv von KHK-

Patienten zur Atherothrombose beitragen kann. Dies könnte durch einen direkten 

vaskulären Effekt geschehen, der zu erhöhter Aggregation, Rekrutierung von Leukozyten 

und Differenzierung in Schaumzellen führt, aber auch indirekt durch Hemmung des LDL-

Rezeptor-Recyclings und Erhöhung des plasmatischen LDL, was wiederum die Anzahl der 

Thrombozyten erhöhen und die Aktivierung erleichtern könnte, wodurch ein Teufelskreis 

entsteht. Daher ist es anzunehmen, dass die hier beschriebenen Auswirkungen von PCSK9 

auf Thrombose und Thromboentzündung zur Atherothrombose beitragen könnten. 

Zusammenfassend lässt sich sagen, dass Thrombozyten eine potenzielle zusätzliche und 

unerwartete Quelle von PCKS9 mit potenziellen Auswirkungen auf den Lipoprotein-

Stoffwechsel sind, und dass PCSK9 als Thrombo-Entzündungsförderer bei koronarer 

Herzkrankheit in Frage kommt. Infolgedessen sollte PCSK9 als Ziel bei der Behandlung von 

vaskuläre Inflammation und Hypercholesterinämie hervorgehoben werden. 
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