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Chapter 2

ABSTRACT

Atherothrombosis is a complication of atherosclerosis that causes acute cardiovascular
events such as myocardial infarction and stroke. Circulating lipid levels are highly cor-
related with atherosclerotic plaque development. In addition, experimental evidence
suggests that lipids also directly influence thrombosis and influence the risk and the
outcome of acute cardiovascular events. Plasma lipoproteins influence three aspects
important to atherothrombosis: endothelial function, platelet aggregation (primary co-
agulation) and secondary coagulation. Overall, VLDL, LDL and oxLDL promote thrombus
formation, whereas HDL shows antithrombotic actions. In this review we will address
the current knowledge about modulation of atherothrombosis by lipoproteins, sum-
marizing findings from in vitro and in vivo animal studies, as well as from observational
and interventional studies in humans. We will conclude with future perspectives for lipid
modulation in the prevention of atherothrombosis.
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Graphical abstract. Schematic overview of the modulation of atherothrombosis by (modified) lipopro-
teins.
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INTRODUCTION

Pathophysiology of atherosclerosis and atherothrombosis

Atherosclerosis is a lipid-driven progressive inflammatory disease, characterized by
the accumulation of lipids and fibrous elements in medium and large sized arteries '.
Atherosclerosis develops largely asymptomatic over a lifetime. However, as lesion de-
velopment progresses, atherosclerosis can become complicated by atherothrombosis.
This can be caused by either plaque rupture or superficial erosion of the plaque 2 Upon
rupture or erosion, subendothelial collagen and thrombogenic plaque material, such
as macrophage tissue factor (TF), are exposed to the arterial circulation. This leads to
thrombus formation on top of the ruptured or eroded plaque *. Within one minute after
rupture, platelets adhere and aggregate on collagenous plaque components. After
three minutes, the thrombus is characterized by thrombin and fibrin formation, and
by the activation of coagulation, a process entirely triggered by plaque-derived TF
This thrombus formation can lead to rapid occlusion of the vessel, a cause myocardial
infarction, ischemic stroke and sudden death. This deadly nature of atherothrombosis
has made it a critical target for investigation.

Plaque rupture versus plaque erosion

Autopsy studies done several decades ago showed that plaque rupture most commonly
led to fatal coronary atherothrombosis ** , whereas a minority of the fatal events was
caused by superficial erosion of the plaque. These studies also demonstrated that
plaques prone to rupture, so-called vulnerable plaques, are characterized by a thin fi-
brous cap, and a large lipid core with a relative abundance of inflammatory leukocytes °.
Although the concept of the vulnerable plaque has been largely accepted and widely
used in research, lately it has been subject of debate. Questions have been raised about
the dominant mechanisms implicated in atherothrombosis. Recent evidence suggests
that plaques with thin fibrous caps and large lipid pools seldomly rupture and cause
clinical events ®’. Often multiple presumed vulnerable plaques reside in coronary and
other arteries. However, these do not inevitably rupture.

As opposed to lesions associated with plaque rupture, vulnerable plaques underlying
areas of superficial erosion do not have thin fibrous caps. Furthermore, they harbor fewer
inflammatory cells and lack large lipid pools . Interestingly, from studying specimens
from the Athero-express biobank we know that there has been a shift in human athero-
sclerotic plaques morphology over approximately the last 12 years. Plaques obtained
from more recent patients with symptomatic carotid artery disease show significantly
more fibrous, non-inflammatory characteristics. Moreover, this trend is also visible in as-
ymptomatic patients °'". This shift is possibly due to altered disease demographics and
changes in risk factor profiles, such as (passive) smoking and lipid lowering treatment °.
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Lipid lowering reinforces the fibrous cap, decreases the lipid pool and reduces inflam-
mation in both animals and humans ', Possibly, this shift in plaque characteristics
could lead to a subsequent shift in plaque rupture versus erosion occurrence ', The
consequences of this possible shift are under investigation.

Lipoproteins

Lipoproteins are macromolecular complexes of lipids and proteins that are essential for
the transport of cholesterol, triglycerides and fat-soluble vitamins in the blood. Based
on their relative densities, five major classes of lipoproteins can be distinguished, be-
ing chylomicrons (CM), very-low-density lipoproteins (VLDL), intermediate-density
lipoproteins (IDL), low-density lipoproteins (LDL) and high-density lipoproteins (HDL).
CM, VLDL, IDL and LDL serve to deliver dietary and hepatic triglycerides and cholesterol
to peripheral tissues. In humans, the main structural apolipoprotein (apo) on CM is the
apoB48 molecule, while VLDL, IDL and LDL are identified by an apoB100 protein. More-
over, a specific subtype of LDL can be distinguished, lipoprotein (a) (Lp(a)), an LDL-like
particle with an apolipoprotein (apo(a)) moiety attached to it.

Native HDL is primarily formed by the liver and the intestine and serves as a choles-
terol acceptor from peripheral tissues. In that way HDL mediates reverse cholesterol
transport from the periphery to the liver, where it can be excreted via bile or repackaged
as VLDL for delivery to tissues or used for the generation of native HDL particles. HDL
is heterogenous in terms of its density, size, shape, surface charge and composition .
Based on shape, HDL can be divided in spherical and non-spherical particles, which are
often referred to as pre-f3 HDL based on their surface charge. Pre- HDL can be divided
in lipid-poor apoA-I molecules, single apoA-I molecules complexed with a small number
of phospholipids, or discoidal particles which contain two or three apoA-I molecules
complexed with multiple phospholipid molecules and a small amount of unesterified
cholesterol. Upon esterification of free cholesterol to cholesterol esters by the enzyme
lecithin cholesterol acyltransferase (LCAT), discoidal HDL can mature into spherical HDL
particles. Spherical HDL particles can be divided into two major subclasses based on
density: small dense HDL;, and larger, less dense HDL,. HDL particles can contain over
80 different proteins, more than 200 lipid species, and several microRNAs. Among these
proteins, apoA-l is the most abundant on HDL particles, followed by apoA-Il. A minor
subpopulation of HDL carries apoE as their main apolipoprotein .

High levels of cholesterol are strongly correlated with the incidence of cardiovas-
cular disease. In healthy individuals, cholesterol levels are below 5 mmol/L. A rise of 2
mmol/L cholesterol increases the risk of death by cardiovascular disease by 50% ". This
is most likely attributable to LDL, the main carrier of cholesterol in human plasma. In
contrast, large population studies have consistently shown that low HDL cholesterol,
as well as apoA-I levels are independent, inverse predictors of cardiovascular disease
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risk '*??. There is also ample experimental evidence for a causative role for LDL in the
development of atherosclerosis. At places in the arterial tree with turbulent blood flow,
LDL can accumulate in the arterial intima, where it is prone to oxidative modification.
Oxidized LDL (oxLDL) is taken up by macrophages, which, upon excess cholesterol
loading, become foam cells. Macrophage foam cell formation in the arterial intima is
the start of an atherosclerotic plaque *. Epidemiological studies have shown that low
HDL is associated with an increased risk for CVD as a results of atherosclerotic plaque
development. Although a causal role for HDL is still under debate, many studies have

shown protective effects of HDL on the artery wall **

.An important mechanism by which
HDL is protective lies in their function as cholesterol acceptor. Macrophages are able to
efflux excess cholesterol by transporting this to HDL particles via ATP binding cassette
(ABC) transporters, which reduces foam cell formation.

Due to these pivotal roles of LDL and HDL in the initiation and progression of ath-
erosclerotic lesions, it is reasoned that this is their main role in the pathogenesis of
cardiovascular disease. However, lipoproteins are being more and more recognized as
multi-purpose players in cardiovascular disease. VLDL, LDL and HDL all carry a variety of
proteins, aside their lipid constituents and apolipoproteins that influence their functional
characteristics. On HDL, for example a large number of the proteins present are involved
in the acute-phase response *. Furthermore, an analysis of the proteins found on human
VLDL and LDL revealed that for both particles, 25% of all functional pathways in which
the proteins were active, are related to coagulation and hemostasis >’ Elevated plasma
cholesterol and elevated Ip(a) are identified as risk factors in venous thrombosis. Treat-
ment of hypercholesterolemia by statin therapy reduces the risk of both venous and
arterial thrombosis **%. The protective effects of statins on arterial thrombosis may be
partly explained by cholesterol-independent mechanisms *. Nonetheless, it is tempt-
ing to speculate that the reduction in risk of thrombosis caused by statin treatment is
at least partially due to statin-induced reduction of procoagulant lipoproteins and/or
enhancement of anticoagulant lipoprotein-mediated reactions.

ENDOTHELIAL FUNCTION

The endothelium is an important regulator of vascular homeostasis. Among its func-
tions are the regulation of vasomotor tone, platelet activity, thrombosis and fibrinolysis,
and leukocyte adhesion. Atherosclerosis and hypercholesterolemia are associated with
endothelial dysfunction **. Furthermore, there is growing recognition that endothelial
dysfunction, next to its effects on the development of atherosclerosis, also affects the
development of atherothrombotic complications. In humans, there are several studies

that show a predictive effect of endothelial dysfunction on cardiovascular events ***'.
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Furthermore, cardiovascular disease risk reduction therapies improve endothelial
function, whereas the cardiovascular disease risk is increased in subjects in which the
endothelium fails to respond to the treatment *.

eNOS and nitric oxide production

A signaling molecule implicated in the regulation of endothelial function is Nitric Ox-
ide (NO). NO is generated by endothelial nitric oxide synthase (eNOS) in response to
physical stimulators such as sheer stress, and is a potent platelet inhibitor, as well as
a regulator of vasodilation **. In endothelial cells, eNOS activity is strongly correlated
with its localization in the caveolae *. Caveolae are flask-shaped invaginations of the
plasma membrane, enriched in cholesterol, glycosphingolipids, sphingomyelin, and
lipid-anchored membrane proteins, which is essential for normal caveolae function, and
eNOS activation and regulation *.

In vitro studies with endothelial cells showed that exposure to oxLDL, but not native
LDL or HDL, causes a fall in the sterol content in the caveolae. Experiments with radiola-
beled sterols, showed that these sterols are transferred to oxLDL particles *°. The changes
in lipid environment in the caveolae caused by oxLDL induces eNOS expression and
stimulates the movement of eNOS from the caveolae to other cellular compartments .
As a consequence, oxLDL strongly attenuates the activation of eNOS upon stimulation
with acetylcholine, an important vasodilator *. This reduced activation was solely due to
the change in subcellular eNOS localization, rather than eNOS phosphorylation, which is
known to regulate eNOS activity. The effects of oxLDL on eNOS localization and activa-
tion are mediated by CD36, as was shown by antibody blockade of this receptor . In
line with these in vitro studies, apoE deficient mice, which have high levels of VLDL and
LDL and develop spontaneous atherosclerosis, display no blood pressure change when
stimulated with acetylcholine. Furthermore, eNOS is not present in caveolae of these
mice V.

The effects of oxLDL are counteracted by HDL ¥. The addition of HDL to medium
containing oxLDL prevented the changes in caveolae lipid environment, and the oxLDL-
mediated changes in subcellular localization of eNOS. This effect of HDL is not caused by
inhibition of oxLDL-induced cholesterol export from caveolae, but rather by supplying
cholesterol esters that were depleted. Furthermore, HDL restored the acetylcholine-
induced stimulation of the enzyme. The ability of HDL to reverse the oxLDL-induced
alteration in eNOS localization is mediated by the HDL receptor Scavenger receptor
Bl (SR-BI), which is highly present in caveolae and colocalized with eNOS *. Antibody
blocking of SR-BI prevents the HDL-mediated restoration of eNOS localization and
activation ¥

Besides its effect on eNOS localization, HDL can also directly stimulate eNOS activity
in endothelial cells. HDL added to cultured endothelial cells stimulates eNOS activity in

36



Lipoproteins and atherothrombosis

a concentration dependent manner *. LDL and lipoprotein deficient control serum did
not have this effect. Stimulation with normal serum yields a similar response as HDL.
However, when endothelial cells were simultaneously stimulated with HDL and excess
LDL, the activation of eNOS was attenuated. Importantly, eNOS was not activated by
purified forms of apoA-l or apoA-Il . Furthermore, anti-apoA-| antibodies block eNOS
activation by HDL, but lipid-free apoA-I fails to stimulate eNOS activation. These findings
suggest that apoA-l is necessary but not sufficient for eNOS stimulation *.

In a recent study by Chiesa and colleagues published in this issue of Vascular Phar-
macology, evidence is provided that LCAT deficient mice, which display a pronounced
reduction in HDL levels *°, show a lower acetylcholine-induced NO dependent relaxation
in absence of changes in eNOS expression. Moreover, the aortas of LCAT deficient mice
showed a reduced contractility when stimulated with noradrenalin. The results, how-
ever, are attributed to an increase in b2-adrenergic receptor mediated relaxation and
not due to the reduced HDL levels in these animals. In line, the authors show that in
apoA-I knockout mice the responses are unaltered.

Like its effects on eNOS localization, the capability of HDL to activate eNOS is medi-
ated by SR-BI. HDL enhances eNOS activation and NO-dependent aortic relaxation of
aortic rings of wild-type but not SR-BI deficient mice **. Furthermore, infusion of apoA-|
protected wild-type, but not SR-BI or eNOS deficient mice, from deep vein thrombosis in
a platelet independent fashion *°.

All together, these studies suggest an important role for lipoproteins in the modula-
tion of eNOS localization and bioavailability. Furthermore, studies with apoE, apoA-I,
and LCAT deficient mice show that these effects also have functional consequences.

Prostacyclin

In addition to the production of NO, endothelial cells also produce prostacyclin (PGl,),
which can modify thrombosis by inhibiting platelet aggregation *'. PGl, is synthesized
from arachidonic acid in a pathway that involves the enzyme cyclooxygenase (COX),
which exists in two isoforms: COX-1, which is constitutively expressed, and COX-2, which
is inducible *2.

HDL stimulates endothelial PG, synthesis by the provision of arachidonic acid, as
well as by inducing COX-2 expression ***’. Furthermore, HDL was shown to enhance
the release of prostaglandins, the precursors for PGl,, in isolated hearts from rabbits and
rats ***°, Although to a lesser extent than intact HDL, delipidated HDL also enhances PGl,
synthesis ** suggesting that both HDL-associated lipids as well as apolipoproteins on the
HDL particle are involved.
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Von Willebrand Factor

Von Willebrand Factor (VWF) is produced by endothelial cells and stored in Weibel-
Palade bodies °. Upon vascular injury in high sheer stress vessels, such as is the case
in atherothrombosis, VWF mediates platelet adherence to the endothelium at sites of
damage. Importantly, patients with hypercholesterolemia have higher plasma levels
of VWF °'. Levels of circulating vWF are inversely associated with HDL in patients with
peripheral vascular disease®. Furthermore, LDL and oxLDL induce the release of von
Willebrand factor from human endothelial cells in vitro .

Coagulation modulation

Besides the modulation of platelet reactivity, the vascular endothelium also influences
the coagulation cascade. For example, TF pathway inhibitor (TFPI) is secreted by en-
dothelial cells to inhibit the extrinsic pathway of coagulation. Epidemiological studies
in humans have shown correlations between hyperlipidemia and circulating TFPI. The
correlations were highly dependent on the type of hyperlipidemia ®. TFPl was increased
in patients with familial hypercholesterolemia (FH), whereas it was slightly decreased
in patients with familial hypertriglyceridemia. TFPI activity was positively correlated
with lipid and protein components of LDL (LDL-C and apoB) and of HDL (HDL-C and

apoA-l). TFPl was negatively correlated with the triglyceride level ®

. However, in a study
performed in Japanese coronary artery patients, HDL was negatively correlated with
TFPI levels *.

In addition to TFPI, coagulation is also modulated via heparin sulfate proteoglycans
(HSPG), which are proteoglycans with covalently bound heparin sulfate, and are
expressed on the endothelial cell surface. HSPGs can bind a wide variety of ligands
including apoE and lipoprotein lipase, two key molecules in lipoprotein metabolism, as
well as antithrombin I, an inhibitor of several factors of the coagulation cascade .
Endothelial HSPGs are decreased by oxLDL, an effect abolished by the presence of
HDL ®. Moreover, apoE-containing HDL increases endothelial production of HSPGs rich
in biologically active heparin-binding domains ®. Pre-incubation of endothelial cells
with HDL therefore led to significantly higher binding of antihrombin Il as compared

to controls.

Apoptosis

An intact endothelial layer is critical for hemostasis in the vascular wall. Induction of
endothelial apoptosis in vivo drives endothelial denudation. This can lead to superficial
erosion of atherosclerotic plaques, and subsequent thrombus formation >, In addi-
tion, disturbances in vascular function and acute coronary events may be induced by

thrombogenic membrance microparticles released from apoptotic endothelial cells >7*.
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OXLDL promotes apoptosis of human coronary endothelial cells by causing a sustained
increase in intracellular Ca2+, resulting in the death of endothelial cells °. This effect
is reversed by HDL, which prevents the increase in intracellular Ca2+. Purified apoA-I
mimics this effect ”°. HDL also inhibits endothelial cell apoptosis induced by TNF-alpha
and growth factor deprivation 7*”’. ApoA-l partially mimics the effect of HDL, whereas
apoA-Il has no effect on apoptosis. HDL preserves mitochondrial integrity and inhibits
the release of cytochrome C into the cytoplasm. These effects are mediated by the pro-
tein kinase Akt, an ubiquitous tranducer of antiapoptotic signals ”’. Two HDL-associated
lysosphingolipids, sphingophosphorylcholine and lysosulfatide, also stimulate Akt and
inhibit apoptosis. Therefore, it is believed that the protective function of HDL is caused

by the combined activation by lysospingolipids and apoA-1 77

PLATELETS

Platelets are small anucleate cells that play a key role in homeostasis and respond rapidly
to changes in the endothelial integrity and exposure of subendothelial structures. Plate-
let activation results in cytoskeletal rearrangement and the secretion of storage granule
content, and as such, platelets are a key player in atherothrombosis ’%. An analysis of the
relative contribution of platelets and other implicated factors (including plaque rupture,
inflammation, coagulation factors, and cholesterol) in the etiology of acute coronary
syndromes led to the conclusion that platelet changes are more important than plaque
rupture in the etiology of acute myocardial infarction ”°. Hence, drugs that modify plate-
let behavior have become the cornerstone of therapy for acute coronary syndromes.
Platelet COX-1 inhibitors (aspirin), platelet ADP receptor antagonists (e.g. clopidogrel)
and glycoprotein llb/llla antagonists (e.g. tirofiban) are used as part of standard care
and have proven morbidity and mortality rate benefits *. Importantly, lipoproteins have
been shown to affect platelet function at various levels.

Platelet density and volume

Platelets are produced from megakaryocytes in the bone marrow, a process called
thrombopoiesis. Dyslipidemia leads to altered characteristics of megakaryocytes, which
can influence platelet count and function, and in this way modulate the risk of athero-
thrombosis via the megakaryocyte-platelet hemostatic axis ®'.

Hypercholesterolemic humans, as well as rabbits and guinea pigs, are found to have
larger megakaryocytes with a higher mean ploidy #*. Megakaryocytes with these char-
acteristics are generally considered to produce larger and more active platelets ®'. A sub-
stantial body of clinical evidence demonstrates increased platelet density and volume
in the setting of acute coronary syndromes, and implies mean platelet volume as both
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a causal and prognostic factor. Multiple studies have shown that patients with acute
myocardial infarction or unstable angina display an increased mean platelet volume
and/or platelet density compared to patients with stable coronary disease ***®. Given
that the lifespan of a platelet is 10 days, and that 90% of platelets measured shortly after
acute myocardial infarction would have been circulating before the occlusive event, a
causal relationship between acute coronary syndromes and platelet density and mean
platelet volume has been suggested. Platelet density and volume after acute myocardial
infarction predicted outcome in a study involving 1716 patients, in whom mean platelet
volume was measured after acute myocardial infarction *. Mean platelet volume was
found to be an independent predictor of both recurrent acute myocardial infarction and
death for up to two years after the first event. Notably, mean platelet volume was inde-
pendently and more powerfully predictive than other variables, such as blood pressure,
cholesterol, or smoking.

Membrane-cholesterol mediated platelet reactivity

LDL and VLDL increase platelet cholesterol content, and stimulate platelet activation
90,91

in vitro . Previous studies in animal models have shown that increased platelet
cholesterol is due to the uptake of circulating lipoproteins by megakaryocytes, which
subsequently passed on the cholesterol into future platelets ®®, Both increased plasma
cholesterol and an increase in platelet membrane cholesterol enhances the sensitivity
of human platelets to aggregating agents °>®. Similar results are found in patients with
FH, whose cells lack or have defective LDL receptors, resulting in elevated plasma LDL
levels. Platelets of FH patients have increased a-granule secretion *, increased super-
oxide anion production %, increased fibrinogen binding %, and subsequent enhanced
platelet aggregation after stimulation °***, In addition, platelets of FH patients and
hyperlipidemic apoE deficient mice circulate in an activated state *'”'. In contrast to
the elevated plasma LDL levels in FH patients, plasma from abetalipoproteinemia pa-
tients lack all apoB-containing lipoproteins. In accordance, platelets from these patients
aggregate poorly and show impaired arachidonic acid release and thromboxane A,
(TxA,) generation ', Purified apoE-containing phospholipid vesicles inhibit platelet
aggregation in response to ADP, epinephrine, thrombin and collagen '®'*, This is prob-
ably the consequence of its cholesterol depleting effects on the cell membrane. In line,
cholesterol-depleted platelets poorly respond to agonists .

Receptor mediated platelet activity

In addition to the effects on membrane cholesterol incorporation, LDL and HDL also
affect platelet function via a direct interaction. By binding to platelet receptors, lipopro-
teins induce rapid activation of signal transduction pathways that enhance or inhibit
platelet activation '®.
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Native LDL-induced signaling in platelets is mediated by a splice variant of the
apokE receptor-2 (apoER2), apoER2’ LDL binds to this receptor via the so-called B-site
of apoB100 '%, and binding of LDL to platelets via apoER2’ results in the formation of
platelet-activating TxA, '”. Consequently, binding of LDL to platelets leads to enhanced
platelet aggregation '®. In contrast to LDL, oxLDL enhances the platelet response to
agonists via an interaction with the scavenger receptors CD36 and scavenger receptor
A (SR-A) 108-110

Most studies to date support a direct inhibitory effect of HDL or its major fraction,
HDL;, on platelet activation and the subsequent formation of venous and arterial
thrombi """, However, the receptor through which different HDL particles exert their
function has long been disputable. In early studies, integrin o33 has been studied as a
receptor for HDL; signaling. However, its role remains controversial until this time ', In
2011, SR-Bl was identified as the primary binding site for HDL; ''*. Binding of HDL; to SR-
Bl on platelets inhibits agonist-induced activation and aggregation. These effects were
mediated by protein kinase C. SR-Bl deficient platelets were not affected by HDL; '"°.

The binding affinity of a receptor for HDL is defined by the apolipoprotein moiety
on the HDL particle. Since HDL; only contains trace amounts of apoE and apoC, recep-
tor binding by HDL; is presumably mediated by apoA-1 '"°. ApoA-I has been found to
inhibit platelet function **'®. Furthermore, SR-BI is known to bind apoA-l in other cell
types, so it is likely that a similar mechanism occurs in platelets. Inhibition of platelet
activation is observed by HDL, and apoE-rich HDL ''""'?, These particles inhibit platelet
function such as shape change, inositol phospholipid production, and reduce LDL-
induced NO synthase expression '**'*, Chemical modification of apoE residues in HDL
abolishes binding to the platelets and prevents its anti-aggregatory effects ''®. Binding
of HDL; to platelets is inhibited by HDL,, suggesting that HDL; and HDL, bind to the
same receptor '**. However, as the apoER2’ receptor mediates apoE signaling in platelets,
apoE-rich HDL, particles possibly also bind to platelets via this receptor '*. Binding of
apoE-containing lipoproteins to apoER2’ impairs platelet signaling by increasing cGMP

122 As mentioned earlier, LDL binds to apoER2’ via apoB100,

through NO production
which enhances platelet activation. ApoER2’is thus capable of facilitating either activat-
ing or inhibitory signals initiated through the binding of apoB100- or apoE-containing
lipoproteins, respectively. These differential effects may be explained by the fact that
multiple apoE molecules on apoE-bearing lipoproteins can induce clustering of apoER2’
receptors, while this is not possible for the binding of apoB100, from which there is only
a single molecule found on an LDL particle '**. A complex of clustered receptors may
initiate different signaling pathways compared to a single receptor. Further studies are
required to elucidate how apoER2’ is capable of mediating both activating and inhibi-

tory signals.
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SECONDARY COAGULATION

Secondary coagulation is the clotting of blood through activation of the coagulation
cascade. The conversion of the soluble plasma protein fibrinogen into insoluble fibrin
fibers, mediated by thrombin, is the central step of the coagulation cascade, and, after
platelet adhesion, the second step in atherothrombosis. It starts with the exposure of
blood to TF (extrinsic pathway) or negatively charged surfaces (intrinsic pathway), which
causes a waterfall effect. The waterfall eventually culminates in a common pathway in
which the prothrombinase complex (FXa and FVa) converts prothrombin into throm-
bin '**'¥ Within the coagulation cascade, both negative and positive feedback reac-
tions are important for maintaining homeostasis and, when necessary, a fast, massive
coagulation response, respectively.

Hypercholesterolemia is associated with hypercoagulability and an increase in venous
thrombosis risk ®'%°, In venous thrombosis, especially the pathological activation of the
coagulation cascade plays a key role, suggesting a direct effect of hypercholesterolemia
on secondary coagulation.

Prothrombin activation and thrombin formation

Almost all clotting factors bind lipids, although with varying affinities. Hypertriglyceride-
mia is associated with increased levels of all vitamin K-dependent procoagulant factors.
Furthermore, binding of clotting factors to lipids alters their activity. Triglyceride-rich
lipoproteins bind vitamin K-dependent clotting factors and promote the procoagulant
reaction "%, For example, studies using purified lipoproteins and clotting factors
showed that VLDL enhances prothrombin activation by FXa in the presence of Va. LDL
and HDL are substantially less capable of inducing prothrombin activation **'**, On the
contrary, HDL is inversely correlated with plasma thrombin activation markers such as
prothrombin fractions F1+2, the peptides cleaved from prothrombin during its conver-
sion to thrombin '/,

Tissue factor and factor VIl activation

TF is the primary initiator of the extrinsic coagulation pathway. It is a surface-bound pro-
tein found on many cells in the subendothelial tissue. Furthermore, it is highly present
in atherosclerotic plaques "**'*. TF expression by endothelial cells and macrophages is
stimulated by minimally oxidized and acetyl-modified LDL respectively **'*. In contrast,
HDL and apoA-l suppress TF activity '*'.

Factor VIl is the first enzyme encountered in the extrinsic pathway, and is directly
activated by TF. Lipoproteins enhance the activation of factor VII. Each lipoprotein spe-
cies supports factor VIl activation by factor Xa, but not by factor IXa, in the absence of
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TF. ApoA-Il has been shown to inhibit the activation of factor X by the TF-factor Vlla
complex, inhibiting the first step in of the extrinsic coagulation pathway '*.

Fibrinogen

The step from fibrinogen to fibrin is the last step in the coagulation cascade, an is a cru-
cial step for stabilizing the blood clot. Fibrinogen levels are elevated in FH subjects '**'*,
In multiple population studies it was found that fibrinogen is positively associated with
LDL cholesterol, Lp(a), and triglycerides. Furthermore, it was inversely associated with

HDL cholesterol 7',

Activated Protein C pathway

The protein C pathway provides a major physiological anticoagulant mechanism to
downregulate thrombin formation by proteolytically inactivating factors Va and Vllla in
plasma. HDL enhances anticoagulation via activated protein C (APC). There is a positive
correlation between plasma apoA-I levels and in vitro inactivation of factor Va by APC
and protein S "*°. However, it has been described that this APC-enhancing activity of HDL
is only present in the HDL,, but not HDL; fraction "*°.

In 2010, there was a report by Oslakovic et al. that stated that the anticoagulant
properties attributed to HDL were actually caused by contaminating negatively charged
phospholipid membranes, and not by HDL itself "*'. However, later research by Fer-
nandez et al. showed that HDL loses its anticoagulant properties after a freeze-thaw
cycle "2, Furthermore, it has also been shown that anti-apoA-l antibodies remove most
of the HDL ability to enhance APC:protein S activity *>. Antibodies against apoC-lll also
block the ability of HDL to enhance protein C anticoagulant activity, suggesting that
apolipoproteins on HDL fractions are responsible for this anticoagulant trait of HDL '°.

LIPID MODULATION AS A POTENTIAL TREATMENT FOR ACUTE
CARDIOVASCULAR DISEASE AND ATHEROTHROMBOSIS

Currently, the standard of care for patients at risk for acute coronary artery disease are
statins, which are 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors. Numer-
ous long-term, placebo-controlled clinical trials have conclusively demonstrated that
statins reduce the risk of morbidity and mortality from cardiovascular disease. Further-
more, as mentioned previously, statin therapy also decreases the risk of both venous
thrombosis and arterial thrombosis 2 *2'°*">* Although there are several types of statins
available today, the typical reduction in relative risk of cardiovascular disease ranges
from 24-37% '*°. These percentages highlight the need for improvement by novel thera-
peutic approaches.
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PCSK9 inhibitors

Pro-protein convertase subtilisin/kexin type 9 (PCSK9) is a secreted protein that binds
to the surface LDL receptor (LDLR) and targets it towards lysosomal degradation. As a
consequence, the number of LDLRs at the cell surface is decreased, and LDL clearance
is reduced. Inhibition or loss-of-function mutations of PCSK9 result in increased surface
LDLR and improved LDL clearance *°. Two recent reports describe the results of studies
with monoclonal antibodies against PCSK9 and their potential effects on CVD events.
The administration of both alirocumab and evolucumab were associated with a reduced
rate of major CVD events "*”*®, Numerous compounds that inhibit PCSK9 are currently
under development and tested in clinical trials '*°. One small study reported that plasma
PCSK9 levels are positively associated with platelet counts in stable coronary artery
disease patients '®. Platelet counts are, in turn, positively associated with cardiovascular
death '®'. However, the implications of these findings remain to be elucidated. Unfortu-
nately, to date, no effects of PCSK9 or PCSK9 inhibition, on endothelial function, blood
coagulation or thrombosis have been reported. Possibly, the ongoing trials will elucidate
potential role of this nature.

CETP inhibitors

Cholesteryl ester transfer protein (CETP) is a plasma protein that facilitates the trans-
port of cholesteryl esters and triglycerides between VLDL, LDL and HDL. When CETP
is inhibited, cholesterol accumulates in the HDL lipoprotein fraction, as opposed to
LDL and VLDL lipoproteins, thus improving the overall plasma lipoprotein profile. Tri-
als in humans have shown that CETP inhibitors effectively raise HDL cholesterol levels.
Unfortunately however, in 2007, the CETP inhibitor torcetrapib unexpectedly showed
increased fatality and cardiovascular events. This was most likely due to increased blood
pressure and aldosterone levels as trials with novel CETP inhibitors later showed that
the negative effects of torcetrapib were the consequence of off target effects of the
compound, and not of CETP inhibition in general '®. The novel CETP inhibitors dalce-
trapib, evacetrapib and anacetrapib did not show harmful effects on blood pressure or
aldosterone levels ' Dalcetrapib increased HDL cholesterol levels but did not reduce
the risk of recurrent cardiovascular events in patients who had had a recent acute coro-
nary syndrome ', However, this may have been due to polymorphisms in the adenylyl
cyclase 9 gene (ADCY9) '**. ADCY9 is a membrane-bound protein affected by changes in
caveolae. The finding that ADCY9 is important in the therapeutic outcome of increasing
HDL cholesterol has renewed interest in a potential role of HDL in modulating signal
transduction by changing cholesterol concentration in cellular membrane substruc-
tures '®. Unfortunately, to date, there is no data available of a potential role of CETP, or
inhibition thereof, on platelets, blood coagulation or thrombosis.
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rHDL

A promising strategy for lipid modulation in thrombosis is the use of synthetic reconsti-
tuted HDL (rHDL) '*. rHDL are HDL-like particles containing phospholipids and human
apoA-l or one of its variants such as apoA-lyian., Which are functionally more effective.
In a study by Lerch et al, rHDL was shown to dose-dependently inhibit in vitro platelet
reactivity after stimulation '. Moreover, experiments with platelet-rich plasma from
volunteers who had been infused with rHDL were performed. In these experiments,
both arachidonic acid- and collagen-induced platelet aggregation were reduced. The
extent of inhibition negatively correlated with plasma concentrations of apoA-I, HDL-C
and the dose of rHDL infused. These data correlated with studies in rats, in which admin-
istration of recombinant apoA-Iyin inhibited platelet aggregation and FeCls-induced
arterial thrombus formation '®¢.

In patients with Type 2 Diabetes Mellitus, who exhibit enhanced platelet reactivity
and an increased risk of cardiovascular disease, rHDL infusion significantly reduced ex
vivo platelet aggregation and thrombus formation under flow ', However, in this study,
the effects were mainly ascribed to the isolated phospholipid component of rHDL, and
not to apoA-I. rHDL also reduces coagulation responses in LPS-induced endotoxemia, in
which it lowers plasma levels of prothrombin and tPA '”°.

At least four different formulations of rHDL have been tested in clinical trials '*°. Al-
though the underlying mechanisms remain to be elucidated, rHDL infusions are a prom-
ising therapeutic strategy to reduce thrombosis risk in a variety of conditions where
platelet hyperreactivity and hypercoagulability pose a threat. As such rHDL therapy may
thus possibly also be of benefit for patients at risk for atherothrombotic complications.

LXR targeting

Liver X receptors (LXRs) are nuclear transcription factors that regulate the expression
of genes involved in cholesterol catabolism to bile acids and cholesterol efflux. Their
natural ligands are oxysterols, which are cholesterol derivatives "', Ligand-stimulated
LXR activation yields anti-inflammatory and athero-protective effects 7>"7* The LXR
family consist of two members: LXRa and LXRp, each with distinct expression patterns.
LXRB is ubiquitously expressed, while LXRa expression is restricted to tissues active in
lipid metabolism '"'. Recently, it was shown that LXRp is present in human platelets '”>.
LXR ligands inhibit platelet function stimulated through a range of physiologic agonists.
Furthermore, ligand stimulation inhibits the ability of platelets to form thrombi in vivo,
affecting both the size and the stability of growing thrombi '”>. Importantly, LXR stimula-
tion allowed initial thrombi to form, crucial for tissue repair after vascular injury, but
prevented occlusion of the vessel through decreased thrombus stability. These prop-
erties render LXR agonism a promising method for inhibiting pathological thrombus
formation without disturbing physiological homeostasis and wound healing.
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Because of their key roles in cholesterol metabolism, LXRs have since long been a
target for drug discovery. However, thus fat therapeutic application of LXR agonists has
been hampered due to the fact that LXR also modulates fatty acid and carbohydrate
metabolism in tissues such as liver, adipose and skeletal muscle '7°. Mice treated with
a synthetic LXR agonist demonstrate marked hypertriglyceridemia, a condition mainly
attributed to LXRa expression in hepatocytes '”’. In order to eliminate this side effect,
the use of LXRB-specific agonists might be beneficial, as the function of both family
members does not seem to overlap '’®. Compounds that selectively target LXRB are
currently under development '”°. However, no data on the effect of LXRB agonism on
platelet function or thrombosis have been reported so far.

CONCLUSIONS AND PERSPECTIVES

There is great interest in the development of novel pharmacological intervention strate-
gies to reduce atherothrombotic complications of atherosclerosis. From experimental
studies, itis clear that lipoproteins influence the thrombotic capacity of the blood and in
that way may alter atherothrombosis. Overall, VLDL, LDL and oxLDL promote thrombus
formation, whereas HDL shows antithrombotic actions.

Therapies aimed at lowering (V)LDL cholesterol levels are already standard practice
in patients with high risk for atherothrombotic complications, and will most likely not
only influence plaque integrity but also thrombosis. In addition to lowering (V)LDL,
raising HDL levels may be an attractive therapeutic strategy to improve the outcome
of atherothrombotic complications. However, although low HDL levels are predictive of
coronary artery disease, increasing HDL has yet to prove its therapeutic value.

In the quest for HDL-raising drugs, it is important to keep in mind that not only the
circulating levels of HDL cholesterol matter. The particle composition, HDL subclass,
surface apolipoproteins and phospholipids, are of the utmost importance for its anti-
thrombotic function. Hence, detailed structure-function analysis are needed to identify
clinically relevant, antithrombotic HDL subpopulations in order to develop effective
therapeutic approaches to reduce atherothrombotic risk.
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