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arachidonic acid

ABCA1

ATP-binding cassette transporter-1

ACAT

acylCoA:cholesterol acyltransferase

acLDL

acetylated LDL

AGE

advanced glycation end
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apolipoprotein
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apolipoprotein E receptor 2
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asparagine

Asp
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[Ca2+]i
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β-migrating VLDL
intracellular Ca2+ level
coronary artery disease
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3’,5’-cyclic AMP
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cholesterol ester transfer protein

CHD

coronary heart disease

CLA-1

CD36 and LIMPII analogous-1

CL-P1

collectin placenta 1

cPLA2
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cytosolic phospholipase A2
diacylglycerol

dSR-C1

drosophila SR-C1
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endothelial differentiation genes
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epidermal growth factor

ERK1/2

extracellular kinase 1/2
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granulocyte-macrophage colony-stimulating factor
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G protein-coupled receptor
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heparan sulfate proteoglycan
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intermediate density lipoprotein
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mildly oxidized LDL
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native LDL
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natural killer
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nitric oxide
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nitric oxide synthase
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oxidized LDL
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p38 mitogen-activated protein kinase

p125 focal adhesion kinase

PAF

platelet-activating factor

PAF-AH

PAF-acetylhydrolase

PAI

plasminogen activator inhibitor

PBS

phosphate-buffered saline
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platelet endothelial cell adhesion molecule-1
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PI3K

prostaglandin I2 (prostacyclin)
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pyruvate kinase
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Chapter 1

Atherosclerosis
Cardiovascular disease is the main cause of death and disability in the Western society.
Atherosclerosis is the general term for the thickening and hardening of the wall of medium
size and large arteries. This results in the loss of elasticity, due to subsequent deposition
of fat, cholesterol, cellular waste products, calcium and fibrin in the inner coating of an
artery, and proliferation of connective tissue. Eventually, the vessel can become totally
occluded. Besides myocardial infarction, atherosclerosis can cause a stroke, peripheral vascular diseases, renal failure, and other clinical syndromes, depending on the anatomical
locations of the lesions that narrow the arteries 1.
Pathogenesis of atherosclerosis
Atherosclerosis develops as a response of the vascular wall to injury, showing many of the
features of an inflammatory response. The “response-to-injury” hypothesis states that
intact endothelium helps to regulate homeostasis of the cardiovascular system by releasing
antithrombotic and fibrinolytic factors in addition to the potent vasodilator nitric oxide
(NO). However, cardiovascular homeostasis is lost upon endothelial dysfunction. This is the
first step in the development of atherosclerosis, which is caused by different factors, such
as hyperlipidemia, hypercholesterolemia, diabetes mellitus, hypertension, cigarette smoking, hyperhomocysteinemia, infectious microorganisms, obesity, physical inactivity, and
stress. Endothelial injury changes the permeability of the arterial wall to lipoproteins and
other plasma constituents and triggers the up-regulation of leukocyte and endothelial
adhesion molecules (Fig. 1A). Platelets, adhered to exposed collagen in the damaged vessel wall, become activated and secrete cytokines and growth factors that contribute to the
migration and proliferation of smooth muscle cells, monocytes, and T-lymphocytes. The
subsequent binding of monocytes and T-lymphocytes to endothelial cells results in
increased migration of these cells from the circulation into the intima of the vessel wall.
In the subendothelium, the monocytes differentiate into macrophages. Uptake of modified
lipoproteins transforms the macrophages into foam cells, which are characteristic for the
fatty streak (Fig. 1B). The fatty streak is the earliest recognizable lesion of atherosclerosis
and consists of aggregates of foam cells and T-lymphocytes within the innermost layer of
the vessel wall, the intima. These fatty streaks precede the development of the intermediate lesions, which are composed of layers of macrophages and smooth muscle cells.
Intermediate lesions in turn develop into the more advanced, complex, occlusive lesions,
the so-called fibrous plaques (Fig. 1C). A dense cap of connective tissue with embedded
smooth muscle cells covers the fibrous plaque, which contains monocyte-lymphocytes.
Rupture of the fibrous plaque results in haemorrhage from vessels within the plaque,
thrombosis and occlusion of the artery (Fig. 1D) 1.
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Fig. 1. The pathogenesis of atherosclerosis (Adapted from Ross, R.1)

Lipoproteins
Low quantities of lipids are necessary for the formation of cell membranes, the synthesis
of steroid hormones, bile acids, and vitamins. Since lipids are insoluble due to their
hydrophobic character, their transport is mediated by lipoproteins. Lipoproteins are spherical particles which carry esterified cholesterol and triglycerides in an apolar core surrounded by a monolayer of phospholipids and unesterified cholesterol. The monolayer also
contains a number of specific proteins, called apolipoproteins (apo), which are important
for the stability of the lipoprotein particle, and regulate receptor recognition and endocytosis, transport, metabolism, and enzyme activity

2,3.

Five different classes of lipoproteins

can be distinguished (Table 1): chylomicrons, very low density lipoproteins (VLDL), inter-
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mediate density lipoprotein (IDL), low density lipoprotein (LDL), and high density lipoprotein (HDL). These lipoprotein classes differ with respect to density, size, lipid, and
apolipoprotein composition 2,3. The density of lipoproteins is inversely correlated with their
size. The two largest lipoproteins, the chylomicrons and VLDL, predominantly consist of a
triglyceride-rich core. The core of smaller lipoprotein classes, such as LDL and HLD contain
mainly esterified cholesterol.
Table 1. Physical properties of lipoproteins 2-4
Chylomicrons

VLDL

IDL

LDL

HDL
1.063-1.21

Density (g/mL)

<0.95

0.95-1.006

1.006-1.019

1.019-1.063

Diameter (nm)

75-1200

30-80

25-35

18-25

5-12

MW (x106 D)

50-1000

10-80

5-10

2.3

0.17-0.36

Origin

Pre-β

Slow pre-β

β

α

Protein

1-2

6-10

10-12

18-22

45-55

Phospholipids

3-6

5-20

25-27

18-24

26-32

Triglycerides

80-95

45-65

25-30

4-8

2-7

Free cholesterol

1-3

4-8

8-10

6-8

3-5

Esterified
cholesterol

2-43

6-11

32-35

45-50

5-20

A-I, A-II,
A-IV, A-V
B48
C-I, C-II,
C-III
E

A-V

-

-

B100
C-I, C-II,
C-III
E

B100
C-I, C-II,
C-III
E

B100
-

A-I, A-II ,
A-IV, A-V
C-I, C-II,
C-III
E

Electrophoretic
mobility
Composition
(% w/w):

Apolipoprotein

-

Lipoprotein metabolism
In the synthesis and metabolism of lipoproteins three major metabolic routes can be distinguished: (i) the exogenous pathway (Fig. 2), (ii) the endogenous pathway (Fig. 2), and
(iii) reverse cholesterol transport (Fig. 3).
Exogenous and endogenous lipid transport
The exogenous pathway is involved in the transport and metabolism of intestinally-derived
dietary lipids. After absorption in the intestine, dietary lipids are packaged into chylomicrons (Fig. 2). These large triglyceride-rich particles that predominantly contain apoB48,
apoA-I and apoA-IV subsequently transport the dietary fat and fat-soluble vitamins from the
lymph to the blood circulation 5. In the circulation, the chylomicrons lose apoA-I and apoAIV and acquire apoC-I, apoC-II, apoC-III, and apoE. ApoB48 is a truncated form of apoB100

16
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6,7.

It is not transferable between lipoproteins and remains associated with the chylomi-

crons. ApoC-II serves as a co-factor for lipoprotein lipase (LPL), an enzyme associated to
heparan sulfate proteoglycans (HSPG) on endothelial cells of adipose tissue, the heart, and
skeletal muscle. LPL hydrolyzes the triglycerides in the chylomicrons and the free fatty
acids are subsequently delivered to peripheral tissues. The remaining smaller cholesteroland apoE-rich chylomicron remnants are rapidly taken up from the plasma by liver
parenchymal cells via apoE-specific remnant receptors 5. The size of the chylomicron remnant particles determines the receptor involved in the uptake: smaller particles are taken
up by the liver after binding to the LDL receptor (apoB/E receptor)

8,9,

whereas the larger

chylomicron remnants associate to a non-apoB/E receptor. Several candidates have been
proposed for the role as remnant receptor for chylomicrons, including LDL receptor-related protein (LRP) 10-12, lipases 12, proteoglycans 13, scavenger receptor BI (SR-BI) 14, and the
lipolysis-stimulated receptor

15-17.

The endogenous pathway involves the synthesis of the lipoproteins VLDL, IDL, and LDL (Fig.
2). In the liver, chylomicron remnant-derived cholesterol is converted into bile acids or
used with triglycerides for the generation of VLDL particles. The apoB100-containing
triglyceride-rich VLDL particles are secreted into the circulation where they become
enriched with apoC-I, apoC-II, apoC-III, and apoE. An abnormal cholesterol-enriched form

Fig. 2. The exogenous and endogenous metabolic pathways
Schematic illustration of the exogenous and endogenous pathway of lipoprotein metabolism. See text
for explanation.
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of VLDL is β-migrating VLDL (β-VLDL), which can be detected in animals on a cholesterolrich diet

18

and in patients suffering from type III hyperlipoproteinemia

19.

In vitro studies

have shown that β-VLDL can induce accumulation of excessive amounts of esterified cholesterol in macrophages, which transforms them into foam cells

20-22.

β-VLDL is therefore

regarded as an atherogenic lipoprotein particle.
In the circulation, the interaction between VLDL and LPL leads to the loss of triglycerides,
phospholipids, and apoC. The resulting VLDL remnant particles and IDL are rapidly removed
from the circulation by the apoE-binding receptors on the liver or are further processed into
LDL by the action of hepatic lipase (HL)

23-25.

This conversion is accompanied by a further

loss of triglycerides, phospholipids, apoC, and apoE. LDL contains apoB100 as its sole protein, which serves as a ligand for the apoB/E receptor. ApoB100 has a supramolecular structure consisting of α- and β-domains that are arranged as α1-β1-α2-β2-α3 from the N to the
C-terminus

26.

These domains are important for the interaction of apoB100 with the lipid

moiety of LDL. The lipid-protein interaction regulates the folding of apoB100 around the
lipoprotein particle.
Hepatic apoB/E receptors are responsible for the majority of LDL uptake. The remaining
LDL is used as a source of cholesterol for cell membranes and the production of steroids.
Upon modification of LDL, LDL loses its ability to bind to the apoB/E receptor and gains the
capacity to bind scavenger receptors.
Reverse cholesterol transport
Excess cholesterol in the cells of the peripheral tissues is removed by HDL, which delivers
cholesteryl esters to the liver and steroidogenic tissues like the adrenal gland, ovary, and
testis via a selective uptake mechanism called reverse cholesterol transport. Cholesterol
delivered to the liver is either secreted into the bile

27,

or is used for the synthesis of new

lipoproteins and released into the circulation again.
This process of reverse cholesterol transport (Fig. 3) starts with the synthesis of apoA-I in
the liver and its release into the circulation as lipid-poor apoA-I. Acceptance of excess cholesterol in the cells of peripheral tissues by lipid-poor apoA-I via interaction with ATP-binding cassette transporter A1 (ABCA1) results in the formation of pre-β-HDL, a discoidal particle that consists of phospholipids and apoA-I. The enzyme lecithin:cholesterol acyltransferase (LCAT) converts the cholesterol accepted by lipid-poor apoA-I into cholesteryl esters,
which transforms the nascent discoidal pre-β HDL into a small spherical particle, HDL3. The
acquirement of phospholipids and apolipoproteins, which are released into the circulation
upon lipolysis of triglycerides from chylomicrons and VLDL by the action of LPL, convert
HDL3 into the large HDL2 particle 28,29.
There are at least two mechanisms that facilitate cholesterol efflux from peripheral tissues
in response to HDL and apoA-I: (i) aqueous diffusion of cholesterol from the plasma membrane to the HDL particle due to a concentration gradient that is constantly provided by
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Fig.3. Reverse cholesterol transport
Schematic illustration of reverse cholesterol transport as part of lipoprotein metabolism. See text for
explanation.

the HDL-associated enzyme LCAT, which converts free cholesterol to cholesterol esters, and
(ii) apoA-I-induced efflux of phospholipids and cholesterol resulting in the generation of
new phospholipids-rich pre-HDL precursor particles, which can be converted to HDL by
transfer of lipids from other lipoproteins mediated by cholesteryl ester transfer protein
(CETP) and the LCAT reaction. The latter mechanism differs from the first as it requires
apoA-I to bind to the cell surface and depends on metabolic energy and a functional Golgi
apparatus

29,30.

The main regulator of this process is ABCA1, since functional defects of

ABCA1 as observed in Tangier Disease (TD) patients and Abc1-deficient mice are associated
with a loss of apoA-I-mediated lipid efflux and HDL deficiency

31-37.

Cholesterol uptake by

macrophages induces an up-regulation of ABCA1 mRNA and protein levels and a down-regulation of the expression of ABCA1 is observed upon cholesterol efflux to HDL

33,35.

Two

pharmacological agents reported to inhibit the activity of ABCA1 also inhibited apoA-Imediated cholesterol efflux from cultured cells, and overexpression of ABCA1 led to an
increase in apoA-1-mediated cholesterol efflux

37.

These findings also point at a role for

ABCA1 in ApoA-I-mediated cholesterol efflux. ABCA1 belongs to the ABC gene family, whose
members encode proteins that utilize ATP hydrolysis to transport substrates like vitamins,
peptides, steroid hormones, ions, sugars, and amino acids across membranes with each ABC
transporter being relatively specific for a given substrate

38.

Human ABCA1 is expressed in

a wide variety of tissues with highest expression levels found in liver, lung, adrenal glands,
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placenta, and fetal tissues 33. Platelets also express ABCA1, which seems to be essential for
proper secretion of granule contents induced by platelet agonist like collagen or thrombin.
Also, thrombocytopenia is observed in TD patients

39.

Delivery of cholesterol to the liver by HDL is not accompanied by endocytosis and lysosomal degradation of the protein moiety of HDL. Only selective uptake of lipids occurs, which
has been observed in cultured cells
ovary, and testis

42,43.

40,41,

and several tissues, like the liver, adrenal gland,

The lipids of HDL are initially delivered to the plasma membrane of

cells 41, followed by their transfer to the cytoplasm where they are efficiently used for the
formation of bile acids

27.

Lipid-depleted HDL is subsequently released into the circulation

42,43.

Different pathways are distinguished for reverse cholesterol transport by HDL:
1) Selective lipid uptake is mediated by scavenger receptor-BI (SR-BI) 41,44. Different observations have pointed at a role for this receptor in reverse cholesterol transport: (i) SR-BI is
a cell surface receptor for HDL 41,45, which can recognize the apolipoproteins of HDL 46; (ii)
SR-BI is abundantly expressed on cells from the liver and steroidogenic tissues, which display selective uptake of esterified cholesterol from HDL
in the liver dramatically lowers plasma HDL levels

48-50;

41,47;

(iii) overexpression of SR-BI

(iv) the introduction of a mutation

in the SR-BI gene increases plasma cholesterol levels with a concomitant decrease of the
cholesterol content in cells from the adrenal gland. The apoA-I-bearing HDL particles
increase in size, whereas a decrease is observed in selective lipid uptake by the liver 51,52;
(v) hypochlorite-modified HDL, which is a high affinity ligand for SR-BI, impairs selective
uptake of cholesteryl esters from HDL

53,54;

and (vi) mice deficient for SR-BI showed an

impaired clearance of esterified cholesterol from HDL from the circulation due to a diminished uptake by the liver and adrenal glands

55.

2) The human CD36 and LIMPII analogous-1 (CLA-1) receptor is a close structural homologue
of SR-BI and is also functionally related to SR-BI. Like SR-BI, CLA-1 is a receptor for HDL and
mediates selective lipid uptake

56.

3) CETP transfers the cholesteryl esters from HDL to apoB-bearing lipoproteins, such as LDL,
VLDL, VLDL remnants, and IDL. These lipoproteins deliver the lipids to the liver upon binding to their appropriate receptors on the liver cells
4) Vassiliou et al.

58

57.

demonstrated the involvement of LRP in reverse cholesterol transport.

They reported the interference of LRP ligands, like receptor-associated protein (RAP), α2macroglobulin, and lactoferrin, with selective uptake of cholesteryl esters from HDL by
human adipocytes and liposarcoma cells. The same LRP ligands did not inhibit HDL binding
to SR-BI, excluding its involvement in this process. Also, reduction of surface expression of
LRP in liposarcoma cells by stable antisense expression resulted in the attenuation of selective lipid uptake from HDL. These data clearly indicate the involvement of LRP in mediating reverse cholesterol transport.
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LDL modification
High concentrations of LDL are known to increase the risk for the development of atherosclerosis. Atherogenicity of LDL has been ascribed to its contribution to elevated levels of
LDL in hypercholesterolemic patients. In addition, lipoprotein heterogeneity also contributes to the development of atherosclerosis 59. But macrophages do not accumulate cholesteryl esters when incubated with high concentrations of native LDL. There are several
lines of evidence that indicate that LDL must be modified to induce cholesteryl ester accumulation in macrophages. Goldstein and Brown

60

reported that acetylation of LDL, which

results in blockage of the ε-amino groups of the lysine residues in apoB100, leads to excessive cholesterol accumulation in tissue macrophages in vitro after binding to the
macrophages. Malondialdehyde (MDA) alteration of LDL also results in lipoprotein particles
capable of transforming macrophages into foam cells by increasing the cholesteryl ester
content in the macrophages
LDL

61,62.

Thus, oxidation converts LDL into a pathological form of

63,64.

Several studies have demonstrated the presence of oxidized LDL (oxLDL) in vivo: (i) LDL
extracted from atherosclerotic lesions greatly resembles LDL that has been oxidized in vitro
65;

(ii) oxLDL has been demonstrated to be present in different stages of atherosclerotic

lesions by immunohistochemistry, using antibodies directed against oxLDL

66,67.

Immunohistochemical staining of atherosclerotic lesions in human and rabbit arteries with
an antibody against the MDA-epitope of oxLDL showed the presence of oxLDL mostly in
necrotic areas of advanced lesions of human coronary arteries. In contrast, monoclonal
antibodies against other oxidation-specific epitopes showed strong staining in macrophageassociated early atherosclerotic lesions and relatively weak staining in necrotic areas; (iii)
both plasma and atherosclerotic lesions contain auto-antibodies that react with oxidationspecific epitopes of oxLDL 66-68. Such antibodies bind either oxidized lipids or oxidized apoB
and can serve as predictors of the progression of carotid atherosclerosis; and (iv) antioxidants, like probucol and α-tocopherol, that inhibit the oxidation of LDL 69,70 slow the progression of atherosclerosis in experimental animal models

71,72.

In vivo, oxidation of LDL is thought to occur mainly in the vessel wall 63,64,73. However, the
precise identity of the pro-oxidant reagent(s) and the mechanism(s) of action are still
largely unknown and remain the subject of considerable interest. At present, ceruloplasmin

74,

15-lipoxygenase

75,76,

myeloperoxidase (MPO), and nitric oxide synthase (NOS)

77

are implicated in LDL oxidation in vivo due to their co-localization with oxLDL epitopes in
atherosclerotic lesions.
A large number of techniques are available to induce the modification of LDL in vitro:
1) LDL modification by cells. Incubation of LDL with endothelial cells and arterial smooth
muscle cells, but not with fibroblasts or hepatocytes, generates an LDL particle with a higher average density, an increased electrophoretic mobility on an agarose gel, and an
increased amount of hydroperoxides and lysophosphatidylcholine (LPC). This LDL particle is
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rapidly degraded by macrophages and is recognized by scavenger receptors

70,78,79.

Incubation of LDL with medium removed from cultured endothelial cells or smooth muscle
cells failed to modify LDL, suggesting that the observed modification by endothelial and
smooth muscle cells is not simply due to binding of LDL to material secreted into the medium. In vivo, plasma LDL is constantly exposed to the endothelium and must normally cross
the endothelium before entering the subendothelial space. Thus, some fraction of LDL may
enter the subendothelium in an altered form resulting in easy uptake by macrophages
developing into foam cells. In the presence of aggregating platelets, LDL is converted to
MDA-modified LDL by MDA released by the activated platelets. The modified LDL particles
increase the cholesteryl ester content of macrophages by about 4.5-fold as compared to
native LDL 61. Also other proteins secreted from the α-granules of platelets were found to
convert LDL into a form that is avidly taken up by macrophages

80.

Hence, in vivo, modifi-

cation of LDL may result from an interaction with proteins released by platelets at sites of
vascular injury.
2) LDL modification by metal ions. In the absence of cells, LDL can be modified in the presence of metal ions, like cupric or ferrous ions

81.

LDL from different individuals differs in its susceptibility to oxidation ex vivo 81,82. The type
and amount of antioxidant present in LDL determine the sensitivity to oxidation.
Additionally, size and density also influence the extent of oxidation. Small-dense LDL oxidizes more readily than large-buoyant LDL. The increased sensitivity of small-dense LDL for
oxidation may be the result of increased content of triglycerides, polyunsaturated fatty
acids, and/or decreased antioxidant content 59,82. LDL-, an LDL particle with increased negative surface charge, can be isolated from human plasma and accounts for about 5% of total
LDL. In comparison to LDL, LDL- is highly glycosylated and more prone to oxidation by copper

83.

Oxidation of LDL is accompanied with chemical alterations of the lipoprotein particle

81.

The initiation of lipid oxidation in LDL is closely linked to the antioxidant content of the
lipoprotein particle. After depletion of the antioxidants, oxidation propagates and the highly unsaturated fatty acids, like linoleic acid and arachidonic acid (AA), and cholesterol are
oxidized to become lipid hydroperoxides and oxycholesterol, respectively

84,85.

Decomposition of the oxidized lipids results in their fragmentation to form various reactive
aldehydes. Examples of such reactive aldehydes are MDA, 4-hydroxynonenal, hexanal,
propanal, butanal, 2,4-heptadienal, 4-hydroxyhexenal, pentanal, and 4-hydroxyoctenal.
The reactive aldehydes are capable of modifying amino groups on proteins and phospholipids

81,86.

Derivatization of the ε-amino groups of lysine residues of apoB100 by lipid per-

oxide decomposition products, such as 4-hydroxynonenal, masks the positive charge of
apoB100. The resulting increase in negative charge of apoB100 leads to an increase in electrophoretic mobility on an agarose gel

87.

Other changes of the LDL particle due to oxida-

tion include a decrease in esterified cholesterol content, an increase in density, an increase
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in the amount of conjugated dienes and hydroperoxides, the fragmentation of apoB100,
and the hydrolysis of phospholipids into e.g. LPC and lysophosphatidic acid (LPA)

88-91.

Derivatization of the lysine residues in apoB100 by reactive aldehydes and changes of the
α1-β1-α2-β2-α3 structure of apoB100 accounts for the decreased affinity for the ApoB/E
receptor and is associated with the ability to bind to scavenger receptors

88,92.

In addition

to lipid oxidation, direct oxidation of the protein moiety has also been described

26.

LDL oxidation is also associated with alterations of biological properties. High concentrations of oxLDL contribute to the development of atherosclerosis by stimulating platelet
adhesion and aggregation via suppression of endothelial production of nitric oxide (NO) and
93.

by stimulating the synthesis of prostaglandin precursors and prostaglandins

The dimin-

ished NO production by endothelial cells causes attenuation of endothelium-dependent
vasodilatation. This contributes to the impaired endothelium-dependent vasodilitary
response observed in atherosclerotic lesions 94,95. OxLDL is chemotactic for monocytes, but
also stimulates vascular endothelial cells to produce the potent monocyte chemoattractant
MCP-1 in vitro

96.

Additionally, human arterial endothelial cells produce granulocyte-

macrophage colony-stimulating factor (GM-CSF), macrophage CSF (M-CSF) and granulocyte
CSF (G-CSF) in response to minimally oxidized LDL 97. These growth factors are essential for
the growth and differentiation of monocytes and macrophages and granulocytes. GM-CSF
and G-CSF also affect the growth and proliferation of endothelial cells. By inducing the production of these growth factors, oxLDL contributes to the progression of atherosclerotic
lesions. Once recruited to the subendothelium, the mobility of monocytes-derived
macrophages is inhibited by oxLDL, thereby preventing macrophages from leaving the vessel wall

98,99.

Foam cells are generated due to oxLDL-induced lipid accumulation in

macrophages. Furthermore, oxLDL acts as an inducer of apoptosis of endothelial cells,
smooth muscle cells, and macrophages

93.

It impairs the anticoagulant balance by enhanc-

ing the pro-coagulant activity of the endothelium by release of tissue factor from endothelial cells and smooth muscle cells
leukocyte adhesion molecules

100

93.

OxLDL also induces the endothelial expression of

thereby promoting leukocyte deposition on the vascular

wall.
LPA formed during oxidation of LDL is an important stimulator of activation of platelets and
other cell types. Platelet responses induced by LPA in vitro include platelet shape change
aggregation 103,104, Ca2+ mobilization 104, and platelet-monocyte interactions

90,101,102,
103.

At concentrations approaching those in vivo, LPA activates platelet shape change,

aggregation and platelet-monocyte aggregates in whole blood

103.

LPA is a major platelet-

activating lipid in atherosclerotic plaques inducing e.g. platelet shape change

90.

Hence,

sudden rupture of a lipid-rich plaque will expose LPA, thereby triggering platelet activation
with the possibility of the formation of an occluding thrombus. Other responses by LPA
include e.g. (i) cell proliferation of fibroblasts
107,

epidermal cells

107,

and endothelial cells

105,

108,

smooth muscle cells
(ii) cell contraction

106,

109,

keratinocytes

(iii) tumor cell
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invasion in vitro

110,

and (iv) neurotransmitter release

111.

Lipoprotein receptors and binding sites
Lipoprotein receptors play an important role in lipoprotein metabolism. The best characterized receptor is the apoB/E receptor, which mediates the uptake of particles containing
apoB100 and/or apoE 112. The apoB/E receptor is a member of the LDL receptor family that
also includes the VLDL receptor or LR8
LR7/8B

115,116,

Apolipoprotein E Receptor 2 (ApoER2) or

LDL receptor-related protein (LRP/LRP-1)

protein 330/LRP-2
127.

113-115,

119,

LRP-3

120,

LRP-4

121,

LRP-5

117,

115,122,

LRP-1B

LRP-6

118,

115,123,

megalin or glycoLR3

124,

LR11

125-

The structural composition of all these receptors resembles the structure of the apoB/E

receptor which is organized into 5 domains (Fig. 4)

128,129.

Fig. 4. The LDL receptor family
Schematic illustration of the members of the LDL receptor family. See text for explanation. (adapted
and modified from Willnow, TE. 129).

The five functional domains are (i) an amino-terminal ligand binding domain consisting of
multiple 40 amino acid cysteine-rich repeats, so-called complement type A repeats, with a
short linker sequence that contributes to the ligand specificity of the receptor

130,

(ii) an

epidermal growth factor (EGF) precursor homology domain containing several growth factor repeats and elements consisting of approximately 50 amino acid residues with the TyrTrp-Thr-Asp (YWTD) tetrapeptide that mediates the acid-dependent dissociation of ligands
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from the receptor

131,132,

(iii) an O-linked sugar domain with clustered serine and threo-

nine residues, (iv) a transmembrane domain of approximately 20 hydrophobic amino acids,
and (v) a cytoplasmic domain with lengths ranging between 50 and 200 amino acids which
are critical for cell internalization and signaling functions. Internalization of the receptor
via coated pits is mediated via the Asn-Pro-x-Tyr (NPxY) motif

133.

Besides its role in endo-

cytosis, this motif also serves as a docking site for cytoplasmic adaptor and scaffolding proteins 118. Ligand binding to LDL receptor family members is blocked in the presence of RAP
134.

Table 2 summarizes cell expression and examples of ligands with respect to the differ-

ent LDL receptor family members.
Table 2. LDL receptor family
Receptor

Expression

Ligands

References

ApoB/E receptor

liver, brain, placenta,
lung, heart, skeletal
muscle, kidney,
megakaryocytes

apoB-containing lipoproteins,
apoE-containing lipoproteins

116,135,
147,151,152

VLDL receptor

brain, heart, muscle,
adipose tissue, liver

apoE-containing lipoproteins, reelin,
RAP, urokinase plasminogen activator
(uPA)/plasminogen activator inhibitor
(PAI)-1 complex, LPL

113,114,
116,153-156

brain, placenta, testis,
platelets,
megakaryocytes

apoE-rich β-VLDL, reelin, α2macroglobulin, LDL, VLDL, RAP,
dimeric β2-glycoprotein I

116,153,
157-162

liver, intestine, lung,
brain

apoB-containing lipoproteins, apoEcontaining lipoproteins, RAP,
lactoferrin, uPA/PAI-1 complex, LPL,
α2-macroglobulin

117,163-165

kidney

apoE-enriched VLDL, LDL,
plasminogen protease:protease
inhibitor complexes, lactoferrin,
RAP, β2-glycoprotein I

119,163,
164,166,167

ApoER2

LRP

Megalin

In addition to these members of the LDL receptor family, other proteins, like the enzymes
LPL and HL, HSGP, the lipolysis-stimulated receptor

15-17,

and several scavenger receptors

play an important role in the metabolism of lipoproteins. In view of their importance in the
present study, the function of the LDL receptor family members, e.g. the apoB/E receptor,
LRP, the VLDL receptor, ApoER2, and megalin, and the role of scavenger receptors in
lipoprotein metabolism will be discussed in more detail in the following paragraphs.
LDL receptor
The human LDL receptor is a 160-kDa cell surface glycoprotein that plays a key role in the
regulation of cholesterol homeostasis. This receptor is also termed the apoB/E receptor,
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referring to its ability to bind both apoB- and apoE-containing lipoproteins (Table 2) 130,135.
This receptor was first identified by Goldstein and Brown

112.

The gene encoding the 839

amino acids of the apoB/E receptor encompasses 45 kilobases (kb) that contain 18 exons
136

and is located on chromosome 19p13

137,138.

The apoB/E receptor is synthesized as a

precursor protein of 120-kDa in the endoplasmatic reticulum and is converted to a protein
of 160-kDa in the Golgi 139-141. Expression of the apoB/E receptor on the cell surface is regulated by the cells’ demand for cholesterol: accumulation of cholesterol within a nucleated cell suppresses transcription of the apoB/E receptor gene thereby abolishing the synthesis of apoB/E receptors by the cell

142.

The apoB/E receptor is expressed on a wide variety

of tissues. The highest expression is found on cells of the liver, e.g. Kupffer cells and
parenchymal cells, and cells of the adrenal gland

143,144.

LDL uptake by the apoB/E recep-

tor is also observed by cells of the kidney, spleen, thoracic aorta, and the heart 144. In addition, the apoB/E receptor is present on ovaries, but there it is not involved in delivery of
LDL-cholesterol

145.

In contrast, the apoB/E receptor is not expressed on platelets, since

(i) antibodies against the apoB/E receptor that inhibit binding of LDL to lymphocytes and
fibroblasts do not affect binding of LDL to human platelets, (ii) platelets from familial
hypercholesterolemia patients bind LDL in a manner similar to platelets from normal subjects, (iii) cholesterol accumulation that suppresses the synthesis of the apoB/E receptor
on fibroblasts does not diminish binding of LDL to platelets, and (iv) LDL binding to platelets
is not temperature-dependent in contrast to LDL binding to fibroblasts
platelets, promegakaryoblasts do express the apoB/E receptor

146.

In contrast to

147.

The ligand binding domain of the apoB/E receptor consists of a cysteine-rich unit that is
repeated seven times with some amino acid variations. Russell et al. 130 demonstrated that
apoB and apoE bind to different combinations of cysteine-rich repeats in the ligand binding domain of the receptor. Repeats 3-7 are required for the binding of apoB. Deletion of
any of these five repeats significantly reduces the binding of apoB. Boren et al.

135

showed

that the so-called B-site within apoB consisting of the basic amino acids RLTRKRGLKLA at
positions 3359-3369 comprises the actual binding site for the apoB/E receptor. In addition,
apoB binding to the apoB/E receptor also involves an arginine residue at position 3500. This
arginine residue stabilizes the carboxy tail of apoB to conserve the basic amino acid
sequence of the B-site necessary for apoB/E receptor binding
the apoB/E receptor seems to depend only on repeat 5

130.

135.

The binding of apoE to

Deletion of the short linker

sequence between the cysteine-rich repeats 4 and 5 of the ligand binding domain also drastically reduces the binding of apoB to the apoB/E receptor, but does not affect the binding
of apoE-rich β-VLDL

130.

Despite the requirement of different repeats, a single apoE asso-

ciated to a lipoprotein particle binds with similar affinities to the apoB/E receptor as LDL
148. Binding repeat 1 binds Ca2+, but not lipoproteins 149.
Mice that are genetically deficient for the apoB/E receptor develop severe atherosclerotic
lesions when fed a cholesterol-rich diet
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Familial Hypercholesterolemia
Familial hypercholesterolemia (FH) is a genetic lipid disorder that is caused by mutations
in the gene encoding for the apoB/E receptor and is characterized by elevated plasma LDL,
xanthomas, and the premature development of symptomatic coronary artery disease. In
general, a defect in the ApoB/E receptor gene results in a reduced number of functional
apoB/E receptors. The consequential impaired removal of apoB-containing lipoproteins
(e.g. LDL) from the circulation leads to a 2-3-fold elevation of the plasma LDL-cholesterol
level. In heterozygous FH patients, only 50% of the apoB/E receptors are functional, whereas functional apoB/E receptors are absent in homozygous FH patients. When untreated, 75%
of the male heterozygous FH patients suffer from coronary artery disease (CAD) before the
age of 60 years

168.

Over 700 different mutations in the apoB/E receptor gene have been

characterized with varying effects on the apoB/E receptor protein

169.

The majority of

these mutations are either point mutations or minor rearrangements of a few nucleotides.
Some mutations abolish the transcription of the apoB/E receptor gene, whereas other
mutations lead to a slow transport of the apoB/E receptor to the cell surface, failed ligand
binding by the apoB/E receptor, or impaired internalization of the ligand. An example of a
mutation in the apoB/E receptor gene was described by Hobbs et al.

170

who reported

homozygous FH patients whose apoB/E receptor gene lacks exon 5 encoding for cysteinerich repeat 6 resulting in abolished binding of LDL. The deletion of exon 5 produces a shortened apoB/E receptor that reaches the cell surface where it is still able to bind β-VLDL 170.
Another observed mutation in the apoB/E receptor gene from FH patients is the change of
the conserved serine at position 156 into a leucine in repeat 4. This mutation slows the
transport of the receptor to the cell surface and also results in an apoB/E receptor that is
able to bind β-VLDL, but not LDL

171.

Deletion of exon 15 encoding for the O-linked sugar

domain is associated with a mild form of FH

172.

There is an enormous variation in the onset and severity of the symptoms of atherosclerotic disease among FH patients, which is caused by additional atherogenic risk factors of environmental and genetic origin. This results in a substantial variation in clinical symptoms
even among patients with the same genetic mutation of the apoB/E receptor gene

173.

VLDL receptor
The VLDL receptor is a cell surface protein that specifically binds apoE-containing lipoproteins. It was first cloned from rabbit heart by Takahashi et al.

113.

The human VLDL recep-

tor gene is located on chromosome 9 and contains 19 exons spanning approximately 40 kb
174.

The structural features of the VLDL receptor highly resemble those of the apoB/E receptor.
The only significant difference between the two proteins is one extra ligand binding repeat
within the ligand binding domain of the VLDL receptor. The VLDL receptor is therefore also
referred to as LR8 since it is a member of the LDL receptor family with eight repeats in its
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ligand binding domain (Fig. 4)

113.

The presence of the short linker sequence that con-

tributes to the ligand specificity of the receptor is located between repeats 5 and 6. This
differs from its position in the structure of the apoB/E receptor where it resides between
repeats 4 and 5. Comparison of the complete structures of the VLDL receptor and the
apoB/E receptor suggests that the additional repeat in the VLDL receptor is the first of the
ligand binding domain

136,174.

Tissue distribution of VLDL receptor mRNA is different from that of the apoB/E receptor.
The VLDL receptor is highly abundant in tissues involved in fatty acid metabolism like the
brain

114,

heart, muscle, and adipose tissue

113,

but is almost absent in the liver

113.

VLDL

receptor expression on megakaryocytes or platelets has not been described. The tissue distribution and the ligand specificity of the VLDL receptor imply a key role in the metabolism
of triglyceride-rich lipoproteins. Reelin, a large extracellular glycoprotein containing EGFlike cysteine motifs 175 is also bound by the VLDL receptor and induces the phosphorylation
of the adapter protein disabled-1 in neuronal cells 153. Hence, the VLDL receptor is involved
in neuronal signal transduction.
Unlike the apoB/E receptor gene, transcription of the VLDL receptor gene is not suppressed
by accumulation of cellular cholesterol

174,176.

receptor is increased by factors like estrogen

The cell surface expression of the VLDL

177,

thyroid hormone

178,

and GM-CSF

179.

Mice genetically deficient for the VLDL receptor exhibit a moderate decrease in adipose tissue mass, underlining its role in lipid metabolism. In addition, VLDL receptor deficiency
increases intimal thickening by smooth muscle cells after vascular injury. The absence of
the VLDL receptor does not affect atherosclerotic lesion size or smooth muscle cell composition of an atherosclerotic plaque

180.

Apolipoprotein E Receptor 2 (ApoER2)
The gene encoding human apoER2 spans about 60 kb and contains 19 exons 181. The apoER2
gene is localized on chromosome 1p34

181,

which is a different chromosome compared to

those on which the genes for the apoB/E receptor and the VLDL receptor are located.
ApoER2 has also been termed LR7/8B referring to a receptor related to the apoB/E receptor with seven or eight complement type repeats in the ligand binding domain present in
mice and chicken

159,182.

Human apoER2 closely resembles the apoB/E receptor and the

VLDL receptor 116,181. But despite the same number of complement type repeats in the ligand binding domain of apoER2 and the apoB/E receptor, the structure of the ligand binding
domain of human apoER2 is more closely related to the ligand binding domain of the VLDL
receptor, even though the latter contains an extra complement type repeat

116,181.

Both

apoER2 and the VLDL receptor contain a short linker sequence between cysteine-rich
repeats 5 and 6 whereas the apoB/E receptor contains a short linker sequence between
repeats 4 and 5

116,181.

Approximately 50% of the amino acids in each repeat of the ligand

binding domain of apoER2 are identical to the amino acids in the ligand binding domain
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repeats of the human apoB/E receptor and the VLDL receptor. The EGF precursor homology domain of apoER2 contains approximately 55% amino acids that are identical to those in
the EGF precursor homology domain of the apoB/E receptor and the VLDL receptor. The
amino acid identity of the O-linked sugar domain and the transmembrane domain of apoER2
are approximately 25% and 35% structurally similar with the corresponding domains in the
apoB/E receptor and the VLDL receptor. The cytoplasmic domain of apoER2 contains about
115 amino acids, which is about 2-fold more than the number of amino acids in the cytoplasmic domain of the apoB/E receptor and the VLDL receptor (50 and 54 amino acids,
respectively). The increased number of amino acids in the cytoplasmic domain of apoER2
is caused by the presence of a unique insertion sequence of 59 amino acids, which may represent a targeting signal for the localization of the receptor to specific regions of the cell
membrane, like cholesterol-rich microdomains

183.

The N-terminal 25 amino acids of the

cytoplasmic domain closely resemble the amino acid sequence constituting the coated pit
signal of the apoB/E receptor and the VLDL receptor. This suggests that like the apoB/E
receptor and the VLDL receptor, apoER2 clusters in coated pits and mediates the endocytosis of its ligands

116.

However, the endocytosis rate and ligand degradation by apoER2 is

low compared to the other members of the LDL receptor family, suggesting a function in
other areas than receptor-mediated endocytosis 184. Indeed, apoER2 has an important function as an “outside-in” signal transducer in brain cells. Upon ligand binding, apoER2 is
transported to cholesterol-rich microdomains within the plasma membrane. In these caveolae, subsequent apoER2 signaling occurs via the interaction of the cytoplasmic domain of
the receptor with adapter molecules like disabled-1. The concept that the physiological
role of apoER2 is mainly in cell signaling is supported by the fact that many receptors
involved in cellular signaling pathways are transported to caveolae

183.

ApoER2 binds β-VLDL with high affinity, whereas LDL and VLDL are bound with much lower
affinity (Table 2)

116.

Despite the equal number of repeats in the ligand binding domain of

apoER2 and the apoB/E receptor, the difference in LDL binding by the receptors probably
resides in the different position of the short linker sequence. Like the VLDL receptor,
apoER2 binds reelin and is therefore involved in signaling in the brain

153.

Genomic and cDNA studies of apoER2 show the existence of several tissue- and species-specific apoER2 splice variants
tor family. Brandes et al.

181,

158

which make apoER2 a complex member of the LDL recep-

described the existence of three murine splice variants which

all lack cysteine-rich repeats 4-6 in their ligand binding domain. One of them also lacks
repeat 8 and in another splice variant, repeat 8 is substituted for a 13-amino acid insertion. All three splice variants were able to bind β-VLDL and reelin, but could not recognize
α2-macroglobulin. ApoER2 identified in chicken and mice 159,182 consists of eight binding
repeats and lacks the insertion in the cytoplasmic domain compared to human apoER2 159.
ApoER2 is mainly expressed in the human brain and placenta

116,

but also in vascular cells

(Table 2). The abundant expression in the brain suggests that apoER2 plays a key role in the
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uptake of apoE-rich particles by brain cells

185.

These apoE-rich particles may be involved

in the mobilization and utilization of lipids in the central nervous system. ApoER2 mRNA was
not detectable in heart, lung, kidney, skeletal muscle, or pancreas 116. Megakaryocytes and
platelets express a 130-kDa splice variant of apoER2, which lacks complement type repeats
4-6

157,

and is referred to as apoER2’ 186.

Mice that are genetically deficient for apoER2 exhibit brain formation defects 154 and male
infertility

187.

No abnormalities have been reported with respect to thrombosis and ather-

osclerosis. ApoER2 deficiency is not associated with increased plasma lipoprotein levels,
implying that the contribution of apoER2 to lipid metabolism is probably limited

154.

LDL receptor-related protein (LRP)
LRP, a 515-kDa cell surface protein that consists of 4544 amino acids, was first discovered
by Herz et al. in 1988

117.

LRP is synthesized as a 600-kDa precursor protein, which is

cleaved into two subunits of 515-kDa and 85-kDa during transport to the cell surface. The
large subunit contains mainly the extracellular part of the receptor and is noncovalently
associated with the smaller subunit, which contains the transmembrane and cytoplasmic
domain

188.

The extracellular domain of the receptor consists of three types of repeating

sequence motifs that are arranged in a manner similar to four copies of the ligand binding
domain and the EGF precursor homology domain of the apoB/E receptor. The result is a ligand binding domain containing 31 cysteine-rich repeats organized in four clusters with 2,
8, 10 and 11 repeats. A proline-rich segment of 17 amino acids separates these sequence
motifs from six consecutive repeats with close homology to the EGF precursor homology
domain. A single transmembrane segment precedes the cytoplasmic domain of 100 amino
acids, containing two seven-amino acid sequences with striking homology to the NPxY-motif
in the cytoplasmic tail of the apoB/E receptor that contains the coated pit signal (Fig. 4)
117.

LRP is abundantly expressed in the liver, intestine, brain, and lung and binds apoB- and
apoE-containing lipoproteins in a Ca2+-dependent manner (Table 2) 117. LRP also binds multiple other structurally unrelated ligands making it a multifunctional receptor

188.

Megalin
Megalin, previously termed gp330 or LDL receptor-related protein-2 (LRP-2), is a 600-kDa
LDL receptor family member

119.

The structure of megalin highly resembles that of LRP. Its

ligand binding domain consists of 36 cysteine-rich complement type repeats arranged in 4
clusters with 7, 8, 10, and 11 repeats, and like LRP, megalin contains two homologues of
the NPxY-motif in its cytoplasmic domain. Megalin shares many, but not all ligands with LRP,
probably due to their high structural similarity

119,164.

The association of RAP with megalin

appears to assist the folding of megalin in the endoplasmic reticulum and its transport to
the cell surface

163.

Human megalin mRNA and protein have been identified in human parathyroid cells, placen-
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tal cytotrophoblasts, kidney proximal tubule cells, and epithelial cells

119,189.

This cellular

distribution indicates that megalin plays a major role in the absorption of molecules by the
intestine and the kidney, and the transport across the blood-brain barrier

190,191.

Megalin

is the major autoantigen in Heymann nephritis, an experimental model for glomerular
nephritis in the rat

191.

Scavenger receptors
Scavenger receptors (SRs) are alternative receptors for the apoB/E receptor in the uptake
of cholesterol and lipids and were defined as receptors that mediate the endocytic uptake
of modified proteins. They were first described by Goldstein and Brown, who investigated
how uptake by macrophages of acLDL and chemically modified LDL, but not native LDL,
could lead to the accumulation of esterified cholesterol resulting in the formation of foam
cells

60.

Since acLDL is not likely to occur in vivo, the discovery of oxLDL, a potent physio-

logically relevant ligand for SRs increased the interest in these receptors

63.

This resulted

in the identification of several members of the still growing family of SRs on macrophages
and also on non-macrophage cells 192,193. Based on their structure, SRs are divided into different classes: class A consists of SR-AI, SR-AII
tor with collagenous structure (MARCO)

195;

188,

SR-AIII

194,

and the macrophage recep-

class B consists of SR-BI and its human homo-

logue CLA-1 41,44,56,196, SR-BII 197,198, CD36 199, and LIMPII, a major lysosomal integral membrane protein

200;

macrosialin/CD68

class C contains Drosophila SR-C1 (dSR-C1)

202,203;

class E consists of LOX-1

on endothelial cells (SREC)

205.

204;

192.

class D contains

and class F contains the SR expressed

Currently identified SRs and their ligands are summarized

in Table 3 and Fig. 5 based on a proposal by Krieger
al.

201;

192,

which was reviewed by Greaves et

Recently, other types of receptors were identified that are able to recognize and

bind modified lipoproteins, such as Fasciclin, EGF-like, laminin-type EGF-like and link
domain-containing scavenger receptor-1 (FEEL-1) and -2 (FEEL-2)
phosphatidylserine and oxidized lipoprotein (SR-PSOX)
lectin, collectin placenta 1 (CL-P1)

208,

206,207,

the SR that binds

and the membrane-type col-

209.

SRs have been implicated in numerous processes. For example, SR classes A and B are
expressed in atherosclerotic plaques where they are involved in the development of foam
cells. Also, SRs are present on the surface of liver cells and take part in the removal of modified lipoproteins. These SRs could have a protective role in the development of atherosclerosis. In addition, SRs play a role in adhesion, clearance of apoptotic cells, and host
defence. With respect to the studies presented in this thesis, only SR-A, SR-BI, CD36, and
LOX-1 will be discussed in further detail.
Class A scavenger receptors
Functional SR-A members are trimeric transmembrane glycoproteins that are synthesized in
the rough endoplasmatic reticulum as a precursor protein. The precursor protein is trans
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Fig. 5. Scavenger receptors
Schematic illustration of the classification of the scavenger receptors and their proposed structures
(based on a proposal by Krieger 193 and extended by Greaves et al. 192). See text for explanation.

formed into a 220-kDa trimeric glycoprotein after glycosylation, hydroxylation, oligomerization, and crosslinking

188.

SR-A contains 6 functional domains: (i) a cysteine-rich C-ter-

minal domain, (ii) a collagen domain, (iii) an alpha-helical coiled-coil stalk, (iv) a spacer
domain, (v) a transmembrane domain, and (vi) a cytoplasmic domain

210-212.

The collage-

nous structure of SR-A has been implicated in the binding of polyanionic ligands, since it
consists of multiple positively charged lysine and arginine residues which facilitate the
binding of negatively charged ligands

213-216.

SR-AI, SR-AII, and SR-AIII are generated by alternative splicing from a single gene that is
located on chromosome 8

194,212,217.

SR-AI differs from SR-AII by the presence of a 110-

amino acid extracellular cysteine-rich C-terminal domain (Fig. 5) 210. SR-AIII contains a cysteine-rich C-terminal domain like SR-AI, but it lacks the C-terminal end of the collagenous
structure
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The expression of SR-A was detected on the surface of tissue macrophages, aortic endothelial cells, liver sinusoidal endothelial cells, and Kupffer cells

211,212,219-221.

Freshly isolated

monocytes express low levels of SR-A, but differentiation from monocyte to macrophage
was associated with a prominent increase in SR-A expression on the mRNA, protein, and cell
surface

levels,

leading

to

an

increased

uptake

of

modified

LDL

222-225.

Immunohistochemical studies indicated the presence of these SRs in the macrophagederived foam cells of lipid-rich atherosclerotic lesions 212,219,225-227 and SR-A expression has
also been observed in smooth muscle cells from atherosclerotic plaques

228

(Table 3). In

contrast to the apoB/E receptor, SR-A is not subject to down-regulation upon cholesterol
accumulation. This allows unrestricted uptake of esterified cholesterol

60,229,230.

The

expression of SR-A on macrophages is regulated by several factors, including macrophagecolony-stimulating factor
factor-β1
232,240,

235,

231,232,

phorbol esters

tumor necrosis factor-α

and lipoproteins

233,

232,236,237,

GM-CSF

232,234,

interferon-γ

transforming growth

238,239,

lipopolysaccharide

229,241.

Class A SRs bind many polyanionic molecules (Table 3) with different affinities. Polyanionic
ligands that interact with SR-A receptors include modified lipoproteins (acLDL, oxLDL,
maleylated LDL/HDL), modified proteins (maleylated BSA (M-BSA)), advanced glycation end
(AGE)-modified proteins, polyanionic acids (polyinosinic acid, polyguanosinic acid), polysaccharides (fucoidan, dextran sulfate), phosphatidyl serine, endotoxin (Gram-negative
bacteria), and lipoteichoic acid (Gram-positive bacteria)

188,211,212,219-221,225-228,242-244.

SR-A is involved in atherosclerotic plaque development

242,245-247,

defence

243,244,249,

242,250.

and phagocytosis of damaged cells

tected against the development of atherosclerosis

adhesion

246,248,

host

SR-A deficient mice are pro-

251.

SR-AIII is expressed on the human monocytic leukemia cell line THP-1 and human monocytes-derived macrophages

194.

SR-AIII is not involved in the internalization of modified

lipoproteins by monocytes. Moreover, SR-AIII acts as a dominant negative isoform of the SRA family by reducing the uptake of modified lipoproteins by CHO cells expressing either SRAI or SR-AII

194.

MARCO was designated a member of the class A SRs since it shares structural similarities
with the other class A SRs. (Fig. 5). Like SR-A, MARCO is a trimeric transmembrane glycoprotein, which contains a cysteine-rich C-terminal domain and a collagenous domain. In
contrast to SR-AI, SR-AII and SR-AIII, MARCO lacks the alpha-helical coiled-coil, and MARCO
contains a longer collagenous domain

195,252.

The tissue expression of MARCO is restricted

(Table 3). In mice, MARCO is normally only expressed on the surface of macrophages in the
marginal zone of the spleen and the lymph nodes. The marginal zone is a unique lymphoid
compartment with different types of highly phagocytic macrophages that are very effective
in capturing particles from the passing bloodstream

253.

Expression of MARCO is rapidly

induced in Kupffer cells under inflammatory conditions, such as in the presence of LPS
249,254.

A similar tissue expression pattern can be observed in humans

252.
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MARCO binds Gram-positive and Gram-negative bacteria and acLDL. Binding of oxLDL by
MARCO has not been reported

195,252

(Table 3).

Class B scavenger receptors
The class B SRs are SR-BI and its human homologue CLA-1, SR-BII, and CD36. SR-BI was initially cloned from a hamster cell variant that expressed a SR different from SR-A
SR type was later also identified in mice

41

and humans

56,196.

44.

This

SR-BI contains two hydropho-

bic membrane-spanning domains with a large extracellular loop between the transmembrane domains (Fig. 5). The apparent molecular mass of SR-BI is about 57-kDa based on its
primary amino acid sequence

41.

However, glycosylation, palmitoylation, myristoylation,

and fatty acid acylation increase the molecular weight of SR-BI to about 82-kDa

255.

In

mice, alternative splicing from the same gene on chromosome 12 gives rise to a variant
form of SR-BI, called SR-BII 256. SR-BII, previously termed SR-BI.2, differs from SR-BI only in
the C-terminal cytoplasmic tail. This difference does not affect tissue distribution or its cellular localization

197,198

(Table 3). SR-BI and SR-BII are expressed in steroidogenic tissues,

the liver, adipose tissue

41,47,

retinal pigment epithelial cells

257,

and the intestine

258.

259.

Like

Recently, SR-BI was also found to be expressed in megakaryocytes and platelets

SR-BI and SR-BII, CLA-1 is also strongly expressed in the liver and steroidogenic tissues as
well as in cell lines of the myeloid origin and several carcinoma cells

56,196,256.

Both SR-BI

and SR-BII reside in cells in specialized cholesterol-rich membrane domains in the plasma
membrane, the caveolae

198,255.

In a rat liver, expression of SR-BI is suppressed by a cho-

lesterol-rich diet, 17α-ethinyl estradiol

49,

or estrogen

47.

The reduction of SR-BI expres-

sion induced by a cholesterol-rich diet or 17α-ethinyl estradiol suggests the presence of a
sterol regulatory element within the SR-BI gene. The reduction in SR-BI expression is associated with a reduction in selective lipid uptake from HDL 49. SR-BI expression in steroidogenic tissues is increased by the action of adrenocorticotropic hormone

260,

estrogen

47,

chorionic gonadotropin 47, and steroidogenic factor-1 256. The upregulation of SR-BI expression is associated with an increase in HLD binding and steroidogenesis. Expression of SR-BI
in steroidogenic tissues is suppressed by glucocorticoids 260. SR-BII expression in the liver is
upregulated by 17β-estradiol

261.

SR-BI functions as a high-affinity receptor for HDL and mediates the selective uptake of
esterified cholesterol from HDL without internalization of the HDL particle 41,44,45,47-55 (see
“Reverse cholesterol transport”). This role of SR-BI is in line with its expression in organs
that are known for their ability to mediate selective uptake of cholesterol esters from HDL
for steroidogenesis and reverse cholesterol transport to the liver

41,47.

Recently, oligomer-

ization of the receptor has been described to be an integral step in the process of selective uptake of esterified cholesterol 262. SR-BI is also indirectly involved in host defence 263.
SR-BI was originally identified as a scavenger receptor because of its ability to bind acLDL
44.
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SR-BI also binds other modified lipoproteins and in contrast to other SRs, SR-BI can bind

dSR-C1

CD68,
macrosialin

LOX-1

SREC

D

E

F

endothelial cells, macrophages, vascular
smooth muscle cells, megakaryocytes,
platelets

macrophages, Kupffer cells

Drosophila melanogaster
macrophages/hemocytes

oxLDL, acLDL

oxLDL, acLDL, AGE-modified proteins, platelets,
polyinosinic acid, carrageenan

oxLDL, phosphatidyl serine-containing liposomes,
malondialdehyde, BSA

acLDL

oxLDL, acLDL, HDL, LDL, VLDL, AGE-modified
proteins, anionic phospholipids, thrombospondin,
collagen, apoptotic cells, Plasmodium falciparum
infected erythrocytes

platelets, megakaryocytes, mammary
epithelial cells, adipocytes, erythrocyte
precursors, monocytes, macrophages,
microvascular endothelial cells, sinusoidal
endothelial cells, Kupffer cells, hepatocytes
during inflammation, adipocytes

CD36

LIMPII

HDL, LDL, VLDL, oxLDL, acLDL, M-BSA, AGE-modified
proteins, anionic phospholipids, apoptotic cells

acLDL, Gram-positive and negative bacteria

parenchymal liver cells, Kupffer cells, adrenal
gland, testes, ovary, adipose tissue,
megakaryocytes, platelets

macrophages in marginal zone of spleen and
lymph nodes, Kupffer cells

MARCO

acLDL, oxLDL, maleylated LDL/HDL, M-BSA, AGEmodified proteins, polyinosinic acid, polyguanosinic
acid, fucoidan, dextran sulfate, phosphatidylserine
LPS, Gram-positive and Gram–negative bacteria

Ligands

SR-BI/
CLA-1,
SR-BII

tissue macrophages,
sinusoidal endothelial cells,
aortic endothelial cells,
Kupffer cells, foam cells, smooth muscle cells

Expression

SR-AI,
SR-AII,
SR-AIII

Receptor

C

B

A

Class
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Table 3. Scavenger receptors 192,193,305
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native lipoproteins as well

41,44,264.

The binding of modified lipoproteins to SR-BI can not

be blocked by the presence of SR-A ligands fucoidan or polyinosinic acid 44. SR-BI also binds
AGE-modified proteins

265

and polyanionic phospholipids, like phosphatidyl serine, indicat-

ing that SR-BI is involved in the clearance of apoptotic cells from the circulation

45,266

(Table 3). In SR-BI deficient mice, the plasma cholesterol concentration is increased, due
to decreased selective cholesterol uptake. This observation emphasizes that SR-BI may
influence the development and progression of atherosclerosis

51.

Like SR-BI, SR-BII is also involved in the selective uptake of esterified cholesterol from HDL,
but is about 4-fold less sufficient compared to SR-BI 198. In addition, SR-BII rapidly internalizes HDL protein, in contrast to SR-BI, which leaves most HDL bound to the extracellular
cell surface. SR-BII is also more rapidly endocytosed than SR-BI. Hence, SR-BII may influence selective uptake of esterified cholesterol in a manner distinct from SR-BI

267.

The gene for CD36 is found on chromosome 7 and encodes for an 88-kDa palmitoylated glycoprotein

268.

The structure of CD36 is highly similar to the structure of SR-BI: like SR-BI,

CD36 consists of two membrane-spanning domains that are flanked by short cytoplasmic
sequences. The polypeptide chain between the two transmembrane domains is shaped as a
large extracellular loop consisting of multiple N-glycosylated sequences of 400 amino acid
residues (Fig. 5) 199,269. Despite the structural similarity between CD36 and SR-BI, their tissue distribution and cellular expression are quite different (Table 3). CD36 is found to be
expressed by platelets, megakaryocytes, mammary epithelial cells, adipocytes, erythrocyte
precursors, monocytes and macrophages, adipocytes, and microvascular endothelial cells
199,270.

In the liver, CD36 is expressed by sinusoidal endothelial cells, Kupffer cells, and

hepatocytes
272,273,

271.

The expression of CD36 is increased by native and modified lipoproteins

cellular cholesterol

and viral infection

271.

274,

phorbol esters

275,

fatty acids

276,

ligands of PPARγ

A reduction in CD36 expression is induced by interferon-γ

277,278,

273.

CD36, previously also known as platelet glycoprotein IV, OKM5 antigen, or GP88, is a receptor for native

279,280

and modified lipoproteins

279,281-284,

AGE-modified proteins

265,285,

β-

amyloid 286, anionic phospholipids, thrombospondin 287, collagen 288, apoptotic cells 289,290,
and Plasmodium falciparum-infected erythrocytes

291-293

(Table 3). The binding of these

different ligands require different binding domains on CD36. Collagen and thrombospondin
binding to CD36 is dependent on the phosphorylation state of CD36 294. The binding domain
for oxLDL encoded by amino acid residues 155-183
282,

283

is not inhibited by thrombospondin

collagen, or Plasmodium falciparum-infected erythrocytes

293,295.

CD36 is functional in lipoprotein metabolism 279, development of atherosclerosis 245, adhesion 275,288,296,297, clearance of apoptotic cells 289-291, and platelet function 288,298-303. The
induction of CD36 expression upon viral infection 271 may suggest a role for CD36 in inflammation. Mice genetically deficient for CD36 exhibit decreased atherosclerotic lesion development
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Lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1)
LOX-1 was first identified in 1997 as a new SR for oxLDL in aortic endothelial cells

204.

Human LOX-1 is a 50-kDa type II transmembrane protein with a C-type lectin-like structure
at the C-terminus containing several potential phosphorylation sites, and 4 potential N-glycosylation sites in the extracellular lectin-like domain. Hence, its structure shows no similarity with other SRs expressed on macrophages (Fig. 5).
Expression of LOX-1 was detected in cultured aortic endothelial cells, vascular smooth muscle cells 311,319, cells from placenta, lungs, brain, and liver, macrophages 315,316, platelets,
and megakaryocytic cell lines

318.

In endothelial cells, the expression levels of LOX-1 are

highly regulated both in vitro and in vivo. LOX-1 expression is induced by different factors,
like tumor necrosis factor-α 313, PMA 320, lipopolysaccharide 313, angiotensin II 321,322, shear
stress

313,323,

oxLDL in cultured cells

310,

and hypertension in vivo

324.

In platelets, LOX-1

is probably present in granules, and becomes exposed on the platelet cell surface upon
activation

318.

The receptor was identified as an important binding protein for oxLDL, acLDL, AGE-modified proteins, platelets, polyinosinic acid, and carrageenan

310.

Binding of these ligands is

not inhibited in the presence of native LDL, acLDL, M-BSA, or fucoidan

310.

As LOX-1 expressed on endothelial cells can recognize and bind platelets

314,325,

an impor-

tant role may be the ability to cross-link activated platelets, thereby stabilizing thrombi,
leading to larger thrombi or promotion of haemostasis in arteries. LOX-1 has homology to
receptors on natural killer (NK) cell, e.g. NKR-P1 of the C-type lectin family, which are
implicated in tumor cell recognition and NK cell activation

326.

As these NK cell receptors

are involved in target-cell recognition and NK cell activation, it is possible that LOX-1 has
a similar role in target recognition.

Platelets
Platelets are a-nucleated cells. They originate from megakaryocytes in the bone marrow
327.

The life-span of a platelet ranges from 8-10 days. In a resting state, its shape is discoid

(Fig. 6) A platelet is composed of a plasma membrane, internal membranes (open canalicular system (OCS) and dense tubular system), a cytoskeleton (microtubules and microfilaments), mitochondria, glycogen granules, storage granules (α-granules and dense granules), lysosomes, and peroxisomes. The plasma membrane is an extension of the multiple
channels of the OCS, thereby greatly increasing the surface area of the platelet. The dense
tubular system is similar to the smooth endoplasmic reticulum in other cell types. In the
dense tubular system, the majority of Ca2+ is stored as well as enzymes involved in
prostaglandin synthesis. Organelles like mitochondria, glycogen granules, storage granules,
lysosomes, and peroxisomes are located in the cytoplasm. The α-granules store mainly proteins, such as P-selectin, fibrinogen, fibronectin, thrombospondin, von Willebrand factor,
β-thromboglobulin, platelet factor 4, and platelet-derived growth factor. Dense granules
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contain serotonin, ADP, and Ca2+. Upon activation, the discoid shape of a platelet changes
into a spherical form with long, spiky pseudopods protruding from the platelet (Fig. 6). In
Fig. 6. Resting and activated
platelets
The discoid cells (left) are resting platelets, whereas activated
platelets have lost their discoid
chape and have become spherical with long, spiky pseudopods
(right).

(Adapted

University

of

from

the

Pennsylvania,

School of Medicine, USA)

addition, the membranes of the secretory granules fuse with the membranes of the OCS
thereby releasing their contents (Fig. 7). Soluble proteins are released into the environment of the platelet, whereas proteins embedded in the granule membrane, e.g. Pselectin, are moved to the plasma membrane. Platelet activation also results in the cleavage of AA from phospholipids by catalytically active cytosolic phospholipase A2 (cPLA2).
Transformation of AA by cyclooxygenase into the cyclic endoperoxides prostaglandin G2 and
H2 is followed by the generation of thromboxane A2 (TxA2), a potent platelet-aggregating
and vasoconstricting agonist, or of leukotrienes, which are known to amplify inflammatory
responses

328,329.

Platelets are activated by several agonists, both physiological (e.g. ADP,

collagen, epinephrine, serotonin, thrombin, vasopressin) and non-physiological (divalent
cationophores, cyclic endoperoxide analogues). Despite the difference in chemical structure, the majority of agonists induce a similar pattern of platelet activation: (i) platelet
shape change, (ii) aggregation, (iii) granule secretion. Each agonist specifically binds its
own receptor(s), which reside in the plasma membrane. The interaction of an agonist with
its receptor results in the mobilization of signaling molecules, e.g. Ca2+, diacylglycerol
(DAG), and inositol 1,4,5-triphosphate (IP3), within the platelet. These signaling molecules
subsequently initiate the activation of platelet responses, like shape change, aggregation,
and secretion (Fig. 7). The release of ADP from the dense granules and formed endoperoxides and TxA2 are potent platelet activators, and their interaction with their platelet
receptors induces positive feedback mechanisms. These autocrine activation pathways
result in the complete activation of all platelet responses. When present at a high concentration, some agonists e.g. thrombin and collagen, can elicit complete platelet activation
without the positive feedback mechanism.
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Fig. 7. Agonist-induced platelet signaling pathways. (Adapted from Brass, LF. 330)
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The integrin αIIbβ3 is a receptor with a vital role in platelet aggregation 331. Platelet agonists induce platelet aggregation via αIIbβ3-mediated inside-out signaling. Inside-out signaling refers to the conformational change of αIIbβ3 from within the cell induced by signaling molecules after binding of an agonist to its receptor. The conformational change of
the integrin exposes ligand binding domains to which soluble adhesive proteins like fibrinogen and von Willebrand factor can bind. The multivalent character of these adhesive proteins allows the crosslinking of platelets, resulting in platelet aggregation. The integrin
αIIbβ3 also mediates platelet stimulation through the process of outside-in signaling.
Outside-in signaling is induced by binding of a ligand to the extracellular domain of the β3subunit of αIIbβ3 resulting in tyrosine phosphorylation of this subunit. Integrin αIIbβ3-mediated outside-in signaling induces diverse functions that are important for platelet physiology. Glanzmann’s thrombasthenia is an autosomal recessive disorder of platelet function
that is due to the lack of expression of or qualitative defects in one of the two subunits of
αIIbβ3 332. The defect is caused by mutations or deletions in the genes encoding for these
αIIbβ3 subunits. The diagnostic characteristic of Glanzmann’s thrombasthenia is the lack or
impairment of platelet aggregation induced by all agonists. Severe forms of the disease are
also associated with the lack of fibrinogen in the α-granules. Glanzmann’s thrombasthenia
patients have a moderate to severe bleeding tendency, very prolonged bleeding times, and
absent clot retraction. However, the lack of αIIbβ3 on the platelets of these patients does
not protect them against the development of atherosclerosis 333.
In the circulation, platelets are maintained in a resting state by the action of endothelial
cell-derived prostacyclin (prostaglandin I2, PGI2) and NO. PGI2 mediates a rise in 3’,5’cyclic AMP (cAMP) after interaction with the IP-receptor 334, which is coupled to the stimulatory G protein, Gs 335. When Gs is in its GTP-bound form, it activates adenylate cyclase
336, which is responsible for the conversion of ATP to cAMP. An increase in cAMP inhibits
platelet function via protein kinase A. NO induces a rise in cGMP, which is responsible for
inhibition of platelet functions via the action of protein kinase G

337.

In addition, platelets

express platelet endothelial cell adhesion molecule-1 (PECAM-1), a 130-kDa transmembrane glycoprotein of the immunoglobulin superfamily of cell adhesion molecules

338.

The

structure of PECAM-1 comprises an extracellular region consisting of six IgG-like homology
domains, a transmembrane domain and a cytoplasmic tail that contains immunoreceptor
tyrosine-based inhibitory motifs (ITIMs)

339.

The ITIM motif is characterized by the consen-

sus sequence L/I/V/S-x-Y-x-x-L/V and is characteristic of receptors that mediate inhibitory signals 340-343. Activation of PECAM-1 results in the phosphorylation of serine, threonine,
or tyrosine residues in the cytoplasmic tail. The type of residue that is phosphorylated is
agonist-dependent. Upon tyrosine phosphorylation of PECAM-1, the ITIM motifs in the cytoplasmic tail recruit and activate the protein tyrosine phosphatases (PTPs) Src-homology
(SH) domain-containing phosphatase (SHP)-1 and SHP-2, resulting in the induction of the

40

General Introduction

catalytic activity of these phosphatases and the regulation of inhibitory signals generated
by PECAM-1 344-348. PECAM-1 is involved in the attenuation of platelet signaling by collagen
341,342,349,

convulxin

341,

von Willebrand Factor

350,

and thrombin

341.

Relou et al.

351

demonstrated that LDL activates PECAM-1 and thereby down-regulates LDL-induced p38
mitogen-activated protein kinase (p38MAPK) phosphorylation.
Platelets are key elements in the development of arterial thrombosis and atherosclerosis
352,353.

Activated platelets are present in the circulation of FH patients 354-356. In the early

phase of atherosclerosis, the activation of platelets may be attributed to (i) reactive oxygen species, (ii) reduced levels of endothelial-derived antithrombotic products, like prostacyclin and NO, and (iii) increased levels of prothrombotic and proinflammatory mediators,
like tissue factor 353. In vivo, activated platelets rapidly adhere to injured endothelium, to
exposed collagen and to macrophages 1, and they also affect monocytes adhesion to
endothelial cells

357.

Adhered platelets subsequently bind other platelets to form aggre-

gates leading to the formation of thrombi. At sites of atherosclerotic lesions, thrombus formation may limit the blood supply to nearby tissues, thereby causing local ischemia and/or
the progression of the atherosclerotic lesion

352.

Platelets are rich in free cholesterol and

can donate cholesterol to macrophages for esterification 358,359, resulting in the generation
of foam cells, an important early characteristic of the developing atherosclerotic lesion.
The secretion of cytokines, chemokines, and growth factors by activated platelets contributes to inflammatory responses 1. For example, CD40 ligand, expressed on the surface
of activated platelets, triggers the activation and inflammation of the endothelium

360.

Finally, activated platelets shed microparticles, containing adhesive molecules and inflammatory factors that cause a variety of inflammatory responses

353.
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Outline of the thesis
Previous studies have revealed that platelets are sensitized by LDL: without acting as an
independent activator of platelet aggregation and secretion at physiological concentrations
(0.6-1.0 g/L apoB100), LDL enhances platelet function induced by natural aggregation- and
secretion-inducing agonists. An early step in this sensitization process by LDL includes the
activation of the enzyme p38MAPK, which is followed by the activation of cPLA2 resulting
in the formation of TxA2 and the exposure of binding sites for fibrinogen on the integrin
αIIbβ3. The activation of the enzyme p125 focal adhesion kinase (p125FAK) is another early
step involved in LDL-induced platelet sensitization. These findings would imply that under
normal conditions platelets are continuously sensitive to stimulation and are hyperreactive
in hypercholesterolemic patients. Upon oxidation, LDL becomes a very atherogenic particle: oxLDL is involved in foam cell formation, a characteristic of the early atherosclerotic
lesion, and is an independent activator of platelets.
The present study aims to elucidate the effect of oxidation on the platelet-activating properties of LDL. This objective will be addressed following a review of the interaction
between platelets and lipoproteins and their involvement in the development of atherosclerosis and thrombosis (Chapter 2). Questions to be addressed are:
1. Do platelets respond to native LDL (nLDL) or is the platelet response to nLDL caused by
the presence of LPA, generated upon mild oxidation of LDL? (Chapter 3)
2. Which receptor is implicated in the platelet sensitization process by nLDL? (Chapter 4)
3. How does oxidation affect LDL-induced activation of platelet functions? (Chapter 5)
4. Which receptor mediates platelet signaling by oxLDL? (Chapter 6)
5. Which mechanism prevents that circulating platelets are in a constant hyperreactive
state due to contact with LDL? (Chapter 7)
Finally, the findings of these investigations will be discussed in relation to published literature in order to obtain a general view of the mechanism by which nLDL and oxLDL modulate platelet functions (Chapter 8).
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Abstract
Cardiovascular disease is the main cause of death and disability in the Western society.
Lipoproteins play an important role in the development of this disease and affect different
cell types involved in atherosclerosis and thrombosis. Based on their density, five classes of
lipoproteins have been identified which all influence cells via distinct mechanisms.
Modification turns lipoproteins into atherogenic particles with a prominent role in atherogenesis. The interaction of lipoproteins with platelets has been under investigation for a
number of years. Especially the role of LDL in platelet signaling has been studied intensively as platelets of hypercholesterolemic patients are hyperreactive and show hyperaggregability in vitro and enhanced activity in vivo, suggesting that LDL enhances platelet responsiveness. Several signaling pathways induced by LDL have been revealed in vitro, such as
signaling via p38 mitogen-activated protein kinase (p38MAPK) and p125 focal adhesion
kinase (p125FAK). HDL opposes the activating properties of LDL on platelets, whereas the
effects of chylomicrons, VLDL or IDL on platelet function are controversial. Modification of
lipoproteins is associated with the generation of new constituents with new signaling properties. In particular, the platelet-activating properties of lysophosphatidic acid, which is a
constituent of atherosclerotic plaques and is generated upon oxidation of LDL, have been
investigated intensively.
This review provides a summary of the activation of signaling pathways after plateletlipoprotein interactions, with special emphasis on the role of these interactions in the
development of thrombosis and atherosclerosis.

Introduction
Elevated plasma levels of cholesterol and triglycerides are strongly associated with an
increased risk for arterial thrombosis and atherosclerosis. In addition, cholesterol is important for the regulation of membrane fluidity and functions as a precursor in the biosynthesis of hormones, bile acid, and vitamins. Triglycerides are required as a source of energy
for adipose tissue and muscle. Transport of these hydrophobic lipids occurs after incorporation into lipoproteins, which are spherical particles consisting of phospholipids, cholesterol, triglycerides, and apolipoproteins. Based on their density, five major classes of
lipoproteins have been distinguished: chylomicrons, very low density lipoproteins (VLDL),
intermediate density lipoproteins (IDL), low density lipoproteins (LDL), and high density
lipoproteins (HDL). These different classes of lipoproteins differ in size, electrophoretic
mobility, and composition of lipids and apolipoproteins. The apolipoproteins have important roles in the transport and metabolism of lipids: they modulate the activity of enzymes
involved in these processes and function as ligands for receptors expressed by cells involved
in lipid uptake 1. For example, LDL binds via its apolipoprotein B100 (apoB100) molecule to
the LDL receptor (apoB/E receptor) expressed on the surface of liver cells. Through receptor-mediated endocytosis, LDL is transferred to endosomes where the acidic pH releases
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LDL from the receptor. LDL is subsequently delivered to lysosomes where the protein component is hydrolyzed to amino acids and the lipid moiety is hydrolyzed to release cholesterol. The receptor is recycled back to the cell surface 2.
The binding and uptake of lipoproteins by cells via specific receptors initiate signaling
mechanisms that affect the activity of genes. Once taken up by a cell, lipoprotein-derived
cholesterol and its derivatives initiate the activation of negative feedback mechanisms that
prevent the accumulation of cholesterol. An example is the diminished transcription of the
gene encoding for the apoB/E receptor, resulting in a reduction of the number of receptors
expressed on the surface of a cell. Besides the initiation of signaling to affect gene transcription, binding of lipoproteins to receptors also induces the rapid activation of signal
transduction pathways that alter the function of a cell. A clear example of a relation
between plasma lipoproteins and platelet function was observed in familial hypercholesterolemia (FH) patients, whose cells lack or have defective apoB/E receptors resulting in
an elevated plasma LDL level. These patients have platelets that are hyperreactive and
show hyperaggregability in vitro and enhanced activity in vivo 3, suggesting that LDL
enhances platelet responsiveness. This is demonstrated by increased α-granule secretion as
shown by the elevated plasma levels of the α-granule products β-thromboglobulin 3 and soluble CD40 ligand

4

and the upregulated surface expression of CD40 ligand and P-selectin 4.

In addition, there is the increased arachidonic acid (AA) metabolite- and thromboxane A2
(TxA2) generation 5-7, increased superoxide anion production 8, increased fibrinogen binding 9 and platelet aggregation 3-6,10, and secretion 5,10 after platelet stimulation. Moreover,
platelets from patients with elevated plasma lipoprotein levels are enriched in cholesterol
and phospholipids 11. The enrichment of platelet membranes with cholesterol reduces their
fluidity, resulting in an increased sensitivity of platelets for activation

9,11,12.

In addition,

activated platelets have been found in the circulation of hypercholesterolemic patients,
suggesting that LDL enhances platelet responsiveness

13-15.

Abetalipoproteinemia patients,

whose plasma lacks all apoB-containing lipoproteins, have platelets that aggregate poorly
and show impaired AA metabolism, resulting in reduced TxA2 generation 16. These and
other studies confirm that platelet function is influenced by different types of lipoproteins
17-22.

This review will focus on the interactions between lipoproteins and platelets and the

possible effect on the development of atherosclerosis and thrombosis.

The interaction between platelets and lipoproteins
The modulation of platelet functions by lipoproteins has been investigated intensively. The
data on the influence of triglyceride-rich lipoproteins, like chylomicrons and VLDL, is limited and controversial. The plasma concentration of these lipoproteins fluctuates within
hours by food intake, physical activity, and hormones, which may explain the lack of consensus. In contrast, in numerous studies a distinctive interaction of platelets with LDL and
HDL was demonstrated.
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Chylomicrons
Chylomicrons are triglyceride-rich lipoprotein particles, formed in the intestine after food
intake. A pathophysiological role for chylomicrons in the development of atherosclerosis
was observed in a number of clinical studies 6,23-25, but was also denied 6. The cause of this
controversy may lie within the different genetic forms of hypertriglyceridemia

26.

Chylomicron binding sites on platelets
Chylomicrons bind to platelets via saturable binding sites. These binding sites are not specific since preincubation with LDL, VLDL, and HDL blocks subsequent uptake of chylomicrons by platelets

27.

The identity of the chylomicron receptor on the platelet surface has

not yet been identified. On other cell types, several receptors have been shown to bind
chylomicrons, including the apoB/E receptor, the VLDL receptor 28,29, LDL receptor-related
protein (LRP)
34-36.

30-32,

scavenger receptor BI (SR-BI)

33,

and the lipolysis-stimulated receptor

It is unlikely that the apoB/E receptor or LRP are involved in chylomicron binding to

platelets, since these cells do not express either receptor

37-40.

Expression of the VLDL

receptor or the lipolysis-stimulated receptor on platelets has not been reported. In contrast, proteoglycans and SR-BI are present on the platelet surface

41.

Proteoglycans are

negatively charged polysaccharides composed of a core protein to which a variable number
of glycosaminoglycans (GAGs) is covalently attached. GAGs vary in the nature of their sugar
component and the number and location of sulfate groups, and can be divided into 4 major
classes: (i) chondroitin sulfate, (ii) dermatan sulfate, (iii) heparan sulfate, and (iv) keratin
sulfate. Proteoglycans are found predominantly in cell membranes and the extracellular
matrix, where they fulfill a variety of biological functions implicated in diseases, including
atherosclerosis

42,43.

The binding of lipoproteins to proteoglycans is largely determined by

their apolipoprotein composition with apoB and apoE showing the highest affinity. The
interaction of lipoproteins with proteoglycans results in the cellular uptake of the lipoproteins, which is in part achieved by presentation of the lipoproteins to lipoprotein binding
sites. Thus, chylomicron binding to platelets might be mediated by proteoglycans. Out et
al. 33 demonstrated a role for SR-BI in chylomicron metabolism in hepatocytes and concluded that SR-BI might be important as an initial recognition site for chylomicron (remnants).
Since SR-BI is expressed on the platelet surface, this receptor may be involved in binding
of chylomicrons. Another possible candidate might be apolipoprotein E receptor 2’
(apoER2’), a splice variant of apoER2 recently identified in platelets and megakaryocytic
cell lines

44.

ApoER2 is a member of the LDL-receptor family, and is mainly expressed in

brain, testes and vascular cells but not in the liver
to the apoB/E receptor and VLDL receptor

47.

ple alternative splicing variants of apoER2

48-50,

platelets

44.

33,45,46.

Its structure is closely related

Transcriptional analysis has revealed multione of which, apoER2’, being present in

Platelet apoER2’ mRNA encodes a 130-kDa protein, which consists of a single

ligand-binding domain that comprises four complement type A repeats (compared to seven
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repeats in full length apoER2), an epidermal growth factor-like homology region, an Olinked sugar domain, and a single transmembrane domain that connects the extracellular
region to the cytoplasmic tail. Studies have shown that apoER2 binds and internalizes apoEcontaining lipid vesicles

44,45,48.

Since apoE is present in chylomicrons

1,51,

apoE might

mediate chylomicron binding to platelets via apoER2’.
The effect of chylomicrons on platelet functions
Only a small number of studies has addressed a possible effect of chylomicrons on platelet
functions, but the reports are conflicting (Fig. 1). Some studies report enhancement of agonist-induced platelet functions
effects

55,57.

27,52,

A study by Xu et al.

27

whereas other studies describe inhibition

53-56

or no

reported that binding of chylomicrons does not affect

platelet morphology. However, uptake of chylomicrons induces a change of cell shape and
dilation of the open canalicular system (OCS), where internalized chylomicrons are found
sequestered. Only a very small portion of internalized chylomicron particles is bound to
lysosomal structures and degraded. Upon incubation of platelets with [3H,14C]chylomicrons, internalization of [3H]AA and [14C]cholesterol increases in a time-dependent manner. [3H]AA is present in diacylglycerol (DAG) and is therefore the result of hydrolysis of
chylomicron phospholipids by phospholipase C (PLC)

27.

Since DAG activates protein kinase

C (PKC), incubation of platelets with chylomicrons may lead to the activation of a variety
of platelet functions, including granule secretion and aggregation. These findings agree
with observations by Nordøy et al. 52, who found an increase in thrombin- and collagenstimulated [14C]AA release after intake of a fatty meal. This did not lead to increased generation of TxA2, but to enhancement of [14C]AA in DAG. These findings reflect an increased
activation of the phosphatidylinositol pathway, which could be responsible for the
increased agonist-induced platelet functions in the presence of chylomicrons

27,52.

In contrast to the platelet-activating property of chylomicrons, others reported inhibition
of agonist-induced aggregation and [14C] serotonin release by chylomicrons 53-56. This inhibition may not be specific and caused by the size of the chylomicron thereby interfering
with the interaction between platelets

58

resulting in a reduction of platelet aggregation.

Furthermore, high concentrations of triglyceride-rich lipoproteins increase the turbidity of
the platelet suspension, thereby affecting platelet aggregation. Finally, the inhibitory
effect of chylomicrons may also be mediated by the apoE constituent of chylomicrons,
since purified apoE complexed to phospholipid vesicles inhibits platelet aggregation
induced by ADP, epinephrine, thrombin, or collagen

59,60.

Higashihara et al.

60

suggested

that inhibition of aggregation by apoE-phospholipid vesicles was caused by cholesterol
depletion. Inhibition of thrombin- or collagen-induced aggregation was accompanied by
release of cholesterol. These results correspond with the poor response of cholesteroldepleted platelets to agonists 61. Cholesterol depletion from platelets does not reduce ADPinduced aggregation

59,61,62,

suggesting that it is not the only reason for platelet inhibition
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by chylomicrons. Riddell et al.

59

demonstrated that the inhibition by apoE of ADP-induced

platelet functions is the result of impaired platelet signaling.

Fig. 1. Chylomicron-induced platelet signaling. Chylomicrons have a dual effect on
platelets. They enhance platelet functions
via transfer of AA to platelets. There, AA is
converted into DAG by PLCβ. DAG activates PKC, which subsequently induces
aggregation and secretion. Inhibition of
platelet functions is mediated by binding
of apoE to an apoE-binding receptor (see
also Fig. 2). Subsequent cNOS activation
leads to generation of NO, which increases
the cGMP level. cGMP has a negative influence on aggregation and secretion.

Their apoE-phospholipid vesicles increased the intracellular cGMP level by stimulating nitric
oxide (NO) synthase, generating NO from L-arginine. NO binds and activates guanylate
cyclase, which increases the intracellular cGMP concentration (Fig. 2). A rise in cAMP was
also observed, possibly due to inhibition of cAMP phosphodiesterase by cGMP. The receptor
mediating apoE-induced inhibition of platelet function is apoER2’ 44.
There are also studies that fail to show an effect of chylomicrons on platelets

55,57.

The

lack of consensus may be caused by factors influencing the composition of chylomicrons.
Examples are the rate of intestinal absorption after food intake and lypolytic activity, which
may enhance or inhibit chylomicron metabolism.

Very low density lipoprotein (VLDL)
VLDL is a triglyceride-rich lipoprotein particle synthesized in the liver. VLDL has been implicated in the development of atherosclerosis; (i) VLDL is present in atherosclerotic plaques
63;

and (ii) patients

26

and mice

64

suffering from type III hyperlipoproteinemia have

increased plasma levels of VLDL and develop severe atherosclerosis.
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Fig. 2. ApoE-mediated platelet inhibition.
Binding of apoE, complexed to phospholipids vesicles or lipoproteins, to its receptor apoER2’

44

on

platelets causes activation of the constitutive enzyme NO synthase (cNOS) in the presence of agonistinduced elevation of Ca2+. NO produced by cNOS activates guanylate cyclase to produce cGMP. cGMP
inhibits platelet activation and in addition induces a rise in cAMP by inhibiting cAMP phosphodiesterase.
(Adapted and modified from Riddell et al.

59).

VLDL binding to platelets
An early report describes that VLDL binding to platelets is non-specific and non-saturable
65.

In contrast, other groups demonstrated that VLDL specifically interacts with platelets

through binding to CD36

66-68.

A monoclonal antibody against CD36 inhibits the binding of

VLDL to platelets and attenuates enhancement of agonist-induced platelet aggregation by
VLDL. Similarly, CD36-deficient rat platelets do not bind VLDL and show no enhancement of
platelets aggregation in response to VLDL 66. Decreased CD36 expression on macrophages is
associated with a decreased uptake of VLDL 67. Furthermore, cellular deficiency by creating a null mutation in the CD36 gene by targeted homologous recombination induces an
increase in plasma VLDL 68. CD36 is a member of the scavenger receptor class B family 69,70,
which binds both native and modified lipoproteins 66,71-78. CD36 binds oxidized LDL (oxLDL)
via its phospholipids 76. In addition, CD36 functions as fatty acid transporter 68 and supplies
platelets with fatty acids for TxA2 production 79.
Another candidate for VLDL binding to platelets may be apoER2’, since full-length apoER2
was reported to bind VLDL, albeit with low affinity

46.

VLDL binding to full-length apoER2

appears to be independent of apoE, since binding of apoE-enriched VLDL is not different
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from binding of apoE-deficient VLDL 80. ApoE has a role in inhibition of platelet function by
apoE-enriched VLDL 81 (see below), which is mediated by apoER2’ 44.
Binding of platelets to immobilized VLDL is suppressed by antibodies against the integrin
αIIbβ3, suggesting that the fibrinogen receptor also mediates VLDL-platelet interactions 82.
Since VLDL inhibits binding and internalization of chylomicrons by platelets 27, the platelet
chylomicron receptor may be a candidate receptor for VLDL too.
The interaction of platelets with VLDL
Data on the effects of VLDL on platelets are controversial. Several studies show that VLDL
enhances platelet functions
platelet aggregation

66,83,84

14,66,83-85.

VLDL dose-dependently enhances agonist-induced

by shortening the lag time and increasing maximum aggrega-

tion 66. Aspirin markedly attenuates the aggregation-enhancing property of VLDL 66, reflecting a role for TxA2. Indeed, VLDL increases collagen-induced TxA2 production 66,84. VLDL
also enhances the secretion of α-granules 66 and dense granules 83, possibly via increasing
the cytosolic free Ca2+ concentration 85. VLDL induces P-selectin expression on resting
platelets and enhances P-selectin expression upon stimulation with low concentrations of
ADP

14.

The stimulation by VLDL is independent of changes in the cAMP concentration

84.

In contrast to these studies showing stimulation by VLDL, there are reports describing that
VLDL has no effect on either resting or agonist stimulated platelets
induced platelet aggregation

55,81.

86,

or inhibits agonist-

ApoE-rich VLDL particles decrease agonist-induced

platelet functions, whereas apoE-poor VLDL particles enhance the platelet response

81.

These data suggest that apoE is responsible for the inhibition of platelet activation by VLDL
(Fig. 2). Other explanations for the inhibition by VLDL are the following: (i) the large VLDL
particle may sterically hinder the interaction between platelets thereby reducing aggregation; (ii) high VLDL concentrations increase the turbidity of a platelet suspension, thereby
interfering with platelet aggregation; (iii) lipid transfer from VLDL to the platelet influences the membrane fluidity and may change platelet aggregability due to changes in intracellular signaling; and (iv) binding of only a small amount of VLDL to the integrin αIIbβ3
might be sufficient to attenuate aggregation.

82

The controversial reports on the effect of VLDL may be explained by differences in the composition of VLDL: different effects on platelet activation have been observed with VLDL
from normolipidemic subjects compared with VLDL from hypertriglyceridemic patients

81.

Intermediate density lipoprotein (IDL)
IDL is an intermediate in the conversion of VLDL to LDL. Compared to VLDL, IDL contains
less triglycerides and esterified cholesterol

51.

There is no evidence that IDL particles dif-

fer qualitatively from small VLDL remnants. This is probably the reason why the interaction
between IDL and platelets has not been studied in great detail.
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Low density lipoprotein (LDL)
LDL particles are the major transporters of cholesterol in the circulation and are formed by
hydrolysis of VLDL. Elevated levels of LDL-cholesterol are associated with an increased risk
for cardiovascular disease, such as in FH patients. FH platelets are hyperreactive 3 and circulate in an activated state in vivo

13-15.

These observations suggest that LDL activates

platelets.
LDL binding to platelets
Platelets possess specific binding sites for LDL. The number of reported binding sites ranges
from 800 to 12000 copies per platelet

37,38,65,87,88.

Binding of LDL is rapid, saturable,

reversible, independent of divalent cations or the activation state of the platelet, and specific with a Kd ranging from 16 to 60 nmol/L 37,38,65,87,88. Incubation with monoclonal antibodies directed against the classical apoB/E receptor expressed on fibroblasts inhibits binding of LDL to lymphocytes, fibroblasts, and platelets by 88%, 85%, and 5%, respectively
In addition, platelets from FH patients who lack the classical apoB/E receptor

37

37.

bind LDL

in a normal manner. Collectively, these data indicate that platelets express an LDL receptor that is different from the classical apoB/E receptor.
Early studies revealed that LDL bound proteins with apparent molecular masses of 115, 130,
and 156-kDa 89, suggesting the involvement of more than one LDL binding site. The 115-kDa
and 156-kDa proteins were identified as CD41 and CD61, the two constituents of integrin
αIIbβ3, suggesting that the fibrinogen receptor αIIbβ3 is the LDL binding site 90. However,
αIIbβ3-deficient platelets demonstrate normal LDL binding 91 and antibodies directed
against αIIbβ3 or its individual subunits fail to interfere with LDL-induced platelet activation 91,92. Moreover, αIIbβ3 ligands are unable to prevent binding of LDL to platelets 91 and
proteolytic enzymes reduce the binding of fibrinogen to αIIbβ3 but leave LDL binding undisThese findings indicate that the integrin αIIbβ3 is not involved in platelet activation by nLDL. However, there is a role for the integrin in LDL-induced platelet sensitizaturbed

39.

tion via a process known as outside-in signaling

92

(see below).

We recently identified apoER2’ as the receptor for LDL on platelets 93. This observation was
based on (i) blockade of LDL-induced signaling by receptor-associated protein (RAP), a 39kDa inhibitor of ligand binding to members of the LDL-receptor family

94,

(ii) confocal

microscopy showing a high degree of co-localization of LDL and apoER2’ at the platelet surface, (iii) similar platelet activation by an anti-apoER2 antibody and LDL, and (iv) tyrosine
phosphorylation of apoER2’ upon binding of LDL via a Src family member, possibly Fgr. The
LDL-induced phosphorylation of apoER2’ was abolished by PP1, an inhibitor of Src-like tyrosine kinases.
The receptor-specific binding domain of LDL lies within apoB100 and is referred to as the
B-site

89,95.

The B-site consists of the amino acids RLTRKTGLKLA 95 and contains positively

charged arginine and lysine residues

96,97,

which are essential for binding of LDL to the
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apoB/E receptor on nucleated cells. The importance of these positively charged residues is
illustrated by the loss of binding of LDL following lysine modification to receptors on fibroblasts 96,97 and platelets 98. Heparin displaces LDL from the receptors by binding to positively charged regions within apoB100

65,99,100.

Antibodies directed against the B-site inhibit

LDL-induced platelet signaling and a peptide mimicking the B-site activates platelets in a
manner similar to LDL 101.
LDL-induced platelet signaling
At physiological concentrations (0.6-0.9 g protein/L), LDL can only induce a rapid shape
change of the platelet from the discoid shape to a spiky form with protruding pseudopods
LDL alone fails to trigger integrin αIIbβ3 activation, aggregation, or secretion of granule contents. But LDL sensitizes platelets to inducers of aggregation and secretion, like αthrombin, collagen, and ADP via the induction of Ca2+ influx and mobilization, activation

85.

of the phosphatidylinositol cycle, protein kinase C activation and phosphorylation of its ligand pleckstrin

6,84,85,87,102-110.

The result is enhanced platelet aggregation and secretion.

The sensitization is slow requiring 5 minutes or more. Sensitization of platelets occurs
through phosphorylation of p38 mitogen activated protein kinase (p38MAPK) within 10 seconds with 1.0 g/L LDL and within 10 minutes with 0.1 g/L LDL and results in cytosolic phospholipase A2 (cPLA2)-activated AA release, a precursor of TxA2 formation 98,111,112 (Fig. 3).
A second event in the sensitization process of platelets by LDL is the activation of p125
focal adhesion kinase (p125FAK) 113,114.
LDL-induced enhancement of secretion is inhibited (i) in the presence of antibodies against
integrin αIIbβ3 and fibrinogen-derived peptides, (ii) in αIIbβ3-deficient platelets, and (iii)
after dissociation of αIIbβ3. In all three cases, LDL binding to platelets is normal, suggesting that LDL binding initiates outside-in signaling via αIIbβ3to the mechanism that induces
secretion

92.

At higher concentrations (3 g/L) and longer incubation times (> 4 hrs), LDL becomes an
independent initiator of platelet activation triggering aggregation and secretion

115.

Thus,

depending on concentration and time, LDL synergizes with other activators or acts as an
independent platelet agonist.
The p38MAPK signaling pathway
P38MAPK is a member of the family of proline-directed Ser/Thr kinases and is activated by
the simultaneous phosphorylation of Thr-180 and Tyr-182 116. P38MAPK functions in a wide
variety of cells, e.g. platelets 50,98,111,117, smooth muscle cells 118, endothelial cells 119,120,
and the U937 monocytic cell line 121. Its activation is mediated by members of the Rho-family of small GTPases Rac and Cdc42
by Jun N-terminal kinase kinase

122-124,

130.

by the MAPK kinases (MKK) 3 and 6 125-129, and
MAPK
P38
activates MAPK-activated protein kinase

(MAPKAPK)-2 50. This Ser/Thr kinase phosphorylates Heat Shock Protein (HSP) 27, an F-actin
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Fig. 3. LDL-induced p38MAPK signaling in platelets.
LDL interacts with its receptor, apoER2’ on platelets and initiates phosphorylation of p38MAPK via
MKK3/6. P38MAPK induces cPLA2-activated AA release, a precursor of TxA2 formation. TxA2 diffuses
across the platelet membrane and binds to its receptor, TPα/β, thereby initiating a positive feedback
loop. PLCβ is activated and cleaves phosphatidylinositol 4,5-biphosphate to form DAG and inositol
1,4,5-triphosphate (IP3). IP3 binds to the IP3 receptor on the dense tubular system thereby releasing
Ca2+. DAG and Ca2+ synergize to activate Ca2+-dependent PKC isoforms, but DAG can also activate
Ca2+-independent PKC. Activation of PKC eventually leads to a conformational change of αIIbβ3 resulting in exposure of ligand binding sites. Binding of fibrinogen induces αIIbβ3-mediated outside-in signaling leading to faster secretion of the granules. P38MAPK activation is inhibited by PECAM-1. Tyrosine
phosphorylation of the ITIM motifs in the cytoplasmic tail of PECAM-1 recruits and activates the
Ser/Thr phosphatases PP1/PP2A, which direct the dephosphorylation and inactivation of p38MAPK.
αIIbβ3* indicates activated αIIbβ3.

polymerization module implicated in the control of stress fiber formation 50,118-120. In
platelets, p38MAPK is activated by LDL 98 (Fig. 3), thrombin 50,111,117, the thrombin receptor PAR-1-activating peptide SFLLRN 111, collagen 50,131, and the thromboxane analogue
U46619 50. P38MAPK phosphorylates another downstream target, cPLA2 50,111. Active cPLA2
cleaves fatty acids, preferably AA, from the sn-2 position of phosphatidylcholine and phos-
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phatidylinositol. The mobilized AA is subsequently transformed into prostaglandin G2 by
cyclooxygenase and is metabolized further via prostaglandin H2 into TxA2 by thromboxane
synthase

111,112.

By binding to the thromboxane receptor (TPα/β) on the platelet surface,

TxA2 induces a positive feedback mechanism that results in fibrinogen binding to integrin
αIIbβ3 and ligand-induced outside-in signaling via αIIbβ3 92.
Hackeng et al. 98 reported that the activation of p38MAPK by LDL is an early event in
platelet activation by LDL. Activation is unchanged by inhibitors of Ca2+ mobilization, PLC
activation, TxA2 formation, and extracellular kinase 1/2 (ERK1/2) activation 98. Inhibition
of PKC slightly inhibits p38MAPK activation, indicating that this kinase regulates activation
of p38MAPK. LDL-induced p38MAPK phosphorylation is under control of cAMP as addition of
the stable PGI2-analogue iloprost and the cell-permeable cAMP analogue dibutyryl cAMP
strongly reduces LDL-induced p38MAPK phosphorylation 98.
The activation of p38MAPK by LDL is not mediated by binding of LDL to either FcγRII or the
integrin α2β1, which are known to induce signaling to p38MAPK 98. Other candidate receptors, like integrin αIIbβ3, CD36, CD68, and LDL receptor-related protein (LRP) are also not
implicated in the activation of p38MAPK by LDL 98. We recently reported that LDL-induced
activation of p38MAPK is mediated by apoER2’ 93.
The phosphorylation of p38MAPK by LDL is rapid and transient, reaching a peak after 1
minute seconds and returning to pre-stimulation levels after 10-20 minutes 93,98,132. The
down-regulation of phosphorylated p38MAPK is mediated by platelet endothelial cell adhesion molecule-1 (PECAM-1)

133.

PECAM-1 is a 130-kDa transmembrane glycoprotein of the

immunoglobulin superfamily of cell adhesion molecules

134.

PECAM-1 consists of an extra-

cellular region with six IgG-like homology domains, a transmembrane domain and a cytoplasmic tail that contains immunoreceptor tyrosine-based inhibitory motifs (ITIMs)

134,135.

The ITIM motif contains the consensus sequence L/I/V/S-x-Y-x-x-L/V, which is characteristic for receptors that mediate inhibitory signals

136-139.

Upon tyrosine phosphorylation of

PECAM-1, the ITIM motifs in the cytoplasmic tail recruit and activate the Tyr phosphatases
140,

which mediate inhibition. Relou et al.

133

reported that cross-linking
and activation of PECAM-1 reduces LDL-induced phosphorylation of both p38MAPK and
SHP-1 and SHP-2

cPLA2. Inhibition of Tyr phosphatases increases the phosphorylation of PECAM-1, reflecting
their contribution in PECAM-1 regulation. Inhibition of Tyr phosphatases leads to inhibition
of LDL-induced p38MAPK phosphorylation. P38MAPK activation is persistent in the presence
of okadaic acid, an inhibitor of the Ser/Thr-phosphatases PP1/PP2A. Hence, PECAM-1 and
the Ser/Thr-phosphatases PP1/PP2A mediate the transient character of LDL-induced
p38MAPK phosphorylation. A role for PP2A in dephosphorylation of p38MAPK was already
reported for platelets stimulated by collagen 141. In this study, PP2A acted in concert with
Tyr phosphatases to dephosphorylate p38MAPK.
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The p125FAK signaling pathway
P125FAK is a non-receptor tyrosine kinase implicated in signal transduction pathways
involved in cell motility, proliferation, and apoptosis. P125FAK is present in a number of cell
types, e.g. platelets, monocytes, lymphocytes, neuronal cells, and mesenchymal cells. Its
structure comprises a focal adhesion targeting (FAT) domain, six tyrosine phosphorylation
sites, a kinase domain, and two proline-rich regions. The FAT domain mediates the localization of p125FAK to focal adhesions, where integrin clusters bind to proteins in the extracellular matrix and to cytoplasmic proteins that in turn bind to actin filaments 142. P125FAK
translocates to focal adhesions upon cell activation where it serves as a docking site for signaling proteins.

Fig. 4. The activation of p125FAK.
P125FAK is activated by phosphorylation of tyrosine residues. Integrin-mediated p125FAK phosphorylation initiates autophosphorylation of Tyr-397 via Src. Phosphorylated Tyr-397 subsequently phosphorylates the other Tyr residues. GPCR-mediated tyrosine phosphorylation of p125FAK starts with the phosphorylation of residue Tyr-397 via other kinases than Src family tyrosine kinases and is followed by
phosphorylation of the other Tyr residues. In contrast, interaction of LDL with apoER2’ activates the
Src family tyrosine kinase Fgr, resulting in the activation of Tyr-925. Phosphorylated Tyr-925 induces
phosphorylation of Tyr-397, again followed by phosphorylation of the other Tyr residues.

P125FAK is activated by tyrosine-phosphorylation (i) upon integrin clustering induced by cell
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adhesion or cross-linking by antibodies 143-145; or (ii) occupancy of G protein-coupled receptors (GPCR) by ligands like lysophosphatidic acid (LPA)

146,

or bombesin

147

(Fig. 4).

Integrin clustering induces the autophosphorylation of Tyr-397, which triggers the phosphorylation of the other tyrosine residues thereby initiating downstream signal transduction
of Tyr-397 generates a high-affinity binding site in p125FAK for the

148. Autophosphorylation

Src homology (SH) 2-domain of members of the Src family kinases 148,149 and complex formation with Src results in the activation of both Scr and p125FAK. Further phosphorylation
of Tyr-397 is inhibited by the Src kinase inhibitor PP2, indicating that Scr kinases are essential for phosphorylation of Tyr-397 150. Tyr-397 is also the primary target when p125FAK is
activated by occupancy of GPCR. In contrast to integrin-mediated p125FAK activation,
GPCR-mediated phosphorylation of Tyr-397 is not affected by PP2, indicating that other
kinases than Src family kinases regulate phosphorylation of Tyr-397 150. After phosphorylation of Tyr-397, both activation pathways for p125FAK result in the phosphorylation of the
different tyrosine residues, Tyr-407, Tyr-576, Tyr-577, Tyr-861, and Tyr-925 in a Src-dependent manner.
Each tyrosine residue has an important role in signal transduction (Fig. 5). Upon phosphorylation of Tyr-397, a high affinity binding site is generated for SH2-domain containing proteins, like Src family tyrosine kinases

148.

In addition, phosphorylated Tyr-397 becomes a

docking site for the p85 regulatory subunit of phosphoinositol 3-kinase (PI3K)

151

and for

152.

Tyr-576 and Tyr-577 are located in the central catalytic domain. Maximal kinase
activity of p125FAK results from phosphorylation of the Tyr-576 and Tyr-577 residues 153.

PLCγ

Tyr-925 is located within the FAT region. Its phosphorylation leads to association of the
adaptor protein Grb2

154,

which contributes to the adhesion-induced activation of the Ras-

ERK1/2-pathway 155-157. The function of phosphorylated Tyr-407 and Tyr-861 is still unclear.

Fig. 5. Tyr residues of p125FAK and associated proteins.
After phosphorylation, the different Tyr residues of p125FAK associate with the indicated signaling proteins.
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In platelets, p125FAK is phosphorylated upon stimulation with thrombin and collagen, provided that the platelets are stirred and aggregate. The phosphorylation of p125FAK is integrin αIIbβ3-dependent since it is blocked by antibodies against αIIbβ3 and is absent in
platelets from αIIbβ3-deficient patients 158. In non-stirred and non-aggregated platelets,
p125FAK phosphorylation is low and is probably mediated by occupied GPCRs, like PAR-1/4
occupied by thrombin.
P125FAK is potently activated by LDL 113,114 (Fig. 4). LDL-induced p125FAK phosphorylation
shows similarities and differences with integrin- and GPCR-mediated activation of p125FAK;
LDL-mediated p125FAK phosphorylation occurs in both stirred and non-stirred platelet suspensions 113 and Relou et al. 114 reported that p125FAK phosphorylation by LDL is different
from thrombin-induced p125FAK phosphorylation with respect to (i) a major role for Tyr-925
phosphorylation that exceeds the phosphorylation of the other tyrosine residues including
Tyr-397 both in rate and extent, (ii) phosphorylation of Tyr-925 and Tyr-397 independent of
integrin αIIbβ3, and (iii) complex formation of p125FAK and the Src-kinase Fgr.
RAP inhibits phosphorylation of Tyr-397 and Tyr-925 by 60-75%, indicating the involvement
of apoER2’ in LDL-induced p125FAK phosphorylation. These observations point at both an
GPCR-independent and an integrin-independent mechanism for p125FAK activation

113,114.

Inhibitors of different signal transduction pathways, such as TxA2 formation, PKC, ERK1/2
activation, and p38MAPK do not change LDL-induced p125FAK activation. In contrast, cAMPincreasing agents strongly inhibit p125FAK phosphorylation by LDL 113. Hence, LDL-induced
activation of p125FAK occurs either upstream or independent of TxA2 formation, PKC,
ERK1/2, and p38MAPK and is only controlled by cAMP.
The lysophosphatidic acid (LPA)-induced signaling pathways
Mild oxidation of LDL is associated with the generation of LPA

146.

LPA is a water-soluble

phospholipid with hormone-like and growth-factor-like activities, which mediates wound
healing and tissue regeneration. Native LDL only contains minimal amounts of LPA, which
does not interfere with LDL-induced platelet signaling 159. The LPA-content increases about
8-fold upon oxidation 146. LPA is present in plasma at a concentration of 0.5-1.0 µmol/L 160.
The capacity of mildly oxidized LDL (moxLDL) to induce platelet responses like platelet
shape change 146,161,162, aggregation 163,164, Ca2+ mobilization 132,164, and platelet-monocyte interactions

163

in washed platelet samples or platelet-rich plasma is caused by LPA.

At concentrations approaching those in vivo, LPA initiates platelet shape change, aggregation, and platelet-monocyte aggregates in whole blood
e.g. (i) cell proliferation of fibroblasts
dermal cells
in vitro

170,

167

and endothelial cells

165,

168,

163.

Other responses by LPA include

smooth muscle cells

(ii) cell contraction

and (iv) neurotransmitter release

171.

166,

169,

keratinocytes

167,

epi-

(iii) tumor cell invasion

LPA is also the main platelet-activating

lipid in atherosclerotic plaques, where it resides in the lipid-rich core and is present at a
concentration of 10-49 pmol/mg compared to 1.2-2.8 pmol/mg in normal arterial tissue 146.
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Hence, sudden rupture of a lipid-rich plaque will expose LPA, thereby triggering platelet
activation leading to thrombus formation and the occlusion of an artery.
The responses induced by LPA are evoked by binding to LPA receptors
bers of the endothelial differentiation gene (Edg) receptor family

146,

172.

which are mem-

Platelets express
164,173.

LPA1
mRNA is also found in the heart, brain, colon, small intestine, and prostate, but not in the

LPA1, LPA2, and LPA3, formerly known as Edg2, Edg4, and Edg7, respectively

liver, lung, thymus, or leukocytes 174. Expression of the LPA2 receptor is most prominent in
174,

whereas LPA3 is most abundantly expressed in the kidney, lung, heart, pancreas, and prostate 175,176. The LPA receptors share about 55% sequence identity. A selecleukocytes

tive antagonist of LPA1 and LPA3, diacyl-(8:0)-glycerophosphate, blocks LPA-induced shape
change and Ca2+ entry, indicating that on platelets mainly LPA1 and LPA3 respond to LPA
177,178. There is evidence for other pharmacologically different LPA receptors on platelets
with unknown molecular identity. These receptors differ from LPA1 and LPA3 in (i) their lack
of stereospecificity, (ii) their sensitivity for 1-alkyl-LPA rather than for 1-acyl-LPA, and (iii)
their desensitization by high concentrations of sphingosine-1-phosphate

179-181.

LPA receptors are seven-transmembrane receptors coupled to the heterotrimeric G proteins
such as G13, Gq, and Gi 182,183, which activate multiple signaling pathways (Fig. 6). Hence,
LPA induces many different responses in the same cell. At low concentrations (EC50~18
nmol/L), LPA activates the heterotrimeric protein G13 resulting in activation of shape
change. Platelet shape change is an early response in platelet activation and is preceded
by the stimulation of myosin light chain phosphorylation

184.

Myosin light chain phosphory-

lation via G13 is mediated by a pathway involving Rho kinase 185. The Rho kinase pathway
is activated by the small GTPase Rho and directly phosphorylates myosin light chain. In
addition, Rho kinase phosphorylates a myosin binding subunit of myosin light chain phosphatase which inhibits the phosphatase and results in an additional increase in myosin light
chain phosphorylation 186. Active myosin light chain develops actin-stimulated ATPase activity and assembles into filaments. Rho kinase also activates the actin filament/plasma membrane crosslinker protein moesin 187, thereby mediating the interaction of newly formed filaments with the plasma membrane 161. Under these conditions, LPA does not increase the
intracellular Ca2+ levels 161. Changes in cytosolic Ca2+ levels by LPA are observed at higher concentrations (EC50~1.6 µmol/L) 162 and are mediated by Gq. The increase in the
cytosolic Ca2+ concentration is mainly due to Ca2+ influx with little Ca2+ mobilization from
intracellular stores, confirming that LPA is a poor activator of PLC and IP3 formation 188.
Rises in Ca2+ activate myosin light chain kinase 185, which phosphorylates myosin light
chain to induce shape change. In addition, Ca2+ regulates cPLA2, which releases AA from
phospholipids, the precursor in TxA2 formation, eventually triggering platelet aggregation
and secretion 182. Stimulation of Src kinase 162 and p72Syk 189, and activation of Ras and
MAP kinases is downstream of Gi 190 and induces cell growth and proliferation. In addition,
tyrosine kinases and in particular p72Syk participate in the activation of integrin αIIbβ3,
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which is required for platelet aggregation

191,192.

Fig. 6. Platelet signaling induced by LPA. LPA, a major platelet-activating constituent of mildly oxidized LDL, binds to different LPA receptors on the platelet surface. These LPA receptors initiate
platelet signaling cia the GPCRs G13, Gi, and Gq. G13-mediated signaling leads to the activation of Rho
kinase, which activates myosin light chain directly or via inhibition of myosin light chain phosphatase.
Activated myosin light chain induces shape change. Activation of Gq increases the intracellular Ca2+
concentration, which activates myosin light chain kinase resulting in myosin light chain-mediated
shape change. In addition, Ca2+ activates cPLA2 leading to aggregation and secretion. The final route
involves activation of Tyr kinases, like Src and Syk via Gi. * indicates the activated state of a protein.

Like LPA, moxLDL activates signaling pathways through activation of LPA receptors. This is
based on the following observations. First, moxLDL induces platelet shape change through
MLC and moesin phosphorylation via Rho-kinase 193. MoxLDL-induced shape change is independent of Ca2+ 161,162,193, the formation of TxA2, the release of e.g. ADP 106, or the activation of Src family protein tyrosine kinases 162. Second, moxLDL rapidly activates Src family protein tyrosine kinases and p72Syk. Upon activation of the LPA receptor by moxLDL,
these tyrosine kinases translocate to the cytoskeleton where they activate cytoskeletal proteins 162. And third, moxLDL induces Ca2+ entry 162. Collectively, these findings are evidence for a major role of LPA in moxLDL-induced signaling. However, data from our labora-
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tory show that moxLDL is also capable of inducing LPA-independent platelet signaling pathways that are mediated via p38MAPK 132. An increase in LDL oxidation enhances platelet
activation via two independent pathways. One pathway signals via p38MAPK phosphorylation in an LPA-independent manner and the second pathway induces platelet signaling via
LPA-dependent Ca2+ mobilization. Below 15% oxidation, the p38MAPK-mediated pathway
enhances agonist-induced platelet functions and signaling via Ca2+ is absent. Above 30%
oxidation, LPA-independent signaling to p38MAPK increases and is accompanied by LPAdependent Ca2+ mobilization leading to immediate aggregation in the absence of an agonist. Despite the increase in p38MAPK activation, platelet sensitization disappears and
oxLDL inhibits agonist-induced platelet functions independent of LPA by binding to its
receptor CD36, which is associated with integrin αIIbβ3. Interference with ligand binding to
integrin αIIbβ3 subsequently attenuates platelet function. Similar inhibition of platelet
function by oxLDL was reported earlier by Coleman et al. 194, but the nature of the inhibition remained elusive in their study.
Besides LPA, other biologically active lipids have also been reported to be responsible for
platelet activation by mildly oxidized LDL. These lipids include oxidized phosphatidylcholine with platelet-activating factor (PAF)-like activity

195,196,

198,

cholesterol sulfate

197,

106,199.

and F2-isoprostanes
An inhibiting constituent of moxLDL is lysophosphatidylcholine, which upon incubation of platelets with

aldehydes such as 4-hydroxynonenal

oxLDL is transferred to platelets and diminishes the response to thrombin, ADP, and PAF
leading to a reduction in TxA2 formation, Ca2+ elevations, and aggregation 200,201.

High density lipoprotein (HDL)
Low levels of HDL are associated with an increased risk of atherogenesis. HDL-mediated
protection occurs through several mechanisms: (i) HDL collects and transports excess cholesterol from the peripheral tissues to the liver for excretion via reverse cholesterol transport; (ii) HDL blocks atherogenic effects of remnant lipoprotein particles 202; (iii) HDL prevents the oxidation of LDL 203-205; (iv) HDL suppresses retention of LDL in the subendothelium 206; (v) HDL inhibits the subendothelial migration of monocytes recruited by oxLDL 207;
(vi) HDL promotes prostacyclin production by endothelial cells 208 and vascular smooth muscle cells

209;

(vii) HDL prevents or corrects endothelial dysfunction

stimulates fibrinolysis

212

210,211;

and (viii) HDL

thereby preventing thrombus formation.

HDL consists of a heterogeneous pool of HDL subclasses

213,214.

Based on their density, two

different subclasses can be distinguished: a small, lipid-poor, and dense HDL3 fraction, and
a larger, more lipid-rich, and less dense HDL2 fraction. The HDL3 subclass contains both
apoA-I and apoA-II and is apoE-poor, whereas HDL2 contains apoA-I and apoE. The plasma
concentration of HDL3 is fairly constant, whereas the concentration of HDL2 varies. Rapid
clearance of triglyceride-rich lipoproteins stimulates the generation of HDL2. Hence, a high
level of HDL2 reflects efficient catabolism of triglyceride-rich lipoproteins. In contrast, low
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levels of HDL2 are a marker of accumulation of triglyceride-rich lipoproteins which increase
the risk for atherosclerosis 215. Thus, plasma levels of HDL2 are inversely correlated with
the development of atherosclerosis. In addition to HDL2 and HDL3, there is also a minor
subclass consisting of apoE-rich HDL.
HDL binding sites on platelets
HDL binding to platelets is independent of the activation state of the platelets, divalent
cations, changes in temperature, and is saturable
38.

38,65,216.
217.

HDL binding has a Kd of ~11 to
The number of HDL3 binding sites

Binding of HDL3 is rapid and reversible
60 nmol/L
expressed on a platelet surface ranges from 1200 to 3200 copies

38,65.

65,89

observed that LDL interferes with the binding of HDL3 to platelets as a
result of overlapping affinities of different receptors. The same group described binding

Koller et al.

proteins for HDL3 on the platelet surface with apparent molecular masses of 115, 130, and
156-kDa 89. The 115-kDa and 156-kDa proteins were identified as CD41 and CD61, the two
constituents of integrin αIIbβ3. An antibody directed against integrin β3-subunit blocked
the binding of HDL3 to integrin αIIbβ3 on the platelet surface, thereby identifying αIIbβ3
as the platelet receptor for HDL3 89. Furthermore, HDL3-induced signaling was impaired in
αIIbβ3-deficient platelets 218 and LDL was a poor inhibitor of HDL binding to platelets 38,
suggesting that the HDL binding site does not interact with LDL. This agrees with observations that the integrin αIIbβ3 does not mediate binding of LDL 91,98 and that apoER2’ is the
LDL receptor on platelets 93. In contrast with these observations, others reported that
αIIbβ3 is not involved in binding of HDL3 to platelets, since (i) antibodies directed against
integrin αIIbβ3 had no effect, (ii) HDL3 did not alter agonist-induced fibrinogen binding or
216,219,

(iii) HDL3-induced platelet signaling was similar in control
platelets and platelets from thrombasthenic patients with abnormal levels of αIIbβ3 and
platelet aggregation

fibrinogen

220,

(iv) treatment of platelet with EDTA, which causes the dissociation of the

integrin complex and fully inhibits fibrinogen binding and platelet aggregation

221,

did not

and (v) αIIbβ3 ligands like fibrinoinhibit the interaction between HDL3 and platelets
gen, fibronectin, vitronectin, and von Willebrand factor failed to change HDL3 binding 220.
217,

Hence, the question remains which receptor on platelets functions as the binding site for
HDL3.
The protein moiety of HDL mediates the binding affinity for its cell surface receptor. Since
HDL3 contains only trace amounts of apoC and apoE, receptor binding is presumably mediated by apoA 222. Scavenger receptor SR-BI, which was recently identified on platelets

41,

binds apoA 223, suggesting that SR-BI is a binding site for HDL3 on platelets. Since binding
of HDL3 is down-regulated by HDL2 217, HDL3 and HDL2 probably bind to the same receptor via apoA. Binding of apoE-containing HDL to its receptor on fibroblasts is mediated by
apoE

224.

Modification of the lysine residues by carbamylation, acetoacetylation or reduc-

tive methylation, and modification of arginine residues by treatment with cyclohexane-
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dione impaired HDL binding showing that a positive charge and lysine and arginine residues
in apoE are important for HDL binding 97. A positive charge and lysine and arginine residues
in apoE are also important for HDL binding to platelets

216.

Hence, apoE-containing HDL

subclasses might bind via their apoE moiety to apoER2’ on platelets.
Platelet signaling induced by HDL
Conflicting effects of HDL on platelet activation have been reported. This is explained by
different effects of the various HDL subclasses on platelet activation. HDL3 has no or a stimulating effect effect on platelet activation

86,216,225,

whereas inhibition is observed by

83,84,87,103,216,226.

HDL2 and apoE-rich HDL
Like LDL, HDL3 induces the phosphorylation of
MAPK
p38
. In contrast, HDL2 only slightly induces p38MAPK phosphorylation 101. HDL2
reduces thrombin-induced platelet aggregation and 14C-serotonin release induced by
(ox)LDL

87,227,

83,84,226.

HDL2 also inhibits platelet functions induced by
e.g. shape change, [Ca2+]i mobilization, inositol phospholipids production,

thrombin, ADP, and epinephrine

and reduction of NO synthase expression. Prostacyclin does not change the inhibition by
HDL2, suggesting that HDL2 inhibits platelet functions independent of cAMP 84.
Inhibition by HDL2 is mediated by apoE, since chemical modification of lysine, arginine, and
tyrosine residues in apoE of HDL abolishes binding and the anti-aggregatory effect 216. Thus,
inhibition of platelet function by HDL corresponds to the model outlined in Fig. 2.
Membrane cholesterol depletion, as observed for apoE-phospholipid vesicles

60,

may be

another way to inhibit platelet function.

Lipoprotein (a) (Lp(a))
Lipoprotein(a) (Lp(a)) is synthesized by the liver and is composed of an apoB100-bearing
lipoprotein particle, mainly LDL, whose apoB100 molecule is linked to the unique glycoprotein apo(a) via single interchain disulfide bridges

228-230.

Apo(a) is not a superglycosylated

form of apoB100 but is distinctly different in its composition and structure. In contrast to
apoB100, which has a relatively constant weight, the size of apo(a) ranges between 300 and
800-kDa

231.

This heterogeneity in the size of apo(a) is under genetic control and is due to

differences in the number of kringle IV type 2 repeats, ranging from 11 to >50 repeats
231,232.

The plasma level of Lp(a) is inversely correlated with the number of kringle IV type

2 repeats in apo(a)

232.

Some studies have reported an inverse correlation of the number

of kringle IV type 2 repeats with CHD

233-235.

The role of Lp(a) in atherosclerosis is based

on different observations, e.g. (i) Lp(a) is present in aortic and coronary atherosclerotic
plaques

236-238

where it co-localizes with macrophages and smooth muscle cells

236;

(ii)

Lp(a) co-localizes with α-actin in the atherosclerotic plaque suggesting a role for Lp(a) in
plaque growth 236; (iii) Lp(a) is involved in the recruitment of monocytes to the vessel wall
by inducing monocytic chemotactic activity, distinct from monocyte chemoattractant protein-1 or granulocyte monocyte-colony stimulating factor
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239,240;

and (iv) Lp(a)’s con-
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stituent apo(a) is highly homologous to plasminogen 232,241. Lp(a) and apo(a) compete with
plasminogen for binding sites on monocytic cells 242, endothelial cells 238, and platelets 243.
Furthermore, Lp(a) acts as an inhibitor of the activation of plasminogen

238,244,

thereby

blocking the fibrinolytic activity of plasminogen. In addition, Lp(a) binds to fibrin thereby
inhibiting binding of plasmin

244,245.

Lp(a) binding sites on platelets
Binding of Lp(a) to platelets is specific, saturable, and independent of divalent cations.
Platelets express about 400-1000 sites that bind Lp(a) with a Kd of 7 nmol/L

88.

Recombinant apo(a) binds with high affinity and specifically to a single class of binding sites
with a Kd of 5.6 nmol/L. The capacity is low, about 71±41 copies per platelet
in contrast to the 400-1000 binding sites reported for Lp(a)

88.

246,

which is

The difference may reside

in binding of the apoB100 constituent of Lp(a) to apoER2’. Binding of recombinant apo(a)
is inhibited by Lp(a)

246.

Lp(a) possesses the amino acid sequence arginyl-glycyl-aspartate

(RGD) within its apo(a) (aa 3879-3881), which is the consensus sequence for binding of
adhesive proteins, such as fibrinogen and von Willebrand Factor, to the platelet integrin
αIIbβ3 88,241. Indeed, Lp(a) binds a single platelet membrane-associated protein of about
137-kDa co-migrating with the αIIb-subunit of 140-kDa. Fibrinogen competes with Lp(a) for
binding to platelets. LDL and HDL3 are less effective in inhibiting Lp(a) binding to platelets,
which agrees with observations that LDL 37,91,93 and HDL3 do not bind αIIbβ3 216,217,219-221.
Antibodies directed against the αIIb-subunit or the complete integrin αIIbβ3 reduce Lp(a)
binding to platelets by about 80% and 60%, respectively, whereas an antibody against the
β3-subunit diminishes binding by only 15%. These observations indicate that Lp(a) binding
is mediated by the αIIb-subunit of the integrin αIIbβ3. Despite the presence of the RGD
sequence within apo(a), it is not the binding site of Lp(a) since Lp(a) binding to platelets
is not affected by an isolated RGD tripeptide or antibodies directed against the RGD
sequence within apo(a)

88.

Another study shows that fibrinogen and antibodies against fib-

rinogen binding to αIIbβ3 do not inhibit the binding of recombinant apo(a) to high affinity
binding sites on platelets, rejecting αIIbβ3 as Lp(a) receptor 246. This agrees with the observation that recombinant apo(a) binds normally to αIIbβ3-deficient platelets. Hence, the
identity of the Lp(a) receptor remains to be elucidated.
The lysine analogue EACA inhibits binding of recombinant apo(a), indicating the involvement of lysine residues of apo(a) in the interaction with platelets

246.

But removal of car-

boxy-terminal lysine residues did not impair binding, demonstrating that carboxy-terminal
lysine residues are not involved.
Lp(a)-induced platelet signaling
Lp(a) or recombinant apo(a) are not independent activators of platelet functions, like
aggregation and secretion

110,246,247.

The influence of Lp(a) or recombinant apo(a) on ago-
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nist-induced platelet stimulation is controversial and is dependent on the type of agonist
used. Lp(a) and recombinant apo(a) are prothrombotic when platelets are treated with AA,
the thromboxane receptor agonist U46619, and the PAR-1-activating peptide TRAP

246,247.

The enhancement is thought to depend on activation of the signaling pathway to TxA2 and
enhancement of granule secretion.
In contrast, Lp(a) has no effect on thrombin- or ADP-induced platelet responses, measured
as shape change, aggregation, TxA2 formation, and serotonin secretion 110,247,248. The
absent effect of Lp(a) on thrombin-induced platelet functions is in contrast with the
enhancement of TRAP-induced platelet responses. Since thrombin-induced aggregation
shows a steep dose-response curve, it is difficult to demonstrate synergism with Lp(a).
Collagen-induced aggregation, TxA2 formation, and secretion are dose-dependently inhibited by Lp(a) 110. The degree of inhibition is independent of the size of apo(a), but based
on direct interaction with collagen and interference with collagen binding to platelets
Lp(a) also attenuates adhesion to collagen under flow

110,

110.

a system that mimics adhesion

to a vessel wall in vivo. Since Lp(a) is an LDL-like particle and is considered atherogenic, it
is expected that Lp(a) enhances agonist-induced platelet reactivity. However, the observations described above illustrate that Lp(a) is either pro-aggregatory or anti-aggregatory
depending on the agonist. LDL-induced platelet activation is mediated by apoB100, suggesting that inhibition of platelet function by Lp(a) is mediated by apo(a). In line with this suggestion, Lp(a) and apo(a) increase the cAMP level, whereas Lp(a) without apo(a) is without
impact 249. In addition, the effect on cAMP is attenuated by an antibody against apo(a) but
not by an antibody against apoB100. The increase in cAMP may also be responsible for the
observed decrease in collagen-induced platelet responses
Lp(a) also inhibits aggregation by PAF

250,

110,249.

which is a potent platelet agonist. Degradation

of PAF is regulated by PAF-acetylhydrolase (PAF-AH), an enzyme associated with Lp(a).
However, inhibition of PAF-induced platelet responses is not due to the presence of PAF-AH,
since inhibition is preserved with LP(a) associated with inactive PAF-AH. The major mechanism mediating inhibition by Lp(a) of PAF-induced platelet activation is via reduced activation of integrin αIIbβ3 and fibrinogen binding. Lp(a) induces a reduction of PAC-1 binding, which indicates a reduction in activation of integrin αIIbβ3, and a concomitant
decrease in fibrinogen binding to integrin αIIbβ3.
In conclusion, the effects of the different lipoproteins on platelet function depend on their
apolipoproteins. The presence of apoE in chylomicrons, VLDL, and HDL induces inhibition,
whereas apoB100 in LDL stimulates platelet function. The balance between the different
lipoproteins determines whether platelets become activated or remain in a resting state.
The interaction between platelets and lipoproteins is summarized in Fig. 7.
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Fig. 7. Lipoprotein-induced platelet signaling. See text for explanation.
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Abstract
Mildly oxidized low density lipoprotein activates platelets through lysophosphatidic acid
(LPA). Hence, the platelet-activating properties attributed to native low density lipoprotein
(nLDL) might be caused by LPA contamination. We show that nLDL enhances thrombin
receptor-activating peptide (TRAP)-induced fibrinogen binding to αIIbβ3. The LPA receptor
blocker N-palmitoyl-L-serine-phosphoric acid did not affect nLDL-enhanced fibrinogen binding induced by TRAP, but reduced TRAP-induced binding. cAMP and inhibitors of protein
kinase C and Ca2+ rises completely blocked ligand binding by TRAP and nLDL/TRAP.
Inhibitors of p38MAPK and ADP secretion interfered only partially. Blockade of Rho-kinase
increased ligand binding 2-3-fold. We conclude that nLDL enhances TRAP-induced fibrinogen binding independent of LPA.

Introduction
Increased levels of native low density lipoprotein (nLDL) are related to an increased risk for
atherosclerosis. Platelets are key elements in the initiation of arterial thrombosis. At physiological concentrations (0.6-0.9 g protein/L), nLDL sensitizes platelets to natural agonists
such as α-thrombin, collagen, and ADP 1-4. The sensitization is slow (30 min or more), however, and nLDL alone fails to trigger shape change, integrin αIIbβ3 activation, or secretion
of granule contents. Sensitization of platelets occurs through phosphorylation of p38 mitogen-activated protein kinase (p38MAPK) within 10 sec with 1.0 g/L nLDL and within 10 min
with 0.1 g/L nLDL and results in cytosolic phospholipase A2 (cPLA2)-activated arachidonic
acid release, a precursor of thromboxane A2 (TxA2) formation 5. At higher concentrations
(3 g/L) and longer incubation times (>4 hrs), nLDL becomes an independent initiator of
platelet activation triggering aggregation and secretion 6. Thus, depending on concentration and time, nLDL synergizes with other activators or is an independent platelet agonist.
At the early stages of atherosclerotic development, endothelial cells become activated and
bind monocytes and T-lymphocytes, which subsequently migrate through the endothelium
into the subendothelium. nLDL accumulation has been found in these areas

7

and minimal-

ly modified LDL (mm-LDL) has been shown to cause an increase of monocyte binding to the
endothelium 8. nLDL also increases intracellular Ca2+ levels in endothelial cells. The Ca2+
rises induce VCAM-1 expression and subsequent binding of monocytes to the endothelium9.
Particularly modified forms of nLDL are atherogenic, and the potency of nLDL as a platelet
activator increases upon oxidative modification, leading to faster responses at lower concentrations. Oxidized LDL (ox-LDL) enhances aggregation and secretion induced by αthrombin and ADP 10,11 or induces spontaneous aggregation, adhesion and serotonin release
12-14.

The effects of oxidatively modified LDL have been attributed to lysophosphatidic acid
(LPA), which is generated during oxidation of nLDL 15. Human platelets possess a G-proteincoupled receptor for LPA, which is a member of the endothelial differentiation genes (Edg)
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receptor family

16.

The LPA receptor responds to low concentrations of LPA (EC50 of 18
nmol/L) with platelet shape change 15,17. At higher concentrations (EC50 ~ 1.6 µmol/L), LPA
increases cytosolic Ca2+ levels and activates Src family tyrosine kinases and the tyrosine
kinase Syk, both pathways being independent of platelet shape change

17.

During nLDL isolation, oxidation is prevented by ethylenediaminetetraacetic acid (EDTA).
However, a minimal degree of oxidation might be inherent to nLDL isolation procedures,
raising the possibility that nLDL lacks any platelet-activating properties. The present study
addresses the question whether platelets respond to nLDL, independent of LPA-mediated
cell signaling.

Experimental Procedures
Materials
Prostacyclin (PGI2) was from Cayman Chemical, Ann Arbor, MI, USA. Indomethacin was from Sigma, St.
Louis, MO, USA. Iloprost was from Schering AG, Berlin, Germany. Bisindolylmaleimide I (GF109203X),
phosphoenolpyruvate (PEP), and pyruvate kinase (PK) were all obtained from Boehringer Mannheim,
Mannheim, Germany. Bis-(o-amino-phenoxy)ethane-N,N,N’,N’-tetraacetic acid tetrakis(acetoxymethyl
ester) (BAPTA-AM) was from Calbiochem Corporation, La Jolla, CA, USA. N-palmitoyl-L-serine-phosphoric acid (L-NASPA) was from Biomol, Plymouth, PA, USA. Rho-kinase inhibitor Y-27632 was kindly
provided by Yoshitomi Pharmaceuticals, 3-7-25 Koyata, Iruma-Shi Saitama, Japan. The thrombin receptor-activating peptide SFLLRN (TRAP) was synthesized with a semi-automatic peptide synthesizer
(Labortec AG SP650, Switzerland) according to van Scharrenburg et al.

18.

Fibrinogen was from

Chromogenix, Mölndal, Sweden, and made fibrin- and fibronectin-free by passage through a gelatineSepharose 4B column

19.

Sepharose 4B was from Pharmacia Biotech, Uppsala, Sweden. FITC-conjugat-

ed anti-human fibrinogen was from DAKO, Glostrup, Denmark. All other chemicals used were of analytical grade.

nLDL Isolation
Fresh, non-frozen plasma from three donors, each containing less than 200 mg lipoprotein(a)/L, was
pooled and nLDL (1.019 - 1.063 kg/L) was isolated by sequential flotation in a Beckman L-80 ultracen20.

To prevent bacterial contamination and lipid modification, 2 mmol/L NaN3 and 4 mmol/L
EDTA were present during each run (175000 x g, 20 hrs, 10°C). KBr was used for density adjustment.
nLDL was dialyzed against 103 volumes of buffer containing 150 mmol/L NaCl, 1 mmol/L EDTA and 1
trifuge

mmol/L NaN3, and subsequently filtered through a 0.45 µm filter. Prior to each experiment, nLDL was
dialyzed overnight against 104 volumes of 150 mmol/L NaCl.
Levels of apoB100 were measured using the Behring Nephelometer 100. Possible oxidative modification was determined by monitoring the formation of conjugated dienes at 234 nm of 50 mg apoB100/L
with 5 µmol/L CuCl2 x 2H2O. The final nLDL preparation showed an absoption at 234 nm of 0.26 ± 0.08.
This was in the range of values reported by Weidtmann 2 for nLDL isolated in the presence of thimerosal (0.28 ± 0.04). All concentrations of nLDL are expressed as g apoB100/L.
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Isolation of Human Platelets
Human platelets were isolated from freshly drawn venous blood, collected from healthy volunteers
(with informed consent) into 0.1 volume of 3.8% (w/v) trisodium citrate. The donors claimed not to
have taken any medication 10 days prior to blood collection. Platelet-rich plasma was prepared by centrifugation (156 x g, 15 min, 20°C). Then, 0.1 volume of ACD (2.5% trisodium citrate, 1.5% citric acid,
2% D-glucose) was added to lower the pH of the plasma to 6.5 and thus prevent platelet activation during further isolation. Platelets were further purified by centrifugation at 330 x g for 15 min at 20°C.
The platelet pellet was resuspended in Hepes-Tyrode buffer (145 mmol/L NaCl, 5 mmol/L KCl, 0.5
mmol/L Na2HPO4, 1 mmol/L MgSO4, 10 mmol/L Hepes, pH 6.5) containing 5 mmol/L D-glucose. PGI2
was added to a final concentration of 10 ng/mL and the washing procedure was repeated once. The
platelet pellet was resuspended in Hepes-Tyrode buffer pH 7.2 containing 5 mmol/L D-glucose to a final
concentration of 0.4 x 1011 platelets/L. Prior to the experiments, the platelets were left at room temperature for at least 30 min to ensure a resting state.

Binding of Fibrinogen
A volume of 0.3 mL platelets was treated with the cyclooxygenase inhibitor indomethacin (30 µmol/L,
30 min, 37°C) to prevent secondary effects from the TxA2-dependent signaling pathway. The platelets
were then incubated with various inhibitors followed by pretreatment with nLDL (1.0 g/L, 30 min,
37°C) or an equal volume of 150 mmol/L NaCl and subsequently stimulated with TRAP (15 µmol/L, 5
min) in the presence of fibrinogen (1 µmol/L, 2 min) at room temperature. Platelets were fixed in
phosphate-buffered saline (PBS) containing 1% formaldehyde after a 64-min incubation period with
FITC-conjugated anti-human fibrinogen (1:30 dilution of 1.4 g/L). Fibrinogen binding to αIIbβ3 was
analyzed by flow cytometry (FACScalibur, Becton Dickinson).

Statistical Analysis
Statistical analysis was performed using one-way ANOVA with Dunnett’s multiple comparison test as
post test. Results are expressed as means ± S.D. from 5-10 experiments without inhibitors, and from 3
experiments with inhibitors.

Results
Indomethacin-treated platelets were stimulated with nLDL, TRAP or a combination of TRAP
and nLDL, and fibrinogen binding to αIIbβ3 was determined by flow cytometry. nLDL alone
failed to induce fibrinogen binding, but a 30-min preincubation of platelets with nLDL
enhanced the TRAP-induced fibrinogen binding (100%) with 55 ± 30% (Fig. 1). Since recent
findings indicate that mildly oxidized LDL (moxLDL) induces platelet activation via LPA 15,
nLDL-enhanced fibrinogen binding induced by TRAP was measured in the presence of LNASPA, a blocker of the LPA receptor. At 1, 10, 20, and 30 µmol/L L-NASPA, TRAP-induced
fibrinogen binding decreased to 67 ± 26%, 32 ± 11%, 47 ± 23%, and 54 ± 38%, respectively
(P < 0.001, Fig. 2). Surprisingly, following pretreatment with nLDL, fibrinogen binding
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Fig.1. nLDL-enhanced fibrinogen binding
induced by TRAP
Indomethacin-treated platelets (0.4 x 1011/L)
were preincubated with vehicle (150 mmol/L
NaCl) or with 1.0 g/L nLDL for 30 min at 37°C.
Subsequently, the platelets were stimulated
without (150 mmol/L NaCl) or with 15 µmol/L
TRAP (5 min) in the presence of 1 µmol/L fibrinogen (2 min) at room temperature. Platelets
were fixed in PBS/1% formaldehyde 64 min after
the addition of FITC-conjugated anti-human fibrinogen (1.4 g/L; dilution 1:30). Fibrinogen
binding was analyzed by flow cytometry. Data
are means ± S.D., n = 5-10.

remained undisturbed at 178 ± 27%, 133 ± 5%, 132 ± 8%, and 143 ± 34% at the respective LNASPA concentrations (P = 0.19). Thus, the LPA receptor functions in TRAP-induced signaling, whereas the enhancement of TRAP signaling by nLDL appears independent of LPA or its
receptor.
To evaluate the signaling steps involved in the effect of nLDL on TRAP-induced fibrinogen
binding, studies were repeated with metabolic inhibitors known to interfere with signal
transduction in platelets. The cAMP-raising agent iloprost, the protein kinase C (PKC)
inhibitor bisindolylmaleimide and the Ca2+ chelator BAPTA-AM all abolished fibrinogen
binding to αIIbβ3 induced by TRAP alone or in combination with nLDL (Table 1). Thus, low
cAMP, a rise in Ca2+, and activation of PKC are prerequisites for TRAP-induced αIIbβ3 activation with and without nLDL. Only partial inhibition was found with SB203580, an inhibitor
of p38MAPK.
Fig. 2. nLDL activates platelets independent
of LPA/LPA receptor-mediated signaling
Indomethacin-treated platelets were incubated
with vehicle (DMSO) or the LPA receptor blocker
L-NASPA (1, 10, 20 or 30 µmol/L) for 5 min at
37°C. Prior to stimulation with TRAP in the presence of fibrinogen at room temperature,
platelets were pretreated with 1.0 g/L nLDL
(closed bars) or 150 mmol/L NaCl (open bars) at
37°C. Fibrinogen binding was determined as
described in the legend to Fig. 1. Data are
means ± S.D., n = 5-10, for the inhibitor n = 3.
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MoxLDL induces platelet shape change via Rho/Rho-kinase activation

21.

To study the

involvement of Rho-kinase in the LPA-induced signaling pathway to αIIbβ3 activation, the
platelets were preincubated with Y-27632, a Rho-kinase inhibitor. This treatment increased
both TRAP-induced fibrinogen binding and nLDL/TRAP-induced binding (Table 1).
Table 1. Effect of metabolic inhibitors on nLDL-enhanced fibrinogen binding to αIIbβ3
Inhibitor

TRAP-induced fibrinogen binding (%)

Fibrinogen binding induced by
nLDL/TRAP (%)

100

155 ± 30

Iloprost

8

7

Bisindolylmaleimide

10

8

-

BAPTA-AM

4

7

SB203580

51 ± 5

48 ± 8

Y-27632

172 ± 63

366 ± 201

PEP-PK

31 ± 9

56 ± 11

Indomethacin-treated platelets were preincubated with vehicle (150 mmol/L NaCl), iloprost (1 µmol/L,
2 min), bisindolylmaleimide (5 µmol/L, 2 min), BAPTA-AM (30 µmol/L, 30 min), SB203580 (10 µmol/L,
30 min), Y-27632 (10 mmol/L, 30 min), or PEP-PK (0.28 mmol/L PEP, 3 U/mL PK, 2 min) at 37°C prior
to pretreatment with 1.0 g/L nLDL or 150 mmol/L NaCl, and stimulation with TRAP in the presence of
fibrinogen at room temperature. Fibrinogen binding was determined as described in the legend to Fig.
1. Data are means ± S.D., n = 5-10, for the inhibitors n = 1 or n = 3.

Finally, studies were repeated with PEP (0.28 mmol/L) and PK (3 U/mL) to interfere with
released ADP. This treatment reduced fibrinogen binding induced by TRAP alone or with
nLDL almost 3-fold (Table 1). Thus, a major part of the effect of nLDL originates from stimulation of TRAP-induced dense granule secretion.

Discussion
Recent data show that oxidation of nLDL is accompanied by LPA formation. LPA is the activating ligand for platelet shape change induced by moxLDL 15. The present study shows that
a potent inhibitor of the LPA receptor strongly interferes with the TRAP-induced ligand
binding to αIIbβ3 but has no significant effect when platelets have been pretreated with
nLDL. Thus, nLDL activates platelets independent of LPA-mediated signaling. This nLDLdependent pathway is sensitive to iloprost and inhibited by bisindolylmaleimide and BAPTAAM, indicating that it shares common steps in signal transduction by TRAP and other
platelet activators. nLDL-induced activation is sensitive to an ADP removing mixture, indicating that a major part of the activation originates from TRAP-induced ADP secretion.
Hackeng et al.

22

already showed that 1.0 g/L LDL enhances the collagen-induced release

of serotonin from about 20% to 40% of maximal secretion. Similar results were obtained
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with stirred suspensions stimulated with TRAP.
Rho-kinase is involved in LPA-signaling pathways leading to shape change

21.

To investigate

the role of Rho-kinase in LPA-dependent signaling to αIIbβ3, the platelets were treated with
Y-27632. This Rho-kinase inhibitor caused an increase of the fibrinogen binding induced by
TRAP or nLDL/TRAP by 2-3-fold. Activated Rho-kinase induces phosphorylation of myosin
light chain leading to interaction of the myosin head with actin to form contractile
actin/myosin bundles. Rho-kinase also phosphorylates moesin, which subsequently mediates the interaction of the actin/myosin bundles with the plasma membrane

21.

The actin

cytoskeleton appears to play a role in regulating αIIbβ3 function and interruption of actin
filament turnover in platelets by cytochalasin D enables a substantial portion of αIIbβ3 to
Thus, the observed αIIbβ3 activation after Rho-kinase inhibition
might have been due to interruption of the cytoskeletal organization.
nLDL activates αIIbβ3 by a pathway involving activation of p38MAPK resulting in cPLA2mediated arachidonic acid release, TxA2 formation and further signaling via the TxA2
receptor 5. In addition, nLDL also induces p125 focal adhesion kinase (p125FAK) phosphorybind soluble fibrinogen

23.

Both p38MAPK and p125FAK phosphorylation are early events after LDL-platelet
contact 5,24. So far, the role of p38MAPK was thought to be restricted to the TxA2-dependent pathway. The present study shows that p38MAPK also functions in nLDL signaling in
lation

24.

indomethacin-treated platelets. Incubation with SB203580, which inhibits the activation of
p38MAPK, only partially reduced fibrinogen binding to αIIbβ3 induced by TRAP or
nLDL/TRAP. Four isoforms of p38MAPK (p38α, p38β, p38γ, and p38δ) have been identified,
which are 60-70% identical in their amino acid sequence

25.

As SB203580 only inhibits the

25,

p38α and/or p38β are involved in the TxA2-independent
αIIbβ3 regulation. However, SB203580 does not inhibit the phosphorylation of the p38γ or
the p38δ isoform, which therefore might also play a role in this nLDL-signaling pathway.

p38α and the p38β isoforms

Thus, nLDL induces another important signaling pathway independent of TxA2 formation,
in which p38MAPK seems to be involved. Moreover, this signaling pathway is completely
insensitive for treatment with L-NASPA.
In conclusion, we have shown that nLDL, independent of LPA, is able to enhance the activation of a TxA2-independent signaling pathway in TRAP-stimulated platelets. ADP, released
from the dense granules, seems to mediate the activation of the TxA2-independent signaling pathway in which rises of Ca2+, activation of PKC and p38MAPK and cAMP as an inhibitor
are involved. Platelets from familial hypercholesterolemia patients have an increased sensitivity to agonists due to increased levels of nLDL in the circulation

26.

Therefore, studies

that deepen our insights in the mechanisms by which nLDL sensitizes platelets, might provide tools for therapeutic intervention and reduction of cardiovascular complications.
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Abstract
Binding of low density lipoprotein (LDL) to platelets enhances platelet responsiveness to
various aggregation-inducing agents. However, the identity of the platelet surface receptor
for LDL is unknown. We have previously reported that binding of the LDL component
apolipoprotein B100 to platelets induces rapid phosphorylation of p38 mitogen-activated
protein kinase (p38MAPK). Here, we show that LDL-dependent activation of this kinase is
inhibited by receptor-associated protein (RAP), an inhibitor of members of the LDL receptor family. Confocal microscopy revealed a high degree of co-localization of LDL and a
splice variant of the LDL receptor family member apolipoprotein E receptor 2 (apoER2’) at
the platelet surface, suggesting that apoER2’ may contribute to LDL-induced platelet signaling. Indeed, LDL was unable to induce p38MAPK activation in platelets of apoER2-deficient mice. Furthermore, LDL bound efficiently to soluble apoER2’ and the transient LDLinduced activation of p38MAPK was mimicked by an anti-apoER2 antibody. Association of
LDL to platelets resulted in tyrosine phosphorylation of apoER2’, a process that was inhibited in the presence of PP1, an inhibitor of Src-like tyrosine kinases. Moreover, phosphorylated but not native apoER2’ co-precipitated with the Src family member Fgr. This suggests
that exposure of platelets to LDL induces association of apoER2’ to Fgr, a kinase that is able
to activate p38MAPK. In conclusion, our data indicate that apoER2’ contributes to LDLdependent sensitization of platelets.

Introduction
Platelets and low density lipoproteins (LDL) are key elements in the development of atherothrombotic complications. The interplay between both elements is apparent from the
notion that LDL particles markedly enhance the responsiveness of platelets to various
aggregation-inducing agents

1-4.

These agonists mediate the release of growth factors,

vasoactive substances, and chemotactic agents that are known to stimulate atherosclerotic plaque formation. Sensitization of platelets by LDL involves the major LDL constituent
apolipoprotein B100 (apoB100) 5, a 4563 amino acid protein that is wrapped around the LDL
particle 6. LDL particles are recognized by the classical hepatic LDL receptor (LDL-R;
apoB/E receptor) through the apoB100 moiety, and in particular through a region within the
apoB100 protein that is enriched in positively charged amino acids, the so-called B-site 7.
Like LDL, a synthetic peptide mimicking this B-site associates to the platelet surface 5.
Moreover, this peptide interferes with binding of LDL to platelets 5, suggesting that both
elements share similar binding sites. This possibility is supported by the observation that
binding of either LDL or the B-site peptide to the platelet results in a near immediate activation of the intracellular enzyme p38 mitogen-activated protein kinase (p38MAPK) 5,8.
Activation of this Ser/Thr kinase is associated with downstream phosphorylation and activation of cytosolic phospholipase A2, which leads to the formation of thromboxane A2 9,10.
Finally, enhanced platelet function occurs via exposure of the integrin αIIbβ3 and fibrino-
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gen binding

11.

The mechanism by which LDL particles signal to p38MAPK is yet unclear, but it seems conceivable that it involves a receptor-dependent pathway. The finding that the signaling pathway is initiated by the apoB100 component of LDL may point to the involvement of an LDLbinding receptor. However, platelets are known to lack the classical LDL-R as well as LDL
receptor-related protein-1 (LRP1) 12,13. Recently, a splice variant of apolipoprotein E receptor 2 (apoER2) has been identified in platelets and megakaryocytic cell lines

14.

ApoER2,

which is also known as LDL receptor related protein-8, is a member of the LDL receptor
family, and is mainly expressed in brain, testes and vascular cells but not in the liver
Its structure is most closely related to the LDL-R and VLDL-R

17.

15,16.

However, transcriptional

analysis has revealed that multiple alternative splicing variants of apoER2 exist

18,19,

one

of which, apoER2’, is present in platelets 14. Platelet apoER2’ mRNA encodes a 130-kDa protein, which consists of a single ligand-binding domain that comprises four complement type
A repeats (compared to seven repeats in full-length apoER2), an epidermal growth factorlike homology region, an O-linked sugar domain, and a single transmembrane domain that
connects the extracellular region to the cytoplasmic tail.
Several studies have shown the ability of apoER2 to bind and internalize apoE-containing
lipid vesicles

14,15.

However, the contribution of apoER2 to the general lipid metabolism is

probably limited, since mice genetically deficient for apoER2 do not suffer from increased
plasma lipoprotein levels

20.

Because also the endocytosis rate of apoER2 is almost 20-fold

lower compared to LRP1

21,

it seems conceivable that apoER2 serves an alternative physi-

ological function as well. Indeed, there is firm support for a role of apoER2 in cellular signaling processes. For example, apoER2 has been reported to contribute to the neuronal signaling pathway that governs the layering of the developing cortex

20.

In this process,

apoER2 functions as a receptor for the signaling molecule reelin, and transmits the reelin
signal to the intracellular adaptor protein disabled-1, which associates to the cytoplasmic
tail of apoER2

20,22,23,24.

This tail contains an yxNPxY sequence (where y is a hydrophobic

amino acid residue), which may function as a potential binding site for phosphotyrosine
binding domains of signaling molecules, including disabled-1. In addition, the cytoplasmic
region of apoER2 contains three proline-rich areas that correspond to the consensus
sequence (PxxP) for Src homology-3 recognition

14.

All of these motifs that potentially link

apoER2 to various signaling pathways are also present in the platelet variant of this receptor

14.

In the present study, we investigated whether apoER2’ has the potential to transmit the LDL
signal to intracellular signaling components, with particular reference to p38MAPK. We
found that LDL bound efficiently to soluble apoER2’ and that an anti-apoER2 antibody was
similar to LDL particles in activating p38MAPK. Furthermore, the absence of apoER2 in
platelets was associated with a lack of LDL-dependent p38MAPK activation, while inhibition
of ligand binding to apoER2’ by the 39-kDa receptor-associated protein (RAP) interfered
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with LDL-dependent phosphorylation of p38MAPK. Finally, incubation of platelets with LDL
particles resulted in a rapid tyrosine phosphorylation of apoER2’. This process was mediated by Src-like kinases and allowed the association with the signaling molecule Fgr. In view
of our data, we propose that apoER2’ serves a critical role in the LDL-initiated signaling
pathway that governs platelets with increased sensitivity toward its aggregation-inducing
agents.

Experimental Procedures
Mice
Wild-type C57Bl/6 mice and mice genetically deficient for the LDL receptor (LDL-R-/-), CD36 (CD36-/), scavenger receptor BI (SR-BI-/-), and scavenger receptor A (SR-A-/-) were used in this study. C57Bl/6
mice were obtained from Charles River (Maastricht, The Netherlands). Mice genetically deficient for
apoER2 have been described previously 20. Homozygous LDL-R-/- mice, originally generated by
Ishibashi et al.

25,

were obtained from the Jackson Laboratory (Bar Harbor, ME, USA) as mating pairs,
and bred at the Gorlaeus Laboratories (Leiden, the Netherlands). CD36-/- mice were kindly provided
by Dr. M. Febbraio (Department of Medicine, Weill Medical College of Cornell University, New York, NY,
USA) 26, SR-BI-/- mice by Dr. M. Krieger (Department of Biology, Massachusetts Institute of Technology,
Cambridge, MA, USA)

27,

and Mex-4 SR-A-/- mice by Dr. T. Kodama (Department of Molecular Biology

and Medicine, University of Tokyo, Tokyo, Japan)

28.

All mice were backcrossed at least 4 generations

to the C57Bl/6 background. Mice had unlimited access to water and regular chow diet, containing 4.3%
(w/w) fat with no added cholesterol (RM3, Special Diet Services, Witham, UK). All experimental protocols were approved by the local ethics committees for animal experiments.

Materials
Nonfat dry milk was obtained from Nutricia (Zoetermeer, the Netherlands). Bovine serum albumin
(BSA), a monoclonal antibody against α-actinin, protease inhibitor mixture, peroxidase-conjugated
anti-goat IgG, and sodium vanadate (NaVO3) were obtained from Sigma (St.Louis, MO, USA).
Prostacyclin (PGI2) was from Cayman Chemical (Ann Arbor, MI, USA). Protein G-Sepharose was obtained
from Amersham Biosciences (Uppsala, Sweden). PP1 was from Alexis Biochemicals (San Diego, CA,
USA). Renaissance chemiluminescence Western blot reagent was from PerkinElmer Life Sciences
(Boston, MA, USA). Polyclonal antibodies against p38MAPK and dual phosphorylated p38MAPK (phosphoplus p38MAPK), and horseradish peroxidase-labeled anti-rabbit IgG were from New England Biolabs
(Beverly, MA, USA). An antibody against the ligand binding domain of apoER2 (anti-apoER2 antibody
186) has been described previously

24.

A polyclonal antibody directed against c-Fgr, a polyclonal anti-

body directed against Src kinases, and a goat polyclonal antibody directed against the ectodomain of
apoER2 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-LDL-R monoclonal
antibody was obtained from Oncogene Research Products (Boston, MA, USA). Anti-phosphotyrosine
monoclonal antibody 4G10 was from Upstate Biotechnology (Bucks, UK). The anti-human apoB100 monoclonal antibody 2D8 used for confocal microscopy was obtained from the University of Ottowa Heart

122

ApoER2’ Mediates LDL-Platelet Binding
Institute (Ontario, Canada), and has been described previously

29.

The anti-apoB100 antibody used in

the solid phase assay was from BiosPacific (Emeryville, CA, USA). Fibrinogen γ-chain derived dodecapeptide HHLGGAKQAGDV (γ400-411) was kindly provided by the Department of Biochemistry at the
University of Utrecht (Utrecht, the Netherlands). SDZ-GPI-562 (GPI-562) was a kind gift of Dr. H.G.
Zerwes (Novartis Pharmaceuticals, Basel, Switzerland).

Proteins
RAP fused to glutathione S-transferase (GST-RAP)

30

was prepared as described previously

31.

The pep-

tide RLTRKRGLKLA (Mr = 1311) designated B-site peptide, represents the receptor binding domain within apoB100. The peptide was synthesized by standard solid phase peptide synthesis and purified by C18
reverse-phase chromatography (HPLC, Genosphere biotechnologies, Paris, France). The purity of the
peptide was >99% as determined by HPLC, and the molecular weight was verified by matrix-assisted
laser desorption mass spectrometry by the manufacturer. Preparation of recombinant murine soluble
apoER2’ (s-apoER2’) fused to mannose-binding protein was performed as described

32.

Lipoprotein Isolation
Lipoproteins were isolated as described before

11.

In short, fresh, non-frozen plasma from 3 healthy

subjects each containing less than 100 mg Lipoprotein (a)/L was pooled, and LDL (density range 1.019
- 1.063 kg/L) was isolated by sequential flotation in a Beckman L-80 ultracentrifuge 33. Centrifugations
(175000 x g, 20 hrs, 10°C) were carried out in the presence of NaN3 and EDTA. The quality of these
preparations has been described 11. Lipoproteins were stored at 4°C under nitrogen for not longer than
14 days and before each experiment dialyzed overnight against 104 volumes 150 mmol/L NaCl.
ApoB100 and Lipoprotein (a) concentrations were measured using the Behring Nephelometer 100. The
concentration of LDL was expressed as g apoB100 protein/L.

Platelet Isolation
Freshly drawn venous blood from healthy volunteers was collected with informed consent into 0.1 volume 130 mmol/L trisodium citrate. The donors claimed not to have taken any medication during 2
weeks prior to blood collection. Platelet-rich plasma (PRP) was prepared by centrifugation (200 x g,
15 min, 20°C). Gel-filtered platelets (GFPs) were isolated by gel filtration through Sepharose 2B equilibrated in Ca2+-free Tyrode’s solution (137 mmol/L NaCl, 2.68 mmol/L KCl, 0.42 mmol/L NaH2PO4, 1.7
mmol/L MgCl2, and 11.9 mmol/L NaHCO3, pH 7.25) containing 0.2% BSA and 5 mmol/L glucose. GFPs
were adjusted to a final count of 2 x 1011 platelets/L.
For the isolation of murine platelets, mice were anesthetized by subcutaneous injection of a mixture
of xylazine (5 mg/mL), ketamine (40 mg/L) and atropine (0.05 mg/mL), and blood was subsequently
collected into 0.1 volume 130 mmol/L trisodium citrate and 0.1 volume of ACD buffer (2.5 g of trisodium citrate, 1.5 g of citric acid and 2 g of D-glucose in 100 mL of distilled water) by heart puncture.
PRP was obtained by centrifugation (87 x g, 15 min, 20°C). The remainder of the blood was diluted
with Hepes-Tyrode buffer (145 mmol/L NaCl, 5 mmol/L KCl, 0.5 mmol/L Na2HPO4, 1 mmol/L MgSO4,
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10 mmol/L Hepes, 5 mmol/L D-glucose, pH 6.5) and 0.1 volume of ACD buffer and centrifuged again
(87 x g, 15 min, 20°C). PRP samples were pooled, and platelets were isolated from PRP by centrifugation (350 x g, 15 min, 20°C) in the presence of 0.1 volume of ACD buffer and resuspended in HepesTyrode buffer (pH 6.5). PGI2 was added to a final concentration of 10 ng/mL, and the washing procedure was repeated once. The platelet pellet was resuspended in Hepes-Tyrode buffer (pH 7.2). Platelet
count was adjusted to 1 x 1011 platelets/L.
p38MAPK Assay
Human GFPs or washed murine platelets were incubated at 37°C with LDL, anti-apoER2 antibody 186
or anti-LDL-R antibody as indicated. After incubation, 100 mL aliquots were mixed (1:10 v/v) with cold
lysis buffer consisting of 10% (v/v) Nonidet P-40, 5% (w/v) octylglucoside, 50 mmol/L EDTA, 1% (w/v)
SDS supplemented with 5 mmol/L NaVO3 and 10% (v/v) protease inhibitor mixture and subsequently
taken up in Laemmli sample buffer. Samples were heated prior to SDS-polyacrylamide gel electrophoresis (12%). Proteins were electrophoretically transferred (1 hr, 100 volts) to a nitrocellulose
membrane using a mini-protean system (Bio-Rad, Richmond, CA, USA). The blots were blocked in 5%
(w/v) nonfat dry milk, 0.1% (v/v) Tween 20 in phosphate-buffered saline (PBS) (1 hr, 4°C) and incubated with the phosphoplus p38MAPK (recognizing p38MAPK phosphorylated at Thr-180 and Tyr-182) or
p38MAPK antibody, which recognizes both phosphorylated and non-phosphorylated isoforms (1:2000
(v/v) in 1% (w/v) nonfat dry milk, 0.1% (v/v) Tween in PBS, 16 hrs, 4°C). Both antibodies are raised
against residues 171-186 of human p38MAPK. After washing, the membranes were incubated with
horseradish peroxidase-labeled anti-rabbit (1:2000 (v/v), 1 hour, 4°C) and p38MAPK was visualized
using the enhanced chemiluminescence reaction. For semi-quantitative determination of the amount
of dual phosphorylated or total p38MAPK, the density of the bands was analyzed using ImageQuant
software (Molecular Dynamics).

Solid Phase Binding Assay
Microtiter plates were incubated with Tris-buffered saline (TBS), 2 mmol/L CaCl2 containing 10 µg/mL
of s-apoER2’ (16 hrs, 4°C). After blocking (1 hr, 20°C) in blocking solution (2% BSA in TBS, 2mmol/L
CaCl2, 0.05% (v/v) Tween), wells were incubated with different concentrations of human LDL diluted
in blocking solution in the presence or absence of 10 mmol/L EDTA. Bound LDL was detected by antiApoB antibody (diluted 1:500 in blocking solution) followed by peroxidase-conjugated secondary antibody (diluted 1:40000 in blocking solution). All incubations were carried out at room temperature for
1 hr. For the color reaction, a solution of 0.1 mol/L sodium acetate, pH 6.0 containing 0.1 mg/mL of
3,3´,5,5´-tetramethylbenzidine and 10 mmol/L H2O2 was used. The reaction was stopped after 5 min
by the addition of 0.3 mol/L H2SO4, and bound secondary antibody was photometrically quantified at
450 nm.

Surface Plasmon Resonance Analysis
Surface plasmon resonance (SPR) binding experiments were performed using a Biacore2000 biosensor
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system. A biotinylated peptide corresponding to the apoB100 B-site was immobilized at a density of
239 fmol/mm2. A control channel was prepared by the immobilization of a biotinylated irrelevant monoclonal antibody. Binding of s-apoER2’ was corrected for binding to this control channel (less than 2%).
SPR analysis was performed in 150 mmol/L NaCl, 2.5 mmol/L CaCl2, 0.005% (v/v) Tween-20, 25 mmol/L
Hepes (pH 7.4) at 25°C with a flow rate of 5 mL/min. Regeneration of the sensor chip surface was performed by incubating with 10 mmol/L taurodeoxycholic acid, 100 mmol/L Tris (pH 9.0) for 2 min. Data
were analyzed as described previously

34.

ApoER2’ Tyrosine Phosphorylation
Human GFPs were incubated at 37°C with LDL or B-site peptide as indicated, mixed with ice-cold lysis
buffer (1:10 v/v) as described above and subsequently taken up in Laemmli sample buffer. ApoER2’ was
precipitated using a goat polyclonal antibody directed against apoER2 (1 µg/mL) and protein GSepharose for 3 hrs at 4°C. Precipitates were washed 3 times with lysis buffer (containing 1 mmol/L
phenylmethylsulfonyl fluoride (PMSF), 1 mmol/L NaVO3 and 1 µg/mL leupeptin) and taken up in nonreducing Laemmli sample buffer. Samples were analyzed by SDS-PAGE and Western blotting. Tyrosine
phosphorylation of apoER2’ was visualized by incubation with 4G10, an antibody directed against phosphorylated tyrosine residues (0.5 µg/mL, 16 hrs, 4°C), followed by incubation with peroxidase-linked
anti-mouse IgG (1:5000 (v/v), 1 hr, 4°C), and the enhanced chemiluminescence reaction. As a control
for equal lane loading, the blots were stripped and incubated with a monoclonal anti-α-actinin antibody (1:5000 (v/v), 16 hrs, 4°C), followed by incubation with peroxidase-linked anti-mouse IgG (1:5000
(v/v), 1 hr, 4°C). For semi-quantitative determination of apoER2’ phosphorylation, the density of the
bands was analyzed using ImageQuant software. Complex formation between apoER2’ and Src family
tyrosine kinases was monitored by immunoprecipitation of apoER2’ from lysates of LDL-stimulated
platelets, followed by Western blotting with a polyclonal antibody against c-Fgr (0.4 µg/mL, 16 hrs,
4°C), and a subsequent incubation with horseradish peroxidase-labeled anti-rabbit IgG (1:10.000 (v/v),
1 hr, 4°C).

Immunofluorescence Studies
Human GFPs were incubated at 37°C with LDL (1.0 g/L) in the presence or absence of GST-RAP (0.3
µmol/L, 10 min). Then, the platelets were applied to coverslips after fixation with 1% (v/v)
paraformaldehyde, washed with PBS, blocked for 10 min with PBS containing 1% (w/v) BSA and 0.1%
(v/v) glycine (pH 7.4), and incubated with the monoclonal anti-apoB100 2D8

5

and the goat polyclon-

al anti-apoER2 antibody. Afterward, the coverslips were incubated with a tetramethylrhodamine B
thioisocyanate (TRITC)-labeled anti-mouse antibody (BD Biosciences, San Jose, CA, USA) and a fluorescein thioisocyanate (FITC)-labeled anti-goat antibody, diluted 1:20 (v/v) in PBS for 45 min at 37°C, followed by washing with PBS. Coverslips were embedded in Mowiol and analyzed by confocal laser
microscopy on a Leica confocal laser microscope.
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Statistical Analysis
Data are expressed as means ± S.E. with number of observations n and were analyzed with the
Student’s t test for unpaired observations. Differences were considered significant at p < 0.05.

Results
LDL-dependent activation of p38MAPK in the absence of LDL-R, CD36, SR-BI or SR-A
LDL particles are recognized by the classical hepatic LDL-R through the apoB100 moiety 7.
The scavenger receptors SR-BI and CD36 also bind LDL, in contrast to SR-A that only binds
LDL after modification 35. To investigate the contribution of these receptors to LDL-dependent platelet sensitization, platelets were obtained from wild-type C57Bl/6 mice and mice
that were genetically deficient for one of the following receptors: LDL-R, CD36, SR-BI or
SR-A. These platelets were incubated with freshly purified LDL (1 g/L) for 1 min, and activation of p38MAPK was subsequently assessed by comparing the binding of antibodies
directed against dual-phosphorylated p38MAPK to the binding of antibodies recognizing
total p38MAPK. In the absence of LDL, low levels of phosphorylated p38MAPK relative to
the total amount of the kinase were present in platelets from wild-type as well as the various knockout mice (Fig. 1). As expected, a substantial increase in phosphorylation was
observed upon incubation of wild-type platelets with LDL. Moreover, an increase in phosphorylation of p38MAPK was also observed when platelets obtained from the various knockout mice were incubated with LDL (Fig. 1). Thus, at least in mice, LDL-mediated p38MAPK
activation is a process that may occur independently of LDL-R, CD36, SR-BI, and SR-A, suggesting that other LDL-binding receptors are involved.

Fig. 1. LDL-induced p38MAPK phosphorylation may proceed independently of LDL-R, CD36, SR-BI,
and SR-A
Platelets from wild-type C57Bl/6 mice and mice genetically deficient for the LDL-R (LDL-R-/-), CD36
(CD36-/-), SR-BI (SR-BI-/-), and SR-A (SR-A-/-) were stimulated with LDL (1.0 g/L, 1 min, 37°C).
Samples were drawn and centrifuged (30 sec, 9000 x g, 20°C) and resuspended in sample buffer.
Samples were split, and dual phosphorylated p38MAPK was identified in one part by SDS-PAGE and
Western blotting using a phosphospecific anti-p38MAPK polyclonal antibody (upper panel). Another
part was analyzed for equal loading by detecting total p38MAPK using an antibody against p38MAPK
(lower panel).
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LDL-induced platelet p38MAPK activation requires the presence of apoER2’
Ligand binding to members of the LDL receptor family is blocked in the presence of RAP. To
study whether LDL-induced platelet signaling involves a RAP-sensitive receptor, LDLdependent phosphorylation of p38MAPK in human platelets was determined in the absence
and presence of GST-RAP (0.15-0.45 µmol/L). As shown in Fig. 2A, similar amounts of
p38MAPK were present in all samples, and the kinase was efficiently phosphorylated upon
incubation of the human platelets with LDL (1 g/L for 1 min). The presence of GST-RAP,
however, was associated with a dose-dependent decrease in p38MAPK phosphorylation,
with over 70% inhibition at 0.45 µmol/L GST-RAP (Fig. 2B). GST alone (0.45 µmol/L) failed
to affect LDL-induced p38MAPK phosphorylation (Fig. 2B). This indicates that LDL-dependent activation of p38MAPK is mediated by a RAP-sensitive receptor, only one of which has
been reported to be present in platelets: apoER2’ 14. As such, apoER2’ is a candidate receptor for LDL particles at the platelet surface. To test the contribution of this receptor,
Fig. 2. LDL-induced p38MAPK phosphorylation in the presence of GSTRAP and in platelets lacking apoER2’
(A) Platelets were incubated with GSTRAP (0.15, 0.30 and 0.45 µmol/L, 10
min, 37°C) prior to incubation with LDL
(1.0 g/L, 1 min, 37°C). P38MAPK phosphorylation

was

determined

as

described in the legend to Fig.1. (B)
The blots were semi-quantified, and
the data were expressed as percentage
of the p38MAPK phosphorylation in the
absence of GST-RAP (open symbol).
Inset, platelets were incubated with
GST alone (0.45 µmol/L, 10 min, 37°C)
prior to stimulation with LDL. Data are
expressed as means ± S.E., n = 4. (C)
Platelets from apoER2-deficient mice
were stimulated with LDL (1.0 g/L, 1
min, 37°C), and analyzed for p38MAPK
phosphorylation as described in the
legend to Fig. 1.
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p38MAPK activation was monitored using platelets obtained from apoER2-deficient mice. As
shown in Fig. 2C, LDL was unable to induce the phosphorylation of p38MAPK in the absence
of apoER2’. Thus, these data show that apoER2’ is an essential link in the process of LDLdependent p38MAPK activation in platelets.
ApoER2’ and LDL co-localization on the platelet surface
As apoER2’ is indispensable for LDL-dependent phosphorylation of p38MAPK, we further
examined whether LDL particles indeed are able to interact with this receptor. Therefore,
we first analyzed the location of apoER2’ and of platelet-bound LDL employing confocal
immunofluorescence microscopy analysis. Platelets were incubated with LDL (1 g/L) in the
presence or absence of GST-RAP (0.3 µmol/L). By using antibodies directed against apoER2
and the LDL constituent apoB100, it was found that both proteins were selectively present
at the platelet surface (Fig. 3). Merging of both images suggested a high degree of co-localization of apoB100 and apoER2’, indicating that LDL may bind to or in close proximity of
ApoER2’. Furthermore, in the presence of GST-RAP only minor amounts of apoB100 were
detectable at the platelet surface, demonstrating that GST-RAP interferes with LDL binding
to the platelet surface.

Fig. 3. Co-localization of LDL with apoER2’ on the platelet surface
LDL-stimulated platelets were incubated with TRITC-labeled monoclonal anti-apoB100 2D8 (red, left
panel) and apoER2-FITC (green, middle panel) as described under “Experimental Procedures” with and
without preincubation with GST-RAP (0.30 µmol/L, 10 min) as indicated. The right panel shows a
merged picture in which co-localization of apoER2’ and LDL can be visualized (yellow).
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Interaction between s-apoER2’ and LDL
Since LDL and apoER2’ appear to co-localize at the platelet surface, direct binding studies
were performed to address the interaction between both components. First, various concentrations of LDL (0-10 µg/mL) were incubated with immobilized murine apoER2’ (10
µg/well), and bound LDL was detected employing an anti-apoB100 directed antibody. A
dose-dependent and saturable binding isotherm was observed, with half-maximal binding
at 0.28 µg/mL LDL (Fig. 4A). Little, if any, binding was observed in the presence of EDTA.
In a complementary approach, the interaction between this receptor and the LDL constituent apoB100 was examined by SPR analysis. To this end, various concentrations of
murine s-apoER2’ (50-300 nmol/L) were perfused over a biotinylated peptide corresponding
to the B-site of apoB100 immobilized on a streptavidin sensorchip (239 fmol/mm2).
Association of s-apoER2’ to the peptide was found to be dose-dependent as the highest
response was observed for the highest concentration (Fig. 4B), whereas binding to the control channel was less than 2% compared to the peptide-coated channel (not shown).
Analysis of the sensorgrams revealed that the association and dissociation curves were best

Fig. 4. Interaction between recombinant murine s-apoER2 and LDL
(B) Microtiter plates were coated with 10 µg/mL s-apoER2’. After incubation with the indicated
amounts of LDL in the presence or absence of 10 mmol/L EDTA, bound LDL was detected with antiapoB100 and peroxidase-conjugated anti-goat antibodies as described under “Experimental
Procedures”. A450 represents optical density at 450 nm. (B) Various concentrations of soluble murine
apoER2’ (50-300 nmol/L) were perfused over a biotinylated peptide corresponding to the B-site of
apoB100, which was immobilized onto a streptavidin sensor chip at a density of 239 fmol/mm2.
Perfusion was allowed for 2 min in 150 mmol/L NaCl, 2.5 mmol/L CaCl2, 0.005% (v/v) Tween-20, 25
mmol/L Hepes (pH 7.4) at 25°C, after which dissociation was initiated by perfusion with buffer alone.
Binding was corrected for binding to a control channel (biotinylated irrelevant monoclonal antibody),
which was less than 2% of binding to the peptide-coated channel
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fitted to a model describing the interaction with a single class of binding sites. The apparent dissociation and association rate constants were calculated to be 1.21 ± 0.12·10-3 s-1
and 2.96 ± 0.33·104 M-1s-1, resulting in an apparent affinity constant of 41 nmol/L. Hence,
the soluble form of apoER2’ constitutes a binding site for LDL, and more specifically, the
ligand binding region of the LDL constituent apoB100.
An anti-apoER2 antibody and LDL are similar in activation of p38MAPK
To further assess the contribution of apoER2’ to the activation of p38MAPK, human platelets
were incubated with anti-apoER2 antibody 186 (1:1000 (v/v)

24).

This antibody has previ-

Fig. 5. Anti-apoER2 antibody-induced phosphorylation of p38MAPK
Human platelets were incubated with LDL (1.0 g/L, A), anti-apoER2 antibody 186 (1:1000, B) or an antiLDL-R antibody (0.1-10 µg/mL, C) at 37°C for the indicated time periods. P38MAPK phosphorylation
was determined as described in the legend to Fig. 1. The graphs show the semi-quantification of dualphosphorylated p38MAPK from the blots. Data were expressed as percentage of the p38MAPK phosphorylation after 1 min of incubation (open symbol), means ± S.E., n = 3.

130

ApoER2’ Mediates LDL-Platelet Binding

ously been reported to induce dimerization of apoER2, and does not cross-react with other
members of the LDL receptor family 24. As a control, p38MAPK phosphorylation was determined similarly after incubation of platelets with LDL (1 g/L) or in the presence of an antiLDL-R antibody at the indicated concentrations. As expected, the anti-LDL-R antibody was
unable to induce p38MAPK activation (Fig. 5C), whereas the presence of LDL was associated with a rapid increase in the amount of phosphorylated p38MAPK with a maximum at 1
min (Fig. 5A). This rapid increase was followed by a gradual decline to baseline levels of
phosphorylated p38MAPK in the following 10 min. A similar time-dependent pattern was
detected when platelets were incubated with anti-apoER2 antibody 186, with maximal
phosphorylation of p38MAPK observed after 1 min (Fig. 5B). This suggests that ligand binding to and/or dimerization of apoER2’ is associated with a rapid activation of p38MAPK.
LDL-dependent phosphorylation of platelet apoER2’
LDL receptor-related proteins have been implicated in various signaling events, and participation in signaling processes may be associated with intracellular phosphorylation of these
receptors. We therefore addressed the possibility that association of LDL particles to the
platelet surface results in phosphorylation of apoER2’. Human platelets were incubated
with LDL (1 g/L) and at various time intervals apoER2’ was withdrawn by immunoprecipitation employing a polyclonal anti-apoER2 antibody. Samples were analyzed for the presence
of phosphorylated tyrosine residues within apoER2’ using 4G10, an antibody that recognizes
tyrosine-phosphorylated proteins. Gel-loading was monitored employing an antibody
directed against α-actinin, a protein that co-precipitated in a non-specific manner. In nonLDL exposed platelets minor amounts of tyrosine-phosphorylated apoER2’ could be detected (Fig. 6A). However, incubation of platelets with LDL particles resulted in a marked
increase in tyrosine phosphorylation of apoER2’, a process that appeared to be maximal
after 30 sec. Prolonged incubations resulted in a gradual decay of phosphorylated apoER2’,
although after 20 min its levels were still above basal levels (Fig. 6A). Phosphorylation of
apoER2’ also proved to be dependent on the concentration of LDL (Fig. 6B).
Since the synthetic peptide corresponding to the B-site of the LDL component apoB100
induces p38MAPK activation 5, we further tested whether this peptide induced tyrosine
phosphorylation of platelet apoER2’. Indeed, incubation of platelets with this peptide was
associated with phosphorylation of apoER2’ to a similar extent as compared to LDL (Fig.
6C). Previously, it has been suggested that the integrin αIIbβ3 serves as a receptor for LDL
on platelets 36,37. However, tyrosine phosphorylation of apoER2’ by LDL remained unaffected in the presence of the integrin αIIbβ3 inhibitors, fibrinogen γ-chain-derived dodecapeptide (γ400-411) and GPI-562 (Fig 6D). Thus, both the synthetic apoB100 B-site peptide and
native LDL particles induce reversible phosphorylation of the platelet surface receptor
apoER2’ in a manner that is independent of integrin αIIbβ3.
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Fig. 6. Tyrosine phosphorylation of apoER2’ by
LDL
(A) Platelets were incubated with LDL (1.0 g/L,
37°C). At the indicated time points, apoER2’ was
immunoprecipitated from platelet lysates and
tyrosine phosphorylation was detected by SDSPAGE and Western blotting with 4G10, an antibody
directed against tyrosine-phosphorylated proteins
(upper lane). After stripping, the membranes were
reprobed with a monoclonal antibody directed
against α-actinin as a control for equal lane loading (lower panel). The graph shows the semiquantification of tyrosine phosphorylation of apoER2’ relative to the density of the bands representing
α-actinin. Data were expressed as percentage of the density after 1 min of incubation with LDL (open
symbol, means ± S.E., n = 3). (B) Platelets were incubated with the indicated concentrations of LDL (1
min, 37°C), and tyrosine phosphorylation of apoER2’ was monitored as described above. Data were
expressed as percentage of the density after incubation with 1.0 g/L LDL (open symbol, means ± S.E.,
n = 3). (C) Platelets were incubated with LDL (1.0 g/L, 1 min, 37°C) or B-site peptide (100 µmol/L, 1
min, 37°C). Tyrosine phosphorylation of apoER2’ was determined as described above. (D) Platelets
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were incubated with the fibrinogen γ400-411 peptide (100 µmol/L, 2 min) or the αIIbβ3 blocker GPI562 (10 nmol/L, 1 min) prior to incubation with LDL (1.0 g/L, 1 min, 37°C). ApoER2’ tyrosine phosphorylation was detected as described. Data were expressed as percentage of apoER2’ tyrosine phosphorylation in the absence of the blockers of ligand binding to integrin αIIbβ3. (Means ± S.E., n = 3).

Recruitment of Src kinases upon LDL binding to apoER2’
Several tyrosine kinases may mediate LDL-dependent tyrosine phosphorylation of the cytoplasmic tail of platelet apoER2’. It has been reported by others that phosphorylation of
LRP1 in fibroblastic cells involves the Src family of tyrosine kinases 38. In addition, we have
previously shown that the Src kinase inhibitor PP1 interferes with LDL-dependent phosphorylation of p38MAPK 5. Therefore, PP1 was used to examine the role of the Src kinase family in the phosphorylation of apoER2’ by LDL. In the absence of LDL and PP1, low levels of
phosphorylated apoER2’ were present, whereas a marked increase was observed upon incubation with LDL (Fig. 7A). However, preincubation of platelets with PP1 (1, 5 and 10
µmol/L) reduced LDL-induced apoER2’ tyrosine phosphorylation up to 80% (Fig. 7A). This
strongly suggests that Src-like tyrosine kinases play a dominant role in the phosphorylation
of the apoER2’ cytoplasmic tail. To identify the Src-like kinase that contributes to this
process, LDL-treated platelets were used for co-immunoprecipitation experiments employing a polyclonal anti-apoER2 antibody. In preliminary experiments, analysis of the precipitates with polyclonal antibodies that recognize multiple members of the Src family, including Fyn, c-Src, Yes, and Fgr, revealed a band migrating with an apparent molecular mass of
55-kDa (data not shown). As the molecular mass of Fgr corresponds to 55-kDa, the precipitates were re-examined employing an antibody specifically directed against Fgr. Minor
association of Fgr to apoER2’ could be detected in platelets that were not exposed to LDL
(Fig. 7B). In contrast, incubation with LDL resulted in a transient association of Fgr to

Fig. 7. LDL- induced phosphorylation of apoER2’ is dependent on Src family tyrosine kinases
(A) Platelets were incubated with the Src family tyrosine kinases inhibitor PP1 (1, 5 and 10 µmol/l, 15
min) prior to incubation with LDL (1.0 g/L, 1 min, 37°C). Tyrosine phosphorylation of apoER2’ was
detected as described in the legend to Fig. 5. (B) Complex formation between apoER2’ and Src family
tyrosine kinases was monitired by incubating platelets with LDL (1.0 g/L, 1 min, 37°C), followed by the
immunoprecipitation of apoER2’ from platelet lysates and Western blotting with a polyclonal antibody
against c-Fgr.
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apoER2’ with maximal co-precipitation of Fgr at 1-2 min. Thus, association of LDL with the
platelet surface leads to association of apoER2’ with the Src kinase Fgr.

Discussion
Association between platelets and LDL particles is believed to result in the formation of
hyperreactive platelets, enhancing the risk for thrombotic complications and atherosclerotic plaque formation. Several studies have been directed to the identification of LDLinduced signaling pathways that are responsible for the increased responsiveness of
platelets to its various agonists

8,39,40.

Although much insight has been gained in these sig-

naling pathways, the identification of the platelet surface receptor(s) mediating LDL binding has remained inconclusive. Previously, the platelet integrin αIIbβ3 has been suggested
to serve as a receptor for LDL, as inferred from ligand blotting and immunofluorescence
studies 36,37. However, specific antibodies directed against integrin αIIbβ3 proved unable to
inhibit the binding of LDL to platelets. Furthermore, similar binding characteristics were
found with platelets obtained from controls and Glanzmann’s thrombastenia patients, who
lack integrin αIIbβ3
face is inconclusive

11.

Thus, the involvement of αIIbβ3 in LDL binding at the platelet surleaving the possibility that other receptors are involved in LDL-

11,41,

induced platelet signaling.
In order to identify the platelet receptor for LDL particles, we focused on LDL-dependent
activation of the Ser/Thr kinase p38MAPK 8. Phosphorylation of this kinase was not affected by the genetic deletion of various receptors (LDL-R, CD36, SR-BI, and SR-A) (Fig. 1). This
could be compatible with a mechanism of redundancy that compensates for the absence of
one of these receptors. Alternatively, LDL-dependent p38MAPK activation may be mediated independently of these receptors. Indeed, phosphorylation of p38MAPK was almost completely inhibited in the presence of GST-RAP, pointing to the involvement of a member of
the LDL receptor family in LDL-dependent activation of p38MAPK (Fig. 2). This possibility is
supported by our observations that (i) the absence of apoER2 in platelets of mice genetically deficient for this receptor resulted in a lack of LDL-dependent p38MAPK activation
(Fig. 2C); (ii) the LDL component apoB100 co-localized at the platelet surface with the
platelet receptor apoER2’ (Fig. 3A); (iii) GST-RAP interfered with binding of LDL to the
platelet surface (Fig. 3B); (iv) soluble apoER2’ interacted efficiently with LDL and the
apoB100-derived B-site peptide (Fig. 4); (v) LDL particles and an anti-apoER2 antibody were
similar in mediating p38MAPK activation (Fig. 5); and (vi) apoER2’ was rapidly phosphorylated upon the incubation of platelets with LDL particles or with a peptide corresponding
to the B-site of the LDL constituent apoB100 (Fig. 6).
The finding that apoER2’ serves as a receptor for apoB100-containing LDL particles may
seem unexpected in view of the report by Kim et al. 16, who observed only minimal binding of 125I-labeled LDL and VLDL to CHO cells expressing full-length apoER2. In contrast,
efficient binding of apoE-rich β-VLDL particles was observed. It should be mentioned, how-
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ever, that in those experiments the lipoprotein concentrations did not exceed 5 mg/L,
which is far below the physiological LDL plasma concentration (normal range: 0.6 to 1 g/L)
that is used in our experiments. Of note, the binding isotherm of LDL particles to immobilized purified s-apoER2’ indicates saturation of the receptor at LDL concentrations below
0.01 g/L (Fig. 4A), while LDL concentrations of 0.1-0.3 g/L are sufficient to induce p38MAPK
activation 8. This suggests that platelet apoER2’ would be saturated in normal humans, considering the physiological levels of 0.6-1 g/L LDL.
Whereas binding of LDL to apoER2’ appears to be mediated by the apoB100 moiety, binding of β-VLDL to apoER2 involves the apoE component of these lipoprotein particles.
Interestingly, incubation of platelets with full-length apoE or synthetic peptides corresponding to the Arg/Lys-rich sequence of apoE resulted in a decrease in ADP-induced platelet
aggregation, a process that could be inhibited by RAP

14.

Apparently, apoB100 and apoE

seem to have different upstream effects upon binding to apoER2’ in that apoB100 governs
platelets an increased response towards agonists, whereas apoE has the opposite effect. In
this regard, the LDL component apoB100 acts in a similar fashion as dimeric β2-glycoprotein I, which was recently shown to enhance platelet deposition to collagen and thrombus
size via interaction with apoER2’

42.

Thus, different ligands may initiate different effects

through the same receptor. This conclusion becomes even more intriguing given the observation that the effects of apoE, apoB100 and dimeric β2-glycoprotein I can be neutralized
by GST-RAP (this study and Refs. 14 and 42). In principle, GST-RAP should be considered as
a ligand for apoER2’, as it shares its interactive region within the receptor with the other
ligands. One possibility that may explain these different responses may be related to ligand-dependent association of apoER2’ with other cell surface receptors. For instance, LDLdependent activation of p38MAPK in platelets is followed by a de-activation step of this
kinase that is mediated by platelet endothelial cell adhesion molecule-1 (PECAM-1) 43. The
mechanism underlying the molecular cross talk between apoER2’ and PECAM-1 remains to
be elucidated, but the possibility exists that both receptors meet at the platelet surface in
an LDL-dependent manner. It should be noted in this respect that in preliminary coimmunoprecipitation experiments no association between apoER2’ and PECAM-1 could be
observed upon incubation with LDL (data not shown).
Incubation of platelets with LDL resulted in the tyrosine phosphorylation of apoER2’, a
process that was inhibited in the presence of the Src kinase inhibitor PP1. This suggests that
apoER2’ phosphorylation is mainly dependent on kinases of the Src family (Fig. 7). ApoER2’
phosphorylation coincided with association to the Src kinase Fgr (Fig. 7). Thus, ligand binding may facilitate the interaction with Fgr, which in turn might phosphorylate the receptor.
Alternatively, the receptor may become phosphorylated upon ligand binding by a so far
unidentified Src kinase, which subsequently results in association to the signaling molecule
Fgr. This kinase has the potential to act as an activator of p38MAPK in neutrophils 44. It
seems conceivable that Fgr may serve a similar role in platelets. Fgr also mediates the acti-
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vation of p125 focal adhesion kinase (p125FAK)

39.

Indeed, incubation of platelets with LDL
FAK
39. A similar pattern of p125FAK phosparticles results in a prompt activation of p125
phorylation was observed upon incubation of platelets with anti-apoER2 antibody 186 (data
not shown). Apparently, distinct pathways can be initiated upon ligation of apoER2’.
In conclusion, our study strongly suggests that apoER2’ may act as a receptor for LDL at the
platelet surface. Furthermore, we demonstrate that LDL binding to platelets results in
phosphorylation of apoER2’, and this step appears to be critical to activate further signaling cascades. Thus, apoER2’ serves a so far unrecognized role in the pre-activation of
platelets, and may therefore be used as a target for the development of therapeutic strategies aiming to reduce platelet hyperreactivity. Interestingly, a polymorphism within the
ApoER2 gene has recently been reported to be associated with the development of
Alzheimer disease

45.

It would be of interest to investigate whether this polymorphism or

others predispose to thrombotic complications or display a protective effect.
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Abstract
Objective - Due to the large variation in oxidizing procedures and susceptibility to oxidation of low density lipoprotein (LDL) and the lack in quantification of LDL oxidation, the
role of oxidation in LDL-platelet contact has remained elusive. This study aims to compare
platelet activation by native LDL (nLDL) and oxidized LDL (oxLDL).
Methods and Results - After isolation, nLDL was dialyzed against FeSO4 to obtain LDL oxidized to well-defined extents varying between 0 and >60%. The oxLDL preparations were
characterized with respect to their platelet-activating properties. An increase in LDL oxidation enhances platelet activation via two independent pathways, one signaling via p38
mitogen-activated protein kinase (p38MAPK) phosphorylation and one via Ca2+ mobilization. Between 0 and 15% oxidation, the p38MAPK-route enhances fibrinogen binding
induced by TRAP and signaling via Ca2+ is absent. At >30% oxidation, p38MAPK-signaling
increases further and is accompanied by Ca2+ mobilization and platelet aggregation in the
absence of a second agonist. Despite the increase in p38MAPK-signaling, synergism with
TRAP disappears and oxLDL becomes an inhibitor of fibrinogen binding. Inhibition is accompanied by binding of oxLDL to the scavenger receptor CD36, which is associated with the
fibrinogen receptor, αIIbβ3.
Conclusion- Above 30% oxidation, LDL interferes with ligand binding to integrin αIIbβ3
thereby attenuating platelet functions.

Introduction
Patients suffering from familial hypercholesterolemia (FH) show an increased incidence of
premature coronary artery disease (CAD). These patients lack or have a defective receptor
for low density lipoprotein (LDL), the apolipoprotein (apo) B/E-receptor 1, which results in
an impaired uptake of LDL from the circulation. LDL accumulates and becomes oxidized in
the vessel wall at sites of injured endothelium. Uptake of oxidized LDL (oxLDL) transforms
macrophages into foam cells, which are characteristic for the fatty streak, the early atherosclerotic lesion 2. Plasma levels of oxLDL are higher in CAD patients (31.1 ± 11.9 mg/L)
compared to normal subjects (13.0 ± 8.8 mg/L) 3. OxLDL accumulates in atherosclerotic
lesions and there is about 6-fold more oxLDL in atherosclerotic plaques than in normal intima 4. Platelets are key elements in the development of arterial thrombosis and atherosclerosis. They adhere to injured endothelium, to exposed collagen, and to macrophages. Upon
activation, platelets secrete cytokines and growth factors that contribute to migration and
proliferation of smooth muscle cells and monocytes. Platelets of FH patients are hyperreactive and show hyperaggregability in vitro and enhanced activity in vivo as illustrated by
increased plasma levels of the α-granule product β-thromboglobulin and an increased
prostaglandin and thromboxane (TxA2) metabolism 5. Moreover, activated platelets have
been found in the circulation of FH patients 6 and high concentrations of oxLDL stimulate
platelet adhesion and aggregation via suppression of endothelial production of nitric oxide
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and stimulation of the synthesis of prostaglandin precursors and prostaglandins 7. These
observations suggest that LDL enhances platelet responsiveness.
Native LDL (nLDL) is a mild activator of platelets via TxA2-dependent and -independent
pathways 8-11. Activation is mediated via a specific LDL-receptor, which differs from the
classical apoB/E-receptor since a similar response is observed after LDL stimulation of
platelets from healthy subjects, platelets from FH patients, and platelets that were treated with apoB/E-receptor blocking antibodies

12.

We recently identified apolipoprotein E

receptor 2’ (apoER2’) as a possible candidate for LDL binding to platelets

13.

ApoER2’ is a

splice variant of apoER2 that has been identified in platelets and megakaryocytic cell lines
14.

At physiological concentrations (0.6-0.9 g/L), nLDL increases the sensitivity of platelets

for α-thrombin, collagen, and ADP, but fails to independently induce platelet functions
8,10,11,15.

At higher concentrations (3 g/L), nLDL becomes an independent initiator of

platelet activation triggering aggregation and secretion 16. nLDL-induced platelet sensitization is mediated via the activation of p38 mitogen-activated protein kinase (p38MAPK),
which triggers cytosolic phospholipase A2 (cPLA2)-mediated arachidonic acid release and
TxA2 formation 17. TxA2 further activates platelets via stimulation of the TxA2-receptor,
causing activation of integrin αIIbβ3 and ligand-induced outside-in signaling through
αIIbβ318.
The ability of LDL to function as a platelet activator increases upon oxidation. CuSO4-oxidized LDL independently induces platelet functions and acts synergistically with other agonists leading to faster responses at lower concentrations

10,19-21.

The platelet-activating

properties of oxLDL have been attributed to lysophosphatidic acid (LPA), generated during
oxidation 22. LPA is present in plasma at a concentration of 0.5-1.0 µmol/L and accumulates
in atherosclerotic plaques at 10-49 pmol/mg, compared to 1.2-2.8 pmol/mg in normal arterial tissue

23.

It potently activates platelets and endothelial cells

22

via G protein-coupled

LPA receptors, which are members of the endothelial differentiation gene receptor family
24.

Platelets express LPA1, LPA2 and LPA3 25. Selective antagonists of LPA1 and LPA3 block
LPA-induced platelet activation, indicating that these receptors respond to LPA 26. At low
concentrations (EC50~18 nmol/L), LPA activates Rho and Rho-kinase via G12/13 causing
phosphorylation of myosin light chain and changes of the actin cytoskeleton that underlie
platelet shape change 22,27-29. At higher concentrations (EC50~1.6 µmol/L), LPA increases
intracellular Ca2+ levels ([Ca2+]i) and induces platelet aggregation 27.
The large variation in oxidizing procedures, the interindividual variation in susceptibility to
oxidation of LDL, and the lack in quantification of the degree of LDL oxidation have concealed the insight in the role of oxidation in LDL-platelet interactions. The present study
was initiated to compare platelet activation by nLDL and by oxLDL. To this end, we prepared LDL preparations oxidized to well-defined extents varying between 0 and >60% oxidation and characterized their platelet-activating properties.
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Experimental Procedures
Materials
The following agents were used: 1-oleoyl-L-α-lysophosphatidic acid (LPA, dissolved in the presence of
BSA) and Brij-35 (Sigma, St.Louis, MO, USA); human α-thrombin (Kordia Life Sciences, Leiden, the
Netherlands); N-palmitoyl-L-serine-phosphoric acid (L-NASPA) (Biomol, Plymouth, PA, USA); prostacyclin (PGI2) (Cayman Chemical, Ann Arbor, MI, USA); FITC-conjugated anti-human fibrinogen (WAKChemie, Bad Soden, Germany); RPE-conjugated anti-human P-selectin (DAKO, Glostrup, Denmark);
monoclonal antibody 1D2 directed against apoB100 (Yamasa Corporation, Tokyo, Japan); monoclonal
antibody SZ21 directed against the β3-subunit of αIIbβ3 (CD61); anti-CD36 antibody FA6.152
(Immunotech, Marseille, France); and anti-CD11b clone ICRF44 (BD Pharmingen, San Diego, CA, USA).
Thrombin receptor (PAR1)–activating peptide (TRAP) was synthesized with a semi-automatic peptide
synthesizer (Labortec AG SP650, Switzerland)

30.

Antibody 131.2 against CD36 was a gift from Dr. N.N.

Tandon (Otsuka American Pharmaceuticals, Inc, Rockville, USA). All other chemicals were as defined in
the cited articles.

Isolation of LDL and Oxidation
Fresh plasma from 3 donors, each containing less than 100 mg lipoprotein(a)/L, was pooled and LDL
was isolated by sequential flotation

18.

The concentration of LDL was expressed as g apoB100/L as

determined on a Behring Nephelometer 100 (Dade Behring, Marburg, Germany). The quality of these
preparations has been described 18. Prior to each experiment, nLDL was dialyzed overnight against 104
volumes of 150 mmol/L NaCl. LDL (5 g/L) was oxidized to different extents by dialysis against 5 µmol/L
FeSO4 × 7H2O in phosphate-buffered saline (PBS) and 150 mmol/L NaCl containing 1 mmol/L NaN3, pH
7.2, for 24, 48 or 72 hrs (20°C) 31. After modification, oxLDL was dialyzed against 103 volumes of 150
mmol/L NaCl containing 1 mmol/L EDTA and 1 mmol/L NaN3. The degree of lipid modification was
inferred from the formation of conjugated dienes at 234 nm and expressed as % oxidation compared
to nLDL. Protein modification was assessed by agarose gel electrophoresis (Beckman Coulter, Fullerton,
CA, USA).

Platelet Isolation and Incubations
Washed human platelets were prepared as described

9

and resuspended in Hepes-Tyrode buffer (145

mmol/L NaCl, 5 mmol/L KCl, 0.5 mmol/L Na2HPO4, 1 mmol/L MgSO4, 10 mmol/L Hepes, 5 mmol/L Dglucose, pH 7.2). Platelet count was adjusted to 2.0 x 1011 platelets/L. Platelets were incubated with
LDL (1.0 g/L, 5 min, 37°C) oxidized to different extents, unless stated otherwise. To address the role
of LPA-signaling, experiments were performed without and with a preincubation with L-NASPA (10
µmol/L, 5 min, 37°C), which is an inhibitor of LPA binding to the LPA-receptors 22,32. Ca2+ mobilization and aggregation were measured in stirred platelet suspensions (900 rev.p.m.). The other measurements were performed in unstirred suspensions to avoid pre-activation of signaling molecules.
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Phosphorylation and Immunoprecipitation Studies
The phosphorylation of p38MAPK was measured as reported

17,33.

For co-immunoprecipitation studies

of apoB100, CD36 and αIIbβ3, platelets were lysed with ice-cold lysis buffer (1% (v/v) Brij-35, 250
mmol/L NaC1, 25 mmol/L Tris-HCl, 5 mmol/L EDTA), supplemented with 1% (v/v) protease inhibitor
mixture and 1 mmol/L NaVO3. ApoB100 and CD36 were immunoprecipitated (16 hrs, 4°C) with antibody 1D2 (1 µg/mL) and FA6.152 (2.5 µg/mL), respectively, and protein G-sepharose (60 min, 20°C).
An antibody against CD11b, which is not expressed on platelets, was used as a non-specific control.
After washing, samples were taken up in Laemmli sample buffer and proteins were analyzed by SDSPAGE and Western blotting. After blocking, membranes were incubated with the appropriate antibody
(16 hrs, 4°C). Antibody binding was detected using peroxidase-linked secondary antibodies, and visualized by the enhanced chemiluminescence reaction. For semi-quantitative determination, the bands
were analyzed using ImageQuant software (Molecular Dynamics).
Ca2+ Mobilization and Measurement of cAMP
Ca2+ mobilization was measured in Fura-2/AM-labeled platelets upon addition of a low concentration
of LDL (0.2 g/L) to avoid quenching of the fluorescent signal

34.

To investigate whether LDL interfered

with the accumulation of cAMP, platelets were incubated with LDL and PGI2 (10 ng/mL, 5 min, 20°C).
Incubation with α-thrombin (0.5 U/mL, 5 min, 20°C) was used as a control as it is known to suppress
the formation of cAMP through the P2Y12 receptor 35. Samples on ice were lysed with perchloric acid,
centrifuged (11.000 × g, 10 min, 4°C) and cAMP was measured in the supernatant with a [3H]-based
immuno-assay (Amersham Pharmacia Biotech, Buckinghamshire, England).

Flow Cytometry
TRAP-induced fibrinogen binding to integrin αIIbβ3 after treatment with LDL was determined as reported 9. For P-selectin expression, platelets were incubated with LDL and thereafter stimulated with TRAP
(15 µmol/L, 5 min, 20°C). After addition of an excess of Hepes-Tyrode buffer, samples were incubated with RPE-conjugated anti-human P-selectin (5 µg/mL), fixed in 1% formaldehyde and analyzed by
flow cytometry (FACScalibur, Becton Dickinson, Mountain View, CA, USA).

Platelet aggregation
Platelet suspensions were stimulated with LDL alone or a suboptimal concentration of TRAP (2 µmol/L)
without or with preincubation with LDL in the presence of fibrinogen (1 µmol/L) at a stirring speed of
900 rev.p.min.. Optical aggregation was monitored in a Chrono-Log lumiaggregometer (Chrono-Log
Corporation, Havertown, PA, USA).

Statistical Analysis
Results are expressed as means ± S.E. with number of observations n, and analyzed with the
Student’s t test for unpaired observations.
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Results
Lipoprotein modification
Table 1 summarizes the amount of conjugated dienes and relative electrophoretic mobility
(REM) of the different oxLDL preparations, defining the extent of lipid and protein modification of the LDL preparations used in this study.
Table 1. Assessment of oxidative modification of LDL

Lipid oxidation

Type of lipoprotein

Protein modification

Conjugated dienes (AU)

Lipid oxidation range
(%)

REM

nLDL

0.338 ± 0.005

0

1

oxLDL (24 hrs)

0.358 ± 0.019

0 - 27

1.05 ± 0.02

oxLDL (48 hrs)

0.485 ± 0.029

0 - 72

1.17 ± 0.04

oxLDL (72 hrs)

0.704 ± 0.023

20 - 94

1.40 ± 0.08

The degree of lipid modification was inferred from the amount of conjugated dienes of LDL. The electrophoretic mobility was assessed by agarose gel electrophoresis. REM is defined as Rf oxLDL/Rf nLDL.

OxLDL-induced signaling via p38MAPK activation and via Ca2+ mobilization
To understand how oxidation changes the p38MAPK-activating properties of nLDL, platelets
were treated with LDL oxidized to different extents. Incubation with nLDL induced
p38MAPK phosphorylation confirming earlier observations 17,33. There was little change
between 0 and 15% oxidation, but p38MAPK phosphorylation increased further above 15% to
an almost 6-fold increase at >60% oxidation (Fig. 1A). A similar p38MAPK phosphorylation
was found in the presence of L-NASPA (Fig. 1C), which blocks binding of LPA to its receptor
thereby antagonizing platelet functions induced by LPA, such as shape change 22 and aggregation 32. These results indicate that LPA formed during LDL oxidation did not contribute to
p38MAPK phosphorylation. As expected, oxLDL-induced p38MAPK phosphorylation was
inhibited in the presence of the p38MAPK inhibitor SB203580 (Fig. 1C).
To investigate the contribution of LPA in oxLDL-induced platelet activation, the mobilization of intracellular Ca2+ was measured since this is a sensitive marker for LPA-induced sigBetween 0 and 30% oxidation there was no significant change in [Ca2+]i, but further oxidation strongly increased Ca2+ mobilization to a 2-fold increase at >60% oxidation
(Fig. 1B). The increase in [Ca2+]i was completely blocked by L-NASPA (Fig. 1C), indicating
that LPA caused the Ca2+ mobilization by oxLDL. OxLDL-induced Ca2+ mobilization was not
inhibited by SB203580 (Fig. 1C). Thus, both p38MAPK phosphorylation and Ca2+ mobiliza-

naling

27.

tion increased at increasing oxidation of LDL with a threshold of 15-30% oxidation below
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Fig. 1. OxLDL-induced p38MAPK phosphorylation
and Ca2+ mobilization
(A) Platelets were stimulated with LDL (1.0 g/L, 5
min, 37°C) and fixed with 1% formaldehyde. After
centrifugation (30 sec, 9000 x g, 20°C), pellets
were taken up in Laemmli sample buffer and analyzed by SDS-PAGE to identify dual phosphorylated
and total p38MAPK phosphorylation using a phospho-specific anti-p38MAPK polyclonal antibody
(upper panel) or an antibody against p38MAPK as a
control for equal lane loading (lower panel). The
bars show the semi-quantification of dual-phosphMAPK
2+
orylated p38
. (B) Ca mobilization was measured in Ca2+-free buffer upon addition of LDL (0.2
g/L, 37°C) to Fura-2/AM-loaded platelets. Inset: Representative traces for Ca2+ mobilization by >60%
oxLDL after preincubation with vehicle or L-NASPA (10 µmol/L, 5 min, 37°C). (C) Platelets were incubated with vehicle, L-NASPA or SB203580 (10 µmol/L, 10 min, 37°C) and p38MAPK phosphorylation or
Ca2+ mobilization induced by oxLDL (31-60%) were measured as described above. Data were expressed
as fold increase compared to untreated suspensions (ctrl). (means ± S.E., n = 3, * p < 0.05 versus control).

which there was little difference with nLDL. In addition, the findings with L-NASPA and
SB203580 suggest that oxLDL activates two independent pathways.
OxLDL-dependent regulation of cAMP
Platelet agonists initiate aggregation and secretion via Gq-mediated pathways while concurrently suppressing cAMP formation via ADP release and P2Y12-mediated activation of the
inhibitory G-protein, Gi 36. Since p38MAPK activation and Ca2+ mobilization sense changes
in cAMP, we investigated whether the higher activation observed at more oxidation result-
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ed from suppression of cAMP. Platelets had a basal cAMP concentration of 3.87 ± 1.41
ng/1011 cells, which was not disturbed by nLDL or oxLDL (data not shown). PGI2 induced a
2.6-fold increase in cAMP which was not changed by LDL preparations oxidized up to 30%.
Above 30% oxidation, oxLDL reduced the rise in cAMP by 30-40% (Table 2). Similar results
were observed in the presence of L-NASPA, indicating that the reduction was independent
of LPA. As expected, α-thrombin reduced the PGI2-induced cAMP accumulation amounting
to a fall of 70%, an effect that was independent of LPA. Assuming that the inhibition of
PGI2-induced cAMP accumulation by oxLDL reflects a similar effect on the basal level of
cAMP, which is difficult to measure, the platelet-activating properties of oxLDL were
enhanced by suppression of cAMP in an LPA-independent manner.
Table 2. OxLDL-induced suppression of cAMP levels is LPA-independent

Vehicle

L-NASPA

Agonist

cAMP
(% of control without L-NASPA)

cAMP
(% of control without L-NASPA)

Control

100

105 ± 16

nLDL

91 ± 5

82 ± 8

oxLDL (1-15%)

93 ± 8

90 ± 12

oxLDL (31-60%)

66 ± 3‡

86 ± 10

oxLDL (>60%)

60 ± 6‡

68 ± 9‡

α-thrombin

30 ± 9‡

29 ± 6‡

Platelets were pretreated at 37°C with vehicle or L-NASPA (10 µmol/L, 5 min), incubated with LDL and
treated with PGI2 (10 ng/mL, 5 min, 20°C). As a positive control, PGI2-induced cAMP accumulation was
suppressed by α-thrombin (0.5 U/mL, 5 min, 20°C). After lysis, the amount of cAMP in the cAMP-rich
supernatant was measured with a [3H]-based immuno-assay. (means ± S.E., n = 5, ‡ p < 0.05 versus
control).

The effects of oxLDL on aggregation
nLDL-induced p38MAPK phosphorylation is an early and rapid step in a slow process that
after 5 min or more synergistically increases agonist-induced fibrinogen binding, aggregation and secretion 8,9,18. In contrast, LPA independently raises [Ca2+]i, inducing shape
change, aggregation, and secretion within seconds 22,27. Since oxLDL was a more potent
activator of p38MAPK phosphorylation than nLDL and LPA-mediated Ca2+ signaling is especially evident at high stages of oxidation, we investigated the functional responses initiat
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Fig. 2. Loss of LDL-enhanced aggregation and fibrinogen binding
(A) Platelets were incubated with vehicle or LDL (0 rev.p.m., 5 min, 37°C) and aggregation was stimulated with a suboptimal concentration TRAP (2 µmol/L, 900 rev.p.m., 37°C) in the presence of fibrinogen (1 µmol/L). The tracings are representative for three similar experiments. (B) Platelets were
stimulated with nLDL or oxLDL (900 rev.p.m., 37°C) in the presence of fibrinogen and aggregation was
measured. The tracings are representative for three similar experiments. (C) Unstirred platelets were
preincubated with LDL, stimulated with TRAP (15 µmol/L, 5 min, 20°C) in the presence of fibrinogen
and fixed after incubation with FITC-conjugated anti-human fibrinogen. Fibrinogen binding was determined by flow cytometry and expressed as percentage of nLDL/TRAP-induced fibrinogen binding
(100%). (D) Platelets were incubated with nLDL () or oxLDL (31-60%; ) at the indicated concentrations and TRAP-induced fibrinogen binding was determined as described above. Data were expressed
as percentage of TRAP-induced fibrinogen binding. (means ± S.E., n = 3, * p < 0.05 versus control).

ed by the two pathways. After 5 min preincubation, nLDL enhanced TRAP-induced aggregation (Fig. 2A). Surprisingly, this property disappeared upon oxidation and at high oxidation
oxLDL became an inhibitor of TRAP-induced platelet aggregation (Fig. 2A). The inhibition
was independent of LPA as similar results were observed in the presence of L-NASPA (data
149

Chapter 5

not shown). In contrast, oxLDL induced aggregation within seconds (Fig. 2B). This finding
was in agreement with the rapid LPA-dependent mobilization of Ca2+ by oxLDL (Fig. 1).
Aggregation was inhibited in the presence of L-NASPA, indicating that LPA was responsible
(data not shown).
We further investigated the inhibition of aggregation by oxLDL via the p38MAPK-pathway
and measured TRAP-induced fibrinogen binding to integrin αIIbβ3 in the presence of oxLDL.
In unstirred platelet suspensions, LDL alone failed to induce fibrinogen binding at any oxidation stage (data not shown). In contrast, after 5 min preincubation, nLDL enhanced TRAPinduced fibrinogen binding (Fig. 2C and Ref. 9). Oxidation to <15% preserved the synergistic properties of nLDL but further oxidation reduced this property and at high oxidation
oxLDL inhibited TRAP-induced fibrinogen binding (Fig. 2C). Inhibition was already observed
at a concentrations of 750 mg/L oxLDL (P = 0.0329) and increased at higher concentrations
of oxLDL (1.0 g/L: P = 0.0220) (Fig. 2D). nLDL enhances TRAP-induced fibrinogen binding at
this concentration which indicates that the inhibition by oxLDL was not caused by changes
in lipid composition of the medium. The inhibition of TRAP-induced fibrinogen binding was
independent of LPA (data not shown).
Inhibition of platelet functions by oxLDL
CD36 is a scavenger receptor that is present on platelets and binds oxLDL with high affinity

37,38.

To determine whether binding of oxLDL to CD36 is involved in oxLDL-induced inhi-

bition of platelet aggregation, platelets were treated with the antibody FA6.152 to block
binding of oxLDL to CD36

39,

prior to addition of oxLDL and TRAP. Inhibition of oxLDL bind-

ing to CD36 by FA6.152 abolished the reduction of TRAP-induced fibrinogen binding by
oxLDL in a dose-dependent manner (Fig. 3A).
CD36 is known to associate with αIIbβ3 on the plasma membrane of resting platelets 40.
Binding of oxLDL to CD36 might therefore inhibit ligand binding to αIIbβ3 or inhibit αIIbβ3
activation. We investigated the association of CD36 with CD61 (the β3-subunit of αIIbβ3) in
the presence of LDL. CD36 associated with CD61 on resting platelets confirming earlier
observations

40.

No change in the association was observed upon incubation up to 30 min

with either nLDL or oxLDL (Fig. 3B). Immunoprecipitation experiments with a non-specific
antibody failed to immunoprecipitate both CD61 and CD36 (Fig. 3B).
To determine whether binding of oxLDL to CD36 might block ligand-binding to or activation
of αIIbβ3, platelets were treated with nLDL or oxLDL, apoB100 was immunoprecipitated and
the co-immunoprecipitation with CD36 was determined. Immunoprecipitation of the
lipoproteins was associated with the precipitation of the 88-kDa scavenger receptor, CD36
(Fig. 3C). Binding of nLDL to CD36 was transient leading to dissociation after 5 min. In contrast, in platelet lysates stimulated with oxLDL the co-association between apoB100 and
CD36 was persistent, indicating that oxLDL was still bound to CD36 after 5 min of oxLDLplatelet interaction. Collectively, these results indicate that the persistent binding of oxLDL
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Fig. 3. OxLDL inhibits ligand binding to αIIbβ3
(A) Platelets were pretreated with FA6.152 (30 min, 37°C) at the indicated concentrations prior to
incubation with oxLDL (31-60%) and aggregation was stimulated with a suboptimal concentration TRAP
(2 µmol/L, 900 rev.p.m., 37°C) in the presence of fibrinogen (1 µmol/L). The tracings are representative for three similar experiments. (B) Platelets were stimulated with nLDL or oxLDL (31-60%) and lysed
at the indicated time points. CD36 was immunoprecipitated from platelet lysates with FA6.152 and
association with CD61 was analyzed by SDS-PAGE with antibody SZ21 (upper panel). The antibody 131.2
against CD36 was used as a control for equal lane loading (lower panel). A CD11b antibody was used as
a non-specific control compared to CD36. (C) Platelets were stimulated with nLDL or oxLDL (31-60%)
and lysed at the indicated time points. ApoB100 was immunoprecipitated from platelet lysates with
1D2 and co-precipitation of CD36 was analyzed by SDS-PAGE using antibody 131.2. The graph shows the
semi-quantification of the association of apoB100 with CD36. Data were expressed as percentage of
the association of apoB100 with CD36 after 3 min incubation with oxLDL (100%).

to CD36 but not of nLDL is sufficient to block ligand binding to or activation of αIIbβ3
induced by TRAP and thereby to block TRAP-induced fibrinogen binding and aggregation
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(Fig. 2).
nLDL sensitizes platelets to stimulation by collagen and TRAP via ligand-induced outside-in
signaling through αIIbβ3 18. Inhibition of ligand-binding to αIIbβ3 due to binding of oxLDL
to CD36 might impede outside-in signaling through αIIbβ3 and thus inhibit platelet function.
To investigate whether outside-in signaling through αIIbβ3 was inhibited, platelets were
incubated with LDL and TRAP-induced P-selectin expression was determined as a marker for
α-granule secretion. Preincubation with nLDL for 5 min did not influence TRAP-induced Pselectin expression. In contrast, oxLDL inhibited TRAP-induced α-granule secretion (Fig. 4).
This observation indicates that upon oxidation LDL becomes an inhibitor of platelet functions by inhibition of ligand-induced outside-in signaling through αIIbβ3.
Fig. 4. OxLDL inhibits platelet
functions by hindrance of αIIbβ3induced outside-in signaling
Platelets were treated with LDL
prior to stimulation with TRAP (15
µmol/L, 5 min, 20°C) and fixed
after incubation with RPE-conjugated

anti-human

P-selectin.

P-

selectin expression was determined
by flow cytometry. (means ± S.E., n
= 3, * p < 0.05 versus 100%).

Discussion
nLDL increases the responsiveness of platelets to activating agents resulting in faster aggregation and secretion following stimulation with thrombin, ADP, and collagen. This sensitization process is slow 8,18 requiring 5 min or more (37°C) and starts with the rapid activation
of p38MAPK which via cPLA2-mediated arachidonic acid release 17 triggers the formation of
TxA2 9,17. TxA2 further activates platelets by stimulating the TxA2-receptor, leading to
activation of integrin αIIbβ3 and αIIbβ3-mediated ligand-induced outside-in signaling
Indeed, blockade of TxA2 formation by indomethacin sharply reduces secretion 15.

18.

Oxidation increases the platelet-activating properties of nLDL via two mechanisms, which
depend on the degree of oxidation and the duration of platelet-LDL contact. The first
mechanism involves p38MAPK activation. In this mechanism, a further increase in nLDLinduced p38MAPK activation upon LDL oxidation leads to a 6-fold increase at >60% oxidation. Despite this increase in the activating pathway, concurrent fibrinogen binding remains
constant and even decreases at 16% oxidation or more. The second mechanism is LPA-mediated platelet activation, which is insignificant at low oxidation but becomes a potent activation pathway above 30% oxidation, inducing Ca2+ mobilization and aggregation. The
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observations that LPA is unable to activate p38MAPK (Fig. 1C and Ref. 17) and that
p38MAPK-mediated functions are insensitive to the LPA-receptor antagonist L-NASPA illustrate that both pathways are mutually exclusive.
Unexpectedly, above 15% oxidation, synergism through the p38MAPK-pathway does not
result in faster platelet functions. Above this threshold, further oxidation decreases the
sensitization of TRAP-induced fibrinogen binding and aggregation and inhibits ligandinduced outside-in signaling through αIIbβ3. A similar inhibition is seen with and without LNASPA, indicating that LPA is incapable of inducing fibrinogen binding after 5 min preincubation with oxLDL. Importantly, the inhibition is absent when LDL oxidized above 30% makes
immediate contact with stirred platelet suspensions. Apparently, the induction of platelet
inhibition by oxLDL is a slow process since it does not interfere with the rapid induction of
Ca2+ mobilization and platelet aggregation mediated via the LPA-pathway. Possibly, the
p38MAPK pathway becomes important at later stages of platelet-LDL contact when LPA
receptors become desensitized

22,27.

The cause of the inhibition of platelet aggregation by oxLDL has remained elusive

41.

Mechanisms known to attenuate platelet functions are an increase in cAMP, which inhibits
platelet activation via protein kinase A, the activation of PECAM-1, which generates
inhibitory signals, and inhibition of ligand binding to integrin αIIbβ3 which interferes with
outside-in signaling through αIIbβ3 thereby attenuating agonist-induced platelet responses.
The basal level of cAMP was unchanged during incubation with oxLDL, but oxLDL reduced
the PGI2-induced accumulation of cAMP. L-NASPA did not abolish this effect, illustrating
that oxLDL suppressed the formation of cAMP independent of LPA. Hence, cAMP may be
responsible for the inhibition of platelet function through the p38MAPK pathway by oxLDL.
PECAM-1 is a receptor that upon phosphorylation of its immunoreceptor tyrosine-based
inhibitory motifs (ITIMs) generates inhibitory signals thereby suppressing platelet activation
42

induced by e.g. collagen 43 and von Willebrand Factor 44. Interestingly, nLDL activates
both p38MAPK and PECAM-1 albeit with different time courses thereby regulating both initiation and termination of signal generation

45.

Oxidation increases the capacity of LDL to

activate PECAM-1, making it a candidate inhibitor of platelet function at extensive oxidation stages (data not shown). However, when PECAM-1 activation was mimicked by treatment with the antibody PECAM-1.3 and cross-linking with F(ab’)2-fragments, there was little interference with TRAP-induced fibrinogen binding, suggesting that PECAM-1 does not
mediate platelet inhibition by oxLDL (data not shown).
Treatment of platelets with nLDL or oxLDL and immunoprecipitation with an antibody
directed against the apoB100-moiety of LDL showed a clear association of an 88-kDa protein that was identified as CD36, a scavenger receptor that binds nLDL and oxLDL

38.

The

association of CD36 with nLDL was transient and disappeared after 5 min, but with oxLDL
a persistent association between apoB100 and CD36 was found. CD36 associates with αIIbβ3
on intact platelets and plasma membrane preparations

40,46

and co-localizes with fibrino-
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gen and αIIbβ3 on immuno-electron micrographs 47. We demonstrated a strong association
of CD36 with CD61 on resting platelets which did not change in the presence of nLDL and
oxLDL. Inhibition of oxLDL binding to CD36 abolished the inhibition of TRAP-induced aggregation by oxLDL. Hence, binding of oxLDL to CD36 blocks ligand-binding to αIIbβ3 thereby
interfering with outside-in signaling and further platelet activation in a similar way as antibodies directed against αIIbβ3 18. A similar inhibition is observed with peptides that block
ligand binding to αIIbβ3 and thereby block the stimulation of secretion by nLDL 18. The inhibition of TRAP-induced α-granule secretion by oxLDL supports this conclusion. Whether the
inhibition of fibrinogen binding, aggregation, and αIIbβ3-mediated outside-in signaling was
due to steric hindrance by oxLDL or inhibited activation of αIIbβ3 remains to be clarified.
Collectively, these data suggest that oxLDL directly interferes with fibrinogen binding to
αIIbβ3 thereby abolishing outside-in signaling and the stimulation of aggregation and secretion observed with nLDL and LDL preparations oxidized below 15%.
In conclusion, the present study describes distinct mechanisms by which LDL modulates
platelets. Between 0 and 15% oxidation, LDL sensitizes platelets to TRAP-induced fibrinogen binding and aggregation through activation of a slow sensitization process mediated by
p38MAPK. Above 30% oxidation, the LPA-mediated pathway induces the rapid activation of
Ca2+ mobilization leading to immediate aggregation. Above 15% oxidation, platelet sensitization via p38MAPK is abolished and oxLDL inhibits TRAP-induced aggregation and secretion. This mechanism is independent of activation of PECAM-1, but is caused by binding to
CD36 and interference with αIIbβ3-mediated ligand-induced outside-in signaling.
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Abstract
The interaction of platelets with low density lipoprotein (LDL) contributes to the development of cardiovascular disease. Native LDL (nLDL) is a mild activator of platelets increasing their sensitivity to aggregation-inducing agents. The sensitization process takes place
through binding to apolipoprotein E receptor 2’ (apoER2’) and activation of p38 mitogenactivated protein kinase (p38MAPK). To investigate how oxidation of LDL changes this property, nLDL was oxidized by FeSO4 to obtain different oxLDL preparations ranging from 1 to
>60 % oxidation. Here, we report that oxLDL signals via apoER2’ and in addition initiates a
second pathway that further activates p38MAPK. In contrast with apoER2’-mediated signaling, this second pathway does not involve an LDL receptor family member since it is (i)
unaffected by prolonged exposure to nLDL, a method to desensitize nLDL-induced signaling, (ii) insensitive to receptor-associated protein (RAP), an inhibitor of ligand binding to
LDL receptor family members, and (iii) insensitive to treatment with chondroitinase ABC,
which removes chondroitin and dermatan sulfate side chains from proteoglycans thereby
interfering with nLDL binding to its receptor. The separate addition of antibodies against
scavenger receptors CD36 and SR-A fails to block p38MAPK activation by oxLDL. In contrast,
combined blockade of CD36 and SR-A results in >95% inhibition. Platelets from mice deficient in either CD36 or SR-A show normal oxLDL-induced signaling to p38MAPK. However, a
deficiency in SR-A in combination with an antibody against CD36, and vice versa, disrupts
signaling to p38MAPK by oxLDL. These findings reveal a novel platelet signal transduction
pathway initiated by oxLDL, which involves both CD36 and SR-A.

Introduction
Elevated levels of low density lipoprotein (LDL) in the blood are strongly associated with an
increased risk for the development of arterial thrombosis and atherosclerosis. Patients with
familial hypercholesterolemia, whose defective apoB/E receptors fail to remove LDL from
the circulation, suffer from premature atherosclerosis. The initiating event in atherogenesis is accumulation of LDL in the vessel wall at sites of injured endothelium. LDL is oxidized
by products released from macrophages, smooth muscle cells, and endothelial cells 1.
Monocytes migrate into the subendothelium, differentiate into macrophages and accumulate oxidized LDL (oxLDL), thereby transforming into foam cells, which are characteristic
for the early atherosclerotic lesion 2. OxLDL further contributes to atherosclerosis by stimulating the adhesion and aggregation of blood platelets via suppression of endothelial production of nitric oxide and stimulation of prostaglandins. Moreover, oxLDL inhibits the
mobility of macrophages in an atherosclerotic lesion and induces apoptosis of endothelial
cells, smooth muscle cells, and macrophages 3.
The concentration of oxLDL in normal intima is about 1.86 ± 0.59 ng/µg apolipoprotein
(apo) B, which is about 6-fold lower compared to the level of oxLDL in atherosclerotic
lesions (11.9 ± 1.7 ng/µg apoB)
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4.

The oxidation of LDL in vivo can be mimicked in vitro by
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incubation with copper ions leading to oxLDL preparations with similar physical and chemical properties, e.g. increased electrophoretic mobility on an agarose gel, increased density, increased amount of lysophosphatidylcholine, and extensive fragmentation of apoB. LDL
oxidized in vivo and in vitro share similar biological properties, such as chemotactic activity for monocytes and increased susceptibility to degradation by macrophages 5. Anti-oxidants, like probucol, inhibit the in vitro oxidation of LDL 6. Treatment with antioxidants in
vivo might therefore slow the process of atherosclerosis, possibly by inhibiting the conversion of LDL into a form avidly taken up and degraded by macrophage-derived foam cells.
Probucol-treated apoB/E receptor-deficient Watanabe heritable hyperlipidemic (WHHL)
rabbits show reduced aortic atherosclerosis compared to untreated rabbits. The decrease
in the progression of atherosclerosis by probucol is due to inhibition of oxidation of LDL and
the transformation of macrophages into foam cells 7. Both plasma and atherosclerotic
lesions contain auto-antibodies that react with oxidation-specific epitopes of oxLDL

8-11.

Such antibodies bind either oxidized lipids or oxidized apoB. The titer of autoantibodies
against a prominent epitope of oxLDL, malondialdehyde-lysine, was significantly increased
in patients with accelerated progression of atherosclerosis compared to age-matched controls

11.

Thus, such auto-antibodies can serve as predictors of the progression of carotid

atherosclerosis.
Overall, oxidation of LDL leads to a decrease in the content of anti-oxidants, polyunsaturated fatty acids and esterified cholesterol and an increase in conjugated dienes, reactive
aldehydes and hydroperoxides. There is fragmentation of apoB100

12,13

and formation of

lysophosphatidic acid (LPA) with potent platelet activating properties 14. The reactive aldehydes mask the positive charge of the lysine residues in apoB100 increasing the negative
charge of apoB100 and shifting its electrophoretic mobility on an agarose gel

15.

OxLDL induces platelet activation and acts synergistically with other agonists leading to
faster responses at lower agonist concentration

16-19.

The platelet-activating properties of

oxLDL depend on the extent of oxidation showing LPA-independent activation at <30% oxidation and LPA-dependent activation at higher oxidation stages

14,20.

The LPA-independent

mechanism presumably involves activation of apoE Receptor 2’ (apoER2’), which is present
on the surface of platelets and megakaryocytes
naling

22.

21

and mediates nLDL-induced platelet sig-

ApoER2’ is the 130-kDa splice variant of ApoER2

21.

Full-length apoER2 has five

functional domains, containing seven complement type A repeats like the apoB/E receptor.
However, the ligand binding domain of apoER2 more closely resembles the VLDL receptor
with 45-63% amino acid homology
6

21

23,24.

The splice variant apoER2’ lacks binding repeats 4-

but the significance of this is uncertain since apoER2’ and full-length apoER2 bind apoE-

rich β-VLDL with equal affinity

25,26.

Receptor activation starts signaling through the mitogen-activated protein kinase (MAPK) kinase pathway leading to activation of p38MAPK and
cytosolic phospholipase A2. This starts the liberation of arachidonic acid and formation of
small amounts of thromboxane A2 (TxA2), which is a potent platelet activating agent 27.
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The result is an increase in responsiveness to thrombin, ADP, and collagen, leading to better aggregation and secretion than in the absence of LDL. The LPA-dependent mechanism
involves the LPA receptors LPA1 and LPA3, which are members of the endothelial differentiation gene receptor family 28,29. Low concentrations of LPA (EC50~18 nmol/L) activate
Rho and Rho-kinase causing phosphorylation of myosin light chain and changes of the actin
30,31.

At higher concentrations (EC50~1.6
µmol/L), LPA activates the fibrinogen receptor integrin αIIbβ3 by raising cytosolic Ca2+ and
activating Syk and Src tyrosine kinases resulting in platelet aggregation 32.

cytoskeleton underlying platelet shape change

In an attempt to understand LPA-independent platelet activation by oxLDL, we compared
its signaling properties with those of nLDL. We found that the kinetics of apoER2’ activation by oxLDL and nLDL were similar but that activation of p38MAPK differed. The present
study was undertaken to explore the cause of the extra activating properties of oxLDL and
led to the identification of two signaling receptors for oxLDL on platelets.

Experimental procedures
Mice
Wild-type (w.t.) C57Bl/6 mice and mice genetically deficient for CD36 (CD36-/-) or scavenger receptor A (SR-A-/-) were used in this study. C57Bl/6 mice were obtained from Charles River (Maastricht,
the Netherlands). CD36-/- mice were kindly provided by Dr. M. Febbraio (Department of Medicine,
Weill Medical College of Cornell University, New York, USA) 33, and Mex-4 SR-A-/- mice by Dr. T. Kodama
(Department of Molecular Biology and Medicine, University of Tokyo, Tokyo, Japan)

34.

All mice were

backcrossed at least 4 generations to the C57Bl/6 background. Mice had unlimited access to water and
regular chow diet, containing 4.3 % (w/w) fat with no added cholesterol (RM3, Special Diet Services,
Witham, UK). All experimental protocols were approved by the local ethics committees for animal
experiments.

Materials
We obtained bovine serum albumin (acid free; BSA) from ICN Biomedicals (Aurora, Ohio, USA), chondroitinase ABC from Seikagaku America (Falmouth, MA, USA), Renaissance chemiluminescence Western
blot reagent was from PerkinElmer Life Sciences (Boston, MA, USA), fucoidan, protease inhibitor cocktail and sodium orthovanadate (NaVO3) from Sigma (St.Louis, MO, USA), prostacyclin (PGI2) from
Cayman Chemical (Ann Arbor, MI, USA), and protein G-Sepharose from Amersham (Uppsala, Sweden).
All other chemicals used were of analytical grade.

Antibodies and Proteins
We obtained FA6.152, a monoclonal antibody directed against the oxLDL binding domain of human
CD36 (amino acids 155-183 35) from Immunotech (Marseille, France), polyclonal antibodies against dual
phosphorylated p38MAPK (phosphoplus p38MAPK), and p38MAPK, and horseradish peroxidase-labeled
anti-rabbit IgG from New England Biolabs (Beverly, USA), the goat polyclonal antibody directed against
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the ectodomain of ApoER2 (D-18) from Santa Cruz Biotechnology (Santa Cruz, CA, USA), the anti-phosphotyrosine monoclonal antibody 4G10 from Upstate Biotechnology (Bucks, UK), monoclonal anti-αactinin from Sigma (St.Louis, MO, USA), and peroxidase-linked goat anti-mouse antibody from DAKO
(Glostrup, Denmark). Receptor-associated protein (RAP) fused to glutathione S-transferase (GST)
was prepared as described previously

36

37.

Lipoprotein Isolation and Modification
Fresh, non-frozen plasma from 3 donors, each containing less than 150 mg lipoprotein(a)/L, was pooled
and nLDL (1.019 - 1.063 kg/L) was isolated by sequential flotation

38.

The concentration of nLDL was

expressed as g apoB100/L as determined using the Behring Nephelometer 100 (Dade Behring, Marburg,
Germany). The quality of these preparations has been described
was dialyzed overnight against 104 volumes of 150 mmol/L NaCl.

38.

Prior to each experiment, nLDL

LDL was oxidized to different extents by dialysis of 5 g/L EDTA-free nLDL in 5 µmol/L FeSO4 × 7H2O in
phosphate-buffered saline (PBS) and 150 mmol/L NaCl containing 1 mol/L NaN3 (pH 7.2, 20°C) 39. After
modification, the preparations were dialyzed against 103 volumes of buffer containing 150 mmol/L
NaCl, 1 mmol/L NaN3, and 1 mmol/L EDTA. The degree of lipid modification was inferred from the formation of conjugated dienes at 234 nm and expressed as % oxidation compared to nLDL.

Isolation of Platelets
Human platelets were isolated from freshly drawn venous blood, collected from healthy volunteers
(with informed consent) into 0.1 volume of 130 mmol/L trisodium citrate. The donors claimed not to
have taken any medication 10 days prior to blood collection. Platelet-rich plasma (PRP) was prepared
by centrifugation (156 x g, 15 min, 20°C). Then, 0.1 volume of ACD (2.5 g trisodium citrate, 1.5 g citric acid, and 2 g D-glucose in 100 ml distilled water) was added to lower the pH of the plasma to 6.5.
Platelets were further purified by centrifugation (330 x g, 15 min, 20°C). The platelet pellet was resuspended in Hepes-Tyrode buffer (145 mmol/L NaCl, 5 mmol/L KCl, 0.5 mmol/L Na2HPO4, 1 mmol/L
MgSO4, 10 mmol/L Hepes, 5 mmol/L D-glucose, pH 6.5). PGI2 was added to a final concentration of 10
ng/mL and the washing procedure was repeated once. The platelet pellet was resuspended in HepesTyrode buffer (pH 7.2). Platelet count was adjusted to 2.0 x 1011 platelets/L.
For the isolation of murine platelets, mice were anesthetized by subcutaneous injection of a mixture
of xylazine (5 mg/mL), ketamine (40 mg/L) and atropine (0.05 mg/mL), and blood was subsequently
collected into 0.1 volume 130 mmol/L trisodium citrate and 0.1 volume of ACD buffer by heart puncture. PRP was obtained by centrifugation (87 x g, 15 min, 20°C). The remainder of the blood was diluted with Hepes-Tyrode buffer (pH 6.5) and 0.1 volume of ACD buffer and centrifuged again (87 x g, 15
min, 20°C). PRP samples were pooled, and platelets were isolated from PRP by centrifugation (350 x
g, 15 min, 20°C) in the presence of 0.1 volume of ACD buffer and resuspended in Hepes-Tyrode buffer
(pH 6.5). PGI2 was added to a final concentration of 10 ng/mL, and the washing procedure was repeated once. The platelet pellet was resuspended in Hepes-Tyrode buffer (pH 7.2). Platelet count was
adjusted to 1 x 1011 platelets/L.
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ApoER2’ Tyrosine Phosphorylation
Tyrosine phosphorylation of ApoER2’ was determined as described

22.

In short, human platelets were

incubated at 37°C with nLDL or oxLDL as indicated, mixed (1:10 v/v) with ice-cold lysis buffer consisting of 10% (v/v) Nonidet P-40, 5% (w/v) octylglucoside, 50 mmol/L EDTA, 1% (w/v) SDS supplemented
with 5 mmol/L NaVO3 and 10% (v/v) protease inhibitor mixture, and subsequently taken up in Laemmli
sample buffer. ApoER2’ was precipitated using a goat polyclonal antibody directed against apoER2 (1
µg/mL) and protein G-Sepharose for 3 hrs at 4°C. Precipitates were washed 3 times with lysis buffer
(containing 1 mmol/L phenylmethylsulfonyl fluoride (PMSF), 1 mmol/L NaVO3, and 1 µg/mL leupeptin)
and taken up in non-reducing Laemmli sample buffer. Samples were analyzed by SDS-PAGE and Western
blotting. Tyrosine phosphorylation of apoER2’ was visualized by incubation with 4G10, an antibody
directed against phosphorylated tyrosine residues (0.5 µg/mL, 16 hrs, 4°C), followed by incubation
with peroxidase-linked anti-mouse IgG (1:5000 (v/v), 1 hr, 4°C), and the enhanced chemiluminescence
reaction. As a control for equal lane loading, the blots were stripped and incubated with a monoclonal anti-α-actinin antibody (1:5000 (v/v), 16 hrs, 4°C), followed by incubation with peroxidase-linked
anti-mouse IgG (1:5000 (v/v), 1 hr, 4°C). For semi-quantitative determination of apoER2’ phosphorylation, the density of the bands was analyzed using ImageQuant software.
p38MAPK Assay
The phosphorylation of p38MAPK was measured as described elsewhere

27.

In short, platelets were

incubated at 37ºC with nLDL or oxLDL as indicated. Samples of 100 µL were fixed with 1% formaldehyde (15 min, 4ºC), centrifuged (5600 x g, 30 sec, 20°C) and resuspended in 60 µL Laemmli sample
buffer. Proteins were analyzed by SDS-PAGE and Western blotting. After blocking, the membranes were
incubated with the phosphoplus p38MAPK (Thr-180/Tyr-182) or p38MAPK antibody (1:2000, 16 hrs, 4ºC)
to determine p38MAPK phosphorylation. Both antibodies are raised against residues 171-186 of human
p38MAPK. After washing, the membranes were incubated with horseradish peroxidase labeled anti-rabbit IgG (1:5000, 1 hr, 4ºC). Protein bands were visualized using the enhanced chemiluminescence reaction. For semi-quantitative determination, the density of the bands was analyzed using ImageQuant
software (Molecular Dynamics).

Statistical Analysis
Results are expressed as means ± S.D. with number of observations n, and analyzed with the Student’s
t test for unpaired observations. Differences were considered significant at p < 0.05.

Results
Activation of apoER2’and p38MAPK by oxLDL and nLDL
Recently, we described that the receptor through which nLDL activates platelets is a member of the LDL receptor family called apoER2’ 22. To identify a possible involvement of this
receptor in the activating properties of oxLDL, platelets were incubated with both types of
LDL and tyrosine phosphorylation of apoER2’ was determined in immunoprecipitates using
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Fig. 1. Activation of apoER2’and p38MAPK by
oxLDL and nLDL
(A) Human platelets were incubated with nLDL
or oxLDL (31-60%) (1.0 g/L) at 37°C. At the
indicated time points, apoER2’ was immunoprecipitated from platelet lysates and tyrosine
phosphorylation was detected by SDS-PAGE and
Western blotting with 4G10, an antibody
directed against tyrosine-phosphorylated proteins (upper panel). After stripping, the membranes were reprobed with a monoclonal antibody directed against α-actinin as a control for
equal lane loading (lower panel). The graph
shows the semi-quantification of tyrosine phosphorylation of apoER2’ relative to the density of the
bands representing a-actinin. Data were expressed as percentage of the density after 1 min of incubation with LDL (30 sec = 100%, means ± S.D., n = 3). (B) Human platelets were incubated with nLDL
or oxLDL (31-60%) at 37°C for the indicated time periods (1.0 g/L) or (C) at the indicated concentrations (1 min). One part of a sample was applied to SDS-PAGE to identify dual phosphorylated
p38MAPK phosphorylation using a phospho-specific anti-p38MAPK polyclonal antibody (upper panel).
Another part was applied to SDS-PAGE and total p38MAPK was detected with an antibody against
p38MAPK as a control for equal lane loading (lower panel). The graphs shows the semi-quantification
of dual-phosphorylated p38MAPK from the blots. Data were expressed as percentage of the density
of incubation with nLDL (1.0 g/L or 1 min = 100%, means ± S.D., n = 3).
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an anti-phosphotyrosine antibody. As depicted in Fig. 1A, both LDL preparations induced a
similar activation of apoER2’ with a rapid increase reaching a maximum after 30 seconds
and returning to pre-stimulation values after 10 min. Thus, oxLDL activates apoER2’ in a
similar manner as nLDL.
nLDL activates platelets via phosphorylation of p38MAPK and further downstream signaling
to formation of TxA2 27, which primes the platelets for further stimulation. OxLDL also
increases the sensitivity of platelets to agonist stimulation by activating a pathway that is
independent of LPA and also includes p38MAPK 20. At concentrations that induced maximal
activation of p38MAPK, there was a sharp difference in the extend of p38MAPK activation
induced by the two LDL preparations (Fig. 1B). Compared with nLDL, there was about 2fold more p38MAPK phosphorylation induced by LDL oxidized for 30-60%. In contrast, the
kinetics did not differ as both nLDL and oxLDL induced a transient activation of p38MAPK
with a maximum at about 1 min. Dose response studies showed maximal p38MAPK activation by nLDL at 1 g/L in accordance with earlier observations

27

and at 0.3 g/L for oxLDL

Fig. 2. OxLDL activates p38MAPK through an apoER2-dependent and –independent signaling pathway (A) Human platelets were incubated with vehicle or nLDL (1.0 g/L, 1 min, 37°C) and subsequently stimulated with vehicle or oxLDL (31-60%) (1.0 g/L, 1 min, 37°C). P38MAPK phosphorylation was
determined as described in the legend to Fig. 1. (B) Human platelets were treated with vehicle (37°C)
for 30 min, subsequently preincubated with GST-RAP at the indicated concentrations (10 min, 37°C),
and stimulated with nLDL or oxLDL (31-60%) (1.0 g/L, 1 min, 37°C). Data were expressed as percentage of the density of incubations with nLDL (A and B) or oxLDL (B) (100%), means ± S.D., n = 3.
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(Fig. 1C). Thus, despite the similar activation of apoER2’, activation of p38MAPK by oxLDL
differed substantially from activation by nLDL.
To compare the contribution of signaling mechanisms induced by nLDL and oxLDL in the regulation of p38MAPK, platelets were first treated with 1.0 g/L nLDL for 1 min to maximally
activate apoER2’ (Fig. 1A) and nLDL-induced signaling to p38MAPK (Fig. 1B). Subsequent
addition of an optimal dose of oxLDL led to a 3-fold increase in p38MAPK phosphorylation
(Fig. 2A), which was similar to treatment with oxLDL alone. A first treatment with oxLDL
followed by a second addition of nLDL did not change the p38MAPK phosphorylation induced
by oxLDL (data not shown). These data fit to the concept that both nLDL and oxLDL activate p38MAPK via apoER2’ and that in addition to this property oxLDL activates a second
signaling route leading to more p38MAPK phosphorylation.
RAP is a specific blocker of ligand binding to members of the LDL receptor family. To investigate whether apoER2’-independent p38MAPK activation by oxLDL involved a member of
the LDL receptor family, oxLDL-dependent phosphorylation of p38MAPK was determined in
the absence and presence of GST-RAP. With nLDL as the agonist, RAP induced a dosedependent inhibition of p38MAPK (Fig. 2B) in accordance with the involvement of apoER2’
which is sensitive to this inhibitor. In contrast, oxLDL-induced p38MAPK phosphorylation
was hardly affected by RAP, the minor decrease probably representing the contribution of
apoER2’ in oxLDL signaling to p38MAPK. These findings suggest that the apoER2’-independent p38MAPK activation by oxLDL does not involve a member of the LDL receptor family.
Desensitization of LDL signaling via apoER2’
A common property of many receptors is that after prolonged contact with their ligand,
they become insensitive to a second stimulation with the same ligand. To assess whether
apoER2’ could be desensitized by this treatment, platelets were incubated with 1.0 g/L
nLDL for 30 min and then stimulated with a second dose of nLDL. As shown in Fig. 3A, this
treatment did not change the ApoER2’-activating properties of nLDL. Thus, ligand-induced
activation of apoER2’ was fully reversible showing no indication for irreversible ligand binding, receptor-inactivation, or internalization. In contrast, a 30 min incubation with nLDL
with a concomitant transient activation of p38MAPK (Fig. 1C and 3B) abolished a second
activation of p38MAPK by nLDL for more than 80% (Fig. 3B, left panel). Interestingly, this
treatment interfered with p38MAPK activation by oxLDL by less than 20% (Fig. 3B, right
panel), the minor decrease probably representing platelet activation through apoER2’. A 30
min incubation with oxLDL was equally effective in inhibiting a second activation of
p38MAPK by nLDL, whereas no interference was observed with oxLDL-induced p38MAPK
activation (Fig. 3C). Thus, a major part of oxLDL-induced signaling to p38MAPK was insensitive to desensitization by 30 min incubation with nLDL.
The possibility to separate apoER2’-dependent and –independent signaling to p38MAPK by
prolonged incubation with nLDL was used to investigate the contribution of oxidation to the
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Fig. 3. nLDL-induced signaling to p38MAPK downstream of apoER2’ can be desensitized
(A) Human platelets were incubated with vehicle (left panel) or nLDL (1.0 g/L, 37°C, right panel) for
30 min, followed by stimulation with nLDL (1.0 g/L, 1 min, 37°C) and tyrosine phosphorylation of
apoER2’ was monitored as described in the legend to Fig. 1. (B) Human platelets were treated with
vehicle (left panel) or nLDL (1.0 g/L, 37°C, right panel) for 30 min and then stimulated with nLDL or
oxLDL (31-60%) (1.0 g/L, 37°C). P38MAPK phosphorylation was determined at the indicated time peri-
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ods as described in the legend to Fig. 1. (C) Human platelets were treated with vehicle, nLDL, or oxLDL
(31-60% or >60%) (1.0 g/L, 37°C) for 30 min, stimulated with nLDL or oxLDL (31-60% or >60%) (1.0 g/L,
1 min, 37°C) and p38MAPK phosphorylation was determined. (D) Human platelets were treated with
vehicle or nLDL (1.0 g/L, 37°C) for 30 min, stimulated with LDL (1.0 g/L, 1 min, 37°C) oxidized to the
indicated extents and phosphorylation of p38MAPK was determined. Data were expressed as percentage of the density of incubations with nLDL (100%), means ± S.D., n = 3.

signaling properties of LDL. LDL preparations were oxidized to different extents and used
to activate p38MAPK before and after the desensitization phase. As depicted in Fig. 3D, the
apoER2’-dependent route was activated by the LDL preparations ranging from 0 to more
than 60% oxidation. Apparently, this property was minimally affected by the many changes
in the composition of LDL inflicted by the oxidation procedure. In contrast, oxidation introduced a property in LDL capable of activating a second, apoER2’-independent signaling
route. This property became apparent above 15% oxidation and its importance increased
upon increasing oxidation of LDL. Collectively, these results indicate that below 15% oxidation, phosphorylation of p38MAPK by oxLDL was mediated by apoER2’, whereas both
apoER2’ and a second receptor were involved between 15 and 60% oxidation. Above 60%
oxidation, oxLDL-induced p38MAPK phosphorylation was mainly mediated by this second
receptor.
To further explore the nature of oxLDL signaling independent of apoER2’, platelets were
desensitized by incubation with nLDL and oxLDL-induced signaling to p38MAPK was measured under conditions known to interfere with signaling by LDL receptors and scavenger
receptors. Proteoglycans consist of a core protein with side chains of glycosaminoglycans
that are negatively charged and bind to positively charged residues in apoB100

40,41.

The

binding of LDL to proteoglycans may function to bridge LDL with the LDL receptor. Fig. 4A
illustrates that removal of chondroitin and dermatan sulfate side chains from proteoglycans
by chondroitinase ABC completely abolished phosphorylation of p38MAPK by nLDL, but
hardly interfered with oxLDL-induced p38MAPK phosphorylation. The minor decrease probably reflects apoER2’-mediated signaling by oxLDL. Chondroitinase ABC treatment also did
not change oxLDL-induced p38MAPK phosphorylation in desensitized platelets (Fig. 4B).
Thus, the oxLDL receptor that induced apoER2’-independent signaling was not a member of
the LDL-receptor family. This is in accordance with the insensitivity to the inhibitor RAP
(Fig. 2B).
Scavenger receptors (SRs) are membrane glycoproteins that bind oxLDL on macrophages
and smooth muscle cells, among other cells. A major oxLDL-binding scavenger receptor on
platelets is the class B scavenger receptor CD36, also known as glycoprotein IV. CD36 has a
number of important roles in platelet function, since it is (i) a collagen receptor involved
in platelet-collagen adhesion

42,

(ii) a receptor for thrombospondin

bospondin-dependent platelet-aggregation

44,45

43

involved in throm-

and thrombospondin-dependent platelet-
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Fig. 4. Proteoglycan-independent oxLDL-induced signaling to p38MAPK
After treatment with vehicle (A) or nLDL (1.0 g/L, 37°C, B) for 30 min, human platelets were incubated with chondroitinase ABC (1.0 U/mL, 10 min, 37°C), subsequently stimulated with nLDL or oxLDL (3160%) (1.0 g/L, 1 min, 37°C) and the phosphorylation of p38MAPK was monitored as described in the
legend to Fig. 1.

monocyte adhesion

46,

and (iii) physically associated with Src family kinases, such as Fyn,

Lyn, and Yes, indicating its involvement in platelet signal transduction 47,48. A possible
involvement of this receptor in p38MAPK activation by nLDL or oxLDL was investigated by
adding the anti-CD36 antibody FA6.152 prior to stimulation with nLDL or oxLDL

49,50.

In

addition, a role for class A scavenger receptors (SR-A) was investigated by incubating
platelets with fucoidan, a ligand known to block binding of oxLDL to this type of receptor
As depicted in Fig. 5, p38MAPK activation by nLDL was unchanged in the presence of

49.

Fig. 5. CD36 and SR-A mediate
oxLDL signaling to p38MAPK in
human platelets
Human platelets were incubated
with treated with vehicle, an antiCD36 antibody (FA6.152; 4 µg/mL,
30 min, 37°C), or with fucoidan, a
ligand for SR-A (50 µg/mL, 30 min,
37°C). Platelets were stimulated
with nLDL or oxLDL (31-60%) (1.0
MAPK
phosphorylation was determined as described in the legend to Fig. 1.
g/L, 1 min, 37°C) and p38
Data were expressed as percentage of the density of incubations with nLDL (100%), means ± S.D., n =
3.
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inhibitors of ligand binding to CD36 or SR-A. Also, combined blockade of CD36 and SR-A
failed to change p38MAPK activation by nLDL. The separate addition of the inhibitors was
also ineffective in changing the activation of p38MAPK by oxLDL. In contrast, the simultaneous addition of FA6.152 and fucoidan decreased p38MAPK activation by oxLDL to the level
of activation found with nLDL. These observations suggest that treatment of platelets with
inhibitors of ligand binding to CD36 and SR-A prior to stimulation with oxLDL abolishes the
apoER2’-independent signaling by oxLDL leaving apoER2’-dependent signaling undisturbed.
The experiments were repeated with platelets from mice that were deficient in either
CD36 or SR-A. In general, phosphorylation of p38MAPK in murine platelets by nLDL and
oxLDL was similar as p38MAPK phosphorylation induced in human platelets. Again, oxLDL
was a more potent activator of p38MAPK than nLDL (Fig. 6). Fig. 6 also illustrates that
p38MAPK phosphorylation by either nLDL or oxLDL in platelets deficient in either CD36 or
SR-A was not impaired compared with p38MAPK phosphorylation in w.t. littermates.
Incubation of w.t. platelets with either the anti-CD36 antibody or with the SR-A ligand
fucoidan did not cause a reduction in oxLDL-induced p38MAPK phosphorylation. However,
when these platelets were incubated with a combination of FA6.152 and fucoidan, oxLDLinduced p38MAPK phosphorylation decreased to the level of nLDL-induced p38MAPK phosphorylation. A similar result was found when SR-A-deficient platelets were incubated with
the anti-CD36 antibody, and vice versa. These results support the findings in human
platelets showing that inhibition of binding of oxLDL to both CD36 and SR-A abolishes
apoER2’-independent signaling by oxLDL while leaving apoER2’-dependent signaling intact.

Fig. 6. Characterization of CD36 and SR-A as the platelet oxLDL receptors on murine platelets
W.t. murine platelets or platelets from SR-A-/- or CD36-/- mice were treated with vehicle, FA6.152 (4
µg/mL, 30 min, 37°C), or fucoidan (50 µg/mL, 30 min, 37°C) prior to stimulation with nLDL or oxLDL
(31-60%)(1.0 g/L, 1 min, 37°C). P38MAPK phosphorylation was monitored as described in the legend to
Fig. 1. Data were expressed as percentage of the density of incubations with nLDL (100%), means ± SD,
n = 2-3.
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Discussion
The present study shows that oxLDL activates platelets via the platelet nLDL receptor,
apoER2’, and in addition initiates a second pathway that further activates p38MAPK. This
second pathway becomes apparent above 15% oxidation and involves a receptor that is
insensitive to treatment with RAP and does therefore not belong to the LDL receptor family. Furthermore, a major part of oxLDL-induced signaling is insensitive to desensitization
after prolonged contact with nLDL.
Several studies have revealed that nLDL is a mild activator of different signaling pathways
in platelets
is apoER2’

27,38,51-54.

22,

The platelet surface receptor mediating nLDL-binding and –signaling

a splice variant of the LDL receptor family member apoER2 lacking binding

repeats 4-6 21. The ability of nLDL to act as platelet agonist increases upon oxidation of the
lipoprotein particle

16-18,55,

dependent mechanisms

activating platelet functions via LPA-independent

14,31,32,56.

20

and LPA-

Although much insight has been gained into the effects

of oxLDL on platelets, much less is known about the receptor on platelets mediating oxLDLinduced signaling.
nLDL and copper-oxidized LDL were described to interact with the same apparent affinity
with the platelet nLDL receptor 57. However, nLDL did not affect the binding of copper-oxidized LDL to either platelets or macrophages, which argued against a single class of LDL
receptors

49,58.

In the present study, oxLDL interacted with the platelet nLDL receptor,

apoER2’, and activated the receptor in a similar manner as nLDL with maximal phosphorylation observed after 1 min of incubation. Both nLDL and oxLDL induced p38MAPK phosphorylation via apoER2’, but the activation of p38MAPK by oxLDL differed substantially from
activation by nLDL. Preliminary experiments using platelets from mice genetically deficient
for apoER2 59 show that oxLDL-induced p38MAPK phosphorylation was only slightly reduced
in the absence of apoER2’ (unpublished observations by S.J.A. Korporaal and J. Nimpf).
These findings point at a second signaling route for oxLDL leading to more p38MAPK phosphorylation. This apoER2’-independent pathway was not influenced by treatment with RAP,
indicating that oxLDL-induced signaling via this pathway was not mediated by a member of
the LDL receptor family.
Proteoglycans facilitate the binding of lipoproteins to their receptor presumably by extending the binding site for these lipoproteins, or by pre-concentrating the lipoproteins on the
cell surface. They are found primarily in the extracellular matrix where they contribute to
the retention of LDL to the arterial wall

40

through binding of positive residues within the

B-site of apoB100 by negatively charged side chains within the proteoglycans 41. The negative charge is provided by chondroitin, dermatan, or heparin sulfate side chains. Removal
of dermatan and chondroitin sulfate side chains of proteoglycans by treatment with chondroitinase ABC markedly reduced the phosphorylation of p38MAPK by nLDL, but not by
oxLDL. Hence, proteoglycans were involved in the presentation of nLDL to apoER2’. In contrast, oxLDL-induced platelet signaling was independent of proteoglycans. Together, these
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observations indicate that this part of oxLDL-induced platelet signaling did not involve a
member of the LDL receptor family.
Many receptors become inaccessible to ligand binding after prolonged exposure to their ligand. For example, GPIb and the PAR-1 receptor are internalized following platelet activation

60,61,

followed by sorting to lysosomes rather than recycling back to the plasma mem-

brane. A 30 min incubation period of platelets with nLDL did not desensitize apoER2’ and
activation of apoER2’ was fully reversible showing no indication for irreversible ligand binding, receptor-inactivation, or internalization. Despite the fact that apoER2’ was not desensitized, a 30 min incubation with nLDL almost completely abolished a second activation of
p38MAPK by nLDL. The precise mechanism responsible for desensitization of p38MAPK phosphorylation without desensitization of apoER2’ is the subject of current investigation in our
laboratory. It may involve the activation of PECAM-1 that causes the transient character of
nLDL-induced p38MAPK phosphorylation 62. Prolonged exposure of platelets to nLDL only
slightly interfered with the phosphorylation of p38MAPK by oxLDL pointing at the existence
of a second p38MAPK-activating pathway that is independent of the activation of apoER2’
by oxLDL. Moreover, exposing platelets to nLDL for 30 min made it possible to separate
apoER2’-dependent and –independent signaling to p38MAPK. This technique was subsequently used to investigate the contribution of oxidation to the signaling properties of LDL.
Below 15% oxidation, phosphorylation of p38MAPK by oxLDL was mediated by apoER2’,
whereas both the apoER2’-dependent and –independent pathway were involved between 15
and 60% oxidation. Above 60% oxidation, oxLDL-induced p38MAPK phosphorylation was
mainly mediated by the second apoER2’-independent pathway.
OxLDL binds to nucleated cells through SRs expressed on their cell surface. SRs

63,64

are

membrane glycoproteins that recognize a broad variety of ligands, such as modified (e.g.
oxidized, or glycosylated) lipoproteins, anionic phospholipids, apoptotic cells, and fatty
acids

64.

Different members of the family of SRs have been identified. OxLDL-binding SRs

include (i) SR class A (SR-A) consisting of SR-A type I and II; (ii) SR class B containing SR-BI
and CD36; (iii) SR class D containing CD68 or macrosialin; (iv) lectin-like OxLDL receptor-1
(LOX-1) belonging to scavenger receptor class E; (v) scavenger receptor class F to which the
SR expressed on endothelial cells (SREC) belongs; and (vi) the SR that binds phosphatidylserine and oxidized lipoprotein (SR-POX) 63,65. To date, only SR-BI 66, CD36 67, CD68
68

and LOX-1

50

have been identified on the surface of human platelets. Earlier reports

described that the SR-A ligand fucoidan failed to inhibit binding of copper-oxidized LDL to
platelets and macrophages 49,58, whereas maleylated human serum albumin, which inhibits
binding to class A and B SRs, effectively competed with copper-oxidized LDL for platelet
binding

58.

Thus, a class B SR on platelets might be a candidate for oxLDL binding. Binding

to CD36 accounted for ~75-95% of the total binding of copper-oxidized LDL 49,69. Other scavenger receptors might also contribute to oxLDL binding to platelets. Sawamura et al.

50

identified LOX-1 mRNA and protein in platelets and megakaryocytic cell lines and demon-
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strated that LOX-1 also functions as a major binding site for oxLDL, but only on activated
platelets.
The present study shows that p38MAPK phosphorylation induced by oxLDL was not
unchanged by inhibitors of ligand binding to CD36 or SR-A. Only combined blockade of ligand binding to these scavenger receptors effectively reduced oxLDL-induced activation of
p38MAPK to the level found with nLDL. Consistent with these findings, mice deficient in
CD36 or SR-A showed a normal response to oxLDL, but SR-A deficiency in combination with
an antibody directed against CD36, and vice versa, again blocked apoER2’-independent signaling by oxLDL. These findings suggest that SR-A is expressed on the platelet surface, in
addition to CD36, SR-BI, CD68, and LOX-1. Furthermore, the observations reveal a novel signaling pathway in platelets induced by oxLDL, which is mediated by both CD36 and SR-A.
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Abstract
The sensitivity of platelets to agonist stimulation is increased by low density lipoprotein
(LDL) by binding to the apoER2’ receptor and activation of p38 mitogen-activated protein
kinase (p38MAPK) through phosphorylation of Thr-180 and Tyr-182. P38MAPK activation is
transient, reaching a maximum after 1 min and returning to baseline levels within 10 min.
Signaling through p38MAPK results in generation of thromboxane A2, which enhances ADPinduced platelet aggregation. The deactivation of p38MAPK is caused by PECAM-1, which is
also activated by LDL, albeit later. For this action, PECAM-1 recruits the Ser/Thr phosphatase PP2A. Here, we report a second mechanism for down-regulation of p38MAPK
involving the Tyr phosphatases SHP-1 and SHP-2. SHP-1 and SHP-2 (i) are activated by LDL
in a PECAM-1-dependent manner, and (ii) co-precipitate with phosphorylated p38MAPK.
Following a first stimulation with LDL, a second dose added 30 min later again activates
apoER2’, but p38MAPK activation is absent. P38MAPK blockade is not caused by PECAM-1 or
PP2A, which remain in an inactive state. In contrast, SHP-1 and SHP-2 are persistently
active thereby preventing the activation of PECAM-1 and PP2A by LDL, and the activation
of p38MAPK by the activated apoER2’ receptor. Collectively, these findings illustrate that
direct platelet-LDL contact leads to activation of p38MAPK-mediated signaling that
enhances ADP-induced platelet aggregation. In contrast, prolonged contact between
platelets and LDL prevents p38MAPK activation by a second dose of LDL and down-regulates
ADP-induced aggregation. These data reveal two mechanisms for down-regulation of LDLinduced p38MAPK phosphorylation: (i) the activation of PECAM-1 and the subsequent
recruitment and activation of the Ser/Thr phosphatase PP2A, (ii) the activation of the Tyr
phosphatases SHP- and SHP-2. These mechanisms reflect an important negative feedback
inhibition of LDL-induced platelet sensitization, which prevents extensive platelet activation in the circulation by LDL.

Introduction
Elevated levels of low density lipoprotein (LDL) are associated with an increased risk for
the development of atherosclerosis. Platelets are key elements in the initiation of arterial
thrombosis. At physiological concentrations (0.6-0.9 g protein/L), LDL sensitizes platelets
to activation by natural agonists such as a-thrombin, collagen, and ADP

1-5.

The process of

sensitization is slow requiring at least 5 min and LDL alone fails to trigger shape change,
integrin αIIbβ3 activation, aggregation, and secretion of granule contents. Platelet sensitization starts with the activation of the platelet LDL receptor via apoB100 6, which contains
the recognition site for the apoB/E receptor in the so-called B-site 7. The platelet LDL
receptor is not identical to the classical LDL receptor on nucleated cells 8. We recently
identified a splice variant of the LDL receptor family member apoE receptor 2 (apoER2’) as
the LDL binding site on platelets 9. Stimulation of platelets by LDL after binding to apoER2’
is further mediated by the phosphorylation of p38 mitogen-activated protein kinase
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(p38MAPK)

10,

a Ser/Thr kinase that is activated upon simultaneous phosphorylation of the
residues Thr-180 and Tyr-182 11,12. P38MAPK phosphorylation by LDL is rapid, transient, regulated only by cAMP, and results in the activation of cytosolic phospholipase A2 (cPLA2) that
releases arachidonic acid (AA) for the formation of thromboxane A2 (TxA2) 10,13,14. Finally,
enhanced platelet function occurs via exposure of the integrin αIIbβ3 and fibrinogen binding

5,15.

The transient character of LDL-induced p38MAPK activation is caused by platelet endothelial cell adhesion molecule-1 (PECAM-1)
induced by collagen

17,18,

convulxin

18,

16.

PECAM-1 also inhibits platelet responses

and von Willebrand factor

19.

PECAM-1 is a 130-kDa

transmembrane glycoprotein of the immunoglobulin superfamily of cell adhesion molecules
20

that is expressed on the surface of haematopoietic and vascular cell types. The structure

of PECAM-1 comprises an extracellular region consisting of six IgG-like homology domains,
a transmembrane domain and a cytoplasmic tail that contains two immunoreceptor Tyrbased inhibitory motifs (ITIMs)

21.

The ITIM motifs are characterized by the consensus

sequence L/I/V/S-x-Y-x-x-L/V and are characteristic of receptors that mediate inhibitory
signals

17,18,22,23.

Activation of PECAM-1 results in the phosphorylation of Ser, Thr, or Tyr

residues in the cytoplasmic tail. The type of residue that is phosphorylated depends on the
type of agonist and determines the identity of the signaling complex that will interact with
PECAM-1. In platelets, LDL induces the phosphorylation of Tyr residues of PECAM-1

16.

In

addition, PECAM-1 is Tyr phosphorylated in stirred platelets, in platelet aggregates after
stimulation by collagen, and after cross-linking of PECAM-1

18,24-27.

PECAM-1 is induced by Src- and Csk-related protein Tyr kinases

Tyr phosphorylation of

24,28,29

and the main targets

are Tyr-663 and Tyr-668 30. Upon Tyr phosphorylation, the ITIM motifs in the cytoplasmic tail
recruit Src homology 2 (SH2) domain-containing signaling proteins. In platelets, these proteins include the protein phosphatase 2A (PP2A)

16,

and SHP-1 and SHP-2

27,30-33.

The

recruitment of these phosphatases results in the induction of catalytic activity and transduction of inhibitory signals generated by PECAM-1

31,34.

PP2A is a type II Ser/Thr phos-

phatase, which consists of two regulatory subunits and a catalytic subunit 35. PP2A recruitment by PECAM-1 results in the dephosphorylation of platelet p38MAPK induced by LDL 16.
SHP-1 and SHP-2 are protein Tyr phosphatases (PTPs) that share structural similarity; their
structure comprises two N-terminal tandem SH2 domains linked to a C-terminal catalytic
phosphatase domain with a C-terminal tail that contains two Tyr phosphorylation sites.
Phosphorylation of these Tyr residues introduces the ability for the ITIM motifs to serve as
docking sites for adaptor molecules 36. Earlier studies show that PTPs are involved in the
dephosphorylation of p38MAPK in platelets 16,37.
In the present study, we investigated the involvement of the platelet proteins ApoER2’ and
PECAM-1 in the regulation of LDL-induced p38MAPK activation. In addition, we studied the
role of Ser/Thr phosphatases and PTPs in the control of p38MAPK phosphorylation by LDL.
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Experimental procedures
Materials
We obtained okadaic acid from Calbiochem (San Diego, CA, USA), bovine serum albumin (BSA), protease inhibitor mixture, and sodium vanadate (NaVO3) from Sigma (St.Louis, MO, USA), Renaissance
chemiluminescence Western blot reagent from PerkinElmer Life Sciences (Boston, MA, USA), PP1 from
Alexis Biochemicals (San Diego, CA, USA), prostacyclin (PGI2) from Cayman Chemical (Ann Arbor, MI,
USA), and protein G-Sepharose from Amersham (Uppsala, Sweden).

Antibodies
We used the following antibodies: polyclonal antibodies against dual phosphorylated p38MAPK (phosphoplus p38MAPK; Thr-180/Tyr-182) and p38MAPK, agarose-immobilized monoclonal antibody against
dual phosphorylated p38MAPK (Thr-180/Tyr-182), and horseradish peroxidase-labeled anti-rabbit IgG
(New England Biolabs, Beverly, USA); a goat polyclonal antibody directed against apoER2 (D-18), a goat
polyclonal antibody directed against PECAM-1 (M-20), and a rabbit polyclonal antibody against SHP-1
(C-19) or SHP-2 (C-18) (Santa Cruz Biotechnology, Santa Cruz, CA, USA); an anti-phosphotyrosine monoclonal antibody 4G10 (Upstate Biotechnology, Bucks, UK); a monoclonal anti-α-actinin antibody
(Sigma, St.Louis, MO, USA); monoclonal antibodies directed against human SHP-1 and SHP-2
(Transduction Laboratories, Lexington, NY, USA); an antibody against αMβ2, clone ICRF44 (BD
Pharmingen, San Diego, CA, USA); and peroxidase-linked goat anti-mouse antibody (DAKO, Glostrup,
Denmark). The polyclonal antibody SEW directed against PECAM-1 was kindly provided by Prof. P.J.
Newman (Blood Center of Southeastern Wisconsin, Milwaukee, WI, USA).

Lipoprotein Isolation
Fresh, non-frozen plasma from 3 donors, each containing less than 100 mg lipoprotein(a)/L, was pooled
and LDL (1.019 - 1.063 kg/L) was isolated by sequential flotation 5. The concentration of LDL was
expressed as g apoB100/L as determined using the Behring Nephelometer 100 (Dade Behring, Marburg,
Germany). The quality of these preparations has been described 5. Prior to each experiment, LDL was
dialyzed overnight against 104 volumes of 150 mmol/L NaCl.

Isolation of Platelets
Human platelets were isolated from freshly drawn venous blood, collected from healthy volunteers
(with informed consent) into 0.1 volume of 130 mmol/L trisodium citrate. The donors claimed not to
have taken any medication 10 days prior to blood collection. Platelet-rich plasma (PRP) was prepared
by centrifugation (156 x g, 15 min, 20°C). Then, 0.1 volume of ACD (2.5 g trisodium citrate, 1.5 g citric acid, and 2 g D-glucose in 100 ml distilled water) was added to lower the pH of the plasma to 6.5.
Platelets were further purified by centrifugation (330 x g, 15 min, 20°C). The platelet pellet was resuspended in Hepes-Tyrode buffer (145 mmol/L NaCl, 5 mmol/L KCl, 0.5 mmol/L Na2HPO4, 1 mmol/L
MgSO4, 10 mmol/L Hepes, 5 mmol/L D-glucose, pH 6.5). PGI2 was added to a final concentration of 10
ng/mL and the washing procedure was repeated once. The platelet pellet was resuspended in Hepes-
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Tyrose. buffer (pH 7.2). Platelet count was adjusted to 2.0 x 1011 platelets/L.

Platelet Aggregation
Platelets were incubated with LDL (1.0 g/L) for 5 min at 37°C and subsequently stimulated with 7.5
µmol/L ADP in the presence of 1 µmol/L fibrinogen. Optical aggregation was monitored in a ChronoLog lumiaggregometer at 37°C at a stirring speed of 900 rpm. Changes in light transmission in the
platelet suspension were recorded.
P38MAPK Assay
The phosphorylation of p38MAPK was measured as described elsewhere

10,38.

In short, platelets were

incubated at 37ºC with LDL as indicated. Samples of 100 µL were fixed with 1% formaldehyde (15 min,
4ºC), centrifuged (5600 x g, 30 sec, 20°C) and resuspended in 60 µL reducing Laemmli sample buffer.

Immunoprecipitation Studies
For the measurement of Tyr phosphorylation of apoER2’, PECAM-1, PP2A, SHP-1, and SHP-2, platelets
were incubated with LDL as indicated and subsequently mixed (1:10 v/v) with ice-cold lysis buffer consisting of 10% (v/v) Nonidet P-40, 5% (w/v) octylglucoside, 50 mmol/L EDTA, 1% (w/v) SDS supplemented with 5 mmol/L NaVO3 and 10% (v/v) protease inhibitor mixture, and subsequently taken up in
Laemmli sample buffer. The proteins were precipitated with protein G sepharose in combination with
a polyclonal antibody (1 µg/mL) (3 hrs, 4°C). Precipitates were washed 3 times with lysis buffer (containing 1 mmol/L phenylmethylsulfonyl fluoride (PMSF), 1 mmol/L NaVO3, and 1 µg/mL leupeptin) and
samples were taken up in non-reducing (apoER2’) or reducing Laemmli sample buffer (PECAM-1, PP2A,
SHP-1, and SHP-2). For the immunoprecipitation of p38MAPK, platelets were stimulated with LDL as
indicated and lysed with p38MAPK lysis buffer (20 mmol/L Tris, 150 mmol/L NaCl, 1 mmol/L EDTA, 0.5
mmol/L EGTA, 1% (v/v) Triton X-100, 2.5 mmol/L sodium pyrophosphate, 1 mmol/L β-glycerophosphate
(pH 7.5) supplemented with 1 mmol/L NaVO3, 1 mmol/L PMSF and 5 µg/mL leupeptin). The Triton X100-insoluble pellet was removed by centrifugation. Phospho-p38MAPK was immunoprecipitated (16
hrs, 4°C) using an agarose-immobilized monoclonal antibody directed against the phosphorylated protein. Precipitates were washed with p38MAPK lysis buffer and taken up in reducing Laemmli sample
buffer.

SDS-PAGE and Western Blotting
Proteins were analyzed by SDS-PAGE and Western blotting. After blocking, the membranes were incubated with the appropriate antibody (16 hrs, 4°C). Antibody binding was detected using peroxidaselinked secondary antibodies, and visualized by the enhanced chemiluminescence reaction. For semiquantitative determination of phosphorylated or total protein, the bands were analyzed using
ImageQuant software (Molecular Dynamics). In case of the immunoprecipitation experiments, the
membranes were stripped from bound antibody and the blots were re-analyzed with different antibodies.
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Statistical Analysis
Results are expressed as means ± S.E. with number of observations n, and analyzed with the Student’s
t test for unpaired observations.

Results
Desensitization of LDL-induced enhancement of platelet functions
Interactions between platelets and LDL trigger platelet sensitization in response to activators of platelet function. However, there is little evidence for the presence of hyperreactive platelets in the circulation of healthy individuals

39,40,

suggesting that the process of

sensitization is lost during prolonged contact. Indeed, the enhancement of ADP-induced
platelet aggregation after preincubation with LDL for 5 min (Fig. 1A and Ref. 1) disappeared
when platelets were first exposed to LDL for 30 min (Fig. 1B).

Fig. 1. Enhancement of ADP-induced aggregation by LDL is abolished by prolonged exposure to LDL
(A) Platelets were preincubated with vehicle (0.15 mol/L NaCl) or 1.0 g/L LDL for 5 min and subsequently stimulated with 7.5 µmol/L ADP in the presence of 1 µmol/L fibrinogen at 37°C. Optical aggregation was monitored in a Chrono-Log lumiaggregometer at 37°C at a strirring speed of 900 rpm. (B)
Platelets were treated for 30 min at 37°C with 1.0 g/L LDL. This was followed by a second incubation
with vehicle or 1.0 g/L LDL for 5 min and subsequent stimulation with 7.5 µmol/L ADP in the presence
of 1 µmol/L fibrinogen at 37°C. The traces are representative for three experiments with similar
results.

Platelet sensitization by LDL is mediated via receptor binding and activation of p38MAPK
6,9,10,

thereby triggering cPLA2 activation, AA release, and a slow formation of TxA2 10,13,14.

This signal transduction pathway synergizes with signaling induced by platelet-activating
agents and thereby enhances platelet function induced by these agents 5. Recently, we
identified a truncated form of apoER2 called apoER2’ as the platelet LDL receptor and binding of LDL to this receptor induces platelet sensitization 9. To study whether the loss of
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platelet responsiveness to LDL (Fig. 1B) reflects desensitization of the receptor after prolonged contact between LDL and apoER2’, we determined LDL-induced Tyr phosphorylation
of apoER2’ as a measure of receptor activation before and after prolonged exposure to LDL.
Activation of apoER2’ by a first treatment with LDL was transient with maximum Tyr phosphorylation observed after 0.5 min (Fig. 2A). A second treatment of platelets with LDL after
30 min initiated a similar activation of apoER2’. Hence, LDL-induced desensitization of
platelet function as observed in Fig. 1B is not caused by a loss of receptor activation. In
contrast, after a first treatment with LDL for 30 min, LDL-induced activation of p38MAPK
was abolished by more than 75% (Fig. 2B). Collectively, these findings indicate that desensitization of platelet function is caused by interference of signaling to p38MAPK downstream of apoER2’.

Fig. 2. The effect of prolonged LDL exposure on the activation of apoER2’ and p38MAPK
(A) Platelets were preincubated with vehicle or 1.0 g/L LDL for 30 min at 37°C and subsequently incubated for a second time with LDL for the indicated time periods (1.0 g/L, 37°C). Tyr phosphorylation
of ApoER2’ was detected via immunoprecipitation of apoER2 from platelet lysates and Western blotting with 4G10, an antibody directed against Tyr-phosphorylated proteins. After stripping, the membranes were reprobed with a monoclonal antibody directed against α-actinin as a control for equal lane
loading. The graph shows the semi-quantification of Tyr phosphorylation of apoER2’ relative to the density of the bands representing α-actinin. Data were expressed as percentage of ApoER2’ Tyr phosphorylation before desensitization (0.5 min = 100%). (B) Platelets were incubated as described under (A)
and phosphorylation of p38MAPK was monitored. One part of a sample was applied to SDS-PAGE to
identify dual phosphorylated p38MAPK using a phospho-specific anti-p38MAPK polyclonal antibody.
Another part was applied to SDS-PAGE and total p38MAPK was detected with an antibody against
p38MAPK as a control for equal lane loading. The graph shows the semi-quantification of dual-phosphorylated p38MAPK from the blots. Data were expressed as percentage of p38MAPK phosphorylation
before desensitization (1 min = 100%). Data are expressed as means ± S.E., n = 3.
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LDL-induced desensitization of p38MAPK phosphorylation is not mediated by PP2A or
PECAM-1
Activation of p38MAPK by LDL is transient with an optimum at 1 min and returning to prestimulation values after 10 min (Fig. 2B). The observed decrease in p38MAPK phosphorylation is caused by parallel activation of PECAM-1 by LDL

16,

interferes with receptor-mediated LDL-induced signaling

17,18.

which through its ITIM motifs
Inhibition of p38MAPK phos-

phorylation by PECAM-1 is mediated via the recruitment of Ser/Thr phosphatases as illustrated by the Ser/Thr phosphatase inhibitor okadaic acid 41 which abolishes the down-regulation of p38MAPK phosphorylation (Fig. 3A and Ref. 16). To investigate whether Ser/Thr
phosphatases also cause the loss of p38MAPK activation after prolonged treatment with
LDL, we preincubated platelets with LDL for 30 min followed by the addition of okadaic
acid, and subsequently stimulated the platelets again with LDL. As shown in Fig. 3B, okadaic acid preserved p38MAPK activation after prolonged contact of the platelets with LDL.
This observation indicates that Ser/Thr phosphatases are responsible for the desensitization of signaling to p38MAPK.
Analysis of the activation of PP2A showed the rapid activation of the Ser/Thr phosphatase
after platelet stimulation with LDL (Fig. 3C). Phosphorylation of PP2A was persistent until
3 min after stimulation with LDL and gradually decreased to baseline levels after 30 min.
Stimulation of the platelets with LDL after prolonged exposure to LDL could not induce a
second activation of PP2A. This was in contrast to the observation that okadaic acid
restored p38MAPK phosphorylation and suggests the involvement of an okadaic acid-sensitive Ser/Thr phosphatase different from PP2A.
Analysis of PECAM-1 activation showed that a first incubation with LDL induced a transient
Tyr phosphorylation of PECAM-1 (Fig. 3D). No activation of PECAM-1 was induced by a second dose of LDL after prolonged exposure to LDL for 30 min. Hence, like the desensitization of signaling to p38MAPK, PECAM-1 activation is also desensitized upon extended
platelet-LDL contact. These findings indicate that PECAM-1 is not directly responsible for
the negative feedback regulation of LDL-induced signaling to p38MAPK and further platelet
sensitization.
The PTPs SHP-1 and SHP-2 mediate desensitization of platelet signaling to p38MAPK
induced by LDL
Tyr phosphorylation of the ITIMs in the cytoplasmic tail of PECAM-1 facilitates the association of the SH2 domains of the PTPs SHP-1 and SHP-2

27,30,32,42,43.

Binding of SHP-1 and

SHP-2 is required for the inhibitory function of PECAM-1 27,31,32,34,43. Since inhibition of PTP
activity abolishes the dephosphorylation of p38MAPK after platelet stimulation by collagen
37,

we investigated whether the PTPs SHP-1 and SHP-2 could inhibit signaling to p38MAPK

induced by LDL. Platelet stimulation with LDL induced the constant activation of both SHP1 (Fig. 4A) and SHP-2 (Fig. 4B). Prolonged treatment of the platelets with LDL prior to a
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Fig. 3. PECAM-1 and Ser/Thr phosphatase PP2A do not mediate desensitization of LDL-induced signaling to p38MAPK
Platelets were treated for 30 min at 37°C with vehicle (A) or 1.0 g/L LDL (B) in the absence or presence of okadaic acid (1 µmol/L, 30 sec) and subsequently incubated with LDL. One part of a sample
was applied to SDS-PAGE to identify dual phosphorylated p38MAPK using a phospho-specific antip38MAPK polyclonal antibody (upper panel). Another part was applied to SDS-PAGE and total p38MAPK
was detected with an antibody against p38MAPK as a control for equal lane loading (lower panel). The
graph shows the semi-quantification of dual-phosphorylated p38MAPK from the blots. Data were
expressed as percentage of p38MAPK phosphorylation in the absence of okadaic acid and before desen-
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sitization (1 min = 100%). (C) Platelets were preincubated for 30 min at 37°C with vehicle or 1.0 g/L
LDL and subsequently incubated with LDL (1.0 g/L, 37°C) for the indicated time periods. PP2A phosphorylation was detected via immunoprecipitation of PP2A from platelet lysates and Western blotting
with 4G10. The graph illustrates the semi-quantification of PP2A phosphorylation from the membranes
and data were expressed as percentage of PP2A phosphorylation induced by LDL before desensitization
(1 min = 100%). (D) Platelets were incubated with LDL as described under (C). Tyr phosphorylation of
PECAM-1 was detected via immunoprecipitation of PECAM-1 from platelet lysates and Western blotting
with 4G10, an antibody directed against Tyr-phosphorylated proteins (upper panel). The blot shows the
co-association of PECAM-1 with p125 focal adhesion kinase (lower band in the upper panel). After stripping, the membranes were reprobed with the poloclonal antibody SEW directed against PECAM-1 as a
control for equal lane loading (lower panel). The graph shows the semi-quantification of Tyr phosphorylation of PECAM-1 from the blots. Data were expressed as percentage of PECAM-1 Tyr phosphorylation before desensitization (0.5 min = 100%). Data are expressed as means ± S.E., n = 3.

Fig. 4. The PTPs SHP-1 and SHP-2 mediate desensitization of LDL-induced signaling to p38MAPK
(A) Platelets were preincubated with vehicle or 1.0 g/L LDL for 30 min at 37°C and subsequently incubated with LDL for the indicated time periods (1.0 g/L, 37°C). Tyr phosphorylation of SHP-1 was
detected via immunoprecipitation of SHP-1 from platelet lysates and Western blotting with 4G10
(upper panel). After stripping, the membranes were reprobed with an antibody against SHP-1 (lower
panel). The graph illustrates the semi-quantification of SHP-1 phosphorylation from the membranes
and data were expressed as percentage of SHP-1 phosphorylation induced by LDL before desensitization (1 min = 100%). (B) Platelets were incubated with LDL as described under (A). SHP-2 phosphoryla-
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tion was detected via immunoprecipitation of SHP-2 from platelet lysates and Western blotting with
4G10 (upper panel). After stripping, the membranes were reprobed with an anti-SHP-2 antibody (lower
panel). The graph illustrates the semi-quantification of SHP-1 phosphorylation from the membranes
and data were expressed as percentage of SHP-1 phosphorylation induced by LDL before desensitization (1 min = 100%). Data are expressed as means ± S.E., n = 3.

second stimulation with LDL did not affect activation of SHP-1 and SHP-2. Collectively,
these findings suggest a functional role for the PTPs SHP-1 and SHP-2 as regulators of signaling to p38MAPK after prolonged treatment of platelets with LDL.
Thus, down-regulation of LDL-induced signaling to p38MAPK after a first contact between
platelets and LDL is mediated by PECAM-1, which rapidly recruits and activates the Ser/Thr
phosphatase PP2A and the Tyr phosphatases SHP-1 and SHP-2. PP2A, SHP-1, and SHP-2 are
involved in the dephosphorylation of p38MAPK, thereby preventing further platelet sensitization. Additionally, the Tyr phosphatases SHP-1 and SHP-2 prevent platelet sensitization
induced by a second dose of LDL after prolonged exposure to LDL.
Phosphatases regulate the activity of their substrates via direct interaction. We therefore
investigated the physical interaction of PECAM-1, SHP-1, and SHP-2 with phosphorylated
p38MAPK. Platelets were stimulated with LDL for 1 min inducing maximal phosphorylation
of p38MAPK followed by the immunoprecipitation of phosphorylated p38MAPK (Fig. 5A-D).
After SDS-PAGE and Western blotting, membranes were probed with antibodies against
phosphorylated p38MAPK (Fig. 5A), PECAM-1 (Fig. 5B), SHP-1 (Fig. 5C), or SHP-2 (Fig. 5D).
As depicted in Fig. 5A (lane 2), phosphorylated p38MAPK was precipitated by the antibody
against phosphorylated p38MAPK as expected. The presence of phosphorylated p38MAPK in
the whole cell lysates from LDL-stimulated platelets (lane 1) was used to identify phosphorylated p38MAPK in the other samples. Immunoprecipitates of phosphorylated p38MAPK did
not contain PECAM-1, implying that PECAM-1 was not directly involved in dephosphorylating p38MAPK. In contrast to PECAM-1, SHP-1 and SHP-2 physically associated with phosphorylated p38MAPK. The protein bands visible in lane 3 were precipitated by an antibody
against αMβ2, which is not expressed on platelets and was used as a negative control. SHP1 and SHP-2 were not precipitated by the non-specific antibody, indicating that the interaction of these phosphatases with phosphorylated p38MAPK was specific. Lane 4 shows the
non-specific protein bands that were eluted from the beads to which the p38MAPK antibody
was immobilized after treatment with Laemmli sample buffer and boiling. The observed coimmunoprecipitation of phosphorylated p38MAPK with the phosphatases SHP-1 and SHP-2
suggests that the interaction of the phosphatases with their substrate is necessary for
dephosphorylation of p38MAPK. In a similar experiment to determine association of PP2A
with phosphorylated p38MAPK, we observed a small band corresponding to PP2A in the
immunoprecipitates of p38MAPK (data not shown). This was in accordance with an earlier
study that reported the co-immunoprecipitation of PP2A with phosphorylated p38MAPK
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after stimulation with collagen 37.
Since p38MAPK phosphorylation is transient after a first contact with LDL and is absent after
prolonged exposure to LDL, it was impossible to investigate the interaction of p38MAPK
with the phosphatases after 30 min.

Fig. 5. SHP-1 and SHP-2 directly associate with phosphorylated p38MAPK
Immunoprecipitation of phosphorylated p38MAPK from LDL-stimulated platelets (1.0 g/L, 1 min, 37°C)
using an agarose-immobilized antibody against phosphorylated p38MAPK followed by immunodetection
of (A) phosphorylated p38MAPK, (B) PECAM-1, (C) SHP-1, and (D) SHP-2. Lane 1: whole cell lysates from
platelets stimulated with LDL. Lane 2: platelet lysate after immunoprecipitation with the agaroseimmobilized phosphorylated p38MAPK antibody. Lane 3: platelet lysate after immunoprecipitation with
a non-specific antibody against αMβ2 coupled to protein G sepharose beads. Lane 4: proteins eluted
from the agarose beads to which the antibody against phosphorylated p38MAPK was immobilized. The
blots are representative for 3 experiments.

Discussion
The interaction between platelets and LDL results in hyperreactive platelets in vitro. This
is illustrated by increased platelet responses, like fibrinogen binding, aggregation, and
secretion after stimulation by thrombin, ADP, and collagen

1,4-6,15.

The process of platelet

sensitization requires at least 5 min of platelet-LDL contact. Indeed, platelet aggregation

192

Regulation of LDL-Induced Platelet Activation

induced by ADP was enhanced when platelet were preincubated with LDL for 5 min. In the
past, several studies have tried to clarify LDL-induced signaling involved in platelet sensitization

10,15,44-46.

LDL-induced signaling is initiated by binding to the LDL receptor family

member apoER2’ via apoB100 in LDL 6,9, which contains the receptor-recognition site in the
B-site 7. Activation of apoER2’ induces the rapid phosphorylation of p38MAPK, which triggers cPLA2-mediated arachidonic acid release and TxA2 formation 10. TxA2 further activates platelets via stimulation of the TxA2-receptor, causing activation of integrin αIIbβ3
and ligand-induced outside-in signaling through αIIbβ3 5.
Upon first contact of platelet with LDL, apoER2’ was rapidly and transiently activated.
Maximal phosphorylation was reached after 30 sec and phosphorylation returned to baseline levels after 3 min. Similarly, p38MAPK was rapidly phosphorylated by LDL, reaching a
peak value after 1 min that was followed by a gradual decline to basal levels in the following 10 min. Our group recently showed that the deactivation of p38MAPK is caused by
PECAM-1, which like apoER2’ and p38MAPK is activated immediately after interaction of
platelets with LDL (Ref. 16 and Fig. 3). Upon activation, the ITIM-motifs in the cytoplasmic
tail of PECAM-1 become Tyr phosphorylated
for Ser/Thr phosphatases

16,37

16,18,24-27

and specific PTPs

and are converted into docking sites

27,30-34.

These phosphatases mediate the

inhibitory signals generated by PECAM-1. Preincubation of platelets with the Tyr phosphatase inhibitor pervanadate leads to persistent Tyr phosphorylation of the ITIM motifs and
completely prevents LDL-induced p38MAPK activation 16.
PECAM-1 recruits the Ser/Thr phosphatase PP2A for the dephosphorylation of p38MAPK

16.

41

abolished
Specific inhibition of PP2A by the Ser/Thr phosphatase inhibitor okadaic acid
MAPK
the transient character of p38
activation and resulted in persistent levels of p38MAPK
phosphorylation far above the maximal phosphorylation observed in vehicle-treated
platelets (Fig. 3 and Ref. 16). Inhibition of PP2A by okadaic acid is based on phosphorylation of Tyr-307 present in the catalytic domain of PP2A, resulting in inactivation of PP2A.
Phosphorylation of Tyr-307 is also induced by the Tyr kinases v-Src and Lck, epidermal
growth factor receptors, and insulin receptors in fibroblasts

35.

In the present study, LDL

induced Tyr phosphorylation of PP2A in platelets. The phosphorylation was transient, slowly decreasing to baseline levels within 30 min. Since LDL-induced PP2A phosphorylation was
still maximal when LDL-induced p38MAPK phosphorylation was almost at baseline level, it
is unlikely that LDL-induced Tyr phosphorylation of platelet PP2A leads to inactivation of
PP2A. Furthermore, PP2A was present in immunoprecipitates of phosphorylated p38MAPK,
indicating its association with phosphorylated p38MAPK. The Tyr residues that are phosphorylated after platelet stimulation with LDL remain to be clarified. In accordance with the
present findings with LDL, PP2A also mediates dephosphorylation of p38MAPK after stimulation with collagen

37.

Together, these findings indicate that down-regulation of p38MAPK

phosphorylation after a first stimulation with LDL is mediated by the action of PP2A after
recruitment by PECAM-1.
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The present study reveals that the PTPs SHP-1 and SHP-2 are also involved in the transient
phosphorylation of p38MAPK induced by LDL since (i) both PTPs were rapidly phosphorylated by LDL, and (ii) both SHP-1 and SHP-2 were physically associated with phosphorylated
p38MAPK. These findings are in line with earlier studies reporting a role for PTPs in PECAM1 signaling

31,34

and in down-regulation of p38MAPK phosphorylation

16,37.

The ITIM motifs

in the cytoplasmic tail of PECAM-1 bind SHP-2 with higher affinity than SHP-1, suggesting
that in platelets SHP-2 may be the preferred PTP in PECAM-1 signaling 32. SHP-2 preferably
binds the amino acid sequence Y-I/V-x-V/I, while SHP-1 rather binds I/V-x-Y-x-x-L/V in the
ITIM motif. Due to the presence of the Val residue at the +3 position relative to the phosphotyrosine, SHP-2 will bind PECAM-1 with a higher affinity than SHP-1, which prefers a
leucine residue at that position. In the present study, we did not measure differences with
respect to association of SHP-1 or SHP-2 to phosphorylated p38MAPK. Further studies are
required to determine whether SHP-1 and SHP-2 have a similar role in the dephosphorylation of p38MAPK.
In contrast to SHP-1 and SHP-2, PECAM-1 was not detected in immunoprecipitates from
phosphorylated p38MAPK. This observation indicates that PECAM-1 itself is not directly
involved in the deactivation of p38MAPK but exerts its inhibitory effects rather via recruitment of PP2A, SHP-1, and SHP-2.
In contrast to enhancement of ADP-induced aggregation after incubation of platelets with
LDL for 5 min, inhibition of aggregation was observed after platelet incubation by LDL for
30 min. Similar inhibition of ADP-induced aggregation was observed when the first stimulation with LDL for 30 min was followed by a second stimulation with LDL for 5 min. These
data suggest that short-term contact of platelets with LDL induces platelet sensitization,
whereas inhibition is observed after prolonged exposure to LDL. The absent sensitization by
LDL may be associated with impaired p38MAPK phosphorylation. Indeed, following a first
stimulation with LDL, a second dose added 30 min later was unable to activate p38MAPK.
The inhibition of p38MAPK phosphorylation after prolonged exposure to LDL was not due to
impaired activation of apoER2’ as LDL binding to and activation of apoER2’ was not abolished. Hence, inhibition of platelet sensitization by prolonged exposure to LDL affected signaling to p38MAPK downstream of apoER2’.
Since PECAM-1 was important in the deactivation of p38MAPK after short-term contact of
platelets with LDL (this study and Ref. 16), we investigated whether the glycoprotein was
also involved in inhibition of LDL-induced p38MAPK phosphorylation after incubation with
LDL for 30 min. PECAM-1 remained inactive following a second stimulation with LDL after
prolonged exposure to LDL. Similarly, LDL could not activate PP2A again after 30 min
platelet-LDL contact. Surprisingly, exposure of platelets to LDL for 30 min in the presence
of okadaic acid restored p38MAPK phosphorylation by a second dose of LDL. These findings
imply the involvement of an okadaic acid-sensitive Ser/Thr phosphatase that is different
from PP2A. A good candidate might be PP1, which belongs to the same family of Ser/Thr
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phosphatases as PP2A.
In contrast, SHP-1 and SHP-2 were still active after prolonged exposure to LDL, despite the
presence of inactive PECAM-1. This suggests that a first stimulation of platelets with LDL
induced a continuous state of activation of these PTPs. SHP-1 and SHP-2 were involved in
p38MAPK dephosphorylation after short-term incubation of platelets with LDL. Their persistent activation after prolonged exposure to LDL suggests that they are also important in
the inhibition of p38MAPK activation by a second dose of LDL following incubation with LDL
for 30 min. Hence, SHP-1 and SHP-2 may be good candidates for the enzymes involved in
the process of desensitization of LDL-induced signaling leading to inhibition of platelet
functions. In addition to inhibition of LDL-induced signaling downstream of apoER2’, they
are probably also involved in the inactivation of PECAM-1 since inactivation of Tyr phosphatases by the inhibitor pervanadate resulted in persistent activation of PECAM-1 16.
The observed down-regulation of p38MAPK phosphorylation and subsequent inhibition of
platelet functions after prolonged incubation with LDL might reflect a protective mechanism that prevents platelet activation in the circulation in the presence of LDL. The results
presented in this study have shown that PECAM-1 might fulfill a major role in the protective mechanism, since the recruitment of SHP-1 and SHP-2 by active PECAM-1 results in the
complete and constant inhibition of LDL-induced platelet sensitization. In vivo, this mechanism might be important at sites of plaque rupture, where platelets may become hyperreactive due to exposure to high concentrations LDL for longer times. At present, it remains
unclear how SHP-1 and SHP-2 activation and inactivation is regulated.
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Chapter 8

Platelets are are important in the maintenance of haemostasis. During haemostasis,
platelets circulate in close contact with the endothelial cell lining of the vessel wall without adhering to it. Under normal physiological circumstances, platelets prevent blood loss
when a vessel wall is damaged. Platelets adhere at the site of injury to the exposed subendothelium. The subsequent attachment of other platelets to the already adherent platelets
results in the generation of a platelet plug that seals off the damaged vessel wall and
arrests blood loss from the vessel. Under pathological conditions, however, platelets play a
role in the development of thrombosis and atherosclerosis. They attach rapidly and firmly
to altered endothelial cells and exposed subendothelial cells present during fatty streak
formation or plaque rupture. The subsequent formation of a thrombus is associated with
the occurrence of ischaemic events. Platelets are hyperreactive in subjects with risk factors associated with the development of atherosclerosis, e.g. familial hypercholesterolemia
(FH)

1,2.

Cells from FH patients lack or have a defective receptor for low density lipopro-

tein (LDL), which results in the impaired uptake of LDL from the circulation. Elevated plasma LDL levels are associated with an increased risk to develop atherosclerosis and thrombosis. Abetalipoproteinemia patients, whose plasma lacks all apoB-containing lipoproteins
like LDL, have platelets that are hyporeactive 3. These observations are evidence for the
occurrence of intimate interactions between platelets and LDL in the development of atherosclerosis.
Upon oxidation, LDL becomes a very atherogenic particle that is involved in foam cell formation. Interestingly, the capacity of LDL to act as an activator of platelets increases upon
oxidation. Potent platelet activation by oxidized LDL (oxLDL) has been reported in several
4-13,

but not all studies 4,14,15. The studies described in this thesis were aimed to elucidate

the impact of oxidation of LDL on platelet activation. This chapter will discuss the results
of these investigations in relation to published literature to obtain insight in the mechanisms of platelet activation in the presence of native LDL (nLDL) and oxLDL.

LDL-induced platelet signaling
Previous studies have revealed that platelets are sensitized by LDL: without acting as an
independent activator of platelet aggregation and secretion at physiological concentrations
(0.6-1.0 g/L apoB100), LDL enhances platelet functions induced by aggregation- and secretion-inducing agents

4,16-18.

This process of sensitization is slow. An early event in the

process of sensitization by LDL is the activation of the enzyme p38 mitogen-activated protein kinase (p38MAPK) 19. P38MAPK is a Ser/Thr kinase that is activated by the simultaneous activation of the amino acid residues Thr-180 and Tyr-182 20 by the MAPK kinases 3 and
6 (MKK3/6) 21. Four isoforms of p38MAPK with 60-70% identical amino acid sequences have
been identified: p38α, p38β, p38δ, and p38γ 22. Activated p38MAPK phosphorylates and
activates cytosolic phospholipase A2 (cPLA2), resulting in the release of arachidonic acid
(AA), a precursor in the generation of thromboxane A2 (TxA2) 19,23,24. Inhibition of LDL-
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induced activation of p38MAPK attenuates AA release by cPLA2 stimulated by collagen.
Additionally, inhibition of LDL-induced p38MAPK activation also reduces LDL-induced activation of cPLA2 by about 70% 17,19. Release of TxA2 from the cell and binding to its receptor on the platelet surface induces a positive feedback mechanism leading to the exposure
of binding sites for fibrinogen on the integrin αIIbβ3. Binding of a ligand to integrin αIIbβ3
initiates outside-in signaling resulting in secretion of proteins from granules 17.
Indomethacin is an inhibitor of the enzyme cyclooxygenase-1, which converts AA into TxA2.
Treatment of platelets with indomethacin prior to stimulation with LDL and an aggregationinducing agonist strongly inhibits the LDL-induced enhancement of agonist-induced platelet
25,

indicating that LDL enhances agonist-induced platelet functions via a TxA2dependent mechanism. However, inhibition of TxA2 formation does not completely abolish
the enhancing effects of LDL on aggregation 4,16 or secretion 25, suggesting that platelet

functions

sensitization by LDL involves both TxA2-dependent and –independent mechanisms.
Accordingly, we show in Chapter 3 that p38MAPK also functions in a TxA2-independent
pathway activated by LDL. Incubation of indomethacin-treated platelets with the p38MAPK
inhibitor SB203580 only partially inhibited ligand binding to integrin αIIbβ3 induced by TRAP
alone or in combination with nLDL. This pathway is sensitive to the cAMP-raising agent iloprost, the protein kinase C inhibitor bisindolylmaleimide, and the Ca2+ chelating agent
BAPTA-AM, indicating that a low cAMP level, a rise in Ca2+, and activation of PKC are prerequisites.

The LDL receptor on platelets
Relou et al.

26

described that platelet signaling by LDL is mediated by a specific domain

within apoB100, a 4563 amino acid protein that is wrapped around the LDL particle

27.

A

peptide mimetic of this domain inhibited LDL binding and platelet signaling induced by LDL
26.

This domain is termed the B-site, is located at amino acid residues 3359-3369 and is

encoded by the amino acid sequence RLTRKTGLKLA 28,29. This sequence consists of positively charged lysine and arginine residues

30,31,

which are essential for binding of LDL to the

classical LDL receptor (apoB/E receptor) on nucleated cells. Modification of these residues
results in diminished binding of LDL to nucleated cells
platelets

19.

30,31

and reduced signaling in

Since apoB100 is involved, it seems conceivable that an LDL-binding receptor

is involved. However, platelets lack the classical apoB/E receptor

32.

Furthermore, other

LDL receptor family members like LRP, megalin, and the VLDL receptor are not expressed
Initially, integrin αIIbβ3 was proposed as the platelet LDL
receptor 35, but involvement of this receptor was excluded when LDL-induced signaling was

on the platelet surface

33,34.

similar in platelets from normal subjects and from Glanzmann’s thrombastenia patients
19,36.

Furthermore, antibodies directed against αIIbβ3 and ligands of αIIbβ3 were unable to

inhibit LDL-induced platelet signaling

19,36.

Hackeng et al.

19

also eliminated CD36, CD68,

FcgRII, and α2β1 as potential transmitters of LDL signals. In line with these observations,
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we demonstrate in Chapter 4 that the apoB/E receptor and CD36 do not mediate LDLinduced platelet signaling. In addition, we demonstrate that p38MAPK phosphorylation by
LDL is similar in wild-type C57Bl/6 mice and in mice genetically deficient for the scavenger
receptors SR-BI and SR-A. These observations might be explained by two different mechanisms: (i) a mechanism of redundancy in which the absence of one receptor is compensated by the presence of another receptor; (ii) a mechanism in which a receptor is involved
that functions independently of the above mentioned receptors.
Recently, a splice variant of the LDL receptor family member apoER2 was identified on
platelets and megakaryocytes

34,

and was referred to as apoER2’

37.

ApoER2’ is a 130-kDa

protein that consists of a single ligand binding domain comprising four complement type A
repeats (compared to seven repeats in full-length apoER2), an EGF-like homology domain,
an O-linked sugar domain, and a single transmembrane domain that connects the extracellular region with the cytoplasmic domain

34.

Full-length apoER2 closely resembles the

apoB/E receptor and the VLDL receptor. But with respect to the structure of the ligand
binding domain, apoER2 is more closely related to the VLDL receptor, despite the same
number of complement type repeats in apoER2 and the apoB/E receptor. The plasma
lipoprotein concentrations are not increased in apoER2-deficient mice
tosis rate of apoER2 is 20-fold lower than LRP

39,

38

and the endocy-

implying that apoER2 probably does not

play a major role in lipoprotein metabolism. Instead, apoER2 is involved in signaling
processes. Its tail contains an NPxY motif, which functions as a potential binding site for
phosphotyrosine binding domains of signaling molecules

34.

In addition, the cytoplasmic

domain also contains three proline-rich areas with the consensus sequence PxxP for Src
homology (SH)-3 recognition 34. These signaling motifs are also present in the apoER2 splice
variant present on platelets. Full-length apoER2 contributes to neuronal signaling pathways
as a receptor for reelin. Reelin is a large extracellular glycoprotein containing EGF-like cysteine-motifs that is generated by neurons and is involved in the regulation of neuronal
migration and localization

40.

ApoER2 transmits the reelin signal to the intracellular adap-

tor protein disabled-1 that binds to the NPxY motif of apoER2

38,41-43.

Subsequent tyrosine

phosphorylation of disabled-1 results in the binding to several non-receptor tyrosine kinases, which include Src family tyrosine kinases via interaction with their SH2 domains

44.

In

Chapter 4, we investigated whether apoER2’ has the ability to mediate LDL-induced
platelet signaling to intracellular signaling proteins like p38MAPK. We found clear evidence
that apoER2’ functions as a receptor for LDL on platelets. Treatment of platelets with RAP,
which blocks ligand binding to members of the LDL receptor family

45

prior to stimulation

with LDL, inhibited the interaction of LDL with the platelet surface. Furthermore, RAP
dose-dependently inhibited LDL-induced p38MAPK phosphorylation. Since this observation
implied the involvement of a member of the LDL receptor family, we determined the capability of LDL to activate p38MAPK in apoER2’-deficient platelets. The absence of apoER2’
in platelets was associated with a diminished LDL-dependent activation of p38MAPK. The
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possible role of apoER2’ in LDL-induced platelet activation was further supported by the
observations that (i) LDL bound directly to soluble apoER2’ via the B-site within apoB100,
(ii) an apoER2-activating antibody and LDL similarly activated p38MAPK, and (iii) LDL rapidly phosphorylated the cytoplasmic tail of apoER2’ via its B-site. The latter finding agrees
with the observations that LDL receptor-related proteins have been implicated in cellular
signaling processes and that phosphorylation of the cytoplasmic domain of these receptors
is essential for signaling. Tyrosine phosphorylation of apoER2’ by LDL occurred independent
of integrin αIIbβ3, again illustrating that αIIbβ3 does not serve as a receptor for LDL on
platelets. Tyrosine phosphorylation of proteins often involves Src family tyrosine kinases,
which has also been reported for tyrosine phosphorylation of LRP expressed on fibroblasts
46.

In addition, Src family tyrosine kinases are essential in signal transduction by integrins

and other receptors leading to regulation of cell migration. Incubation of platelets with the
Src family tyrosine kinase inhibitor PP1 dose-dependently inhibited the tyrosine phosphorylation of apoER2’ induced by LDL up to 80%. Hence, Src family tyrosine kinases play a dominant role in phosphorylation of tyrosine residues in the cytoplasmic tail of apoER2’. The
identity of the Src kinase family member that contributes to the tyrosine phosphorylation
of apoER2’ was determined by immunoprecipitating apoER2’ from LDL-treated platelets
and analyzing the precipitates with antibodies directed against multiple members of the
Src kinase family. Examples of members of the family of Src kinases include c-Src, Fyn, Yes,
Lyn, Blk, Hck, Lck, and Fgr. C-Src, Yes, and Fyn are ubiquitously expressed, whereas Blk,
Fgr, Hck, Lck, and Lyn are found in haematopoietic cell lineages

47.

Our immunoprecipita-

tion experiments revealed a band of 55-kDa, corresponding to Fgr. Fgr may be associated
with apoER2’ and be responsible for tyrosine phosphorylation of the NPxY motif of apoER2’
upon ligand binding. Alternatively, ligand binding to apoER2’ may induce tyrosine phosphorylation of the cytoplasmic tail of apoER2’ by an unidentified Src family tyrosine kinase.
The subsequent association of the signaling molecule Fgr to tyrosine-phosphorylated
apoER2’ may lead to initiation of platelet signaling. Correspondingly, Fgr has been reported to serve as an activator of p38MAPK in neutrophils 48. The observation that Fgr is only
minimally activated in resting platelets (Chapter 4 and Ref. 49), suggests that Fgr becomes
associated to activated apoER2’ thereby forming a connection between the receptor and
signaling molecules like p38MAPK.
Despite our clear evidence, Kim et al. 50 reported that full-length apoER2 expressed on CHO
cells binds LDL with low affinity, whereas apoE-containing lipoproteins are bound with high
affinity. The difference in LDL binding may reside in the concentration of LDL used in their
experimental setup, which was far below the physiological concentration of LDL used in our
experiments. Another explanation may reside in the position of the short linker sequence
in the ligand binding domain of an LDL receptor family member. This sequence determines
the ligand specificity of a receptor. Full-length apoER2 and the VLDL receptor contain a
short linker sequence between complement type repeats 5 and 6 in their ligand binding
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domain 50,51. These receptors bind apoE with high affinity, whereas apoB is bound with low
affinity. In contrast, the short linker sequence in the ligand binding domain of the apoB/E
receptor is present between complement type repeats 4 and 5 52, and results in high affinity binding of apoB. Deletion of the short linker sequence of the apoB/E receptor drastically reduces apoB100 binding to the receptor
type repeats 4-6 generating apoER2’

34

53.

In case of apoER2, deletion of complement

may influence the position of the short linker

sequence resulting in a change in ligand specificity.
The amino acid sequence of the B-site within apoB100 is highly similar to the amino acid
sequence RKLRKRLLRDA of apoE

54.

Like apoB100, apoE binds with high affinity to apoER2’

and a monomeric apoE peptide was able to activate p38MAPK, although much less potent
than apoB100. Similar to apoB100-induced activation of p38MAPK, p38MAPK phosphoryla34

tion by apoE was desensitized after prolonged exposure to apoE 26. In contrast to apoB100,
apoE binding to apoER2’ also initiates an inhibitory signal in platelets leading to a reduction in ADP-induced aggregation

34.

ApoE increases the intracellular cGMP level by stimu-

lating nitric oxide (NO) synthase, which generates NO from L-arginine. NO binds and activates guanylate cyclase, which increases the intracellular cGMP concentration. cGMP
inhibits platelet activation and in addition induces a rice in cAMP by inhibiting cAMP phosphodiesterase (Fig. 2 of Chapter 2). Similar results were observed for vascular smooth muscle cell proliferation which is also inhibited by apoE through activation of NO synthase

55.

The opposite effects of apoB100 and apoE on platelet functions may result from different
signaling to either the NPxY motif or the three proline-rich motifs within the cytoplasmic
tail of apoER2’. ApoE-rich lipoprotein particles may cluster multiple apoER2’ molecules,
whereas this is impossible for apoB-containing lipoproteins, since they contain only one
apoB100 molecule. A cluster of receptors may initiate different signaling pathways compared to the activation of only one receptor by an apoB-bearing lipoprotein, resulting in
binding of different signaling molecules to the receptor. Correspondingly, a synthetic dimeric apoE peptide encompassing the apoB/E receptor recognition domain inhibits platelet
aggregation

34,

whereas a monomeric apoE peptide has no effect. Analysis of the dimeric

peptide with respect to apoB/E receptor binding showed that binding activity is dependent
on at least two clusters of basic amino acids

56

indicating that receptor activation may

result from receptor dimerization. On the contrary, the enhancing effect of dimeric β2-glycoprotein I on platelet deposition on collagen and thrombus size was also suggested to be
caused by dimerization of apoER2’

37.

Hence, further studies are required to clarify the

mechanism that will elucidate the opposite signaling of apoB100 and apoE after apoER2’
binding.

The receptors for oxLDL on platelets
The capacity of LDL to act as an activator of platelets increases upon oxidation. This results
in the ability to activate platelets independent of another agonist. Additionally, platelet
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activation by aggregation- and secretion-inducing agonists in synergism with oxLDL leads to
faster platelet responses at lower concentration

4-6,9.

Although much insight has been gained into the effects of oxLDL on platelets (see below
and Chapter 2), much less is known about the receptor(s) on platelets mediating oxLDLinduced signaling. The platelet nLDL receptor has been described to interact with the same
apparent affinity with both native and copper-oxidized LDL

14.

However, nLDL does not

affect the binding of copper-oxidized LDL to either platelets or macrophages, which argues
against a single class of LDL receptors

57,58.

Nucleated cells bind oxLDL through scavenger

receptors (SRs) expressed on their surface. SRs
ognize a broad variety of ligands

61.

59,60

are membrane glycoproteins that rec-

In contrast to the apoB/E receptor, SRs are not subject

to down-regulation by increased intracellular cholesterol levels 59,60. Moreover, the surface
expression of SRs even increases upon contact of macrophages with oxidized lipoproteins
62,63.

This results in the accumulation of cholesterol eventually leading to the transforma-

tion of macrophages into foam cells, which are characteristic for the fatty streak, the early
atherosclerotic lesion

64.

Different types of SRs that bind oxLDL have been identified.

Members of this group include (i) SR class A (SR-A) consisting of SR-A type I, II, III, and
MARCO; (ii) SR class B (SR-B) containing SR-BI and CD36; (iii) CD68 or macrosialin; (iv)
lectin-like OxLDL receptor (LOX-1); (v) the SR expressed on endothelial cells (SREC); and
(vi) the scavenger receptor that binds phosphatidylserine and oxidized lipoprotein (SR-POX)
61,65-67.

BI

68,

More detailed information on the SRs is described in Chapter 1. To date, only SR-

CD36 69,70, CD68

71,

and LOX-1

72

have been identified in human platelets. The SR-A

ligand fucoidan fails to inhibit binding of copper-oxidized LDL to platelets and macrophages
57,58,

excluding a role for SR-A in the interaction between platelets and copper-oxidized

LDL. Conversely, inhibition of ligand binding to both class A and B SRs by maleylated human
serum albumin effectively blocks binding of copper-oxidized LDL to platelets 58. Thus, a SRB receptor on platelets may be a candidate for binding of copper-oxidized LDL. Indeed,
binding to CD36 accounted for ~75-95% of the total binding of copper-oxidized LDL

57,73.

LOX-1 also functions as a major binding site for oxLDL, but is only expressed on activated
platelets

72,

and is therefore an unlikely candidate to mediate platelet signaling upon first

contact with oxLDL.
We show in Chapter 6 that dependent on the oxidation state, platelet signaling induced by
FeSO4-oxidized LDL is mediated by multiple receptors on platelets. Below 15% of oxidation,
oxLDL-induced signaling was mediated only by apoER2’, but the involvement of this receptor decreased above 15% of oxidation. In line with this observation, sensitivity of oxLDLinduced p38MAPK activation for prolonged exposure to nLDL, a method to desensitize signaling by nLDL, decreased with increasing oxidation. Furthermore, oxLDL-induced p38MAPK
activation was minimally sensitive to RAP. Finally, the involvement of proteoglycans in
receptor recognition by oxLDL was excluded since treatment with chondroitinase ABC,
which removes chondroitin and dermatan sulfate side chains from proteoglycans did not
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abolish oxLDL signaling in platelets. In contrast, chondroitinase ABC treatment interfered
with nLDL binding to its receptor. In vitro, nLDL binds with high affinity to many proteoglycans, including dermatan- and chondroitin sulfate proteoglycans. Proteoglycans contain
long carbohydrate side chains of glucosaminoglycans (GAGs), which are covalently attached
to a core protein. The GAGs consist of repeats of disaccharide units bearing a negative
charge and are usually sulfate or carbohydrate groups. In vivo, proteoglycans take part in
the subendothelial retention of atherogenic lipoproteins and therefore play a role in the
development of atherosclerosis 74-76. Proteoglycans facilitate the binding of lipoproteins to
their receptor presumably by extending the binding site for these lipoproteins, or by preconcentrating the lipoproteins on the cell surface. Like binding to apoER2’, LDL binding to
proteoglycans is mediated by the B-site of apoB100

77.

Collectively, the results described

above indicate that above 15% oxidation, the affinity of oxLDL for a member of the LDL
receptor family decreases. The separate addition of the anti-CD36 antibody FA6.152
(directed against residues 155-183 encoding the oxLDL-binding region in human CD36) or
the SR-A ligand fucoidan, which block ligand binding to CD36 and SR-A, respectively, failed
to block p38MAPK activation by FeSO4-oxidized LDL. The absent inhibition by fucoidan is in
line with the observation that fucoidan could not inhibit copper-oxidized LDL binding to
platelets and macrophages

57,78.

correspond with earlier results

On the contrary, the lack of inhibition by FA6.152 did not

57,

but may be explained by differences in oxidation proce-

dure and degree of oxidation. Combined blockade of CD36 and SR-a resulted in almost complete inhibition of oxLDL-induced signaling to the level of p38MAPK activation found with
nLDL. Thus, treatment of human platelets with inhibitors of ligand binding to CD36 and SRA prior to stimulation with oxLDL abolishes the apoER2’-independent signaling by oxLDL
leaving apoER2’-dependent signaling undisturbed. Platelets from mice deficient in either
CD36 or SR-A showed normal oxLDL-induced signaling to p38MAPK. However, a deficiency in
SR-A in combination with antibody FA6.152 against CD36, and vice versa, disrupted signaling to p38MAPK by oxLDL. It is important to note that the binding region in CD36 for oxLDL
differs in human and murine CD36 79. It was reported that a chimeric human CD36 construct
resulting from the swapping of the human oxLDL binding domain 155-183 with its murine
counterpart bound oxLDL with low affinity. In contrast, a chimeric murine CD36 construct,
resulting from the swapping of murine domain 155-183 with its human counterpart, bound
copper-oxidized human LDL with high affinity. Binding of oxLDL to Chinese hamster ovary
cells transfected with the chimeric mouse CD36 construct was only partially blocked by
monoclonal antibodies 10/5, FA6-152, and 8A6 directed against residues 155-183 in CD36
79.

In contrast, our experiments show that FA6.152 has similar results when incubated with

human or murine platelets. Collectively, our results demonstrate that between 15% and 60%
oxidation, oxLDL-induced signaling is mediated by both apoER2’ and a combination of both
CD36 and SR-A, whereas above 60% oxidation signaling is mediated mainly by the SRs.
Whether CD36 and SR-A are associated with each other on the platelet surface is unknown.
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The observation that inhibition of just one receptor does not result in attenuated platelet
signaling by oxLDL suggests that the receptors function independently.

The effect of oxidation on platelet activation by LDL
The platelet-activating properties of oxLDL have mostly been attributed to lysophosphatidic acid (LPA), which is generated during oxidation

80.

LPA is present in plasma at a con-

centration of 0.5 - 1.0 µmol/L and accumulates in atherosclerotic plaques at 10 - 49
pmol/mg, compared to 1.2 - 2.8 pmol/mg in normal arterial tissue
vator of platelets

80

81.

LPA is a potent acti-

and platelet activation by LPA is mediated via the G protein-coupled

receptors LPA1, LPA2, and LPA3 82,83. LPA-induced signaling involves the activation of Rho
and Rho-kinase via G13 causing phosphorylation of myosin light chain and changes of the
actin cytoskeleton that underlie platelet shape change at low LPA concentrations (EC50~18
nmol/L) 80,84-86. At high concentrations (EC50~1.6 µmol/L), LPA increases intracellular Ca2+
levels ([Ca2+]i) via Gq leading to platelet responses like aggregation 84. During isolation of
nLDL, oxidation is prevented by EDTA. However, a minimal degree of oxidation might be
inherent to the procedures of nLDL isolation, initiating the generation of LPA and raising the
possibility that nLDL lacks any platelet-activating properties. But we show in Chapter 5 that
the rapid activation of p38MAPK by nLDL is independent of LPA, since p38MAPK is not different in the presence of L-NASPA. L-NASPA is a potent inhibitor that blocks binding of LPA
to its receptor thereby antagonizing platelet functions induced by LPA, such as shape
change 80 and aggregation 87. In addition, we demonstrate in Chapter 3 and Chapter 5 that
the enhancement of TRAP-induced ligand binding to integrin αIIbβ3 on platelets after pretreatment with nLDL is also not inhibited by L-NASPA. Hence, nLDL-induced platelet activation is completely independent of signaling induced by LPA.
Oxidation of LDL from different donors results in a heterogeneity of oxLDL preparations,
since oxidation depends on the presence of anti-oxidants and the lipid composition of the
LDL particle. In addition, differences in oxidizing procedures with respect to the nature of
the oxidizing agent and the environment in which oxidation takes place also affect the
extent of LDL oxidation. Due to the generation of a heterogeneous group of oxLDL preparations upon LDL oxidation, the precise effect of oxLDL on platelet function has remained
elusive. To investigate how oxidation changes the platelet-activating properties of LDL, we
oxidized nLDL and characterized the ability of oxLDL to activate platelets (Chapter 5).
Oxidation was initiated with FeSO4 as the oxidizing agent, which results in weak oxidation
compared to oxidation by copper ions. FeSO4 was therefore useful to prepare LDL preparations that were oxidized to a well-defined extent ranging from 1 to >60% oxidation. The use
of these different oxLDL preparations showed that oxLDL enhances platelet activation via
two independent, mutually exclusive pathways that depend on the degree of oxidation and
the duration of platelet-LDL contact. The first mechanism signals via p38MAPK phosphorylation and enhances TRAP-induced platelet fibrinogen binding and aggregation between 0
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and 15% oxidation after 5 min pre-incubation without stirring. Signaling via Ca2+ is absent
in this mechanism. LPA is unable to activate p38MAPK (Chapter 5 and ref. 19) and p38MAPK
phosphorylation is insensitive for the LPA-receptor antagonist L-NASPA. The second mechanism involves LPA-mediated platelet activation, which is insignificant at low levels of oxidation but becomes apparent above 30% oxidation, inducing immediate Ca2+ mobilization
and aggregation in stirred suspensions. Above 15% oxidation, p38MAPK signaling increases
further, but synergism through the p38MAPK pathway does not result in faster platelet functions anymore. Above this threshold, further oxidation decreases the sensitization of TRAPinduced fibrinogen binding and aggregation. The inhibition of platelet functions was
observed in the absence and in the presence of L-NASPA, indicating that LPA is incapable of
inducing fibrinogen binding after 5 min of pre-incubation with oxLDL. We did not observe
inhibition of TRAP-induced fibrinogen binding and aggregation upon immediate contact of
stirred platelet suspensions with LDL oxidized above 30%. We concluded from these results
that inhibition of platelet functions by oxLDL is a slow process that occurs alongside the
rapid induction of Ca2+ mobilization and platelet aggregation mediated via the LPAdependent mechanism. Recently, Coleman et al.

88

reported that hypochlorous acid-oxi-

dized LDL was effective in activating platelet functions in the presence of low levels of agonists like ADP, thrombin, and epinephrine. In line with our data, a rise in the concentration
of hypochlorous acid-oxidized LDL above 20 µg/mL was associated with a decreased
enhancement of agonist-induced platelet functions.
The oxLDL receptor CD36 is associated with αIIbβ3 on the surface of intact platelets and
membrane preparations (Chapter 5 and Refs. 89,90) and CD36 co-localizes with fibrinogen
Chapter 5 reports that the association between CD36 and αIIbβ3 was not affected by
incubation with nLDL or oxLDL. Inhibition of binding of oxLDL to CD36 abolished oxLDL-

91.

induced inhibition of TRAP-induced aggregation. Hence, oxLDL-induced attenuation of
platelet functions was based on inhibition of ligand binding to integrin αIIbβ3 thereby interfering with ligand-induced outside-in signaling through αIIbβ3. Inhibition of ligand-induced
outside-in signaling through αIIbβ3 blocks the nLDL-induced enhancement of agonistinduced secretion

17.

In addition to inhibition of fibrinogen binding and aggregation, oxLDL

also inhibited α-granule secretion induced by TRAP, thereby supporting the conclusion that
oxLDL interferes with ligand-induced outside-in signaling through integrin αIIbβ3 (Chapter
5). Whether the inhibition of ligand binding to αIIbβ3 was due to steric hindrance due to
oxLDL binding to CD36 or inhibition of αIIbβ3 activation could not be concluded from our
experiments and remains to be clarified. The involvement of SR-A in oxLDL-induced inhibition of platelet function is unclear.
Plasma levels of oxLDL are increased in coronary artery disease (CAD) patients (31.1 ± 11.9
mg/L) compared to normal subjects (13.0 ± 8.8 mg/L) 92. OxLDL accumulates in atherosclerotic lesions and there is about 6-fold more oxLDL in atherosclerotic plaques than in normal intima 93. Initially, we used a concentration of 1.0 g/L oxLDL to be able to compare the
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effect of oxLDL and nLDL on platelet activation. The concentration of oxLDL used in the
described studies was high compared to the reported plasma levels of oxLDL in vivo.
However, this concentration might reflect the level of oxLDL found in atherosclerotic
plaques to which platelets become exposed upon plaque rupture.

Down-regulation of LDL-induced platelet signaling
Despite the presence of LDL in the circulation, there is little evidence for the presence of
hyperreactive platelets in the circulation of healthy individuals

1,2,

suggesting that the

process of platelet sensitization is lost during prolonged platelet contact. Hence, under
normal conditions, platelet activation is probably suppressed by negative signals. Besides
the effect of endothelial cell-derived NO, other mechanisms may exist that attenuate
platelet functions. These mechanisms may include a rise in cAMP, which inhibits platelet
activation via protein kinase A, and activation of PECAM-1, which generates inhibitory signals. The basal cAMP level in platelets is not disturbed by either nLDL or oxLDL (Chapter
5), indicating that a rise in cAMP is probably not responsible for the maintenance of a resting state after platelet-LDL contact.
PECAM-1 is a 130-kDa transmembrane glycoprotein of the immunoglobulin superfamily of
cell adhesion molecules

94,

which structure comprises an extracellular region consisting of

six IgG-like homology domains, a transmembrane domain, and a cytoplasmic tail that contains immunoreceptor tyrosine-based inhibitory motifs (ITIMs)

95.

The ITIM motif is charac-

terized by the consensus sequence L/I/V/S-x-Y-x-x-L/V and is characteristic for receptors
that mediate inhibitory signals

96-99.

Tyrosine phosphorylation of the ITIM motifs of PECAM-

1 generates inhibitory signals, which suppress platelet activation

97

by collagen

98,100

and

101.

Rapid contact of nLDL with platelets transiently activates both
von Willebrand factor
MAPK
p38
and PECAM-1, albeit with different time courses (Chapter 7 and Ref. 102). In this
way, nLDL regulates both initiation and termination of signal generation. Okadaic acid, a
Ser/Thr phosphatase inhibitor, abolished the transient character of LDL-induced p38MAPK
phosphorylation, indicating that inhibition of p38MAPK phosphorylation by PECAM-1 is mediated via the recruitment of Ser/Thr phosphatases, like PP2A (Chapter 7 and Ref. 102). In
addition to PP2A, tyrosine phosphatases have been implicated in the dephosphorylation of
p38MAPK by collagen 103. Our results show that PECAM-1 recruits and permanently activates
the tyrosine phosphatases SHP-1 and SHP-2 upon platelet-LDL contact (Chapter 7).
Subsequently, activated SHP-1 and SHP-2 physically associate with phosphorylated p38MAPK
to exert their phosphatase activity.
In Chapter 6, we demonstrate that following a first stimulation with nLDL, a second dose
added 30 min later does not induce a second stimulation of p38MAPK. Hence, nLDL is an
activator of platelet signaling after rapid platelet-nLDL contact, whereas inhibition is
observed when platelets are exposed to nLDL for 30 min or more. This dual property of nLDL
is nicely illustrated by the effect of nLDL on ADP-induced platelet aggregation after short
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and prolonged interaction between nLDL and platelets: Short nLDL-platelet contact resulting in p38MAPK phosphorylation is associated with enhanced ADP-induced platelet aggregation. However, the enhancement disappears and ADP-induced platelet aggregation is inhibited when platelets are exposed to nLDL for 30 min or more. Surprisingly, the attenuation
of p38MAPK activation is not due to desensitization of apoER2’. In addition, p38MAPK blockade is not caused by PECAM-1 or PP2A which remain in an inactive state. In contrast, SHP1 and SHP-2 are persistently active and prevent the activation of p38MAPK by activated
apoER2’. Relou et al. 102 revealed that the tyrosine phosphatase inhibitor NaVO3 dephosphorylated p38MAPK by activating PECAM-1. This suggests that the inactivity of PECAM-1
after prolonged exposure to LDL may be caused by the permanently active SHP-1 and SHP2. Inactive PECAM-1 is incapable of activating PP2A. Experiments with okadaic acid after
prolonged platelet-LDL contact resulted in permanent p38MAPK phosphorylation, despite
the absence of active PP2A. This observation illustrates the involvement of another unidentified Ser/Thr phosphatase that is different from PP2A. A good candidate might be PP1,
which belongs to the same family of Ser/Thr phosphatases as PP2A.
In conclusion, we reveal two mechanisms for down-regulation of LDL-induced p38MAPK
phosphorylation which depend on the duration of platelet-LDL contact. These mechanisms
reflect an important negative feedback inhibition of LDL-induced platelet sensitization that
prevents extensive platelet activation in the circulation by LDL.

General model for the interaction of platelets with LDL
The activating and inhibiting signaling pathways induced by LDL which are described in this
thesis and in literature are summarized in the following models.
nLDL-induced platelet signaling
nLDL binding to proteoglycans on the platelet surface facilitates the interaction between
nLDL and apoER2’. Binding of LDL to apoER2’ is associated with tyrosine phosphorylation of
its cytoplasmic tail by an unidentified Src family tyrosine kinase. The site of tyrosine phosphorylation binds the Src family tyrosine kinase Fgr, which subsequently serves as an activator of signaling molecules like p38MAPK. Activation of p38MAPK is an early event in
platelet sensitization by nLDL and triggers cPLA2 activation, AA release, and TxA2 formation. Activation of PECAM-1 by nLDL recruits the Ser/Thr phosphatase PP2A and the tyrosine phosphatases SHP-1 and SHP-2, which are all involved in dephosphorylation of
p38MAPK. The activation of SHP-1 and SHP-2 is persistent and deactivates PECAM-1, simultaneously leading to the inactivation of PP2A. Additionally, activated SHP-1 and SHP-2 prevent p38MAPK phosphorylation induced by a second dose of nLDL added after a first exposure for 30 min. This reflects an inhibiting mechanism that prevents platelet activation by
nLDL after (prolonged) platelet-nLDL contact (Fig. 1).
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Fig. 1. nLDL-induced platelet signaling.
(1) Platelet signaling by nLDL starts with the activation of the platelet nLDL receptor, apoER2’, and
results in the phosphorylation of p38MAPK. P38MAPK induces activation of cPLA2, which subsequently
liberates the release of AA, a precursor in the generation of TxA2. (2) The induction of the TxA2-generating signaling pathway leads to sensitization of the platelet for activation by agonists, like TRAP,
resulting in enhanced TRAP-induced aggregation and secretion (3). (4) nLDL down-regulates its own
platelet signaling pathways by activating PECAM-1. Upon activation, PECAM-1 recruits and activates
the Ser/Thr phosphatases PP2A and possibly PP1 and the Tyr phosphatases SHP-1 and SHP-2. (5) Both
kinds of phosphatases induce dephosphorylation of p38MAPK. (6) In addition, SHP-1 and SHP-2 play an
important role in the inhibition of platelet signaling after prolonged exposure to nLDL by preventing
activation of p38MAPK, despite the ability of nLDL to activate apoER2’. Furthermore, SHP-1 and SHP2 inhibit further activation of PECAM-1.

OxLDL-induced platelet signaling
OxLDL-induced signaling is mediated by both apoER2’ and a combination of both CD36 and
SR-A. The contribution of apoER2’ or the SRs with respect to oxLDL-induced signaling
depends on the degree of oxidation: below 15% oxidation, the platelet-activating properties of oxLDL resemble those of nLDL and are mainly mediated by apoER2’. Above 15% oxidation, oxLDL-induced signaling changes compared to signaling by nLDL, which is illustrat-
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ed by the decrease in the contribution of apoER2’, whereas the involvement of SR-A and
CD36 increases. OxLDL-induced signaling is mediated mainly by these SRs above 60% oxidation. Proteoglycans have no role in oxLDL binding to platelets. Binding of oxLDL to apoER2’,
CD36, and SR-A leads to increased phosphorylation of p38MAPK compared to nLDL-induced
p38MAPK phosphorylation (Fig. 2).

Fig. 2. OxLDL-induced platelet activation.
Depending on the degree of oxidation of LDL, oxLDL binds to apoER2’ and the scavenger receptors CD36
and SR-A. (1) Binding of oxLDL to apoER2’ results in sensitization of TRAP-induced platelet aggregation
and secretion as described in the legend to Fig. 1. (2) Binding of oxLDL to CD36 and/or SR-A strongly
activates p38MAPK phosphorylation. The activation of p38MAPK by oxLDL via this pathway presumably
also leads to sensitization of agonist-induced platelet functions.

The potent activation of p38MAPK by oxLDL does not automatically implicate the enhancement of agonist-induced platelet functions. Despite p38MAPK activation, oxLDL-binding to
CD36 inhibits ligand binding to integrin αIIbβ3 above 15% oxidation. This results in attenuation of aggregation and ligand-induced outside-in signaling through αIIbβ3 (Fig. 3). The
inhibition is a slow process requiring 5 min or more. Further studies are required to elucidate whether oxLDL-induced inhibition affects activation of integrin αIIbβ3 or ligand bind-
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ing to activated αIIbβ3 (Fig. 3).
Simultaneously, oxLDL rapidly induces platelet signaling via its constituent LPA upon direct
platelet-LDL contact. LPA binds to its G protein-coupled LPA receptors, which via activation
of RhoA and Rho-kinase via G13 causes platelet shape change. In addition, LPA induces Ca2+
mobilization via Gq leading to platelet responses like aggregation.

Fig. 3. OxLDL-induced inhibition of agonist-induced platelet functions.
(1) Binding of oxLDL to CD36 or SR-A potently activates p38MAPK and sensitizes platelets for TRAPinduced platelet activation. (2) However, binding of oxLDL to CD36, which is associated to αIIbβ3 on
the platelet surface, prevents binding of fibrinogen to αIIbβ3, thereby inhibiting platelet aggregation
and outside-in signaling through αIIbβ3. (3) Alternatively, oxLDL-binding to CD36 prevents the activation of integrin αIIbβ3, which automatically inhibits the ability of αIIbβ3 to bind its ligand fibrinogen.

Implications for thrombosis and atherosclerosis
Patients suffering from FH show an increased incidence of premature coronary artery disease. Due to the lack or the presence of a defective apoB/E receptor for nLDL on cells from
these patients, nLDL uptake from the circulation is impaired and plasma levels of nLDL are
increased. The interaction between platelets and nLDL is believed to make platelets hyperreactive. The presence of such hyperreactive platelets in the circulation may enhance the
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risk to develop thrombosis and atherosclerosis

2,104,105.

First contact of physiological concentrations of nLDL and platelets leads to the rapid phosphorylation of p38MAPK and
enhances platelet sensitivity for activation. The identification of the platelet nLDL receptor mediating the initiation of this process was important, since the development of therapeutic agents that block the interaction between nLDL and apoER2’ can prevent spontaneous platelet activation by elevated concentrations of nLDL. Activation of PECAM-1 by
nLDL results in recruitment of phosphatases like PP2A, SHP-1, and SHP-2, which induce
down-regulation of nLDL-induced signaling, thereby preventing activation of platelets upon
prolonged contact with nLDL. Together, these observations indicate that enhancement of
platelet activity by nLDL in the circulation most probably only occurs upon changes in the
concentration of nLDL. Sudden changes in the plasma nLDL concentration may be the result
of e.g. intake of dietary fat. nLDL accumulates and becomes oxidized in the vessel wall at
sites of injured endothelium. Uptake of oxLDL transforms macrophages into foam cells,
which are characteristic for the fatty streak, the early atherosclerotic lesion 64. When at a
later stage of atherosclerosis a plaque ruptures, circulating platelets become exposed to
high concentrations of oxLDL and LPA that are accumulated in the plaque. The interaction
of platelets with LPA rapidly activates platelets and contributes to thrombus formation.
Simultaneously, oxLDL will bind CD36 and SR-A leading to the potent stimulation of
p38MAPK, a slow process that may also enhance platelet activation. However, binding of
oxLDL to CD36 prevents aggregation by hindering ligand binding to integrin αIIbβ3, which
may represent a protective mechanism to slow down thrombus formation and occlusion of
a vessel. Since the receptors for LPA are desensitized upon prolonged exposure to LPA 80,84,
the inhibitory p38MAPK pathway induced by oxLDL may become important at later stages
of platelet-LDL contact.
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Hart- en vaatziekten
Hart- en vaatziekten zijn vandaag de dag een van de belangrijkste doodsoorzaken in de
Westerse wereld. Deze ziekten ontwikkelen zich wanneer o.a. vet en kalk zich in de bloedvatwand afzetten. Het resultaat is de verharding en verdikking van de bloedvatwand en een
verminderde elasticiteit van het bloedvat waardoor vernauwing van het bloedvat optreedt.
Dit proces wordt atherosclerose genoemd. Een verstopt bloedvat kan een hartinfarct veroorzaken, maar ook andere klinische syndromen, afhankelijk van de locatie in het lichaam
waar het verstopte bloedvat zich bevindt. Bevolkingsonderzoek heeft uitgewezen dat een
verhoogd cholesterolgehalte in het bloed een ernstige risicofactor is voor de ontwikkeling
van hart- en vaatziekten. Daarnaast zijn er talloze andere risicofactoren beschreven die de
ontwikkeling van hart- en vaatziekten bevorderen. Voorbeelden van dergelijke factoren
zijn: hyperlipidemie, diabetes mellitus (suikerziekte), hyperhomocysteïnemie, hoge bloeddruk, roken, overgewicht, stress, en onvoldoende lichaamsbeweging .

Lipoproteïnen
Cholesterol is nodig voor de opbouw van celmembranen (de wand van een cel) en voor de
aanmaak van hormonen, galzuren, en vitamines. Omdat cholesterol niet oplosbaar is in een
waterige omgeving zoals de bloedbaan, wordt cholesterol verpakt in zogenaamde lipoproteïnen. De naam lipoproteïne is afgeleid van de woorden lipo (= vet) en proteïne (= eiwit).
Lipoproteïnen zijn bolvormige eiwitten die in hun kern cholesterol esters en triglyceriden
vervoeren. De kern is omgeven door een laag van fosfolipiden en cholesterol. Deze laag
bevat tevens zogenaamde apolipoproteïnen. Apolipoproteïnen hebben een belangrijke
functie als stabilisator van een lipoproteïne en spelen ook een rol bij de herkenning van
speciale eiwitten (receptoren) op cellen waaraan de lipoproteïnen kunnen binden. De cellen kunnen vervolgens het lipoproteïne opnemen of alleen een bestanddeel ervan. Er zijn
verschillende lipoproteïnen geïdentificeerd, namelijk chylomicronen, VLDL, IDL, LDL, en
HDL. De identificatie is gebaseerd op dichtheid, grootte, en samenstelling. De betrokkenheid van het “slechte” LDL-cholesterol bij de ontwikkeling van hart- en vaatziekten is alom
bekend. LDL is een afkorting voor een cholesterol-vervoerend lipoproteïne met een lage
dichtheid. Cellen die LDL opnemen doen dat middels een eiwit, de LDL receptor (ook wel
apoB/E receptor genoemd), dat zich op de oppervlak van deze cellen bevindt. In het geval
dat een cel voldoende LDL heeft opgenomen, wordt de hoeveelheid apoB/E receptoren op
het oppervlak van de cel verlaagd om de opname van LDL te stoppen. Familiaire hypercholesterolemie is een erfelijke aandoening die wordt veroorzaakt door mutaties in het gen
voor de apoB/E receptor. In het algemeen leidt een dergelijke mutatie tot een verlaagd
aantal LDL-bindende receptoren op een cel. Wanneer LDL niet snel genoeg door cellen kan
worden opgenomen door een verlaagd aantal apoB/E receptoren op het celoppervlak, blijft
het in de bloedbaan circuleren en wordt de concentratie LDL 2 tot 3 keer hoger dan normaal. Een verlenging van de verblijfsduur in de bloedbaan heeft tot gevolg dat LDL voldoen-
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de tijd heeft om zich in de bloedvatwand te nestelen waar het vervolgens geoxideerd kan
worden. Geoxideerd LDL (oxLDL) is een gevaarlijke vorm van LDL en wordt door het lichaam
als lichaamsvreemd beschouwd. Macrofagen zijn cellen die lichaamsvreemde stoffen opruimen. Deze cellen nemen oxLDL op door middel van scavenger receptoren. In tegenstelling
tot de apoB/E receptor wordt de hoeveelheid scavenger receptoren niet verlaagd wanneer
een macrofaag voldoende oxLDL bevat. De opname van oxLDL door een macrofaag is dus
“oneindig”. De ongeremde opname van oxLDL leidt tot een ophoping van vet in de cellen
en verandert de macrofagen in zogenaamde “schuimcellen”. Schuimcellen zijn karakteristiek voor de eerste ontwikkeling van een atherosclerotische lesie.
Naast LDL, is er ook een rol voor de andere lipoproteïnen in de ontwikkeling van hart- en
vaatziekten (Hoofdstuk 2). Bijvoorbeeld, hoge concentraties HDL zijn geassocieerd met een
verlaagd risico voor de ontwikkeling van hart- en vaatziekten. HDL is een afkorting voor een
cholesterol-vervoerend lipoproteïne met een hoge dichtheid.

Bloedplaatjes
Dit project was gebaseerd op de interactie tussen LDL en bloedplaatjes. Bloedplaatjes zijn
kleine bloedcellen die worden geproduceerd door megakaryocyten. De naam megakaryocyt
is afgeleid van de woorden mega (= groot) en karyos (= kern) en beschrijft een cel met een
grote kern die een veelvoud aan DNA bevat. Bloedplaatjes hebben geen kern en zijn in rustende toestand schijfvormig. Door activatie verandert de schijfvormige gedaante van het
bloedplaatje in een stekelige vorm met uitsteeksels. Bloedplaatjes circuleren in de bloedbaan gedurende 8 tot 10 dagen. De cellen zijn belangrijk bij het stelpen van een bloeding
na een beschadiging van een bloedvatwand. Onder normale omstandigheden circuleren
bloedplaatjes in de bloedbaan zonder vast te plakken aan de cellen van de bloedvatwand.
Wanneer een bloedvat beschadigd raakt, wordt de binnenkant van het bloedvat, het subendotheel, blootgesteld aan de bloedstroom. Bloedplaatjes hechten zich aan het subendotheel, raken in geactiveerde toestand, en kunnen vervolgens andere bloedplaatjes in het
bloed aantrekken en binden. Dit leidt tot verklontering van de bloedplaatjes en resulteert
in de vorming van een bloedplaatjesprop die de wond dicht en bloedverlies voorkomt. De
interactie van bloedplaatjes onderling met als resultaat verklontering wordt bewerkstelligd
door fibrinogeen dat tegelijkertijd kan binden aan de receptor αIIbβ3 op verschillende
bloedplaatjes. Onder pathologische omstandigheden spelen bloedplaatjes een belangrijke
rol bij de ontwikkeling van trombose en hart- en vaatziekten. In dit geval hechten bloedplaatjes zich snel, sterk, en ongecontroleerd aan bestanddelen van de atherosclerotische
lesie tijdens de vorming of het scheuren hiervan. Atherosclerotische lesies bevatten hoge
concentraties van bloedplaatjes activatoren en van stoffen die belangrijk zijn voor de
bloedstolling. Een voorbeeld hiervan is weefsel factor (tissue factor). Het eindproduct van
bloedstolling is fibrine, een polymeer dat door het bloedplaatjesprop geweven wordt voor
versteviging. Ondanks dat het twee verschillende processen zijn, zijn zowel bloedplaatjes-
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verklontering als bloedstolling belangrijk voor de vorming van een bloedprop (trombus). Dit
snelle proces dat binnen enkele seconden kan plaatsvinden wordt trombose genoemd en
kan leiden tot de acute verstopping van een bloedvat. Bekende voorbeelden hiervan zijn
het hart- en herseninfarct.

De interactie tussen bloedplaatjes en LDL
De bloedplaatjes van familiaire hypercholesterolemie patiënten zijn overgevoelig voor activatie in vergelijking tot de bloedplaatjes van gezonde personen. Daarentegen zijn bloedplaatjes van abetalipoproteinemie patiënten, wiens bloed geen LDL bevat, ongevoelig voor
activatie. Deze observaties hebben geleid tot de hypothese dat de werking van bloedplaatjes wordt beinvloed door LDL. Het was reeds bekend dat LDL bloedplaatjes gevoelig maakt
voor stoffen die erom bekend staan het bloedplaatje te kunnen activeren. Dit proces wordt
sensitizatie genoemd. Sensitizatie heeft als resultaat dat geactiveerde bloedplaatjes na
contact met LDL sneller verklonteren. Patiënten met een hoge concentratie LDL, veroorzaakt door bijvoorbeeld familiaire hypercholesterolemie, hebben dus bloedplaatjes die
sneller en heftiger reageren op activerende bestanddelen in hun omgeving. De versnelde
verklontering van bloedplaatjes zorgt in deze patiënten voor een verhoogde kans op harten vaatziekten. Het mechanisme hierachter is als volgt: LDL bindt aan het bloedplaatje
door koppeling aan zijn receptor op het bloedplaatjesoppervlak. Deze LDL receptor verschilt van de apoB/E receptor op andere cellen. Binding van LDL aan de LDL receptor op
bloedplaatjes wekt een signaal op dat door de receptor van buiten de cel naar binnen toe
wordt doorgegeven aan een eiwit. Dit eiwit heet p38mapkinase (p38MAPK) en wordt na binding van LDL aan de receptor zo snel geactiveerd dat het kennelijk direct tegen de receptor aanligt. De activatie van p38MAPK gaat gepaard met het doorgeven van het signaal aan
andere eiwitten, zoals phospholipase A2 (cPLA2). cPLA2 knipt het vetzuur arachidonzuur af
van membranen. Vrij arachidonzuur wordt gebruikt voor de vorming van thromboxaan
(TxA2), een bloedplaatjes activator. Uiteindelijk leidt dit tot de aktivatie van het bloedplaatje via een proces dat signaaltransductie wordt genoemd.
Ondanks de aanwezigheid van LDL in het bloed zijn bloedplaatjes van gezonde personen
niet hyperreactief. Naast de sensitizatie van bloedplaatjes kan LDL een eiwit activeren dat
remmende signalen het bloedplaatje in stuurt. Dit eiwit heet platelet endothelial cell
adhesion molecule-1 (PECAM-1) en remt de activatie van p38MAPK. Het lijkt er dus op dat
langdurige blootstelling van bloedplaatjes aan LDL leidt tot een remming van sensitizatie
via een mechanisme waarin PECAM-1 betrokken is. Een dergelijk mechanisme kan bloedplaatjesactivatie in het bloed voorkomen na langdurig contact met LDL.
Door oxidatie wordt LDL een sterke activator van bloedplaatjes. Deze activatie is in de literatuur vooral toegeschreven aan lysofosfatide zuur (LPA) dat wordt gevormd tijdens de oxidatie van LDL. In dit proefschrift hebben we het LPA-onafhankelijke effect van LDL oxidatie beschreven op de bloedplaatjesactiverende eigenschappen van LDL.
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De resultaten beschreven in dit proefschrift
Tijdens de uitvoering van dit project is de receptor voor LDL op het oppervlak van het
bloedplaatje geïdentificeerd door de aktivatie van p38MAPK door LDL te meten in aan- en
afwezigheid van remmers (Hoofdstuk 4). Het blijkt dat de LDL receptor op bloedplaatjes
deel uitmaakt van een grote familie van receptoren met overeenkomende structuur en
eigenschappen, de zgn. LDL receptor familie. Er is slechts één lid van deze familie aanwezig op het oppervlak van een bloedplaatje, namelijk apolipoproteïne E receptor 2’
(apoER2’). Onderzoek wees uit dat deze receptor verantwoordelijk is voor het doorgeven
van signalen na binding van LDL. Na identificatie van de receptor was het mogelijk de regulatie van de activatie van de receptor en eiwitten zoals p38MAPK te onderzoeken. Hieruit
bleek dat, zoals al eerder beschreven, LDL via een andere receptor, PECAM-1, in staat was
ook remmende signalen in het bloedplaatje te introduceren (Hoofdstuk 7). Wanneer LDL
PECAM-1 activeert, worden andere eiwitten door PECAM-1 vanuit de cel opgeroepen en vervolgens geactiveerd. Deze eiwitten zorgen er na activatie voor dat andere geactiveerde
eiwitten zoals p38MAPK weer worden gedeactiveerd. Deze remming is zo sterk dat een
tweede activatie van apoER2’ niet meer gevolgd wordt door een tweede activatie van
p38MAPK. Dit mechanisme zou ervoor verantwoordelijk kunnen zijn dat een bloedplaatje
in het bloed van een patiënt met een verhoogd cholesterolgehalte niet zomaar geactiveerd
kan worden.
Tijdens de isolatie van LDL kan er een milde oxidatie van het lipoproteïne optreden.
Literatuur wijst uit dat milde oxidatie van LDL gepaard gaat met de vorming van LPA, een
goede activator van bloedplaatjes. Maar de verhoging van fibrinogeen binding door TRAP,
een activator van bloedplaatjes, in aanwezigheid van LDL bleek niet te worden beïnvloed
door de aanwezigheid van een remmer van de binding van LPA aan zijn receptor op het
bloedplaatje. Hieruit kan worden geconcludeerd dat de effecten van LDL op de signaaltransductie in een bloedplaatje niet worden veroorzaakt door de mogelijke aanwezigheid
van LPA (Hoofdstuk 3). Door oxidatie wordt LDL een sterkere en onafhankelijke activator
van bloedplaatjes. Dit blijkt bijvoorbeeld uit de verhoogde activatie van p38MAPK door
geoxideerd LDL (oxLDL) in vergelijking met natief LDL (Hoofdstuk 5 en 6). P38MAPK activatie is onafhankelijk van de aanwezigheid van LPA in oxLDL en wordt veroorzaakt door binding van oxLDL aan apoER2’ én aan de scavenger receptoren CD36 en scavenger receptor A
(SR-A). Het aandeel van apoER2’ wordt minder naarmate LDL meer geoxideerd is en de
eigenschappen van natief LDL verdwijnen. Tegelijkertijd wordt het aandeel van CD36 en SRA in de activatie van p38MAPK door oxLDL groter bij een hogere oxidatie van LDL (Hoofdstuk
6). Door de verhoging van p38MAPK activatie door oxLDL in vergelijking met natief LDL zou
een verhoging in bloedplaatjes activatie worden verwacht. Echter, een preïncubatie met
oxLDL resulteert in een remming van verklontering door bloedplaatjes activatoren. Binding
van oxLDL aan CD36 blijkt, mogelijk via sterische hindering, de binding van fibrinogeen aan
zijn receptor te remmen waardoor verdere activatie van het bloedplaatje wordt tegenge-
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gaan (Hoofdstuk 5).
Uiteindelijk is geprobeerd een model te ontwerpen dat de activatie van bloedplaatjes na
blootstelling aan LDL en oxLDL beschrijft aan de hand van de bevindingen beschreven in dit
proefschrift en de bestaande literatuur (Hoofdstuk 8). LDL binding aan apoER2’ op bloedplaatjes leidt tot activatie van apoER2’. Geactiveerd apoER2’ geeft een signaal door aan
p38MAPK waardoor dit eiwit wordt geactiveerd en vervolgens de vorming van TxA2 induceert. Via dit proces van signaaltransductie sensitizeert LDL het bloedplaatje voor activatie door andere activatoren, zoals TRAP, en dit resulteert in verhoogde verklontering.
Oxidatie zorgt voor veranderingen in LDL. Afhankelijk van de mate van oxidatie, bindt
oxLDL aan apoER2’ en/of aan de scavenger receptoren CD36 en SR-A. Deze receptoren
geven een erg sterk signaal door aan p38MAPK. Door de sterke activatie van p38MAPK door
oxLDL wordt een sterke activatie van het bloedplaatje verwacht. Maar binding van oxLDL
aan CD36 leidt verrassend tot de remming van bloedplaatjesverklontering omdat binding
van fibrinogeen aan zijn receptor αIIbβ3 is belemmerd. Omdat hoge concentraties oxLDL in
het lichaam vooral worden aangetroffen in atherosclerotische lesies, zal contact tussen
bloedplaatjes en oxLDL voornamelijk plaatsvinden na het scheuren van een lesie. De remming van bloedplaatjesverklontering door oxLDL zou acute verstopping van een bloedvat
door trombusvorming na scheuren van een atherosclerotische lesie kunnen vertragen.
De bovenstaande resultaten hebben tot meer inzicht geleid in de LDL-geïnduceerde mechanismen die leiden tot signaaltransductie in het bloedplaatje. Deze informatie kan worden
gebruikt voor de ontwikkeling van nieuwe geneesmiddelen die de gevoeligheid van het
bloedplaatje corrigeren wanneer het gevaar voor trombose en aderverkalking dreigt.

228

Dankwoord

Dankwoord

229

Dankwoord

Met een gemengd gevoel zit ik achter mijn laptop om het laatste onderdeel van mijn proefschrift op papier te zetten. Ik voel me heerlijk, want na jaren van hard werken ligt het
resultaat bijna in boekvorm in mijn handen. Maar ik voel me ook een beetje droevig. Want
ondanks de vele stress-momenten en de nodige paniekaanvallen, is het-AIO-zijn vooral erg
leuk en studentikoos geweest en nu is het tijd om groot te worden. Mijn proefschrift en
mijn AIO-tijd hadden niet zo mooi kunnen zijn zonder de juiste begeleiding, fijne samenwerkingen, collega’s, vrienden en familie. Daarom hier mijn blijk van waardering voor
iedereen die daarvoor gezorgd heeft.
Allereerst een woord van dank aan mijn promotor, Jan-Willem Akkerman. Je enthousiasme, kennis, motivatie en vertrouwen heb ik erg gewaardeerd de afgelopen jaren. Ook je
geduld met betrekking tot mijn uitbarstingen van onzekerheid over het onderzoek en mijn
dwang naar precisie. Dit laatste zorgde wel voor een niet nader te noemen bijnaam aan
mijn adres. Ook moest je je vaak door ellendig lange zinnen worstelen die vooral niet direct
vertelden wat een zin moest omschrijven, maar juist iets heel anders (zoals deze zin!).
Maar ondanks dat ik mijn bijnaam eer aan zal blijven doen in de toekomst, is door jouw
toedoen mijn onzekerheid afgenomen en zijn mijn geschreven zinnen to-the-point en niet
meer zo lang. Ik hoop dat we nog lang kunnen brainstormen over de effecten van lipoproteinen op bloedplaatjes!
Peter Lenting, mijn co-promotor. Pas het laatste jaar ben je echt betrokken geraakt bij
mijn promotie-onderzoek. Maar al vanaf het begin was je enthousiast en belangstellend.
Dankjewel voor je vragen en opmerkingen die me steeds weer tot nadenken zetten! Dit
leidde weleens tot experimenten waar jij niet helemaal het nut van in zag; bloedplaatjes
injecteren in de Biacore...dat lukt!!!
Herman van Rijn, beste Herman. De eerste jaren van mijn promotie-onderzoek was het 1
keer in de week tijd voor werkbespreking met jou. Jouw belangstelling en luisterend oor
waren ontzettend fijn en hebben er heel vaak toe geleid dat ik weer blij en met volle moed
het lab instapte. Dankjewel!
Flip de Groot, beste Flip. Ik wil je graag bedanken dat je me samen met Jan-Willem de
kans geeft nog wat langer bij Haematologie te experimenteren op het gebied van bloedplaatjes.
Met veel plezier denk ik terug aan mijn tijd op het voormalige Lab III. In de loop der jaren
heeft een groot aantal collega’s dit lab gezellig weten te maken met hun aanwezigheid. De
kerstdineetjes waren erg lekker en dus een groot succes. Ik ben blij dat ik de kookboeken
van de meeste dineetjes thuis heb zodat ik de gerechten nog vaak kan maken. Want hoe
onwaarschijnlijk het misschien ook klinkt, niets is ooit mislukt. Lab III, bedankt voor de
gezelligheid!
Gertie, mijn labbuurvrouw. Vanaf mijn allereerste stap in het lab was jij mijn buurvrouw
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aan de labtafel. Dit is zo gebleven tot het moment dat jij begin 2005 afscheid nam van een
lange loopbaan als analist op ons lab. Jij was ieders steun en toeverlaat op het gebied van
bloedplaatjes-experimenten en de minidonordienst. Ik heb ontzettend veel van je geleerd
en ik heb genoten van onze praatjes tussen de experimenten door over allerlei huis-tuinen-keukendingen. Bedankt Gertie!
Gijsbert, ook van jou heb ik een boel mogen leren, en ook nu mag ik nog steeds een beroep
op je doen via e-mail. Het is wonderbaarlijk hoeveel je nog weet van epjes met vage stickertjes of van plaatsen waar antilichamen nog verborgen kunnen liggen.
Ingrid, dankjewel voor alle gezelligheid, hulp en kennis die je me hebt bijgebracht met
betrekking tot de theorie en praktijk van bloedplaatjes en LDL. Succes met je werk buiten
het lab. Ik hoop dat het bevalt!
Marjolijn, labbuurvrouw en kamergenoot op de vele bloedplaatjescongressen! Bedankt
voor alle gezelligheid. We hebben vaak flink gelachen, of niet? Nog effe doorzetten en dan
ben jij ook klaar. Het eerste artikel is in ieder geval onderweg!
Bahram, de gesprekken en discussies met jou houden het lab levendig. Jouw kijk op dingen is soms erg verrassend. Succes in je laatste jaar met de MSP’s!
Irlando, we zijn rond dezelfde tijd begonnen en zullen rond dezelfde tijd ook promoveren.
Het was fijn om iemand in de directe omgeving te hebben die mijn frustraties goed
begreep, want jij had immers dezelfde. Je bent inmiddels ergens anders in opleiding tot
internist. Jammer, ik zal je missen, maar met uitzondering van 1 ding; in het weekend en
’s avonds kan ik eindelijk rustig op het lab werken zonder aan het schrikken gemaakt te
worden. Succes met de laatste loodjes voor de promotie!
Martineke, mijn studente. Jouw proeven zijn van groot belang geweest voor de
Hoofstukken 4, 5 en 7. Dankjewel voor alle LDL zuiveringen en (soms frustrerende) blotjes
die je gedaan hebt. Het was niet voor niets! Ik vind het erg jammer dat je niet door bent
gegaan in het onderzoek, want je had er beslist de handjes voor!
Astrid, bedankt voor al je tijd die je in mijn proeven hebt gestoken en voor de goede zorgen op het lab en voor de minidonordienst. Zonder dat bloed zijn we nergens!
Harry, bedankt voor de verschillende brainstormsessies op het lab!
Sarah, dankjewel voor alle rust die je op het lab bracht. Ik vond het fijn dat je er was en
vind het nog steeds erg raar dat je nu aan de andere kant van de wereld zit. Maar gelukkig
bestaat er MSN!
Christine, voor mijn gevoel ging je heel snel nadat ik was begonnen als AIO alweer weg.
Gelukkig komen we elkaar in Amerika nog weleens tegen zodat we weer even kunnen bijkletsen!
Els, al vroeg leerde ik van jou dat een mislukt experiment niet aan de uitvoerend persoon
ligt, maar aan het apparaat waarmee wordt gewerkt. Deze wijsheid heeft me in de afgelopen jaren door de diepe dalen van mislukte experimenten geholpen en dat zal ik nooit vergeten!
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Liane, in 2000 begonnen we tegelijkertijd op lab III, jij als student en ik als AIO. Ik heb me
prima vermaakt in die tijd, maar ook na die tijd bleef het gezellig. Zullen we weer eens
gaan eten?
Marleen, Mariska, Monica, Mieke, Rik, Samantha, Sandra, Thi en Yvonne, jullie aanwezigheid vrolijkt(e) het lab ontzettend op. Yvonne, leuk dat je af en toe nog langs komt. Het
is altijd gezellig om weer bij te kletsen! Sandra, succes nog met je laatste maanden stage!
Maarten, dankjewel voor je steun, dankjewel dat je luistert (zelfs diep in de nacht in
Houthalen terwijl we ’s morgens alweer vroeg naar cursus moeten), dankjewel dat je vaak
wacht met naar huis fietsen totdat ik klaar ben met de proefjes (ondanks dat het vaak nog
minimaal 10 minuten langer duurt dan ik had gezegd), eigenlijk dankjewel voor alles.
Ennuh, als ik jou zie moet ik altijd lachen! Jij bent grappig!
Menno, met jou op een lab werken is vaak vermoeiend (word jij nooit moe van jezelf?)
maar wel erg leuk! Soms kom ik niet meer bij van je stemmetjes! O ja, mooie broek!!
Rolf, naast je muziek (eerlijk gezegd is het herrie, maar het is wel leuk om te zien hoe jij
ervan geniet) luister je ook heel vaak naar mijn verhalen. Dankjewel daarvoor. Ik ben klaar
nu, dus zullen we de rollen eens omdraaien?!
Maarten, Menno en Rolf, brainstormen met jullie is echt een leuk tijdverdrijf. Volgens mij
hebben we tot nu toe nog niet één theorie bedacht die niet kan kloppen.
Bas(je), tegelijkertijd schrijven is best gezellig, vind je ook niet? Dezelfde mijlpalen,
dezelfde tegenslagen. Bedankt voor alle flesjes cola-light die je de afgelopen jaren voor
me uit de automaat hebt gehaald. Blijf je die nog steeds halen als we straks allebei zijn
gepromoveerd?
Marieke v/d Brink, ik heb het erg op prijs gesteld dat je tijd hebt vrijgemaakt om naar een
aantal dingen vakkundig te kijken! Dankjewel!
Erik, je zit helemaal ver weg in Australië nu, maar via MSN kunnen we gelukkig “live” blijven kletsen. Dankjewel voor al je Biacore hulp terwijl je eigenlijk al te druk was met je
vertrek! We komen snel eens BBQ-en down-under!
Patricia, bedankt voor je mooie bijdrage aan Hoofdstuk 1 (Fig. 4). En ik weet nog een postdoc-vervangend beroep voor je: taxichauffeur! Elke vrijdagochtend stond je stipt op tijd
als Taxibedrijf Spijkers weer klaar om me op te pikken. Hierdoor redde ik het om op tijd
bij de werkbespreking te zijn! Veel succes met de afronding van je proefschrift en het vinden van een baan!
Hey you, Ronan! How are you? Thank you for working late most of the time, so I wasn’t all
by myself in the evening! It was fun to teach you the Dutch names of the colours!
Martin, perfusiekoning! Dankjewel dat je me wilde leren perfunderen! Ondanks dat ik niet
de gewenste resultaten kreeg, heb ik erg genoten van het geklieder met bloed en water!
Marion, dankjewel voor alle hulp met de computers als ze weer eens niet wilden doen wat
ze moesten doen. Ik ben erg blij dat je foto’s wil nemen op de dag van de promotie!
Bianca, toen ik begon bij Haematologie probeerde jij me meteen thuis te laten voelen.
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Bedankt!
Gertie, Martin en Ya-Ping, ophaaldienst van bloedbankprodukten. Bedankt dat jullie afgewisseld elke 3 weken weer naar de bloedbank wilden lopen om voor mij plasma-eenheden
te halen.
Alle andere mensen van Lab I, Lab II en Lab III van nu en voorgaande jaren (Andeleeb,
Barend, Bernhard, Bettina, Bianca, Carina, Caroline, Cora, Cees, Chantal, Coen,
Daphna, Eric, Eszter, Flip, Glenda, Hanneke, Jan, Janine, Jasper, Jelle, Kurt, Laura,
Laurent, Linda, Lucio, Lucy, Marieke, Martijn, Mieke, Pauline, Rob, Roland, Shizuko,
Ton, Wilco, Winnie) wil ik ook graag bedanken voor hun gezelligheid!
Joukje, Carin, Irma en Elvira, zonder jullie op het secretariaat lopen een boel dingen zo
in de soep! Bedankt voor alle hulp bij faxen, pakketjes, documenten enz.
Rosmina, dankjewel voor alle spoelwerkzaamheden!
Annet, lieve Annet. Volgens mij zijn we al vriendinnen vanaf het moment dat je bij Crucell
ging werken. Samen hebben we ons door veel dingen heen geslagen, gewandeld en “gesaunaaid”! Ook de vele “thee-met-chocolade-momenten” waren een welkome afwisseling als
we in het weekend samen aan het werk waren op het lab! Dankjewel voor alles, lieve
Annet!
Richard, we zijn tegelijk begonnen, maar jij promoveerde al veel eerder. En dus stond je
altijd op de juiste momenten klaar met tips en oppeppers met betrekking tot promoveren
en alle dingen eromheen! Bedankt!
Brigit en Karen, jullie zijn gezellige buurtjes!
Theo van Berkel, tijdens mijn studie heb ik bij Biofarmacie stage gelopen. Ik ben blij dat
ik als AIO weer met je heb mogen samenwerken. Het heeft 2 mooie hoofdstukken opgeleverd. Bedankt!
Miranda van Eck, zo’n 6 jaar geleden zat ik in Leiden op het lab om voor mijn stage bij jou
en Nicole proeven te doen. Nu 6 jaar later hebben we al een aantal keren samen in Utrecht
op het lab gezeten om (Nobelprijs)proeven te doen. Ik vind het geweldig, deze samenwerking, en ik hoop dat we dat nog lang kunnen voortzetten. Dankjewel voor je bijdrage aan
hoofdstuk 4 en 6, je enthousiasme, optimisme en je opbeurende woorden, altijd weer!
Johannes, Vera, Christoph, Alex and Marcella, thank you so much for giving me the opportunity to do that one important experiment for our paper (Chapter 4) in your lab in Vienna.
You were all so helpful. I felt really at home in your lab!
(ASL) Klinische Chemie Research, dankjulliewel dat ik jullie af en toe gek mocht maken
met mijn “geluidjes”. Het was toch altijd weer een verrassing hoe snel het commentaar
zou komen. Ron, dankjewel voor het meedenken met de oxidatieproeven en het uitlenen
van de Behringer en de bankschroef. Ik ben er erg zuinig op! Thomas, waar blijft m’n shampoo nou? Arjan, heb je nog een nieuw slangetje voor me?
ASL Klinische Chemie Routine, bedankt dat ik af en toe gebruik mocht maken van het
Beckman Gel-apparaat, de ultra als die van ons bezet was, en de Behringer toen deze nog
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bij jullie stond!
Anton en Ellis, jullie hulp tijdens het FACSen heb ik erg op prijs gesteld!
Dr. R.M. Tjon Joe Gin, ik wil u graag bedanken voor alle moeite die u heeft gedaan om de
hartfilm van mijn vader te vinden. Jammer dat dit niet zo heeft mogen zijn, maar met de
tekeningen is het ook een erg mooie omslag geworden!
Minidonoren, bedankt dat jullie elke keer weer bereid waren bloed te doneren voor de isolatie van bloedplaatjes. Mijn experimenten waren niet mogelijk geweest zonder jullie
bloed!
Om goed te kunnen blijven werken, is ontspanning noodzakelijk. En daarin hebben mijn
vrienden een belangrijke rol gespeeld.
Annet en Maarten, ik ben echt enorm blij dat jullie straks als mijn paranimfen aan mijn
zijde zullen staan! Ik had me echt geen betere paranimfen kunnen wensen. Jullie zijn echt
super!
Aukje, Ciska, Hanneke, Heidi, Ine, Marieke, Mascha, Reshma, Roos en aanhang, dankzij
de etentjes en andere uitstapjes eens per zoveel maanden konden we met z’n allen ontspannen van onze werkzaamheden en weer lekker bijkletsen! We zijn nu allemaal bijna
klaar maar laten we vooral doorgaan met ontspannen! Volgende keer bij mij weer “paashaas varié”?
Edwin, jij als geen ander weet hoe het is om AIO te zijn! Daarom probeerde je me ook
altijd af te leiden door heerlijk te koken, veel te bellen en lang te kletsen! Het laatste jaar
is dit er niet zoveel van gekomen. Maar ik heb nu weer tijd, dus zet de pannen maar klaar!
Marjolein, ik heb de afgelopen jaren heel veel voor mijn proefschrift geschreven. Om goed
af te kicken ligt het briefpapier al klaar. Let op je brievenbus!
Sophie en Richard, jullie woonden eerst nog dichtbij en dus was een bezoekje snel gedaan.
Nu jullie wat verder weg zijn gaan wonen, is er niet veel meer van terecht gekomen. Ik ga
mijn leven beteren en kom heel snel weer langs!!!
Jacqueline en Jan, Josine en Jan, Monique en Theo, Yacintha en Iwan, Ingrid en Rudie,
Joost, bedankt voor jullie belangstelling! It’s party time!
En dan mijn familie! Zonder jullie onvoorwaardelijke steun en begrip had ik het echt niet
kunnen doen.
Goos en Tineke, Christine en Gert, Marleen en Marck, Edo en Birgit, en kinderen, het
was fijn dat ik ook in Enschede af en toe mijn verhaal kwijt kon.
Eveliene en Jan, zowel op leuke als minder leuke momenten wisten jullie me te raken met
een lief, vrolijk of opbeurend kaartje. Jullie belangstelling en begrip heb ik erg gewaardeerd!
Lieve papa en mama, het zit erop. Eindelijk. Ik kan jullie denk ik niet uitleggen hoe fijn ik
het heb gevonden dat jullie altijd achter me stonden en begrip toonden, omdanks dat het
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voor jullie af en toe moeilijk te begrijpen moet zijn geweest dat het werk nooit ophield.
Maar ja, ik had ook een goede reden om dit onderzoek te doen, hè pap?! (Hoe vind je de
omslag, pap?) Ik heb het in ieder geval met veel plezier gedaan. Maar nu het allemaal af
is, ga ik zeker ontspannen, mam
Wouter, lieve Wouter. Eigenlijk is dit ons boekje. Niet alleen vanwege de omslag (zo lief
dat je samen achter de computer wilde blijven zitten tot 4 uur ‘s morgens), maar ook vanwege jouw liefde en steun die me er de afgelopen jaren doorheen hebben weten te slepen.
Je had begrip voor al die keren dat ik heel ongezellig het hele weekend in het lab zat, of
thuis achter de computer, of als ik weer eens geen zin had om te gaan dansen, of te moe
was om ergens anders heen te gaan. Maar die tijd zit erop, en ik heb zin om weer “leuke
dingen” (heb je nog steeds een hekel aan deze term?) te gaan doen. Doe je mee?

Nogmaals bedankt iedereen, het was een geweldige tijd!

Suus
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Curriculum Vitae
De schrijfster van dit proefschrift werd geboren op 23 januari 1976 te Arnhem. Na het behalen van het Gymnasium diploma aan het Liemers College te Zevenaar, begon zij in 1994 met
de studie Bio-Farmaceutische Wetenschappen aan de Rijksuniversiteit Leiden. Als onderdeel van deze studie werd een onderzoeksstage voltooid bij de sectie Biofarmacie van het
Leiden Amsterdam Center for Drug Research (LACDR), Rijksuniversiteit Leiden, onder begeleiding van Dr. N. Herijgers, Dr. M. van Eck en Prof. Dr. Th.J.C. van Berkel. Vervolgens doorliep zij een stage bij de “Department of Vascular Biology” van SmithKline Beecham (thans
GlaxoSmithkline) te Harlow, Engeland, onder begeleiding van Dr. L. Patel, Dr. S. Charlton
en Dr. C. MacPhee. Het doctoraal examen werd in 1999 behaald.
Van februari 2000 tot december 2004 was zij werkzaam als Assistent in Opleiding bij de
afdeling Haematologie van het Universitair Medisch Centrum Utrecht. Het in dit proefschrift beschreven onderzoek werd uitgevoerd onder leiding van Prof. Dr. J.W.N. Akkerman.
Momenteel is de schrijfster bij dezelfde afdeling werkzaam als onderzoeker onder leiding
van Prof. Dr. Ph.G. de Groot en Prof. Dr. J.W.N. Akkerman.
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