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Abstract
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Microparticles are membrane vesicles released from many different cell types. There are two mechanisms that can result in&heir
formation, cell activation and apoptosis. In these two mechanisms, different pathways are involved in microparticle generafion.
Microparticle generation seems to be a well regulated process. Microparticles vary in size, phospholipid and protein composition. §hey
have a potent pro-inflammatory effect, promote coagulation and affect vascular function. Since these processes are all involved g] the
pathogenesis of cardiovascular disease and circulating microparticle numbers are altered in many cardiovascular diseases, a rgle fc
microparticles in the pathogenesis of cardiovascular diseases is likely. Although hard evidence for a role of microparticles: in
cardiovascular diseases at present is still only limited, new evidence is accumulating rapidly to support this theory. Elucidation ofcthe

microparticle composition and the mechanisms involved in exertion of their effects will supply this evidence and enable us to dev%op
additional intervention strategies for prevention and treatment of cardiovascular diseases. N
0 2003 European Society of Cardiology. Published by Elsevier B.V. All rights reserved. g
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1. Introduction composition of microparticle populations in various dis- %
ease states. The impact, however, of these changes on theg
Microparticles were first described in 1967 when Wolf in vivo effect is still insufficiently known. Microparticlesy
reported platelet membrane fragments in human plasma have been implicated to play a role in inflammaﬁon,
[1]. He called these fragments ‘platelet dust’. This ‘dust’ coagulation and vascular function. In this review, we will
contained vesicles, smaller than Quin in diameter, which summarize recent information on microparticle formation 3
promoted coagulation. In past decades it has become composition, and—most importantly—their putative p@ys—
apparent that many cell types can release microparticles iological and pathological functions in cardiovasqylar
and that these microparticles may not just be side effects of diseases. Furthermore, we will discuss the ewdencedha
cellular processes, but may be actively involved in physi- some currently used therapies may in fact partially exert
ology and pathophysiology. In vitro, the release of mi- their effects via the blockade of microparticle formauor@

croparticles has been shown from endothelial cells, vascu-

lar smooth muscle cells, platelets, leukocytes, lymphocytes

and erythrocytes. Some of these microparticle populations2. Microparticle formation

occur in the blood of healthy individuals and patients.

There are obvious changes in numbers, cellular origin and There are two well-known cellular processes that can
lead to the formation of microparticles, cell activation and
apoptosis. At present we do not know whether cell
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activation and apoptosis lead to the formation of similar
microparticles, in terms of size, lipid and protein com-
position and (patho-)physiological effects. There are, how-
ever, differences in the mechanisms resulting in their
formation. The processes thought to be involved in mi-
croparticle formation during cell activation and apoptosis
are presented schematically fig. 1.

2.1. Cell activation
Microparticles can be formed during cell activation by

many agonistsKig. 1, left panel). Platelets, for instance,
are activated by thrombin, calcium ionophore A23187,
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micropart{dl8f Thus, the increase in cytosolic calcium
is essential for microparticle release.

Microparticle formation requires the breakdown of the
membrane skeleton, the subcellular system that provides

the cell membrane with structural st§®ity This

membrane skeleton mainly consists of actin, vinculin an
talin. The exact interaction between the cell membrane and
the membrane skeleton, which prohibits microparticle
formation, is currently unknown. Talin is degraded by &
calpain, which is one of the direct pathways through which §
the increased cytosolic calcium concentration facnltatesm

microparticle formaki@j (Fig. 1, left panel).

Microparticle formation in platelets is also in some w
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linked to the glycoprotein llb—Illa complex. This complex,
in its active conformation, is the main fibrinogen recepior
on the platelet surface. The most important binding siti
within the fibrinogen molecule for binding to the glycoﬁro-
tein Ilb—Illa is the amino acid sequence arg— gly—asp
(RGD). It has been shown that addition of artificial RGD- o
containing peptides not only blocks fibrinogen binding to U
activated platelets, but also the release of mlcroparlgcles
(9]
)

=

tein llb—llla complex facilitates the release of microparii-
cles. The role of the glycoprotein llb—Illa complex ir§
platelet microparticle formation is supported by studies on 3
platelets from patients with Glanzmann’s thrombasthenié:
These platelets have reduced amounts or complete abSenc
of functional glycoprotein IIb—Illa and an impaired ability
to vesiculf@¢ Thus, the bleeding tendency of these
patients may not only be caused by the defect in pl

ADP plus collagen, the terminal complement complex
C5b-9 or shear stre$2—14]. Monocytes, endothelial cells,
hepatocytes and arterial smooth muscle cells release
microparticles upon activation by bacterial lipopolysac-
charides, cytokines such as tumor necrosis faetawr
interleukin-1, the C5b-9 complex or hydroperoxifie—

20]. In general, the release of cell activation-associated
microparticles is time- and calcium-dependent. The shed-[9]. Thus, binding of fibrinogen to the activated glycopro-
ding starts within minutes after addition of an agonist
[7,9,21]. One of the first signs of cell activation is the
increase in cytosolic calcium concentratigh0,12,18],
especially at the site of vesiculati(??]. Subsequently, the
increase in cytosolic calcium activates kinases, inhibits
phosphatases and activates calfjain12,18,23—-26]Che-
lation of extracellular calcium ions by EGTA blocks the

increase in cytosolic calcium as well as the release of let
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Fig. 1. Schematic representation of general mechanisms involved in microparticle formation during cell activation (left panel) and apdytpaise()ig
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cross-linking via fibrinogen, but also by their decreased the composition of microparticle membranes is presented
ability to generate microparticles. iRig. 2.
3.1. Lipids

2.2. Cdl apoptosis

Microparticles are surrounded by a phospholipid bilayer.
fragmentation, and dynamic membrane blebbj2g,28]. ”? rgstlng cells the_ various phc_)sphollp|d_ species are
Such blebs may differ from microparticles formed by cell distributed as_yr_nme_trlgally_ n t_he bilayer. 'I_'h|s asymme_trl-

cal phospholipid distribution is usually disturbed during g

activation in size, lipid and protein composition and microparticle formatior{32], leading to exposure of nega-
(patho-)physiological effects. The contractile force, gener- P ' 9 P 9 o

ated by actin—myosin cytoskeletal structures, is thought to tively charged phospholipids such as phosphatidylserines

Apoptosis is characterized by cell contraction, DNA

drive the formation of membrane blelsig. 1, right panel) and phosphatldylethanolamine_on the _micr_oparncles Thlsg
[29,30]. Apoptotic membrane blebbing depends on activa- exposure likely _plays a role n the_ in vivo, effects_ of E
tion of the Rho-associated kinase, ROCK28]. ROCK | mlcropar_tlcles since phosphatidylserine efficiently binds >

: . N ) : coagulation factor$33]. @
promotes increased actin—myosin force generation and onlv limited information is available on the phos- =
couples actin—myosin filaments to the plasma membrane holi )i/d composition of microparticles in healthp and 8
[31]. During apoptosis, ROCK 1 is cleaved by activated photip P P &

: o disease. The phospholipid composition of microparticles 3
caspases and becomes activated. ROCK | activity and, asg o healthy Eumrfns (F:)onsists pmainly of phospphati dyl- &

consequence, membrane blebbing are required for redlstrl—choIine (approximately 60%), with the remainder being ©

bution of fragmented DNA from the nuclear region into comprised of sphinaomvelin.  phosphatidviethanolamine &
the membrane blebs and apoptotic bod[@8]. Thus, P _ SPhingomyein, phosp Y . 3
) . ) . . and phosphatidylserin@4]. Although these microparticles
microparticle formation during apoptosis results from ; . . -
L . ; : are mainly derived from platele{85], their phospholipid
ROCK | activity and the resulting disruption of the " .
: . composition clearly differs from that of platelet plasma
membrane skeleton structure. Such microparticles may : o
contain fragmented DNARig. 1, right panel) membranes. This could be due to contamination b
9 g- Lrghtp ’ microparticles from other cells and/or from the selective
release of phospholipids into microparticle membranes.
Fourcade and coworkers reported that microparticles

<
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3. Microparticle composition from synovial fluids of inflamed joints of arthritis patients
contain phosphatidylcholine, phosphatidylethanolamine,
Microparticle membranes consist mainly of lipids and sphingomyelin, and lysophospholipids (all 20-25%) agd
proteins. Their composition depends on the cellular origin small amounts of phosphatidy[d&ifn&his composi- E
and the cellular processes triggering their formation. tion clearly differs from that of microparticles isolatéd
Hardly any information is available on the intravesicular from blood of healthy huri8#jsMicroparticles in the =
contents of microparticles. A schematic representation of synovial fluids are mainly derived from leukocytes ra%ﬁer
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Fig. 2. Schematic representation of microparticle generation and composition. Negatively charged phospholipids are presented by the bldio& dots. |
resting cell the negatively charged phospholipids, such as phosphatidylserine and phosphatidylethanolamine, are located only in the Tineegiayer.
rectangles represent cell-specific antigens, e.g., CD4 for T-helper cells. In the activated cells and microparticles negatively chargedigshaspholi
relocated and are also present in the outer layer. The black ovals represent molecules that have been upregulated by cell activation on thexeell membra
and the microparticles.
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than platelet$36]. This may indicate that the phospholipid
composition of microparticles differs between various cell
types, or alternatively, that inflammatory stimuli produce
microparticles with a different phospholipid composition.
Huber and coworkers recently reported the presence of
oxidized phospholipids in microparticles from endothelial

cells that had been exposed to an oxidative stress stimulus,

whereas such phospholipids were absent in microparticles
from calcium ionophore stimulated endothelial cdR4].
Thus, the phospholipid composition and their oxidation
status differ between microparticles.

3.2. Proteins

Microparticles expose membrane antigens that are spe-

cific for the ‘parent cell’ they originate from. These
identification antigens are always present on the cell
surface, irrespective of the activation or apoptosis status of
the parent cell, and enable the determination of their
cellular source, e.g., CD4 for microparticles from T-helper
cells [37].

Microparticle membranes may also contain molecules
that have been upregulated or translocated by cell activa-
tion or apoptosis[16]. For instance, activated cultured
endothelial cells release microparticles displaying E-selec-
tin (unpublished data). Platelet microparticles expose mole-
cules such as P-selectin and glycoprotein 53 that both
originate from intracellular granule membrang3,11].
These microparticles are also highly enrichedigranule-
derived factor Va[11]. Similar observations were done in
T-cell-derived microparticles, which displayed glycopro-
tein 53 from endocytic origir38].

Several differences in antigen exposure between mi-
croparticles and their parent cell seem not directly related
to activation. For example, T-cell-derived microparticles
lack the proteins CD28 and CD45 (leukocyte common
antigen), which are among the most abundantly present
proteins of the parent cell membraff8]. Stimulation of
platelets with complement complex C5b-9 produces mi-
croparticles that, compared to the platelets, are highly
enriched in the C9-neoantigdfl] and have a 1000-fold
higher surface density of C5b-9, suggesting that these
microparticles are shed from the site of insertion of the
C5b-9 compleX11]. Also, erythrocyte-derived microparti-
cles are specifically enriched in various antigens and
receptors[40,41]. Taken together, these differences indi-
cate that microparticle shedding must be a well-regulated
procesq38,39]. This is illustrated by the finding that some
proteins present in lipid rafts, specific subdomains of the
cell membrane that are enriched in cholesterol and sphing-
omyelin as well as particular proteins, of the erythrocyte
membrane are transferred into microparticles, while others
are not[39].

The microparticle composition is also agonist depen-
dent. T-cells produce microparticles that are enriched in
CD3e- and ¢-chains only upon activation of the T-cell
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antigen receptor and not upon activation by ionomycin
plpsmethoxyamphetamine hydrochlorid¢38]. Mi-
croparticles from thrombin- or collagen-activated platelets
expose glycoprotein llb—llla complexes that bind fibrino-
gen, in contrast to microparticles produced by platelets
incubated with C5b-9, which do not bind fibrifidgen
Finally, even microparticles released by one cell type in
response to a single agonist still can form a heterogeneou
population. For instance, microparticles released fromg
platelets after stimulation with serum from patients vvﬁh
heparin-induced thrombocytopenia are heterogeneou%m
size and in exposure of glycoprotein IIb—II[42].
Thus, microparticles vary in size, phospholipid and
protein composition and therefore their functional capacity
and activity. The shedding seems to be a well regﬁatec
process, that creates particular microparticle characteristics
under various (patho)physiological conditions.
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4. Microparticle function

We described the numbers and cellular origin of mi-
croparticles in the blood of healthy mgB5] and women
[43]. Circulating microparticles were mainly derived from
platelets, but also from erythrocytes, leukocytes and endo-
thelial cells[35,43]. These microparticles initiated throm-
bin generation in vitro[35,43]. Microparticles have also
been studied in various disease states, in which numbers
cellular source and composition are altered. Although 5
many aspects of microparticle function are still unclear, a 3
picture develops in which microparticles play an important <
role in inflammation, coagulation, and vascular (dys-)func- §
tion. Theoretically, microparticles may have various £ <
(patho-)physiological functions, namely transport of mem- S
brane components from the parent cell to other cells ands
(in-)direct activation of inflammation, coagulation or vas-
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cular function. Since inflammation, coagulation and vascu—9>:
lar function are all involved in the pathogenesis of 3
cardiovascular diseases, we will discuss how microparti- ©
cles are involved in these processes (Bag 3). §
o
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i e

4.1. Inflammation )
>

4.1.1. In vitro evidence >

An increased inflammatory response is involved in t%e
pathogenesis of cardiovascular diseases. Adhesuﬂ; of
monocytes and neutrophils to the endothelium is an eaﬁy
event in vascular inflammatory syndromes and, together
with the subsequent transendothelial migration of the
leukocytes, a crucial step in the development of athero-
sclefddis Specific adhesion receptors exposed on
endothelial cells attract various classes of leukocytes to the
vascular wall. The ligands for these receptors are present
on leukocytes as well as on the leukocyte-derived mi-
croparticles. Which of these ligands are involved in the
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Coagulation Vascular function
Fig. 3. Schematic representation of functions attributed to microparticles.

adhesion of leukocyte-derived microparticles to endothelial processes available from in vivo studies. Mesri d
cells, however, is unknown at present. coworkers described a heterogeneous microparticle po

Platelet-derived microparticles may initiate inflamma- tion in healthy humans, which doubled in size by admini
tion. Barry and coworkers showed that platelet microparti- tration Mformyl-Met—Leu—Phe, an inflammatory &
cles deliver arachidonic acid to endothelial cells, which stimulus. The resulting microparticle population contaﬁﬁed
results in upregulation of CD54 (intercellular adhesion both leukocyte- and platelet-derived micropg#iiles >
molecule-1; ICAM-1) and the subsequent adhesion of The leukocyte microparticles in this mixed populatipn
monocyteq45]. Once leukocytes are bound to the vascular stimulated cultured endothelial cells, resulting in &e
wall they migrate into the intima, where they secrete production of interleukin-6, monocyte chemoattractant
cytokines and growth factors that promote the migration protein-1 and tissue fad8lor g
and proliferation of vascular smooth muscle cells and thus §
plague formation. The release of cytokines by endothelial 4.1.3. Microparticle components involved in 2
cells, which attracts leukocytes to the endothelium, is also inflammation >
triggered by microparticlef16,47]. Studies describing the Oxidized phospholipids may form (one of) the blot
role of microparticles in the interaction between endotheli- logically active components of microparticles that ca@se
al cells and leukocytes are summarizedTable 1. Fig. 3 monocyte adherence to endothelial cells and neutrophllg
shows schematically how microparticles promote the in- activa{@h]. Patel and coworkers showed that mi-
flammatory response. croparticles from hydroperoxide-treated endothelial cells

contain oxidized phospholipid47]. These oxidized phos-

4.1.2. In vivo evidence pholipids are present in microparticles released from

During various systemic inflammatory conditions, mi- endothelial cells subjected to oxidative stress, but absent in
croparticle numbers are increased in the systemic circula- microparticles released in response to a non-oxidative
tion, as summarized imable 2.Furthermore, there is direct stimulus such as calcium ionopldie Also apoptosis is

evidence for a role of microparticles in inflammatory accompanied by oxidative g#8ksand microparticles
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Efalecislof microparticles on leukocytes, endothelial cells and the interactions between these cells

Microparticle source Effects Refs.
Endothelial cells Promote monocyte—endothelial cell binding [21]
Platelets Upregulation of CD11a/CD18 and CD11b/Cb18 on [45]

monocytes and ICAM-1 on endothelial cells resulting in
increased cellular interaction

Platelets Upregulation of CD11b on leukocytes, resulting in [2,83]
increased phagocytic activity and increased
leukocyte—leukocyte binding

Endothelial cells Neutrophil activation [17]
Endothelial cells, Chemotactic attraction of leukocytes [46,47]
leukocytes

Peripheral Chemokine receptor transfer to peripheral mononuclear [84]
mononuclear cells, cells, monocytes and endothelial cells

monocytes

®Lymphocyte function antigen-1.
® Macrophage antigen-1.

dno-oiwepeoe//:sdiy woly pepeojumod

from endothelial cells undergoing apoptosis contain oxi- phospholipids are accomplished after their interaction \gith
dized phospholipid421]. Oxidative stress and apoptosis the PAF receptor are not yet clarified, and may or may @ot
are well-recognized phenomena in many cardiovascular be similar to the actions of PAF on its rfs@pigr s
diseases, such as cardiomyopathy, myocarditis, acute Microparticles are also capable of delivering arachi@onic
myocardial infarction, atherosclerosis and pre-eclampsia acid to endothelial cells, monocytes and ffdélets 3
(reviews see[28,50-52). Furthermore, oxidized phos- Thus, microparticles are actively involved in inflammatorgt
pholipids in low density lipoproteins are implicated in the processes and thus in cardiovascular diseases. &
pathogenesis of atherosclerosis (for reviews [Eg53)). %
Therefore, the occurrence of oxidized phospholipids in 4.2. Coagulation )
apoptotic microparticles and in microparticles formed in 3
the presence of oxidative stress may be an important4.2.1. In vitro evidence ]

mechanism in the pathogenesis of these diseases. Patients with cardiovascular diseases have an incgease
Oxidized phospholipids exert their actions through risk of thrombosis, which can manifest itself as actite
platelet activating factor (PAF) receptof%7,54], which myocardial infarction or strokig8]. There is substantial in =
are exposed on both endothelial cells and leukoc}ibk vitro evidence for microparticle involvement in activation %
The exact pathways through which the effects of oxidized of the coagulation system. Coagulation requires not anly
<
S,
>
3
A
Table 2 g
Diseases in which total microparticle numbers or humbers of subgroups of microparticles in the venous circulation are increased %
Disease Increased microparticles Refs %
Acute coronary syndromes Total, endothelium, platelet [85,86] é
Arteriosclerosis obliterans Platelet [78] >
>
Diabetes Total and platelet [87,88] &
C
Hypertension Platelet [87] %
o
Idiopathic thrombocytopenia Platelet [89,90] N
Lupus anticoagulant Endothelium [16]
Paroxysmal nocturnal hemoglobinuria Total and platelet [91]
Pre-eclampsia Leukocyte [43]
Sepsis Leukocyte [60,64]
Systemic inflammation after trauma or sepsis Platelet [92]

Uremia Platelet [87]
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(activated) coagulation factors and calcium ions, but also 4.3. Vascular function

membranes exposing negatively charged phospholipids,

such as phosphatidylserine. Exposure of phosphatidylser-4.3.1. In vitro evidence

ine facilitates binding of (activated) coagulation factors to
the membrane, thereby enabling the formation of tenase-
and prothrombinase-complexes. Subsequently, blood
coagulation can start, especially when tissue factor—a
transmembrane protein that initiates coagulation through
the extrinsic coagulation pathway—is exposed. Microparti-
cles have a negatively charged phospholipid surf&és,
readily bind activated coagulation factdi3,7,11,59]and
expose tissue factor in various conditiofi$,20,60-63].
Both in vitro prepared and in vivo generated microparticles
initiate and support thrombin generation in vitro
[16,33,35,36,60,61,63,64Furthermore, infusion of artifi-

endothelial cell activation and function in vitro. Recently, >
Boulanger and coworkers described that microparticlesy
from patients with acute myocardial infarction diminished

Diminished vascular function, especially endothelial
dysfunction, has been reported in many cardiovascular
diseases. Well known examples are the pathogenesis o
cardiac fdib@je atherosclerosig70], acute coronary
syndrpthgsypertensiorj72], and pre-eclampsigr3].

Several studies reported the effects of microparticlesson

Oo|um

woly pe

endothelium-dependent relaxation in isolated[&4feries
In contrast, microparticles isolated from the venous blosad

of patients with non-ischemic chest pain had no such effe_é_i

cially prepared phospholipid vesicles triggers the develop- [74]. This was the first demonstration of a direct effect of §

ment of severe disseminated intravascular coagulation in
primates[65], and infusion of these vesicles in pregnant
rats induces placental congestion and growth restriction in
the offspring[66].

microparticles on vascular function. Recently, we de@on—
strated also that microparticles from venous blood Sof
women with pre-eclampsia diminished endothelium—de@en—

dent relaxation in isolated resistance artefiés (seeFig. °

Besides these direct effects of microparticles on the 3). On the other hand, microparticles may also have S

coagulation system, microparticles may also indirectly
promote coagulation. For instance, purified P-selectin or
P-selectin-exposing platelets trigger the expression of
tissue factor on monocytg§7]. Since P-selectin is often
present on platelet-derived microparticles, these mi-
croparticles are likely to induce tissue factor expression by
monocytes (se€ig. 3).

beneficial effects on vascular function. For instar@e,
transfer of arachidonic acid to endothelial cells by platglet
microparticles induced the expression of cyclooxygena}e-z
expression and the production of prostad@linPros- 2
tacyclin induces vasodilatation and diminishes platglet
reactiveness. The platelet microparticles used in these

experiments were pretreated with secretory phospholipase%

A,, an acute phase reactant, which occurs in the circulations
at strongly increased concentrations during diseases likex

4.2.2. In vivo evidence

The evidence that microparticles indeed contribute to
coagulation in vivo is mainly circumstantial. First, mi-
croparticle numbers are elevated in different types of
disease involving hypercoagulation, such as idiopathic
thrombocytopenia, paroxysmal nocturnal hemoglobinuria,
lupus anticoagulant and acute coronary syndromes (se
Table 2. Second, microparticle generation is reduced in
several bleeding disorders, such as Scott Syndr{Bhe
Castaman’s defec{68] and Glanzmann’s diseasp].
Platelets from patients with the Scott syndrome and
Glanzmann’'s disease have a decreased microparticle
generating capacity in response to agonj8t8] and have
reduced numbers and function of inducible factor Va
receptorq3]. Third, microparticles expose tissue factor in
several clinical conditions that are strongly associated with
hypercoagulation, such as pericardial wound bl¢6d],
the blood of patients with disseminated intravascular
coagulation64], and synovial fluid from inflamed arthritic
joints [36].

Since hypercoagulation is one of the characteristics of
cardiovascular diseases, and altered numbers and
procoagulant behaviour of microparticles were reported in
several cardiovascular diseases, microparticles are likely to
play a causal role in the development of hypercoagulation
in cardiovascular disease.

4.3.2. In vivo evidence

role of microparticles in vascular dysfunction in vivo.
eMicroparticle numbers are elevated or the composition of S
the microparticle population is altered in cardiovascularg
diseases that are characterized by endothelial dysfunctiong
such as acute coronary syndromes, hypertension, atheros
sclerosis and pre-eclampsia (Sesble 2. Also, high levels
of presumably apoptotic microparticles are present in
atherosclerotic plaqueg76]. These microparticles are
mainly derived from monocytes and lymphocytes. Almost
all TF activity in the plaque is located on these microparti-
cles. Therefore, the procoagulant activity of atherosclerotic &
plagues can be explained by their enclosed microparticles%
w

sepsis and pre-eclampsia. Whether or not untreated platelef

microparticles have the same effects is unknown.

Only circumstantial evidence is presently available for a

Austaniun Aq vzy .
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4.3.3. Microparticle components

Almost nothing is known about the microparticle com-
ponents that impair endothelial functions. We suspect tha
oxidized phospholipids may be involved, especially since
oxidized phosphatidylcholine induces endothelial dysfunc-
tion in isolated ar{&ii¢s However, future research
addressing this question is needed.
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5. Are microparticles cause or consequence of
cardiovascular diseases?

generation of oxidized phospholipids in microparticles may
also be an effect of this therapy. However, no data are
available on these effects.

In the previous paragraphs we summarized the evidence Thus, there are some therapies that are currently used fc
that microparticles contribute to the pathogenesis of car- treatment of diseases that also affect microparticle num-
diovascular disease; their potent pro-inflammatory effect, bers. Whether these effects on microparticles contribute to
their promotion of coagulation, and their effect on vascular the therapeutic action remains to be established. With
function. However, it remains to be established whether ongoing research on microparticles in cardiovascular dis-
microparticles play a causal role in the pathogenesis of ease, more of these effects on microparticles are lik
these diseases or whether they are a consequence of the be discovered. Such information may prove useiul
disease. In the previous paragraphs several facts were prevention or treatment of these diseases.
discussed that indicate an active, causal role of microparti-
cles in the pathogenesis of cardiovascular diseases. The
strongest evidence for this hypothesis is provided by the 7. Concluding remarks
studies that showed a direct effect of microparticles on
endothelial function. Furthermore, the fact that in vivo and In this review we discussed the current know|edge

in vitro prepared microparticles induce increased adhesionayailable on microparticle formation, composition and
of leukocytes to endothelial cells, trigger cytokine pro- function. Considerable evidence suggests that microparti-
duction and expose tissue factor or P-selectin, strongly cles play a role in the processes of inflammation, coagula-

suggests an active role of microparticles in inflammation tion and vascular function, all processes involved in the %
and coagulation. However, increased microparticle num- pathogenesis of cardiovascular diseases. Future studies af’@
bers can also result from inflammation, hypercoagulation needed to provide additional evidence whether the role ofm
or vascular dysfunction. For instance, cytokines as well as microparticles in these disease processes is indeed a causal

i
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thrombin can trigger microparticle generati¢h6,20] or one. Clarification of the microparticle composition and the 2
enhance the already existing microparticle generation underlying mechanisms involved in exertion of the effects §
[3,4,8,9,46,59,78,79]. of microparticles will hopefully supply us with this o
evidence and enable us to develop additional interventiong
strategies for prevention and treatment of cardiovascularg
6. Effects of currently used therapies on diseases. N

microparticles

The recognition of a role of microparticles may not only g eferences
be important for our understanding of the pathogenesis of
Cardlovascu!ar disease, but may also have |mpI|cat|0ns for [1] Wolf P. The nature and significance of platelet products in human
the prevention and treatment of these diseases. Some  pjasma. Br J Haematol 1967:13(3):269—288.
currently used therapies are known to affect microparticle [2] Forlow SB, McEver RP, Nollert MU. Leukocyte—leukocyte interac-

Ayssenun Aq vy 182111212

generation. For instance, abciximab (Re(ﬂDro ), a tions mediated by platelet microparticles under flow. Blood S
glycoprotein llb—Illa receptor antagonist that is currently 2000;95(4):1317-1323. , _ >
d tivlatelet d . ti f isch . [3] Sims PJ, Wiedmer T, Esmon CT, Weiss HJ, Shattil SJ. Assembly of g
use _as _an anuplatele rug in preventon O ISC e_mlc the platelet prothrombinase complex is linked to vesiculation of the &
complications after percutaneous coronary 'r_‘ter\_/ent_mm platelet plasma membrane. Studies in Scott syndrome: an isolatedS
also almost completely blocks platelet vesiculation in vitro defect in platelet procoagulant activity. J Biol Chem 3
[80]. Thus, the anticoagulant effect of abciximab may not 1989;264(29):17049-17057. _ ' §
be solely due to inhibition of ligand binding to glycopro-  [# Tans G, Rosing J, Thomassen MC et al. Comparison of anti- J
tein llb—Illa. but | It f d d rel f coagulant and procoagulant activities of stimulated platelets and =
e!n - _a' ut may also resu . rom re uc_e release o platelet-derived microparticles. Blood 1991;77(12):2641—-2648. o
microparticles from platelets. No in vivo studies have been (5] Taube J, Mcwilliam N, Luddington R, Byrne CD, Baglin T. Z
performed that investigated this mechanism so far. Treat- Activated protein C resistance: effect of platelet activation, platelet- E
ment of patients suffering from transient ischemic attacks derived microparticles, and atherogenic lipoproteins. Blood
. . . . . . — o
with calcium channel blockers also decreased microparticle _ 1999:93(11):3792-3797. S

generation81]. Furthermore, a randomized, placebo-con-
trolled, double blind trial showed that treatment of patients
with congestive heart failure (NYHA class Il or higher)
with vitamin C decreased the number of circulating
microparticles[82]. After a 2.5-g intravenous bolus, fol-
lowed by 3 days of treatment with 2 g twice daily,
microparticle numbers were decreased with 70% on the
fifth day. Since vitamin C is an antioxidant, prevention of

[6] Barry OP, Pratico D, Lawson JA, Fitzgerald GA. Transcellular
activation of platelets and endothelial cells by bioactive lipids in
platelet microparticles. J Clin Invest 1997;99(9):2118-2127.

[7] Gilbert GE, Sims PJ, Wiedmer T et al. Platelet-derived microparti-
cles express high affinity receptors for factor VIIl. J Biol Chem
1991;266(26):17261-17268.

Siljlander P, Carpen O, Lassila R. Platelet-derived microparticles
associate with fibrin during thrombosis. Blood 1996;87(11):4651—
4663.

[9] Gemmell CH, Sefton MV, Yeo EL. Platelet-derived microparticle

(8]



M.J. VanWijk et al. / Cardiovascular Research 59 (2003) 277-287 285

formation involves glycoprotein llb—Illa. Inhibition by RGDS and a [28]aNat Z, Tedgui A. Current perspective on the role of apoptosis in
Glanzmann’s thrombasthenia  defect. J Biol Chem atherothrombotic disease. Circ Res 2001;88(10):998-1003.
1993;268(20):14586—-14589. [29] Cotter TG, Lennon SV, Glynn JM, Green DR. Microfilament-
[10] Wiedmer T, Sims PJ. Participation of protein kinases in complement disrupting agents prevent the formation of apoptotic bodies in tumor
C5b-9-induced shedding of platelet plasma membrane vesicles. cells undergoing apoptosis. Cancer Res 1992;52(4):997—1005.
Blood 1991;78(11):2880—-2886. [30] Mills JC, Stone NL, Erhardt J, Pitman RN. Apoptotic membrane
[11] Sims PJ, Faioni EM, Wiedmer T, Shattil SJ. Complement proteins blebbing is regulated by myosin light chain phosphorylation. J Cell

C5b-9 cause release of membrane vesicles from the platelet surface Biol 1998;140(3):627—-636.
that are enriched in the membrane receptor for coagulation factor Va [31] Maekawa M, Ishizaki T, Boku S et al. Signaling from Rho to the
and  express prothrombinase  activity. ~J  Biol ~ Chem actin cytoskeleton through protein kinases ROCK and LIM-kinase.
1988;263(34):18205-18212. , Science 1999:285(5429):895-898.

(12] !\/I_lyazakl Y, Nomura S, Mlyake T et al ngh shear stress can [32] Zwaal RA, Schroit AJ. Pathophysiologic implications of membrane
initiate both platelet aggregation and shedding of procoagulant phospholipid asymmetry in blood cells. Blood 1997;89(4):1121—
containing microparticles. Blood 1996;88(9):3456—3464. 1132 '

[13] Hol'me. PA, Orvim U, H"?‘mers M‘] et al. Shear-lnduced platelet [33] Pitney WR, Dacie JV. A simple method of studying the generation
activation and platelet microparticle formation at blood flow con- of thrombin in recalcified plasma. J Clin Pathol 1953:6:9
ditions as in arteries with a severe stenosis. Arterioscler Thromb . P ' . T
[34] Weerheim AM, Kolb AM, Sturk A, Nieuwland R. Phospholipid

Vasc Biol 1997;17(4):646—653. . . . ) ; .
[14] Fourcade O, Simon MF, Viode C et al. Secretory phospholipase A2 composition of cell-derived microparticles determined by one-di-
y : mensional high-performance thin-layer chromatography. Anal Bio-

generates the novel lipid mediator lysophosphatidic acid in mem-

brane microvesicles shed from activated cells. Cell 1995;80(6):919— chem 2002;302(2)3191_198' . . _

927. [35] Berckmans RJ, Nieuwland R, Boing AN et al. Cell-derived mi-
[15] Satta N, Toti F, Feugeas O et al. Monocyte vesiculation is a possible croparticles circulate in healthy humans and support low grade

mechanism for dissemination of membrane-associated procoagulant  thrombin generation. Thromb Haemost 2001;85(4):639-646.

activities and adhesion molecules after stimulation by lipopolysac- [36] Berckmans RJ, Nieuwland R, Tak PP, Boing AN, Romijn FP, Kraan

K]

"olwapeoe//:sdny Wol) papeojuMo(]

8
©
Q
charide. J Immunol 1994;153(7):3245-3255. M, Breedveld FC, Hack CE, Sturk A. Cell-derived microparticles %
[16] Combes V, Simon AC, Grau GE et al. In vitro generation of from synovial fluid of inflamed arthritic joints support coagulation gv\,
endothelial microparticles and possible prothrombotic activity in exclusively via a factor Vil-dependent mechanism. Arthritis Rheum &
patients with lupus anticoagulant. J Clin Invest 1999;104(1):93-102. 2002;46(11):2857—-2866. %
[17] Patel KD, Zimmerman GA, Prescott SM, Mcintyre TM. Novel  [37] Aupeix K, Hugel B, Martin T et al. The significance of shed &
leukocyte agonists are released by endothelial cells exposed to membrane particles during programmed cell death in vitro, and in ﬁ
peroxide. J Biol Chem 1992;267(21):15168-15175. vivo, in HIV-1 infection. J Clin Invest 1997;99(7):1546—-1554. oy
[18] Miyoshi H, Umeshita K, Sakon M et al. Calpain activation in [38lichard N, Lankar D, Faure F et al. TCR activation of human T &
plasma membrane bleb formation during tert-butyl hydroperoxide- cells induces the production of exosomes bearing the TCR/G&)B/
induced rat hepatocyte injury. Gastroenterology 1996;110(6):1897— zeta complex. J Immunol 2002;168(7):3235-3241. ©
1904. [39] Slzer U, Hinterdorfer P, Hunger U, Borken C, Prohaska RACgJ- E
[19] Leeuwenberg JF, Smeets EF, Neefijes JJ et al. E-selectin and dependent vesicle release from erythrocytes involves sto@atin-
intercellular adhesion molecule-1 are released by activated human specific lipid rafts, synexin (annexin VII), and sorcin. Bldgd
endothelial cells in vitro. Immunology 1992;77(4):543-549. 2002;99(7):2569-2577. N
[20] Schecter AD, Spim B, Rossikhina M et al. Release of active tissue [AD]k8fer P, Kuypers FA, Xu CM, Chiu DT, Lubin B. Enrichment of R
factor by human arterial smooth muscle cells. Circ Res two glycosyl-phosphatidylinositol-anchored proteins, acetylckd-
2000;87(2):126—-132. linesterase and decay accelerating factor, in vesicles released frofn
[21] Huber J, Vales A, Mitulovic G et al. Oxidized membrane vesicles human red blood cells. Blood 1989;74(5):1481-1485. s
and blebs from apoptotic cells contain biologically active oxidized [4akdRal M, Lutz HU, Steiger G, Stammler P, Schifferli JA. Release &,
phospholipids that induce monocyte-endothelial interactions. Ar- of vesicles enriched in complement receptor 1 from human eryt@?o-
terioscler Thromb Vasc Biol 2002;22(1):101-107. cytes. J Immunol 1993;151(1):397-404. ;
[22] Ariyoshi H, Salzman EW. Association of localized Gagradients [42] Highes M, Hayward CPM, Warkentin TE et al. Morphological 3
with redistribution of glycoprotein Ilb—llla and F-actin in activated analysis of microparticle generation in heparin-induced thron%
human blood platelets. Arterioscler Thromb Vasc Biol bocytopenia. Blood 2000;96(1):188—194. :‘:
1996;16(2):230-235. [43] &hWijk MJ, Nieuwland R, Boer K et al. Microparticle subpopula- 3
[23] Coleman ML, Sahai EA, Yeo M et al. Membrane blebbing during tions are increased in pre-eclampsia: possible involvement&in
apoptosis results from caspase-mediated activation of ROCK I. Nat vascular dysfunction? Am J Obstet Gynecol 2002;187:450—-456.
Cell Biol 2001;3(4):339-345. [44]skekutz TB, Issekutz AC, Movat HZ. The in vivo quantitation and =
[24] Yano Y, Kambayashi J, Shiba E et al. The role of protein phos- kinetics of monocyte migration into acute inflammatory tissue. A J
phorylation and cytoskeletal reorganization in microparticle forma- Pathol 1981;103(1):47-55. Z
tion from the platelet plasma membrane. Biochem J 1994;299(Pt [4B1yBOP, Pratico D, Savani RC, Fitzgerald GA. Modulation of e
1):303-308. monocyte-endothelial cell interactions by platelet microparticles. J%
[25] Fox JE, Austin CD, Boyles JK, Steffen PK. Role of the membrane Clin Invest 1998;102(1):136—-144. S
skeleton in preventing the shedding of procoagulant-rich microvesi- [465rMM, Altieri DC. Endothelial cell activation by leukocyte <
cles from the platelet plasma membrane. J Cell Biol microparticles. J Immunol 1998;161(8):4382—-4387.
1990;111(2):483-493. [47] dinura S, Tandon NN, Nakamura T et al. High-shear-stress-
[26] Basse F, Gaffet P, Bienvenue A. Correlation between inhibition of induced activation of platelets and microparticles enhances expres-
cytoskeleton proteolysis and anti-vesiculation effect of calpeptin sion of cell adhesion molecules in THP-1 and endothelial cells.
during A23187-induced activation of human platelets: are vesicles Atherosclerosis 2001;158(2):277-287.
shed by filopod fragmentation? Biochim Biophys Acta [48kai M, Altieri DC. Leukocyte microparticles stimulate endothelial
1994;1190(2):217-224. cell cytokine release and tissue factor induction in a JNK1 signaling
[27] Fox JE. The nplatelet cytoskeleton. Thromb Haemost pathway. J Biol Chem 1999;274(33):23111-23118.

1993;70(6):884—893. [49] @mzami N, Marchetti P, Castedo M et al. Sequential reduction of



286

mitochondrial transmembrane potential and generation of reactive
oxygen species in early programmed cell death. J Exp Med
1995;182:367-377.

[50] Witztum JL, Steinberg D. The oxidative modification hypothesis of

M.J. VanWijk et al. / Cardiovascular Research 59 (2003) 277-287

dysfunction is related to the extent and severity of coronary artery
disease. Atherosclerosis 1997;129(1):111-118.

[71] Liao JK. Endothelium and acute coronary syndromes. Clin Chem

1998;44(8 Pt 2):1799-1808.

atherosclerosis: does it hold for humans? Trends Cardiovasc Med [72] Contreras F, Rivera M, Vasquez J, De la Parte MA, Velasco M.

2001;11(3-4):93-102.
[51] Freyssinet JM, Toti F, Hugel B et al. Apoptosis in vascular disease.
Thromb Haemost 1999;82(2):727-735.

[52] Buemi M, Allegra A, D'’Anna R et al. Is apoptosis cause of

pre-eclampsia? Eur Rev Med Pharmacol Sci 1998;2(5-6):185—-188. [74] Boulanger CM, Scoazec A, Ebrahimian T et al. Circulating mi-

[53] Boullier A, Bird DA, Chang MK et al. Scavenger receptors,
oxidized LDL, and atherosclerosis. Ann N Y Acad Sci
2001;947:214-223.

[54] Smiley PL, Stremler KE, Prescott SM, Zimmerman GA, Mcintyre
TM. Oxidatively fragmented phosphatidylcholines activate human
neutrophils through the receptor for platelet-activating factor. J Biol
Chem 1991;266(17):11104-11110.

[55] Lorant DE, Zimmerman GA, Mclintyre TM, Prescott SM. Platelet-
activating factor mediates procoagulant activity on the surface of
endothelial cells by promoting leukocyte adhesion. Semin Cell Biol
1995;6(5):295-303.

[56] Gerard NP, Gerard C. Receptor-dependent internalization of platelet-
activating factor. J Immunol 1994;152(2):793-800.

[57] Chao W, Olson MS. Platelet-activating factor: receptors and signal
transduction. Biochem J 1993;292(Pt 3):617-629.

[58] Becker RC. Anticoagulation and the heart. J Thromb Thrombolysis
2001;12(1):41-52.

[59] Hamilton KK, Hattori R, Esmon CT, Sims PJ. Complement proteins
C5b-9 induce vesiculation of the endothelial plasma membrane and
expose catalytic surface for assembly of the prothrombinase enzyme
complex. J Biol Chem 1990;265(7):3809—-3814.

[60] Joop K, Berckmans RJ, Nieuwland R et al. Microparticles from
patients with multiple organ dysfunction syndrome and sepsis
support coagulation through multiple mechanisms. Thromb Haemost
2001,85(5):810-820.

[61] VanWijk MJ, Boer K, Berckmans RJ et al. Enhanced coagulation
activation in pre-eclampsia: the role of APC resistance, microparti-
cles and other plasma constituents. Thromb Haemost 2002;88:415—
420.

[62] Shimura M, Wada H, Wakita Y et al. Plasma tissue factor and tissue
factor pathway inhibitor levels in patients with disseminated in-
travascular coagulation. Am J Hematol 1996;52(3):165-170.

[63] Nieuwland R, Berckmans RJ, Rotteveel-Eijkman RC et al. Cell-
derived microparticles generated in patients during cardiopulmonary
bypass are highly procoagulant. Circulation 1997;96(10):3534—
3541.

[64] Nieuwland R, Berckmans RJ, McGregor S et al. Cellular origin and
procoagulant properties of microparticles in meningococcal sepsis.
Blood 2000;95(3):930-935.

[65] Taylor Jr. FB, He SE, Chang AC et al. Infusion of phospholipid
vesicles amplifies the local thrombotic response to TNF and anti-
protein C into a consumptive response. Thromb Haemost
1996;75(4):578-584.

[66] Sugimura M, Kobayashi T, Shu F, Kanayama N, Terao T. Annexin
V inhibits phosphatidylserine-induced intrauterine growth restriction
in mice. Placenta 1999;20(7):555-560.

[67] Celi A, Pellegrini G, Lorenzet R et al. P-selectin induces the
expression of tissue factor on monocytes. Proc Natl Acad Sci USA
1994;91(19):8767-8771.

[68] Castaman G, Yu-Feng L, Battistin E, Rodeghiero F. Characterization
of a novel bleeding disorder with isolated prolonged bleeding time
and deficiency of platelet microvesicle generation. Br J Haematol
1997;96(3):458—463.

[69] Fang ZY, Marwick TH. Vascular dysfunction and heart failure:
epiphenomenon or etiologic agent? Am Heart J 2002;143(3):383—
390.

[70] Neunteufl T, Katzenschlager R, Hassan A et al. Systemic endothelial

[75] VanWijk MJ, Svedas E, Boer K, Nieuwland R, VanBavel E,

Endothelial dysfunction in arterial hypertension. J Hum Hypertens
2000;14(Suppl. 1):S20-S25.

[73] Roberts JM. Endothelial dysfunction in pre-eclampsia. Semin Re-

prod Endocrinol 1998;16(1):5-15.

croparticles from patients with myocardial infarction cause endg-
thelial dysfunction. Circulation 2001;104(22):2649—-2652.

peojurmQ

Kublickiene KR. Isolated microparticles, but not whole plasm&
from women with pre-eclampsia impair endothelium-dependgnt
relaxation in isolated myometrial arteries from normal pregnéht

women. Am J Obstet Gynecol 2002;187(6):1686—1693. :

[76&lMdt Z, Hugel B, Ohan J et al. Shed membrane microparticles with _w_
procoagulant potential in human atherosclerotic plaques: a rolefor

apoptosis in plague thrombogenicity. Circulation 1999;99(3):3@—
353. %
[[Kipke Y, Hirata K, Kawashima S et al. Inhibition of endothelium- &
dependent arterial relaxation by oxidized phosphatidylcholing.
Atherosclerosis 2000;152(1):79-87. :
[7&8mdra S, Imamura A, Okuno M et al. Platelet-derived microparti- %

cles in patients with arteriosclerosis obliterans. Enhancement of@gh

shear-induced microparticle generation by cytokines. Thromb Res.
2000;98(4):257-268. g
[Z8sBR, Lai LC, Cooper JA, Del Vecchio PJ, Mailk AB. Throm- g

bin-induced adherence of neutrophils to cultured endothelial n&no-

layers: increased endothelial adhesiveness. J Cell Phy@ol
1988;134(2):275-280. %_’
[89}eRer JC, Beguin S, Kessels H et al. Inhibition of platelet- %

mediated, tissue factor-induced thrombin generation by the m@se/
human chimeric 7E3 antibody. Potential implications for the effect,\)
of c7E3 Fab treatment on acute thrombosis and ‘clinical restenogjs.

J Clin Invest 1996;98(3):863—-874. %
§81Yd, Jy W, Horstman LL et al. Elevated platelet microparticles in &
transient ischemic attacks, lacunar infarcts, and multi-infarct de- R
mentias. Thromb Res 1993;72(4):295-304. g
[8BIsKg L, Hoffmann J, Hugel B et al. Vitamin C inhibits endothelial &
cell apoptosis in congestive heart failure. Circulatigh
2001;104(18):2182-2187. @,
B8Y, Mao WW, Horstman LL, Tao J, Ahn YS. Platelet microparti- “g

cles bind, activate and aggregate neutrophils in vitro. Blood nglls
Mol Dis 1995;21(3):217-231.
[84khvM, Kleinschmidt A, Bruhl H et al. Transfer of the chemokine
receptor CCR5 between cells by membrane-derived micropar@les:
a mechanism for cellular human immunodeficiency virus 1 in- 3
fection. Nat Med 2000;6(7):769-775.
[@8¢ DA, Bode AP, Nichols TC, Dehmer GJ. Platelet activation
detected by platelet-derived microparticles in coronary sinus bieod
from patients with unstable coronary syndromes. Circulation®
1992;86:3193A.

[8&lliad Z, Benamer H, Hugel B et al. Elevated levels of shed
membrane microparticles with procoagulant potential in tr}g
peripheral circulating blood of patients with acute corona@

syndromes. Circulation 1999;101(8):841-843.

[87] ddnura S, Komiyama Y, Miyake T et al. Amyloid beta-protein
precursor-rich platelet microparticles in thrombotic disease. Thromb
Haemost 1994;72(4):519-522.

[8&hiva S, Suzuki M, Katsura K et al. Platelet-derived microparti-

cles may influence the development of atherosclerosis in diabetes
mellitus. Atherosclerosis 1995;116(2):235-240.
[@@puxa S, Yanabu M, Kido H et al. Antiplatelet autoantibody-
related microparticles in patients with idiopathic (autoimmune)
thrombocytopenic purpura. Ann Hematol 1991;62(4):103-107.

0 Jasn [2)sw

snbny



M.J. VanWijk et al. / Cardiovascular Research 59 (2003) 277-287 287

[90] Jy W, Horstman LL, Arce M, Ahn YS. Clinical significance of hemoglobinuria and aplastic anemia. Blood 1999;93(10):3451—
platelet microparticles in autoimmune thrombocytopenias. J Lab 3456.
Clin Med 1992;119(4):334—-345. [92] gora H, Kawasaki T, Tanaka H et al. Activated platelets enhance
[91] Hugel B, Socie G, Vu T et al. Elevated levels of circulating microparticle formation and platelet-leukocyte interaction in severe
procoagulant microparticles in patients with paroxysmal nocturnal trauma and sepsis. J Trauma 2001;50(5):801-809.

€20z 1snBny 9| uo Jasn wepJlaiswy 10 AusIsAlun Aq vZ2v/82/112/Z/6S/810118/S8I0SBAOIPIED/W02 dNo"oIWapeoe//:sdiy Woll papeojumMo(]



	Microparticles in cardiovascular diseases
	Introduction
	Microparticle formation
	Cell activation
	Cell apoptosis

	Microparticle composition
	Lipids
	Proteins

	Microparticle function
	Inflammation
	In vitro evidence
	In vivo evidence
	Microparticle components involved in inflammation

	Coagulation
	In vitro evidence
	In vivo evidence

	Vascular function
	In vitro evidence
	In vivo evidence
	Microparticle components


	Are microparticles cause or consequence of cardiovascular diseases?
	Effects of currently used therapies on microparticles
	Concluding remarks
	References


