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Abstract—The 2 major general concepts about the cell biology of atherogenesis, growth of smooth muscle cells, and lipid
accumulation in macrophages, ie, foam cell formation, have not been able to satisfactorily explain the genesis of acute
coronary syndromes. Rather, the basic pathology behind the acute atherothrombotic events relates to erosion and rupture
of unstable coronary plaques. At the cellular level, we now understand that a switch from cellular growth to cellular
death, notably apoptosis, could be involved in turning at least some types of atherosclerotic plaques unstable. Because
intimal cells require a proper matrix environment for normal function and survival, the vulnerability of an atherosclerotic
plaque may critically depend on the integrity of the pericellular matrix of the plaque cells. In vitro studies have revealed
that plaque-infiltrating inflammatory cells, such as macrophages, T-lymphocytes, and mast cells, by secreting a variety
of proteases capable of degrading pericellular matrix components, induce death of endothelial cells and smooth muscle
cells, and so provide a mechanistic explanation for inflammation-dependent plaque erosion and rupture. Thus, a novel
link between inflammation and acute coronary syndromes is emerging. For a more explicit understanding of the role of
proteases released by inflammatory cells in the conversion of a clinically silent plaque into a dangerous and potentially
killing plaque, animal models of plaque erosion and rupture need to be established. (Arterioscler Thromb Vasc Biol.
2004;24:1350-1358.)
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culminating event in the development and advancement of an
atherosclerotic plaque.3,4 A necessary parallel to this axiom is
that a slow division of SMCs (division also referred to as
“growth” of SMCs in the text) and slow secretion of ECM
components by the SMCs are beneficial processes. These
important cellular studies, originating in the discovery of a
platelet-derived growth factor (PDGF), found their animal
counterparts in studies with primates and swine, which were
conducted under conditions of artificially stimulated SMC
growth, ie, after mechanical denudation (erosion) of the
endothelium.4 Thus, endothelial injury followed by platelet
adhesion, aggregation, and ensuing secretion of PDGF as a
“response to injury” triggered SMC proliferation and the
formation of a secondary restenotic lesion. The clinical
validity of the concept of restenosis as a “response to injury”
has been confirmed in humans after invasive treatment of
primary atherosclerotic lesions, ie, when the primary lesions
are treated by angioplasty and secondary restenotic lesions
are formed. The final proof for a critical role of SMC division
in this process has been obtained very recently by local
delivery of antiproliferative agents, which effectively prevent
the development of restenosis.5
In sharp contrast to such secondary restenotic lesions, we
do not have any safe and powerful pharmaceutical tools

n the present review, we focus on the proteolytic mechanisms in the arterial intima regulating matrix remodeling
and cellular death in the detrimental processes, which makes
a plaque vulnerable to erosion or rupture (Figure 1). In
contrast to previous recent reviews, which have discussed the
role of extracellular matrix (ECM) remodeling in plaque
rupture,1,2 the present review discusses the role of the
pericellular matrix (PCM), a major regulator of cell survival
and death, in plaque erosion or rupture. However, because
most of the present results concerning the elucidation of the
mechanisms of proteolysis and plaque erosion or rupture have
been obtained under in vitro conditions, one has to be careful
when extrapolating the results to the processes actually
happening in vivo.

Formation of Atherosclerotic Plaques as a
Response to Injury
The original “response to injury” hypothesis by Rudolf
Virchow (dating back to 1856) was revived during the period
extending from 1960s until the end of the century by the giant
of modern cell biology of atherogenesis, the late Dr Russell
Ross. According to this hypothesis, phenotypic conversion of
smooth muscle cells (SMCs) into “synthesizing SMCs” with
an increasing capacity to divide and synthesize ECM is the
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Figure 1. Schematic picture depicting the effect of intrinsic factors on plaque stability via regulation of the integrity of pericellular matrix (PCM) of ECs and SMCs of the fibrous cap. The
intrinsic factors (growth factors and extracellular proteases)
determine the balance between cell survival and death in an
atherosclerotic plaque. By degrading PCM components necessary for cell survival, the proteases secreted or activated by
infiltrating inflammatory cells render an atherosclerotic plaque
vulnerable to erosion or rupture.

available that would prevent SMC proliferation in the coronary arteries when the primary or spontaneous atherosclerotic
lesions emerge. Nor do we know when and how such drugs
should be administered to human beings, if at all. In terms of
primary atherosclerosis, the SMC growth hypothesis primarily applies to human fibrotic plaques, which, in contrast to
restenosis after angioplasty, are usually slowly growing and
may contribute to stable narrowing of the coronary lumen that
ultimately manifests itself as exertional angina. Indeed, in the
spontaneous atherosclerotic lesions of human coronary arteries, the rate of SMC division is extremely low.6 – 8 Moreover,
SMC growth and survival in the lesions (at least in the cap
region) is considered to stabilize plaques and so should
prevent plaques from rupturing.9 Based on these considerations, the lack of interest in planning new strategies for the
prevention of spontaneous atherosclerosis by blocking SMC
growth is reasonable and easy to understand.

The Lipid Hypothesis of Atherogenesis
The other major hypothesis of atherogenesis, the lipid hypothesis, was born in the early years of this past century
(1914) when Anitschkow fed cholesterol to rabbits and found
that high plasma cholesterol levels caused cholesterol to
accumulate also in the arterial wall. The lipid hypothesis of
atherogenesis has dominated the field of atherosclerosis
research ever since, and the elegant experiments with cultured
cells leading to the discovery of the mechanism of formation
of foam cells have provided strong new impetus to the lipid
hypothesis.10,11 The powerful drugs of today with their
significant dyslipidemia-correcting effects and ensuing clinical benefits urge us to believe that the lipid hypothesis is
going to survive and even dominate the field of atherosclerosis research in the future. The additional anti-inflammatory
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pleiotropic effects of the lipid-lowering drugs point to the
important role of inflammation, also related to local lipid
accumulation, as a pathogenic principle of atherogenesis.
However, the 2 described general concepts about the cell
biology of atherogenesis, SMC growth and foam cell formation, have not been able to satisfactorily explain the molecular
pathogenesis of acute coronary syndromes (ACSs). The basic
pathology behind the majority of the cases of ACSs relates to
unstable coronary plaques, which trigger the acute atherothrombotic events. The majority of the ACSs that occur today
are caused by erosion or rupture of a vulnerable coronary
plaque. Plaque erosion describes a local superficial injury of
the plaque and primarily affects the endothelial cells (ECs)
and their pericellular matrix. Plaque rupture, again, primarily
affects SMCs, and secondarily affects ECs, and describes a
deeper injury in the plaque. Plaque rupture accounts for
⬇70% of the fatal acute myocardial infarctions and sudden
coronary deaths, whereas plaque erosion accounts for
⬇30%.12 The risk of plaque erosion or rupture appears to be
a function of both intrinsic conditions within the plaque,
which determine plaque vulnerability, and extrinsic conditions, which may actually trigger plaque erosion or rupture.
The intrinsic plaque weakening conditions are largely
determined by the size of the lipid-rich necrotic core, the
thickness of the fibrous cap separating the core from the
circulating blood, and the presence of ongoing inflammation
within the cap.12 The actual intrinsic mechanisms that predispose atherosclerotic plaques to erosion or rupture include
local degradation of ECM components and increased proapoptotic signals, both in the subendothelial space and in the
deeper regions of the fibrous cap, followed by dysfunction
and death of ECs and SMCs. The timing and location of
plaque erosion or rupture is then determined by extrinsic
conditions, such as local stress and hemodynamic forces,
including cyclic stretching, compression, bending, flexion,
shear, and pressure fluctuations.13 Turbulent flow and low
fluid shear stress may also directly affect the gene expression
profile in endothelial cells and predispose to the activation of
proatherosclerotic and proinflammatory genes, such as
NF-B and c-Jun N-terminal kinase.14,15 Lack of such strong
local forces may be one reason why advanced vulnerable
plaques, as a rule, fail to erode or rupture in animal models of
atherosclerosis.16 However, despite differences in the actual
mechanisms by which thrombus formation is triggered as a
consequence of erosion or rupture, the presence of a vulnerable plaque is essential in the ultimate atherothrombotic
process leading to ACSs and sudden cardiac death.12

What Makes an Atherosclerotic Plaque Vulnerable
to Erosion and Rupture?
For a plaque to become vulnerable, intrinsic modifications in
the 3 components of a plaque, the fatty component, the
SMC-ECM component, and the endothelium, have to take
place. First, death of the lipid-filled foam cells will initiate the
growth of an extracellular necrotic lipid core,17 which is then
separated by a fibrous cap from the arterial lumen. An
absolute prerequisite for the formation of a fibrous cap is the
preceding formation of a necrotic lipid core: a cap without a
core does not exist. Second, death of the SMCs in the formed
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fibrous cap will reduce their number and so impair the
production of ECM in the cap, rendering it thin and vulnerable to rupture. Third, endothelial dysfunction and death will
predispose to erosion and an immediate onset of atherothrombotic events. Taken together, at the cellular level, we now
understand that cellular growth (SMCs) makes a plaque
stable against rupture, whereas cellular death (foam cells,
SMCs, and ECs) makes a plaque potentially unstable. Hence,
a switch from cellular growth to cellular death caused by
intrinsic modifications appears to be in a key position in
turning an atherosclerotic plaque vulnerable, ie, prone to
erosion or rupture.18
This dichotomized view about the relationship between the
genesis of vulnerable plaques, ie, SMC death leading to
vulnerable and SMC growth leading to stable plaques, primarily applies to lesions without significant flow obstruction.
These include early and intermediate lesions and advanced
lesions growing “outwards,” all of which are associated with
normal or only slightly narrowed luminal diameter, therefore
allowing more or less laminar flow to sustain.8 In contrast,
lesions that are highly stenotic and cause significant narrowing of the lumen are exposed to potentially detrimental
extrinsic factors, such as turbulent blood flow, and may
undergo sudden waves of rapid growth as a response to
recurrent erosion caused by the aberrant hemodynamic
forces. Here, mechanical erosion with ensuing exposure of
the subendothelial thrombogenic surface leads to PDGF
release from attached platelets and acutely induced SMC
division, like after mechanical denudation of the endothelium
(angioplasty). Thus, in a subset of highly advanced plaques,
numerous proliferating SMCs and thickening of the cap is not
associated with plaque stability, but rather with recurrent
transient instability of the plaque.19

The Role of Apoptosis in Plaque Erosion
and Rupture
As outlined, programmed cell death or apoptosis is emerging
as a novel intrinsic determinant in the development of
vulnerable plaques prone to erosion or rupture.7,20 –22 In
addition to apoptosis of foam cells, of SMCs, and of ECs,
apoptotic death of infiltrating inflammatory cells eg,
monocyte-derived macrophages, T-lymphocytes, and mast
cells, may be of importance in determining the stability of the
atherosclerotic plaque. Despite differences in origin and
function, the cell types present in the atherosclerotic intima
may share final common pathways and mechanisms of cell
survival and apoptosis, which are governed by cell typespecific pro-apoptotic and antiapoptotic components present
locally in the atherosclerotic intima.
Several potential mechanisms, by which apoptosis may
occur in atherosclerotic plaques, have been described. The
lipid component itself, ie, low-density lipoprotein (LDL),
when modified in the intima is capable of inducing apoptosis
of the intimal cells. Oxidized LDL (ox-LDL) and oxysterols
have proven capable of inducing apoptosis in SMCs.23,24
Also, the presence of cytokines, notably the death ligands
(FasL and tumor necrosis factor (TNF)-␣, and the loss of
growth factors (insulin-like growth factor-1, transforming
growth factor [TGF]-␤) have been shown to induce apoptosis

in plaque-derived SMCs.25 Furthermore, angiotensin II, the
effector peptide of the renin-angiotensin system, and reactive
oxygen species are capable of triggering apoptosis in ECs.26
A new concept of cell death in the arterial wall is that local
pathological remodeling of the ECM by proteases may induce
apoptosis of the medial and intimal cells.2 This subset of
apoptosis, in which cell death is induced by the loss of
cell–matrix interactions, has been called anoikis and is
thought to play a role in physiological processes regulating
tissue and cell homeostasis, as well as in developmental and
oncogenic processes.27

The Matrix as a Regulator of Apoptosis and
Plaque Stability
The intimal cells are adherent cells and thus require a proper
ECM environment for normal function and survival.27–30 In
addition to being embedded in an ECM network, most
adherent cells are surrounded by a pericellular matrix (PCM)
that consists of ECM molecules closely associated with the
plasma membrane of the cell. Accordingly, PCM is the region
of contact between the cell surface and the more distant ECM.
Because PCM is also a major site of ECM assembly and
remodeling, it is evident that both the quality and the quantity
of the PCM is important for cell viability in the plaque and
also is a major determinant of plaque stability. Both the PCM
and the ECM in the atherosclerotic plaque are produced
locally by the intimal cells. The ECM consists of a solid
network of structural molecules, notably fibrillar collagen,
elastin, and proteoglycans, which give the arterial wall its
tensile strength and elasticity.31 The PCM consists of adhesive glycoproteins, such as fibronectin, vitronectin, and laminin, known for their ability to promote cell adhesion and cell
survival.31 Thus, in terms of cell survival and death, the
metabolism of the closely connected PCM likely governs
the fate of an individual cell more than the distant ECM. At
the cellular level, the PCM-mediated cell survival mechanisms are controlled and modulated by integrins, which are
heterodimeric integral cell surface receptor proteins embedded in the plasma membrane of adherent cells.32,33 By
forming different heterodimers consisting of combinations of
various ␣x- and ␤x-integrin subunits, the integrins form focal
contacts, ie, membrane assembly sites for cytoskeletal and
cell signaling components, in which they recognize and
interact with specific arginine-glycine-aspartate sequences
present in many target glycoproteins of the PCM.32,33
Because the integrin-mediated PCM/cell interaction directly influences the intracellular signaling cascades, ie, the
“outside-in signaling,” the integrins act as cellular biosensors
that regulate biological processes, such as cell growth, differentiation, migration, and survival.34 Thus, integrinmediated activation of the nonreceptor tyrosine focal adhesion kinase (FAK) and downstream signaling events is crucial
for cell growth and survival.35 The downstream pathways
include phosphoinositide 3-kinase (PI3K), protein kinase B
(PKB/Akt), and mitogen-activated protein kinase (MAPK)
pathways, such as the extracellular signal regulated kinase
(ERK)1/2. FAK has also been shown to regulate the expression of antiapoptotic members of the bcl-2 family, which
preserve the mitochondrial integrity, and FAK also directly
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Figure 2. Schematic model illustrating the proposed mechanism
of chymase-induced apoptosis in SMCs. Chymase degrades the
fibronectin component of the pericellular matrix, disturbing the
fibronectin-␣5␤1 integrin interaction, with subsequent degradation of FAK and loss of focal adhesions. As a consequence, the
Akt signaling cascade is dephosphorylated and NFB is
degraded, leading to downregulation of antiapoptotic bcl-2 and
activation of caspases.

regulates caspase inhibitors, notably members of the inhibitor
of apoptosis (IAP) family, via PI3K/Akt-mediated activation
of the NF-B pathway.36,37 Because caspases are the executioner proteases responsible for many of the death-directed
events in the apoptotic process, disruption of the caspaseinhibiting FAK signaling pathways rapidly induces apoptosis.
The role of integrin–matrix interactions in cell survival is
further emphasized by the fact that integrins also associate
with growth factor receptors and act as important cofactors in
growth factor-mediated stimulation of intracellular survivalsignaling pathways.38,39 Thus, cell survival critically depends
on the interaction between integrins and PCM and, as
exemplified in our in vitro model of mast cell proteaseinduced apoptosis of human coronary artery SMCs and ECs,
loss of integrity of the PCM will disturb the integrindependent survival signaling pathways, leading to caspase
activation and, ultimately, to apoptosis (Figure 2).
In both normal and atherosclerotic coronary arteries, matrix turnover is regulated at the level of synthesis and
degradation.40 The synthetic activity is controlled by locally
secreted and activated growth factors, such as TGF-␤ and
basic fibroblast growth factor (bFGF), as well as by peptides
of the neurohormonal system, including angiotensin II. In
contrast, degradation of the matrix occurs through the action
of different enzymatic mechanisms, notably through elastolytic and proteolytic enzymes, secreted locally by the intimal
cells.41 Matrix metalloproteinases (MMPs) and cysteine pro-
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teases, such as cathepsins, are the major elastolytic enzymes
capable of degrading the structural components of the ECM.
In addition, neutrophil elastase42 and mast cell chymase43 and
tryptase44 are neutral serine proteases capable of efficiently
degrading adhesive protein components of both the PCM and
ECM. In the normal intima, synthesis and degradation of
PCM and ECM are in balance, whereas in the atherosclerotic
intima, and especially in vulnerable plaques, matrix degradation dominates.45 Hence, extensive degradation of the structural components of the ECM in the plaque, with loss of
tensile strength and elasticity, as well as degradation of the
PCM with disruption of outside-in–mediated cell survival
signaling, are potential mechanisms for the weakening and
rupture of the atherosclerotic plaque.
Which cells are involved in the degradation of PCM and
ECM in the atherosclerotic plaque? By secreting MMPs and
activating urokinase plasminogen activator and plasmin, the
synthesizing SMCs may themselves contribute to PCM/ECM
degradation.46 Although plasmin secreted by SMCs may
under certain conditions lead to their apoptotic death,47 the
secretion of proteases by plaque SMCs usually reflects a
physiological response necessary for focalized pericellular
proteolysis required for their division and movement, similar
to that described for the migration of other cell types.48
Therefore, it is unlikely that SMCs are the major PCM and
ECM degrading cells in the plaque, especially because their
number is significantly reduced in vulnerable atherosclerotic
plaques. A more likely explanation is that the infiltrating
inflammatory cells synthesize and secrete the proteolytic
enzymes responsible for the detrimental degradation of PCM
and ECM in the vulnerable areas of the plaques.

The Role of Macrophages in Plaque Erosion
and Rupture
Macrophages represent the most powerful inflammatory
component in atherosclerosis and are present in early and
advanced lesions, where they scavenge modified LDL particles and accumulate intracellular cholesterol. However, as a
response to modified LDLs, such as ox-LDL, the macrophages synthesize and secrete MMPs, notably MMP-1 and
MMP-9.49,50 MMPs, by being able to degrade all types of
ECM components, are thought to play a prominent role in
atherosclerosis and to contribute to cap rupture and erosion.51,52 In addition, by secreting cytotoxic compounds, such
as TNF-␣, FasL, and angiotensin II, infiltrating macrophages
may further activate the secretion of MMPs through autocrine
and/or paracrine mechanisms on neighboring cells.53 The
infiltrating macrophages may also directly reduce ECM
synthesis in the atherosclerotic plaque by inducing FasLmediated SMC apoptosis.54
Although macrophages are specialized phagocytes, ie,
capable of removing modified LDLs and apoptotic cell debris
by scavenger receptor-mediated phagocytosis, an excess of
ingested toxic substances may eventually lead to macrophage
dysfunction, followed by their apoptotic or necrotic death.55
Cholesterol in excess, with subsequent trafficking to the
endoplasmic reticulum membranes and activation of the
C/EBP homologous protein-10 arm of the unfolded protein
response, has been proposed as the key signaling step in
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cholesterol-induced apoptosis in macrophages.56 Moreover,
feeding macrophages in vitro with ox-LDL and associated
oxysterols resulted in a destabilization of the lysosomes with
leakage of cathepsins,57 which may, again, activate caspase-3
and cause extensive apoptosis of the macrophages.58 Such
ox-LDL–mediated apoptosis has been shown to involve the
surface receptor LOX-1, which is extensively expressed in
advanced atherosclerotic carotid arteries and colocalizes with
apoptotic cells.59 Although survival factors, such as uncoupling protein 2 (UCP2) and caspase-2, are upregulated in
response to DNA damage in macrophage-derived foam
cells,60,61 the balance between macrophage survival and death
in atherosclerotic lesions is clearly disturbed in favor of
death.18,20 Increased apoptosis and reduced phagocytotic
capacity may then lead to secondary necrosis, followed by
uncontrolled release of proteases capable of further inducing
ECM degradation and cell death, ie, a circulus vitiosus,
contributing to cap weakening and the growth of the necrotic
core of an atherosclerotic plaque.62
Expression of elastolytic enzymes, such as cathepsins S, K,
and F, is highly increased in atherosclerotic lesions, particularly in areas rich in macrophages63,64 and SMCs.62 Moreover, cystatin C, the natural inhibitor of such cysteine
proteases, is severely reduced in both atherosclerotic and
aneurysmal aortic lesions.65 These results suggest that lysosomal cathepsins, whether released by macrophages through
active secretion or through passive leakage from lysosomes
caused by toxic stress and cellular dysfunction, may participate in ECM degradation and plaque rupture.63

Lymphocytes in Plaque Erosion and Rupture
Cytotoxic T-lymphocytes and natural killer (NK) cells may
also contribute to ECM remodeling by producing and secreting serine proteases called granzymes, which are capable of
degrading ECM components such as fibrillar collagen, laminin, fibronectin, and proteoglycans.66 T-lymphocytes may
also induce MMP expression in SMCs by a CD40-mediated
mechanism further inducing ECM degradation.67 Although
NK cells are relatively rare in lesions, they have been shown
to secrete perforin, a protein capable of introducing the
granzymes directly into the cytoplasm of the structural target
cells by permeabilizing their plasma membrane.68 The granzymes have been shown to activate caspases inside target
cells and to trigger their apoptosis. Recently, it was shown
that perforin-expressing CD4⫹ T-lymphocytes were significantly increased in peripheral blood of patients with unstable
angina and that such cytotoxic CD4⫹ T-lymphocytes effectively killed human umbilical vein endothelial cells in culture.69 T-lymphocytes in human atherosclerotic plaques are
the major source of interferon-␥,70 and this proinflammatory
cytokine is capable of inducing apoptosis in macrophages by
upregulating the TNF-␣ receptor 1 and caspase-8.71 Importantly, patients with unstable angina have been found to have
a higher percentage of both CD4⫹ and CD8⫹ T-lymphocytes
expressing CD40L compared with patients with stable angina
pectoris or with healthy controls.72 Moreover, CD8⫹
T-lymphocytes are found at varying proportions in human
atherosclerotic lesions, and they may cause some of the
widespread apoptosis associated with atherosclerosis.70,73 Fi-

nally, T-lymphocytes in plaques may not only induce apoptosis of other cells but also undergo apoptosis themselves
when ox-LDL in the plaques increases their production of
FasL.74

Mast Cells in Plaque Erosion and Rupture
Mast cells are inflammatory cells best known for their pivotal
role in allergic diseases.75 They act as “sentinel cells” at the
interface of the host and environment and, when activated,
trigger acute allergic and ensuing sustained inflammatory
reactions.76 Mast cells are also present in the arterial wall,
where they form part of the inflammatory cell infiltrate and so
may contribute to the progression of atherosclerotic lesions.77–79 Increasing evidence shows that mast cells also may
play a role in the weakening and rupture of atherosclerotic
plaques.80
Activated mast cells release an array of mediators, such as
neutral serine proteases, cytokines, and proteoglycans,76,81
and many of which have pro-inflammatory properties. Mast
cell-derived mediators, such as tryptase,82 TNF-␣,83 and
histamine,84 can activate ECs to express adhesion molecules,
notably P-selectin and vascular cell adhesion molecule-1,
responsible for the recruitment of other inflammatory cells.
By secreting TNF-␣ and TGF-␤, mast cells are also able to
stimulate the production of MCP-1,85 and thus have the
potential to induce the infiltration of monocytes into an
atherosclerotic plaque. Taken together, these findings raise
the possibility that one mechanism by which mast cells may
participate in the weakening of the atherosclerotic plaque is
recruitment of inflammatory cells into the area.
Mast cells have also been proposed to play a direct role in
the weakening and rupture of plaques by increasing MMP
synthesis and activation, inhibiting SMC proliferation, and
inducing SMC and EC apoptosis.80 By releasing TNF-␣,86
mast cells can induce the synthesis and release of MMP-9 in
an autocrine fashion and in a paracrine fashion from macrophages.87,88 Mast cells also synthesize and release MMP-1,89
which has been found in atherosclerotic lesions.90 Chymase
and tryptase, the 2 major neutral proteases of human mast
cells, are capable of activating pro-MMP-191 and pro-MMP3,92 respectively. In addition, chymase and tryptase can
directly degrade PCM components, such as fibronectin and
vitronectin.43,44 Chymase may also reduce the synthesis of
ECM components by inhibiting the expression of collagen in
SMCs through TGF-␤– dependent or independent mechanisms.93 Furthermore, mast cell-derived heparin proteoglycans have been shown to inhibit the proliferation of rat SMCs
in vitro,94 suggesting that mast cells could participate in the
regulation of SMC growth in the vulnerable plaque.
Several mast cell-derived mediators, such as the neutral
protease chymase and TNF-␣, also have pro-apoptotic properties.95–98 Chymase has been shown to induce SMC apoptosis in vitro95 by a mechanism involving proteolytic degradation of the PCM component, fibronectin, with subsequent
disruption of focal adhesions (Figure 2).99 The isolated
chymase-produced fibronectin fragments are capable of inducing SMC apoptosis in a similar manner as disintegrins, a
family of low-molecular-weight arginine-glycine-aspartate–
containing peptides inducing EC apoptosis.100 The disinte-
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Figure 3. Schematic picture depicting a role for infiltrating inflammatory cells in the erosion and rupture of a coronary atherosclerotic plaque. The
infiltrating inflammatory cells, notably macrophages, T-lymphocytes, and mast cells, once activated, secrete a variety of proteases capable of inducing local degradation of the pericellular and extracellular components necessary for cell survival and plaque stability. In addition, in the coronary circulation, T-lymphocytes and neutrophils appear to be activated and to secrete agents capable of damaging the coronary endothelium. Neutrophils
may also enter an eroded or ruptured atherosclerotic plaque and further contribute to its pathological remodeling. The scenario provides a mechanistic explanation for the inflammation-dependent plaque weakening and rupture, caused by proteolytic degradation of both PCM and ECM of the
plaque. Note: in the boxed area, the proteinases secreted by the infiltrating inflammatory cells and capable of degrading the pericellular and extracellular components are listed together with the respective parent inflammatory cell.

grins are also able to inhibit angiogenesis by provoking
endothelial cell detachment and apoptosis.100 Moreover, in
coculture studies, mast cell activation has been shown to
induce EC apoptosis by a mechanism that involves TNF-␣–
mediated downregulation of bcl-2 expression.96 The mast
cell-mediated pro-apoptotic effect seems to be purely paracrine, because the activated mast cells themselves survive the
process of degranulation by overexpressing the prosurvival
bcl-2 homologue A1.101

Neutrophils in Plaque Erosion and Rupture
In contrast to macrophages, T-lymphocytes, and mast cells,
the presence of neutrophils in unstable lesions have received
only little attention, despite the fact that neutrophils are the
first-appearing phagocytic cells in acute inflammatory responses to tissue injury, and they have also been identified at
sites of plaque rupture.102 Recent evidence shows that neutrophil infiltrates are present in culprit lesions in acute
coronary syndromes,103 and accumulation of neutrophils occurs at the site of endothelial denudation almost instantly
after coronary artery bypass grafting.104 Clinical studies have
also shown that neutrophils become activated in the coronary
circulation of patients with unstable angina pectoris and acute
myocardial infarction.105–107
Activated neutrophils are known to release a variety of
enzymes, such as elastase, myeloperoxidase, and neutrophil

proteinase 3 (PR3), which are all capable of degrading ECM
and/or inducing apoptosis. In particular, neutrophil elastase
has been shown to mediate degradation of endothelial basement membrane constituents and to cause endothelial apoptosis.108 PR3 is a caspase-like protease that may enter the
endothelial cells and then cleave NF-B, inducing sustained
activation of JNK and inactivation of the major cell cycle
inhibitor p21. Thus, PR3, as an exogenous caspase-like
molecule, can sidestep intracellular caspase functions at sites
of inflammation.109 It was also recently shown that PMNs
contain perforin and granzyme B, the 2 molecules known as
the cytotoxic entity of NK cells and cytotoxic
T-lymphocytes.110 Thus, neutrophil activation with secretion
of proteolytic enzymes may be another potential ECM- and
PCM-degrading component in acute coronary syndromes.
However, because neutrophils are seldom seen in stable
plaques with intact endothelium, their presence in unstable
plaques of patients with acute coronary syndromes may be a
secondary result of the superimposed “acute” inflammation
that occurs only after a mural thrombus has developed at the
site of erosion or rupture. Although neutrophils appear to
become activated in the coronary circulation and attached to
plaque surface only after erosion or rupture, their vast array of
proinflammatory components, once released, may play a
pathogenic role in the propagation of ACSs and therefore
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significantly affect the clinical outcome of an acute coronary
event.

Conclusions
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A novel link between local inflammation in coronary plaques
and acute coronary syndromes is emerging. The infiltrating
inflammatory cells, such as macrophages, lymphocytes, and
mast cells, have been found to secrete a variety of proteases
capable of degrading matrix components, followed by death
of intimal SMCs and ECs, and therefore provide a mechanistic explanation for the inflammation-dependent plaque weakening and rupture (Figure 3). In addition, in the coronary
circulation, T-lymphocytes and neutrophils appear to be
activated and to secrete agents capable of damaging the
coronary endothelium. Thus, the vulnerability of an atherosclerotic plaque critically depends not only on the integrity of
the ECM components, such as fibrillar collagen, but also on
the integrity of the PCM surrounding plaque cells and
ultimately on the survival of the plaque cells themselves.
However, for this hypothesis to become useful in understanding the conversion of a clinically silent plaque into a
dangerous and potentially killing plaque, better animal models of plaque erosion and rupture need to be established.
Hopefully then, comparison of the results from human
pathology, from in vivo animal studies, and from cell culture
experiments will pave the way to the solution of the riddle of
the vulnerable plaque. Ultimately, the question “to erode or
rupture or not” may critically depend on the proteolytic
mechanisms governing the balance between cell survival and
death in the atherosclerotic plaque.
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expressed in human atherosclerotic lesions, is secreted by cultured
macrophages, and modifies LDL particles in vitro. J Biol Chem. 2004;
Jun 7. Epub ahead of print.
65. Shi GP, Sukhova GK, Grubb A, Ducharme A, Rhode LH, Lee RT,
Ridker PM, Libby P, Chapman HA. Cystatin C deficiency in human
atherosclerosis and aortic aneurysms. J Clin Invest. 1999;104:
1191–1197.
66. Edwards KM, Kam CM, Powers JC, Trapani JA. The Human Cytotoxic
T Cell Granule Serine Protease Granzyme H Has Chymotrypsin-like
(Chymase) Activity and Is Taken Up into Cytoplasmic Vesicles Reminiscent of Granzyme B-containing Endosomes. J Biol Chem. 1999;274:
30468 –30473.
67. Schonbeck U, Mach F, Sukhova GK, Murphy C, Bonnefoy JY, Fabunmi
RP, Libby P. Regulation of matrix metalloproteinase expression in
human vascular smooth muscle cells by T lymphocytes: a role for CD40
signaling in plaque rupture? Circ Res. 1997;81:448 – 454.
68. Seko Y, Sato O, Takagi A, Tada Y, Matsuo H, Yagita H, Okumura K,
Yazaki Y. Perforin-secreting killer cell infiltration in the aortic tissue of
patients with atherosclerotic aortic aneurysm. Jpn Circ J. 1997;61:
965–970.
69. Nakajima T, Schulte S, Warrington KJ, Kopecky SL, Frye RL, Goronzy
JJ, Weyand CM. T-cell-mediated lysis of endothelial cells in acute
coronary syndromes. Circulation. 2002;105:570 –575.
70. Hansson GK. Immune Mechanisms in Atherosclerosis. Arterioscler
Thromb Vasc Biol. 2001;21:1876 –1890.
71. Inagaki Y, Yamagishi S, Amano S, Okamoto T, Koga K, Makita Z.
INF-␥-induced apoptosis and activation of THP-1 macrophages. Life
Sci. 2002;71:2499 –2508.
72. Aukrust P, Muller F, Ueland T, Berget T, Aaser E, Brunsvig A, Solum
NO, Forfang K, Froland SS, Gullestad L. Enhanced Levels of Soluble
and Membrane-Bound CD40 Ligand in Patients With Unstable Angina
: Possible Reflection of T Lymphocyte and Platelet Involvement in the
Pathogenesis of Acute Coronary Syndromes. Circulation. 1999;100:
614 – 620.
73. Geng YJ, Henderson LE, Levesque EB, Muszynski M, Libby P. Fas is
expressed in human atherosclerotic intima and promotes apoptosis of
cytokine-primed human vascular smooth muscle cells. Arterioscler
Thromb Vasc Biol. 1997;17:2200 –2208.
74. Alcouffe J, Therville N, Segui B, Nazzal D, Blaes N, Salvayre R,
Thomsen M, Benoist H. Expression of membrane-bound and soluble

1358

75.

76.
77.

78.

79.

80.

81.

Downloaded from http://atvb.ahajournals.org/ by guest on April 23, 2018

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Arterioscler Thromb Vasc Biol.

August 2004

FasL in Fas- and FADD-dependent T lymphocyte apoptosis induced by
mildly oxidized LDL. FASEB J. 2003;18:122–124.
Williams CM, Galli SJ. The diverse potential effector and immunoregulatory roles of mast cells in allergic disease. J Allergy Clin Immunol.
2000;105:847– 859.
Galli SJ. New concepts about the mast cell. N Engl J Med. 1993;328:
257–265.
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