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Abstract

The fibrous cap of a lipid-containing atherosclerotic plaque consists of collagen produced by arterial smooth muscle cells (SMCs) of
synthetic phenotype. A thick cap protects the lipid-rich core, whereas a thin cap predisposes it to rupture, with ensuing acute clinical
complications, such as myocardial infarction. Among the pathological mechanisms leading to plaque weakening and rupture, one
possibility is loss of the matrix-synthesizing SMCs. Indeed, caps of ruptured coronary plaques contain a reduced number of SMCs. In
contrast, in such lesions, the number of activated inflammatory cells, such as mast cells, is increased, suggesting that they may regulate the
SMC number. We have shown that heparin proteoglycans secreted by activated mast cells can efficiently inhibit proliferation of SMCs in
vitro and reduce their ability to produce collagen. Chymase, a neutral serine protease secreted by activated mast cells, can also inhibit
SMC-mediated collagen synthesis by a transforming growth factor-f-dependent and -independent mechanism, and moreover, cause
degradation of the collagen matrix by activating latent interstitial collagenase (MMP-1). Furthermore, chymase can induce SMC apoptosis
by degrading the extracellular matrix component fibronectin necessary for SMC adhesion, with subsequent disruption of focal adhesions
and loss of outside-in survival signaling. Thus, activated mast cells may participate in the weakening and rupture of atherosclerotic plaques
by secreting mediators, such as heparin proteoglycans and chymase, which affect the growth, function and death of arterial SMCs.
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1. Initiation and progression of the atherosclerotic
disease

Atherosclerosis is a slowly progressing disease charac-
terized by accumulation of lipids and fibrous elements in
the innermost layer of the arterial wall, the intima [1]. The
first visible sign of an ongoing process of atherosclerosis is
the formation of fatty streaks, i.e. the intracellular accu-
mulation of lipids in phagocytes, mainly monocyte-derived
macrophages. Fatty streaks are the cellular hallmark of
atherogenesis, but they never obstruct the arterial lumen,
and are clinically silent [2]. However, they are precursors of
true atherosclerotic lesions, the atheromas or atherosclero-
tic plaques, in which lipids also accumulate extracellularly
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deep in the intima, so forming a lipid core [3]. The
formation of an atherosclerotic plaque is the first sign of
a clinically significant atherosclerotic lesion [4].

2. Coronary plaque rupture—clinical manifestation
of the atherosclerotic disease

The most important mechanism of the onset of acute
coronary syndromes, including unstable angina, acute
myocardial infarction and sudden cardiac death, is the
rupture of such a coronary atherosclerotic plaque, with
ensuing thrombotic occlusion of the coronary artery [5-7].
The risk of plaque rupture appears to depend critically on
both the quantity and quality of the cellular and extra-
cellular matrix components of the fibrous cap of an
advanced atherosclerotic plaque [8]. Typically, a stable
plaque has a small lipid core and a thick fibrous cap, being
rich in SMCs and collagen but poor in inflammatory cells.



1494 M.J. Leskinen et al./Biochemical Pharmacology 66 (2003) 1493—1498

In contrast, a lesion with a large lipid core and a thin fibrous
cap, containing only a few SMCs and little collagen but
many inflammatory cells, is prone to rupture [9]. The
central role of inflammation in plaque rupture is supported
by the observation that the number of inflammatory cells,
such as macrophages, T-lymphocytes and mast cells, is
increased at sites of plaque rupture [10-12].

3. The mast cell—an inflammatory cell present
in the atherosclerotic plaque

In coronary plaques, mast cells are present in the rup-
ture-prone border region connecting the fibrous cap and the
normal intima, i.e. the shoulder region (on average, 6 mast
cells/mmz), as well as in the fibrous cap and in the core
regions (on average, 2 mast cells/mm?) [13]. Interestingly,
the activated and degranulated mast cells, as a proportion
of all the mast cells in the respective area, is especially high
in the shoulder region (85%) as compared with the normal
intima (18%). When mast cells are activated in vivo or in
vitro through either IgE-mediated crosslinking of Fc-epsi-
lon-RI [14], by histamine releasing factors secreted by
neighboring T lymphocytes [15] or macrophages [16], or
by components of the complement system (C3a, C5a) [17],
they release the content of their secretory granules in a
process of exocytosis called degranulation. The secretory
granules, consisting of preformed mediators bound to a
network of negatively charged heparin and chondroitin
sulfate proteoglycans, become swollen, and their indivi-
dual membranes fuse to form tubular degranulation chan-
nels in which the granules lie in chains [18]. The
degranulation channels then open to the extracellular fluid,
and the soluble components of the granules, such as
histamine, diffuse away. In contrast, the heparin proteo-
glycans and the mast cell-specific neutral proteases (e.g.
chymase and carboxypeptidase A) remain tightly bound to
each other, forming proteolytically active extracellular
“granule remnants” [19]. The exocytosed remnants are
eventually ingested by adjacent phagocytes, such as
macrophages and smooth muscle cells [20,21]. The acti-
vated and degranulated mast cells reconstitute their lost
preformed mediators through rapid onset of de novo
synthesis, so allowing formation of new secretory granules.
Finally, the recovered mast cells are ready to participate in
a new process of activation and degranulation [22].

It is noteworthy that patients who died of acute myo-
cardial infarction had, at the sites of plaque erosion or
rupture, on average 25 mast cells/mm? (6% of all nucleated
cells), of which 86% were activated [12]. In both the
adjacent atheromatous area and the unaffected intimal
area, mast cells were less abundant (1 and 0.1% of all
nucleated cells). Interestingly, the degree of degranulation
was found to be higher in intimal areas with increased
numbers of macrophages and T-lymphocytes, suggesting
that the factors responsible for mast cell degranulation

in vivo may be of inflammatory origin. Since the comple-
ment cascade is activated in the advanced human coronary
plaque [23], some of its active compounds, notably the
anaphylatoxins C5a and C3a, may locally stimulate the
coronary mast cells to degranulate.

4. The activated mast cell—a potential regulator of
SMC growth, function and death

The role of mast cells in the destabilization of coronary
atheromas have been further studied in coronary atherect-
omy specimens from patients with chronic stable angina,
unstable angina, and severe unstable angina [24]. The
study shows that the numbers of mast cells correlate with
the clinical severity of the syndrome. Thus, the average
densities of mast cells in the lesions were 1, 2.5 and 5 mast
cells/mm? in chronic stable, unstable, and severe unstable
angina, respectively. Similarly, the numbers of T-lympho-
cytes and macrophages also gradually increased, whereas,
the number of SMCs decreased as the severity of the
clinical presentation of coronary artery disease increased.
The above findings are consistent with the hypothesis that
the infiltrates of mast cells, macrophages and T-lympho-
cytes may affect SMC growth and death. Furthermore,
this suggests that these inflammatory cells are present in
the lesions prior to erosion or rupture, rather than being
mere participants in the inflammatory response subsequent
to the symptom-causing ulceration.

4.1. Inhibition of SMC proliferation

When sensitized (IgE-bearing) rat serosal mast cells
were stimulated (with antigen) to degranulate in the pre-
sence of rat aortic smooth muscle cells, the rate of pro-
liferation of the cocultured SMCs decreased sharply [25].
The inhibitory effect was found to depend on the very high
molecular weight heparin proteoglycans (average M,
750,000) released from the stimulated mast cells. Addition
of such purified heparin proteoglycans to SMCs in culture
efficiently blocked their cell cycle at the transition from GO
to S phase and the exit from the G2/M phase. The inhi-
bitory effect of the mast cell-derived heparin proteoglycans
resembled that of commercial heparin, but was more
efficient than commercial heparin of high (average M,
15,000) or low (average M, 5000) molecular weight.
Heparin glycosaminoglycans (average M, 75,000) purified
from the mast cell-derived heparin proteoglycans also
inhibited SMC growth efficiently, although less strongly
than their parent heparin proteoglycans. Kazi et al. [26] has
recently shown that heparin functions by inhibiting the
activation of the extracellular signal-regulated kinase,
ERK 1 and 2. Thus, activated coronary mast cells, by
releasing heparin proteoglycans, could participate in
the local regulation of SMC growth in the plaque [25]
(see Fig. 1, step A).
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Fig. 1. A schematic model illustrating the various effects of activated intimal mast cells on intimal SMC growth, function and death, in the pathological
process of weakening and rupture of an atherosclerotic plaque. The model depicts how activated mast cells in the shoulder region (the magnified area)
of an atherosclerotic plaque may (A) inhibit SMC proliferation, (B) inhibit SMC-mediated collagen synthesis, (C) induce the secretion and activation

of MMPs, leading to collagen degradation, and (D) induce SMC apoptosis. The mediators involved in each effect are described in more detail in the
corresponding text.

4.2. Inhibition of SMC-mediated collagen synthesis

Mast cell chymase can also inhibit SMC growth and
collagen expression in vitro through either a TGF-3-depen-
dent or a TGF-B-independent mechanism [27]. Thus,
we found that addition of purified chymase to cultured
rat aortic SMCs of the synthetic phenotype (s-SMCs)
inhibited their proliferation by blocking the GO/G1 — S
transition in the cell cycle. Furthermore, purified rat chy-
mase and recombinant human chymase inhibited the

mRNA expression of type I and type III collagen in rat
aortic s-SMCs and in human coronary arterial SMCs,
respectively [27]. Since SMCs are the sole producers of
the tensile components of the extracellular matrix (notably
of collagen type I), a decrease in their numbers would
lead to diminished production of the plaque-stabilizing

molecules and, therefore, to reduced plaque stability (see
Fig. 1, step B).

4.3. Induction of MMP synthesis and MMP-mediated
collagen degradation

Mast cells in rupture-prone areas of human coronary
atheromas also contain the potent proinflammatory cyto-
kine TNF-a [28], which in vitro can induce both paracrine
and autocrine synthesis and release of the 92 kDa gelati-
nase or matrix metalloproteinase 9 (MMP-9) from macro-
phages [29] and from mast cells [30], respectively. Indeed,
in coronary atherectomy specimens from patients with

chronic stable angina, unstable angina and severe unstable
angina, the highest numbers of TNF-a-positive mast cells
and of MMP-9-positive macrophages were found in
the patients with the most severe symptoms [23]. These
observations suggest that, in unstable angina, coronary
mast cells release TNF-o, which, via activation of nuclear

factor-kappa-B, induces the production of MMP-9 in the
neighboring macrophages.
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Mast cells may also directly synthesize and release
MMPs, such as interstitial collagenase (MMP-1) [31]
and 92-kDa gelatinase (MMP-9), both of which have been
found in atherosclerotic lesions [29,32]. In addition, chy-
mase and tryptase, the two major neutral proteases of
human mast cells, are both capable of degrading the
pericellular matrix components, fibronectin and vitronectin
[33,34]. They may also trigger a more extensive degrada-
tion of the surrounding extracellular matrix, by effectively
activating locally secreted MMPs. MMPs are synthesized
and secreted as zymogens, i.e. as inactive proenzymes
(proMMPs), and, consequently, have to be activated upon
secretion [35]. Interestingly, human skin chymase can
effectively activate proMMP-1 by cleaving the proenzyme
at the Leu83-Thr84 position [36]. Moreover, tryptase can
activate prostromelysin (proMMP-3) [37], which, in addi-
tion to being a powerful matrix-degrading enzyme, can
activate other proMMPs.

Thus, novel functions for activated intimal mast cells are
emerging. These functions relate to the hypothesis that
coronary atheromas may rupture because of a locally
increased activity of the enzymes involved in digestion
of the extracellular matrix [8,38]. Indeed, in the human
arterial intima, mast cells are the major local source of
active neutral proteases, suggesting that they may contri-
bute to the weakening and rupture of the atherosclerotic
plaques either by directly affecting plaque remodeling, or
by activating MMPs capable of degrading most of the
extracellular matrix components (see Fig. 1, step C).

4.4. Induction of SMC apoptosis

Activated mast cells secrete large amounts of pre and
newly formed mediators, which participate in the inflam-
matory reactions. Several of these mast cell-derived med-
iators, such as TNF-a and chymase, have proapoptotic
properties [39—41]. Indeed, we have recently shown that
chymase released from activated rat serosal mast cells is
able to induce apoptosis in rat vascular SMCs in vitro [42].
The relevance of this finding was further confirmed in a
human cell culture system, using recombinant human
chymase and human coronary artery SMCs.

The mechanism of chymase-induced apoptosis of SMCs
involves proteolytic degradation of the extracellular matrix
component, fibronectin, with subsequent disruption of
focal adhesions in the SMCs [43]. Focal adhesion kinase
(FAK), one of the key mediators of focal adhesions and
SMC survival, was rapidly degraded in the presence of
chymase and/or fibronectin degradation products. Subse-
quently, downstream mediators of the focal adhesion
kinase-dependent survival-signaling pathway, such as
Akt, were inactivated by dephosphorylation [43]. Chy-
mase-induced SMC apoptosis could also be inhibited by
sodium orthovanadate, a wide spectrum inhibitor of tyrosine
phosphatases, confirming the critical role of dephosphor-
ylation in chymase-mediated SMC apoptosis. Interestingly,

a recent study indicates that chymase has a biological
function in fibronectin turnover [44]. Briefly, a mouse strain
with a defect in its heparin biosynthesis showed signifi-
cantly reduced levels of chymase, with an altered proces-
sing of fibronectin, i.e. loss of fibronectin degradation,
suggesting that chymase is the major fibronectin-degrading
enzyme in vivo.

In contrast to other neutral proteases, chymase in its
natural form, i.e. bound to heparin proteoglycans is also
capable of inducing SMC apoptosis in the presence of
natural protease inhibitors [43]. This confirms the finding
that chymase, when bound to the heparin proteoglycan
chains of the exocytosed mast cell granules, is capable of
exerting proteolytic activities even in the presence of
physiological inhibitors, such as a-antitrypsin, o,-macro-
globulin, and o;-antichymotrypsin [45]. Interestingly,
the mast cell-mediated proapoptotic effect seems to
be purely paracrine, since the activated mast cells them-
selves survive the process of degranulation by over-
expressing the prosurvival bcl-2 homologue Al [46]
(see Fig. 1, step D).

5. Conclusions

Taken together, these in vitro and in vivo findings point
to the participation of a new plaque-destabilizing factor in
acute coronary syndromes, i.e. the presence of activated
mast cells in the vulnerable coronary plaques. Thus, by
releasing neutral proteases, heparin proteoglycans and
proinflammatory cytokines, activated mast cells may affect
the growth, function, and death of intimal SMCs that are
critical for the stability of the atherosclerotic plaque. The
above experimental studies also suggest the important
function of extracellular matrix components and integ-
rin-mediated “‘outside-in signaling” in determining the
life and death of these intimal cells.

Although, activated intimal mast cells appear to be a
highly potential source of molecules capable of affecting
plaque remodeling, the role of other inflammatory cells in
the process of plaque weakening and rupture should not be
underscored. In this context, the mast cell-mediated remo-
deling of the plaque, as described above, serves as a model
for the overall role of inflammatory cells in the patholo-
gical process of plaque rupture. Future experiments will be
necessary to determine the importance of the individual
types of inflammatory cells in the onset, progression and
execution of the pathological processes ultimately culmi-
nating in the rupture of an atherosclerotic plaque.
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