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Background and Purpose—We studied matrix metalloproteinases (MMP) 2, 8, and 9 and extracellular matrix
metalloproteinase inducer (EMMPRIN) levels in relation to carotid atherosclerotic plaque characteristics.

Methods—Carotid atherosclerotic plaques (n�150) were stained and analyzed for the presence of collagen, smooth muscle
cell (SMC), and macrophages. Adjacent segments were used to isolate total protein to assess MMP-2 and MMP-9
activities and gelatin breakdown, MMP-8 activity, and EMMPRIN levels.

Results—Macrophage-rich lesions revealed higher MMP-8 and MMP-9 activities, whereas SMC-rich lesions showed
higher MMP-2 activity. The levels of less glycosylated EMMPRIN-45kD were higher in SMC-rich lesions and lower
in macrophage-rich plaques. EMMPRIN-45kD was associated with MMP-2 levels, whereas EMMPRIN-58kD was
related to MMP-9 levels.

Conclusions—MMP-2, MMP-8, and MMP-9 activities differed among carotid plaque phenotypes. Different EMMPRIN
glycosylation forms are associated with either MMP-2 or MMP-9 activity, which suggests that EMMPRIN glycosylation
may play a role in MMP regulation and plaque destabilization. (Stroke. 2006;37:235-239.)
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Atherosclerosis is characterized by remodeling of the
extracellular matrix and the accumulation of lipids and

inflammatory cells.1 Advanced stable atherosclerotic plaques
are rich in collagen and smooth muscle cells (SMCs),
whereas a large lipid core covered by a thin fibrous cap with
a dense inflammatory infiltrate characterizes unstable and
ruptured plaques.2 Increased expressions of matrix metallo-
proteinases (MMPs) 1, 2, 3, 7, 8, 9, and 13 are found in
macrophages and in SMCs covering the shoulder regions of
atherosclerotic plaques.3

Extracellular MMP inducer (EMMPRIN) stimulates the
production of different MMPs.4 EMMPRIN has been identi-
fied in human macrophage–rich atheroma.5 However, the
relation of EMMPRIN with plaque characteristics and MMP
expression remains to be elucidated. In the present study,
carotid endarterectomy plaque characteristics were associated

with MMP-2, MMP-8, and MMP-9 activities and EMMPRIN
expression levels.

Methods
Athero-Express is an ongoing multicenter study in which carotid
atherosclerotic specimen are obtained from patients undergoing
endarterectomy.6 Segments of the culprit lesion of each plaque were
studied semiquantitatively for collagen content, SMCs, and macro-
phages and classified as no/minor or moderately/heavily stained.
Moreover, an overall plaque phenotype was assigned to each lesion
based on overall appearance.

The adjacent segment was used to isolate total protein and MMP-2,
MMP-8, and MMP-9. Total MMP activities were measured using the
Biotrak activity assays RPN2631, RPN2635, and RPN2634, respec-
tively (Amersham Biosciences). To determine pro- and active MMP-2
and MMP-9 levels in each plaque, zymography was performed as
described elsewhere.7 EMMPRIN expression levels were determined by
Western blotting (sc-9753, Santa Cruz Biotechnology).
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Human SMCs (CRL-1999, American Type Culture Collection)
and monocytes (THP-1 and TIB-202, American Type Culture
Collection) were cultured according to the manufacturer. Total cell
protein was isolated by using Tripure Isolation Reagent (Boehringer
Mannheim), and EMMPRIN expression and MMP activity were
studied.

Data are presented as mean and 95% CI. One-way ANOVA,
Mann–Whitney test, or Kruskal–Wallis test was used to compare
differences among histological sections and EMMPRIN with MMP
levels. P values of �0.05 were considered significant.

Results
MMP-9 levels were increased in atheromatous plaques and in
plaques that revealed more CD68, less �-actin, and less
collagen staining (Figure 1). MMP-8 activity levels were
increased in plaques that revealed more CD68 staining. In
contrast, MMP-2 activity levels were increased in fibrous
plaques and in plaques with more SMC staining. Regression
analysis among MMP-2, MMP-8, and MMP-9 levels showed

Figure 1. MMP and EMMPRIN expression levels in sections stained for CD68 (macrophages), �-actin (SMCs), collagen, and the overall
phenotype of the plaque. (Data in mean and 95% CI. *P�0.05; ��no/minor staining, ��moderate/heavy staining; F�fibrous,
F-A�fibroatheromatous, and A�atheromatous).
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a relation between MMP-8 and MMP-9 (r�0.59, B�1.38,
P�0.001).

Higher EMMPRIN-45kD levels were observed in sections
heavily stained for SMC, but lower EMMPRIN-45kD expres-
sion levels were found in macrophages-rich sections. No
differences in EMMPRIN-58kD levels were observed be-
tween groups.

EMMPRIN has been reported to induce MMP expression
and not MMP activation directly. Therefore, we studied the
relation between EMMPRIN levels not only with MMP
activity levels but also with the amount of gelatin breakdown
of the individual active and inactive MMP-2 and MMP-9
levels obtained by zymography. Regression analysis between
both MMP methods revealed a consistent expression pattern
and comparable plaque results (data not shown).

A significant relation was observed between EMMPRIN-
45kD and MMP-2, and an inverse relation was observed with
MMP-8 and 9 activity levels (Figure 2). Also, a significant
correlation between EMMPRIN-45kD and gelatin breakdown
by pro-MMP-2 levels was detected. EMMPRIN-58kD was
inversely associated with gelatin breakdown by pro-MMP-2 and
with active MMP-9, as determined by zymography (Figure 2).

Immunoreactivity to EMMPRIN in the atherosclerotic
lesions was observed in both macrophage-rich and SMC-rich
areas (Figure 3A and 3B). This was confirmed on cell lysates
of cultured SMCs and macrophages (Figure 3C). Interest-
ingly, macrophages contained relatively more EMMPRIN-
58kD and MMP-9, whereas SMCs produced more EMMPRIN-
45kD and MMP-2 (Figure 3D), confirming the observations
in atherosclerotic plaques.

Figure 2. Correlations between EMMPRIN-45kD and -58kD and (A) quantitative MMP activity levels, or (B) gelatin breakdown by active
and inactive MMP bands, as determined by zymography (*P�0.05). Continuous MMP variables were categorized into percentile groups
(quartiles) and plotted against EMMPRIN expression.
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Discussion
We demonstrated previously that unstable plaque character-
istics are associated with clinical symptoms.6 Here, we
observed that MMP-2, MMP-8, and MMP-9 activities dif-
fered among carotid plaque phenotypes. Previous studies
observed that MMP-9 immunostaining mostly colocalizes
with macrophages3,7 and relates to unstable carotid plaques.8

Our results confirm the association between MMP-9 and an
unstable plaque type. Because intact collagens are not sub-
strates for MMP-9, this enzyme cannot be solely responsible
for plaque rupture. Recently, increased MMP-8 activity was
observed in unstable carotid plaques colocalized with CD68
positive cells.9 Here we confirmed the association among
MMP-8, MMP-9, and an inflammatory plaque phenotype.

We observed previously a more diffuse staining throughout
the atherosclerotic plaque for MMP-2 not specifically colo-
calized with macrophages and that both MMP-2 and MMP-9
immunoreactivity were more prevalent in expansively remod-
eled plaques,7 associated with unstable angina.10 However, in
the present study, a large number of specimens was studied
showing a clear differentiation in MMP-2 expression among
plaque phenotypes. Increased MMP-2 activity levels were
associated with SMC presence and a fibrous phenotype,
suggesting that MMP-2 expression is associated with a stable
lesion phenotype.

Different forms of EMMPRIN can be produced by differ-
ent modes of glycosylation,11 but it remains to be elucidated
how glycosylation can regulate its induction capacity. In the
present study, EMMPRIN-45kD expression levels correlated
with the presence of SMC, whereas EMMPRIN-58kD was

expressed by both macrophages and SMCs but more abun-
dantly by macrophages. Furthermore, both EMMPRIN forms
were associated with different MMP expression patterns. This
suggests that different cell types produce different amounts of
EMMPRIN-45kD and -58kD, resulting in a different MMP
repertoire. Preliminary analysis revealed a trend to decreased
EMMPRIN-45kD and increased EMMPRIN-58kD levels in
patients with clinical symptoms (data not shown).

In conclusion, MMP-8 and MMP-9 activity levels are
increased in more unstable plaques, whereas MMP-2 activity
levels are higher in stable lesions. MMP expressions were
associated with differently glycosylated EMMPRIN forms.
Differences in EMMPRIN forms are also observed among
plaque phenotypes; therefore, EMMPRIN may play a role in
MMP regulation and plaque destabilization.
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