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Abstract. The rupture of atherosclerotic plaque provokes 
the majority of acute cerebrovascular events. Studies have 
demonstrated that various matrix metalloproteinases (MMPs) 
may promote atherosclerotic plaque progression and rupture. 
However, results have been incongruous and the mechanisms 
of this remain obscured. Therefore, in the current study, 
carotid plaques were characterized by assessing the levels 
of MMPs and calcification factors, and evaluating their 
association with plaque vulnerability. Human carotid plaques 
were obtained from carotid endarterectomies, and classi-
fied into stable and vulnerable groups by ultrasonography 
and histological analyses. The mRNA and protein levels of 
MMPs, vascular endothelial growth factor (VEGF), bone 
sialoprotein 2 (BSP) and osteopontin were investigated by 
reverse transcription-quantitative polymerase chain reaction 
and western blotting, respectively. Immunohistochemistry was 
used to localize MMP-2 and MMP-14 in stable and vulnerable 
plaques. The activation of various associated signaling path-
ways was also investigated using western blotting. The mRNA 
levels of MMP-2, -7, -9 and -14 were elevated in vulnerable 
plaques, among which expression of MMP-2 and -14 were the 
highest. Consistent with the mRNA levels, the protein levels 
of MMP-2 and -14 were also elevated. Immunohistochemistry 
also demonstrated positive staining of MMP-2 and MMP-14 
in vulnerable plaques. Factors that indicate neovascularization 
and calcification, including VEGF and BSP, were concurrently 

elevated in vulnerable plaques. In addition, the protein levels 
of extracellular regulated kinase (ERK) and protein kinase C 
(PKC) were upregulated in vulnerable plaques. The current 
study provides novel insights into the MMP profiles of vulner-
ability plaques, and may assist in the development of novel 
methods for the diagnosis of plaque vulnerability and the 
prevention of plaque rupture.

Introduction

Carotid atherosclerotic plaque rupture and secondary 
thrombosis are two of the prominent causes of ischemic 
stroke (1). Carotid artery lesions account for 30% of ischemic 
strokes (2,3). Plaques are divided into stable and vulnerable 
plaques (4). Vulnerable plaques refer to those that rupture 
easily, are prothrombotic and unstable (5). When a vulnerable 
plaque ruptures and becomes an embolus, the cerebral artery 
occludes, which eventually leads to ischemic stroke (6). As 
a result, it is of great clinical interest to stabilize vulnerable 
plaques.

Usually, plaques prone to rupture are morphologically char-
acterized as having a thin fibrous cap overlaying a large lipid 
core (7). A fibrous cap primarily consists of vascular smooth 
muscle cells (VSMCs) and the extracellular matrix (ECM) (8). 
The remodeling and transformation of the ECM are important 
steps in the genesis and development of atherosclerosis (9). 
Under normal circumstances, a dynamic equilibrium exists 
between the generation and degradation of the ECM (10). 
Increasing evidence suggests that matrix metalloproteinases 
(MMPs) are one of the main factors degrading the ECM, 
which causes the rupture of plaques (11,12). MMPs belong 
to the calcium-dependent zinc-containing protease super-
family (13). At present, >20 members of the MMP family have 
been identified (14). However, the roles that different MMPs 
serve in plaque stability have not been extensively studied. For 
example, Graham et al (15) revealed that the higher the serum 
MMP-9 level, the more unstable the plaque, suggesting that 
MMP-9 is associated with the plaque stability. Heo et al (16) 
revealed that MMP-2 and MMP-9 were highly expressed in the 
ulcerated plaques, suggesting that MMP-2 and MMP-9 may 
correlate with plaque rupture. In addition, only a small amount 
of data exists that allows for the quantitative and systematic 
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evaluation of the expression of various types of MMPs in 
human carotid plaques, and determines the key factors that are 
associated with plaque vulnerability (17).

The vulnerability of plaques is a rather complicated issue 
in which neovascularization and calcification factors are 
involved (18,19). Calcification is a pivotal event in the develop-
ment of atherosclerosis (20,21). During vascular calcification, 
VSMCs synthesize several osteogenic factors, including 
osteopontin (OPN) and bone sialoprotein 2 (BSP) (22,23). 
OPN and BSP are considered to be important enzymes for 
the generation of calcium salt (24). However, the correlation 
between the associated factors, including BSP and OPN, and 
plaque stability remains unclear.

In the present study, carotid atherosclerotic plaques samples 
were obtained from patients undergoing carotid endarterecto-
mies (CEA). Carotid atherosclerotic plaques were divided into 
stable and vulnerable groups. The expression levels of various 
types of MMPs, vascular endothelial growth factor (VEGF), 
BSP and OPN were compared between the two groups. The 
current study provided insight into the development of an 
improved method of plaque vulnerability diagnosis, and a 
possible therapy aimed at inhibiting plaque formation and 
stabilizing plaques to prevent plaque rupture.

Materials and methods

Carotid plaque specimens. Carotid plaques were collected 
from patients undergoing CEA in the Department of 
Neurosurgery of the First Affiliated Hospital of Soochow 
University (Suzhou, China). A total of 64 patients (56 men 
and 8 women, age 54-82 years) were recruited between 
February 2014 and February 2016. All patients underwent 
carotid duplex ultrasound, magnetic resonance imaging, 
computer tomography perfusion (CTP), computer tomography 
angiography (CTA) and/or digital subtraction angiography 
(DSA) prior to and following surgery. Plaques were defined as 
vulnerable if they had any one of the following characteristics: 
i) Active inflammation (monocyte/macrophage infiltration, 
occasionally with T lymphocyte infiltration); ii) a thin fibrous 
cap (thickness <65 um), accompanied by large lipid core (lipid 
composition >40%); iii) endothelial cell loss with platelet 
aggregation on the surface of plaques; iv) rupture of the fibrous 
cap; v) severe vessel stenosis >90%; or if they had a minimum 
of two of the following characteristics: i) Calcified nodules in 
plaque surface; ii) intraplaque hemorrhage; iii) dysfunction of 
endothelial cells in the plaque; iv) vascular remodeling (25). 
Based on the aforementioned criteria, the atherosclerotic 
carotid plaque samples were divided into 30 stable plaques 
and 34 vulnerable plaques. Written consent was obtained from 
each patient. The experimental protocol was approved by the 
Ethics Committee of the First Affiliated Hospital of Soochow 
University (approval no. 2011310044).

RNA isolation and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR). The plaque segments 
were homogenized in liquid nitrogen. Total RNA was extracted 
from the homogenates using TRIzol reagent (Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA). RNA 
concentration was quantified using a NanoDrop™ 2000 
Spectrophotometer (Thermo Fisher Scientific, Inc.). cDNA was 

synthesized using the ReverTra Ace® qPCR RT kit (Toyobo 
Life Science, Osaka, Japan) according to the manufacturer's 
protocol. Primers were synthesized by and purchased from 
Sangon Biotech Co., Ltd. (Shanghai, China) (Table I). qPCR 
analysis was performed using SYBR® Green Realtime PCR 
Master mix (Toyobo Life Science) and an ABI PRISM 7000 
sequence detection system (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). The thermocycling conditions were as 
follows: 95˚C for 60 sec, 40 cycles of 95˚C for 15 sec and 60˚C 
for 60 sec. Relative mRNA expression was quantified using 
the 2-ΔΔCq method (26). GAPDH served as an internal reference 
gene. All RT-qPCR analyses were repeated three times.

Protein extraction and western blotting. The plaque segments 
were homogenized in liquid nitrogen and lysed with mamma-
lian protein extraction reagent supplemented with 1% protease 
inhibitors (both Beijing ComWin Biotech, Co., Ltd., Beijing, 
China) at 4˚C for 30 min. Protein concentration was determined 
by a BCA assay using the bicinchonininc acid protein assay 
kit (Pierce; Thermo Fisher Scientific, Inc.). Protein samples 
(10 µg) were mixed with an SDS-PAGE protein loading buffer 
(Beyotime Institute of Biotechnology, Haimen, China) and 
boiled for 10 min. Proteins were separated on a 12% SDS-PAGE 
gel and transferred to nitrocellulose (NC) membranes (EMD 
Millipore, Billerica, MA, USA). The NC membranes were then 
blocked with 5% fat free milk in Tris-buffered saline with 0.5% 
Tween-20 (TBST) for 1 h at room temperature. The membranes 
were incubated with primary antibodies at 4˚C overnight. 
The primary antibodies used in the current study were as 
follows: Mouse anti‑MMP2 (1:1,000; cat. no. Ab80737), rabbit 
anti‑MMP14 (1:1,000; cat. no. Ab51074), mouse anti‑MMP25 
(1:1,000; cat. no. GR26383‑3), rabbit anti‑OPN (1:1,000; 
cat. no. Ab104302) (all Abcam, Cambridge UK), mouse 
anti‑VEGF (1:1,000; cat. no. 500‑M88; PeproTech, Rocky 
Hill, NJ, USA), goat anti‑BSP (1:1,000; cat. no AF4014; R&D 
Systems, Inc., Minneapolis, MN, USA), rabbit anti- extracellular 
regulated kinase (ERK; 1:1,000; cat. no. YT1624) and rabbit 
anti‑protein kinase C (PKC; 1:1,000; cat. no. YT3752) (both 
ImmunoWay Biotechnology Company, Plano, TX, USA) and 
mouse anti‑GAPDH (1:1,000; cat. no. AG019‑1; Beyotime 
Institute of Biotechnology). Then, the NC membrane was 
washed twice with TBST. The membranes were then incubated 
with a horseradish peroxidase-conjugated anti-rabbit secondary 
antibodies (1:1,000; cat. no. SA00001‑2; ProteinTech Group, 
Inc., Chicago, IL, USA), anti-mouse secondary antibodies 
(1:1,000; A0216) and anti‑goat secondary antibodies (1:1,000; 
A0181) (both Beyotime Institute of Biotechnology) for 2 h at 
room temperature. The protein bands were developed using an 
enhanced chemiluminescence kit (Beijing ComWin Biotech, 
Co., Ltd.). GAPDH was used as the internal control. The protein 
brands were scanned and quantified using ImageJ software 
(v1.8.0; National Institutes of Health, Bethesda, MD, USA).

Histology and immunohistochemistry. Paraffin sections were 
subjected to immunohistochemical staining for MMP-2, 
-14 and -25. The samples were fixed in 10% formalin and 
embedded into paraffin at room temperature until they set. 
Then, the paraffin section was cut into 4-µm-thick slices. 
The sections were incubated at 65˚C overnight. Sections 
were de‑paraffinized with xylene for 5 min and re‑hydrated 
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with an alcohol gradient (100, 90 and 70%) for 3 min each 
time. Following washing with TBS 3 times, antigen retrieval 
was performed and the sections were soaked in 3% H2O2 for 
10 min at room temperature. Then, after washing three times 
the antigen sites were exposed using a microwave oven with 
0.05% phosphate buffer. The sections were incubated with 
FBS at 37˚C for 30 mins. After washing with PBS 3 times, 
the sections were incubated with rabbit and mouse monoclonal 
antibodies overnight at 4˚C. PBS 0.01 M was used to was the 
tissue sections three times. The sections were then incubated 
with horseradish peroxidase-conjugated mouse anti-rabbit 
secondary antibodies (1:500; cat. no. AB11053; BBI Solutions, 
Cardiff, UK) at 37˚C for 30 min. The primary antibodies 
used in the current study were as follows: Mouse anti-MMP2 
(1:500; cat. no. ab80737), rabbit anti‑MMP14 (1:500; cat. 
no. ab51074), mouse anti‑MMP25 (1:500; cat. no. GR26383‑3) 
(all Abcam). After washing the following chromogenic 
agents were added: 0.05% DAB, 5% H2O2 and 0.05% phos-
phate buffer. The sections were washed, counterstained with 
hematoxylin for 30 sec at room temperature, dehydrated 
and protected with coverslips. ImageJ software was used for 
density analysis of immunohistochemical results. The results 
were observed and captured at magnification, x200 under an 
electron microscope. The gradational distinction was based 
on positivity cell numbers and staining intensity. The indica-
tors +, ++ and +++ were used to indicate the strength of the 
stain as follows: +, light staining of plaques as bright yellow; 
++, medium staining of plaques as pale brown; +++, dark 
staining of plaques as dark brown. Plaque and tissue sections 
were also stained with hematoxylin and eosin (H&E) for 2‑3 
min at room temperature, for histologic observation.

Statistical analysis. All statistical analyses were performed 
with SPSS 20.0 software (IBM Corp, Armonk, NY, USA). 

Data were analyzed by paired t-tests or, for immunohisto-
chemical results, Chi-squared tests. Values are presented as 
mean ± standard deviation. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Patient characteristics and clinical data. As determined by 
ultrasonography and H&E staining, all the carotid plaques were 
divided into 30 stable plaques and 34 vulnerable plaques. As 
presented in Fig. 1A, stable plaques exhibited uniform echoes 
and smooth surfaces. Conversely, vulnerable plaques exhib-
ited uneven echoes and irregular shapes, and color Doppler 
blood signals were occasionally exhibited (Fig. 1B). The H&E 
staining of the stable plaques revealed the smooth and thick 
fibrous cap (Fig. 1C). In contrast, the majority of vulnerable 
plaques contained discontinuous and thin fibrous caps with 
thrombi, neovascularization and lipid cores (Fig. 1D). Table I 
presents the demographics, risk factors for ischemic stroke, 
degrees of stenosis, diseases and clinical symptoms of the 
patients involved in the present study. As demonstrated in 
Table I, the development of vulnerable plaques was associ-
ated with sex. Males were significantly more likely to develop 
vulnerable carotid plaques compared with females. In addi-
tion, patients with vulnerable plaques had a statistically higher 
number of transient ischemic attacks (TIA; Table II). No 
significant differences were identified in the other symptoms 
and stroke risk factors between the two groups.

mRNA levels of MMP‑2, ‑7, ‑9 and ‑14 are upregulated in 
vulnerable plaques. MMPs are metalloproteases important 
in the destabilization of plaques (27). To understand which 
metalloproteases are determinants for the onset of vulnerable 
plaques, the mRNA levels of various MMPs were analyzed 

Table I. Sequences of primers used for tissue sample of human.

 Primer sequence (5'-3')
 ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Gene  Forward Reverse

MMP-1 GAAGAATGATGGGAGGCAAG CAGGGTTTCAGCATCTGGTT
MMP-2 TATGGCTTCTGCCCTGAGAC CACACCACATCTTTCCGTCA
MMP-3 ATCCCGAAGTGGAGGAAAAC AGCCTGGAGAATGTGAGTG
MMP-7 ACCGTGCTGTGTGCTGTGT GTCCTGAGCCTGTTCCCACT
MMP-9 TCTTCCCCTTCACTTTCCTG CCCACTTCTTGTCGCTGTC
MMP-12 CATGAACCGTGAGGATGTTG GGCAAAAACCACCAAAATG
MMP-13 GCAGTCTTTCTTCGGCTTAGAG GTATTCACCCACATCAGGAACC
MMP-14 GCAGAAGTTTTACGGCTTGC GCAGAAGTTTTACGGCTTGC
MMP-15 TTATGGCTACCTGCCTCAGC TCCACTCCTTGGTCTCTTCG
MMP-16 TGATTTACAGGGCATCCAGA TCATTTTTCCTTGGGTCAGC
MMP-17 TGACCACACGAGGCACAT CCATCCAGCACTTTCCAGTA
MMP-24 TGGAGGCAAAAACACATCAC TCAAAGGTCAGTGGGGTCA
MMP-25 GCAGCAACTCTATGGGAAGG ATCAGGGATGGGGAAGGAT
GAPDH AATCCCATCACCATCTTCCA AAATGAGCCCCAGCCTTCT

MMP, matrix metalloproteinase.
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in the plaque segments. The mRNA level of MMP-1, -2, -3, 
-7, -9, -12, -13, -14, -15, -16, -17, -24 and -25 were compared 
between the stable and vulnerable plaque segments (Fig. 2). 
The expression levels of MMP-2, -9, -14 were significantly 
higher (>20-fold) in the vulnerable plaques compared with 
the stable plaques; MMP‑7 expression levels were also signifi-
cantly raised (>2-fold) in vulnerable plaques compared with 
stable plaques. No significant differences were identified in the 
mRNA levels of other MMPs between the two plaque types.

MMP‑2 and MMP‑14 protein levels are increased in 
homogenized vulnerable plaques. MMP-7 and MMP-9 have 
been extensively studied prior to the current study (28-30), 
therefore MMP‑2 and MMP‑14 were selected for quantification 
by western blotting; MMP‑2 and MMP‑14 also demonstrated 
the greatest expression fold change in Fig. 2. MMP-25, whose 
expression was not altered between the two types of plaques, 
was selected as a negative control. Consistent with the gene 
expression, the protein levels of MMP-2 and MMP-14 were 
significantly upregulated (>2-fold) in vulnerable plaques 
compared with those in stable plaques (Fig. 3A). Consistent 
with the mRNA level, no significant difference was identified 
in the protein levels of MMP-25 between the two groups.

Angiogenesis and calcification factors are altered in 
vulnerable plaques. To further investigate the biochemical 
characteristics of different types of plaques, the protein levels 
of vascularization marker VEGF and calcification markers 
BSP and OPN were analyzed. VEGF expression was signifi-
cantly upregulated in vulnerable plaques compared with the 
stable group (Fig. 3A). The protein expression of BSP was 

significantly increased while OPN protein levels were signifi-
cantly decreased in vulnerable plaques compared with stable 
plaques (Fig. 3B).

To gain more insight into the signaling pathway that is 
activated and may mediate the pathogenesis of plaque vulner-
ability, the steady state protein level of key mediators of various 
signaling pathways was also analyzed. No significant differ-
ences were identified in proto‑oncogene c‑Fos, RAC‑alpha 
serine/threonine-protein kinase, runt-related transcription 
factor 2, protein Wnt-16, mothers against decapentaplegic 
homolog (SMAD)1, SMAD2,3 proteins between the stable 
and vulnerable groups of carotid plaques (data not shown). 
However, the steady state protein levels of ERK and PKC were 
significantly increased in vulnerable plaques compared with 
stable plaques (Fig. 3B).

Protein levels of MMP‑2 and MMP‑14 are increased in 
vulnerable plaque tissue sections. The protein levels of 
MMP-2 and MMP-14 were upregulated in vulnerable plaques 
compared with stable plaques. To localize MMP-2 and MMP-14 
expression within the two groups of carotid plaque, serial 
tissue sections were subjected to immunostaining (Fig. 4). 
H&E staining revealed that macrophages and foam cells were 
primarily distributed at the location of the plaque rupture and 
were more widely distributed in the vulnerable plaque group 
than in the stable plaque group. The two groups of carotid 
plaques were positively stained with MMP-2 and MMP-14 at 
different intensities. Staining for MMP-2 and MMP-14 was 
markedly more intense in vulnerable plaques compared with 
stable plaques. MMP-2 and MMP-14 staining was positive 
in the atherosclerotic lesions, and markedly increased in the 

Figure 1. Characteristics of stable and vulnerable plaques. Features of (A) stable and (B) vulnerable plaques by ultrasound. The white crosses represent a 
measure of the diameter and area-narrowing rate of blood vessels caused by the plaque. The dotted line is an area measurement that represents the narrowing 
of blood vessels caused by the plaque. (C) Characteristics of a stable plaque by H&E staining. The blue arrow indicated a smooth and thick fibrous cap. 
(D) Characteristics of vulnerable plaque by H&E staining. Arrows indicate a discontinuous and thin fibrous cap (red), a thrombus (blue), neovascularization 
(yellow) and a lipid core (green) in the vulnerable plaque. Magnification, x10. H&E, hematoxylin and eosin; LICA, left internal carotid artery; L BULB, left 
carotid bulb.
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breakdown region of the fibrous cap. Consistent with the protein 
level, density analysis revealed that the immunohistochemical 
staining of MMP-2 (Table III) and MMP-14 (Table IV) was 
significantly more intense in samples from vulnerable plaques 
compared with stable plaques. It was observed that staining 
for MMP-25 was not significantly different between the 
vulnerable and stable plaques (data not shown).

Discussion

Atherosclerosis is the critical risk factor associated with 
the onset of stroke. Carotid stenosis is a serious long-term 
outcome of atherosclerosis (31,32). Carotid atherosclerotic 
plaques, particularly vulnerable carotid plaques were closely 
associated with ischemic stroke (33). In the current study, 
64 patients were recruited and carotid plaques were collected 
following CEA. The collected carotid plaques were divided 
into the stable and vulnerable groups. Patients with vulnerable 
plaques had significantly higher numbers of TIA. According 
to previous studies, these patients exhibit a higher risk of acute 
cerebrovascular events caused by the rupture of vulnerable 
plaques (34-36).

An increasing number of studies have suggested that MMPs 
are the foremost factors that degrade the ECM and cause the 
rupture of vulnerable plaques (37,38). MMPs are grouped into 
five types based on their structure and substrate specificity; 
these include collagenases (MMP-1, -8, -13 and -18), gelatinases 
(MMP-2 and -9), stromelysins (MMP-3, -7, -10, -11 and -12), 
membrane-type MMPs (MMP-14, -15, -16, -17, -24 and -25) and 
the other MMPs (39). In the current study, the expression levels 
of various MMPs in human carotid plaques were investigated; 
it was demonstrated that the expression levels of MMP-2, -7, 
-9 and -14 were elevated in vulnerable plaques, particularly 

MMP-2 and -14. Additionally, immunohistochemistry demon-
strated that MMP-2 and -14 were predominantly distributed 
in the ruptured region of vulnerable plaques, which was the 
same area where VSMCs and macrophage aggregated (40). 
Studies have confirmed that the overexpression of MMP‑2 and 
-14 serves a critical role in the cell migration and growth of 
endothelial cells, and the formation of new blood vessels by 
adjusting the ECM environment (41,42).

The activation of MMP-2 was associated with the 
increased expression of MMP-14 (41). MMP-14 not only acts 
as a protease, but also a signaling molecule, which affects 
the pathological and physiological functions of cells (42). 
As is well known, the ECM is important for remodeling the 
fibrous cap (43). Vulnerable plaques are morphologically 
characterized as possessing a thin fibrous cap (44). In the 
present study, elevated expression of MMP-2 and -14 was 
observed, which may lead to ECM degradation, resulting in 
further thinning of the shoulders of the fibrous cap and the 
rupture of plaques. Previous studies have suggested that 
the expression of MMP-25 is low in atherosclerosis (45,46). 
Notably, no significant difference in MMP‑25 protein level 
was identified between stable and vulnerable plaques in the 
present study, suggesting that MMP-25 did not contribute to 
the plaque vulnerability and may have no role in the rupture of 
vulnerable plaques. The data from the current study indicated 
that MMP-2 and -14 may be valuable clinical biomarkers for 
plaque vulnerability.

VEGF serves a decisive role in promoting instability by 
inducing angiogenesis in plaques (47). The current study 
verified that the expression of VEGF was significantly higher 
in vulnerable plaques. Angiogenesis is a critical factor in the 
process of atherosclerosis, which can induce intraplaque hemor-
rhage and rupture. Plaque calcification gradually forms during 
atherosclerosis (48). Various studies suggested that calcifica-
tion may alter the stability of atherosclerotic plaques (24,49). 
During calcification, VSMCs synthesize several osteogenic 
factors, including BSP (50). Fedarko et al (51) revealed 
that BSP specifically binds proMMP‑2 and active MMP‑2, 
while OPN binds proMMP-3 and active MMP-3. It has been 

Table II. Clinical index of the 64 patients recruited in this 
study.

 Stable Vulnerable 
Characteristic (n=30) (n=34) P-value

Age mean (years) 67 69 NS
Sex (male/female) 23/7 33/1 <0.05a

Amaurosis fugax   3 (10%)   5 (15%) NS
Transient ischemic attack   5 (17%) 13 (38%) <0.05
Stroke   4 (13%)   7 (20%) NS
Hypertension   6 (20%)   9 (26%) NS
Diabetes 3 (6%)   4 (12%) NS
Hyperlipidemia   7 (23%)   8 (24%) NS
Smoking habit 12 (40%) 15 (44%) NS
Statins 16 (53%) 14 (44%) NS
Degree of stenosis 4/26 7/27 NSa

(medium/slight)

aAs determined using a Chi-square test. The diagnostic criteria for 
different clinical index are as follows: Hypertension (systolic pres-
sure, ≥160 mmHg), hyperlipidemia (total cholesterol, ≥220 mg/dl), 
diabetes (fasting blood glucose, ≥126 mg/dl) and a history of contin-
uous smoking (≥15 year). NS, not significant.

Figure 2. mRNA level of MMP-2, -7, -9 and -14 are upregulated in vulnerable 
plaques. The mRNA expression levels of MMPs were detected by reverse 
transcription‑quantitative polymerase chain reaction and quantified using the 
2-ΔΔCq method. Data are presented as the mean ± standard deviation. *P<0.05, 
***P<0.001 vs. the stable plaques group. MMP, matrix metalloproteinase.
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Figure 3. Protein level of MMPs, associated factors and signaling pathway proteins altered in vulnerable plaques. Western blot analyses and quantification of 
(A) MMP-2, MMP-14, MMP-25, VEGF, (B) BSP, OPN, ERK and PKC protein levels in stable and vulnerable plaques. Data are presented the mean ± standard 
deviation. *P<0.05, **P<0.01 and ***P<0.001 vs. the stable plaques group. MMP, matrix metalloproteinase; VEGF, vascular endothelial growth factor; BSP, 
bone sialoprotein 2; OPN, osteopontin; ERK, mitogen‑activated protein kinase 3; PKC, protein kinase C.

Figure 4. Protein level of MMP‑2 and MMP‑7 are increased in vulnerable plaque tissue sections. H&E staining and immunohistochemical analysis of MMP‑2, 
‑14 and ‑25 in stable and vulnerable carotid plaques. The insert panels are at a lower magnification (magnification, x4) than the larger panels (magnification, x40). 
The black arrows indicate positive staining. Bright yellow, light brown and dark brown staining indicates light, medium and severe staining, respectively. 
MMP, matrix metalloproteinase; H&E, hematoxylin and eosin.
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demonstrated that BSP exhibits hydroxyapatite nucleation 
activity and may serve important roles in the initiation of and 
calcification during atherosclerosis (52,53). OPN is a potent 
inhibitor of mineralization (54). OPN prevents ectopic calcium 
deposition and is a strong, inducible inhibitor of vascular 
calcification (55). The current study revealed that the overex-
pression of BSP and attenuation of OPN may be associated 
with plaque vulnerability.

A number of studies investigating the association 
between MMPs and vascular biology have demonstrated 
that a number of factors leading to angiogenesis and vascular 
remodeling-associated diseases regulate MMP expression and 
activation, including hemodynamics, oxidative stress, inflam-
mation, hormonal factors and hypoxia (56,57). Studies have 
revealed that low fluid shear stress‑induced MMP expression 
involves the integrin, p38 mitogen-activated protein kinase 1 
or ERK1/2-nuclear factor (NF)-κB signaling pathways (58,59). 
Studies have indicated that OPN may promote the expression 
of MMP-2 through the ERK signaling pathways (56,60). In the 
present study, various signaling pathways were investigated by 
western blotting and it was demonstrated that ERK and PKC 
were significantly higher in vulnerable plaques, indicating 
that they may be involved the process of plaque rupture. It 
was hypothesized that activation of ERK and PKC may also 
increase MMP-2 and -14 expression. Simultaneously, ERK and 
PKC were activated to promote BSP secretion and decrease 
OPN expression, which promotes the upregulation of MMP-2 
and -14, and increase the likelihood of shoulder rupture of 
atherosclerotic plaques.

In summary, the current study demonstrated that 
MMP-2 and -14 were elevated in vulnerable plaques and 
may serve a significant role in rupture of carotid plaques. 
The differential regulation of factors, including VEGF and 
BSP, were also associated with the plaque vulnerability. 
More studies are required to demonstrate the association of 
the aforementioned factors with plaque rupture events and 
the accurate prediction of vulnerable plaques. Mechanistic 
studies investigating how plaque rupture is regulated should 
be performed for the development of possible therapies that 
stabilize vulnerable plaques and reduce the occurrence of 
ischemic stroke.
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Table III. Statistics of immunohistochemical matrix metallo-
proteinase 2 staining in stable and vulnerable plaques.

Group + ++ +++ Total

Stable 16 10   4 30
Vulnerablea   3 12 19 34
Total 19 22 23 64

+, ++ and +++ indicate light, medium and severe staining, respectively. 
+, light staining of plaques as bright yellow; ++, medium staining of 
plaques as pale brown; +++, dark staining of plaques as dark brown. 
aP<0.001 vs. the group of stable plaques. These results were analyzed 
by a Chi-square test.

Table IV. Statistics of immunohistochemical matrix metallo-
proteinase 14 staining in stable and vulnerable plaques.

Group + ++ +++ Total

Stable 17 11   2 30
Vulnerablea   5 13 16 34
Total 22 24 18 64

+, ++ and +++ indicate light, medium and severe staining, respectively. 
aP<0.001 vs. the group of stable plaques. These results were analyzed 
by a Chi-square test. 
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