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Abstract: Objective: To investigate the effect of RNA interference of matrix metalloproteinase (MMP)-9 on athero-
sclerosis on atherosclerosis in apolipoprotein E (ApoE)-/- mouse. Methods: ApoE-/- mouse strain and three cell lines 
(293T, NIH3T3 and Raw264.7) were used in the present study to investigate the effect of MMP-9 silencing by RNA 
interference. Thirty 10-week-old ApoE-/- mice were randomly assigned to a control group, lentiviruses with naked 
vector group and Lentiviruses-MMP-9 intervention group (n = 10). Aortic atherosclerotic plaques of the mice were 
stained with immunohistochemical techniques, the MMP-9 and high-sensitivity C-reactive protein levels of three 
groups were detected simultaneously. Expression of MMP-9 was significantly down-regulated in interference group. 
MMP-9 and high-sensitivity C-reactive protein levels in MMP-9 interference group were significantly lower than 
that of the control group. Conclusion: The expression of MMP-9 is closely related to vulnerability of atherosclerotic 
plaques. Silencing of MMP-9 expression acts as a positive role in maintenance of atherosclerotic plaque stability. 
The present study provides novel experimental insight for the treatment of vulnerable plaques in atherosclerosis.
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Introduction

The incidence of cardiovascular diseases has 
increased significantly over the past decade, 
and seriously affects health and quality of life. 
Acute cardiovascular events are the main 
causes of death and disability in many coun-
tries; vulnerable plaque rupture and thrombo-
sis are the main pathogenic basis. Vulnerable 
plaque was first proposed by Ambrose in 1988 
[1], it generally has a thin fibrous cap and a rich-
lipid core, and is prone to rupture and causes 
thrombosis. Previous study [2] showed that 
60% to 70% of acute coronary events were 
caused by thin-cap fibroatheroma (TCFA). TCFA 
is the precursor lesion of atherosclerotic plaque 
rupture, which is one of the characteristics of 
vulnerable plaque.

Atherosclerosis is a complex and multifactorial 
pathophysiological process. Systemic inflam-
mation plays an important role in all stages of 
the development of atherosclerosis, including 
plaque instability and rupture processes. 
Matrix metalloproteinases (MMPs) are proteo-
lytic enzymes that are intimately involved in the 

degradation of extracellular matrix proteins. 
MMPs are secreted by the macrophages and 
vascular smooth muscle (SM) cells stimulated 
by a series of inflammatory cytokines such as 
interleukin-1, tumor necrosis factor-alpha, 
CD154 and activated T lymphocytes [3-5]. 
MMPs are highly expressed in macrophage-rich 
areas of the atherosclerotic plaque, especially 
at the shoulder region of the cap [6]. Over- 
expression and secretion of MMP-9 by macro-
phages significantly increases the degradation 
of elastin and leads to plaque rupture. 

The development of animal models has provid-
ed important insights into the pathophysiology 
of cardiovascular diseases. They are essential 
tools to evaluate new therapeutic strategies to 
predict and prevent the diseases [7]. Apoli- 
poprotein E (ApoE)-/- mice were generated by 
homologous recombination in embryonic stem 
cells in 1992 [8, 9], and are currently the most 
widely used animal model for the study of ath-
erosclerosis [10, 11]. Systematic drug interven-
tions for the prevention and treatment of ath-
erosclerotic disease have achieved remarkable 
results, but plaques are still vulnerable to 
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repeated attack from MMPs. Targeted therapy 
is a promising therapeutic method using the 
molecular biology techniques directed at the 
plaque vulnerability mechanism.

In the present study, we constructed a lentiviral 
vector for targeting disruption of MMP-9 expres-
sion, and then verified the interference effects 
in cellular experiments. An RNA interference 
lentiviral vector was delivered into ApoE-/- mice 
and established the models of atherosclerosis. 
We observed the effects on atherosclerotic 
plaques to seek a new way for the targeted 
treatment of vulnerable plaque. 

Methods

Construction of lentiviral vector for MMP-9 
RNA interference [12]

According to the murine MMP-9 gene sequenc-
es in GenBank, multiple short hairpin (sh) RNA 
oligonucleotide sequences using the software 
(Ambion, Life Technologies Inc, USA) in accor-
dance with the design principles of RNA inter-
ference sequences. The effective target 
sequence was determined according to the 
MMP-9 inhibition rate. The effective target 
sequence is Psc-1: CTTACTATGGAAACTCAAA 
(MMP-9 messenger [m] RNA NM_013599.2, 
GenBank GI: 31560795). Synthesis of shRNA 
DNA oligonucleotide: PSC397-1: 5’-TcaCTTAC- 
TATGGAAACTCAAATTCAAGAGATTTGAGTTTCCA- 
TAGTAAGtgTTTTTTC-3’, PSC 397-2: 5’-TCGAGA- 
AAAAAcaCTTACTATGGAAACTCAAATCTCTTGAA 
TTTGAGT TTCCATAGTAAGtgA-3’. The sequence 

was then inserted into the pGCL-GFP vector for 
construction of the recombinant plasmid; 
Polymerase chain reaction (PCR) analysis and 
DNA sequencing were performed to confirm the 
accuracy. 

Virus Packaging: Briefly, 293T cells at 70%~80% 
confluences were used for transfection. The 
lentiviral packaging plasmid mixture of pGCL-
GFP, pHelper 1.0 (gag/pol element) and pHelp-
er 2.0 (VSVG element) were co-transfected into 
293T cells. After 8 h, the medium containing 
transfection mixture residues was discarded 
and fresh medium was added, the cell superna-
tant was collected after 48 h and cell debris 
was removed by centrifugation, then the 0.45 
μm polyvinylidene fluoride film was used to fil-
ter and harvest the packaged virus particles.

Construction of eukaryotic expression vector 
for MMP-9

The MMP-9 gene was obtained by PCR, and 
was ligated to the pGCL-GFP vector. The con-
structed vector was subsequently transformed 
into competent cells and clone was identified 
using PCR. The recombinant plasmid was trans-
fected into 293T cells.

The silencing effect of the mouse MMP-9 RNA 
interference lentiviral vector in vitro

MMP-9 RNA interference lentiviral vector and 
MMP-9 eukaryotic expression vector were co-
transfected into 293T cells, and the MMP-9’s 
silencing effect was assessed by protein levels 

Figure 1. The RT-PCR results of MMP-9 mRNA gene in NIN3T3 cells and Raw264.7 cells. A: MMP-9 expression in 
NIN3T3 cells. B: MMP-9 expression in Raw264.7 cells. The expression of MMP-9 mRNA gene in KD group was sig-
nificantly decreased in NIN3T3 cells and Raw264.7 cells. (CON: normal control group; NC: Negative control group; 
KD: RNAi group).
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by Western blot. Then the vectors were co-
transfected into NIH3T3 cells and Raw264.7 
cells. Total RNA of transfected cells was extract-
ed to detect the MMP-9 expression in mRNA 
levels by real-time PCR and determine its dis-
turbance effect. The primers for the mMMP-9 
gene were F: 5’-GGCGTGTCTGGAGATTCG-3’; 
and R: 5’-TACTGGAAGATGTCGTGTGAG-3’. The 
samples were processed using the SYBR Green 
One-Step Quantitative RT-PCR kit (Bio-Rad, 
USA) according toinformation in the instruction 
manual.

The effect of lentivirus-mediated MMP-9 RNA 
interference on atherosclerosis of ApoE-/- 
mice

The ApoE-/- mice were the same genetic back-
ground of C57BL/6J mice, provided by Peking 
University Health Science Center (China) and 
introduced from the Jackson Laboratory (USA). 
This study was approved by the Animal Care 

and Use Committee of the first hospital of 
Shijiazhuang (China). Thirty 10-week-old ApoE-
/- mice were divided into three groups (each 
group n = 10), the phosphate-buffered saline 
(PBS) group (controls), Lentiviruses with naked 
vector group and Lentiviruses-MMP-9 interven-
tion group, respectively. 

All animals were fed a high-fat diet (21% fat and 
0.15% cholesterol mixed feed) for 20 weeks. 
Following this, the mice in each group were 
intravenously injected with their respective 
solutions: 100 µl of PBS (0.01 mol/L, pH = 7.4); 
100 µl solution containing lentivirus with naked 
vector (the titer of virus was 5 × 108 TU/ml); and 
100 µl of lentivirus carrying MMP-9 shRNA (the 
titer of virus was 5 × 108 TU/ml), and then the 
patch area was examined. The arterial speci-
mens were fixed with 4% formaldehyde for 24 
h. Then trimmed and re-fixed with 4% formalde-
hyde for a further 24 h. The specimens were 
embedded in paraffin and dehydrated with gra-

Figure 2. Western blotting results of detecting MMp-9 knock down level. PC: MMP-9 positive control; NC1: negative 
control group; NC2: negative control group with effective interference vector for mouse GAPDH; 1#: Treated with 
1# RNAi vector; 2#: Treated with 2# RNAi vector; 3#: Treated with 3# RNAi vector. 2# RNAi vector has a significant 
knock down effect on MMP-9.
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Table 1. MMP-9 and hs-CRP levels in serum of three groups (
_
x  ± S)

Group MMP-9 (µg/L) hs-CRP (mg/L)
PBS group 798.7 ± 115.1 3.48 ± 0.34
Lentiviruses with naked vector group 801.3 ± 129.4 3.39 ± 0.38
Lentiviruses-GFP-MMP-9 intervention group 728.5 ± 208.1 2.43 ± 0.22

dient alcohol solution. The alcohol was removed 
with xylene and the specimens were sectioned 
into 5 µm slices (the samples were eventually 
archived). Antigen activity for MMP-9 in the 
plaque and vascular SM cells (SM-actin) was 
tested using immunohistochemical techniques. 
Following deparaffinization, dehydration, and 
antigen retrieval, the sections were blocked 
with 5% to 10% goat serum and incubated at 
37°C for 20 min, then the primary antibodies 
were added (1:100) and incubated at 37°C for 
15 h. After that, they were washed three times 
with PBS for 2 min each time. They were incu-
bated with secondary antibody at 37°C in water 
bath for 2 h, and again washed three times with 
PBS for 2 min each time. After DAB solution 
treatment, they were flushed completely, coun-
terstained with hematoxylin, washed with 
water, treated with dehydration and transpar-
ency, mounted on slides and observed under 
microscope. The MMP-9 and high-sensitivity 
C-reactive protein (hs-CRP) levels were detect-
ed for three groups simultaneously. Venous 
blood from mouse tails were collected and 
plasma were isolated for hs-CRP and MMP-9 
concentration determination using the ELISA 
method.

Results

The pGCL-GFP/MMP-9 plasmid was success-
fully created; agarose gel electrophoresis and 
gene sequencing showed that the obtained 
sequences were accordant with the MMP-9 
gene sequence in GenBank. The results of real-
time PCR (Figure 1) showed that the expression 
of MMP-9 mRNA gene in the interference group 
was significantly decreased in NIN3T3 cells and 
Raw264.7 cells (P < 0.001). Western blotting 
showed that, compared with the negative con-
trol group, the group with MMP-9 interference 
was significantly knocked down (Figure 2 [12]).

In ApoE-/- mice, hematoxylin and eosin staining 
showed that the average plaque was not signifi-
cantly different among three groups. However, 
compared with the PBS and Lentiviruses with 
naked vector groups, the macrophage levels 

In the MMP-9 intervention group, SM-actin anti-
gen activity was significantly enhanced (Supple- 
mentary Figure 3), while the activity of MMP-9 
antigen was significantly decreased. In PBS 
group and the Lentiviruses with naked vector 
group, MMP-9 and hs-CRP levels were not sig-
nificantly different (798.7 ± 115.1 μg/L versus 
801.3 ± 129.4 μg/L and 3.48 ± 0.34 mg/L ver-
sus 3.39 ± 0.38 mg/L, respectively) and, in the 
MMP-9 interference group, MMP-9 and hs-CRP 
levels (728.5 ± 208.1 μg/L and 2.43 ± 0.22 
mg/L, respectively) were significantly lower 
than that in the PBS and the Lentiviruses with 
naked vector groups (P < 0.01) (Table 1).

Discussion

In the present study, we constructed a lentiviral 
vector for targeting disruption of MMP-9 expres-
sion, and then verified the interference effects 
in cells experiments. RNA interference lentiviral 
vector was delivered into ApoE-/- mice and 
established the models of atherosclerosis. 
Hematoxylin and eosin staining showed that 
the average plaque was not significantly differ-
ent in three groups. However, compared with 
the PBS group and Lentiviruses with naked vec-
tor groups, the macrophages were significantly 
reduced in shoulder patch in the Lentiviruses-
MMP-9 intervention group, and the fibrous cap 
became thick. Similarly, in the MMP-9 interfer-
ence group, the MMP-9 level in serum was sig-
nificantly lower than that in the control group. 
The plaque may become more stable if RNA 
interference inhibits the expression of MMP-9 
in the mice arteries.

MMPs are proteolytic enzymes and play an 
important role in the tissue remodeling process 
[13]. They can damage extracellular matrix 
(ECM), and promote plaque rupture and acute 
arterial thrombosis formation [14-16], thereby 
governing the integrity of arterial wall. The 
secretion of MMPs, mainly MMP-2 and MMP-9 
[17], by macrophages in plaque has been found 
to play a critical role for the vulnerable athero-
sclerotic plaque rupture. Acute coronary events 
may be prevented by reducing the expression 

were significantly decreased 
in the shoulder patch in the 
Lentiviruses-MMP-9 interve- 
ntion group, and the fibrous 
cap became thick (Supple- 
mentary Figures 1 and 2). 
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of activated MMP-2 and MMP-9 and attenuat-
ing the inflammatory response [18, 19]. Jiang 
et al [20] found that increased expression of 
MMP-9 was associated with intra-plaque hem-
orrhage in a swine model of vulnerable carotid 
atherosclerosis. At present, synthetic MMP 
inhibitors can inhibit MMPs’ function and have 
achieved great progress in the tumor suppres-
sion. However, they have harmful side effects 
and poor specificity, and their degradation rate 
is too rapid in vivo; therefore, they are not used 
in the treatment of acute coronary syndromes. 
To date, there are no MMP inhibitors for the 
treatment of unstable atherosclerotic disease 
that demonstrate specificity, safety, efficiency 
and minor side effects. RNA interference inhib-
its specific gene expression selectively in a 
novel way. Double-stranded RNA molecules 
induce sequence-specific gene silencing in the 
mRNA level after transcriptional [21, 22], and 
this is widely used in gene therapy research. 
The lentiviral vector derived from HIV-1 can 
infect non-dividing cells, accommodate large 
fragments of exogenous gene and has small 
immune response. The RNA interference effect 
mediated by lentiviral vector can last a long 
time and the host immune response is difficult 
to induce. Therefore, it becomes the main vec-
tor in gene therapy [23, 24].

Given that feeding ApoE-/- mice a high fat diet 
can accelerate the plaque rupture [10, 25], 
they are often used to establish the model of 
atherosclerosis. Gough et al’s [26] research 
shows that, in the advanced atherosclerotic 
lesions of the ApoE knockout mice, when the 
activated MMP-9 was over-expressed in macro-
phage, it increased the degradation of elastin 
significantly and promoted plaque rupture. 
MMPs have been proposed as biomarkers of 
vulnerable plaques during recent years [27, 
28]. Therefore, MMP-9 may be a therapeutic 
target.

SM-actin is an antigen marker of smooth mus-
cle cells; therefore, the detection of SM-actin 
content in the atherosclerotic plaque surface 
has important significance in the ascertain-
ment of plaque stability to detect the. Our 
results showed that, in the plaque surface of 
MMP-9 interference group, SM-actin antigen 
was expressed significantly more than that in 
the control group, and the fibrous cap became 
thicker in the plaque surface. This means that 
silencing of MMP-9 expression can reduce the 

degradation of extracellular matrix, increase 
the smooth muscle cell content in the aortic 
plaque surface and stabilize the plaque.

CRP has a direct role in inflammatory reaction, 
and is involved in the initiation and progression 
of the atherosclerotic lesions [29]. CRP has a 
potential pathogenic role in the vulnerable ath-
erosclerotic plaques. Hs-CRP can activate 
endothelial cells and promote plaque rupture, 
and it can be used as an independent predictor 
of vulnerable plaque [30]. Our results showed 
that Hs-CRP levels in the MMP-9 interference 
group were significantly lower than that of the 
control group. This means that silencing of 
MMP-9 expression may inhibit the inflammato-
ry reaction of atherosclerotic plaque and pro-
mote plaque to stabilize.

Conclusions

Expression of MMP-9 is closely related to vul-
nerability of atherosclerotic plaques. Silencing 
of MMP-9 expression act as a positive role in 
maintenance of atherosclerotic plaque stabili-
ty. The present study provides novel experimen-
tal insight for the treatment of vulnerable 
plaques in atherosclerosis.
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Supplementary Figure 1. HE staining of aortic atherosclerotic plaque (× 40). A: PBS group. B: Lentiviruses with na-
ked vector group. C: Lentiviruses-GFP-MMP-9 intervention group. The Endometrial degeneration cells significantly 
decreased in Lentiviruses-GFP-MMP-9 intervention group and their fibrous cap became thick.

Supplementary Figure 2. Immunohistochemical staining results of MMP-9 antigen in the aortic atherosclerotic 
plaque of mice (× 200). A: PBS group. B: Lentiviruses with naked vector group. C: Lentiviruses-GFP-MMP-9 inter-
vention group. The antigen positive region was brown region. The expression of MMP-9 antigen was significantly 
decreased in the MMP-9 intervention group. 

Supplementary Figure 3. Immunohistochemical staining results of SM-actin antigen in the aortic atherosclerotic 
plaque of mice (× 200). A: PBS group. B: Lentiviruses with naked vector group. C: Lentiviruses-GFP-MMP-9 interven-
tion group. The antigen positive region was brown region. SM-actin antigen activity was significantly enhanced in the 
MMP-9 intervention group.


