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Abstract. The present study investigated the role of tissue 
inhibitor of matrix metalloproteinase‑3 (TIMP‑3) in regulating 
the proliferation, migration, apoptosis and activity of matrix 
metalloproteinase (MMP)‑2 and ‑9, during the development 
of an atherosclerotic abdominal artery aneurysm (AAA). 
Experiments were conducted using rabbit AAA neck (NA) 
smooth muscle cells (SMCs), to investigate the potential for 
TIMP‑3 to be used as a novel stent coating in preventing 
aortic dilation adjacent to the AAA. The atherosclerotic 
AAA model was induced in New Zealand white rabbits via 
a 6‑week high‑cholesterol diet, followed by incubation of the 
targeted aortic region with elastase. SMCs were isolated from 
the aorta adjacent to the aneurysm 30 days after AAA model 
induction, and stimulated with 3, 10, 30 or 100 ng/ml TIMP‑3. 
Cell proliferation was investigated using Cell Counting 
Kit‑8 reagent, migration was examined using a Boyden 
chamber assay and apoptotic rate was analyzed using the 
Annexin V‑fluorescein isothiocyanate Apoptosis Detection 
kit. Gelatin zymography and ELISA were used to measure 
the activity of MMP‑2 and MMP‑9, and the expression of 
tumor necrosis factor‑α (TNF‑α), respectively. Analysis of 
cell proliferation indicated that 10, 30 and 100 ng/ml TIMP‑3 
reduced cell viability. Cell migration was decreased by 10, 30 
and 100 ng/ml TIMP‑3. MMP‑2 activity was inhibited by 10, 
30 and 100 ng/ml TIMP‑3, and MMP‑9 activity was suppressed 
by 30 and 100 ng/ml TIMP‑3. The protein levels of secreted 

TNF‑α were reduced by 10, 30 and 100 ng/ml TIMP‑3. The 
present study demonstrated the ability of 30 and 100 ng/ml 
TIMP‑3 to attenuate migration and proliferation, and to inhibit 
the activity of MMP‑2, MMP‑9 and TNF‑α secretion of NA 
SMCs. In conclusion, TIMP‑3 may be considered a potential 
therapeutic drug for use in a novel drug‑eluting stent, to 
attenuate the progressive dilation of the aortic NA.

Introduction

An abdominal aortic aneurysm (AAA) is a common, life 
threatening condition, which is associated with significant 
morbidity and mortality (1). Endovascular aortic aneurysm 
repair (EVAR) is the preferred treatment option for many 
patients with AAA, as it is minimally invasive, and is associ-
ated with a reduced perioperative morbidity rate and fewer 
complications, as compared with open surgery (2). However, 
as these endovascular grafts only provide mechanical hemo-
static sealing between the graft and the arterial wall, and do 
not promote tissue healing, over time, EVAR therapy results 
in more complications than surgical repair. These complica-
tions include dilation of the proximal aortic neck, which may 
lead to graft migration, endoleaks and aneurysm rupture (3‑8). 
The mechanism of progressive aortic neck dilatation remains 
unclear; however, previous research has indicated that it may 
result from a continuous degenerative process in the aortic 
wall  (9,10). Atherosclerosis, inflammation and progressive 
extracellular matrix (ECM) degradation may serve key roles 
in this dilation process (11). Increased expression and activity 
of matrix metalloproteinases (MMPs) has been observed in 
aortic aneurysm tissues, and an imbalance between these 
MMPs, and the tissue inhibitor of matrix metalloproteinases 
(TIMPs) that inhibit them, may promote a phenotype of matrix 
degradation (12), which is associated with the development of 
various diseases, such AAA, arteriosclerosis obliterans and 
hypertension (13).

Vascular smooth muscle cells (SMCs) are the primary 
intrinsic cell of the aortic wall; these cells perform various 
biological functions through proliferation, migration and 
secretion of numerous cytokines, including MMPs, tumor 
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necrosis factor α (TNF‑α), interleukin (IL)‑6 and IL‑1β (14,15). 
The proliferation and migration of SMCs act as critical factors 
in the initiation and progression of atherosclerosis (16); the 
secreted MMPs participate in ECM degeneration, and TNF‑α, 
which is an important proinflammatory cytokine (17), also 
servesa role in the formation of AAA by stimulating the 
expression of adhesion molecules and MMPs. TIMP‑3, as a 
special member of the TIMP family, is the only ECM‑bound 
TIMP, allowing it to exert tissue‑specific effects (18,19) such 
as regulating ECM remodeling, endothelial permeability and 
inflammation (20‑22). Furthermore, TIMP‑3 can inhibit the 
proliferation and migration of various cell types, including 
SMCs, breast cancer cells and endothelial cells  (23). The 
present study therefore aimed to investigate whether local 
expression of TIMP‑3 could inhibit the activity of MMP‑2, 
MMP‑9 and TNF‑α, and reduce the proliferation and migra-
tion of SMCs into the proximal aorta of the AAA, thereby 
preventing aortic dilation adjacent to the AAA.

Materials and methods

Induction of the AAA model. The present study was approved 
by the Animal Experimental Ethics Committee of the China 
Medical University (Shenyang, China). All the animal experi-
ments were carried under the anesthesia via an intravenous 
injection of 30 mg/kg sodium pentobarbital. A total of 10 male 
adult (~6 months old) New Zealand White rabbits (1.8‑2.0 kg) 
(Shenyang Long yuan Economic Animal Breeding Farm, 
Shenyang, China) were fed a high‑cholesterol diet (2% choles-
terol) for 16 weeks, prior to induction of the AAA model. The 
rabbits housed in individual cages were allowed free water 
and food before and after surgery under a 12‑h dark/light 
cycle 0.03% CO2 at room temperature The AAA model was 
induced as previously described (24). Briefly, rabbits were 
anaesthetized with an intravenous injection of 30  mg/kg 
sodium pentobarbital. Then the abdomen was accessed by a 
midline laparotomy under sterile conditions and a segment of 
the abdominal aortic artery (~1.5 cm long), proximal to the 
bifurcation, was carefully isolated from the vena cava and 
surrounding tissues. A sterile gauze was placed carefully 
around the isolated artery and 20 µl 10 U/Ul elastase solu-
tion (>30 units/mg; isoelectric point 9.5; pH 8.1‑8.9; Shanghai 
Kayon Biological Technology Co., Ltd., Shanghai, China) 
was applied to the gauze and maintained for 30 min. The 
treated segment was then irrigated twice with physiological 
saline. The abdominal incision was closed with a continuous 
running suture, and the rabbits were placed in warming cages 
at ~25‑26˚C. To investigate whether the AAA model had been 
successfully induced, the rabbits underwent serial intravenous 
digital subtraction angiography (IVDSA) imaging 30 days 
after surgery. Briefly, following anesthesia, 6 ml of iodinated 
contrast material was administered within 3 sec by manual 
injection into the rabbits via a 22‑gauge angiocatheter placed 
in the ear vein of the rabbits. Diameter of the aortic segment 
was measured in reference to an external sizing device (Sizing 
catheter; 1 cm in length; Cook Medical LLC, Bloomington, 
IN, USA) placed under the abdomen during IVDSA, and the 
formation of a successful AAA was defined as a focal dilation 
ratio of the elastase‑incubated aorta with a diameter of ≥50% 
of the normal.

Primary cell isolation and identification. In order to minimize 
suffering, air embolism euthanasia procedure was performed 
under 30 mg/kg sodium pentobarbital an esthesia. Primary 
SMCs were isolated from a ~1 cm section of the AAA neck 
(NA) tissue, taken from a region ranging from the undilated 
part of the abdominal artery to the renal artery. The tissue 
pieces were cultured in Dulbecco's modified Eagle's medium 
(HyClone; GE Healthcare Life Sciences, Logan, UT, USA), 
containing 20% fetal bovine serum (Hyclone; GE Healthcare), 
100 U/ml penicillin and 100 mg/ml streptomycin (Nanjing Key 
Gen Biotech Co., Ltd., Nanjing, China), and were maintained 
at 37˚C in a humidified 5% CO2 incubator. Following SMC 
migration out of the tissue sections, the cells were routinely 
passaged and SMCs from the third passage were identified 
by immunocytochemistry with anti‑α‑smooth muscle actin 
(α‑SMA; clone 1A4; cat. no. A2547, Sigma‑Aldrich; Merck 
KGaA, Darmstadt, Germany). A total of 1x106 SMCs were 
fixed in 4% paraformaldehyde, and blocked with 5% normal 
goat serum (Shanghai Biyuntian Bio‑Technology Co., Ltd., 
Shanghai, China) at room temperature for 1 h. The fixed 
cells were then incubated with anti‑α‑SMA (1:100) at 4˚C 
overnight. Secondary antibody incubation was performed 
using fluorescein isothiocyanate (FITC)‑conjugated goat 
anti‑mouse immunoglobulin G (cat. no. SA00003‑1; 1:50; 
ProteinTech Group, Inc., Chicago, IL, USA) at room tempera-
ture for 1 h. Cell nuclei were stained with DAPI according to 
the manufacturer protocol (cat. no. C1005; Shanghai Biyuntian 
Bio‑Technology Co., Ltd.) Stained cells were observed using 
a fluorescence microscope (Olympus Corporation, Tokyo, 
Japan). Cells from passages 4‑10 were used for further in vitro 
studies.

Figure 1. Intravenous digital subtraction angiography image of an AAA. The 
solid arrow indicates the AAA, the dashed arrow indicates the NA. AAA, 
abdominal artery aneurysm; NA, AAA neck (magnification, x2).
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Cell proliferation assay. The proliferation of SMCs was 
indirectly assayed using Cell Counting Kit‑8 (CCK‑8) reagent 
(Dojindo Molecular Technologies, Inc., Rockville, MD, USA), 
according to the manufacturer's protocol. Briefly, cells were 
seeded at a density of 3x103 cells/100 µl/well in 96‑well plates 
with 3, 10, 30, or 100 ng/ml of TIMP‑3 (R&D Systems, Inc., 
Minneapolis, MN, USA) (4 wells/group) for 24 h at 37˚C in a 
humidified 5% CO2 incubator. Cells cultured without TIMP‑3 
were used as the control group. Subsequently, 10 µl CCK‑8 
solution was added to each well, and the plates were incubated 
at 37˚C for 3 h. The optical density of the wells was measured 
at 450 nm, using a microplate reader (Thermo Fisher Scientific, 
Inc., Waltham, MA, USA).

Trans well assay. A 96‑well chemo tax is chamber (Neuro 
Probe, Inc., Gaithersburg, MD, USA) was used for the trans 
well assays. The polyvinyl membrane, containing 8 µm pores, 
was coated with 10 µg/ml fibronectin (Sigma‑Aldrich; Merck 
KGaA) for 2 h, and then air‑dried. The lower chamber was 
filled with DMEM containing 0.25% bovine serum albumin 
(BSA) (Sigma‑Aldrich; Merck KGaA), with or without 3, 10, 
30 or 100 ng/ml TIMP‑3. SMCs were then seeded onto the 
filter at 2x105 cells per well, in DMEM containing 0.25% BSA. 
The plates were incubated for 5 h in a humidified chamber at 
37˚C. The chambers were disassembled and the membranes 
were fixed in methanol and stained with hematoxylin and 
eosin. Cell nuclei were counted across ten high power fields per 
membrane, using a light microscope. Results were presented 
as the mean number of cells migrated per field.

Cell apoptosis assay. The ability of TIMP‑3 to induce apop-
tosis in NA SMCs was determined by flow cytometry. Cells 
were incubated with 3, 10, 30 or 100  ng/ml TIMP‑3 and 
stained using the Annex in V‑FITC Apoptosis Detection kit 
(BD Biosciences, Franklin Lakes, NJ, USA), according to 
manufacturer's protocol. The cells were analyzed with the 
FACS Aria Flow Cytometer (BD Biosciences) within 1 h.

Gelatin zymography. The activity of MMP‑2 and MMP‑9 
was measured using MMP Zymography Assay kit according 
to the manufacturer's protocol (Applygen Technologies Inc., 
Beijing, China). Briefly, the NA SMCs were treated with 3, 10, 
30 or 100 ng/ml TIMP‑3 for 24 h, and the cells were subse-
quently washed with ice‑cold phosphate‑buffered saline and 

lysed with radioimmunoprecipitation assay buffer (Shanghai 
Biyuntian Bio‑Technology Co., Ltd.). The lysates were cleared 
by centrifugation at 12,000 x g for 15 min, and the supernatants 
were collected. Protein concentrations were determined using 
the bicinchoninic acid protein assay kit (Pierce; Thermo Fisher 
Scientific, Inc.). Equal amounts of protein (25 µg) were sepa-
rated by 8% SDS‑PAGE containing 1 mg/ml gelatin, under 
non‑reducing conditions. The gel was subsequently washed and 
incubated at 37˚C for 24 h, and then stained with Coomassie 
brilliant blue R250. The activity of MMP‑2 and MMP‑9 
was detected with ChemiDoc MP imaging System (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA) and the intensity of the 
bands was estimated using the 5.1 (Bio‑Rad Laboratories, Inc.).

Enzyme‑linked immunosorbent assay (ELISA) of TNF‑α 
levels. The conditioned medium of NA SMCs was collected, 
and the levels of TNF‑α were measured using a TNF‑α ELISA 
kit (cat. no. E04T0008; Shanghai BlueGene Biotech Co., Ltd., 
Shanghai, China) according to the manufacturer's protocol. 
Absorbance was measured at 450  nm using a microplate 
reader. Samples were measured in duplicate.

Statistical analysis. Data are presented as the mean ± stan-
dard error of mean. Statistical analyses were performed using 
one‑way analysis of variance, followed by Dunnett's multiple 
comparison test. All statistical analyses were performed with 
Prism5 (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 
was considered to indicate a statistically significant difference.

Results

Induction of the rabbit AAA model, and isolation of SMCs. 
The AAA model was confirmed by inspection for an aortic 
aneurysm, using intravenous digital subtraction angiography, 
30 days after induction of AAA (Fig. 1). The NA tissue, ~1 cm 
long, was excised from the aortic section between the un 
dilated region and the renal artery. Following incubation of the 
NAtissue, SMC smigrated onto the surface of the culture dish 
~10 days later. The cells were positively identified as SMCs by 
immunofluorescent staining for α‑SMA (Fig. 2).

TIMP‑3 reduced the proliferation and migration of SMCs. 
SMC proliferation was markedly reduced following treatment 
with 10 to 100 ng/ml TIMP‑3; however, there was no apparent 

Figure 2. Immunostaining of α‑SMA in abdominal artery aneurysm neck smooth muscle cells. Cells were stained for (A) α‑SMA (green) and (B) counter-
stained with DAPI (blue). (C) Merge. Magnification, x20; magnification bar, 20 µm. α‑SMA, α‑smooth muscle actin.
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anti‑proliferative effect following treatment with 3  ng/ml 
TIMP‑3 (Fig. 3). Similarly, SMC migration was significantly 
decreased by 10, 30 and 100 ng/ml of TIMP‑3 (Fig. 4). Analysis 
of cellular apoptosis revealed no significant differences among 
the groups (data not shown), indicating that TIMP‑3 had no 
effect on the apoptosis of NA SMCs.

Role of TIMP‑3 in the activity of MMP‑2 and MMP‑9. Gelatin 
zymography analysis was used to investigate the effects of 
TIMP‑3 on the activities of MMP‑2 and MMP‑9 (Fig. 5A). 
MMP‑2 activity was significantly reduced in NA SMCs treated 
with 10, 30 and 100 ng/ml TIMP‑3, compared with untreated 
control cells (Fig. 5B). Similarly, the activity of MMP‑9 was 
significantly reduced by 30 and 100 ng/ml TIMP‑3 (Fig. 5C).

TIMP‑3 reduces secretion of TNF‑α in SMCs. In order to inves-
tigate the effects of TIMP‑3 on the inflammatory responses of 
NASMCs, the levels of TNF‑α secreted into the conditioned 

Figure 4. Effects of TIMP‑3 on the migration of abdominal artery aneurysm neck SMCs. (A) Effects of TIMP‑3 on SMC migration. SMCs were incubated with 
TIMP‑3 (3, 10, 30 and 100 ng/ml) for 5 h. (B) Histogram of the migration of SMCs following TIMP‑3 treatment. Magnification, x200. *P<0.05, ***P<0.001 vs. 
untreated control. SMCs, smooth muscle cells; TIMP‑3, tissue inhibitor of matrix metalloproteinase 3; HPF, high power field.

Figure 3. NASMC viability following treatment with TIMP‑3. Cell viability 
of NA SMCs was analyzed following incubation with various concentrations 
of TIMP‑3 for 24 h. Data are presented as the mean ± standard error of the 
mean (n=4). *P<0.05 and **P<0.01. NA, abdominal artery aneurysm neck; 
SMC, smooth muscle cell; TIMP‑3, tissue inhibitor of matrix metallopro-
teinase 3; OD, optical density.

Figure 5. Effects of TIMP‑3 on the activity of MMP‑2 and MMP‑9. (A) Activity of MMP‑2 and MMP‑9 was detected by gelatin zymography. (B) Activity of 
MMP‑2 was reduced following treatment with 10, 30 and 100 ng/ml TIMP‑3. (C) Activity of MMP‑9 was reduced following treatment with 30 and 100 ng/ml 
TIMP‑3. *P<0.05, **P<0.01 and ***P<0.001, vs. untreated control. MMP, matrix metalloproteinase; TIMP‑3, tissue inhibitor of MMP‑3.
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medium were measured by ELISA. Compared with the control 
group, NA SMCs treated with TIMP‑3 secreted less TNF‑α 
in a concentration‑dependent manner. The percentage inhibi-
tion of TNF‑α secretion, exerted by TIMP‑3 at concentrations 
of 10, 30 and 100 ng/ml, on NA SMCs was 16.72, 29.94 and 
65.38%, respectively (Fig. 6).

Discussion

AAA is a common and potentially fatal disease that has major 
effects on the health care of the elderly (2); atherosclerosis is an 
almost universal finding in the walls of these aneurysms (25). 
In order to imitate the pathogenesis of human AAA, the present 
study induced an arteriosclerosis obliterans model by feeding 
rabbits a high‑cholesterol diet for 16 weeks, prior to induction 
of the AAA model. After 30 days, SMCs were isolated from the 
aorta adjacent to the AAA. This is the region to which endo-
vascular stents would be attached, and are therefore at risk of 
long‑term dilation. Previous studies (26,27) have demonstrated 
that the aorta proximal to the AAA demonstrates relative 

preservation of the aortic structure, combined with reduced 
damage of the medial elastic fibers and mild adventitial inflam-
mation, in comparison with the body or center of the AAA. This 
region may provide insight into the early mechanisms of AAA 
pathogenesis, and the present study therefore investigated the 
impact of treating SMCs isolated from this region with various 
concentrations of TIMP‑3, an inhibitor of the ECM‑degrading 
enzymes MMP‑2 and MMP‑9.

The present study demonstrated that 10, 30 and 100 ng/ml 
TIMP‑3 reduced the proliferation of SMCs, and 10, 30 and 
100 ng/ml TIMP‑3 attenuated the migration of SMCs. These 
results are consistent with previous research indicating that 
TIMP‑3 may inhibit the growth of different cell types, and 
reduce cell proliferation and invasion (23). TIMP‑3 was not 
found to increase the apoptotic rate of NA SMCs, however 
this may be due to an insufficient concentration of TIMP‑3. 
SMC migration and proliferation are the leading factors in 
the progression of arteriosclerosis obliterans therefore, the 
inhibition of SMC migration and proliferation may present a 
therapeutic strategy for the treatment of atherosclerosis (28). 
The present study investigated this hypothesis in vitro, and the 
results indicated that TIMP‑3 may prevent the dilation of the 
proximal aorta of an AAA, and therefore indicated the poten-
tial for TIMP‑3 to be used for atherosclerotic therapy.

A key mechanism in the pathogenesis and progression 
of AAA involves proteolytic degradation of the aortic wall. 
Increased elastase and collagenase activity have been detected 
in aortic aneurysms, and have been positively correlated 
with alterations in the ECM composition, and in the size of 
the aneurysm (29). Further more, MMP‑2 and MMP‑9 have 
previously been demonstrated to be overexpressed in human 
and animal AAA tissue specimens (30). In the present study, 
30 and 100 ng/ml TIMP‑3 suppressed the activity of MMP‑2 
and MMP‑9, and this occurred in a concentration‑dependent 
manner. This inhibition of MMP‑2 and MMP‑9 activity may 
prevent excessive degeneration of the ECM, and therefore the 
resulting dilation of the aortic wall.

Another feature of human AAA is inflammation (11). TNF‑α 
is an important proinflammatory cytokine (28), which serves a 
role in atherosclerosis and AAA by stimulating the expression 
of adhesion molecules and MMPs (31‑33). Furthermore, TNF‑α 
is involved in activation of the mitogen‑activated protein 
kinase cascade, leading to vascular SMC migration and prolif-
eration (31,32,34). The present study demonstrated that TNF‑α 
expression was attenuated by 10, 30 and 100 ng/ml of TIMP‑3, 
and this may subsequently inhibit the activity of MMP‑2 and 
MMP‑9, and thus reduce the proliferation and migration of 
SMCs from the atherosclerotic aorta adjacent to the AAA. 
Stimulated SMCs actively participate in the inflammatory 
cascade by secreting a range of factors including TNF‑α, IL‑6, 
IL‑1β (14) and MMPs (15). The results of the present study indi-
cated that 30 and 100 ng/ml of TIMP‑3 was able to suppress the 
proliferation and migration of SMCs from the proximal a orta 
of the AAA, which may decrease the secretion of TNF‑α and 
reduce the activity of MMPs. A schematic diagram illustrating 
a potential mechanism for the TIMP‑3‑induced attenuation of 
the progressive development of AAA is presented in Fig. 7.

Our previous study demonstrated the use of gene trans-
duction into the aortic wall; using plasmid‑loaded cationized 
gelatin hydrogel‑coated polyester stent grafts (35). Using this 

Figure 6. TIMP‑3 reduces the expression of TNF‑α in NA SMCs. NA SMCs 
were stimulated with 3, 10, 30 and 100 ng/ml TIMP‑3, and TNF‑α levels were 
measured by enzyme‑linked immunosorbent assay. ***P<0.001, ****P<0.0001, 
vs. untreated control. TIMP‑3, tissue inhibitor of matrix metalloproteinase 3; 
TNF‑α, tumor necrosis factor α; NA, abdominal artery aneurysm neck; SMC, 
smooth muscle cell.

Figure 7. Schematic diagram of the potential mechanism of TIMP‑3‑attenuated 
AAA development. AAA, abdominal artery aneurysm; MMP, matrix metal-
loproteinase; TIMP‑3, tissue inhibitor of MMP‑3; TNF‑α, tumor necrosis 
factor α; SMC, smooth muscle cell; ECM, extracellular matrix.
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gene transfer method to deliver TIMP‑3 cDNA may assist 
in ameliorating the atherosclerotic region of the seal zone 
following EVAR treatment, there by preventing the progres-
sion of the an eurysm along the aneurysmal neck.

In conclusion, the present study demonstrated that 10, 30 
and 100 ng/ml TIMP‑3 attenuate migration and proliferation, 
and to inhibit the activity of MMP‑2, MMP‑9 and TNF‑α 
secretion of NA SMCs. Future research will investigate the 
use of a stent‑graft implanted in vivo, as a gene therapy vehicle 
to inhibit dilation of the NA, and to improve the long‑term out 
comes of EVAR therapy.
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