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Abstract: Transforming growth factor (TGF)-β1 has been suggested to be involved in the recruitment of mesenchy-
mal stem cells (MSCs) following arterial injury, but the role of downstream signaling and the contribution of the 
recruited MSCs are still unknown. The release of latent TGF-β1 from latent TGF-binding protein (LTBP) by matrix 
metallopeptidase-14 (MMP-14) proteolysis was demonstrated, which contributed to neointima formation, but the 
relationship between MMP-14 and activated TGF-β1 in the process of restenosis has yet to be explored. In this study, 
we observed the change in expression and distribution of TGF-β1/Smad signaling pathway proteins, MMP-14, and 
MSC markers in the process of neointima formation using a rat model for balloon-induced carotid artery injury. 
We found that the increase in downstream Smad signaling was consistent with the elevation of TGF-β1 levels and 
MSCs accumulated at the lumen side of neointima. Furthermore, the activation of MMP-14 in the injured artery was 
preceded by the increase in TGF-β1 levels. Herein, we conclude that MMP-14 induces an elevation in the levels of 
TGF-β1/Smad signaling proteins in injured arteries, and that MSCs are recruited by TGF-β1/Smad signaling and 
MMP-14, possibly differentiating into vascular smooth muscle cell (VSMC)-like cells and VSMC via modulation of 
TGF-β1/Smads signaling and MMP-14.
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Introduction

Cardiovascular diseases are among the leading 
causes of death worldwide. Percutaneous 
transluminal coronary angioplasty (PTCA) treat-
ments are frequently used but are often com-
plicated by restenosis. The proliferation and 
differentiation of vascular smooth muscle cells 
(VSMCs) [1] and the dysregulation of extracel-
lular matrix (ECM) [2] after intimal injury are 
contributing factors to restenosis. The recruit-
ment of mesenchymal stem cells (MSCs) has 
recently been suggested to contribute to tissue 
repair where arterial injury is involved. Various 
cytokines, such as granulocyte colony-stimulat-
ing factor (G-CSF) and TGF-β1, have been pro-
posed to be involved in the recruitment of 
MSCs, with TGF-β1 having an essential role [3]. 
However, the downstream signaling elements 
remain unknown.

Recent studies have suggested that TGF-β1 
promotes the migration and recruitment of 
MSCs to lesions to participate in tissue repair 
and remodeling, such as bone remodeling [3]. 
Furthermore, transplantation of MSCs has been 
applied to demonstrate the contribution of 
MSCs to neointimal formation of vascular 
lesions in vivo [4]. Evidence has shown a high 
potential of MSCs to differentiate into cells with 
a muscular phenotype; meanwhile, several in 
vivo and in vitro studies have demonstrated the 
ability of MSCs to differentiate into VSMCs or 
VSMC-like cells [5], from which abundant ECM 
components are secreted. However, the specif-
ic underlying mechanism of recruitment and 
contribution of MSCs to the injured artery is not 
known.

Matrix metalloproteinases (MMPs), such as 
MMP-2 and MMP-9, cleave interstitial collagens 

http://www.ijcep.com


TGF-β1, MMP-14 and MSCs in restenosis

2916	 Int J Clin Exp Pathol 2014;7(6):2915-2924

and have recently been demonstrated to play a 
crucial role in intimal hyperplasia [4]. Sustained 
MMP activity is suggested to be associated 
with vascular pathologies such as hypertension 
restenosis and atherosclerosis [6]. Furthermore, 
MMPs were found to contribute to vascular 
remodeling by liberating cytokines from stromal 
matrices [7]. MMP-14 (MT1-MMP), a newly 
defined membranous MMP, was recently dem-
onstrated to release latent TGF-β1 from latent 
TGF-binding protein (LTBP) by proteolysis [8] 
and to contribute to the migration and prolifera-
tion of arterial VSMCs [9, 10]. MMP-14 was also 
revealed to regulate the migration, invasion, 
and proliferation of MSCs [11, 12]. The correla-
tions between MMP-14 and elevated levels of 
TGF-β1 and their potential roles on MSCs in the 
process of restenosis have not been studied in 
detail.

In this study, a rat model for left carotid arterial 
balloon injury was used to imitate the process 
of restenosis. The distribution and expression 
of TGF-β1/Smad signaling, MMP-14, and MSC 
markers were observed in the injured artery. 
The phenotype of neointima cells and newly 
accumulated ECM proteins were also detected. 
Based on our data, we concluded that TGF- 
β1/Smad signaling is stimulated by MMP-14, 
subsequently recruiting MSCs that then differ-
entiate into VSMC-like cells and initiate 
proliferation.

Materials and methods

Materials

Forty-two male Sprague-Dawley rats (SD rats) 
weighing 350-400 g were purchased from the 
animal center of Xinjiang Medical University 

(Xinjiang, China). Percutaneous transluminal 
coronary angioplasty (PTCA) dilatation cathe-
ters (2.0 mm/15 mm) were purchased from 
Thermo Scientific (Waltham, MA, USA). Oph- 
thalmic surgical instruments used in this study 
were purchased from 66vision (Suzhou, China). 
Chloral hydrate (0.1 g/mL) was used for 
anesthesia.

Rat carotid artery balloon injury model

Vascular injury was performed according to a 
protocol developed by David Anthony Tulis [13]. 
Intraperitoneal injection of chloral hydrate was 
used for anesthesia. A neck midline incision 
was made, and the internal and external carot-
id arteries of the left carotid artery were sepa-
rated, which are closely adjacent to the tra-
chea. The distal right common carotid artery 
and region of the bifurcation were exposed. A 
2F Fogarty balloon was inflated with saline to 
2.0 atm to distend the common carotid artery 
and was then pulled back to the external carot-
id artery. After three repetitions of this proce-
dure, the artery intima was removed complete-
ly. The rats were randomly assigned into 
uninjured (control) group and 6 groups of left 
carotid artery balloon injury (6 rats per group). 
Arteries injured by balloon angioplasty were 
harvested at 0 h, 1 day, 3 days, 7 days, 14 
days, and 21 days (experimental groups: con-
trol, 0 h, 1 d, 3 d, 7 d, 14 d, 21 d).

Western blot analysis

Common carotid artery segments from the  
control and injured groups were removed and 
disrupted. Radio-immunoprecipitation assay 
(RIPA) buffer with phenylmethanesulfonyl fluo-
ride (100:1 dilution) was then added to the dis-
rupted tissue, incubated on ice for 30 min. 
Supernatants were collected following centrifu-
gation at 12,000 rpm for 20 min at 4°C to 
remove debris. Protein samples were mixed 
with loading buffer and heated to 100°C for 10 
min, after which the samples were separated 
by 10% SDS-PAGE. Proteins were then trans-
ferred to polyvinyl difluoride membranes 
(Solarbio, Beijing, China). Membranes were 
blocked with 5% nonfat milk in TBST buffer for 
1-2 h at room temperature. The blots were incu-
bated with primary antibodies (Table 1) over-
night at 4°C.

Table 1. Antibodies used for western blotting 
analysis
Antibody Clone Dilution Source
TGF-β1 Rabbit pAb 1:200 Santa Cruz
MMP-14 Rabbit mAb 1:1000 Abcam
Nestin Rabbit mAb 1:400 Abcam
p-Smad2/3 Rabbit pAb 1:100 Santa Cruz
Smad2/3 Rabbit pAb 1:100 Santa Cruz
Calponin Mouse mAb 1:3000 Abcam
Vimentin Mouse mAb 1:1000 Abcam
Collagen III Rabbit pAb 1:1000 Abcam
pAb, polyclonal antibody; mAb, monoclonal antibody.
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Immunohistochemical staining

The EnVision two-step immunohistochemical 
(IHC) kit (Golden Bridge, Beijing, China) and 
DAB enhancer (DAKO, Carpinteria, CA) were 
used to detect specific target proteins. Briefly, 
paraffin embedded vascular sections were 
deparaffinized and rehydrated with ethanol and 
then quenched with 3% hydrogen peroxide for 
10 min. Slides were soaked in 10.0 mM sodium 
citrate buffer and boiled in a pressure cooker 
for 8 min at 130°C for antigen retrieval. Slides 
were incubated with primary antibodies (Table 
2) overnight at 4°C. Samples were then washed 
with PBS and subsequently incubated with sec-
ondary antibodies for 30 min. The sections 
were visualized by incubating with diaminoben-
zidine tetrahydrochloride and counterstained 
with hematoxylin. PBS was used in place of the 
primary antibody as negative control.

Immunofluorescence staining

Immunofluorescence staining was performed 
on the tissue sections. After blocking in 0.5% 
bull serum albumin for 30 min, sections were 
incubated with primary antibodies (anti-nestin 
and anti-CD29, Abcam, Cambridge, UK) fol-
lowed by incubation with FITC-conjugated sec-
ondary antibodies (Zhongshan Golden Bridge 
Biotechnology Co., Beijing, China). Nuclei were 
counterstained with DAPI (Sigma) and observed 
by confocal microscopy (FLUOVIEW FV300, 
Olympus, Tokyo, Japan).

Statistical analysis

All experimental data were statistically ana-
lyzed using SPSS17.0 software (IBM Corp., 

ma, we measured intima/media ratio and cell 
numbers of neointima. The I/M ratio increased 
significantly beginning at day 7, with the 
increase sustained through day 14 and reach-
ing a maximum at day 21, after injury. The I/M 
ratios at 14 and 21 days (3.6 ± 0.1, 5.1 ± 0.2, 
respectively) were significantly higher (P < 0.01) 
than that at 7 days (0.9 ± 0.2). There was no 
neointima formation in control, 0 h, 1 d, and 3 
d groups. Additionally, neointima cell numbers 
were calculated under high power field (HPF), 
and cell numbers at day 14 (150 ± 10/HPF, 
n=6) were significantly higher than the num-
bers at day 7 (53 ± 12/HPF, n=6) and day 21 
(98 ± 15/HPF, n=6). The results revealed that 
neointima thickening was sustained from day 7 
to day 21, and the number of cells in neointima 
peaked at 14 days after arterial injury, while at 
day 21, there were more intercellular suba- 
tances.

Levels of TGF-β1/Smad signaling proteins 
were elevated following arterial injury

To determine whether TGF-β1/Smad signaling 
was activated after arterial injury, western blot 
analysis was used to quantify the levels of the 
key pathway. TGF-β1 levels increased by day 7 
after injury, reached a maximum at day 14, and 
then decreased at day 21 (Figure 1A and 1B). 
The TGF-β1 levels of the 14 d group were signifi-
cantly higher (P < 0.01) than the levels in the 7 
d and 21 d groups. Along with TGF-β1, the 
downstream Smads, including p-Smad2/3 and 
Smad2/3, were detected as well, to evaluate 
the activation of TGF-β1/Smad signaling and 
the results revealed protein levels that were 
consistent with TGF-β1, with Smad levels reach-
ing a maximum at day 14 (Figure 2A). Smad7 

Table 2. Antibodies used in the immunohistochemical study
Antibody Clone Dilution Source Location
TGF-β1 Rabbit pAb 1:200 Santa Cruz Extracellular Matrix
TGF-β1-RI Rabbit pAb 1:200 Santa Cruz Cell membrane or cytoplasm
p-Smad2/3 Rabbit pAb 1:50 Santa Cruz Cell nucleus
MMP-14 Rabbit mAb 1:200 Abcam Cytoplasm
CD29 Rabbit pAb 1:600 Abcam Cell membrane 
Nestin Rabbit mAb 1:400 Abcam Cell membrane 
Calponin Mouse mAb 1:800 DAKO Cytoplasm
Vimentin Rabbit mAb 1:800 DAKO Cell membrane
Collagen III Rabbit mAb 1:600 Abcam Cytoplasm
Ki-67 Rabbit pAb 1:600 DAKO Cytoplasm
pAb, polyclonal antibody; mAb, monoclonal antibody.

Armonk, NY, USA). Quanti- 
tative data were presented 
as the means ± SEs. The dif-
ferences in gray value were 
analyzed by Student’s t-test. 
P-values of less than 0.05 
were considered statistically 
significant.

Results

Balloon injury induces 
thickening and cell accumu-
lation in neointima

To explore the major compo-
nents of hyperplasis neointi-
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was detected as the antagonist of TGF-β1/
Smad signaling, with Smad7 expression signifi-
cantly lower (P < 0.01) at 14 days than that at 7 
days (Data not shown). These results demon-
strated that the TGF-β1/Smad signaling was 
activated in neointima formation and peaked at 
14 d after injury.

IHC staining was used to examine if the acti-
vated TGF-β1/Smad signaling proteins were 

localized to the neointima. Neointima cells 
were strongly positive for TGF-β1, TGF-β1-
RI(Data not shown), and p-Smad2/3 at 14 days 
after injury, and the staining intensity of those 
proteins in the 14 d group was much stronger 
than in the 7 d and 21 d groups, while no signifi-
cant staining was observed in control, 0 h, 1 d, 
and 3 d groups (Figure 4A, 4B). These results 
confirm that TGF-β1/Smad signaling was local-
ized to the neointima.

Figure 1. Expression of TGF-β1, MMP-14 and Nestin in arteries following balloon angioplasty as detected by western 
blot. A: Representative patterns of TGF-β1, MMP-14 and Nestin. B: Densitometry analysis of TGF-β1, MMP-14 and 
nestin (n=6 rats), *: compared with the 7 d group, P < 0.01; #: compared with the 21 d group, P < 0.01.

Figure 2. Expression of p-Smad2/3 and Smad2/3 in arteries following balloon angioplasty as detected by west-
ern blot. A: Representative patterns of p-Smad2/3 and Smad2/3. B: Quantification of the ratio of p-Smad2/3-to-
Smad2/3 (n=6 rats), *: compared with the 7 d group, P < 0.01; #: compared with the 21 d group, P < 0.01.

Figure 3. Expression of calponin, vimentin, and collagen III in arteries following balloon angioplasty as detected 
by western blot. A: Representative patterns of calponin, vimentin, and collagen III. B: Densitometry analysis of cal-
ponin, vimentin and collagen III (n=6 rats), *: compared with the 7 d group, P < 0.01; #: compared with the 21 d 
group, P < 0.01.
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MMP-14 is activated after arterial injury

Next, we measured the levels of MMP-14 to 
explore the potential correlation with elevated 

levels of TGF-β1/Smad signaling. We found that 
MMP-14 levels began to rise at day 3 after inju-
ry (Figure 1A and 1B), which preceded that of 
TGF-β1/Smad signaling activation. MMP-14 

Figure 4. Representative IHC staining of target proteins in injured arteries (magnification 400×). 1, 2, 3 represent 7 
d, 14 d, and 21 d groups, respectively. A: TGF-β1. B: p-Smad2/3. C: MMP-14. D: CD29. E: Nestin.
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levels reached a maximum at day 14, and 
decreased by day 21. The expression level at 
14 days was significantly higher than at day 3, 
day 7, and day 21 (P < 0.01). There was no 
detectable expression observed in the control, 
0 h, and 1 d groups.

To examine the distribution of MMP-14 within 
the developing carotid neointima, IHC staining 
was used. Positive staining of MMP-14 was 
observed throughout the thickness of the neo-
intima, and the staining intensity at 14 days 
was much stronger than that in the 7 d and 21 
d groups, and no significant staining was appar-
ent in the control, 0 h, 1 d, and 3 d groups 
(Figure 4C).

MSCs accumulated in neointima after arterial 
injury

In order to determine whether MSCs accumu-
lated in the injured artery, Nestin was detected 
as an MSC marker. Nestin exhibited significant 
expression in the 7 d and 14 d groups only 

(Figure 1A), and the expression at 14 days was 
significantly higher (P < 0. 01) than that at 7 
days (Figure 1B). To locate the recruited MSCs, 
immunofluorescence was used to detect the 
expression of CD29 and Nestin. Results 
revealed that Nestin- and CD29-positive cells 
were located at the lumen side of the neointi-
ma, with a greater number of positive cells 
observed at day 14 compared to day 7 sam-
ples, while no positive cells were detected in 
the other groups (Figure 4D and 4E).

Complex phenotype of neointima cells were 
observed and extracellular matrix protein was 
secreted from neointima

To initially define the cell type associated with 
neointima and dissect the effects of MSCs on 
neointima formation, the expression of vimen-
tin and calponin were examined. Both vimentin 
and calponin were expressed after injury 
(Figure 3A), and expression levels were signifi-
cantly higher in the 14 d group than in the 7 d 
and 21 d groups (Figure 3B). The expression 

Figure 5. Representative IHC staining of target proteins related with cell type and ECM (magnification 400×). A-C: 
Staining of Ki-67 in 7 d, 14 d, and 21 d groups. D: Calponin in 14 d group. E: Vimentin in 14 d group. F: CD31 in 21 
d group. G-I: Staining of collagen III in neointima in 7 d, 14 d, and 21 d groups.
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pattern of vimentin and calponin were similar to 
TGF-β1/Smad signaling. Furthermore, the 
immunolocalization of vimentin and calponin 
showed positive staining in the majority of neo-
intima cells (Figure 5D and 5E). To examine the 
relationship between the stimulation of TGF-
β1/Smad signaling and MMP-14 activation and 
the production of a new extracellular matrix 
material in neointima, the expression of colla-
gen III was examined in the injured artery. 
Collagen III expression increased dramatically 
in 7 d, 14 d, and 21 d groups, reaching a maxi-
mum at 21 days, but showed a noticeable 
decrease at day 14 relative to day 7 (Figures 
3A, 3B and 5G-I). Moreover, Ki-67 was detect-
ed to display the proliferation of neointima 
cells, and the expression peaked at 14 days as 
well (Figure 5A-C). CD31 was detected to 
observe whether new endothelial cells were 
generated, however, no positive cells were 
observed at day 7, day 14, or day 21 (Figure 
5F).

Discussion

In our present study, western blot analysis and 
IHC staining were used to examine the protein 
expression patterns of TGF-β1/Smad signaling 
components, MSC markers, and MMP-14 at dif-
ferent time points following arterial injury. In 
addition, the characteristics of neointima cells 
were explored as well. Based on our present 
data, we inferred that the influence of TGF-β1 
upon neointima formation is achieved via Smad 
signaling, leading to the recruitment of MSCs to 
the arterial lesion, and thereby modulating the 
formation of neointima. This is the first demon-
stration of the underlying relationship between 
MMP-14 and TGF-β1/Smad signaling and the 
potential role of MMP-14 in the progression of 
neointima hyperplasia.

We used western blot analysis and IHC staining 
to explore whether the activation of TGF-β1 was 
time-dependent. Protein expression of TGF-β1 
was detectable at 7 days, reaching maximum 
levels at 14 days and decreasing by 21 days. To 
measure the activation of Smad signaling, we 
measured the expression of p-Smad2/3 and 
Smad2/3 (Figure 2A and 2B) and found their 
expression profiles similar to that of TGF-β1. 
These results indicate that TGF-β1, as well as 
downstream signaling through Smads, were 
activated in a time-dependent manner in inti-
ma-denuded artery. Previously, Majeski et al. 

[14] reported that mRNA expression of TGF-β1 
was increased at 6 h after carotid balloon injury 
and reached a maximum at 24 h. The increased 
TGF-β1 mRNA levels were sustained over the 
next 14 days, during which time a mass of neo-
intimal thickening was formed. And our study 
demonstrated that activation of TGF-β1/Smad 
signaling increased and sustained for more 
than 21 d, and located in neointima, in which 
neointimal thickening performed a dramatic 
increasing as well. The result strongly indicated 
that the biological effect of TGF-β1 in neointima 
formation after arterial injury may be achieved 
by Smad signaling.

TGF-β1 has been shown to be involved in reste-
nosis, recruiting MSCs to the injured tissue, 
affecting lesion repair [3]. CD29 [15] and nes-
tin [16] have been shown to be markers for 
MSCs. In this study, CD29- or nestin-positive 
cells were observed in the lumen side of neo-
intima at days 7 and 14 following arterial injury 
via immunofluorescence, and the number of 
those cells in the 14 d group was significantly 
higher than those in the 7 d group. No CD29- or 
nestin-positive cells were observed in the other 
groups. Meanwhile, when the expression of 
CD29 was examined by western blot, the high-
est levels were observed at 14 days after injury. 
In consideration of the expression profile of 
TGF-β1 and p-Smad2/3, which expressed max-
imally at day 14, we hypothesized that the 
accumulation of MSCs in the lumen side of neo-
intima was likely regulated by TGF-β1 via Smad 
signaling. However, the specific role of MSCs in 
neointima formation is still unknown. To pre-
liminarily explore the contribution of MSCs, we 
detected other neointima components by using 
calponin, vimentin, and collagen III. We found 
that both the smooth muscle cell (SMC) marker 
calponin and the mesenchymal marker vimen-
tin were expressed in neointima cells, with 
maximum expression at day 14 while the neo-
intima cell number and Ki-67 index got the 
maximum as well, similar to the expression pat-
tern of TGF-β1 and Smad. The expression of 
collagen III, which acts as an ECM component, 
also increased by day 7, coinciding with the 
increase in signaling through the TGF-β1/Smad 
pathway. We inferred from those results that 
TGF-β1/Smad signaling recruited MSCs to the 
injured intima and modulated the differentia-
tion and proliferation of MSCs into VSMC-like 
cells in part and from which ECMs were secret-
ed. Transplantation of MSCs was once applied 
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to demonstrate the contribution of MSCs to 
neointimal formation due to vascular lesion in 
vivo [4, 16]. Furthermore, various studies sug-
gest that TGF-β1 promotes the migration and 
recruitment of MSCs to the lesions to partici-
pate in tissue repair and remodeling. Evidence 
shows that a higher potential of MSCs differen-
tiate into cells with a muscular phenotype than 
hematopoietic stem cells [17]. Although several 
studies, both in vivo and in vitro, have demon-
strated the ability of MSCs differentiation into 
VSMCs or VSMC-like cells, the underlying 
mechanism of the cellular or molecular events 
is still unclear. It has been observed that MSCs 
co-cultured with VSMCs could acquire a VSMC-
like phenotype when stimulated with TGF-β 
[18]. It has already been demonstrated that 
TGF-β1 can stimulate the synthesis of type I 
and III collagen in VSMCs through the Smad3 
signaling pathway, resulting in the deposition of 
ECM in the neointima [19], leading to resteno-
sis. A myofibroblast (MF)-a VSMC-like cell-pos-
sessing both an SMC and MSC phenotype, can 
produce large amounts of ECM components 
such as fibronectins, collagens, and MMPs. The 
implantation of MSCs was demonstrated to 
promote myofibroblast congregation via the 
induction of TGF-β1/Smad2-signaling in myo-
cardial infarction [20]. It has also been shown 
that excessive TGF-β1 activation induces myofi-
broblast differentiation from various precursor 
cell types, stimulating the secretion of colla-
gens [21]. Collectively, these data suggest that 
the sustained activation of the TGF-β1/Smad 
pathway locally may recruit MSCs to injured 
arteries and induce the differentiation of MSCs 
to both VSMCs and MFs, leading to the 
enhanced accumulation of neointima cells and 
the deposition of ECM after balloon injury.

While examining collagen III expression in 
hyperplasia neointima, protein expression 
increased significantly at day 7, day 14, and day 
21 compared with other groups. We unexpect-
edly observed a decrease in collagen III expres-
sion at day 14. Based on this observation, we 
hypothesized that some unknown factor(s) 
reversed ECM deposition. We first suspected 
that MMPs, regulators of ECM, were involved in 
this process. MMP-14, which has been newly 
found and rarely studied in restenosis, was 
demonstrated to release latent TGF-β1 from 
the ECM by proteolytic processing of LTBPs. In 
our study, MMP-14 was detected by western 

blot analysis and IHC staining and expression 
was observed beginning at 3 days after injury, 
with a sustained increase that reached a maxi-
mum at 14 days. This led to a decrease in col-
lagen III while TGF-β1/Smad signaling peaked. 
It has been suggested that MMP-14 not only 
cleaves the ECM but also activates signaling 
pathways such as TGF-β, which is associated 
with cell migration in skin and cornea wound 
healing [22]. MMP-14 was demonstrated to 
promote fibrosis and collagen remodeling, lead-
ing to pancreatic fibrosis through TGF-β1/
Smad2 signaling [23]. Moreover, the bioactivity 
of TGF-β1 was regulated by MMP-14 and the 
balance of the modulated vascular stability 
[24]. One study revealed the directional role of 
MMP-14 in neointima formation via the stimula-
tion of the differentiation of VSMC to an inva-
sive and proliferative cell phenotype [25]. 
Lately, studies demonstrated that MMP-14 not 
only regulates hMSC collagenolytic activity, but 
also trafficking and invasion in vitro. All these 
studies focused on the MT1-MMP-TGF axis, and 
our results also indicated that MSCs may be 
not only activated by TGF-β1/Smad signaling 
but also contribute to the recruitment of MSCs 
via the proliferation of neointima cells and 
remodeling of ECM directly or through alterna-
tive pathways. Based on the findings from the 
present study, a more comprehensive examina-
tion of specific MMP14-TGFβ1 proteolytic inter-
actions would be warranted.

Taken together, our study findings indicate that 
TGF-β1/Smad signaling was activated post inti-
ma denudation, and the activation correlated 
with the recruitment and differentiation of 
MSCs, proliferation of neointima cells, and 
deposition of ECM. We provide a new insight on 
the mechanisms of neointima formation and 
the role of TGF-β1/Smad signaling, likely 
induced by MMP-14, which may also recruit 
MSCs and induce VSMC proliferation directly or 
through other pathways. Additional studies are 
necessary to further explore the specific rela-
tionships between TGF-β1, MMP14, and MSCs 
in arterial injury.
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