Biochemical and Biophysical Research Communications 431 (2013) 326-331

Contents lists available at SciVerse ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier.com/locate/ybbrc

Potential role of vascular smooth muscle cell-like progenitor cell therapy
in the suppression of experimental abdominal aortic aneurysms

Hyung Sub Park? Geum Hee Choi?, Soli Hahn?, Young Sun Yoo, Ji Youl Lee ¢, Taeseung Lee **

2 Department of Surgery, Seoul National University Bundang Hospital, Seoul National University College of Medicine, Gyeonggi, Republic of Korea
b Department of Surgery, Chosun University Hospital, Chosun University College of Medicine, Gwangju, Republic of Korea
¢ Department of Urology, Seoul St. Mary’s Hospital, The Catholic University of Korea, Seoul, Republic of Korea

ARTICLE INFO ABSTRACT

Article history:
Received 11 December 2012
Available online 3 January 2013

Abdominal aortic aneurysms (AAA) are a growing problem worldwide, yet there is no known medical
therapy. The pathogenesis involves degradation of the elastic lamina by two combined mechanisms:
increased degradation of elastin by matrix metalloproteinases (MMP) and decreased formation of elastin
due to apoptosis of vascular smooth muscle cells (VSMC). In this study, we set out to examine the poten-
tial role of stem cells in the attenuation of AAA formation by inhibition of these pathogenetic mecha-
nisms. Muscle-derived stem cells from murine skeletal muscles were isolated and stimulated with
PDGF-BB in vitro for differentiation to VSMC-like progenitor cells (VSMC-PC). These cells were implanted
in to elastase-induced AAAs in rats. The cell therapy group had decreased rate of aneurysm formation
compared to control, and MMP expression at the genetic, protein and enzymatic level were also signifi-
cantly decreased. Furthermore, direct implantation of VSMC-PCs in the intima of harvested aortas was
visualized under immunofluorescent staining, suggesting that these cells were responsible for the inhi-
bition of MMPs and consequent attenuation of AAA formation. These results show a promising role of
stem cell therapy for the treatment of AAAs, and with further studies, may be able to reach clinical
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significance.
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1. Introduction

Abdominal aortic aneurysm (AAA) is a chronic degenerative dis-
ease primarily affecting the elderly males, with an incidence of up
to 12.5% in men aged 75 or higher [1]. This incidence is increasing
as the population life-span increases, and ruptured AAA is cur-
rently the 13th leading cause of death in the US. The mainstay of
therapy is endovascular or surgical treatment of the aneurysm
when the diameter is more than 5 cm. Unfortunately there is no
proven medical therapy to treat or halt the progression of AAA,
and for aneurysms that do not meet the treatment criteria, watch-
ful waiting is the only option. Many studies have reported possible
medical therapies or targets to retard AAA growth, however none
of them have reached widespread clinical use [2,3].

The pathogenesis of AAA is very complex, but there is increasing
evidence that the degradation of the media layer by means of a
proteolytic process is the basic underlying patho physiologic
mechanism. During this process, there is a decrease in elastin con-
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tent with expansion of the aortic wall, leading to a compensatory
increase in collagen synthesis and subsequent remodeling of the
AAA wall [4]. The main proteolytic enzyme involved is metallopro-
teinase (MMP), which is directly involved in the degradation of
elastin in the aortic wall [5,6]. Many studies have also shown that
the decrease in elastin can be attributed to senescence and apopto-
sis of vascular smooth muscle cells (VSMC), which are involved in
the production of elastin [7,8].

In this study, muscle-derived stem cells (MDSC) were differen-
tiated into VSMC-like progenitor cells (VSMC-PC) in vitro and were
incubated in elastase-induced abdominal aortic aneurysms in rats
in an attempt to replenish the elastin content of the aortic wall and
stop the progression of AAA formation.

2. Materials and methods
2.1. Isolation and differentiation of MDSCs

MDSCs were isolated from the gastrocnemius muscle of 4 wk
old male Spraque-Dawley (S-D) rats using the same methodology
as previously published by our group [9]. Isolated MDSCs were cul-
tured with antibodies for Sca-1, CD34, desmin and CD45 (as previ-
ously published) to verify their nature. These cells were then
transfected with lentivirus (Microgen, Korea) tagged with green
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fluorescent protein (GFP), by adding 1 ml of lentivirus into 6-well
plates containing MDSCs (at 70-90% confluence) and 4-8 pg of
polybrene (Sigma, USA). The whole mixture was incubated over-
night in a 37 °C and 5% CO, atmosphere and the cells were moved
to a new culture medium after 24 h. These cells were differentiated
by stimulation with 20 ng/ml of PDGF-BB (Upstate, USA) for 2-3 d
and changed to new culture media. PDGF-BB was added every time
the culture medium was changed and cells were allowed to differ-
entiate for 7-10d.

2.2. Abdominal aortic aneurysm model

An abdominal aortic aneurysm model was created in S-D rats
after induction of anesthesia with isoflurane. A midline incision
was made, the infrarenal aorta was exposed and cross-clamping
was performed proximally and distally. An aortotomy was made
just above the distal clamp site and a silastic tube connected to a
syringe was inserted in the cranial direction. The aorta was
clamped just above the aortotomy site and 0.1 cc of type I elastase
was injected for incubation during 30 min. In the cell therapy
group, 1 x 107 VSMC-like progenitor cells were incubated for an-
other 30 min, while in the control group, the same amount of sal-
ine was used. After incubation, the aortotomy site was closed and
clamps were removed for restoration of flow in the aorta. A total of
12 rats were used in our study, 6 in each group. This whole study
was performed under the approval of the institutional animal care
and use committee (IACUC) at our institution.

2.3. Immunohistochemical staining, zymography, Western blot and
RT-PCR

The aortas were harvested at 6 wk and the diameter of the
aneurysms and the adjacent normal aorta were measured. Positive
aneurysm formation was defined as an enlargement of the aorta by
more than 2 times compared to the adjacent normal aorta, in order
to compensate for possible measurement errors when using the
traditional 1.5 times criteria. The harvested tissues were tested
for metalloproteinases (MMP-2 and MMP-9).

Immunohistochemical staining was performed by immediate
fixation of AAA specimens with 4% formalin for 24 h and subse-
quent embedding in paraffin. Sections were stained by incubation
of primary antibodies MMP-2 and MMP-9 (1:100, Abcam, UK)
overnight, and their respective secondary antibodies for 30 min.
Immunoreactivity was visualized by incubation with 3,3-diam-
inobenzidine (DAB) substrate, counterstained with hematoxylin,
mounted and visualized under microscopy.

Gel zymography was performed by homogenizing aortic tissues
with lysis buffer consisting of 0.25% Triton X-100 and 0.1 M Tris-
HCI (pH 8.1), and 15 pl of the supernatant together with Tris-Gly-
cine SDS sample buffer 2X (Sigma-Aldrich, USA) were loaded on to
10% Zymogram gelatin gel (Invitrogen, USA). Electrophoresis was
performed according to the manufacturer’s instructions and densi-
tometric analysis of the bands was performed with a computer-as-
sisted bioimage analyzer (EXT-20MX, Vilber Lourmat, France).

Western blotting was performed by homogenizing aortic tis-
sues with PRO-PREP Protein Extraction kit (Intron Biotechnology,
USA). The protein concentration was determined using the Brad-
ford method. A Laemmli 2x sample buffer (Sigma-Aldrich, USA)
was mixed with the same amount of protein and heated for
5 min, after which SDS-PAGE electrophoresis was performed. Pro-
teins were transferred to a nitrocellulose membrane filter at 100 V
for 1 h, blocked with 5% nonfat dry milk in TBS, incubated over-
night with primary antibodies MMP-2 and MMP-9 (1:1000, Abcam,
UK) and incubated for 1 h with anti-rabbit IgG, HRP-linked anti-
body. For analysis of the bands, the enhanced chemiluminescence
kit (Amersham, USA) was used and densitometric analysis was per-

formed with the Chemiluminescent Image Analysis System (Bio-
rad, USA).

RT-PCR was performed by extracting total RNA using the
RNeasy Mini kit (Qiagen, USA) according to the manufacturer’s
instructions. Quantification of the extracted RNA was done at
260 nm and 280 nm wavelengths using the Smartspec Plus Spec-
trophotometer (Bio-rad, USA). Reverse transcription was per-
formed by sequentially mixing 2 pg of total RNA with an
oligonucleotide deoxythymidine primer, 5X reaction buffer,
1 mM dNTP (Bioline, UK), 20U of RNase inhibitor and reverse trans-
criptase Bioscript (Bioline, UK). The resulting cDNA was mixed
with forward and reverse primers and 10X PCR buffer (MangoMix,
Bioline, UK). The sequences of primers were as follows: MMP-2 for-
ward 5-AGCTCCCGGAAAAGATTGAT-3/, reverse 5'-TCCAGTTAAA
GGCAGCGTCT-3/, MMP-9 forward 5'-TTCGACGCTGACAAGTG-3/,
reverse 5-AGGGGAGTCCTCGTGGTAGT-3', GAPDH forward 5'-TGCC
ACTCAGAAGACTGT-3', reverse 5'-GCATGTCAGATCCACAATGG-3'.
PCR amplification was performed with PTC-200 PCR Thermo
cycler (M] Research, USA) using the following cycling conditions:
94 °C for 2 min (initial denaturation); 94 °C for 30s, 53-55 °C
for 455, 72 °C for 30s (35cycles); and 72 °C for 10 min (final
extension). PCR products were subjected to electrophoresis in
1-2% agarose gel containing ethidium bromide and images
were analyzed using a computer-assisted bioimage analyzer
(EXT-20MX, Vilber Lourmat, France). Band intensities were
normalized against GAPDH.

2.4. Statistical analysis

All data are presented as mean and standard error of the mean.
Comparisons between the 2 groups were performed using the
independent variables Student’s t test. SPSS release 18.0 (SPSS
Inc, USA) was used for analysis and differences were considered
statistically significant when p < 0.05.

3. Results
3.1. Characteristics of VSMC-PCs

MDSCs isolated from S-D rats showed positive expression of
surface markers Sca-1 and CD34, while there was little or no
expression of desmin or CD45 (Fig. 1A). When these cells were
tagged with GFP, a characteristic green color was seen under ICC
staining. When GFP-tagged MDSCs were cultured with PDGF-BB,
the resulting cells showed a characteristic yellow color under ICC
stain, which is a result of merging of the green GFP with a red color
representing o-SMA, a characteristic marker for smooth muscle
cells (Fig. 1B).

3.2. Aneurysm formation in S-D rats

Aneurysms created in rats with elastase showed characteristic
enlargement of the aorta (Fig. 2A). IHC staining with MMP-9
showed an overall higher expression of MMP-9 in the aneurysmal
wall compared to control (Fig. 2B-D).

Aneurysm formation was found in 5 out of 6 rats (83%) in the
control group, while only 3 rats out of 6 (50%) had aneurysm for-
mation in the cell therapy group. In the cell therapy group, har-
vested aneurysms showed positive expression of GFP, which
suggests that GFP tagged VSMC-PCs may have had an effect in
the overall smaller rate of aneurysm formation in this group
(Fig. 2E and F).
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Fig. 1. Characteristics of MDSC, (A) Immunocytochemical staining of MDSCs showing positive expression of Sca-1 and CD34, and negative expression of des min and CD45
(400x magnification). (B) Immunofluorescent staining of MDSCs tagged with GFP (green) and after stimulation with PDGF-BB to show expression of a-smooth muscle actin
(red) (100x magnification). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.3. MMP activity in the aneurysmal wall

Harvested tissues from both cell therapy and control groups
were used to perform zymography, RT-PCR and Western blot.
Zymography of both groups showed characteristic bands for the
pro and active forms of MMP-2 and MMP-9 (Fig. 3A). The detection
of active forms of MMP on zymography demonstrates the activity
of MMPs since MMPs are usually secreted in an inactive pro-MMP
form and are activated only during certain processes such as cell
migration or invasion. The cell therapy group has a significantly
lower activity of pro and active MMP-9 compared to control
(Fig. 3B), and there was a tendency for lower activity of pro and ac-
tive MMP-2, but without statistical significance (Fig. 3C).

RT-PCR for MMP-2 and MMP-9 mRNA expression was done for
both groups and the relative intensities of the bands were repre-
sented graphically (Fig. 4A and B). The results show that there
was a significantly lower expression of MMP-2 in the cell therapy
group compared to control (p < 0.05). There was also a tendency for
lower expression of MMP-9 in the cell therapy group, without sta-
tistical significance.

The expression of MMP-2 and MMP-9 were also investigated at
the protein level by Western blot (Fig. 4C and D). Both MMP-2 and
MMP-9 protein content was lower in the cell therapy group com-
pared to control, which was statistically significant (p < 0.05).

Overall, these results demonstrate that MMP activities were
present in both control and cell therapy groups, however there
was a decreased amount of expression of MMPs at the gene and
protein level after implementation of VSMC-PCs, which correlates
with a lower rate of aneurysm formation.

4. Discussion

This study shows that MDSCs exhibited VSMC-like properties
when stimulated with PDGF-BB for differentiation in vitro. These
VSMC-PCs significantly decreased expression of MMPs and were
able to attenuate formation of elastase-induced murine AAA, with
successful implantation of these cells being observed in the speci-
mens. Both MMP9 and MMP2 were significantly decreased in the
cell therapy group under Western blot, while only MMP9 was sig-
nificantly lower in zymography and MMP2 in RT-PCR. MMP9 is
known to be more specific in the pathogenesis of AAA, but studies
have demonstrated that both MMP2 and MMP9 are needed for
AAA formation [10,11]. MMP2 is thought to be involved in the ini-
tiation of aneurysm formation, while MMP9 is involved in the
propagation of growth and thus found more abundantly in larger
and ruptured aneurysms.[12] However, the patterns of MMPs ob-
served in our study are probably due to the small numbers in each
group rather than the different stages of AAA formation.

Recently, a few studies have reported the possible use of stem
cell therapy for the attenuation of AAA in animal models [13,14].
Mesenchymal stem cells (MSC) from the bone marrow were used
in these studies, with successful attenuation of murine AAA forma-
tion through elastin preservation, associated suppression of MMPs
and inhibition of inflammatory cytokines, especially IL-17. In an-
other study, the successful implantation of MSCs was demon-
strated in a porcine AAA model [15]. In our study we used
MDSCs, which are a population of multipotent somatic stem cells
derived from skeletal muscles. MDSCs are known for their high
regeneration capacity, their ability to differentiate to multilineage
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Fig. 2. In vivo AAA formation, (A) Representative infrarenal AAAs from elastase perfused rats, showing increased diameter compared to adjacent aorta and common iliac
arteries (left) and an axial diameter of around 0.7 cm (right). (B) Immunohistochemical staining for MMP-9 in aneurysmal tissue and (C) adjacent normal aorta (200x
magnification). (D) Higher amplification of aneurysmal tissue reveals positive expression of MMP-9 stained cells (arrows) (400x magnification). (E) Immunofluorescent
staining of aneurysmal tissue shows implantation of GFP-tagged VSMC-PC in the intima layer (50x magnification) and (F) higher magnification shows characteristic green
stained areas (arrows) demonstrating direct VSMC-PC implantation (100x magnification).

cells, and their self-renewal capabilities [16]. It has been demon-
strated that MDSCs can be differentiated in to myogenic, osteo-
genic chondrogenic, adipogenic, endothelial, neuronal and
hematopoietic lineages [17-22]. MDSCs also maintain their stem
cell characteristics in vitro and in vivo even after 200 population
doublings, demonstrating a high regeneration and self-renewal
capacity [23]. Above all, muscle tissue is the most abundant tissue
in the body, which can be easily and safely obtained, making it an
attractive source compared to MSCs [24].

We have previously been able to differentiate MDSCs in vitro
into endothelial lineage cells using shear stress and VEGF, which
were able to increase angiogenesis in murine ischemic hindlimbs,
and also attenuate intimal hyperplasia in murine carotid injury
models [9]. We used a similar strategy in this study, where we
stimulated MDSCs in vitro with PDGF-BB. PDGF is known to have
effects on VSMCs by inducing proliferation, migration and contrac-
tion [25,26] and stem cells have been previously differentiated to
VSMCs by stimulation with PDGF [27-29]. Such differentiated
MDSCs showed positive a-SMA expression, a specific marker for
SMCs. Therefore PDGF-BB stimulation of MDSCS was able to drive
these multipotent cells to differentiate towards the SMC lineage,
thus showing features of VSMC progenitors (VSMC-PC).

Many studies have tried to investigate the role of VSMC progen-
itors in vascular diseases, especially atherosclerosis, and there is
increasing evidence that these cells have a contributory effect
rather than protective effect in vascular diseases [30]. The underly-
ing mechanism involves differentiation of stem cells and VSMC

progenitor cells into SMCs in the intima layer leading to neointimal
hyperplasia, a cause of atherosclerosis [31,32]. In our study, in vivo
studies of VSMC-PCs demonstrated attenuation of AAA formation
with suppression of MMP expression. The mechanism of these
findings is unknown, but we were able to show implantation of
exogenously administered VSMC-PCs in the intima layer. Im-
planted VSMC-PCs probably had some influence, but cannot solely
explain for the observed findings. We suggest that administered
VSMC-PCs exerted their effects in a paracrine manner via multiple
factors such as cytokines or growth factors, depending on the
microenvironmental condition. This microenvironment together
with the associated immunomodulatory and homing functions by
paracrine factors are known to be fundamental for differentiation
of stem cells to desired lineages for specific functions [33,34]. In
our study, this microenvironment leads to the repair of injured aor-
ta, probably by replenishment of apoptotic VSMCs and suppression
of MMPs, in other cases it can lead to formation of intimal hyper-
plasia, as is the case with atherosclerosis.

Our study has the advantage of stimulating MDSCs in vitro,
since we provided the drive for differentiation in a controlled
ex vivo environment, which may be more suited to survive the ini-
tial environment and contribute to the regeneration process [35].
Additionally it is one of the few studies showing the potential role
of stem cell based therapies in AAA, and the first to use MDSCs,
which is an attractive source. However further studies with larger
numbers are needed to investigate the underlying mechanism and
the factors involved in this process.
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Fig. 3. MMP enzymatic activity of cell treated and control AAA, (A) Gel zymography shows representative bands for MMP-2 and MMP-9 in both cell therapy and control
groups. Norm represents normal aorta. (B) Pro and active MMP-9 activity from cell therapy and control groups, normalized against GAPDH. Cell therapy group had
significantly lower expression of both pro and active MMP-9 compared to control. (C) Pro and active MMP-2 activity from cell therapy and control groups, normalized against
GAPDH. *p < 0.05.
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Fig. 4. MMP gene expression and protein analyses of cell treated and control AAA, (A) RT-PCR analysis for MMP-2 and MMP-9 in cell therapy and control groups. (B)
Quantification of gene expression normalized against GAPDH for MMP-2 and MMP-9. Cell therapy group had significantly lower expression of MMP-2 compared to control.
(C) Western blot of MMP-2 and MMP-9 for cell therapy and control groups. (D) Quantification of protein content normalized against GAPDH shows significantly lower
expression on both MMP-2 and MMP-9 in the cell therapy group compared to control. *p < 0.05.
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