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Regression of abdominal aortic aneurysms (AAAs) via regeneration of new elastic matrix is constrained by poor
elastin synthesis by adult vascular cells and absence of methods to stimulate the same. We recently showed
hyaluronan oligomers (HA-o) and TGF-b1 (termed elastogenic factors) to enhance elastin synthesis and matrix
formation by healthy rat aortic smooth muscle cells (RASMCs). We also determined that these factors could
likewise elastogenically induce aneurysmal RASMCs isolated from periadventitial CaCl2-injury induced rat
AAAs (aRASMCs). However, the factor doses should be increased for these diseased cell types, as even when
induced, elastic matrix amounts are roughly one order of magnitude lower than those produced by healthy
RASMCs. We presently investigate the dose-specific elastogenic effects of HA-o (0–20 mg/mL) and TGF-b1 (0–
10 ng/mL) factors on aRASMCs and compare their phenotype and elastogenic responses to those of human
AAA-derived SMCs (aHASMCs); we seek to determine whether aRASMCs are appropriate surrogate cell types
to study in the context of inducing elastic matrix regeneration within human AAAs. The periadventitial CaCl2-
injury model of AAAs exhibits many of the pathological characteristics of human AAAs, including similarities in
terms of decreased SMC contractile activity, enhanced proliferation, and reduced elastogenic capacity of an-
eurysmal SMCs (relative to healthy SMCs) when isolated and expanded in culture. Both aRASMCs and
aHASMCs can be elastogenically stimulated by HA-o and TGF-b1 and show broadly similar trends in their dose-
specific responses to these factors. However, compared with aHASMCs, aRASMCs appear to be far less elas-
togenically inducible. This may be due to differences in maturity of the AAAs studied, with the CaCl2-injury
induced aortal expansion barely qualifying as an aneurysm and the human AAA representing a more well-
developed condition. Further study of SMCs from stage-matched CaCl2-injury induced rat aortal expansions and
human AAAs will be necessary to more rigorously evaluate their basal and induced elastogenic responses.

Introduction

Elastic fibers in the extracellular matrix (ECM) of vas-
cular tissues provides them elasticity and resilience. In

addition, intact elastic fibers maintain vascular smooth
muscle cells (SMCs) in a healthy, quiescent, contractile phe-
notype. In certain pathological conditions, such as aneu-
rysms of the abdominal aorta (AAAs), accelerated elastic
fiber breakdown leads to segmental dilation of the aortal
wall, loss of elasticity, and potentially fatal vessel rupture.1

AAAs typically initiate on recruitment of inflammatory cells
(e.g., macrophages) in response to lipid deposition and cal-
cification within the abdominal aortic wall.2 The inflamma-
tory cells release matrix-metalloprotease (MMP) enzymes
that breakdown elastin to generate soluble elastin peptides.3

These peptides, different from intact elastic fibers, activate
medial SMCs and prompt their secretion of cytokines, che-
mokines, interleukins, and proteinases that propagate the
cycle of matrix degradation.4,5 This ultimately leads to loss of
elasticity and strength of the aortic wall and its progressive
dilation to form a rupture-prone sac of weakened tissue.1

Clearly, the breakdown of elastic matrix structures contrib-
utes to AAA formation and growth, among other vital fac-
tors such as chronically elevated local MMP production and
activity.

Due to complications that adversely impact immediate
and long-term survival after open surgical AAA repair and
endovascular aneurysm repair,6 there has been an interest in
developing nonsurgical AAA therapies. Treatment modali-
ties under study include pharmacological inhibition of MMP

1Clinical Center, National Institutes of Health, Bethesda, Maryland.
2Department of Bioengineering, Clemson University, Clemson, South Carolina.
3Department of Surgery, Medical University of South Carolina, Charleston, South Carolina.
4Department of Biomedical Engineering, Cleveland Clinic, Cleveland, Ohio.

TISSUE ENGINEERING: Part A
Volume 17, Numbers 15 and 16, 2011
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ten.tea.2010.0475

1945



production and activity within AAAs using tissue inhibitors
of matrix metalloproteases (TIMPs)7 and modified tetracy-
clines,8 and chemical crosslinking of existing aortal elastic
matrix structures .9,10 Unfortunately, these strategies do not
concurrently restore healthy cell phenotypes, reinstate heal-
thy elastic matrix, and provide conditions for stabilizing the
local vascular environment. In situ, cell-mediated regenera-
tion of elastic matrix structures within intact AAAs could
achieve these objectives for possible regression of AAAs.
However, such regeneration is challenging, as adult vascular
SMCs poorly synthesize elastin or remodel mature elastic
fibers.

In an earlier study, we identified a unique cocktail of
elastogenic factors, namely hyaluronan oligomers (HA-o; 4–6
mers; 756 Da)11,12 and growth factors (TGF-b1).13,14 We
showed that these elastogenic factors synergistically deter rat
aortic SMC (RASMC) proliferation, enhance tropoelastin
(elastin precursor) synthesis and recruitment, fiber matura-
tion, and stability. We recently showed that the same factors,
provided at doses optimized for healthy cells (2mg/mL HA-
o and 1 ng/mL TGF-b), likewise elastogenically stimulate
SMCs isolated from CaCl2-injury induced rat aortal expan-
sions (aRASMCs).15 This study provided preliminary
evidence that aRASMCs continue to exhibit a diseased/
activated phenotype in culture and that they can be elasto-
genically stimulated. However, the study also emphasized
the need to increase factor doses for elastogenic stimulation
of the diseased cells, as induced elastic matrix productioni-
san order of magnitude less than that produced by healthy
RASMCs. This shortcoming is addressed in the present
study.

Although the therapeutic efficacy of biomolecular factors
should be necessarily demonstrated in animal models of
disease before testing in human subjects, we should also
ascertain whether outcomes with the surrogate model/cell
type will parallel outcomes in humans. We have, thus,
compared dose-specific elastogenic effects of HA-o and TGF-
b in cultures of SMCs isolated from CaCl2-induced rat AAAs
and SMCs isolated from atherosclerotic human AAA tissue
(aHASMCs).

Materials and Methods

Aortal injury by periadventitial application of CaCl2

All animal studies were approved by the IACUC at the
Medical University of South Carolina, where this work was
performed before relocation of the primary investigators.
Adult Sprague-Dawley rats (250–300 g in weight) were pro-
cured and acclimatized for 1 week before surgery. The rats
were placed under general anesthesia (2%–3% v/v iso-
flurane), and the infrarenal abdominal aortae were surgically
exposed. The aortae were treated using a previously de-
scribed protocol.16,17 Briefly, sterile cotton gauze presoaked
with 0.5 mol/L CaCl2 was placed periadventitially on the
aorta for 15 min. Sufficient care was taken not to injure sur-
rounding organs by exposure to caustic CaCl2. The abdom-
inal cavity was then washed with sterile saline to remove
residual CaCl2.Then, the cavity was closed, subcutaneously
sutured, and stapled; and the rats were allowed to recover.
At 28 days postinjury with CaCl2, the animals were eutha-
nized by CO2 asphyxiation. The expanded infrarenal ab-
dominal aortae were then excised and processed for isolation

of SMCs. The abdominal aortae were photographed before
CaCl2 exposure, and at 28 days after to compare the changes
in aortic diameter. Histological analysis and MMP zymo-
graphy were conducted on the expanded aortal tissue to
confirm AAA formation.

To verify medial disruption and thinning, and calcific
deposition within the aortic wall of CaCl2-treated animals,
standard hematoxylin and eosin staining (for nuclear and
intracellular and extracellular protein visualization), modi-
fied Verhoff Van Gieson staining (VVG; for elastin visuali-
zation; ScyTek Laboratories, Logan, UT), Von Kossa staining
(for calcific depostion; ScyTek Laboratories), and scanning
electron microscopy (SEM; for aortic cross-section ultra-
structural visualization) were conducted on untreated aortae
(control) and CaCl2-treated aortae (n = 3 animals/group).
Aortae from rats harvested at 28 days postop (or at a time-
matched stage for unoperated control animals) were rinsed
in sterile saline, embedded in optimum cutting temperature
medium, and stored at - 20�C. Cryoections (5mm) were
processed for histology or SEM. Standard histological pro-
tocols were followed. For SEM, samples were fixed in 2% v/
v gluteraldehyde in phosphate buffer, rinsed in phosphate
buffer, deionized (DI) water, and then dehydrated in graded
ethanol and finally hexamethyldisilazane (Sigma Aldrich, St.
Louis, MO) (3 min). Histological and SEM imaging was
performed on an Olympus BX41 (Olympus, Center Valley,
PA) and a Hitachi SEM TM1000 (Hitachi Technologies,
Pleasanton, CA), respectively.

Isolation and culture of aRASMC and aHASMC

Expanded aortae isolated from rats (n = 3) that were sub-
ject to periadventitial injury with CaCl2 were opened
lengthwise, and the intima scraped off gently with a scalpel
blade. The medial layer was dissected from the underlying
adventitia, chopped into *0.5 mm-long sections, and wa-
shed twice with warm phosphate-buffered saline (PBS). The
tissue slices were then pooled, enzymatically digested in
DMEM-F12 (Invitrogen, Grand Island, NY) containing
125 U/mg collagenase type II (1 mg/mL; Worthington, Bio-
chemicals Lakewood, NJ) and 3 U/mg elastase (Worthington
Biochemicals) for 30 min at 37�C. The digestates were then
centrifuged (1400 RPM; 5 min), and the pelleted tissue pieces
were cultured in T-75 flasks with DMEM-F12 containing 10%
v/v fetal bovine serum (FBS; PAA Laboratories, Etobicoke,
Ontario, CA) for more than 15 days. Primary aneurysmal
aRASMCs derived by outgrowth from these tissue explants
were cultured for up to 2 weeks, and the cells were passaged
when confluence was attained. For culture studies, passage 3
SMCs were seeded onto six-well tissue culture plates
(growth area of 9.6 cm2) at a density of 2 · 104 cells/well and
cultured in DMEM-F12 medium containing 10% v/v FBS
and 1% v/v penstrep. The total volume of medium added
per well was 5 mL.

Waste human AAA tissue, generated during open AAA
repair (Fig. 3B), was procured with IRB approval at the
Medical University of South Carolina (HR# 18387, 07/2008).
The tissue source was a 6 cm diameter AAA from a 62-year-
old male patient with hypertension, coronary disease, and
hyperlipidemia. The tissue, which exhibited significant
thrombus formation, was collected from the anterior wall of
the aneurysm near the origin of the inferior mesenteric
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artery. After explanting the aneurysmal tissue, the AAA was
successfully repaired in a standard fashion. To isolate pri-
mary aneurysmal human aortic SMCs (aHASMCs), the 4 · 1-
cm-sized aortic tissue explant was opened lengthwise, the
intima scraped with a scalpel blade, the medial layer dis-
sected from the adventitia, and then chopped it into
*0.5 mm-long sections. Subsequently, the pieces were rinsed
with sterile PBS, pooled, and enzymatically digested in
DMEM-F12 medium (Invitrogen) containing 357 U/mg col-
lagenase type II and 4.5 U/mg elastase (both from Wor-
thington Biochemicals) for more than 45 min at 37�C. The
digestate was centrifuged (1400 RPM; 5 min), and the tissue
fragments were then re-constituted and cultured for up to 6
weeks in six-well plates with minimal volumes of DMEM-
F12 medium containing 10% v/v FBS. Primary aHASMCs,
derived by outgrowth from these tissue explants, were cul-
tured until confluence was attained and then passaged.
Passage 3 aHASMCs were then seeded onto six-well tissue
culture plates at a density of 2 · 104 cells/well and cultured
in DMEM-F12 supplemented with 5% v/v FBS, 1% v/v
penstrep, 5mg/mL human insulin (Sigma, St. Louis, MO),
2 ng/mL of human recombinant fibroblast growth factor
(Peprotech, Rocky Hill, NJ), and 0.5 ng/mL of human re-
combinant epidermal growth factor (Assay Design, Ann
Arbor, MI). Passage-matched healthy HASMCs isolated from
fibrous plaque-free aorta of a 48-year-old Caucasian male
(HASMCs; Cell Applications, San Diego, CA) were also
cultured under identical conditions.

Experimental design and time points

Passage 3 aRASMCs, aHASMCs, and healthy HASMCs
were cultured in medium supplemented with elastogenic
factors (0, 0.2, 2, and 20mg/mL HA-o and 0, 1, 5, and 10 ng/
mL TGF-b) within six-well plates (2 · 104 cells/9.6 cm2) for 21
days, over which time the cells deposited a robust matrix.
Spent medium aliquots were removed from each well, at the
time of each twice-weekly medium change. The aliquots
from each well were pooled with previously removed ali-
quots from the same wells, frozen at - 20�C, and then bio-
chemically assayed together with their corresponding cell
layers when harvested at 21 days of culture.

DNA assay for cell proliferation

The DNA contents of each group of cell cultures were
compared to determine the impact of the factors and factor
doses on SMC proliferation. For analysis, the cell layers were
harvested at 21 days of culture, resuspended in NaCl-Pi
buffer, and sonicated on ice. The DNA contents of the re-
spective samples were quantified using a fluorometric assay
described by Labarca and Paigen.18 Cell counts were then
calculated assuming 6 pg of DNA/cell.18

Immunofluorescence detection
of SMC phenotypic markers

Immunofluorescence was used to visually compare con-
tractile and synthetic phenotypic marker expression between
aneurysmal and healthy HASMCs, and aneurysmal and
healthy RASMCs. SMCs were cultured in sterile, two-well
Permanox� chamber slides (4.2 cm2/well; Nalge Nunc In-
ternational, Rochester, NY) under identical experimental

conditions as described for cultures intended for biochemical
analysis, though the number of cells seeded and treatment
doses were adjusted, to account for the reduced substrate
surface area and cell number, respectively. The cell layers
were fixed with acetone for 10 min at - 20�C and blocked
with 5% v/v goat serum (30 min). a-Smooth muscle actin,
SM22a, calponin, caldesmon (contractile phenotype mark-
ers), and thrombospondin and osteopontin (synthetic phe-
notype markers) were then detected with polyclonal
antibodies against rat antigens (1:100 v/v; Abcam, Cam-
bridge, MA), which also cross-react with human antigens,
and visualized with FITC-conjugated IgG secondary anti-
bodies (1:1000 v/v; Chemicon, Temecula, CA). The cell lay-
ers were cover-slipped with Vectashield mounting medium
containing the nuclear dye 4’,6-diamidino-2-phenylindole
(DAPI; Vector Laboratories, Burlingame, CA), which labeled
the cell nuclei.

Flow cytometry

In preparation for flow cytometry, SMCs (passage 3) were
trypsinized, centrifuged (1500 RPM; 10 min), re-constituted
at 1 · 106 cells per sample, fixed with 4% w/v paraformal-
dehyde in PBS (37�C; 10 min), washed, and then permeabi-
lized with 0.1% v/v Triton X-100 in PBS for 1 min.
Immunofluorescence detection of SMC phenotypic markers
was conducted with the antibodies listed in Immuno-
flourescence detection of SMC phenotypic markers section.
The samples were blocked (30 min; 4�C), then incubated with
primary antibodies (30 min; 4�C), followed by an FITC-
conjugated secondary antibody (20 min; 4�C; in the dark).
After labeling, cells were re-suspended in 0.5 mL of PBS and
kept at 4�C, in the dark, until analysis. Cytometric analysis
was performed using a Becton Dickinson FACSCalibur
Analytical Flow Cytometer, and data were processed using
Cell Quest Pro 5.2 (BD Biosciences, Franklin Lakes, NJ).

Fastin assay for elastin

The Fastin assay (Accurate Scientific and Chemical Cor-
poration, Westbury, NY) was used to quantify the total
amount of elastin deposited within cell layers (matrix elas-
tin), and the elastin was released into the culture medium as
a soluble precursor (tropoelastin). For each treatment group,
tropoelastin in the spent medium was collected, pooled over
the culture period, and frozen at - 20�C. To isolate matrix
elastin after 21 days, the cell layers were trypsinized, then
scraped off, re-suspended in NaCl/Pi buffer, and centrifuged
(2500 RPM, 10 min). The cell pellet was digested with 0.1 N
NaOH (98�C, 1 h) and centrifuged to yield a less crosslinked,
alkali-soluble supernatant fraction (soluble elastin), and a
mature, highly crosslinked, insoluble pellet (insoluble elas-
tin). Since the Fastin assay quantifies only soluble a-elastin,
the insoluble elastin was converted to a soluble form before
quantification. To do this, the insoluble elastin pellet was
dried, solubilized with 0.25 M oxalic acid (95�C, 1 h), and the
pooled digests were then centrifuge-filtered (3000 RPM,
10 min) in microcentrifuge tubes fitted with low molecular
weight (10 kDa) cut-off membranes (Millipore, Bedford,
MA). All three elastin fractions (tropoelastin, and soluble and
insoluble matrix elastin) were quantified using the Fastin
assay. Our lab has been able to consistently reproduce
standard curves generated with serial dilutions of elastin
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standards and has also established the linearity of the assay
with a dilution series of elastin samples of unknown con-
centration. This assures of the reproducibility of the assay for
elastin quantification.

Von Kossa staining

Von Kossa staining of calcific deposits was used to verify
that the TGF-b doses provided did not stimulate matrix
calcification by aneurysmal SMCs. SMCs were cultured in
sterile, two-well Permanox� chamber slides (Nalge Nunc
International) under identical experimental conditions as
described for cultures meant for biochemical analysis.
Seeding cell numbers and treatment doses were, however,
adjusted to account for the reduced substrate surface area
and cell number, respectively. After 21 days of culture, SMCs
were incubated with 1% w/v silver nitrate solution and
placed under UV light (k = 254 nm; 20 min). After several
changes of distilled water, the unreacted silver was removed
by rinsing cells first with 5% w/v sodium thiosulfate for
5 min, then with PBS. The slides were counterstained with
hematoxylin. The appearance of black stained masses in the
cell layers confirmed the presence of calcium phosphate
deposits.

Gel zymography

MMP activity in spent cell culture medium was quantified
using gelatin zymography methods as previously de-
scribed.15 Briefly, aliquots of culture medium were first as-
sayed for protein content using the BCA assay. All lanes of
the gel were then loaded in with equal amounts of protein. A
prestained molecular weight standard (BioRad, Hercules,
CA) and MMP-2 and - 9 standards (Anaspec, San Jose, CA)
were also loaded alongside. Such gels were run in triplicate.
After development, staining, and destaining, bands from the
inactive and active MMP-2 and - 9 isoforms appeared on a
dark background of stained gelatin, were measured using
ImageJ software (NIH, Bethesda, MD), and quantified as
relative density units.

MMP array

To assess the MMPs and TIMPs released by aHASMCs as
compared with aHASMCs treated with an optimal dose of
elastogenic factors, an MMP array was used. Proteins from
factor-supplemented and nonfactor supplemented aHASMC
cultures were extracted in an RIPA buffer (Thermo Scientific,
Waltham, MA), centrifuged (2500 RPM, 5 min), and the su-
pernatant was analyzed using an ELISA-based MMP anti-
body array (RayBiotech, Norcross, GA). The array identified
MMPs-1, - 2, - 3, - 9, - 10, - 13 and TIMPs-1, - 2, - 4. The
manufacturer’s protocol was followed, and the array was
imaged on the UVP EC3 BioImaging System (Upland, CA).
Since rat MMP arrays are not commercially available, such
analysis was not conducted on RASMC cultures.

SEM of elastic matrix

SEM was used to visualize elastic matrix architecture. At
21 days of culture, spent medium was removed from atop
cell layers. The cell layers were rinsed with PBS and fixed
with 4% w/v paraformaldehyde in 0.1 M phosphate buffer
(4�C, 15 min). After fixation, the cell layers were rinsed sev-

eral times with 0.1M phosphate buffer, then submersed in
25% w/v KOH (60�C, 5 min) to remove cellular and ECM
debris and yield relatively pure, matrix elastin structures.
After a phosphate buffer rinse, the isolated elastic structures
were treated with 1% w/v tannic acid (1 h) and stained with
osmium tetroxide (1 h), dehydrated successively in graded
ethanol (70%–100% v/v; 1 min each), and finally equilibrated
with hexamethyldisilazane (Sigma Aldrich) (3 min). The air-
dried samples were finally mounted on aluminum stubs and
imaged using a Hitachi SEM TM1000 (Hitachi Technologies).

Transmission electron microscopy of elastic matrix

Transmission electron microscopy (TEM) was used to
characterize the ultrastructure of the elastic matrix. At 21
days postseeding, all control and test groups were fixed with
2% w/v cacodylate glutaraldehyde (12 h), postfixed in 1%
w/v osmium tetroxide (1 h), dehydrated in a graded ethanol
series (50%–100% v/v), embedded in Epon 812 resin, sec-
tioned, placed on copper grids, stained with uranyl acetate
and lead citrate, and visualized on a Hitachi TEM H7600T
(High Technologies, Pleasanton, CA).

Statistical analysis

The experimental data (n = 3/case) were analyzed using
Student’s t-test. Statistical significance was deemed for
p < 0.05. Asterisks in figures denote statistical significance
( p < 0.05) for each group compared with nontreated cell
cultures of respective types (controls).

Results

Aneurysm progression and SMC phenotype

A *45% local increase in rat aortic diameter, typical of an
early aneurysm, was attained over a 28 day period after
periadventitial CaCl2 exposure. This agrees well with our
earlier observations.15 Detailed histological analysis demon-
strated significant medial thinning, elastic matrix disruption,
matrix calcification, and involvement of inflammatory cells in
the etiology of the expansion (Fig. 1). aRASMCs isolated from
CaCl2-injured aortae appeared to comprise a mixed cellular
population with a significant number of cells exhibiting de-
creased volume/spreading. Expression of a-actin, SM-22,
caldesmon, and calponin was reduced compared with heal-
thy RASMCs, as illustrated in Figure 2A and 2B, thus sug-
gesting a loss of contractile phenotype. The aRASMCs also
exhibited increased expression of osteopontin (Fig. 2B), a
marker indicative of a switch to a synthetic phenotype, which
SMCs typically express in response to injury.

aHASMCs isolated from atherosclerotic human AAA tis-
sue (Fig. 3B) initially appeared less spread and more spindle-
shaped relative to healthy HASMCs (Fig. 3A), although no
differences were noted at confluence. Immunofluorescence
labeling visually suggested that thrombospondin and osteo-
pontin expression are very poor or nonexistent in HASMC
cultures (Fig. 3C), but may be enhanced in aHASMC cultures.
FACS analysis of healthy and aneurysmal HASMCs con-
firmed the latter cell type to exhibit decreased expression of
the contractile SMC markers SM22, caldesmon, and calponin
expression relative to healthy HASMCs (Fig. 3D). The
aHASMCs also showed increased expression of osteopontin,
suggesting assumption of a synthetic phenotype.
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aRASMC and aHASMC proliferation

Addition of TGF-b and HA-o had no significant effects
on aRASMC proliferation except at a dose of 2 mg/mL
HA-o and 10 ng/mL TGF-b, which increased proliferation
( p = 0.002; Fig. 2C). At higher doses of HA-o (20 mg/mL),
cell proliferation ratios were increasingly attenuated with
increases in TGF-b dose; there was a significant decrease
in cell count, relative to the control, at the highest pro-
vided TGF-b dose (10 ng/mL TGF-b; p = 0.01) and a sig-
nificant difference between cell counts within cultures that
received the lowest and highest TGF-b doses (1 and
10 ng/mL TGF-b; p = 0.023). TGF-b and HA-o also had no
significant effect on aHASMC proliferation, at any tested
dose (Fig. 3E).

Matrix synthesis

As shown in Figure 4A, most dose combinations of HA-o
and TGF-b had no effect on tropoelastin production by
aRASMCs. A significant increase in tropoelastin production
by aRASMCs was seen only at the highest dose of 20mg/mL
of HA-o and 10 ng/mL of TGF-b, ( p = 0.043). At this dose,
matrix elastin synthesis was also increased, but was not
deemed significant from a statistical standpoint. As seen in
Figure 4A and 4B, when HA-o and TGF-b were provided to
aRASMCs at a moderate dose of 2 mg/mL HA-o and 10 ng/
mL TGF-b, no increase in tropoelastin production over con-
trols was measured, though a significant increase in matrix
elastin (including both highly cross-linked, alkali-insoluble
structural elastin, and an alkali-soluble fraction) was

FIG. 1. Representative SEM (50 · and 500 · magnification) and histological micrographs (VVG, H&E, and Von Kossa; 20 ·
magnification) of CaCl2-treated aortae (B) as compared with control NaCl-treated aortae (A). H&E, hematoxylin and eosin;
SEM, scanning electron microscopy; VVG, Verhoff Van Gieson. Color images available online at www.liebertonline.com/tea
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observed, relative to control cultures ( p = 0.016). The matrix
yield (percentage of total elastin in the matrix form, nor-
malized to DNA) increased significantly from 1.4% (control)
to 3.4% (2mg/mL HA-o and 10 ng/mL TGF-b) p = 0.032).

There were no increases in tropoelastin production by
aHASMCs at doses < 2 mg/mL of HA-o and 5 ng/mL of TGF-
b (Fig. 5A); at higher doses, significant increases were noted
relative to control cultures ( p < 0.01 in all cases). At these
higher dose combinations, a significant increase in matrix
elastin production was also observed, relative to control
aHASMC cultures (Fig. 5B; p < 0.02 in all cases). The matrix
yield enhanced from 0.19% (control) to 0.31% (2mg/mL HA-o
and 5 ng/mL TGF-b; p = 0.039).

Ultrastructure of matrix elastin

Figure 6 shows representative transmission electron mi-
crographs (TEM) of aRASMC layers after 21 days of culture
in the absence (Fig. 6A, C) and presence (Fig. 6B, D) of
elastogenic factors. Similar to that previously observed in
healthy cultures of RASMCs, untreated control aRASMCs
deposited sparse aggregating clumps of amorphous elastin
protein and occasional immature elastic fibers (Fig. 6A, C).
When TGF-b1 and HA-o together were provided to these
cultures, mature elastin fiber formation was favored, with
the matrix containing numerous fully formed bundles (100–
200 nm in diameter) of aggregating fibrils (Fig. 6B, D). Fi-
brillin (immunogold particle-stained) appeared as darkly

stained nodules and was located at the periphery of aggre-
gating elastin fiber bundles, signifying normal elastic fiber
assembly (Fig. 6E).

Our study indicated that untreated (control) aHASMCs
proliferate very slowly in culture. As a result, even extended
periods of culture failed to generate a sufficiently dense cell
layer that could be maintained intact when processed for
TEM. In the absence of control cell layers for evaluating
factor-treated cell layers, these results have been omitted
from this article; comparison has instead been made using
SEM alone.

Representative scanning electron micrographs of elastic
matrices isolated from 21-day-old cultures of treated and
untreated (control) aRASMCs and aHASMCs are shown
(Figs. 7 and 8, respectively). As expected, the aRASMC layers
contained a more dense matrix than aHASMC layers due to
greater cell proliferation over the culture period and, hence,
greater cell density at the time of processing for SEM. The
images show that with both cell types, mature elastic fiber
formation is enhanced significantly in the presence of HA-o
and TGF-b factors, relative to untreated cell layers, which
contained featureless clumps of amorphous elastin, and a
few immature elastic fibers.

Von Kossa staining

Calcific deposits were minimal or absent in all of the
culture groups (aRASMC, aRASMC + factors, aHASMCs,

FIG. 2. (A) Immunofluorescence images comparing expression of phenotypic markers by RASMCs and aRASMCs. (B) Flow
cytometry data of RASMC and aRASMC phenotypic marker expression (total intensity of marker expression per 100 cells).
(C) aRASMC count after 21 days of culture with or without HA-o and TGF-b factor supplementation (n = 3/case). *p < 0.05 as
compared with control; xp < 0.05 as compared with other specified conditions. HA-o, hyaluronan oligomers; RASMCs, rat
aortic smooth muscle cells. Color images available online at www.liebertonline.com/tea
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and aHASMCs + factors) after 21 days of culture. The results
indicated that there was no/minimal uptake of Ca2 + from
the culture medium and that sustained exposure of the cell
types to TGF-b at any of the doses provided did not induce
matrix calcification.

Proteolytic enzyme activity

We observed a significant increase in total (i.e., of both
zymogen and active forms) activity of MMPs-2 and -9 in
untreated aRASMC cultures relative to healthy RASMC
cultures (1.67-fold and 2.07-fold, respectively; p = 0.03 and
0.01),15 confirming their activated phenotype. As shown in
Figure 9, gelatin zymography analysis of spent medium
aliquots from aRASMC cultures treated with the factors
(2 mg/mL HA-o, 10 ng/mL TGF-b) showed MMP-2 and
MMP-9 activities to be 78% – 0% and 96% – 1% respectively,
of that in untreated aRASMC cultures.

Similar to outcomes observed with RASMCs (healthy and
aneurysmal), MMP-2 activity in untreated aHASMC cultures
was higher than that in healthy HASMC cultures (Fig. 10A;

1.30 – 0.08-fold greater MMP-2 activity and 1.08 – 0.02-fold
greater MMP-9 activity). Different from aRASMC cultures,
aHASMC cultures supplemented with factors (2mg/mL
HA-o, 5 ng/mL TGF-b) exhibited slightly greater MMP-2
(1.33 – 0.11-fold increase) and MMP-9 (1.33 – 0.11-fold in-
crease) activities (Fig. 10B) relative to untreated aHASMC
cultures. However, MMP arrays showed that elastogenic
factors induced across the board decreases in amounts of
several MMPs including elastolytic MMPs-2 and -9, and
TIMPs-1, -2, -3, and -4 in aHASMC cultures (Fig. 10D, E).

Discussion

The long-term goal of this project is to develop methods to
enhance elastic matrix regeneration within AAAs toward
arresting and, possibly, even regressing their growth, thus
eliminating the need for surgical intervention. This is spe-
cifically challenging, because elastin turnover is slow, and
minimal remodeling of elastin fibers occurs in adults.19 Since
our elastogenic factors (HA-o and TGF-b) have been shown
to be useful in stimulating elastic matrix regeneration and

FIG. 3. (A) Phase contrast images of primary HASMCs 1 and 21 days postseeding. (B) Phase contrast images of primary
aHASMCs 1, 4 14, 21, and 28 days postseeding. (C) Immunofluorescence images comparing expression of phenotypic markers by
HASMCs and aHASMCs. (D) Flow cytometry data of HASMC and aHASMC phenotypic marker expression (total intensity of
marker expression per 100 cells). (E) aHASMC count after 21 days of culture with or without HA-o and TGF-b factors (n = 3/case).
HASMCs, human abdominal aortic aneurysms-derived SMC. Color images available online at www.liebertonline.com/tea
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repair in vitro, we expect that they will also be useful to
induce elastic matrix regeneration within intact AAA tissues
to delay or regress their growth. We have investigated the
feasibility of this via preliminary studies of the effects of the
factors on cultured aneurysmal SMCs.

Rats are widely used to study AAAs.20,21 Among the
several models available to induce AAAs are genetically
engineered animals (e.g., lysyl oxidase (LOX)-1, TIMP-1,
LDL-receptor- knockout mice) and surgical/chemical in-
duction (intraluminal elastase infusion and periadventitial
injury with CaCl2).17,22 In particular, periadventitial injury of
the abdominal aorta with CaCl2 has been shown to induce
several characteristics of human AAAs, such as medial layer
disruption, inflammation, matrix calcification, thrombus
formation,22 and enhanced MMP activity at the site of ap-
plication9,16 associated with progressive, local aortic dilation
within 4 weeks.23 This model is, thus, frequently used as a
surrogate accelerated study of human AAA pathology. De-
spite broad similarities with human AAAs, in the context of
investigating elastic matrix regeneration and induction of the
same by human AAA-derived SMCs, the utility of the rat
model of aortal CaCl2-injury remains unproved. From the
standpoint of assessing the efficacy of our elastin regenera-
tive factors for AAA treatment in animal models of disease, it
is vital to ascertain that outcomes in the surrogate model/cell

type parallel outcomes in humans. Therefore, in this study,
we compared the elastogenicity and elastogenic inductability
of SMCs isolated from CaCl2-induced rat AAAs (aRASMCs)
and from atherosclerotic human AAA tissue (aHASMCs).

At 4 weeks postinjury, CaCl2-treated rat abdominal aortae
exhibited many characteristics typical of human AAAs, such
as medial elastic matrix disruption, medial thinning, calcifi-
cation, and increased MMP activity. The *45% increase in
aortic diameter that is induced after periadventitial CaCl2
injury lies within the range reported by others17,23 and
qualifies as an early AAA-like expansion.

We compared the elastogenic responses and elastogenic
inductability of cultured rat and human SMCs, and not
SMCs within intact tissues. The advantage of studying cells
in culture is that (1) rigorous evaluation is possible without
encountering tissue procurement limitations, as cultured
cells can be propagated and (2) the standalone effects of in-
dividual cell-behavior-influencing factors (e.g., TGF-b and
HA-o in this study) can be determined. However, evaluation
of cells cultured on 2D substrates, as performed in this study,
has two intrinsic limitations. The first limitation is that such
cells neither experience biomechanical transductive signals
such as that imposed by cyclic stretch of the vessel wall and
hemodynamic pressure in vivo nor biochemical signals un-
ique to healthy or aneurysmal vascular microenvironments.

FIG. 4. Effects of HA-o and TGF-b factors on tropoelastin (A) and matrix elastin (B) production by aRASMCs. Data are
shown normalized to cellular DNA content at 21 days of culture (n = 3/case). *p < 0.05, x indicates significance < 0.01. (C–F)
Tropoelastin and matrix elastin production trends (based on mean values) associated with increases in HA-o or TGF-b.
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The second limitation, which is well recognized in the field of
tissue engineering, is that cells cultured on 2D substrates can
behave differently from cells in 3D microenvironments such
as the ECM-rich tissues. Previous studies have shown that in
3D fibrous microenvironments, SMCs assume a more con-
tractile, less proliferative phenotype characterized by re-
duced capacity for ECM synthesis. In this first study, since
we were unclear as to the elastogenic potential of human
SMCs, and unsure of our ability to obtain measurable elastic
matrix amounts on culture of these cells within 3D scaffolds,
we deliberately investigated 2D cell cultures. We plan to use
outcomes of this study to guide design of follow-up culture
experiments, wherein we will investigate basal and induced
elastic matrix synthesis by healthy and aneurysmal SMCs
seeded either within 3D synthetic scaffolds or within ex vivo
organ cultures of aneurysmal aorta tissues.

Differences in phenotype between healthy and aneurys-
mal vascular SMCs have been reported by others.24 As de-
termined in those studies, we also observed that aRASMCs
derived from CaCl2-injured aortae exhibited decreased vol-
ume/spreading and SM22, caldesmon, and calponin ex-
pression as compared with healthy RASMCs (Fig. 2A, B).
SM22, a protein found extensively in adult SMCs, is impli-
cated in restricting phenotypic changes from a contractile to
a synthetic phenotype25; it is homologous to calponin and

can be functionally compensated by calponin in maintenance
of SMC homeostasis.26,27 Caldesmon plays a key role in SMC
contraction by binding to actomyosin contractile units such
as actin, tropomyosin, myosin, and calmodulin28 and may
have a regulatory role in the contractile apparatus; it has
been reported to inhibit the Mg2 + -ATPase activity and,
hence, inhibit smooth muscle contractility.29 Calponin binds
with actin filaments (F-actin) depending on the presence of
Ca2 + , thereby regulating the contractile apparatus of
SMCs30,31; due to this binding, it also inhibits Mg2 + -ATPase
activity in vitro.32 Together, a decrease in expression of these
markers signifies a loss of contractile SMC phenotype. In
addition, the aRASMCs also exhibited increased expression
of osteopontin, a multi-functional pro-inflammatory cytokine
implicated with vascular disease and enhanced inflamma-
tory response33; osteopontin has been shown to induce che-
motaxis of macrophages and monocytes, which stimulates
calcification34 and enhances MMP activity, thereby promot-
ing vascular wall deterioration.35 In tandem with these al-
terations in phenotypic marker expression, the aRASMCs
exhibited enhanced activities of elastolytic MMPs-2 and - 9
over healthy control RASMCs, suggesting an activated
phenotype.15

Similar to aRASMCs, aHASMCs appeared to be of a less
contractile phenotype than were healthy HASMCs; the

FIG. 5. Effects of HA-o and TGF-b factors on tropoelastin (A) and matrix elastin (B) produced by aHASMCs. Data are
shown normalized to cellular DNA content at 21 days of culture (n = 3/case). *p < 0.05, x indicates significance < 0.01. (C–F)
Tropoelastin and matrix elastin production trends (based on mean values) associated with increased in HA-o or TGF-b.
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aHASMCs also exhibited a marginal increase in expression
of markers typical of injured/activated SMCs (e.g., osteo-
pontin; Fig. 3C, D). The aHASMCs cells were also similar to
aRASMCs in that they proliferated more rapidly than
healthy HASMCs (though much slower compared with
aRASMCs) and that exposure to HA-o and TGF-b at any
tested dose had no impact on cell proliferation. Overall, these

results show that SMCs obtained by passaging primary cells
isolated from both CaCl2-injury generated rat AAAs and
human AAAs maintain an activated phenotype in culture,
exhibit morphological and phenotypic similarities, and pro-
liferate more rapidly compared with their healthy counter-
parts. A comparison of the effects of HA-o and TGF-b factors
on aRASMCs and aHASMCs revealed that the factors only

FIG. 6. Representative transmission electron microscopy images of 21-day-old aRASMC cultures with (B, D) or without (A,
C) HA-o and TGF-b factor supplementation (A and B: 7,300 · magnification; scale bar = 2 mm; C and D: 30,000 · magnifi-
cation; scale bar = 300 nm). Black arrows indicate elastic matrix. The black arrow in panel (E) indicates immunogold-labeled
fibrillin microfibrillar proteins (scale bar = 300 nm).

FIG. 7. Representative SEM images of elastic matrix produced by 21-day-old aRASMC cultures with (B) or without (A)
HA-o and TGF-b factor supplementation (1000 · magnification; scale bar = 20 mm). White arrows indicate fibrillar elastic
structures. SEM, scanning electron microscopy.
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minimally impacted proliferation of both these cell types. In
aRASMC cultures, unlike in healthy RASMC cultures, low-
dose combinations of HA-o ( < 2mg/mL) and TGF-b ( < 5 ng/
mL) together had no effect on tropoelastin and matrix elastin
production. This agrees well with our earlier findings that
diseased SMCs require higher doses of these factors for
elastogenic stimulation. Also, our results indicate that HA-o
and TGF-b1, in general, more sensitively influence the elastin
crosslinking/matrix assembly machinery than cellular tro-
poelastin synthesis, which is increased only at the highest
tested dose combination. At the factor doses assessed in this
study, effects of TGF-b on tropoelastin production by
aRASMCs were dependent on the concentration of HA-o. At
low HA-o doses (2 mg/mL), increasing doses of TGF-b (1–
10 ng/mL) decreased tropoelastin production, whereas at
high HA-o doses (20 mg/mL), increasing doses of TGF-b in-
creased tropoelastin production (Fig. 4D). For a given dose of
HA-o provided to aRASMCs, increasing TGF-b dose resulted
in an increase in matrix elastin production (Fig. 4F). At the
higher doses of TGF-b, there was a minimal effect of HA-o on
matrix elastin production (see convergence of trend curves in
Fig. 4F). These trends are also clearly apparent in Figure 4E,
wherein dose increases in HA-o most significantly enhance
elastic matrix synthesis at the lowest TGF-b dose and least at
the highest tested TGF-b dose. The results with aRASMCs
suggest that (1) the predominant effects of HA-o lie in the

enhancement of elastic matrix deposition rather than in im-
provement of tropoelastin production, which corroborates
inferences from our earlier studies,13,36 (2) the effects of HA-o
on matrix elastin production are most pronounced at lower
tested TGF-b doses, indicating that at the highest tested TGF-
b dose, TGF-b effects dominate over that due to HA-o and (c)
increase in tropoelastin and matrix elastin synthesis with
increasing TGF-b dose are more pronounced at higher HA-o
doses.

aHASMCs showed similarities to aRASMCs in their ma-
trix synthesis responses to the provided factors, specifically
in that tropoelastin and matrix elastin synthesis were only
enhanced at the higher dose combinations, and no effects
were seen at the lowest doses. However, two important
differences are worthy of notice. The first is that the minimal
dose (2 mg/mL HA-o; 5 ng/mL TGF-b) for significant elas-
togenic upregulation, particularly of tropoelastin synthesis
by aHASMCs, is far lower than that determined for
aRASMCs (20mg/mL HA-o; 10 ng/mL TGF-b). The second is
that at the respective doses that induce maximal elastogeni-
city, the increases in amounts of tropoelastin and matrix
elastin synthesized were far greater in the aHASMC cultures
(5.08 – 0.66-fold increase in ng of tropoelastin/ng DNA and
8.5 – 1.5-fold increase in ng of matrix elastin/ng of DNA at
2mg/mL HA-o; 5 ng/mL TGF-b) than for aRASMCs
(16% – 4% decrease in tropoelastin and 2.15 – 0.28-fold

FIG. 8. Representative SEM images of elastic matrix produced by 21-day-old aHASMC cultures with (B) or without HA-o
(A) and TGF-b factor supplementation (1000 · magnification; scale bar = 20mm). White arrows indicate fibrillar elastic
structures.

FIG. 9. (A) Gel zymogram
showing activity of MMP-2
and MMP-9 (numerous
isoforms/many bands)
within aRASMC layers
cultured with or without
HA-o and TGF-b factors.
(B) Data are shown
normalized to the respective
values observed in
nonsupplemented aRASMC
controls (n = 3/case). The
factor dose assessed was
2 mg/mL HA-o and
10 ng/mL TGF-b. MMP,
matrix-metalloprotease.
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increase in matrix elastin respectively, at 2 mg/mL HA-o
and 10 ng/mL TGF-b dose combination versus untreated
aRASMCs). Both these observations strongly suggest that
the intracellular signaling mechanisms which form the basis
for downstream outcomes of increased elastin precursor
and matrix synthesis in aHASMCs are more sensitive to cell
interaction with HA-o and TGF-b than in the case of
aRASMCs. This is suggested from the trend curves that
show elastin synthesis to have much stronger HA-o dose
dependency in aHASMC cultures (at a given TGF-b dose)
than in aRASMC cultures, especially at the lowest TGF-b
doses (Fig. 5C, E). It is also noteworthy that at the lowest
HA-o dose, TGF-b effects on elastic matrix deposition
dominate, as deemed from the classic biphasic TGF-b-dose
response, with an initial increase in tropo-/matrix elastin
synthesis with TGF-b dose, and a sharp decrease when
TGF-b dose is increased still further; such a biphasic re-
sponse to TGF-b was not observed in aRASMC cultures, at
least within the tested dose range (Fig. 5D, F). Our results
also suggest that the provided factors encourage elastic fi-

ber organization in aHASMC cultures similar to aRASMC
cultures, in a manner similar to that observed in healthy
cells (Figs. 7 and 8).

At the factor dose combinations deemed most elastogenic,
absolute elastic matrix amounts in aRASMC and aHASMC
cultures were 149% and 57% of the elastic matrix amounts
generated in untreated cultures of healthy RASMCs and
HASMCs, respectively. This reveals that although elastic
matrix yield is enhanced significantly, that additional elas-
togenic stimulation of human aneurysmal cells, in particular,
may be necessary to coax cells to produce as much elastic
matrix as healthy SMCs. There is, thus, a scope for further
increasing matrix elastin yield. Future studies to address this
challenge may incorporate combination therapies aimed at
increasing crosslinking of elastin into a mature matrix. This
may involve providing cells exogenous LOX to initiate co-
valent crosslinking of elastin precursors,37 or alternately de-
livering copper nanoparticles to increase LOX activity
toward improving elastic matrix yield and maturation, as we
previously showed to be possible.38,39

FIG. 10. Gel zymogram (C) showing activity of MMPs-2 and -9 (numerous isoforms/many bands) generated by aHASMCs
cultured in the presence or absence of HA-o (2mg/mL) and TGF-b factors (5 ng/mL), and by healthy HASMCs. Panel (A)
compares MMP-2 and - 9 activities between aHASMCs and healthy HASMCs. Panel (B) compares the activity of MMP-2 and
MMP-9 within aHASMC cultures treated with or without HA-o and TGF-b factors. Data are shown normalized to the
respective controls (n = 3/case). (D,E) MMP arrays showed that the production of MMPs (MMPs-1, -2, -3, -9, -10, and -13) and
TIMPs (TIMPs-1, -2, -4) released by aHASMC cultures with or without HA-o and TGF-b factor supplementation. The factor
dose assessed was 2mg/mL of HA-o and 5 ng/mL of TGF-b. TIMPs, tissue inhibitors of matrix metalloproteases.
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Similar to aRASMCs, which exhibit enhanced MMP-2 and
- 9 activity relative to healthy RASMCs,15 cultured aHASMCs
also exhibited higher activity of elastolytic MMP-2 (but
not MMP-9) relative to healthy HASMCs, thus confirming
their activated phenotype. However, HA-o and TGF-b
factors, provided at the ‘‘most effective’’ doses identified for
the respective cell types, had very different effects on MMP
activity in aRASMC and aHASMC cultures; the factors
attenuated MMP-2 (minimal change in MMP-9) activity in
aRASMC cultures (Fig. 9), but enhanced the same in
aHASMC cultures (Fig. 10B, C), although in the latter the
factors induced an across-the-board decrease in amounts of
elastogenic (MMPs-2 and - 9) and other MMPs relative to
untreated aHASMC cultures (Fig. 10D, E).

Conclusions

In summary, our study shows that the periadventitial
CaCl2-injury model of AAAs exhibits many of the patho-
logical characteristics of human AAAs. The cells isolated
from such induced rat AAAAs also show similarities to
human AAA SMCs including similarities in terms of de-
creased contractile activity, enhanced proliferation, and re-
duced elastogenic capacity (relative to healthy SMCs).
However, the aRASMCs differ from human AAAs
(aHASMCs) in their responses to elastogenic stimulation.
Specifically, aRASMCs from CaCl2 injury AAA models ap-
pear to be less sensitive to TGF-b and HA-o in the context of
elastin regenerative responses. Although such differences in
cell responses may likely be due to differences in the stage
in maturation of the AAAs studied, with the CaCl2-injury
induced aortal expansion qualifying as a very early aneu-
rysm and the human AAA at a more chronic stage, we also
acknowledge that aHASMCs were isolated from AAA tissue
from a single patient, and, thus, may not sufficiently rep-
resent phenotypic diversity of all aHASMCs. Further study
of SMCs from stage-matched CaCl2-injury generated aortal
expansions and human AAAs will be necessary to more
rigorously evaluate their basal and induced elastogenic re-
sponses. Regardless, this study suggests that a CaCl2-injury
model of AAAs exhibits distinctive short-comings as a sur-
rogate in the context of elastin regeneration within human
AAAs; alternate models such as an elastase-perfusion model
of AAAs may be more suited for this purpose, subject to
confirmation.
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