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Abstract
Objective—Thoracic aortic aneurysms (TAAs) result from dysregulated remodeling of the
vascular extracellular matrix (ECM) which may occur as a result of altered resident cellular
function. The present study tested the hypothesis that aortic fibroblasts undergo a stable change in
cellular phenotype during TAA formation.

Methods—Primary murine aortic fibroblasts were isolated from normal and TAA-induced aortas
(4-wks post-induction with 0.5M CaCl2 15 min) by outgrowth method. Normal and TAA cultures
were examined using a focused PCR array to determine fibroblast-specific changes in gene
expression in the absence and presence of biological stimulation (endothelin-1, phorbol-12-
myristate-13-acetate, angiotensin II). The relative expression of 38 genes, normalized to 4
housekeeping genes, was determined and genes displaying a minimum 2-fold increase/decrease or
genes with significantly different normalized Ct values were considered to have altered
expression.

Results—At steady state TAA fibroblasts revealed elevated expression of several MMPs (Mmp2,
Mmp11, Mmp14), collagen genes/elastin (Col1a1, Col1a2, Col3a1, Eln), and other matrix
proteins, as well as decreased expression of Mmp3, Timp3, and Ltbp1. Moreover, gene expression
profiles in TAA fibroblasts were different than normal fibroblasts after equivalent biological
stimuli.

Conclusions—This study demonstrated for the first time that isolated primary aortic fibroblasts
from TAA-induced mice possess a unique and stable gene expression profile, and when
challenged with biological stimuli, induce a transcriptional response that is different from normal
aortic fibroblasts. Together, these data suggest that aortic fibroblasts undergo a stable phenotypic
change during TAA development which may drive the enhancement of ECM proteolysis in TAA
progression.
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INTRODUCTION
Thoracic aortic aneurysms (TAAs) develop in response to pathological changes that alter the
structure and composition of the aortic extracellular matrix (ECM).(1, 2) These dynamic
changes produce an imbalance between matrix degradation and deposition resulting in
compromised structural integrity and a propensity to dilate, dissect, or rupture.(2, 3) While
the inciting stimuli remain undefined, it has become clear that TAA development is
multifactorial and involves both cellular and molecular mechanisms. Current data from
clinical TAA specimens and experimental animal models have implicated the matrix
metalloproteinases (MMPs) as key mediators of aneurysm formation. While many studies
have suggested that inflammatory cells are the major source of MMPs in aneurysm
development,(4, 5) changes in MMP abundance can also arise as a result of altered
production by the endogenous cellular constituents. For example, LeMaire et al. implicated
a role for endogenous cells in mediating elevated MMP expression in ascending aortic
aneurysm specimens from patients with bicuspid aortic valves lacking inflammatory
infiltrate.(5) Furthermore, work from this laboratory localized MMP-9 promoter activation
to fibroblasts/fibroblast-derived cells within the developing murine TAA.(6) With many
studies reporting a loss of medial smooth muscle cells (SMC) during TAA development,(7,
8) it is likely that the changes in endogenous cellular constituents play a significant role in
mediating TAA formation and progression. In a recent report from this laboratory using a
murine model of TAA, aortic dilatation occurred concomitantly with a loss of medial SMCs
and the emergence of a subset of fibroblast-derived myofibroblasts.(9)

Accordingly, the present study examined the hypothesis that aortic fibroblasts undergo a
phenotypic transformation that results in enhanced degradative capacity and the ability to
compensate for the loss of SMCs in the developing aneurysm. The hypothesis was tested
through two primary objectives. The first objective examined gene expression differences in
primary aortic fibroblasts isolated from either normal mice, or mice 4-weeks following TAA
induction surgery. The second objective then determined whether the isolated fibroblasts
responded in similar fashion when equivalently challenged with relevant biological stimuli.
To accomplish these objectives, a custom quantitative real-time PCR array was constructed
and employed to simultaneously determine the relative expression of multiple determinants
of ECM degradation and deposition in normal and TAA fibroblasts.

MATERIALS AND METHODS
Experimental design

The present study examined gene expression in primary murine aortic fibroblasts isolated
from normal and TAA-induced mice. Four C57BL/6J mice (8–12 weeks old, equal number
of males and females) underwent TAA induction surgery with a terminal time-point of 4-
wks post-TAA induction. At terminal surgery, the descending thoracic aorta was excised
under sterile conditions and processed for fibroblast outgrowth according to established
procedures.(10) At the same time, aortas were harvested from four unoperated C57BL/6J
age- and gender- matched control mice and processed identically for fibroblast outgrowth.
This animal protocol was approved by the Medical University of South Carolina
Institutional Care and Use Committee, and all mice were treated and cared for in accordance
with the National Institutes of Health Guide for the Care and Use of Laboratory Animals
(NIH Publication No. 85-23, revised 1996).

Operative procedure
Murine TAAs were induced as previously described.(11) Briefly, following anesthetic
induction, mice were intubated and a surgical plane of anesthesia was maintained using a
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2% isoflurane/oxygen mixture. The descending thoracic aorta was exposed through a left-
thoracotomy. A sponge soaked in 0.5 M calcium chloride was then placed in direct contact
with the periadventitial surface for 15 minutes. The chest was irrigated, closed in layers, and
the mice were allowed to recover.

Terminal surgical procedures and fibroblast isolation
Mice were transferred to a laminar flow biosafety cabinet, and euthanized under deep
anesthesia by exsanguination induced by right atriotomy. The animals were then
systemically perfused with sterile saline until the perfusate was clear and the liver was
blanched. The descending thoracic aorta was excised, rinsed in sterile saline, and cut
longitudinally. The endothelial cell layer was removed by gently rubbing the luminal surface
with a sterile swab. The aorta was then cut into approximately ten 1 × 2 mm pieces and
carefully placed onto the surface of a dry tissue culture flask (T-75, Cat#13-680-65; BD
Falcon, Fisher Scientific, Pittsburgh, PA). The tissue was allowed to adhere in the absence
of medium for 5–10 min, then 10 ml of fibroblast growth medium (Fibroblast Growth
Medium, Promocell Cat#C39315, Heidelberg, Germany), containing Fibroblast Growth
Supplement, (Promocell Cat#C23010; consisting of 1.0 ng/ml basic fibroblast growth factor,
and 0.5 μg/ml insulin at final concentration) and 20% heat-inactivated fetal-calf serum
(Invitrogen, Cat# 10082-147, Carlsbad, CA), was carefully added to the flask. The flask was
placed in a humidified 5% CO2 incubator and the fibroblasts were allowed to grow out of
the individual tissue chunks. Evidence of fibroblast outgrowth was typically observed within
7 days of plating. Of the eight cell lines initiated, four normal aortic fibroblast cell lines and
three TAA cell lines reached confluence within 22±1 days after plating. Fibroblasts were
identified as spindle-shaped cells during log phase growth, and their identity was confirmed
by staining log-phase cells with phalloidin to observe cellular architecture and with cell-type
specific markers to verify purity (DDR2, prolyl-4-hydroxylase, and heavy chain myosin).
The established cell lines were maintained in culture and split into new flasks when the cell
density reached approximately 90% confluence. Fibroblasts in passages 3–6 were used for
experimental studies.

Cell stimulation
For steady-state analysis normal and TAA fibroblasts were grown to approximately 80%
confluence, then placed in serum-reduced medium (fibroblast growth medium + fibroblast
growth supplement) containing 0.1% bovine serum albumin for 24 hr before harvest. The
cells were scraped into cold (4°C) phosphate buffered saline, and collected by centrifugation
(3000 × g). The cell pellet was resuspended in 300 μl of RNAprotect Cell Reagent
(Cat#76526, Qiagen, Inc., Valencia, CA) and stored at 4°C for 24 hr.

For the cellular stimulation studies, normal and TAA fibroblasts were grown to
approximately 70% confluence, then placed in serum-reduce medium containing 0.1%
bovine serum albumin (as detailed above) for 24 hrs. The following day, the serum-reduced
medium was aspirated and replaced with 5 ml of the same medium containing either 1 nM
endothelin-1 (ET-1; Cat# E-7764; Sigma Chemical Co, St. Louis, MO), 100 nM
angiotensin-II (AngII; Cat# A-9525; Sigma Chemical Co, St. Louis, MO), or 100 nM
phorbol-12-myristate-13-acetate (PMA; Cat# P-8139; Sigma Chemical Co, St. Louis, MO)).
The cells were then allowed to grow for an additional 24 hrs. At the end of the stimulation
period, the cells were processed as detailed above.

Gene expression analysis
Total RNA was isolated using the Qiagen RNeasy Plus Mini Kit (Cat#74134, Qiagen, Inc,
Valencia, CA). RNA quality and quantity was analyzed with the Experion Automated
Electrophoresis System (Bio-Rad Laboratories, Hercules, CA) using an Experion RNA
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StdSens Analysis Kit (Cat#700-7103, Bio-Rad, Hercules, CA). One μg of high-quality RNA
from each cell line was reverse-transcribed to generate cDNA using an RT2 First Strand Kit
(Cat#C-03, SABiosciences, Frederick, MD), and the cDNA was immediately assayed for
gene expression by quantitative real-time PCR (QPCR).

In order to easily assess the expression of numerous genes from the established primary cell
lines, a custom RT2 Profiler™ PCR Array (Custom Services; SABiosciences, Frederick,
MD) was designed to test 42 different genes including 4 housekeeping control genes, in a
96-well plate format. The generated cDNA was diluted into RT2 qPCR Master Mix
(Cat#PA-011, containing Hot-Start Taq polymerase and a SYBR Green/Fluorescein mix
specific for Bio-Rad QPCR systems; SABiosciences, Frederick, MD) according the
manufacturer’s instructions, and was applied to a 96-well PCR Array plate. Quantitative
PCR was performed using a MyiQ Single-Color Real-Time PCR Detection System (Bio-
Rad, Hercules, CA) with the following cycling parameters: initial denaturation for 10 min at
95°C, was followed by 40 cycles of 15 sec at 95°C, 40 sec at 55°C, and 30 sec at 72°C. A
melt curve was established immediately following the conclusion of the cycling program to
allow for confirmation of a single QPCR product for each gene-specific primer set (1 min at
95°C, 2 min at 65°C, followed by 60 cycles of 15 sec at 65°C with an increase of 0.5°C per
cycle). Negative controls were run on each plate to verify the absence of genomic DNA
contamination (no reverse transcription control), and the absence of overall DNA
contamination in the PCR system and working environment (no template control).

Data analysis
Cycle threshold (Ct) values were recorded and fold change in steady-state gene expression
between TAA fibroblasts and normal fibroblasts was calculated using the ΔΔCt method (see
Table 1 for a complete listing of genes examined, including housekeeping genes). Fold
expression values greater than 2.0 or less than 0.5 were considered to have a significant
change in gene expression. Additionally, any gene that displayed a significant difference in
mean ΔCt value (TAA vs. normal by 2-sided, 2-tailed t-test; p<0.05) was likewise
considered to have a significant change in expression. Ct values of 35.0 or greater were
considered non-cycling and were removed from analysis. Of the genes tested, primers for
Mmp8, Mmp12, Mmp7, and Timp4 consistently produced multiple peaks on melt-curve
analysis indicating that more than one product was being amplified in those wells.
Accordingly, these genes were also removed from analysis. Additionally, Mmp9, Timp1, and
Lamb3 did not consistently cycle either due to low target concentration or poor primer
design. To measure Mmp9 and Timp1 gene expression, TaqMan primer/probe sets were used
with same quantitative PCR conditions indicated above (Mmp9, Cat# Mm00442991_m1;
Timp1, Cat# Mm00441818_m1; Applied Biosystems, Foster City, CA). There were two
incidents of stimulus-induced increase in Ct values (PMA, Mmp15; and AngII, Junb). In
PMA treated cells, each stimulated control cell line yielded a measurable Ct value for
Mmp15, while each stimulated TAA cell line produced Ct values of >35.0. In AngII treated
cells, Junb expression was suppressed in both normal and TAA fibroblasts following
stimulation.

Gene expression in each stimulated cell line was determined in a similar manner. To more
easily represent the expression differences between normal and TAA fibroblasts, genes were
clustered into similar gene families, and total gene expression was depicted as an area
profile on a radar plot. Each axis displays the sum of the relative fold change in gene
expression for a given gene cluster in the TAA fibroblasts as compared to the control
fibroblasts. The genes included in each cluster were: 1) MMP/TIMP genes (Mmp2, Mmp3,
Mmp9, Mmp11, Mmp13, Mmp14, Mmp15, Timp1, Timp2, Timp3); 2) Collagen/Elastic
Architecture genes (Col1a1, Col1a2, Col3a1, Col4a1, Col6a1, Eln, Ltbp1, Ltbp2, Fbn1);
and 3) Other ECM genes (Lamb1-1, Lamb2, Lamb3, Fn1, Spp1, Thbs1, Sparc, Ager).
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RESULTS
Relative gene expression analysis at steady-state

Primary aortic fibroblasts from normal and TAA-induced mice were analyzed to determine
the relative expression of 38 genes and 4 housekeeping genes (Table 1) under steady-state
culture conditions, using a single custom QPCR array plate per cell line. The TAA mice
displayed a relative increase in Mmp2, Mmp11, and Mmp14 expression, and a relative
decrease of Mmp3, Mmp9, and Timp3 expression (Table 2, Steady-State). Furthermore, the
steady-state expression of several collagen genes and elastin was also elevated (Col1a1,
Col1a2, Col1a3, Col4a1, and Eln), while the expression of Ltbp-1 was decreased (Table 2).
Additionally, several other ECM proteins displayed elevated expression (Lamb2, Fn1, Spp1,
and Sparc) (Table 2). Lastly, the relative expression of several transcription factors known
to be involved in regulating matrix turnover was assessed. The TAA fibroblasts
demonstrated increased steady-state expression of Fos and Fosb (Table 2).

Relative gene expression analysis following stimulation with ET-1, PMA, and AngII
In order to determine whether normal and TAA fibroblasts respond in similar fashion to
equivalent biological stimuli (ET-1, PMA, AngII), both sets of fibroblasts were stimulated
for 24 hrs, and the relative changes in gene expression were examined. In almost all cases,
the TAA fibroblasts responded more robustly than the normal fibroblasts to biological
stimulus (Table 2, ET-1, PMA, AngII). In order to more easily demonstrate the relative
changes in gene expression, the results in Table 2 were further analyzed by cluster analysis
in the following functional groups; MMP/TIMP, Collagen/Elastic Architecture, and Other
ECM. Figure 1 reveals the relative fold expression results for normal and TAA fibroblasts
showing that the gene expression profiles for the TAA fibroblasts were different from
normal fibroblasts at steady-state and following exposure to equivalent biological stimuli.

DISCUSSION
Previous clinical and experimental aneurysm studies have demonstrated significant changes
in aortic structure and composition in the developing TAA. These changes include
disruption of the medial elastic lamellae,(12, 13) alterations in collagen deposition,(12–14)
changes in cellular content characterized by the loss of smooth muscle cells,(7, 8) and
alterations in aortic transcriptional profiles.(6, 15, 16) Additionally, previous studies from
this laboratory have identified fibroblasts/fibroblast-derived cells as a potential source for
enhanced MMP transcriptional activity during TAA development in mice.(6, 9) Taken
together, this led us to hypothesize that aortic fibroblasts are an important cellular
component within the aortic wall, which undergo a stable phenotypic change during TAA
development, allowing them to adapt to the rapidly degrading conditions and mediate the
vascular remodeling process. To test this hypothesis, primary thoracic aortic fibroblasts were
isolated from normal and TAA-induced mice, and transcriptional profiles of key
determinants of matrix degradation and deposition were assessed in the absence and
presence of relevant biological stimuli. The unique outcomes of this study are three-fold.
First, the present study demonstrated significant transcriptional changes in TAA fibroblasts
as compared to normal aortic fibroblasts. These results are consistent with expectations of
enhanced degradation and remodeling of the vascular ECM during TAA development which
may ensue, in part, due to altered fibroblast function. Second, when isolated fibroblasts were
challenged by treatment with relevant biological stimuli (ET-1, AngII, PMA), differential
transcriptional responses were observed between normal and TAA fibroblasts, suggesting
that intracellular signaling pathways in the TAA fibroblasts may be altered, and thus may
respond differently to equivalent stimuli. Last, the observed gene expression differences
between normal and TAA fibroblasts were evident in multiple cell lines following the

Jones et al. Page 5

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



several cell passages required to establish the in vitro cultures. Using an established
fibroblast outgrowth procedure,(10) multiple primary cell lines from both normal and TAA-
induced animals were established in vitro. The highly reproducible transcriptional
differences between the TAA and normal fibroblasts are therefore not a byproduct of
selection during in vitro establishment or as a direct result of cell passaging, but due to a
stable alteration in transcriptional activity induced during the process of aneurysm
development in vivo. Taken together, the results of this study support the hypothesis that
aortic fibroblasts undergo a stable phenotypic transformation during TAA development, and
that these changes in gene expression may alter normal fibroblast function and contribute to
TAA formation and progression.

Steady-state changes gene expression
To assess transcriptional differences between normal and TAA fibroblasts, quantitative real-
time PCR (QPCR) was performed using a custom designed PCR array to assess the gene
expression of several critical determinants of matrix degradation and deposition, known to
be involved in TAA development. Previous studies from this laboratory have examined
aortic tissue from normal and TAA mice, and have demonstrated TAA-dependent changes
in gene transcription and protein abundance of MMPs and TGF-β pathway components.(6,
15) Accordingly, it was hypothesized that if the aortic fibroblast plays a dominant role in
TAA development, isolated aortic fibroblasts from TAA tissue would likewise display an
altered transcriptional profile as compared to normal aortic fibroblasts. Indeed, our results
were consistent with that hypothesis. The TAA fibroblasts displayed a distinct pattern of
gene expression reflecting enhanced expression of several MMPs (Mmp2, Mmp11, and
Mmp14), matrix proteins (Col1a1, Col1a2, Col3a1, Col4a1, Eln, Lamb2, Fn1, Spp1, and
Sparc), and transcription factors (Fos and Fosb), along with the decreased expression of
Mmp3, Mmp9, Timp3, and Ltbp1. The observed elevated expression of MMP genes was
highly consistent with previous studies from this laboratory demonstrating a direct role for
increased MMP production during TAA development in this model.(6, 17) Thus, the stable
elevation of MMP transcription in TAA fibroblasts argues that this differentiated cell-type
plays a critical role in degrading the ECM during TAA formation and progression.

While many studies analyzing clinical TAA specimens have demonstrated elevated
collagenase activity (MMP-dependent),(1, 5, 18, 19) few have examined aortic collagen
content or expression directly.(14, 20) The present study demonstrates a robust elevation of
collagen gene expression in the TAA fibroblasts. While counterintuitive to the enhanced
ECM degradation that takes place during TAA development, others have described elevated
collagen expression and regional deposition in TAA tissue. For example, Iliopoulos and
coworkers have suggested that collagen content, while diminished in the aortic media, is
elevated in the adventitial region of the aorta, resulting in no net gain or loss of total
collagen content.(13) Similarly, Della Corte et al. have demonstrated regional differences in
collagen content in the greater versus lesser curvature of the ascending aorta from
aneurysmal patients with bicuspid aortic valves.(12) Collectively, these studies suggest that
the enhancement of collagen expression may coincide with TAA development and may
result in the regional deposition of newly formed collagen fibers. In a recent report from this
laboratory, medial and adventitial collagen content was measured over the 16-wk time-
course of TAA-development in this model.(9) No net change was observed in either the
medial or adventitial compartment. While this may suggest a lack of collagen degradation,
given the present results demonstrating elevated MMP and collagen gene expression in the
isolated TAA fibroblasts, it is more likely that collagen degradation and deposition are
balanced in regard to the total content. This is further supported by the observation that
Sparc (secreted protein acidic and rich in cysteine) expression is elevated in the TAA
fibroblasts, suggesting that these cells possess a synthetic phenotype, primed to deposit
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newly processed collagen fibers. The organizational structure of the collagen matrix on the
other hand, may be significantly remodeled during TAA development, as has previously
been demonstrated in the post-infarct myocardium.(21) Of interest, the present study also
identified decreased expression of Ltbp-1 (latent transforming growth factor-β binding
protein-1); an ECM structural protein that serves to bind and sequester the small latent
complex of transforming growth factor-beta (TGF-β). TGF-β is best known for its ability to
induce collagen gene expression, but may also play a role in exacerbating vascular
remodeling during TAA development.(22) Accordingly, it follows that a decrease in Ltbp-1
expression may lead to an increase in the extracellular levels of TGF-β, and enhancement of
collagen gene expression. Moreover, elevated TGF-β signaling has also been associated with
the induction of MMP expression and abundance.(23, 24)

To further demonstrate the stability of the observed phenotypic change between isolated
normal and TAA fibroblasts, the expression levels of several transcription factors implicated
in regulating MMP-dependent transcription were assessed. Interestingly, Fos and Fosb,
family members and components of the AP-1 transcription factor, were both stably induced
and may play a direct role in the observed change in transcriptional profile of the TAA
fibroblasts.

Stimulated changes in gene expression
In an effort to further define the phenotypic change of the TAA fibroblasts, gene expression
profiles were also determined following treatment with relevant biological stimuli (ET-1,
(25) AngII,(26) PMA). When comparing relative gene expression between treated normal
and TAA fibroblasts within gene family clusters, clear differences in overall transcriptional
profiles were observed following treatment with each agent. While it was anticipated that
the MMP genes in the TAA fibroblasts would be robustly induced in response to some
stimuli (e.g. ET-1, PMA), the blunted response observed may be a direct result of altered
downstream signaling pathways. Given that these genes were already highly expressed in
the TAA fibroblast, this may further suggest that the intracellular signaling pathways have
become uncoupled from receptor activation in these cells. These results further substantiate
the hypothesis that the TAA fibroblasts have undergone a stable phenotypic change, and
may suggest that the alterations in transcriptional response are a direct result of reconfigured
intracellular signaling pathways in the TAA fibroblasts.

Limitations
Because the present study examines gene expression profiles in cultured primary aortic cell
lines several limitations must be noted. First, care must be taken in extrapolating changes in
gene expression with altered protein levels. While increased or decreased gene expression
often equates to coordinate changes protein translation, transcriptional and translation
regulation must be considered. Second, while this murine model of TAA has been well
described and recapitulates many of the hallmarks of human aneurysmal disease, some
aspects such as atherosclerosis and intraluminal thrombosis, are not replicated at the time-
points studied. Accordingly, care should be taken in the extrapolation of these results to
human TAAs. Lastly, while a significant effect of gender on aortic dilatation has not
previously been demonstrated in this model system, gender dependent differences in aortic
gene expression cannot be ruled out. Additional studies will be required to ascertain whether
a significant interaction between gender and gene expression exist.

Conclusions
Despite limitations, the present study demonstrated for the first time that isolated primary
aortic fibroblasts from TAA mice possess a stable and unique phenotype defined by altered
gene expression profiles at steady-state and in response to biological stimuli. This distinctive
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cellular population may emerge as the major cellular mediator of vascular remodeling
during TAA development and may drive the enhancement of ECM proteolysis in TAA
progression.
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Figure 1. Analysis of gene expression following cellular stimulation
Relative gene expression in normal and TAA fibroblast cell lines was analyzed in the
absence (steady-state) or presence of biological stimuli. Cells were treated with either 1 nM
ET-1, 100 nM AngII, or 100 nM PMA for 24 hrs, and then analyzed by QPCR. Relative fold
expression results were clustered in functional groups (MMP/TIMP, Collagen/Elastin, Other
ECM), and total gene expression was depicted as an area profile on a radar plot. Each axis
displays the sum of the relative fold change in gene expression for a given gene cluster in
the TAA fibroblasts as compared to the control fibroblasts.
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