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Abstract

Background—Congenital bicuspid aortic valves (BAVS) result from fusion of two valve cusps,
resulting in left-noncoronary (L-N), right-left (R-L), and right-noncoronary (R-N) morphologies.
BAVs predispose to ascending thoracic aortic aneurysms (ATAAS). This study hypothesized that
ATAAs with each BAV morphology group possess unique signatures of matrix metalloproteinases
(MMPs) and endogenous tissue inhibitors (TIMPS).

Methods—ATAA tissue from 46 BAV patients was examined for MMP/TIMP abundance and
global MMP activity compared to normal aortic specimens (n=15). Proteolytic balance was
calculated as the ratio of MMP abundance to a composite TIMP score (TS). Results were stratified
by valve morphology group (L-N (n=6), R-L (n=31), and R-N(n=9)).

Results—The BAV specimens (p<0.05 vs. normal aorta, 100%) displayed elevated global MMP
activity (273+63%), MMP-9 (263+47%), and decreased MMP -7 (56+10%), -8 (58+11%), TIMP
-1 (63+£7%) and -4 (38+3%). The R-L group showed increased global MMP activity (286+89%)
and MMP-9 (267+55%) with reduced MMP -7 (45£7%) -8 (68+15%), TIMP -1 (58+7%) and -4
(35£3%). The L-N group showed elevated global MMP activity (284+71%), and decreased
MMP-8 (37£17%) and TIMP-4 (48+14). In the R-N group, MMP -7 (46£13%) and -8 (36+17%),
and TIMP -1 (59£10) and -4 (42+5%) were decreased. The R-L group demonstrated an increased
proteolytic balance for MMP-1, MMP-9, and MMP-12 relative to L-N and R-N.

Conclusion—Each BAV morphology group possesses a unique signature of MMPs and TIMPs.
MMP/TIMP score ratios suggest that the R-L group may be more aggressive, justifying earlier
surgical intervention.

© 2011 The Society of Thoracic Surgeons. Published by Elsevier Inc. All rights reserved.

Address for correspondence: John S. Ikonomidis MD, PhD, FRCS(C), FACS, FAHA, FACC, Horace G. Smithy Professor, Chief,
Division of Cardiothoracic Surgery, Director, South Carolina Heart Valve Center, Medical University of South Carolina, 25
Courtenay Drive, Suite 7030, Charleston, SC 29425, Telephone: (843) 876-5186, FAX: (843) 876-5187, wilburnm@musc.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ikonomidis et al. Page 2

Introduction

Bicuspid aortic valves (BAVSs), the most common congenital cardiac malformation, occur in
1-2% of the population and are believed to result from fusion of valve cusps in utero.(1)
Three valve morphologies result: left coronary-non-coronary fusion (L-N), right coronary-
left coronary fusion (R-L), and right coronary-non-coronary fusion (R-N). BAVs are prone
to stenosis and regurgitation, and are associated with aortic pathology including ascending
thoracic aortic aneurysms (ATAAS).(1, 2)

Histopathological changes within the BAV aorta include alterations in matrix proteins,
smooth muscle cell density, elastic fragmentation, and lamellar thickness.(3, 4) The matrix
metalloproteinase (MMP) family mediates aortic extracellular matrix remodeling in murine
aneurysm models, (5, 6) and unique MMP profiles have been reported in patients with BAV-
associated ATAAs.(7, 8) Proteolytic indices, the ratio of MMPs to TIMPs, are used as a
functional measurement of aortic remodeling activity.(8, 9)

Of the three possible cusp fusions, the R-L configuration is the most common.(10) Aortic
valve regurgitation predominates in these patients,(11, 12) and R-L aneurysms may possess
more extensive aortic wall degeneration.(10) Alternatively, the R-N configuration is more
prone to aortic valve stenosis(13) and trends toward elevated mid-ascending aortic diameter.
(11)

Quantifying specific MMP and TIMP profiles in each BAV morphology could uncover
mechanistic underpinnings for aortic remodeling in BAV patients. Accordingly, this project
tested the hypothesis that differential MMP/TIMP profiles occur between BAV-ATAAs and
normal aorta and that each BAV morphology group would possess a unique protein
signature of key MMPs and TIMPs.

Material and Methods

Study Population

Ascending aortic tissue samples were obtained from 46 patients with known BAV during
ascending aortic replacement, taken from the widest region of the ascending aorta. No
patients had aortic dissection, inflammatory aortic disease, or known syndromic aortic
disease. Normal aortic specimens were similarly harvested from the ascending aorta of heart
transplant donors or recipients (n=15). Patient gender, age, aortic diameter, and BAV
morphology were charted. This study was approved by the Institutional Review Board of the
Medical University of South Carolina and The University of Pennsylvania. Informed
consent was obtained from all patients.

Aortic Sample Preparation and Multiplex Analysis

Aortic tissue was snap frozen and stored at —80°C until analyzed. Thawed tissue was
transferred to cold buffer (volume 1:6 w/v) containing 10mM cacodylic acid pH 5.0, 0.15M
NaCl, 10mM ZnCl,, 1.5mM NaNs, and 0.01% Triton X-100 (v/v), homogenized in a
Tissuelyser (Qiagen, Valencia, CA) and centrifuged (800 x g, 10 min, 4°C). The supernatant
was analyzed using a MultiAnalyte Suspension Array system (BioRad Bio-Plex System,
Hercules, CA) which measures multiple soluble MMPs and TIMPs simultaneously. Each
well received 50 pL of diluted antibody-conjugated beads (multiplex base kit, Catalog#
LMPO00O, for MMPs -1,-2,-3,-7,-8,-9,-11,-12; TIMPs -1,-2,-3,-4.; R&D Systems,
Minneapolis, MN) and 10 pg of aortic homogenate. Samples were incubated (room
temperature, 2 hours) on a microplate shaker, filtered, and washed 3 times with 100 uL of
Wash Buffer (part # 895003). Diluted goat anti-human polyclonal biotinylated antibodies
(50 uL, analyte-specific; included with antibody-conjugated bead kits; R&D Systems) were
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then added to each well, and incubated (room temperature, 1 hour) on a microplate shaker.
The beads were again filtered and washed as before and dilute Streptavidin-PE (50 uL, R&D
Systems) was added for 30 minutes at room temperature. After filtration and washing, the
beads were analyzed using the Bio-Plex System, fluorescence was measured and then
compared with standard curves for each analyte also run on the same plate. Protein
quantities were calculated using Bio-Plex Manager™ Software 4.1 (BioRad, Hercules, CA)
and normalized to GAPDH determined in each sample by ELISA assay (Catalog # 3401,
Bioo Scientific, Austin, TX).

Global MMP Activity Assay

Aortic homogenates (15 ug) from normal and BAV patients were incubated (60 minutes,
37°C) with a quenched fluorogenic peptide containing a pan-specific MMP cleavage site
(MCA-Pro-Leu-Gly-Leu-(Dpa)-Ala-Arg-NH2; Catalog # BML-P126-0001; Enzo life
Sciences, Plymouth Meeting, PA). Peptide cleavage by active MMPs removes of the
quenching group, permitting fluorescence to be measured and recorded on a fluorescent
microplate reader (Fluorostar Galaxy BMG Labtechnologies, Cary, NC). Fluorescence was
converted to active MMP units by comparison to a recombinant MMP standard curve and
normalized to GAPDH as determined by ELISA assay (Bioo Scientific, Austin, TX).

Data Analysis

Results

Global MMP activity and MMP/TIMP protein abundance was expressed as relative
fluorescence units/hr/ng GAPDH, or ng analyte/ng GAPDH, respectively. The data were
analyzed in three groups. First, the percent change in normalized MMP and TIMP
abundance and global MMP activity of all BAV specimens was compared to the normal
group. Second, the percent change in normalized MMP and TIMP abundance and global
MMP activity was stratified by BAV valve morphology group, and compared to the normal
group. Lastly, relative proteolytic balance was expressed as the ratio of normalized MMP
abundance to a composite TIMP score (TS) comprised of the sum of TIMP-1, TIMP-3, and
TIMP-4 abundance in each sample. Because TIMP-2 is known to have both activating and
inhibitory functions,(19) the proteolytic index was calculated using two TS scores computed
with and without TIMP-2.

Statistical calculations were made using the Stata v8.2 software package (Intercooled,
College Station, TX). Demographic data was compared using a two-sample mean
comparison test. Changes in MMP and TIMP abundance were determined using two-tailed
one-sample mean comparisons versus the referent normal group set at 100%. Differences
between groups were determined using one-way ANOVA (prcompw module) with Tukey’s
wholly significant difference (wsd) post-hoc analysis for separation of means. For all
calculations, p<0.05 was considered significant.

Patient demographic information is summarized in Table 1. BAV patients were older than
normals and the ascending aortic diameter was greater. Patients in the R-L group were
younger than the L-N group with no aortic diameter differences.

Global MMP activity and MMP/TIMP protein abundance were next measured. MMP
abundance was largely unchanged in BAV versus normal aortas except for decreased
MMP-7 and MMP-8 and increased MMP-9. For the TIMPs, TIMP-1 and TIMP-4 protein
levels were significantly decreased (Table 2 and 3). Interestingly, when global MMP activity
was measured, MMP activity was elevated in the BAV specimens (Table 3). When the BAV
aortic specimens were stratified valve morphology, the L-N and R-L groups displayed
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elevated MMP activity compared to normal, while the R-N group trended toward increased
activity (Table 3). MMP and TIMP protein stratified by valve morphology group showed
decreased MMP-8 and TIMP-4 abundance in the L-N group compared to normal aorta
(Table 2 and 3). In the R-L group MMP-7, MMP-8, TIMP-1, and TIMP-4 were decreased,
while MMP-9 was elevated compared to normal aorta (Table 2 and 3). Lastly, the R-N
group demonstrated decreased MMP-7, MMP-8, TIMP-1, and TIMP-4 compared to normal
aorta (Table 2 and 3).

Proteolytic indices were then determined as the ratios of MMP protein abundance
normalized to a TIMP score (TS) determined by the sum of TIMPs -1, -3, and 4, or -1
through -4 for each specimen (Table 4 and 5, respectively). Relative to normal aorta, the
BAV aortas showed increased proteolytic indices for MMP-2, MMP-9, and MMP-12, and
decreased proteolytic indices for MMP-7 and MMP-8. By valve morphology, increased
proteolytic indices were observed for MMP-2 and MMP-3 in the L-N group, and for MMP-2
in the R-N group, while the proteolytic index for MMP-8 was decreased in both groups. In
the R-L group, the proteolytic index was significantly increased for MMP-1, MMP-2,
MMP-9, and MMP-12, and decreased for MMP-7 and MMP-8 (Tables 4, 5, and Figure 1).

The essential findings of this study, which sought to correlate BAV cusp fusion to MMP and
TIMP biology in BAV-associated ATAAS, are 3-fold. First, this study demonstrated that
global MMP activity was increased in the BAV specimens. MMP protein levels were largely
unchanged but protein abundance of TIMPs -1 and -4 was dramatically reduced, suggesting
that loss of MMP inhibition alone can increase global MMP activity and ATAA
development. This suggests that delivery of recombinant TIMP proteins or local viral-
mediated TIMP gene expression may have therapeutic relevance in these patients. Second,
the present report demonstrated differential proteolytic profiles in each BAV morphology
group, suggesting that regional matrix remodeling may be valve morphology specific. Third,
when MMP abundance was corrected for TIMP score, the results suggest that the R-L
morphology group may be more aggressive, and may justify an earlier surgical intervention.

MMP expression

Aneurysmal dilation of the each segment of the aorta has been attributed to elevated MMP
expression and activity, typically MMP-2 and MMP-9.(14, 15) Both MMP-2 and MMP-9
can degrade non-fibrillar collagens, elastin, and various types of ground substance, and their
expression and activity can be modulated by changes in hemodynamic forces and elevated
wall tension using ex vivo systems.(16, 17) The matrilysin MMP-7 cleaves numerous ECM
proteins and releases matrix-bound cytokines, participating in tumor invasion, inflammation,
apoptosis, and angiogenesis.(18) In normal aorta, MMP-7 is immunohistochemically
associated with intracellular and extracellular spaces of medial smooth muscle cells.(19) It
has recently been shown that MMP-7 cannot diffuse through the vascular wall and
subsequently accumulates in mucoid pools.(19) Extraction of MMP-7 from this mucoid
material can be difficult and incomplete; thus, its quantification in this study may be subject
to sampling error. Additional investigation of MMP-7 utilizing specific protein extraction
techniques may more accurately assess its contribution to BAV-associated aortic dilation.

MMP-8, known as neutrophil collagenase, may be synthesized and released by endothelial
cells, smooth muscle cells, and macrophages stimulated by pro-inflammatory cytokines.(20)
Elevated MMP-8 is identified in abdominal aortic aneurysms, a disease known to be highly
inflammatory in nature.(21) BAV aneurysms, on the other hand, have negligible
inflammatory infiltrate,(22) therefore minimal quantities of MMP-8 were expected in the
BAV aortic samples examined in this study.
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Elastin degeneration within the aortic media is a common characteristic of aneurysm
formation.(23) The primary elastase implicated is MMP-12, also known as macrophage
elastase.(24) MMP-12 is selectively expressed in macrophages and foam cells of aneurysmal
and atherosclerotic lesions,(25) and immunolocalizes to residual elastic fiber fragments in
aneurysmal tissue.(24) MMP-12 deficiency attenuates experimental abdominal aortic
aneurysm formation with decreased macrophage recruitment.(25) The present report showed
that while MMP-12 abundance was not significantly altered in BAV associated ATAAS,
when normalized for TIMP score abundance was elevated versus normal aorta. This may
suggest that while inflammatory infiltration is minimal, resident macrophages may still
contribute to MMP-12 activity within the aortic wall.

TIMP expression

The four TIMPs are capable of inhibiting all of the MMPs, through a 1:1 stoichiometric
interaction.(26) Results from the present study followed previous immunoblotting results
from this laboratory, demonstrating decreased TIMP-1, TIMP-3, and TIMP-4 protein
abundance in BAV aorta compared to non-diseased aorta.(8) TIMP-2, which remained
unchanged in the present study, also confirmed pre-existing data.(7, 8) TIMP-2 plays an
integral role in the activation of the latent-form of MMP-2 by a mechanism that employs
membrane type-1 MMP, and at higher concentrations is able to inhibit MMP-2 activity
directly.(27) The dual role of TIMP-2 in MMP-2 activation and inhibition complicates
interpretation of its function in aneurysm disease.

The TIMPs may also contribute to the regulation of cell proliferation and apoptosis through
other pathways which may influence aortic dilation.(28) The delivery of effective exogenous
MMP inhibitors to compensate for increased MMP activity in the face of decreased TIMP
abundance as reported in this study, may help to prevent or attenuate the progression of
aortic dilation in BAV patients.

Decreased TIMPs Induce a Proteolytic Shift in the BAV Aorta

The relative balance between the MMPs and TIMPs provides a specific measure of the
proteolytic environment in the aortic wall. In the present study, a multi-analyte profiling
system allowed for absolute quantification of soluble MMP and TIMP protein levels. A
TIMP score, derived by summating the absolute concentrations of TIMP -1, -3, and -4, was
used to relate the amount of each MMP to its maximal potential inhibition. TIMP-2 was
initially omitted from this calculation, though it had little overall impact when included
(Table 5). In this study, increased proteolytic indices in the BAV ATAAs were primarily a
function of decreased TIMP abundance and not elevated MMPs, underscoring the important
consideration of net stoichiometry between MMPs and their endogenous inhibitors when
estimating the proteolytic balance within an aortic aneurysm.

Histopathologic changes in the media of ATAAs have been well documented, and
specifically delineated for the BAV-associated aneurysms.(3, 10, 29) The presence of thin,
fragmented elastin fibers and decreased types | and 111 collagen have suggested elevated
proteolytic activity.(3, 30) Importantly, histological grading noted more extensive
degradation of the ascending aortic wall associated with BAVs secondary R-L cusp fusion.
(10) In the present study when MMP abundance was normalized for TIMP score, the R-L
morphology displayed elevated proteolytic indices for MMPs -1, -2, -9, and -12, while the
L-N configuration displayed elevated indices for MMP-2, and -3, and the R-N configuration
for MMP-2. The heightened proteolytic indices observed in the R-L morphology group,
supports work by Russo et al., suggesting that the R-L morphology is more aggressive.(10)
Surgeons are usually faced with aortopathies from this most common group, and hence a

Ann Thorac Surg. Author manuscript; available in PMC 2013 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ikonomidis et al.

Page 6

more aggressive approach with regard to early aortic replacement in BAV patients with R-L
cusp fusion may be warranted.

While this study has identified a proteolytic imbalance in the BAV-associated ATAAS, some
limitations must be addressed. First, MMP-2 levels were not significantly increased in BAV
aortas as seen in previous investigations.(8, 22) This discrepancy can be attributed to the
multiplex suspension array system which uses two independent antibodies (in a sandwich
technique) capable of binding all forms of MMP-2 (latent, active, and TIMP bound),
whereas previous studies from this laboratory evaluated the 64 kDa active MMP-2 band
alone. Second, previous histopathologic studies of the BAV-associated aortic wall have
selectively sampled the right anterolateral (convex) surface, believed to undergo the greatest
hemodynamic stress.(4, 29, 30) In the present study, while specimen location characteristics
with regard to sampling on the convex or concave surface were not available, care was taken
that all specimens were harvested from the widest region of the ascending aorta. Thus, it is
possible that quantification of MMP abundance and activity specifically from the outer
ascending aortic convexity could have revealed an even greater divergence in the proteolytic
profile of BAV-ATAAS versus normal aorta. Last, because a significant difference in patient
age between normal and BAV patients was identified, age-dependent effects on MMP
activity and abundance cannot be specifically ruled out. Interestingly, there was no
significant age difference identified between normal patients and those in the R-L
morphology group, in contrast to differences identified between normal patients and the R-N
and L-N groups. This suggests that ATAAs associated with R-L valve morphology are
treated earlier, supporting previous reports suggesting that the R-L morphology may be a
more aggressive aneurysm phenotype.

Despite the limitations, this project has uniquely identified that the proteolytic shift
promoting BAV-associated aortic dilation may be attributable, at least in part, to decreased
endogenous MMP inhibition. Furthermore, when MMP abundance was corrected for TIMP
score, the results suggest that the R-L morphology group may be more aggressive, and may
justify an earlier surgical intervention. Thus, strategies to restore the balance between MMP
activity and inhibition in BAV-associated aneurysms may present both prophylactic as well
as therapeutic options for this patient population.
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Figure 1. Analysis of MMP/TS in BAV specimens stratified by BAV valve morphology group
MMP protein abundance corrected for changes TIMP score (TIMP-1 + TIMP-3 + TIMP-4)

are shown for key mediators of matrix remodeling (MMP-1, MMP-2, MMP-9, and
MMP-12). The results suggest that the R-L morphology may have a more aggressive
phenotype as compared to the R-N and L-N groups. Results are expressed as a percent
change from referent normal (mean £ SEM); * p<0.05 versus normal set at 100%.

A: MMP-1/TS; B: MMP-2/TS; C: MMP-9/TS; D: MMP-12/TS.
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Table 1

Patient demographic data. Gender, age, and ascending aortic diameter of patients with normal aortic valves
and aortas, or ATAA-associated with a BAV. Values are expressed as mean + SEM

Male Female Age (yrs) Asc Aorta Diameter (cm)
Normal 13 2 48.3+4.5 3.2+0.2
BAV 39 7 57.5+¢18™ 48+01™
L-N 4 2 65.2+4.2 " 49404
R-L 27 4 55.0+2.2 48+01%
R-N 8 1 p09z42™ 5.0£02 "

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

*
p<0.05 versus patients with normal aorta
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