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&e pathogenesis of ascending thoracic aortic aneurysm (aTAA) is thought to differ between patients with bicuspid aortic valve
(BAV) and tricuspid aortic valve (TAV), and one of the causes is different hemodynamics. Influenced by hemodynamics, the
tissue levels of proteins associated with aTAA might differ between aTAAs with BAV and TAV and between different localities
within the aortic wall. We therefore analyzed aTAA tissue levels of MMP-2 (matrix metalloproteinase-2) isoforms (Pro-MMP-2,
active MMP-2, and total MMP-2) and tissue levels of MMP-14, TIMP-2 (tissue inhibitor of metalloproteinase-2), MMP-9, and
TIMP-1 in 19 patients with BAV and 23 patients with TAV via gelatin zymography and enzyme-linked immunosorbent assay
(ELISA), respectively. TAV and BAV groups’ protein levels did not differ significantly. Whereas the TAV group exhibited no
significant differences in protein levels between the aneurysm’s anterior and posterior parts, the BAV group revealed significantly
higher levels of Pro-MMP-2, total MMP-2, and TIMP-2 in the aneurysm’s posterior parts (mean Pro-MMP-2 200.52 arbitrary
units (AU) versus 161.12 AU, p � 0.007; mean total MMP-2 235.22 AU versus 193.68 AU, p � 0.002; mean TIMP-2 26.90 ng/ml
versus 25.36 ng/ml, p � 0.009), whereas the other proteins did not differ significantly within the aortic wall. &us, MMPs are
distributed more heterogeneously within the aortic wall of aTAAs associated with BAV than in those associated with TAV, which
is a new aspect for understanding the underlying pathogenesis.&is heterogeneous protein level distributionmight be attributable
to differences in the underlying pathogenesis, especially hemodynamics. &is result is important for further studies as it will be
essential to specify the location of samples to ensure data comparability regarding the main goals of understanding the
pathogenesis of aTAA, optimizing treatments, and establishing a screening method for its potentially deadly complications.

1. Introduction

&e aortic valve’s morphology (BAV or TAV) is believed to
be an influencing factor in the development of ascending
thoracic aortic aneurysms (aTAAs).

&e BAV is the most frequent congenital valvular defect
with an incidence of approximately 1% and is associated
with aTAA [1]. &e pathogenesis of aTAAs associated with
BAV seems to differ from that of aTAAs associated with
TAV; it is determined by genetic and hemodynamic factors
[1–3]. Furthermore, the risk of dissection or aortic rupture of

an aTAA with BAV is about eight times higher than the risk
of an aTAA with TAV [4, 5].

However, the underlying pathogenesis of an aTAA as-
sociated with BAV and with TAV is still not fully under-
stood, although the influencing factors have been discussed
such as matrix metalloproteinases (MMPs), especially
MMP-2 and MMP-9, due to their active form’s ability to
degrade elastin and collagen [6].

We therefore conducted this study to address whether
differences in the pathogenesis of aTAAs associated with
BAV and TAV result in differences in MMP protein levels
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and their regulating proteins, the tissue inhibitors of met-
alloproteinases (TIMPs).

Considering influencing factors, genetics and—directly
linked to valve morphology—especially hemodynamics in
aTAA with BAV, we can assume that protein levels would
differ from location to location in the aortic wall. It remains
unclear whether the MMP-2 isoforms (Pro-MMP-2, active
MMP-2, and total MMP-2), as well as MMP-9 and MMP-2
activating and regulation proteins TIMP-2 and MMP-14,
differ according to their locations within the aortic wall of
aTAA and whether such a potential difference depends on
the aortic valve’s morphology.

Our aim was thus to analyze the MMP-2 isoforms,
MMP-2 influencing MMP-14 and TIMP-2, and aTAA
influencingMMP-9 and TIMP-1 by comparing patients with
BAV to TAV and further to evaluate any potential difference
in the local distribution of protein levels within the aortic
wall of aneurysms (anterior versus posterior part) associated
with BAV and TAV, respectively.

2. Materials and Methods

2.1. Study Design and Patient Characteristics. All recruited
patients were participants in this clinical study “Biomarkers of
Shear Stress andWall Tension in&oracic Aortic Aneurysms”
(German Clinical Trial Register-ID: DRKS00004866, https://
www.drks.de). Our study group consisted of 42 patients with
an aneurysm in the aortic root and/or ascending aorta. &e
study included patients aged 18 to 85 years with bicuspid or
tricuspid aortic valves, and no selection was made regarding
the Sievers classification [7] or aortic valve function (normal
valve function, stenosis, insufficiency, and combined valve
dysfunction). Exclusion criteria were any active malignancy,
children or age above 85 years, any earlier stent graft in-
tervention or prosthetic replacement on the aorta, and aortic
dissection of any kind. Our study group was further sub-
divided into two groups: patients with TAV (n� 23) and those
with BAV (n� 19).

Our patients’ characteristics are summarized in Table 1.
&is study was approved by the Ethics Committee of the
University of Freiburg, and all patients provided informed
written consent.

2.2. Sample Preparation and Protein Extraction. Sample
preparation and experiments were carried out and validated
as described previously by our group [8, 9]. Aortic tissue
from the aneurysm’s anterior and posterior parts (Figure 1)
was deep frozen in liquid nitrogen immediately after re-
section and stored at −80°C.

To extract proteins, the entire aortic-tissue sample was
pulverized in liquid nitrogen and then supplied with ice-cold
lysis buffer (50mMTris, 150mMNaCl, 1% Triton X-100, pH
7.5) containing protease inhibitor P8340 (Sigma). Samples
were incubated on ice for one hour and centrifuged for 15
minutes at 13.000 rpm and 4°C. Supernatant was filtered
through spin-x-centrifuge filters (0.22 μm cellulose acetate,
Costar) by centrifugation and pellets were resuspended in
lysis buffer, followed by incubation for 30 minutes,

centrifugation, and filtration. &e protein extracts were
aliquoted and stored at −20°C. Protein extracts for the
MMP-14-ELISA were drawn using the 1X Cell Extraction
Buffer PTR (supplied by the ELISA Kit), supplied with
protease inhibitor P8340. Extraction steps were the same as
those mentioned above.

Total protein concentrations were determined via
bicinchoninic acid assay (BCA) following the manufac-
turer’s instructions (&ermo Scientific Pierce BCA Protein
Assay).

2.3. Gelatin Zymography. Protein extracts were diluted with
zymography buffer (25mM Tris, 150mM NaCl, 10mM
CaCl2, 0.2% Brij-35, pH 7.5) containing protease inhibitor
(P8340, Sigma) and a total protein amount of 15 μg was
loaded onto 8% SDS gels containing 0.2% gelatin (gelatin
from porcine skin G1890, Sigma). Electrophoresis was
performed at 20mA per gel for 2.5 hours. Gels were washed
twice for 30 minutes with 2.5% Triton X-100 at room
temperature with agitation, followed by incubation in
zymography buffer at 37.2°C for 19 hours during which
gelatin digestion occurred. Afterward, the gels were stained
with 50mL 0.2% Coomassie Brilliant Blue R-250 (Serva)
following the manufacturer’s instructions.

Pro-MMP-2 and active MMP-2 in the samples were
identified via a human full-length MMP-2 protein
(ab168864, Abcam) (as described previously by our group
[8, 9]) and were semiquantitatively determined by analyzing
pixel density with software Image J (version 1.47, Wayne
Rasband, National Institutes of Health, USA). Each sample
was normalized to 0.33 ng human full-length MMP-2. All
samples were measured three times independently, and
those findings were averaged. MMP-2’s total protein level
was calculated by summarizing Pro-MMP-2 and active
MMP-2 of the corresponding sample.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA).
MMP-14, TIMP-2, MMP-9, and TIMP-1 tissue levels were
quantified using sandwich enzyme-linked immunosorbent
assay (ELISA) kits. A standard curve was run in each assay;
all samples and standards were measured in duplicate and
findings were averaged. &e TIMP-2, MMP-9, and TIMP-1
assay procedures were done according to the manufacturer’s
instructions (DTM200, DMP900, and DTM100, R&D Sys-
tems). &e MMP-14 assay procedure was done according to
the manufacturer’s instructions with the samples in the
antibody cocktail’s incubation time increasing to two hours
(ab197747, Abcam).

2.5. Statistical Analysis. Statistical analysis was performed
using SigmaPlot version 13.0 (Systat Software GmbH,
Erkrath, Germany). Data was tested for normal distribution
by the Shapiro-Wilk test. We also calculated means and
standard deviations. To compare the BAV and TAV groups’
total protein levels, we averaged data from each aneurysm’s
anterior and posterior parts. &e two groups were compared
applying the t-test or Mann–Whitney rank sum test.
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Categorical variables between the BAV and TAV groups
were compared by Fisher’s exact test or χ2 test. A p-value <
0.05 was considered significant.

3. Results

Our analysis of patient characteristics (Table 1) showed that
the BAV group’s mean age was 57.38 years (standard de-
viation (SD) 11.65), consisting of 3 (15.8%) female and 16
(84.2%) male patients. &eir mean ascending-aorta diameter
was 51.42mm (SD 4.65). In this group, 1 patient revealed no
aortic valve pathologies, 3 patients had aortic stenosis, 4 had
aortic insufficiency, and 11 had combined valve dysfunction.
&e Sievers BAV classification ([7]) showed that 15 patients

presented a type 1 L-R and 2 patients presented a type 1 N-R,
but no reliable classification was possible due to severely
impaired valves in 2 patients.

&e TAV group’s mean age was 64.00 years (SD 14.50);
the group consisted of 7 women (30.4%) and 16 men
(69.6%). Mean ascending-aorta diameter measured
55.35mm (SD 8.41). In this group, 3 patients exhibited no
aortic valve pathologies, 2 had had aortic stenosis, 15 had
aortic insufficiency, and 3 had combined valve dysfunction.

&e two groups’ mean age and mean ascending-aorta
diameter did not differ significantly (p � 0.116 and
p � 0.141, resp.).

Patients with BAV presented combined valve dysfunc-
tion significantly more often (p � 0.003), whereas TAV
patients suffered from aortic valve insufficiency significantly
more often (p � 0.006).

Regarding the patients’ comorbidities, comparing the
two groups revealed no significant difference in the prev-
alence of hypertension, hyperlipidemia, diabetes mellitus, or
connective tissue disorders (p> 0.300 each).

4. Results of Zymography and ELISA

Our zymographic and ELISA results are summarized in
Table 2.

A meaningful analysis of protein levels comparing aortic
insufficiency, stenosis, normal valve function, and combined
valve dysfunction between and within the two groups was
unfeasible because our subgroups were so small (resulting in
unsatisfactory test power).

4.1. No Differences in Protein Levels between Patients with
BAV and 9ose with TAV. Comparative analysis of our
results revealed no significant difference between BAV and
TAV patients in total protein levels (anterior and posterior
levels averaged) (Pro-MMP-2, p � 0.200; active MMP-2,
p � 0.349; total MMP-2, p � 0.328; MMP-14, p � 0.096;
TIMP-2, p � 0.981; MMP-9, p � 0.649; TIMP-1, p � 0.077)
(Figure 2).

&ese results are strengthened by comparing the BAV
and TAV groups’ anterior parts (Pro-MMP-2, p � 0.980,
active MMP-2, p � 0.145, total MMP-2, p � 0.797, MMP-
14, p � 0.411, TIMP-2, p � 0.615, MMP-9, p � 0.742, and
TIMP-1, p � 0.061) and posterior parts (Pro-MMP-2,
p � 0.058, active MMP-2, 0.879, total MMP-2, p � 0.095,
MMP-14, p � 0.622, TIMP-2, p � 0.671, MMP-9, p � 0.940,
and TIMP-1, p � 0.075), where the two groups revealed no
significant differences in various locations.

4.2. Different MMP-2 Protein Levels in the Anterior and
Posterior Parts of the Ascending Aortic Wall in Patients with
BAV. Analysis of our TAV group’s data showed no sig-
nificant difference in the protein levels between the aneu-
rysm’s anterior and posterior parts (Pro-MMP-2, p � 0.498,
active MMP-2, p � 0.416, total MMP-2, p � 0.373, MMP-
14, p � 0.244, TIMP-2, p � 0.121, MMP-9, p � 0.227, and
TIMP-1, p � 0.860) (Figure 3).

Table 1: Patients’ characteristics.

Characteristics Factor
Bicuspid aortic valve
Number of patients (% of study group) N� 19 (45.2)
Age (years) (mean (SD)) 57.38 (11.65)
Gender (%)
Female N� 3 (15.8)
Male N� 16 (84.2)

Ascending-aorta diameter (mm) (mean (SD)) 51.42 (4.65)
Aortic valve function (%)
Normal/physiologic N� 1 (5.2)
Stenosis N� 3 (15.8)
Insufficiency N� 4 (21.1)
Combined valve dysfunction N� 11 (57.9)

Sievers classification (%) [7]
Type 0 N� 0 (0)
Type 1 L-R N� 15 (79.0)
Type 1 L-N N� 0 (0)
Type 1 R-N N� 2 (10.5)
Type 2 N� 0 (0)
Not reliably classifiable N� 2 (10.5)

Comorbidities
Hypertension (%) N� 10 (52.6)
Hyperlipidemia (%) N� 9 (47.4)
Diabetes mellitus (%) N� 0 (0)
Connective tissue disorders (%) N� 0 (0)

Tricuspid aortic valve
Number of patients (% of study group) N� 23 (54.8)
Age (years) (mean (SD)) 64.00 (14.50)
Gender (%)
Female N� 7 (30.4)
Male N� 16 (69.6)

Ascending-aorta diameter (mm) (mean (SD)) 55.35 (8.41)
Aortic valve status (%)
Normal valve function N� 3 (13.0)
Stenosis N� 2 (8.7)
Insufficiency N� 15 (65.3)
Combined valve dysfunction N� 3 (13.0)

Comorbidities
Hypertension (%) N� 15 (65.2)
Hyperlipidemia (%) N� 10 (43.5)
Diabetes mellitus (%) N� 3 (13.0)
Connective tissue disorders (%) N� 2 (8.7)∗

SD: standard deviation; ∗n� 1 Marfan syndrome and n� 1 alpha-actin-2
mutation.
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In contrast, our analysis of the BAV group’s zymo-
graphic data revealed significantly higher Pro-MMP-2 and
total MMP-2 levels in the aneurysm’s posterior part

compared to its anterior part (p � 0.007 versusp � 0.002).
However, the two parts’ active MMP-2 levels did not differ
significantly (p � 0.096). &e BAV group’s ELISA results

Figure 1: Locations of tissue extracted from the ascending aorta:
view from the bottom of the aortic valve, anterior tissue displayed
in yellow and posterior tissue displayed in red and dotted line.

Table 2: Results of zymography and ELISA (MMP-2 isoforms
given in AU and MMP-14, TIMP-2, MMP-9, and TIMP-1 given in
ng/ml).

Protein Mean protein level (SD) BAV TAV
Pro-MMP-2

Anterior 155.71 (56.63) 155.25 (59.31)
Posterior 200.52 (37.54) 167.00 (57.39)
Averaged 178.11 (34.73) 161.12 (47.19)

Active MMP-2
Anterior 23.42 (10.05) 28.98 (13.47)
Posterior 34.70 (18.89) 35.25 (22.37)
Averaged 29.06 (8.81) 32.12 (11.54)

Total MMP-2
Anterior 180.66 (53.64) 185.11 (56.00)
Posterior 235.22 (48.69) 202.25 (71.42)
Averaged 207.94 (41.05) 193.68 (50.39)

MMP-14
Anterior 2.86 (0.93) 3.61 (2.02)
Posterior 3.56 (1.59) 4.06 (2.07)
Averaged 3.21 (0.95) 3.84 (1.35)

TIMP-2
Anterior 18.72 (8.40) 20.13 (9.45)
Posterior 26.90 (9.84) 25.36 (12.78)
Averaged 22.81 (7.81) 22.75 (8.31)

MMP-9
Anterior 14.56 (17.63) 15.56 (19.93)
Posterior 17.60 (15.68) 20.32 (33.24)
Averaged 16.08 (14.45) 17.94 (24.98)

TIMP-1
Anterior 21.23 (14.01) 35.30 (25.75)
Posterior 23.13 (15.86) 34.82 (23.82)
Averaged 22.18 (13.52) 35.06 (21.81)

BAV: bicuspid aortic valve; TAV: tricuspid aortic valve; AU: arbitrary units;
SD: standard deviation.
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Figure 2: Comparison of protein levels between patients with BAV and patients with TAV (MMP-2 isoforms given in AU and ELISA results
given in ng/ml; ns: nonsignificant).
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showed no significant differences in MMP-14, MMP-9, and
TIMP-1 levels between anterior and posterior parts (MMP-
14, p � 0.064, MMP-9, p � 0.414, and TIMP-1, p � 0.748).
TIMP-2 levels were significantly higher in the posterior part
of the aneurysms associated with BAV (p � 0.009)
(Figure 4).

5. Discussion

Our study aimed to analyze potential differences in MMP
levels between patients with BAV and TAV aTAA by em-
phasizing any potential differences between the aneurysm’s
anterior and posterior parts.

Our patients with BAV exhibited no significant differ-
ences in age or ascending-aorta diameter compared to the
patients with TAV, a finding that contradicts other studies’
results [10]. Evidence is accumulating that patients with
BAV develop aTAAs when younger, that their aneurysms
progress faster, and that they carry a higher dissection risk
[4, 11]. Our results are attributable to the silent character of
aTAAs, as they are usually asymptomatic and detected
coincidentally through clinical diagnostics in conjunction
with other symptoms [12]. Furthermore, our findings
highlight the need for a noninvasive method to screen for
aTAA and for dissection-risk evaluations, especially in pa-
tients with BAV.

Patients with BAV presented combined valve disease
significantly more often, while those with TAV revealed
aortic valve insufficiency significantly more often. &e most
frequent complication of BAV is aortic stenosis [1] while a
dilated ascending aorta is known to trigger secondary aortic
valve insufficiency [13]. &us, a potential explanation for the
aforementioned differences in valve pathologies between
patients with BAV and TAV is that BAV patients develop an
aortic stenosis first, which leads to aTAA development, and
that in turn leads to a secondarily insufficient aortic valve
and then combined valve disease. In contrast, our data from

our TAV patients imply a different pathogenesis leading to
aTAA and an insufficient aortic valve.

Our findings from the MMPs analyzed in this study
might explain some of the aforementioned differences be-
tween the aTAAs in patients with BAV and TAV.

Since the BAV and TAV groups exhibited no significant
differences in either total protein levels or local protein levels
(anterior and posterior), we conclude that the aortic valve’s
number of leaflets does not directly influence total protein
expression. Furthermore, neither the total amount of MMP-
2 activation nor influencing proteins MMP-14 and TIMP-2
in this process [14] seem to differ between BAV and TAV
patients.

&is result also stands in contrast to studies that reported
significantly increased total and active MMP-2 and MMP-9
and decreased MMP-14 in patients with BAV compared to
those with TAV [15–18]. A limiting factor in those studies is
that they failed to state which part of the aortic wall they
examined, and in most of the cases, total MMP-2 was
measured rather than the isoforms.

However, our results find support in an ex vivo study
showing no significant differences betweenMMP-2 isoforms
and MMP-9 in the concave part of fluid-structure interac-
tion models of ascending aneurysms exposed to TAV and
BAV flows or wall shear stress [19]. Moreover, another
investigation reported no differences in the gene expression
of MMP-2, MMP-9, TIMP-1, and TIMP-2 between BAV
and TAV aTAAs [20].

&ese divergent study findings may be due to differences
in the pathogenesis of aneurysms with BAV and those with
TAV, which are incompletely understood [3]. It is thus
essential to understand the precise mechanisms of aTAA
development, especially the influence of aortic valve he-
modynamics and morphology; we also need to reevaluate
whether differences between studies can be attributed to
underlying pathogenetic mechanisms.

Despite the similar total and local protein levels we
observed between BAV and TAV patients, the subgroup of
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Figure 3: Comparison of protein levels between the anterior and the posterior parts of the aneurysms associated with TAV (MMP-2
isoforms given in AU and ELISA results given in ng/ml; ns: nonsignificant).
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patients with BAV displayed significant local differences in
the protein levels of Pro-MMP-2, total MMP-2, and TIMP-2,
with higher protein levels in the posterior part, whereas TAV
patients did not. Hence, while the two groups’ total protein
expressions do not seem to differ, their local protein ex-
pressions do in how they are distributed and regulated, with
more heterogeneously distributed MMPs in aTAAs asso-
ciated with BAV.

&ese results lead us to pose the following key questions:

(1) What causes significant differences in Pro-MMP-2,
total MMP-2, and TIMP-2 within the aortic wall
without influencing the other proteins, and why are
the other proteins, especially active MMP-2,
unaffected?

(2) Why do these differences appear in aneurysms as-
sociated with BAV only?

(3) Why are protein levels significantly increased in the
aneurysm’s posterior part?

A potential explanation for protein levels’ differences
within the aortic wall is altered hemodynamics within these
aneurysms. Possible causes for altered hemodynamics are,
for example, previous stent-implantation (and consecutive
alterations in electrical parameters of erythrocyte mem-
branes) [21] or differences in wall shear stress.

Various working groups have demonstrated differences
in wall shear stress between patients with BAV and TAV
[2, 22, 23]. Increased wall shear stress causes enhanced
degradation of the medial layer and increased MMP-2 and
MMP-9, as well as their active forms [24–27]. &ere is also
evidence that the mRNA expression of TIMP-1, TIMP-2,
and MMP-14 is unaffected by mechanical stretch, a finding
in line with our TIMP-1 and MMP-14 analysis results [26].

&us, differences in wall shear stress might explain our
results, indicating that the differences in aTAAs with BAV
are strong enough to trigger differences in some protein

levels, whereas other protein levels are not (yet) influenced.
In contrast, the differences in aTAAs with TAV do not seem
strong enough to result in differences in measured protein
levels.

Enhanced wall shear stress in BAV and TAV aTAA has
been especially apparent in the aortic wall’s anterolateral
region, with greater stress in BAV [23, 28]. Considering the
aforementioned literature, this should result in enhanced
activation of MMP-2 and MMP-9 in those aneurysm regions.

Our BAV Pro-MMP-2, total MMP-2, and TIMP-2
findings comparing the aneurysm’s anterior and posterior
parts concur with this hypothesis. As MMP-9 revealed no
significant difference between anterior and posterior parts, it
seems possible that influencing factors other than hemo-
dynamics may be playing an important role in regulating
this protein. Concerning the p-value of active MMP-2 and
MMP-14 comparing anterior and posterior parts within
BAV aTAA (p � 0.096; p � 0.064), we cannot entirely rule
out a difference within the aortic wall in a larger patient
cohort.

However, our analysis of these proteins in BAV also
enables the hypothesis that MMP-2 activation differs within
the aortic wall of patients with BAV, as there were no
significant differences in active MMP-2 between the anterior
and posterior parts, but there were significant differences in
Pro-MMP-2 and TIMP-2-two proteins influencing MMP-2
activation [14]. &is indicates that a higher percentage of
Pro-MMP-2 is activated in the aneurysm’s anterior part,
suggesting increased proteolysis there. Increased proteolysis
in the aneurysm’s anterior part harmonizes with the hy-
pothesis of increased wall shear stress and increased MMP-2
activation, although this does not seem significantly evident
in active MMP-2 levels.

Our TAV results do not depict the local maximum wall
shear stress in the aneurysm’s anterolateral region, a finding
attributable to the fact that wall shear stress in TAV aTAAs is
believed to be more symmetrical [29]; thus, MMPs’ induction
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Figure 4: Comparison of protein levels between the anterior and posterior parts of the aneurysms associated with BAV (MMP-2 isoforms
given in AU and ELISA results given in ng/ml; ns: nonsignificant).
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does not appear to differ significantly, and their distribution
seems to be more homogeneous within the aortic wall.

One study already investigated MMP-2 and MMP-9
within the concave and convex parts of aTAA, demon-
strating that total MMP-2 was significantly higher in the
concave part, while MMP-9 was significantly higher in the
convex part [30].

Considered together with our findings revealing dif-
ferences between the anterior and posterior parts in patients
with BAV, this implies that protein levels within the aTAA
aortic wall possess a complex distribution pattern, especially
in patients with BAV.

More investigations are therefore needed addressing these
questions: do protein levels and their expression within the
aortic wall reveal a certain pattern and does that pattern
correlate with hemodynamics and the risk of aneurysm rup-
ture? Is this pattern somehow detectable in peripheral blood,
which could then serve as a biomarker to screen for aTAA?

Significant local differences are a limiting factor when
seeking biomarkers for aTAA in peripheral blood. We
simply do not yet know whether one or more markers can
depict local protein levels if there are already significant
differences within the aortic wall before those proteins are
washed out into peripheral blood.

As a study limitation, we were unable to compare our
findings with a control group possessing nonaneurysmatic
ascending aortic tissue. Our clinical study included control
patients undergoing coronary artery bypass surgery [9], but
all those tissue samples were taken from the ascending
aorta’s anterior part (central anastomosis). We therefore
could not compare anterior and posterior protein levels in
patients with BAV and TAV with those in control patients.

Another remaining question is whether, and if so, to
what extent, aortic valve function (stenosis, insufficiency,
combined dysfunction, and normal function) and the BAV’s
cusp fusion pattern influence protein levels otherwise. &ere
is ample evidence of differences in MMPs and wall shear
stress between various BAV subtypes, as well as differences
in the aortic media comparing the BAV’s aortic valve
function [31–34]. As our groups subdivided according to
aortic valve function were too small, we could not analyze
our data to clarify this point.

A comparison of anterior and posterior protein levels
with control aortic tissue as well as investigating the in-
fluence of aortic valve function and cusp fusion patterns
should be considered starting points for future studies
seeking to clarify the pathogenesis of ascending aortic an-
eurysms in patients with BAV and TAV.

In summary, although there are no significant differ-
ences between the total protein levels of MMP-2 isoforms,
MMP-9, MMP-14, TIMP-1, and TIMP-2 between aTAAs
associated with BAV and TAV, the extent to which these
proteins are distributed within the aortic wall does differ,
especially in patients with BAV.

6. Conclusions

Our study found that total MMP levels do not differ between
aTAAs in patients with BAV and TAV. However, analyses of

these protein levels in the anterior and posterior parts of
these aTAAs suggest a complex, heterogeneous distribution
of MMPs within the aortic wall of aTAAs associated with
BAV, while the distribution of MMPs seems to be more
homogeneous in aTAAs associated with TAV. &ese dif-
ferences might be caused by differences in the pathogenesis
of aTAAs associated with BAV and TAV, especially he-
modynamic differences known to induce MMP expression
and activation. It is essential that future studies specify the
location of resected samples to ensure the comparability of
data on the main goal of understanding the pathogenesis of
aTAA, optimizing treatments, and establishing a screening
method for its potentially deadly complications.

Data Availability

&e datasets used and/or analyzed during the current study
are available from the corresponding author upon request.

Conflicts of Interest

&e authors declare that they have no conflicts of interest to
declare regarding the publication of this paper.

Authors’ Contributions

Ramona Schmitt contributed to data curation, formal
analysis, investigation, methodology, resources, validation,
visualization, and writing the original draft. Anke
Tscheuschler contributed to conceptualization, data cura-
tion, formal analysis, investigation, methodology, project
administration, resources, supervision, validation, and
writing, review, and editing of the paper. Philipp Laschinski,
Philipp Discher, and Jana Fuchs contributed to data cura-
tion, formal analysis, investigation, resources, and writing
the original draft. Fabian A. Kari contributed to concep-
tualization, funding acquisition, project administration,
supervision, validation, visualization, and writing, review,
and editing of the paper.

Acknowledgments

&e authors would like to thankMs Xenia Uffelmann for her
direct technical help (zymography, ELISA, and recruiting
study group).&is work was supported by the GermanHeart
Research Foundation. &e funders played no role in study
design, data collection and analysis, decision to publish, or
preparation of the manuscript.

References

[1] P. W. M. Fedak, S. Verma, T. E. David, R. L. Leask,
R. D. Weisel, and J. Butany, “Clinical and pathophysiological
implications of a bicuspid aortic valve,” Circulation, vol. 106,
no. 8, pp. 900–904, 2002.

[2] A. J. Barker, M. Markl, J. Bürk et al., “Bicuspid aortic valve is
associated with altered wall shear stress in the ascending
aorta,” Circulation: Cardiovascular Imaging, vol. 5, no. 4,
pp. 457–466, 2012.

[3] E. Schulz-Menger, M. A. Borger, M.-A. Secknus,
G. Girdauskas, and T. Kuntze, “Is aortopathy in bicuspid

Cardiology Research and Practice 7



aortic valve disease a congenital defect or a result of abnormal
hemodynamics? A critical reappraisal of a one-sided argu-
ment,” European Journal of Cardio-9oracic Surgery, vol. 39,
no. 6, pp. 809–814, 2011.

[4] R. R. Davies, R. K. Kaple, D. Mandapati et al., “Natural history
of ascending aortic aneurysms in the setting of an unreplaced
bicuspid aortic valve,”9e Annals of 9oracic Surgery, vol. 83,
no. 4, pp. 1338–1344, 2007.

[5] H. I. Michelena, A. D. Khanna, D. Mahoney et al., “Incidence
of aortic complications in patients with bicuspid aortic
valves,” JAMA, vol. 306, no. 10, pp. 1104–1112, 2011.

[6] J. R. Eidem, F. G. Spinale, and J. S. Ikonomidis, “Proteinase
systems and thoracic aortic aneurysm progression,” Journal of
Surgical Research, vol. 139, no. 2, pp. 292–307, 2007.

[7] H.-H. Sievers and C. Schmidtke, “A classification system for
the bicuspid aortic valve from 304 surgical specimens,” 9e
Journal of9oracic and Cardiovascular Surgery, vol. 133, no. 5,
pp. 1226–1233, 2007.

[8] A. Tscheuschler, P. Meffert, F. Beyersdorf, C. Heilmann,
N. Kocher, and X. Uffelmann, “MMP-2 isoforms in aortic
tissue and serum of patients with ascending aortic aneurysms
and aortic root aneurysms,” PLoS ONE, vol. 11, no. 11, 2016.

[9] R. Schmitt, A. Tscheuschler, P. Laschinski, X. Uffelmann,
P. Discher, and J. Fuchs, “A potential key mechanism in
ascending aortic aneurysm development: detection of a linear
relationship between MMP-14/TIMP-2 ratio and active
MMP-2,” PloS One, vol. 14, no. 2, Article ID e0212859, 2019.

[10] A. Della Corte, G. Romano, F. Tizzano et al., “Echocardio-
graphic anatomy of ascending aorta dilatation: correlations
with aortic valve morphology and function,” International
Journal of Cardiology, vol. 113, no. 3, pp. 320–326, 2006.

[11] C. Scardone, W. Sun, and J. Elefteriades, “Patient-specific
finite element analysis of ascending aorta aneurysms,”
American Journal of Physiology-Heart and Circulatory Phys-
iology, vol. 308, no. 10, pp. H1306–H1316, 2015.

[12] G. A. Kuzmik, A. X. Sang, and J. A. Elefteriades, “Natural
history of thoracic aortic aneurysms,” Journal of Vascular
Surgery, vol. 56, no. 2, pp. 565–571, 2012.

[13] E. M. Isselbacher, “&oracic and abdominal aortic aneu-
rysms,” Circulation, vol. 111, no. 6, pp. 816–828, 2005.

[14] A. Y. Strongin, I. Collier, G. Bannikov, B. L. Marmer,
G. A. Grant, and G. I. Goldberg, “Mechanism of Cell surface
activation of 72-kDa type IV collagenase,” Journal of Bio-
logical Chemistry, vol. 270, no. 10, pp. 5331–5338, 1995.

[15] P. W. M. Fedak, M. P. L. de Sa, S. Verma et al., “Vascular
matrix remodeling in patients with bicuspid aortic valve
malformations: implications for aortic dilatation,”9e Journal
of 9oracic and Cardiovascular Surgery, vol. 126, no. 3,
pp. 797–805, 2003.

[16] S. A. Strauss, X. Wang, J. A. Wilks et al., “Matrix metal-
loproteinases in ascending aortic aneurysms: bicuspid versus
trileaflet aortic valves1,” Journal of Surgical Research, vol. 123,
no. 1, pp. 40–48, 2005.

[17] G. Leonardelli, D. P. Korkolis, P. Ravichandran, A. Psyrri,
I. Hatzaras, and J. A. Elefteriades, “Tissue microarray de-
tection of matrix metalloproteinases, in diseased tricuspid and
bicuspid aortic valves with or without pathology of the as-
cending aorta,” European Journal of Cardio-9oracic Surgery,
vol. 26, no. 6, pp. 1098–1103, 2004.

[18] J. S. Ikonomidis, J. A. Jones, J. R. Barbour et al., “Expression of
matrix metalloproteinases and endogenous inhibitors within
ascending aortic aneurysms of patients with bicuspid or
tricuspid aortic valves,” 9e Journal of 9oracic and Car-
diovascular Surgery, vol. 133, no. 4, pp. 1028–1036, 2007.

[19] S. K. Zeeshan, A. N. Moore, and P. Sucosky, “Bicuspid aortic
valve hemodynamics does not promote remodeling in porcine
aortic wall concavity,” World Journal of Cardiology, vol. 8,
no. 1, pp. 89–97, 2016.

[20] E.Wilton,M. Bland, M.&ompson, andM. Jahangiri, “Matrix
metalloproteinase expression in the ascending aorta and
aortic valve,” Interactive Cardiovascular and9oracic Surgery,
vol. 7, no. 1, pp. 37–40, 2008.

[21] A. Basoli, C. Cametti, F. G. Satriani, P. Mariani, and
P. Severino, “Hemocompatibility of stent materials: alter-
ations in electrical parameters of erythrocyte membranes,”
Vascular Health and Risk Management, vol. 8, pp. 197–204,
2012.

[22] G. Koullias, R. Modak, M. Tranquilli, D. P. Korkolis,
P. Barash, and J. A. Elefteriades, “Mechanical deterioration
underlies malignant behavior of aneurysmal human as-
cending aorta,” 9e Journal of 9oracic and Cardiovascular
Surgery, vol. 130, no. 3, pp. 677–683, 2005.

[23] M. Bauer, H. Siniawski, M. Pasic, B. Schaumann, and
R. Hetzer, “Different hemodynamic stress of the ascending
aorta wall in patients with bicuspid and tricuspid aortic valve,”
Journal of Cardiac Surgery, vol. 21, no. 3, pp. 218–220, 2006.

[24] Y. Castier, R. P. Brandes, G. Leseche, A. Tedgui, and
S. Lehoux, “p47phox-dependent NADPH oxidase regulates
flow-induced vascular remodeling,” Circulation Research,
vol. 97, no. 6, pp. 533–540, 2005.

[25] F. Tronc, Z. Mallat, S. Lehoux, M. Wassef, B. Esposito, and
A. Tedgui, “Role of matrix metalloproteinases in blood flow-
induced arterial enlargement,” Arteriosclerosis, 9rombosis,
and Vascular Biology, vol. 20, no. 12, pp. E120–E126, 2000.

[26] K. Grote, I. Flach, M. Luchtefeld et al., “Mechanical stretch
enhances mRNA expression and proenzyme release of matrix
metalloproteinase-2 (MMP-2) via NAD (P) H oxidase-de-
rived reactive oxygen species,” Circulation Research, vol. 92,
no. 11, pp. e80–86, 2003.

[27] D. G. Guzzardi, A. J. Barker, P. van Ooij et al., “Valve-Related
hemodynamics mediate human bicuspid aortopathy,” Journal
of the American College of Cardiology, vol. 66, no. 8,
pp. 892–900, 2015.

[28] S. Mewhort, A. Rinaudo, A. Luca et al., “Difference in he-
modynamic and wall stress of ascending thoracic aortic an-
eurysms with bicuspid and tricuspid aortic valve,” Journal of
Biomechanics, vol. 46, no. 10, pp. 1729–1738, 2013.

[29] M. D. Hope, T. A. Hope, S. E. S. Crook et al., “4D flow CMR in
assessment of valve-related ascending aortic disease,” JACC:
Cardiovascular Imaging, vol. 4, no. 7, pp. 781–787, 2011.

[30] S. A. Mohamed, F. Noack, K. Schoellermann, A. Karluss,
A. Radtke, and D. Schult-Badusche, “Elevation of matrix
metalloproteinases in different areas of ascending aortic an-
eurysms in patients with bicuspid and tricuspid aortic valves,”
9e Scientific World Journal, vol. 2012, Article ID 806261,
7 pages, 2012.

[31] J. S. Ikonomidis, J. M. Ruddy, S. M. Benton et al., “Aortic
dilatation with bicuspid aortic valves: cusp fusion correlates to
matrix metalloproteinases and inhibitors,” 9e Annals of
9oracic Surgery, vol. 93, no. 2, pp. 457–463, 2012.

[32] M. D. Zeeshan, T. A. Hope, A. K. Meadows et al., “Bicuspid
aortic valve: four-dimensional MR evaluation of ascending
aortic systolic flow patterns,” Radiology, vol. 255, no. 1,
pp. 53–61, 2010.

[33] M. M. Bissell, A. T. Hess, L. Biasiolli et al., “Aortic dilation in
bicuspid aortic valve disease,” Circulation: Cardiovascular
Imaging, vol. 6, no. 4, pp. 499–507, 2013.

8 Cardiology Research and Practice



[34] E. Davis, M. Rouman, M. A. Borger, and T. Kuntze,
“Comparison of aortic media changes in patients with bi-
cuspid aortic valve stenosis versus bicuspid valve insufficiency
and proximal aortic aneurysm,” Interactive Cardiovascular
and 9oracic Surgery, vol. 17, no. 6, pp. 931–936, 2013.

Cardiology Research and Practice 9


