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Abstract: Dilatation of the aorta is a constantly evolving condition that can lead to the ultimate
life-threatening event, acute aortic dissection. Recent research has tried to identify quantifiable
biomarkers, with both diagnostic and prognostic roles in different aortopathies. Most studies have
focused on the bicuspid aortic valve, the most frequent congenital heart disease (CHD), and majorly
evolved around matrix metalloproteinases (MMPs). Other candidate biomarkers, such as asymmetric
dimethylarginine, soluble receptor for advanced glycation end-products or transforming growth fac-
tor beta have also gained a lot of attention recently. Most of the aortic anomalies and dilatation-related
studies have reported expression variation of tissular biomarkers. The ultimate goal remains, though,
the identification of biomarkers among the serum plasma, with the upregulation of circulating MMP-
1, MMP-2, MMP-9, tissue inhibitor of metalloproteinase-1 (TIMP-1), asymmetric dimethylarginine
(ADMA), soluble receptor for advanced glycation end-products (sRAGE) and transforming growth
factor beta (TGF-β) being reported in association to several aortopathies and related complications
in recent research. These molecules are apparently quantifiable from the early ages and have been
linked to several CHDs and hereditary aortopathies. Pediatric data on the matter is still limited, and
further studies are warranted to elucidate the role of plasmatic biomarkers in the long term follow-up
of potentially evolving congenital aortopathies.

Keywords: aortopathy; plasma biomarker; congenital heart disease; acute aortic dissection; matrix
metalloproteinase

1. Introduction

Aortopathies or the dilatation of the aorta involving the root or descending aorta have
gained a lot of interest recently due to the significant progress in imaging techniques, which
has led to a greater understanding of their pathophysiological underlying mechanisms [1,2].
Traditionally, these conditions are most frequently associated with congenital heart disease
(CHD) but also comprise of hereditary aortopathies encountered among genetic syndromes
such as Marfan, Turner or Ehlers-Danlos [2]. Thus, their classification is based upon three
main etiological subtypes, namely [3–8]:

• Syndromic—associated with genetic syndromes (Marfan, Loeys-Dietz, Ehler-Danlos
type IV and Turner) and presenting an increased risk of dissection;

• Primary—associated with CHD, including aortic coarctation, conotruncal abnormal-
ities (persistent truncus arterious, great vessels transposition, double outlet right
ventricle, tetralogy of Fallot, double outlet right ventricle), left heart hypoplastic
syndrome or bicuspid aortic valve (BAV);

• Secondary—a consequence of surgical intervention (arterial switch, ROSS or
Fontan procedure).
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In adults, the dilatation of the aorta is defined as dilation that exceeds 1.1–1.5 times
the normal caliber, whereas an aneurysmal dilation is even greater than 1.5 times, with
normal reference values established through wide-based population studies [9]. However,
in children, the assessment of aortic dilatation is based upon the z score, with an upper
limit of 2.1 being taken into account as an absolute increase in aortic diameter. This z score
is based upon sex, height, weight, age and body weight surface and is considered a more
reliable indicator over time that is able to assess dissection risk [10]. These measurements
of the aorta can be easily performed with the help of transthoracic echocardiography (TTE).
Regular 2D ultrasound imaging of the aorta is mandatory, not only for diagnosis but also for
follow-up, in order to assess the evolution of the aortic caliber and to establish the timing
of prophylactical surgical intervention for preventing the ultimate life-threatening event,
aortic dissection. Its main limitation is the underestimation of the largest caliber of the vessel
lying in the lateral plane in subjects with asymmetrical aortic dilatation [10]. Therefore, a
more precise assessment requires multimodal imaging [11]. This includes 3D ultrasound,
as well as transesophageal echocardiography (TOE), which allows the visualization of the
aortic valve, root and ascending and descending aorta. Furthermore, 3D TOE is apparently
able to better evaluate entry tear size, but its additional utility over 2D TOE has yet to be
established [12,13]. TOE allows measurements similar to those provided by computed
tomography (CT) or magnetic resonance imaging (MRI) and is especially preferred in those
subjects in which the administration of contrast substance is put into question (due to
a history of allergies or renal function impairment), but this is highly dependent upon
the examinator’s experience [11]. In particular, CT, consisting of non-enhanced scanning,
followed by a contrast-enhanced angiography, presents the advantage of quick image
acquisition and 3D reconstruction, but ionizing radiation exposure associated with its
use limits its application as a follow-up instrument, especially in children [14]. The main
drawback of the aforementioned imaging tools remains their uneven availability and their
dependence upon their performance techniques [15–17].

The physiopathological mechanism description of aortopathies is strongly based upon
the embryological development of the cardiac structure and the adaptative structural
modification of the aortic wall, which are initiated during fetal life and continue in the
first postnatal weeks. The main histological components of the great vessel wall, elastin,
collagen and smooth muscle cells (SMCs), undergo significant changes due to local hemo-
dynamic alterations. For example, the last pre-natal week sees a rapid accumulation of
collagen and elastin in the wall of the ascending aorta, particularly involving its thoracic
component [17]. Still, data in the literature supports the theory that blood flow or pressure
variation determines continuous alterations in smooth muscle and collagen contents. This
process will continue after neonatal life, whereas elastin expression will lower significantly
after birth, and thus elastin content will remain stable through most of life [18,19].

A better understanding of the pathogenesis and of the continuous evolvement of
aortic dilatation has created the premises for several studies that have tried to identify
biomarkers with the ability to predict changes in the structure of the aortic wall and to
distinguish etiological subtypes [20–22]. Most of them have evolved around the role of
proteolytic enzymes, which determine a reduction in the extracellular matrix, thus leading
to an abnormal remodeling of the aortic wall media. Special attention has been given to
metalloproteinases, as well as to tissue inhibitors of metalloproteinase and the impact of
their disbalanced secretion [20]. Other examples include asymmetric dimethylarginine
(ADMA), the soluble receptor for advanced glycation end-products (sRAGE) and transform-
ing growth factor-β1 (TGF-β1) [23–25]. Protein units such as hemoglobin subunits alpha,
beta and delta have been positively correlated with the maximal ascending aortic diameter,
whereas mannan-binding lectin serine protease has been negatively correlated with the
same parameter [21]. The ultimate goal of recent research is to investigate the utility of
biomarkers, which can be quantified in serum plasma, but studies are still undergoing,
and most of the research has so far focused on the bicuspid aortic valve due to its high
frequency among the general population [26–30].
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This review aims to highlight the diagnostic and prognostic role of the most intensely
studied serum plasma biomarkers in different aortopathies, in light of recent literature data.
A special focus will be given to pediatric aortic dilatation, which is an evolving condition
that requires close and continuous follow-up.

1.1. Matrix Metalloproteinases (MMPs)

MMPs are a family of proteolytic enzymes that cleave different components of the
extracellular matrix. Their activity is highly dependent upon the extracellular matrix
components, and their expression is rather low in healthy tissues. The homeostasis of the
vascular wall is insured by the balance between MMP, plasminogen activator–plasmin sys-
tem activity and the concentration of tissue inhibitors of metalloproteinases (TIMPs) [31,32].
MMP expression is regulated by several growth factors and cytokines that upregulate
or downregulate the transcription of their genes [33]. The in vivo function of MMPs still
requires elucidation, as most of these are secreted as inactive zymogens and can only be
detected by zymography, but enzymatic activity has been linked to their gene expres-
sion [34,35]. Therefore, the discovery of their activators, such as membrane-type matrix
metalloproteinases (MT-MMPs), represented an important step towards understanding
MMP role, as they are bound to the cell surface and regulate cellular function [34].

Evidence has emerged regarding the central role of MMPs in vascular remodeling,
with studies supporting an association between their increased expression and atheroscle-
rosis progression through the migration stimulation of smooth muscle cells towards the
intima of the vascular wall [36,37]. An emphasis on these two previously mentioned met-
alloproteinases (MMP-2 and MMP-9) in recent studies can be attributed to their critical,
proven roles in aneurysm development. MMP-2 is found in mesenchymal cells and seems
to be linked to macrophage invasion, being the highest abundant elastase in abdominal
aortic aneurysm tissue [38]. MT-MMP-1 represents a major activator of pro-MMP-2; the
inactive precursor of MMP-2 and its inhibition in the context of shear wall stress has
been associated with reduced MMP-2 secretion and the invasion of smooth muscle cells
through the extracellular matrix [39,40]. MMP-9 degrades extracellular components of
the aortic wall, being expressed by smooth muscle cells, lymphocytes and macrophages.
Its activation seems to be triggered by toll-like receptor 4 (TLR4), which can be produced
by vascular SMCs and mediates inflammation processes. Both MMP9 and TLR4 seem to
be overexpressed in patients with abdominal aortic aneurysms and seem to be together
involved in the pathogenesis of aortic remodeling [41]. In a similar fashion to MMP-2, an
increase in MMP-9 levels and balance change MMP-9/TIMP-1 has been associated with
valve remodeling [42]. This process is also intensely linked to ECM component alteration,
in a similar fashion to the pathophysiological basis of atherosclerosis, especially in relation
to the development of aortic stenosis and, to a lesser extent, to the one of aortic regurgita-
tion [43]. Moreover, experimental studies conducted on mice showed that both MMP-2 and
MMP-9 act complementarily in aortic aneurysm development [44]. MMP-2 still remains,
though, the easiest to identify among mesenchymal cells, MMP-9 along with other MMPs
such as MMP-3 and MMP-7 being synthetized by inflammatory cells [45].

Most of the literature data so far is based upon histology, and more precisely upon the
immunohistochemical assessment of various MMPs within the aortic wall. A significant
increase in MMP-2 and MMP-9 was noted by Koullias et al. in the bicuspid aortic valve
in a study that enrolled patients with aortic stenosis with/without an associated aortic
aneurysm/dissection [42]. In the same study, in the study subgroup of patients with an
aortic aneurysm/dissection (seven patients with a bicuspid aortic valve and six patients
with a tricuspid aortic valve), only a significant augmentation of MMP-9 expression was
noted. Furthermore, TIMP-1 expression was higher in patients with a bicuspid aortic valve
and aortic stenosis as opposed to their tricuspid valve homologues [42]. The best situs
for determining the expression of each of the three aforementioned metalloproteinases
(MMP-1, MMP-2 and MMP-9) seems to be the intima, where their overexpression can
be noted at the entry dissection site of the ascending aorta, according to Ishii et al. [46].
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Immunohistochemical studies have also highlighted differences in MMP expression within
the abdominal aorta. MMP-9 seems to be produced to a higher extent in abdominal than
in thoracic aortic aneurysms [47]. Furthermore, the expression of the mRNA transcript of
MMP-9 might also be influenced by aortic diameters. In particular, a study that analyzed
infrarenal aortic specimens proved that MMP-9 mRNA expression is higher in moderate
diameter abdominal aortic aneurysms (5–6.9 cm) than in small ones, as they present better
chances of further expansion [48].

The imminent, progressive evolution of aortic dilatation towards dissection calls
though for the discovery and validation of circulating biomarkers, with an anticipatory
role of catastrophic adverse events. MMP-1, TIMP-1 and MMP-2 were documented as
reliable plasmatic biomarkers for the prediction of aortic surgery, positively associated
with peak systolic wall shear stress (WSS) and time-average WSS (TAWSS). An increase
in their circulating levels, in combination with non-invasively obtained wall shear stress
parameters (with the help of 4D flow MRI and computed tomography angiography),
seems to be highly sensitive and a specific marker of future ascending aortic aneurysm
surgery [40]. Another study confirmed the upregulation of MMP-1 and MMP-2 in aortic
dissection through a comparison with healthy controls, as well as the important role of
miRNA-320 in their post-transcriptional regulation, after the lipopolysaccharide-induced
activation of macrophages [49]. Nevertheless, MMP-9 has been documented as a reliable
plasmatic marker of the final stages of aneurysm development processes in subjects with
chronic thoracic aortic disease [50].

Given the high frequency of BAV among the general population, with an incidence
reported as high as 2% [51], it is unsurprising that most of the research gravitating around
the subject of MMPs has focused on the role of these biomarkers in the pathogenesis of
complications related to this particular cardiac malformation. In BAV, a key element of
aortic aneurysm pathogenesis is the imbalance between the proteolytic effect of MMP-2 and
TIMP1. A comparative study conducted on subjects with aneurysms of the thoracic aorta,
divided into two groups based upon the morphology of the aortic valve, proved that this
particular disbalance is only associated with BAV, and not with the tricuspid aortic valve
(TAV) [35]. Furthermore, in young men with BAV and the dilation of the proximal aorta,
an increase in plasmatic levels of MMP-2 has been found, in association with systemic
endothelial dysfunction [22]. This elevation in circulating MMP-2 level in association
with aortic dilation in patients diagnosed with BAV, without any other echocardiographic
abnormalities, has also been confirmed by another study, which reported simultaneously
an increase in MMP-2 and MMP-9 circulating levels only in those patients with severe,
isolated aortic stenosis [27].

Although most of the published research has focused on the role of MMP-1, MMP-2
and MMP-9 in the development of aortic pathologies, a few isolated studies have also
addressed other MMPs as well. MMP-14 and MMP-19 showed higher mRNA expression in
the media of dilated thoracic aortas of patients with TAV, with MMP-19 also being positively
associated to maximal aortic diameters [52]. Ikonomidis et al. evaluated the implications of
multiple MMPs (MMP-1, MMP-2, MMP-3, MMP-7, MMP-8, MMP-9, MMP-12, MMP-13,
MMP-14 and MMP-15) and brought into light the paradoxical decrease in MMP-3 and
MMP-14 in association with the medium-sized aneurysm group and BAV as opposed to
the small or large aneurysm group. Contrarily, the authors reported a significant increase
in MMP-7 levels in patients diagnosed with large aneurysms and TAV and an increase
in MMP-13 values in patients diagnosed with medium-sized aneurysms and TAV [35].
Therefore, miscellaneous results and discrepancies between aneurysm size and aortic valve
morphology underline the need for future studies that need to analyze the simultaneous
implications of multiple MMPs in the pathogenesis of vicious aortic remodeling.

New insights into genetic polymorphisms of MMPs have been recently provided.
Genetic polymorphisms of several MMPs, such as MMP-1, MMP-2, MMP-3, MMP-8 and
MMP-12, have been associated with an increased risk of adverse cardiovascular events [53].
An increased risk of thoracic aortic disease was found in relation to genotype peculiarities
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of MMP-1 and MMP-9 in a study conducted in Poland [54]. Furthermore, a link between
genetic polymorphisms of MMP-9 and TIMP-1 and the unfavorable evolution of abdominal
aortic aneurysm repair has been documented through a positive association with endoleaks
incidence [55]. Single nucleotide polymorphisms (SNPs) of MMP-9 have also been pos-
itively associated with both slow-growing and aggressively evolving abdominal aortic
aneurysms [56]. Moreover, genotype particularities of MMP-2 have also been associated
with aortic diameter increase and aortic dissection [57]. TIMP polymorphisms have also
been shown to play an important role in the development of BAV aortopathy, with one
study particularly showing that deleterious variants of TIMP-3 and hemizygous genotype
of TIMP-1 pose an increased risk of developing this condition in patients with Turner
syndrome [58].

Most research studies have so far enrolled adult and elderly patients, due to the evolv-
ing aortic dilatation in time and its related complications. MMP levels have been known
to be positively associated with age increase and hypertension [50]. Still, the question of
the utility of early MMP circulating values depiction has been raised, and thus pediatric
studies on the subject have started to appear. Similarly to adult populations, a correlation
between increased MMP-2 values and arterial stiffness has been reported in a pediatric
population with chronic kidney disease and concomitant arterial hypertension [59]. Most
pediatric studies have mainly focused, though, on patients with congenital heart defects.
In children, a significant increase in serum plasma MMP-2 levels has been reported in
association with Marfan syndrome, according to Cui et al. Contrariwise, MMP-9 presented
insignificant variations compared to healthy controls within the same study [60]. Further-
more, another study accentuated the active implications of MMPs in connective tissue
remodeling, proving an association between a significant increase in MMP-9 levels and the
spontaneous closure of ventricular septal defects (VSDs) [61]. The authors also discussed
the dependence of normal tissular and extracellular matrix (ECM) development upon MMP
activity, as well as the insufficient data regarding the dynamic of MMP levels through
the human heart and big vessel development [61]. Still, in subjects with congenital BAV
malformations, the increase in MMP-2 and MMP-9 levels has been attributed to fibbrilin-1
deficiency among the vasculature, which seems to be independent of age progression and
valvular function [62].

MMPs still remain the most researched entities in aortic-related pathologies and have
so far shown the highest potential in evolving towards circulating biomarkers of this
condition, based on recent literature data. A summary of the previously described studied
and the association between tissular and circulating MMP expression variation, aortic
anomalies and their complications has been provided in Tables 1 and 2, respectively.

Table 1. Summary of literature data sustaining biomarker role of tissular MMP-1, MMP-2, MMP-9,
TIMP-1 and TIMP-2 among several aortic-related pathologies.

Type of
Metalloproteinase Expression Variation Type of Study/Population Involved Correlation with

Conditions Studied

MMP-1

Upregulation

Case-control study, 13 patients:

• 8 patients with abdominal
aortic aneurysm;

• 5 patients with normal
aorta—organ donors.

Abdominal aortic
aneurysm—Tamarina et al. [37]

Upregulation—
significantly among

the intima

Study group—21 patients with aortic
dissection; in 19 cases, expression in
remote sites was assessed.
Controls—10 autopsies.

Aortic dissection—Ishii et al. [46]
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Table 1. Cont.

Type of
Metalloproteinase Expression Variation Type of Study/Population Involved Correlation with Conditions

Studied

MMP-2

Upregulation

Experimental—organ donor tissue.
Athero-occlusive disease, and

abdominal aortic
aneurysm—Thompson et al. [38]

Case-control study, 26 patients with
aortic stenosis/insufficiency:

• 16 patients with TAV;
• 10 patients with BAV;
• 13 patients (7 patients with

bicuspid aortic valve and 6
patients with tricuspid aortic
valve) with aortic
aneurysm/dissection;

• Control group—4 young cadavers,
normal, tricuspid aortic valve.

BAV—Koullias et al. [42]

Case-control study:

• 53 patients with BAV;
• 46 patients with TAV;
• 25 patients with no aortic

abnormalities—control group.

BAV—Ikonomidis et al. [35]

Study population:

• 21 patients with BAV;
• 16 patients with TAV.

BAV and vascular fibrilin-1
deficiency—Fedak et al. [62]

MMP-2 deficiency Experimental—mice.
Lack of abdominal aortic

aneurysm production—Longo
et al. [44]

Upregulation—
significantly among

the intima

Study group—21 patients with aortic
dissection; in 19 cases, expression in
remote sites was assessed.
Controls—10 autopsies.

Aortic dissection—Ishii et al. [46]

MMP-9
Upregulation

Case-control study, 13 patients:

• 8 patients with abdominal
aortic aneurysm;

• 5 patients with normal
aorta—organ donors.

Abdominal aortic
aneurysm—Tamarina et al. [37]

Case-control study, 48 patients:

• 40 patients with abdominal
aortic aneurysm;

• 8 organ donors with normal
infra-renal abdominal aortas.

Abdominal aortic
aneurysm—Li et al. [41]
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Table 1. Cont.

Type of
Metalloproteinase Expression Variation Type of Study/Population Involved Correlation with Conditions

Studied

Case-control study, 26 patients with
aortic stenosis/insufficiency:

• Tricuspid aortic
valves—16 patients;

• Bicuspid aortic valve—10 patients;
• Aortic aneurysm/dissection—13

patients (7 patients with bicuspid
aortic valve and 6 patients with
tricuspid aortic valve);

• Control group—4 young cadavers,
normal, tricuspid aortic valve.

BAV, abdominal aortic
aneurysm/dissection—

Koullias et al. [42]

Case—control study:

• 19 patients undergoing abdominal
aortic aneurysm repair;

• 4 aortic specimens from organ
donor bank.

Aortic abdominal aneurysm,
particular significant association

with moderate size
aneurysm—McMillan et al. [48]

Study population:

• 21 patients with BAV;
• 16 patients with TAV.

BAV and vascular fibrilin-1
deficiency—Fedak et al. [62]

MMP-9 deficiency Experimental—mice.
Lack of abdominal

aortic aneurysm
production—Longo et al. [44]

Upregulation—
significantly among

the intima

Study group—21 patients with aortic
dissection; in 19 cases, expression in
remote sites was assessed.
Controls—10 autopsies.

Aortic dissection—Ishii et al. [46]

TIMP-1
Upregulation

Experimental—organ donor tissue. Abdominal aortic
aneurysm—Thompson et al. [38]

Case—control study, 13 patients:

• 8 patients with abdominal
aortic aneurysm;

• 5 patients with normal
aorta—organ donors.

Abdominal aortic
aneurysm—Tamarina et al. [37]

Case-control study, 26 patients with
aortic stenosis/insufficiency:

• Tricuspid aortic
valves—16 patients;

• Bicuspid aortic valve—10 patients;
• Aortic aneurysm/dissection—13

patients (7 patients with bicuspid
aortic valve and 6 patients with
tricuspid aortic valve);

• Control group—4 young cadavers,
normal, tricuspid aortic valve.

BAV in aortic stenosis
subjects—Koullias et al. [42]

Upregulation—
significantly among

the intima

Study group—21 patients with aortic
dissection; in 19 cases, expression in
remote sites was assessed.
Controls—10 autopsies.

Aortic dissection—Ishii et al. [46]
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Table 1. Cont.

Type of
Metalloproteinase Expression Variation Type of Study/Population Involved Correlation with Conditions

Studied

TIMP-2

Upregulation

Case—control study, 13 patients:

• 8 patients with abdominal
aortic aneurysm;

• 5 patients with normal
aorta—organ donors.

Abdominal aortic
aneurysm—Tamarina et al. [37]

Upregulation—
significantly among

the intima

Study group—21 patients with aortic
dissection’ in 19 cases, expression in
remote sites was assessed.
Controls—10 autopsies.

Aortic dissection—Ishii et al. [46]

Legend: BAV—bicuspid aortic valve; MMP—matrix metalloproteinase; TAV—tricuspid aortic valve; TIMP—tissue
inhibitor of metalloproteinase.

1.2. Asymmetric Dimethylarginine (ADMA)

ADMA represents an inhibitor of the nitric oxide synthetase, nitric oxide being respon-
sible for active vascular remodeling. Nitric oxide (NO) regulates the endothelial secretion of
pro-MMP-2, and elevated ADMA levels (which determine NO deficiency) will in turn lead
to increased MMP-2 production [63,64]. Given the endothelial disfunction associated with
BAV, some studies have successfully identified an association between elevated ADMA
and MMP-2 and, consequently, the proximal dilatation of the ascending aorta in patients
with non-stenotic BAV [28]. BAV morphology does not, on the other hand, necessarily
influence ADMA levels, high ADMA values being associated with an ascending aortic
diameter, without significant differences from patients with TAV [23]. The same lack of
correlation with valve morphology, but with endothelial disfunction and inflammation
mediator release, has been confirmed by Ali et al. [65].

A case-control study concluded that serum ADMA can be used as a reliable, highly
sensitive and specific marker of ascending aortic dilatation [66]. Tzemos et al. further
confirmed these findings, highlighting a positive association between the dilation of the
proximal aorta and increase in serum ADMA and MMP-2 in a young male population
diagnosed with BAV, as a result of systemic endothelial dysfunction [22]. Considering
the increase in ADMA levels as a result of endothelial disfunction, literature data have
proposed this biomarker as a tool that can assess cardiovascular risk [67]. This hypothesis
started from oxidative stress, an essential element of the atherosclerotic process, increase in
nitric oxide, leading to the stimulation of ADMA production, which will further inhibit the
action of the nitric oxide synthetase [68]. Thus, ADMA has been regarded as a risk factor
of acute coronary events, capable of inducing myocardial hypertrophy as well as fibrosis
through the activation of fibroblast growth factors receptors [69,70].

In children, ADMA levels are physiologically higher, their decrease being associated
with a lack of a protection against oxidative stress in conditions such as type I diabetes
mellitus [71]. Their prognostic utility and potential use as a therapeutic target in pediatric
chronic kidney disease has been described in a recent review article [72], but data regarding
the biomarker role of ADMA in predicting the cardiovascular risk of this in patients is
scarce. Furthermore, there are no pediatric studies in the literature on the subject of serum
ADMA in aortic dilatation.
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Table 2. Summary of literature data sustaining biomarker role of circulating MMP-1, MMP-2, MMP-9
and TIMP-1 among several aortic-related pathologies.

Type of
Metalloproteinase Expression Variation Type of Study/ Population Involved Correlation with Conditions Studied

MMP-1 Upregulation

125 patients with ascending aortic aneurysms
Ascending aortic aneurysm surgery

prediction; correlation with WSS and
TAWSS—Pasta et al. [40]

Case-control study:

• 30 patients with acute aortic dissection;
• 30 healthy controls.

Acute aortic dissection—Liao et al. [49]

MMP-2 Upregulation

125 patients with ascending aortic aneurysms
Ascending aortic aneurysm surgery

prediction; correlation with WSS and
TAWSS—Pasta et al. [40]

Case-control study:

• 30 patients with acute aortic dissection;
• 30 healthy controls.

Acute aortic dissection—Liao et al. [49]

MMP-9 Upregulation

Case-control study:

• 25 patients with chronic thoracic
aortic aneurysm;

• 15 healthy blood donors.

Final stages of chronic thoracic aortic
aneurysm—Zhang et al. [50]

Study population (93 subjects):

• 37 patients with isolated severe stenotic BAV
with dilated ascending aorta;

• 28 patients with isolated severe stenotic BAV
with normal ascending aorta;

• 12 patients with echocardiographically
normal BAV with dilated ascending aorta;

• 16 patients with echocardiographically
normal BAV with normal ascending aorta.

Severe, isolated aortic stenosis in BAV
patients—Wang Y [27]

Pediatric case-control study (110 patients):

• 96 patients with VSD;
• 14 healthy controls.

VSD; spontaneous closure of
VSD—Cheng et al. [61]

Case-control study:

• 25 patients with chronic thoracic
aortic aneurysm;

• 15 healthy blood donors.

Final stages of chronic thoracic aortic
aneurysm—Zhang et al. [50]

TIMP-1 Upregulation 125 patients with ascending aortic aneurysms
Ascending aortic aneurysm surgery

prediction; correlation with WSS and
TAWSS—Pasta et al. [40]

Legend: BAV—bicuspid aortic valve; MMP—matrix metalloproteinase; TAV—tricuspid aortic valve; TAWSS—
time average wall shear stress; TIMP—tissue inhibitor of metalloproteinase; WSS—wall shear stress.

1.3. Soluble Receptor for Advanced Glycation End-Products (sRAGE)

The represents a receptor for advanced glycation end-products (AGEs), which are able
to induce oxidative stress and trigger inflammation processes [73,74]. Furthermore, through
ligand-binding competition for RAGE, sRAGEs attenuate the activation of the nuclear-factor
kappa-B (NF-κB) pathway and thus also stimulate chronic inflammation and oxidative
stress [75,76]. Therefore, sRAGEs have been investigated for their potential biomarker role
in various vascular disorders, including atherosclerosis and aortopathies [24,76].

The need for exploration of the potential circulating biomarker role of sRAGEs in
the prediction of presence and prognosis of aortic aneurysms had first been proposed
by Sarkar et al., who described in a review article the role of the sRAGE pathway in
the development of aortic disease [73]. This theory was sustained by previously pub-
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lished experimental studies conducted in mice, which suggested that sRAGE levels in-
crease in the presence of thoracic aortic aneurysms and that the negative modulation
of RAGE is a potential therapeutic solution towards inhibiting the formation and pro-
gression of aneurysms [50,77,78]. The AGE-sRAGE axis has been hypothesized to be in-
volved in thoracic aortic aneurysm pathogenesis, with a significant correlation between the
AGE/endogenous secretory RAGE (esRAGE) ratio and IL-2 and IL-6 release [79].

Elevated sRAGE values have been also correlated with the sole presence of BAV,
not necessarily in relation to the aortic diameter [24]. On the other hand, the periodic
monitorization of this biomarker might be useful in evaluating the progression of bicuspid
aortic aneurysms through the NF-kB pathway [80].

In children, studies investigating the role of sRAGE in aortopathies and aortic wall
impairment are missing. A pediatric study has shown that childhood sRAGE levels are
physiologically higher than in adults and that, consequently, their biomarker potential in
the diagnosis of mild pulmonary arterial hypertension might only be considered in adult
populations [81]. Thus, their role in various pathologies cannot yet be established and
requires further analysis.

1.4. Transforming Growth Factor Beta (TGF-β)

TGF-β includes a family of cytokines that regulates cell growth, differentiation and
inflammation and is involved in vascular remodeling through ECM composition regula-
tion [82,83]. Biological effects of TGF-β release might be dependent upon serum concentra-
tion, but its role in maintaining vascular wall integrity can no longer be contested [84,85].
Low levels of TGF-β stimulate smooth muscle cell and endothelial cell proliferation, while
high levels inhibit the aforementioned physiological processes [86].

The involvement of TGF-β in ECM modeling is still controversial. Evidence has
shown that TGF-β enhances collagen production, leads to fibrosis, and inhibits matrix
degradation [87,88]. Moreover, TGF-β seems to play an important part in maintaining
the equilibrium of the ECM content. The augmentation of TGF-β expression seems to
be able to stabilize ECM remodeling by decreasing inflammatory infiltrates among the
arterial wall and MMP [89]. On the other hand, TGF-β signaling pathway activation
stimulates MMP-2 and MMP-9 production, which both determine matrix degradation, a
key milestone in aortic aneurysm formation [90]. The activation of this pathway has been
one thoroughly discussed in Marfan syndrome and is also responsible for the augmented
expression of the SMAD-dependent profibrotic signaling pathway, which will lead to ECM
remodeling through the promotion of collagen, elastin, fibrillin or fibronectin synthesis [91].
Thus, multiple studies have tried to determine the biomarker role of TGF-β in relation to
aortic aneurysms, in light of its profibrotic characteristics and extensive ECM degradation
involvement [88].

TGF-β signaling has been implied to protect against abdominal and thoracic aortic
aneurysm formation, while systemic TGF-β inhibition enhances abdominal aortic aneurysm
formation, whereas smooth muscle-cell specific TGF-β neutralization can increase the
chances of aortic thoracic aneurysm development [92]. Furthermore, experimental TGF-β
hampering in mice has stimulated aneurysm formation, as well as multiple complications
associated with the disease [93]. However, contradictorily to those previous findings, the
inhibition of TGF-β signaling in myeloid cells has been suggested by Hara et al. as a
potential therapeutic target in patients with Marfan syndrome [94]. Similarly, an increase
in serum TGF-β has been correlated with the prognosis of thoracic aortic aneurysms, as
well as dissection evolvement, especially in those patients with Marfan syndrome [95,96].

Bicuspid aortic valve patients present a lower circulating TGF-β than those with TAV,
probably as a result of extracellular space sequestration [97]. However, a concomitant
genetic syndrome diagnosis in BAV patients has been associated with a higher circulat-
ing TGF-β than the one depicted in subjects with non-syndromic BAV or TAV [98]. A
ratio between TGF-β and endoglin (ENG) has been proposed as a biomarker of BAV
aortopathy [98].
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Pediatric studies have mainly focused on congenital cardiac disorders, as TGF-β
overexpression has been identified in populations with CHD, Marfan syndrome and aortic
dilatation [99–101]. The elevation of TGF-β, MMP-2 and MMP-9 levels has been identified
in children after surgery for tetralogy of Fallot repair (TOF) [82]. A study published by
Shiina et al. also identified elevated TGF-β1 levels in patients with a repaired Fallot,
in association to increases in ascending aortic diameter along with other conventional
investigations, such as brachial-ankle pulse wave velocity [102].

In conclusion, the biomarker potential of TGF-β in the prediction of aortic aneurysms
is still controversial, due to multiple studies showing contradicting results in terms of
expression variation. Still, TGF-β helps in maintaining the equilibrium of the arterial wall
component through its influence on the ECM. The influence of TGF-β on the ECM, its
effector pathways and intricate role with other molecular entities in the development of
aortic aneurysms has been highlighted in Figure 1.
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Figure 1. Interconnecting pathways and key effectors of aortic aneurysm development. Created with
BioRender.com. Legend: The figure summarizes the consequence of TGF-β activation, which will
lead to the activation of ERK1/2- and SMAD-dependent pathways, resulting in the promotion of
MMP-2, MMP-9 release, which promote ECM cleavage as well as collagen, elastin and fibronectin
synthesis. Shear wall stress stimulates migration of SMCs through the extracellular matrix, resulting
also in MT-MMP-1 and, consequently, MMP-2’s reduced expression. ADMA activates the MMP-2
precursor, pro-MMP-2.

2. Future Perspectives

The genetic basis of aortopathies still requires further research, but the discovery and
validation of novel molecules involved in the pathogenesis of aortic dilation and techno-
logical advances have created the premises for the depiction of their enzymatic activity,
mRNA expression and analysis of single nucleotide polymorphisms’ implication. The
tissular expressions of several MMPs, TIMP-1, TIMP-3, ADMA and TGF-β seem to be
altered in relation to aortic dilation and aneurysms [35,58]. Single nucleotide polymor-
phisms of key elements such as the nitric oxide synthase-3 enzyme (Nos3), IL-6, IL-1β,
IL-10, angiotensin 1 receptor and angiotensin-converting enzyme have also been regarded
as potential biomarkers of aortic remodeling [56,103,104]. The main objectives of recent
studies have been to identify circulating biomarkers, but a correlation between circulating
and tissular biomarkers still requires clarification. Some authors have found, for exam-
ple, a positive correlation between circulating TGF-β and tissular MMP-2 [98] or between



Int. J. Mol. Sci. 2022, 23, 4993 12 of 17

circulating and tissular MMP-9 in abdominal aortic aneurysms [105], but research is still
pending. The validation of non-invasive biomarkers and future investigation of particular
genotypes might represent important steps towards the prognostic evaluation of incipient
and evolving aortic dilatation.

3. Conclusions

Multiple quantifiable serum signaling pathway-associated molecules have been as-
sessed for their potential biomarker role in the progression of aortic dilatation and pre-
diction of aneurysm formation and associated complications. MMPs have been by far
the most intensively researched, and most studies have focused on MMP-2 and MMP-9.
Furthermore, most data available in the literature have analyzed candidate biomarkers in
BAV, which is highly frequent among CHD. However, pediatric data is scarce, and further
studies are mandated to elucidate contradicting results and identify plasmatic biomarkers,
especially quantifiable at younger ages, as these can be closely followed up in the long term.
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MT-MMP Membrane-type matrix metalloproteinase
NF-κB Nuclear-factor kappa-B
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Nos3 Nitric oxide synthase-3 enzyme
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TAWSS Time average wall shear stress
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WSS Wall shear stress



Int. J. Mol. Sci. 2022, 23, 4993 13 of 17

References
1. Habchi, K.M.; Ashikhmina, E.; Vieira, V.M.; Shahram, J.T.; Isselbacher, E.M.; Sundt, T.M.; Shekar, P.; Muehlschlegel, J.D.;

Bicuspid Aortic Valve Consortium; Body, S.C. Association between bicuspid aortic valve morphotype and regional dilatation of
the aortic root and trunk. Int. J. Cardiovasc. Imaging 2017, 33, 341–349. [CrossRef] [PubMed]

2. Nussbaumer, C.; Bouchardy, J.; Blanche, C.; Piccini, D.; Pavon, A.-G.; Monney, P.; Stuber, M.; Schwitter, J.; Rutz, T. 2D cine vs. 3D
self-navigated free-breathing high-resolution whole heart cardiovascular magnetic resonance for aortic root measurements in
congenital heart disease. J. Cardiovasc. Magn. Reson. 2021, 23, 65. [CrossRef] [PubMed]

3. Niaz, T.; Poterucha, J.T.; Johnson, J.N.; Craviari, C.; Nienaber, T.; Palfreeman, J.; Cetta, F.; Hagler, D.J. Incidence, morphology, and
progression of bicuspid aortic valve in pediatric and young adult subjects with coexisting congenital heart defects. Congenit.
Hearth Dis. 2017, 12, 261–269. [CrossRef] [PubMed]

4. Silberbach, M.; Roos-Hesselink, J.W.; Andersen, N.H.; Braverman, A.C.; Brown, N.; Collins, R.T.; De Backer, J.; Eagle, K.A.;
Hiratzka, L.F.; Johnson, W.H.; et al. Cardiovascular Health in Turner Syndrome: A Scientific Statement from the American Heart
Association. Circ. Genom. Precis. Med. 2018, 11, e000048. [CrossRef] [PubMed]

5. Zarate, Y.A.; Sellars, E.; LePard, T.; Carlo, W.F.; Tang, X.; Collins, R.T. Aortic dilation in pediatric patients. Eur. J. Pediatr. 2015, 174,
1585–1592. [CrossRef]

6. Tan, J.L.; Gatzoulis, M.A.; Ho, S.Y. Aortic root disease in tetralogy of Fallot. Curr. Opin. Cardiol. 2006, 21, 569–572. [CrossRef]
[PubMed]

7. Carlo, W.F.; McKenzie, E.D.; Slesnick, T.C. Root Dilation in Patients with Truncus Arteriosus. Congenit. Hearth Dis. 2011, 6,
228–233. [CrossRef] [PubMed]

8. Goda, M.; Gewillig, M.; Eyskens, B.; Heying, R.; Cools, B.; Rega, F.; Meyns, B. Mechanism of autograft insufficiency after the Ross
operation in children. Cardiol. Young 2013, 23, 523–529. [CrossRef] [PubMed]

9. Cotts, T.B.; Salciccioli, K.B.; Swanson, S.K.; Yetman, A.T. Aortopathy in Congenital Heart Disease. Cardiol. Clin. 2020, 38, 325–336.
[CrossRef]

10. Simpson, J.M.; Pushparajah, K. Dilatation of the Aorta in Bicuspid Aortic Valve Disease. Circ. Cardiovasc. Imaging 2020, 13,
e010448. [CrossRef]

11. Erbel, R.; Aboyans, V.; Boileaul, C.; Bossone, E.; Bartolomeo, R.D.; Eggebrecht, H.; Evangelista, A.; Falk, V.; Frank, H.;
Gaemperli, O.; et al. ESC Guidelines on the diagnosis and treatment of aortic diseases: Document Covering Acute and Chronic
Aortic Diseases of the Thoracic and Abdominal Aorta of the Adult. The Task Force for the Diagnosis and Treatment of Aortic
Diseases of the European Society of Cardiology (ESC). Eur. Heart J. 2014, 35, 2873–2926. [PubMed]

12. Flachskampf, F.A.; Badano, L.; Daniel, W.G.; Feneck, R.O.; Fox, K.F.; Fraser, A.G.; Pasquet, A.; Pepi, M.; De Isla, L.P.;
Zamorano, J.L.; et al. Recommendations for transoesophageal echocardiography: Update 2010. Eur. J. Echocardiogr. 2010,
11, 557–576. [CrossRef] [PubMed]

13. Evangelista, A.; Aguilar, R.; Cuellar, H.; Thomas, M.; Laynez, A.; Rodríguez-Palomares, J.; Mahía, P.; Gonzàlez-Alujas, T.;
García-Dorado, D. Usefulness of real-time three-dimensional transoesophageal echocardiography in the assessment of chronic
aortic dissection. Eur. J. Echocardiogr. 2011, 12, 272–277. [CrossRef] [PubMed]

14. Einstein, A.J.; Weiner, S.D.; Bernheim, A.; Kulon, M.; Bokhari, S.; Johnson, L.L.; Moses, J.W.; Balter, S. Multiple Testing, Cumulative
Radiation Dose, and Clinical Indications in Patients Undergoing Myocardial Perfusion Imaging. JAMA 2010, 304, 2137–2144.
[CrossRef] [PubMed]

15. Kramer, C.M.; Barkhausen, J.; Bucciarelli-Ducci, C.; Flamm, S.D.; Kim, R.J.; Nagel, E. Standardized cardiovascular magnetic
resonance imaging (CMR) protocols: 2020 update. J. Cardiovasc. Magn. Reson. 2020, 22, 17. [CrossRef] [PubMed]

16. Hagendorff, A.; Stoebe, S.; Tayal, B. A systematic approach to 3D echocardiographic assessment of the aortic root. Glob. Cardiol.
Sci. Pract. 2018, 2018, 12. [CrossRef]

17. Bendeck, M.P.; Keeley, F.W.; Langille, B.L. Perinatal accumulation of arterial wall constituents: Relation to hemodynamic changes
at birth. Am. J. Physiol. Circ. Physiol. 1994, 267, H2268–H2279. [CrossRef]

18. Kelleher, C.M.; McLean, S.E.; Mecham, R.P. Vascular Extracellular Matrix and Aortic Development. Curr. Top. Dev. Biol. 2004, 62,
153–188. [CrossRef]

19. Parks, W.C.; Roby, J.D.; Wu, L.C.; Gross, L.E. Cellular Expression of Tropoelastin mRNA Splice Variants. Matrix 1992, 12, 156–162.
[CrossRef]

20. Ikonomidis, J.S.; Ivey, C.R.; Wheeler, J.B.; Akerman, A.W.; Rice, A.; Patel, R.K.; Stroud, R.E.; Shah, A.A.; Hughes, C.G.;
Ferrari, G.; et al. Plasma biomarkers for distinguishing etiologic subtypes of thoracic aortic aneurysm disease. J. Thorac. Cardiovasc.
Surg. 2013, 145, 1326–1333. [CrossRef]

21. Harrison, O.J.; Cagampang, F.; Ohri, S.K.; Torrens, C.; Salhiyyah, K.; Modi, A.; Moorjani, N.; Whetton, A.D.; Townsend, P.A.
Candidate plasma biomarkers for predicting ascending aortic aneurysm in bicuspid aortic valve disease. J. Cardiothorac. Surg.
2018, 13, 76. [CrossRef] [PubMed]

22. Tzemos, N.; Lyseggen, E.; Silversides, C.; Jamorski, M.; Tong, J.H.; Harvey, P.; Floras, J.; Siu, S. Endothelial Function, Carotid–
Femoral Stiffness, and Plasma Matrix Metalloproteinase-2 in Men with Bicuspid Aortic Valve and Dilated Aorta. J. Am. Coll.
Cardiol. 2010, 55, 660–668. [CrossRef] [PubMed]

23. Gavriliuk, N.D.; Druzhkova, T.A.; Irtyuga, O.B.; Zhloba, A.A.; Subbotina, T.F.; Uspenskiy, V.; Alexeyeva, N.P.; Moiseeva, O.M.
Asymmetric Dimethylarginine in Patients with Ascending Aortic Aneurysms. AORTA 2016, 4, 219–225. [CrossRef]

http://doi.org/10.1007/s10554-016-1016-8
http://www.ncbi.nlm.nih.gov/pubmed/27838896
http://doi.org/10.1186/s12968-021-00744-1
http://www.ncbi.nlm.nih.gov/pubmed/34039356
http://doi.org/10.1111/chd.12429
http://www.ncbi.nlm.nih.gov/pubmed/27893194
http://doi.org/10.1161/HCG.0000000000000048
http://www.ncbi.nlm.nih.gov/pubmed/30354301
http://doi.org/10.1007/s00431-015-2575-8
http://doi.org/10.1097/01.hco.0000245732.09594.2f
http://www.ncbi.nlm.nih.gov/pubmed/17053405
http://doi.org/10.1111/j.1747-0803.2011.00520.x
http://www.ncbi.nlm.nih.gov/pubmed/21545468
http://doi.org/10.1017/S1047951112001783
http://www.ncbi.nlm.nih.gov/pubmed/23110792
http://doi.org/10.1016/j.ccl.2020.04.002
http://doi.org/10.1161/CIRCIMAGING.120.010448
http://www.ncbi.nlm.nih.gov/pubmed/25173340
http://doi.org/10.1093/ejechocard/jeq057
http://www.ncbi.nlm.nih.gov/pubmed/20688767
http://doi.org/10.1093/ejechocard/jeq191
http://www.ncbi.nlm.nih.gov/pubmed/21266380
http://doi.org/10.1001/jama.2010.1664
http://www.ncbi.nlm.nih.gov/pubmed/21078807
http://doi.org/10.1186/s12968-020-00607-1
http://www.ncbi.nlm.nih.gov/pubmed/32089132
http://doi.org/10.21542/gcsp.2018.12
http://doi.org/10.1152/ajpheart.1994.267.6.H2268
http://doi.org/10.1016/s0070-2153(04)62006-0
http://doi.org/10.1016/S0934-8832(11)80057-0
http://doi.org/10.1016/j.jtcvs.2012.12.027
http://doi.org/10.1186/s13019-018-0762-1
http://www.ncbi.nlm.nih.gov/pubmed/29929532
http://doi.org/10.1016/j.jacc.2009.08.080
http://www.ncbi.nlm.nih.gov/pubmed/20170792
http://doi.org/10.12945/j.aorta.2016.16.025


Int. J. Mol. Sci. 2022, 23, 4993 14 of 17

24. Branchetti, E.; Bavaria, J.E.; Grau, J.B.; Shaw, R.E.; Poggio, P.; Lai, E.K.; Desai, N.D.; Gorman, J.H.; Gorman, R.C.; Ferrari, G.
Circulating Soluble Receptor for Advanced Glycation End Product Identifies Patients with Bicuspid Aortic Valve and Associated
Aortopathies. Arter. Thromb. Vasc. Biol. 2014, 34, 2349–2357. [CrossRef] [PubMed]

25. Hillebrand, M.; Millot, N.; Sheikhzadeh, S.; Rybczynski, M.; Gerth, S.; Kölbel, T.; Keyser, B.; Kutsche, K.; Robinson, P.N.;
Berger, J.; et al. Total Serum Transforming Growth Factor-β1 Is Elevated in the Entire Spectrum of Genetic Aortic Syndromes.
Clin. Cardiol. 2014, 37, 672–679. [CrossRef] [PubMed]

26. Borger, M.; Fedak, P.W.; Stephens, E.H.; Gleason, T.G.; Girdauskas, E.; Ikonomidis, J.S.; Khoynezhad, A.; Siu, S.; Verma, S.;
Hope, M.D.; et al. The American Association for Thoracic Surgery consensus guidelines on bicuspid aortic valve-related aortopa-
thy: Full online-only version. J. Thorac. Cardiovasc. Surg. 2018, 156, e41–e74. [CrossRef] [PubMed]

27. Wang, Y.; Wu, B.; Dong, L.; Wang, C.; Wang, X.; Shu, X. Circulating matrix metalloproteinase patterns in association with aortic
dilatation in bicuspid aortic valve patients with isolated severe aortic stenosis. Hearth Vessel. 2016, 31, 189–197. [CrossRef]

28. Drapisz, S.; Góralczyk, T.; Jamka-Miszalski, T.; Olszowska, M.; Undas, A. Nonstenotic bicuspid aortic valve is associated with
elevated plasma asymmetric dimethylarginine. J. Cardiovasc. Med. 2013, 14, 446–452. [CrossRef]

29. Merkx, R.; Duijnhouwer, A.L.; Vink, E.; Roos-Hesselink, J.W.; Schokking, M. Aortic Diameter Growth in Children with a Bicuspid
Aortic Valve. Am. J. Cardiol. 2017, 120, 131–136. [CrossRef]

30. Martínez-Micaelo, N.; Ligero, C.; Antequera-González, B.; Junza, A.; Yanes, O.; Alegret, J.M. Plasma Metabolomic Profiling
Associates Bicuspid Aortic Valve Disease and Ascending Aortic Dilation with a Decrease in Antioxidant Capacity. J. Clin. Med.
2020, 9, 2215. [CrossRef]

31. Agewall, S. Matrix metalloproteinases and cardiovascular disease. Eur. Hearth J. 2006, 27, 121–122. [CrossRef] [PubMed]
32. Dollery, C.M.; McEwan, J.R.; Henney, A.M. Matrix Metalloproteinases and Cardiovascular Disease. Circ. Res. 1995, 77, 863–868.

[CrossRef] [PubMed]
33. Birkedal-Hansen, H. Proteolytic remodeling of extracellular matrix. Curr. Opin. Cell Biol. 1995, 7, 728–735. [CrossRef]
34. Itoh, Y. Membrane-type matrix metalloproteinases: Their functions and regulations. Matrix Biol. 2015, 44–46, 207–223. [CrossRef]
35. Ikonomidis, J.S.; Jones, J.A.; Barbour, J.R.; Stroud, R.E.; Clark, L.L.; Kaplan, B.S.; Zeeshan, A.; Bavaria, J.E.; Gorman, J.H., 3rd;

Spinale, F.G.; et al. Expression of matrix metalloproteinases and endogenous inhibitors within ascending aortic aneurysms of
patients with bicuspid or tricuspid aortic valves. J. Thorac. Cardiovasc. Surg. 2007, 133, 1028–1036. [CrossRef]

36. Ravn, H.B.; Falk, E. Histopathology of plaque rupture. Cardiol. Clin. 1999, 17, 263–270. [CrossRef]
37. Tamarina, N.A.; McMillan, W.D.; Shively, V.P.; Pearce, W.H. Expression of matrix metalloproteinases and their inhibitors in

aneurysms and normal aorta. Surgery 1997, 122, 264–272. [CrossRef]
38. Thompson, R.W.; Holmes, D.R.; Mertens, R.A.; Liao, S.; Botney, M.D.; Mecham, R.P.; Welgus, H.G.; Parks, W.C. Production

and localization of 92-kilodalton gelatinase in abdominal aortic aneurysms. An elastolytic metalloproteinase expressed by
aneurysm-infiltrating macrophages. J. Clin. Investig. 1995, 96, 318–326. [CrossRef]

39. Wang, H.; Keiser, J.A. Expression of membrane-type matrix metalloproteinase in rabbit neointimal tissue and its correlation with
matrix-metalloproteinase-2 activation. J. Vasc. Res. 1998, 35, 45–54. [CrossRef]

40. Pasta, S.; Agnese, V.; Gallo, A.; Cosentino, F.; Di Giuseppe, M.; Gentile, G.; Raffa, G.M.; Maalouf, J.F.; Michelena, H.I.;
Bellavia, D.; et al. Shear Stress and Aortic Strain Associations with Biomarkers of Ascending Thoracic Aortic Aneurysm. Ann.
Thorac. Surg. 2020, 110, 1595–1604. [CrossRef]

41. Li, T.; Li, X.; Liu, X.; Yang, J.; Ma, C. The elevated expression of TLR4 and MMP9 in human abdominal aortic aneurysm tissues
and its implication. BMC Cardiovasc. Disord. 2021, 21, 378. [CrossRef] [PubMed]

42. Koullias, G.J.; Korkolis, D.P.; Ravichandran, P.; Psyrri, A.; Hatzaras, I.; Elefteriades, J.A. Tissue microarray detection of matrix
metalloproteinases, in diseased tricuspid and bicuspid aortic valves with or without pathology of the ascending aorta. Eur. J.
Cardio-Thoracic Surg. 2004, 26, 1098–1103. [CrossRef] [PubMed]

43. Fondard, O.; Detaint, D.; Iung, B.; Choqueux, C.; Adle-Biassette, H.; Jarraya, M.; Hvass, U.; Couetil, J.-P.; Henin, D.;
Michel, J.-B.; et al. Extracellular matrix remodelling in human aortic valve disease: The role of matrix metalloproteinases and
their tissue inhibitors. Eur. Hearth J. 2005, 26, 1333–1341. [CrossRef] [PubMed]

44. Longo, G.M.; Xiong, W.; Greiner, T.C.; Zhao, Y.; Fiotti, N.; Baxter, B.T. Matrix metalloproteinases 2 and 9 work in concert to
produce aortic aneurysms. J. Clin. Investig. 2002, 110, 625–632. [CrossRef]

45. Jacob, M.P. Extracellular matrix remodeling and matrix metalloproteinases in the vascular wall during aging and in pathological
conditions. Biomed. Pharmacother. 2003, 57, 195–202. [CrossRef]

46. Ishii, T.; Asuwa, N. Collagen and elastin degradation by matrix metalloproteinases and tissue inhibitors of matrix metallopro-
teinase in aortic dissection. Hum. Pathol. 2000, 31, 640–646. [CrossRef]

47. Sinha, I.; Bethi, S.; Cronin, P.; Williams, D.M.; Roelofs, K.; Ailawadi, G.; Henke, P.K.; Eagleton, M.J.; Deeb, G.M.; Patel, H.J.; et al.
A biologic basis for asymmetric growth in descending thoracic aortic aneurysms: A role for matrix metalloproteinase 9 and 2. J.
Vasc. Surg. 2006, 43, 342–348. [CrossRef]

48. McMillan, W.D.; Tamarina, N.A.; Cipollone, M.; Johnson, D.A.; Parker, M.A.; Pearce, W.H. Size Matters: The Relationship between
MMP-9 Expression and Aortic Diameter. Circulation 1997, 96, 2228–2232. [CrossRef]

49. Liao, M.; Zou, S.; Bao, Y.; Jin, J.; Yang, J.; Liu, Y.; Green, M.; Yang, F.; Qu, L. Matrix metalloproteinases are regulated by MicroRNA
320 in macrophages and are associated with aortic dissection. Exp. Cell Res. 2018, 370, 98–102. [CrossRef]

http://doi.org/10.1161/ATVBAHA.114.303784
http://www.ncbi.nlm.nih.gov/pubmed/25231638
http://doi.org/10.1002/clc.22320
http://www.ncbi.nlm.nih.gov/pubmed/25113270
http://doi.org/10.1016/j.jtcvs.2018.02.115
http://www.ncbi.nlm.nih.gov/pubmed/30011777
http://doi.org/10.1007/s00380-014-0593-5
http://doi.org/10.2459/JCM.0b013e3283588dfa
http://doi.org/10.1016/j.amjcard.2017.03.245
http://doi.org/10.3390/jcm9072215
http://doi.org/10.1093/eurheartj/ehi639
http://www.ncbi.nlm.nih.gov/pubmed/16272213
http://doi.org/10.1161/01.RES.77.5.863
http://www.ncbi.nlm.nih.gov/pubmed/7554139
http://doi.org/10.1016/0955-0674(95)80116-2
http://doi.org/10.1016/j.matbio.2015.03.004
http://doi.org/10.1016/j.jtcvs.2006.10.083
http://doi.org/10.1016/S0733-8651(05)70073-4
http://doi.org/10.1016/S0039-6060(97)90017-9
http://doi.org/10.1172/JCI118037
http://doi.org/10.1159/000025564
http://doi.org/10.1016/j.athoracsur.2020.03.017
http://doi.org/10.1186/s12872-021-02193-1
http://www.ncbi.nlm.nih.gov/pubmed/34348653
http://doi.org/10.1016/j.ejcts.2004.07.050
http://www.ncbi.nlm.nih.gov/pubmed/15541969
http://doi.org/10.1093/eurheartj/ehi248
http://www.ncbi.nlm.nih.gov/pubmed/15827062
http://doi.org/10.1172/JCI0215334
http://doi.org/10.1016/S0753-3322(03)00065-9
http://doi.org/10.1053/hupa.2000.7642
http://doi.org/10.1016/j.jvs.2005.10.013
http://doi.org/10.1161/01.CIR.96.7.2228
http://doi.org/10.1016/j.yexcr.2018.06.011


Int. J. Mol. Sci. 2022, 23, 4993 15 of 17

50. Zhang, X.; Wu, D.; Choi, J.C.; Minard, C.G.; Hou, X.; Coselli, J.S.; Shen, Y.H.; LeMaire, S.A. Matrix metalloproteinase levels in
chronic thoracic aortic dissection. J. Surg. Res. 2014, 189, 348–358. [CrossRef]

51. van der Bom, T.; Bouma, B.; Meijboom, F.J.; Zwinderman, A.H.; Mulder, B.J. The prevalence of adult congenital heart disease,
results from a systematic review and evidence based calculation. Am. Hearth J. 2012, 164, 568–575. [CrossRef] [PubMed]

52. Jackson, V.; Olsson, T.; Kurtovic, S.; Folkersen, L.; Paloschi, V.; Wågsäter, D.; Franco-Cereceda, A.; Eriksson, P. Matrix metal-
loproteinase 14 and 19 expression is associated with thoracic aortic aneurysms. J. Thorac. Cardiovasc. Surg. 2012, 144, 459–466.
[CrossRef] [PubMed]

53. Spinale, F.G.; Sapp, A.A. Cardiovascular Risk and Matrix Metalloproteinase Polymorphisms. Circ. Cardiovasc. Genet. 2017, 10,
e001958. [CrossRef] [PubMed]
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