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Abstract
Thoracic aortic aneurysm (TAA) develops silently and asymptomatically and is a major cause of mortality. TAA prev-
alence is greatly underestimated, it is usually diagnosed incidentally, and its treatment consists mainly of prophylac-
tic surgery based on the aortic diameter. The lack of effective drugs and biological markers to identify and stratify
TAAs by risk before visible symptoms results from scant knowledge of its pathophysiological mechanisms. Here we
integrate the structural impairment affecting non-syndromic non-familial TAA with the main cellular and molecular
changes described so far and consider how these changes are interconnected through specific pathways. The ultimate
goal is to define much-needed novel markers of TAA, and so the potential of previously identified molecules to aid in
early diagnosis/prognosis is also discussed.
© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd. on behalf of The Pathological Society of Great
Britain and Ireland.
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The etiology of thoracic aortic
aneurysms (TAAs)

A true arterial aneurysm is defined as local dilation of the
vessel with at least 50% enlargement beyond the normal
diameter [1], leading to a weakening of the vessel wall
and promoting dissection or rupture. TAA is a silent
and life-threatening disease with an estimated incidence
of at least 6–10 cases/100 000 patients/year. By location,
ascending TAAs are the most common (60%), followed
by descending TAAs (35%) [2]. When the aneurysm is
not detected and an acute aortic event occurs, 21% of
patients die before arriving at hospital, and of those
who are alive on arrival, over 50% die in the following
48 h if they receive no intervention [3].

The etiology of TAA has not yet been fully
described, but it is multifactorial and complex. TAA
can develop alongside other organ system abnormali-
ties, as in the case of syndromic TAA, representing
20% of all TAAs. If TAA is not associated with other
systemic abnormalities, it is referred to as non-syndromic
TAA (Figure 1).

Diagnosis and medical treatment of TAAs

Despite the rise in diagnoses due to the increase in imag-
ing tests performed in recent years, the incidence and
prevalence are probably underestimated, as TAA forma-
tion is slow, gradual, and painless, and patients remain
asymptomatic. This results in 95% of all cases being
undetected until an acute aortic event occurs, or the
expansion leads to a compression of nearby anatomical
structures. Thus, when symptoms appear, the aneurysm
is usually very large and at risk of rupture, an event asso-
ciated with high rates of mortality [4]. Oladokun et al [5]
systematically reviewed the assessment of TAA growth
and influencing risk factors, agreeing on aneurysm size,
anatomical location, and the presence of Marfan’s syn-
drome or a bicuspid aortic valve (BAV). Chronic dissec-
tions and chronic obstructive pulmonary disease were
also implicated as risk factors. Sex is also an influencing
factor of TAA growth, which is more than twice as fast
in women than in men [6].
Currently, the only effective treatment for TAA

patients is surgery. Prophylactic surgery is indicated
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when the aortic diameter exceeds 50 mm, although dila-
tation between 40 and 50 mm may also be clinically rel-
evant depending on the nature and location of the
aneurysm [2,7]. However, there is widespread agree-
ment regarding the lack of sensitivity and specificity of
the aortic diameter as a proper estimator of dissection/
rupture risk, which often causes patients to develop an
aortic dissection or rupture with an aortic diameter below
optimal threshold and leading to other patients undergo-
ing surgery despite any real threat of dissection or rup-
ture [8]. No specific drugs provide effective treatment
for TAA. A systematic review on medication for TAA
was carried out following the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA)
standards (see supplementary material, Figure S1).
Improved long-term outcomes were associated with sta-
tins intake [9], reducing adverse events (death, rupture,
dissection), and surgical rate mainly in the ascending
aorta and arch, and descending and thoracoabdominal
aortic aneurysms, not in aortic root [10]. Additionally,
a systematic review on clinical trials for TAA was

carried out in ClinicalTrials.gov. Most of them aim to
reduce complications from surgery and only one will
investigate the pharmacological treatment effect on
reducing the growth rate of TAAs and rupture [11]. Of
142 studies found, 15 included medications, which have
been compiled in supplementary material, Table S1.

The pathogenic mechanisms of non-syndromic TAA
remain widely unclear, resulting in a lack of effective
medication or specific TAA prevention programs beyond
general guidelines for cardiovascular disease prevention
[12,13]. This review summarizes the main cellular and
molecular changes taking place in non-syndromic non-
familial TAA formation. The selection of studies was car-
ried out in accordance with PRISMA standards
(Figure 2). Among 4601 screened records, 305 were
assessed for eligibility, excluding those studies dealing
with only abdominal aortic aneurysm (AAA), syndromic
TAA or familial TAA.

Structural impairment and deregulated
mechanisms in TAAs

Aortic structure and mechanical properties
The aortic wall is composed of three layers, i.e. the
intima, the media, and the adventitia, essential in main-
taining vessel homeostasis and mechanical integrity.
During the dilatation process, crosstalk between cells,
subcellular compartments, and the extracellular matrix
(ECM) takes place, resulting in a network of intercon-
nected changes artery-wide.

The intima is a single layer of endothelial cells (ECs)
that is in direct contact with the blood flow. The media
layer is mainly composed of VSMCs and ECM, which
confers biochemical and structural support and coordi-
nate the contractile VSMCs and elastic tensions in
response to mechanical stresses by blood flow. VSMCs
are layered longitudinally alongside interspersed elastic
fibers, forming elastin lamellae. VSMCs and elastin
lamellae are anchored by focal adhesions, forming
VSMC elastin-contractile units, also reinforced by fibril-
lin, integrins, and collagen [14]. VSMCs are a major
source of proteolytic enzymes and their inhibitors, such
as matrix metalloproteinases (MMPs), tissue inhibitors
of metalloproteinases (TIMPs), the ADAMTS
(a disintegrin andmetalloproteinase with thrombospondin
motifs) family, serine/cysteine proteases, or alpha-2-mac-
roglobulin, which maintain the ECM environment [15].
The ECM is the non-cellular component of the aortic wall.
It provides structural support and regulates cellular func-
tion and vessel remodeling through growth factors and
cytokine delivery. ECM is composed of proteoglycans,
glycoproteins, glycosaminoglycans, elastin, and collagen.
Medial degeneration is marked by VSMC necrosis and
disorganization, particularly around microvessels, and
loss of elastin content and collagen fibers, making the aor-
tic wall vulnerable to TAA [16].

The adventitia interacts with the nervous system and
the vasa vasorum, acting as a channel for the entry of

Figure 1. (A) TAA subtypes based on localization within the aortic
tree. Within the thoracic aorta, three sections can be differentiated:
the ascending aorta runs from the aortic valve in the left ventricle to
the brachiocephalic trunk; the aortic arch starts at the second ster-
nocostal joint and finishes at the level of the fourth vertebra, con-
taining the head and neck vessels; and the descending thoracic
aorta, which goes beyond the ligamentum arteriosum and ends at
the level of the diaphragm. (B) TAA classification as syndromic
and non-syndromic. EDS, Ehlers-Danlos syndrome; LDS, Loeys-Dietz
syndrome; MFS, Marfan syndrome.
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circulating cells and inflammatory mediators into the
aortic wall. It is composed of fibroblasts embedded in a
collagenous ECM. The adventitia may also be involved
in disease evolution by promoting the development of
neovessels toward the medial layer of TAAs. However,
these neovessels were found to have defective endothe-
lial junctions and lack mural cells, suggesting decreased
EC interactions and subsequently high permeability,
which leads to plasma protein accumulation in the aneu-
rysmal wall [17,18]. The vasa vasorum has been shown
to be disrupted in human ascending TAA specimens,
as evidence by aberrations in size, abundance, density,
and wall thickness [19]. Additionally, the adventitial
vasa vasorum has been found to harbor perivascular pro-
genitor cells within the human adult thoracic aorta [20].
An important signaling pathway involved in TAA is NF-
kB, which upregulates adhesion molecule expression
and triggers macrophage infiltration and inflammation
in the adventitia and media [21].

Inflammation
When the endothelial barrier becomes destabilized and
junctional permeability increases, T lymphocytes
and macrophages are recruited, promoting vascular
inflammation [22,23]. Increased levels of 5-hydro-
xyeicosatetraenoic acid (5-HETE) were also found in
the medial layer of TAAs [24], which could be a
consequence of the enhanced activity displayed by
5-lipoxygenase-expressed macrophages in the adventitia

[25]. Furthermore, adventitial inflammationwith infiltra-
tion of lymphoplasmacytic cells has been detected in
samples of sporadic TAAs, whereas there was no evi-
dence of chronic inflammation in non-aneurysmal
patients [19]. During inflammation, angiogenesis can
be promoted. Higher levels of pro- and anti-angiogenic
proteins, including angiopoietin-1, angiopoietin-2,
fibroblast growth factor-acidic, thrombospondin, plas-
minogen, and albumin were found in the medial layer
of TAAs compared with healthy aortas. Particularly,
these proteins were described in the areas of mucoid
degeneration [26] (Figure 3, grey).

Impaired mechanotransduction
VSMCs and ECs communicate through electrical cou-
pling mechanisms and gap junctions to regulate aortic
tone and diameter, and control blood pressure [27].
The sequential pathophysiology of aneurysm formation
is still unknown, although dysfunction of ECs and
altered mechanosensing in the aortic wall could be a first
step. By means of mechanotransduction, ECs convert
the mechanical stimuli caused by blood pressure into
biochemical signals through the cytoskeleton [28]. ECs
regulate these processes by activating mechanosensors,
including the mechanosensory complex vascular
endothelial-cadherin (VE-cadherin), vascular endothe-
lial growth factor receptor 2 (VEGFR2), and platelet
EC adhesion molecule (PECAM-1) [29]. In particular,
it has been shown that primary EC cultures from the
aneurysmal wall of thoracic aorta present decreased
levels of PECAM-1, von Willebrand factor (vWF), and
VE-cadherin [18], which disrupt mechanotransduction
and induce local proinflammatory activation [21]
(Figure 3, grey).

Arterial wall remodeling
In TAA, there is a loss of VSMCs by apoptosis and a
change in VSMC phenotype, impairing VSMCs’
mechanotransduction ability and ECM remodeling
[16,30]. An EC–VSMCs co-culture model described
that altered flow in ECs can induce a synthetic/prolifera-
tive VSMC phenotype, leading to medial degeneration
and TAA [31]. Increased angiotensin II (Ang-II) signal-
ing and TGF-β production in TAA contribute to ECM
degradation and facilitate VSMC migration to the
wounded area [32]. The release of platelet-derived
growth factor, TGF-β1, and insulin-like growth
factor-1 is induced, also promoting VSMC migration,
hypertrophy, and vascular remodeling [33]. The pheno-
typic switch in VSMCs can also be enhanced by a
chronic hypoxic status in the media of TAAs [34],
highlighted by the observed accumulation of the hyp-
oxia marker GLUT1 within regions of elastin degenera-
tion in aneurysmal media [19]. In addition, persistent
tissue damage induces cystathionine-γ-lyase overex-
pression, which enhances H2S production and VSMC
apoptosis in sporadic non-syndromic TAAs, thus hin-
dering any effective repair [35]. Additionally, the

Figure 2. PRISMA flowchart.
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expression of α-smooth muscle actin (α-SMA), transge-
lin (SM22), and vimentin in VSMCs from ascending
TAAs was found to be reduced, as was ECM synthe-
sis [18].
With regard to lipids, decreased levels of ether-type

phosphatidylethanolamines were found within TAA
arteries, whereas lysophosphatidylcholines and glyco-
sylceramides were found to be increased, pointing to
oxidative stress and intensified migratory activity of
VSMCs [24]. An increase in sphingomyelins was also
revealed, suggesting a repression of sphingomyelinase
activity and the sphingomyelinase–ceramide pathway,
which could lead to the inhibition of tissue regeneration,
thereby favoring TAA progression [36] (Figure 3, blue).
In the adventitia, TGF-β can induce fibroblasts to dif-

ferentiate into myofibroblasts, which cause MMP pro-
duction and matrix degradation and TAA [37,38].
When the aortic wall is injured, adventitial fibroblasts
migrate to the media and can be transformed into
VSMCs, although showing lower expression of
MMP-3, α-SMA, SM22, and Ki67 proteins in TAA,
and thus highlighting defects in VSMC transformation
and ECM remodeling [39]. Upregulated expression of
monocyte chemoattractant protein-1 (MCP-1) was
observed in primary human aortic adventitial fibroblast
culture in response to Ang-II, leading to fibroblast

proliferation, adventitial thickening, and cytokine pro-
duction [40] (Figure 3, green).

The renin–angiotensin system (RAS) and oxidative
stress
One of the main signaling pathways altered in TAA is
RAS. The turbulent blood flow in TAAs maintains
RAS activation, which favors aneurysm formation
[17,41]. The high shear stress during TAA increases
endothelium-derived nitric oxide (eNO) production, an
endothelial metabolite that is essential to maintain a
healthy aortic wall [17]. Impaired regulation of eNO in
TAA produces free oxygen radicals, favoring an oxida-
tive stress status [42]. Increased reactive oxygen species
(ROS) stimulated collagen degradation by MMP activa-
tion through a p22phox-based NADP/NADPH oxidase
in rat cardiac fibroblasts [43]. The increased levels of
ROS detected in human ascending TAA tissues were
correlated with medial degeneration and increased con-
nective tissue growth factor, which modulates the syn-
thetic/proliferative VSMC phenotype in the human and
murine model of TAA based on Ang-II infusion [44].
In a similar model, increased medial thickness, erythro-
cyte extravasation in the media, elastin fragmentation,

Figure 3. Main structural and cellular changes in TAA development. In grey, mechanical changes, permeability, and inflammation compo-
nents; in blue, oxidative stress and hypoxia effects; in green, the role of adventitia and neovascularization.
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and accumulation of CD45+ cells in the adventitia were
observed [45].

Several lines of evidence also indicate that autophagy
controls VSMC apoptosis in response to ROS genera-
tion and stimulates the transition of VSMCs into a prolif-
erative/synthetic phenotype [46]. Although it is not fully
known if autophagy plays a detrimental or a protective
mechanism in TAA progression, it has been described
as a dysregulated process in TAA, and high expression
of osteopontin (OPN) in aortic aneurysms has been
proven to promote autophagy in cultured VSMCs [47].

A molecular perspective of TAA

Elastin and collagen fragmentation
Elastic fibers supply compliance and resilience to the
aortic wall and collagen plays an essential role in aortic
stiffness and strength. Deregulated activity, such as that
observed in TAA, degrades collagen and elastic fibers,
causing irreversible breakdown of the elastic fiber net-
work [48]. Degradation of elastin contributes to the pro-
duction of elastokines or elastin-derived peptides, which
are elevated in aortic aneurysms [49].

Aortic samples from sporadic ascending TAAs
showed that decreased collagens type I and III and
increased collagens α1(XI) and V were linearly corre-
lated with the size of the aneurysm [50]. In this context,
cyclic mechanical stress constantly increases the synthe-
sis, secretion, and assembly of tropocollagen into fibers
via intensifiedAng-II activity and TGF-β/Smad signaling
[38]. In human non-syndromic TAA samples, an increase
in Smad2 activation was associated with disruption of
elastic lamellae [51]. Furthermore, an enhancement of
TGF-β signaling and Smad2 activation was detected in
the aortic wall of ascending TAA patients, whatever the
etiology, with the resulting increase in TGF-β1 and phos-
phorylated Smad2 protein levels [52] (Figure 4). This is
in line with the described dysregulation of TGF-β signal-
ing in syndromic and familial non-syndromic TAA. In
Marfan syndrome, mutations in FBN1 cause overactivity
of the TGF-β signaling cascade with an increased accu-
mulation of phosphorylated Smad2 [53]. In Loeys-Dietz
syndrome, mutations in TGF-β receptors (TGFBR1 and
TGFBR2) cause TGF-β signaling upregulation (TGF-β
paradox) [38,54]. In the same line, upregulated TGF-β
signaling has been related to mutations in ACTA2 and
MYH11 genes in familial non-syndromic TAAs
[55,56]. However, several mouse studies also support
detrimental effects on aortic structure when TGF-β or
related signaling were inhibited, revealing a dimorphic
role of TGF-β signaling in the development of TAA [57].

Proteoglycans and glycoproteins
Proteoglycans provide mechanical support and mediate
cellular signaling responses in the aortic wall. Versican
was identified as the most upregulated ECM protein in
a mouse model of aortic dilatation by Ang-II infusion

[58]. Similarly, an accumulation of versican together
with an increase in aggrecan within the aortic intima
was detected in ascending aortas from TAA patients
[59]. The increase in total versican levels has been asso-
ciated with upregulation of TGF-β in TAAmice, which is
known to induce the expression of different proteogly-
cans [38]. Decorin was focally increased in human
ascending thoracic aortic samples compared with normal
aortic wall, whereas biglycan was decreased overall [52].
Increased levels of decorin and microfibril-associated
glycoprotein I have been described in the media layer
from sporadic non-syndromic TAAs, leading to defective
collagen and elastic fiber assembly and favoring TAA
development [60]. Perlecanwas also found to be downre-
gulated in human aortic media of TAA patients [61]. In
contrast, testican 2 levels were significantly increased in
surgical media samples from non-syndromic TAAs com-
pared with control subjects [60].
Thrombospondins, tenascins, and fibronectin are some

of the main glycoproteins of the ECM that play a role in
TAA development. Fibrinogen, an essential glycoprotein
precursor to fibrin, was found to be downregulated in aor-
tic media from TAA patients [61] and associated with
fibrin degradation products, such as D-dimer, whose
levels were elevated in TAA [3,7] (Figure 4).

Proteases
MMPs, the ADAMTS family, and TIMPs are the main
proteases and inhibitors present within the media that
contribute to ECM environment maintenance. MMPs
are in charge of cleavage and digestion of extracellular
proteins such as elastin and collagen for wall repairment,
remodeling and homeostasis, whereas the ADAMTS
family is key to ECM remodeling by proteoglycan cleav-
age and procollagens and vWF processing. TIMPs can
regulate MMPs and ADAMTS family activity to avoid
over-destruction. When TAA occurs, the combination
of altered levels of MMPs, ADAMTS, and TIMPs
together with biomechanical factors is thought to cause
medial degeneration. A rat model of TAA induced by
calcium chloride displayed significantly increased
expressions of MMP-2 and MMP-9 in the intima and
media [62]. A significantly higher expression of
ADAMTS-1 and ADAMTS-4 proteins was found in
TAA tissues compared with control aortic tissues [63].
Furthermore, in a mousemodel of sporadic TAA induced
by Ang-II infusion, ADAMTS-4 deficiency significantly
reduced aortic diameter and aneurysm formation. Com-
parably, significant expression of ADAMTS-4 was
detected in aortic tissues from patients with sporadic
ascending TAA [64]. The same induction byAng-II infu-
sion in a mouse model lacking the catalytic domain of
ADAMTS-5 resulted in a notable increase in versican
levels in those animals compared with control mice, sug-
gesting that this protease is the key to versican regulation
during aortic dilatation [58]. TIMPs inhibit MMP and
ADAMTS activity and a significant reduction in
TIMP-1, TIMP-2, and TIMP-4 was detected in TAA aor-
tas [65,66], suggesting an over-degradation of ECM
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products. Alpha-2-macroglobulin also inhibits MMPs
in TAA. The expression of this acute-phase protein
was increased in TAA tissues compared with adjacent
non-aneurysmal tissues, playing a role in the inhibition
and clearance of these active proteases [67] (Figure 4).

TAA and BAV

BAV is the most common congenital heart defect and
approximately 40% of BAV individuals develop ascend-
ing aortic dilatation [17]; thus, BAV is considered to be
an independent risk factor in TAA development. BAV
anatomical variations may alter the normal outflow pat-
terns in the ascending aorta, promoting aneurysms,
although the specific mechanisms are unknown.
Research focused on patients with BAVhas highlighted

the implication of proteases, VSMCs, and fibroblasts. Par-
ticularly, a significant increase inMMP-2 and a significant
reduction for TIMP-1 were found in TAAwith BAV com-
pared with TAA with tricuspid aortic valve (TAV) [65].
The activity of MMP-2 and MMP-9 were also measured
in TAA associated with BAV and TAV, suggesting that
the greater MMP-2 and MMP-9 activity found in

aneurysms associated with BAV could explain the higher
prevalence of TAA associated with BAV [68].

The expression of VSMC markers, such as α-SMA,
vimentin, calponin, transgelin, and OPN were found to
be differentially altered between both aortic valves.
Increased levels of calponin, α-SMA, and SM22 were
detected in BAV-derived compared with TAV-derived
VSMCs [18,69]. On the contrary, decreased levels of
vimentin were found in VSMCs from BAV subjects
[18]. Increased levels of OPN were found in aortic
VSMCs from BAV patients compared with the TAV
group [70]. In TAA samples, BAV subjects displayed
increased endothelial nitric oxide synthase (eNOS)
expression and activation compared with the TAV group
[71] and, particularly in aortic media, elevated oxidative
stress (increased superoxide anion production and lipid
peroxidation) was observed [72]. Remarkably, higher
infiltration of lymphocytes and plasma cells localized
in small vessels of the vasa vasorum within the adventi-
tia was found in TAV specimens when compared with
BAV samples [19]. Higher levels of the heat shock pro-
tein HSP27 were described in dilated aortas of BAV and
TAV patients compared with non-dilated aortas [69]. In
BAV patients, HSP27 was significantly lower compared
with TAV patients, suggesting a decreased resistance to
physical and chemical stress in BAV aortas and thus an

Figure 4. Schematic view of main molecular changes within the aortic structure in TAA.
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increased risk of TAA development [73]. Plasma TGF-β
was found to be significantly increased in patients with
TAV and aortic dilatation compared with non-dilated
aortas. When BAV is present, an increase in TGF-β
was also observed, although the difference failed to
reach statistical significance [74].

These findings have led some authors to suggest that
dilatation in patients with TAV involves inflammatory
processes, whereas aortic aneurysm in patients with
BAV may be the consequence of impaired repair capac-
ity [69]. Alterations in VSMC markers point to a con-
tractile prevalence of VSMCs in BAV patients,
whereas cases of TAA associated with TAV present
VSMCs with a synthetic phenotype. However, more
studies should be carried out to confirm this, especially
in light of the fact that multiple subtypes of VSMCs in
TAA have recently been described [75].

Molecular markers: from basic science to the clinic

Currently, there is a lack of molecular diagnostic
markers of TAA. In fact, there is extremely limited evi-
dence of any biomarker. As a result, when TAA is
known to exist, the risk of a fatal event is estimated based
on the aortic diameter, despite its poor sensitivity and
specificity. In particular, few studies point to specific
alterations in biological fluids, which may serve to mon-
itor progression, rupture, or postsurgical follow-up. Sup-
plementary material, Table S2 summarizes the main
molecular changes reported so far. Most reported varia-
tions were identified in the aortic tissue, and a few stud-
ies focused on specific arterial layers (mainly media) or
cell types (VSMCs, ECs). An analysis of biological net-
works revealed three main biological networks involved
in TAA, shown in supplementary material, Figure S2:
(A) connective tissue disorders, (B) tissue development,
and (C) cellular movement. Approximately 11–14% of
molecules included in the three networks are enzymes.
Transcription regulators are mainly involved in
(A) (8.5%), transmembrane receptors in (B) (14%) and
growth factors in (C) (11%).

Plasma levels of stromal cell-derived factor-1α were
positively correlated with aneurysm size [76]. Stromal
cell-derived factor-1α has been linked to cardiac regenera-
tion, tissue repair, and wound healing in different cardio-
vascular diseases, thus casting doubt on its specificity for
TAA. Similarly, plasma TGF-β was found to be altered
in TAA [74]. However, the difficulties that inhibit accurate
measurement of plasma levels owing to the possible inter-
ference of platelets has compromised its use as a progres-
sion marker [77]. Alpha-2-macroglobulin was decreased
in the sera of TAA patients [78]. The four and a half
LIM domains protein 1 (FHL1) was also increased in
TAA patients independently of aortic valve configuration
[79]. Plasma levels of the amino terminal pro-peptide of
type III procollagen were higher in patients with a signifi-
cant increase in aneurysm size, during a follow-up period
of 1.6 � 0.8 years, compared with those showing no or

limited growth [80]. This biological marker of collagen
metabolism is not specific for TAA, as it has also been
involved in hepatic disease or other affections of the car-
diovascular system.
Serum MMP-9 levels were higher in TAA compared

with control subjects, influenced by age and hyperten-
sion, and were positively associated with C-reactive pro-
tein [81]. Decreased levels of MMP-8, MMP-9, and
TIMP-1 were detected in plasma samples of TAA
patients, and TIMP-2 was found to be decreased in
BAV subjects [66]. Pro-MMP-2 was found to be the pre-
dominant isoform in the serum and tissue of TAA, irre-
spective of aortic valve configuration, whereas active
MMP-2 was not detectable in serum, suggesting that it
may not be released into systemic circulation [82].
Despite their promising role in TAA diagnosis, these
markers are involved in several processes that are not
specific to TAA: MMP-2 and MMP-9 in AAA;
MMP-8, MMP-9, TIMP-1, and TIMP-2 in cancer;
TIMP-2 and tumor necrosis factor receptor (TNFR) in
renal disease; MMP-8, TIMP-2, and collagens in pulmo-
nary disease; and alpha-2-macroglobulin, MMP-9,
TIMP-1, or collagens in other cardiovascular patholo-
gies. Some authors have pointed out that measuring the
MMP and TIMP ratio could improve specificity [83].
Nevertheless, more research should be undertaken to
confirm its utility.
Significantly higher amounts of fibrillin-1 fragments

were detected in the blood of aneurysmatic patients
[84]. Collagen content was also higher in the blood of
TAA patients, a hallmark of aortic elastic lamellae frag-
mentation [50,79], which triggers an inflammatory
response. Elevated levels of IL-6 and its receptor,
IL6R, were found together with TNFR1 and TNFR2 in
blood samples of TAA patients. An increase in C-
reactive protein was also found in blood samples of
TAA patients [85]. However, these are general markers
of inflammation and cannot be considered specific
TAA markers.

Concluding remarks and future perspectives

This review has presented and discussed a full array of
mechanical, structural, cellular, and molecular changes
affecting the aneurysmatic aorta in non-syndromic
TAA, including the biological pathways involved. Spe-
cific attention has been paid to alterations associated
with BAV.
One of the main goals in TAA cardiovascular medi-

cine is to identify specific changes in the aorta that can
be monitored in a biological fluid with screening poten-
tial and diagnostic purposes. However, previous evi-
dence underscores the lack of proper markers of risk
estimation for TAA patients. Individual altered mole-
cules cannot be used for this purpose, so combining
molecular markers in panels could help to define a spe-
cific tool with clinical potential. Additional efforts
should follow to explore the potential of complementary
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multi-omics approaches to provide a deeper insight into
the molecular content of blood and so identify minor
molecules playing key roles in TAA development that
may serve as markers or/and therapeutic targets.
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