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Abstract

Aortic aneurysm is a vascular disease with a complex pathogenesis which is usually asymp-
tomatic but can lead to high mortality with sudden rupture. This review comprehensively
examines the molecular mechanisms of aortic aneurysms in the context of extracellular
matrix destruction, smooth muscle cell apoptosis, chronic inflammation, oxidative stress,
genetic mutations, and epigenetic regulations. In addition, the potential of molecular
biomarkers in diagnosis and prognosis and targeted treatment strategies are evaluated.
Animal models and translational findings form the basis for establishing a bridge between
preclinical and clinical applications. This study aims to provide insight into the integration
of molecular findings into clinical practice in light of the current literature and to guide
future research.

Keywords: aortic aneurysm; extracellular matrix; smooth muscle cell; inflammation; genetics;
epigenetics

1. Introduction
Aortic aneurysm is a primary vascular disease characterized by segmental dilatation

of the aorta, the largest vessel in the arterial system. It is often asymptomatic and has a high
mortality rate. This dilatation is usually defined as an increase in the aortic diameter to more
than 50% of normal. Clinically, it is most commonly classified as abdominal aortic aneurysm
(AAA) and thoracic aortic aneurysm (TAA). Since the disease is often silent, it cannot be
diagnosed before life-threatening complications such as rupture or dissection occur. Since
rupture can result in a high rate of death, early diagnosis and a good understanding of the
pathophysiology of the disease are of critical importance [1,2]. In recent years, significant
advances have been made in the diagnosis and treatment processes thanks to advanced
imaging techniques (e.g., CT angiography and MR angiography) and endovascular surgical
approaches [3,4]. However, these technical developments are insufficient to understand the
mechanisms of the disease’s onset and ensure effective prevention. The pathogenesis of
aortic aneurysm is too complex to be evaluated solely in terms of hemodynamic stresses;
it involves the interaction of cellular, molecular, genetic, and environmental factors [5,6].
The standard structure of the aortic wall consists of three layers that provide vascular wall
integrity: the tunica intima, the tunica media, and the tunica adventitia. These structures
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contain a complex organization of smooth muscle cells (vascular smooth muscle cells—
SMCs), extracellular matrix (ECM) proteins (especially elastin and collagen), and connective
tissue cells. Under homeostatic conditions, ECM synthesis and degradation are maintained
in a delicate balance. However, during aneurysm formation, this balance is disrupted;
ECM degradation increases, SMCs undergo apoptosis, infiltration of inflammatory cells
intensifies, and oxidative stress factors such as reactive oxygen species come into play [7,8].
As a result of these processes, the aortic wall’s elasticity and mechanical strength decrease,
paving the way for progressive dilation and possible rupture.

In addition, recent genetic and epigenetic studies have revealed that hereditary predis-
position and changes in gene expression via epigenetic regulators play an important role in
developing aortic aneurysms [9,10]. Genetic mutations seen in connective tissue diseases
such as Marfan syndrome, Loeys–Dietz syndrome, and vascular-type Ehlers–Danlos syn-
drome disrupt the structural integrity of the aortic wall and cause aneurysm formation at
an early age [11]. Thanks to advances in molecular biology techniques, biomarkers that
facilitate diagnosis in the early stages of the disease, treatment options for specific targets
and individualized monitoring strategies are promising [12,13]. This review aims to exam-
ine the molecular pathogenesis of aortic aneurysms in detail, evaluate the role of genetic
and epigenetic factors in line with the current literature, and reveal the contributions of
translational research with possible biomarkers that will shed light on future diagnostic
and therapeutic approaches.

This narrative review was conducted based on a comprehensive literature search using
the PubMed, Scopus, and Web of Science databases. The search included studies published
between January 2010 and March 2025. The primary keywords used included the following:
aortic aneurysm, pathogenesis, molecular mechanisms, genetics, epigenetics, inflammation,
oxidative stress, microRNA, biomarkers, and translational research. Boolean operators
(and, or) were applied to optimize search sensitivity and specificity. Only English-language,
peer-reviewed articles were included. Studies were selected based on their relevance to the
molecular pathogenesis, genetic and epigenetic mechanisms, and translational aspects of
aortic aneurysms. Exclusion criteria were as follows: non-English publications, case reports,
conference abstracts, and experimental animal studies without direct human translational
implications. Priority was given to recent high-quality reviews, meta-analyses, and original
research with robust methodologies.

2. Normal Histology and Molecular Structure of the Aortic Wall
The aorta, the main vessel of systemic circulation, is an artery with high elastic prop-

erties that delivers oxygenated blood from the heart to the body under high pressure.
This feature requires the aortic wall to have a unique architecture, both structurally and
functionally [14–16]. The aortic wall consists of three layers from the inside to the outside:
the tunica intima, the tunica media, and the tunica adventitia. Each layer represents a com-
plex organization containing different cellular components and extracellular matrix (ECM)
proteins [14,17]. The tunica intima is a thin layer covered with endothelial cells in direct
contact with the blood. These cells not only form a physical barrier but also play an active
role in regulating vascular tone, inflammation, and hemostasis by secreting molecules such
as nitric oxide and endothelin-1 [18,19]. Endothelial dysfunction is considered the first step
of pathological changes in the vascular wall by facilitating the adhesion of inflammatory
cells [20].
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The tunica media is the thickest layer of the aortic wall and consists mainly of smooth
muscle cells (SMCs) and ECM proteins such as elastin and collagen synthesized by these
cells. Elastic lamellae allow the aorta to resist systolic pressure and maintain continuous
blood flow by providing an elastic springback in diastole. Collagen increases mechanical
strength [15,21]. SMCs in the media layer provide structural support, regulate the synthesis
and degradation of ECM, respond to inflammatory stimuli, and exhibit phenotype change-
ability. In the development of aneurysms, apoptosis of these cells or the transition from the
contractile phenotype to the synthetic phenotype increases ECM imbalance and disrupts
wall integrity [22,23]. The tunica adventitia is the outer layer enriched with fibroblasts,
macrophages, lymphocytes, and small vascular networks called the vasa vasorum. The
vasa vasorum supplies the outer layers of large-diameter arteries and can expand with neo-
vascularization under hypoxic conditions. The adventitia also forms a microenvironment
where inflammatory cells migrate and chronic inflammation persists. During chronic in-
flammation, the adventitia thickens, and macrophage and lymphocyte infiltration increases,
triggering MMP release and disrupting the medial layer [24,25]. The ECM components of
the aortic wall are the basic structures that determine the mechanical and elastic properties
of the tissue.

The main ECM proteins include elastin, type I and III collagen, fibrillin-1, decorin,
fibronectin, and laminin. SMCs and fibroblasts synthesize these molecules, while their
degradation is mediated by matrix metalloproteinases (MMPs) [14,26,27]. MMP activity
is balanced by tissue inhibitors of metalloproteinases (TIMPs). This dynamic balance is
critical for maintaining vascular wall homeostasis. However, disrupting the MMP-TIMP
balance increases ECM destruction, leading to aneurysm formation [13,28]. Consequently,
the aortic wall’s standard histological structure and molecular organization play a vital role
in maintaining vascular integrity. When this complex structure is disrupted, the aneurysmal
process begins with loss of elasticity and structural collapse. The molecular pathomecha-
nisms behind this disruption will be discussed in detail in the following sections.

3. Pathogenesis and Molecular Mechanisms in Aortic Aneurysm
The pathogenesis of aortic aneurysm is not only the result of hemodynamic stress

acting on the vessel wall, but also dysfunction of cellular structures in the vessel wall and
disruptions in molecular signaling pathways. This multidimensional process progresses
through the interaction of extracellular matrix (ECM) destruction, smooth muscle cell
(SMC) apoptosis, inflammatory response, oxidative stress, and genetic/epigenetic regula-
tions [5,29]. The continuity of these processes impairs the mechanical strength of the aortic
wall, leading to progressive dilatation and ultimately the risk of rupture (Figure 1).

This pathway involves multiple overlapping mechanisms such as VSMC apoptosis,
ECM remodeling, inflammatory cytokine signaling, and activation of ROS-generating
enzymes like NADPH oxidases. Downstream transcriptional effects are mediated via
NF-κB, SMAD2/3, and p53 signaling, contributing to medial layer weakening and aortic
wall dilatation.
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Figure 1. Molecular mechanisms contributing to aortic aneurysm pathogenesis, including extracellu-
lar matrix (ECM) degradation, smooth muscle cell (SMC) apoptosis, oxidative stress, inflammation,
and dysregulated TGF-β signaling, which collectively weaken the aortic wall.

3.1. Matrix Metalloproteinases (MMPs) and ECM Degradation

Matrix metalloproteinases (MMPs) play the most important role in the degradation
of ECM proteins in the aortic wall. In particular, MMP-2 and MMP-9 are key enzymes in
degrading structural proteins such as elastin and collagen. These enzymes are secreted
primarily by macrophages, neutrophils, and synthetic vascular SMCs. Studies on aneurys-
mal aortic tissue have shown that the expression of these MMPs is increased while the
levels of their natural inhibitors, TIMP-1 and TIMP-2, are decreased [30,31]. This imbalance
accelerates the degradation of the ECM, disrupts the integrity of the elastic lamellae, and
leads to irreversible structural weakening of the aortic wall [32].

3.2. Smooth Muscle Cell (SMC) Apoptosis and Phenotypic Change

Vascular smooth muscle cells provide structural support and are responsible for the
production of ECM proteins, cytokine response, and vascular tone regulation. Apoptosis of
SMCs significantly increases aneurysm development [28]. With the increase in apoptosis,
ECM synthesis decreases and vascular wall integrity is weakened. In addition, SMCs show
phenotypic change from the contractile phenotype to the synthetic phenotype, increasing
MMP production and causing the expression of proinflammatory cytokines [17,33]. This
transformation further exacerbates the ECM degradation cycle.

3.3. Inflammation and the Role of the Immune System

Aneurysm development is characterized by chronic inflammatory cell populations
that settle in the vessel wall. Macrophages, T lymphocytes, and dendritic cells are densely
located in the intima and adventitia layers. Cytokines such as IL-6, IL-1β, and TNF-α
released from these cells increase both MMP expression and trigger SMC apoptosis [34,35].
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In recent years, it has been shown that the NLRP3 inflammasome, one of the inflammatory
signaling pathways, is activated in abdominal aortic aneurysms and plays a role in main-
taining the inflammatory cascade [36,37]. This inflammatory response accelerates vascular
weakening by increasing proteolytic activity in local tissue.

3.4. The Role of Oxidative Stress

Oxidative stress is involved in aneurysm pathogenesis as both a cause and a con-
sequence. The increase in reactive oxygen species (ROS) is particularly associated with
activating the NADPH oxidase complex [38]. ROS accumulation causes apoptosis of SMCs,
impairs endothelial function, and triggers inflammation. At the same time, ROS promotes
ECM degradation by increasing MMP gene expression [39]. Known risk factors such as
aging, smoking, and hypertension contribute to aneurysm progression by increasing the
level of oxidative stress [40].

3.5. Disruption of the TGF-β Signaling Pathway

Transforming Growth Factor-β (TGF-β) is a growth factor that normally supports
vascular wall homeostasis. However, under pathological conditions, excessive activation
of this signaling pathway or dysfunction due to mutations may result in imbalance in ECM
synthesis and excessive fibrosis [41]. In connective tissue diseases such as Marfan and
Loeys–Dietz syndromes, TGFBR1/2 and SMAD gene mutations disrupt the regulation of
this pathway and increase the risk of thoracic aortic aneurysm [42,43]. In addition, TGF-β
modulates inflammation and neovascularization, affecting disease progression [44]. All
of these mechanisms do not work alone, but in interaction with each other. Increased
MMP activity, in synergy with inflammatory cell infiltration and oxidative stress, causes
the aortic wall to weaken and expand over time. Understanding this molecular cycle is of
great importance for identifying new therapeutic targets.

3.6. Genetic Contributions to Aneurysm Formation

Genetic predisposition plays a significant role in aneurysm formation, particularly in
thoracic aortic aneurysms. Mutations in genes such as FBN1, TGFBR1/2, SMAD3, ACTA2,
MYH11, and LOX affect extracellular matrix integrity, TGF-β signaling, and smooth muscle
cell function. These variants can impair vessel wall architecture and increase susceptibility
to dissection. Genome-wide association studies (GWASs) have also identified common
polymorphisms associated with sporadic aortic aneurysms, further supporting a polygenic
component to disease susceptibility.

4. Genetic and Epigenetic Factors
Not only environmental factors, but also genetic predisposition and epigenetic regula-

tors play a critical role in the development of aortic aneurysms. Thoracic aortic aneurysms
(TAAs) in particular have a more distinct genetic basis compared to abdominal aortic
aneurysms (AAAs) [45,46]. Familial clustering, inherited connective tissue diseases, and
single-gene mutations underlie this difference. In addition, molecular biology studies in re-
cent years have shown that epigenetic mechanisms (such as DNA methylation, microRNAs,
and histone modifications) also have an effect on aortic wall biology [10,47].

4.1. Hereditary Connective Tissue Diseases and Monogenic Mutations

Some hereditary connective tissue syndromes are responsible for a significant portion
of TAA cases that occur at a young age. The best-defined are Marfan syndrome, Loeys–Dietz
syndrome, and vascular-type Ehlers–Danlos syndrome (Figure 2).
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Figure 2. Genetic syndromes and associated gene mutations contributing to thoracic aortic aneurysm
(TAA), including Marfan syndrome (FBN1), Loeys–Dietz syndrome (TGFBR1/2 and SMAD3), and
vascular Ehlers–Danlos syndrome (COL3A1).

• Marfan syndrome is caused by mutations in the FBN1 gene that result in a defect
in the fibrillin-1 protein. This defect leads to disruption of elastic fiber organization
and excessive activation of the TGF-β signaling pathway [42,43]. In addition to
the well-established TGF-β pathway genes, variants in smooth muscle contractile
apparatus genes such as ACTA2, MYH11, LOX, and PRKG1 have been linked to
familial thoracic aortic aneurysms. ACTA2 mutations impair actin polymerization,
weakening vessel wall tension and predisposing to dissection. LOX mutations reduce
elastin crosslinking, compromising structural integrity.

• Loeys–Dietz syndrome is associated with gene mutations encoding various compo-
nents of the TGF-β signaling pathway (TGFBR1, TGFBR2, and SMAD3). The risk of
aortic dissection is high in this syndrome, and dissection may develop even when
dilatation is usually minimal [46,47].

• Ehlers–Danlos syndrome (vascular type) is caused by mutations in the COL3A1 gene
that result in a defect in type III collagen synthesis. This condition severely weakens
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the mechanical strength of the aortic wall and increases the risk of spontaneous
rupture [48].

4.2. Genetic Polymorphisms in Sporadic Aortic Aneurysms

Genetic contributions cannot be ruled out in sporadic AAA and TAA cases. Single-
nucleotide polymorphisms (SNPs) may increase disease risk by affecting certain genes’
expression levels or functions. For example:

• Some SNPs in the MMP9, IL6, TIMP1, and ACE genes may increase the activity of
pathways that facilitate ECM degradation [49,50].

• Genome-wide association studies (GWASs) have identified new risk loci associated
with AAA. These studies have shown that genetic variations contribute to aneurysm
formation [51].

4.3. Epigenetic Regulations

Epigenetic mechanisms permanently or temporarily regulate gene expression with-
out changing DNA sequences. These processes are crucial in explaining the effects of
environmental factors on genetic activity [52].

• DNA Methylation: Hypermethylation in promoter regions can suppress anti-
inflammatory genes or genes involved in ECM production [53].

• MicroRNAs (miRNAs): Changes in the expression levels of miRNAs, especially miR-
29, miR-195, miR-21, and miR-143/145, have been reported in aneurysmal tissues. The
miR-29 family can suppress collagen and elastin synthesis and weaken ECM [27,54,55].

• Histone Modifications: Acetylation or methylation of histone proteins determines
whether genes remain on or off by affecting chromatin structure. Increased histone
acetylation has been detected in aneurysm tissues, particularly in the promoter regions
of genes associated with the inflammatory response [56].

These findings suggest that both inherited and acquired molecular mechanisms con-
tribute to the pathogenesis of aortic aneurysms. Genetic screening, individualized risk
analysis, and pharmacological interventions targeting epigenetic targets hold great poten-
tial for future diagnostic and therapeutic strategies.

5. Animal Models and Translational Findings
Animal models developed to understand aortic aneurysms at the molecular level play

a critical role in elucidating the cellular and biochemical processes involved in pathogen-
esis [57]. Mouse models, in particular, are frequently preferred in experimental studies
due to their suitability for genetic manipulation, short life cycle, and cost-effectiveness [58].
These models offer the opportunity to analyze the disease process’s basic mechanisms and
test the effectiveness of new pharmacological targets [59].

5.1. Elastase-Induced Abdominal Aortic Aneurysm Model

In this model, porcine pancreatic elastase (PPE) is infused into the abdominal aorta to
break down elastin fibers [35]. After this procedure, the aortic wall weakens rapidly, inflam-
mation begins, and aneurysmal dilatation occurs over time. The main features of the model
include increased MMP activity, infiltrating macrophage accumulation, smooth muscle cell
apoptosis, and significant oxidative stress [60]. This model is frequently used because it
mimics aneurysm development accompanied by ECM destruction and an inflammatory
response [61].
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5.2. Calcium Chloride (CaCl2) Model

Calcium chloride applied to the perivascular area causes local inflammation and
elastin degeneration. As a result of the structural disorders that occur, aortic wall dilation
occurs over time [62]. It is more suitable for chronic aneurysm models because it offers a
pathology that develops more slowly than the elastase model. Oxidative stress is evident
in this model; SMC loss and ECM degradation are observed [31].

5.3. Angiotensin II (Ang II)-Induced Aneurysm Model

This model infuses genetically modified mice (especially ApoE−/− or LDLR−/−)
with Angiotensin II subcutaneously. As a result, aneurysms and dissections may develop
in both abdominal and thoracic aortic regions [24]. This is characterized by the destruction
of elastic lamellae, especially intimal tears and dissection formation in the media. Inflam-
matory cell infiltration, increased ROS, and atherosclerotic plaque formation are prominent
features of this model [63]. It offers significant advantages in modeling aneurysm formation
associated with atherosclerosis.

5.4. Genetic Models

Transgenic mouse models carrying single-gene mutations have been used to study
inherited aortic diseases. For example, the Fbn1C1039G/+ mouse model mimicking Mar-
fan syndrome is prone to developing spontaneous thoracic aortic aneurysms [41]. Simi-
larly, knockout or overexpression models of the TGFBR1, TGFBR2, SMAD3, and MMP-
9 genes have been used to understand the effects of the TGF-β signaling pathway on
aneurysms [64,65]. These models are valuable for investigating the disease’s genetic basis
and validating potential genetic targets.

5.5. Translational Findings and Clinical Relevance

Animal models have provided evidence for many molecular mechanisms that can be
correlated with clinical observations [66]. For example:

• MMP inhibitors (such as doxycycline) have slowed aneurysm development by sup-
pressing MMP activity in experimental models but have had limited success in clinical
trials [67].

• Therapeutic agents directed against microRNAs (such as miR-29 antagomirs) have
shown positive results by preserving ECM homeostasis in animal models [54].

• Oxidative stress-reducing strategies (such as NADPH oxidase inhibitors) have reduced
medial damage by reducing ROS levels [68].

• β-aminopropionitrile (BAPN), an irreversible inhibitor of lysyl oxidase, induces me-
dial degeneration by preventing the crosslinking of collagen and elastin. Administered
orally in mice, BAPN leads to weakening of the aortic wall and dissection, espe-
cially when combined with Ang II. This model simulates medial degeneration and is
increasingly used to study the pathophysiology of thoracic aortic dissection.

However, positive findings obtained in animal models are not always directly trans-
ferable to human studies. Genetic, hemodynamic, and environmental differences pose
important limitations in terms of translational validity. Therefore, it is of great importance
to support preclinical findings with human studies.

6. Molecular Biomarkers and Future Diagnostic–Therapeutic Approaches
Aortic aneurysms are usually among the diseases that are noticed when the risk of

rupture increases due to their silent course over a long period of time and the absence of
clinical symptoms. This situation makes early diagnosis and risk stratification significantly
difficult. In this context, molecular biomarkers, which have become increasingly prominent
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in recent years, are attracting attention due to their potential to evaluate the presence
and progression of aortic aneurysms with non-invasive methods [69,70]. This information
obtained at the molecular level offers important opportunities not only in terms of diagnosis
but also in terms of monitoring the course of the disease and developing individualized
treatment strategies [71].

6.1. Potential Molecular Biomarkers

Matrix metalloproteinases (MMP-2 and MMP-9) have been detected at high levels in
aneurysm tissues and peripheral blood and are directly related to the destruction of the
extracellular matrix [30,31,61]. The decreased levels of inhibitors such as TIMP-1, which bal-
ance this proteolytic activity, indicate that the destruction progresses uncontrolled [13,72].
In evaluating inflammatory processes, cytokines such as IL-6, TNF-α, and CRP have been
frequently studied and reported to be found at high levels, especially in cases with rapid
progression [73]. In addition, glycoproteins associated with cell migration and inflamma-
tion, such as osteopontin, have been detected at significantly increased levels in patients
with abdominal aortic aneurysms (AAAs) [74]. MicroRNAs, which have recently gained
an important place among molecular biomarkers, play an important role in the develop-
ment of aneurysms by affecting both ECM integrity and smooth muscle cell functions [75].
MicroRNAs, especially miR-29b, miR-195, miR-21, and miR-143/145, have attracted at-
tention because they affect ECM protein expression, cell proliferation, and inflammatory
regulation [27,54,55]. The fact that these molecules can be measured in serum makes them
prominent among the non-invasive diagnostic tools of the future [75]. In addition, throm-
bosis and fibrin degradation products such as D-dimer and structural protein products
such as fibronectin, TGF-β1, and elastin peptides indirectly indicate aneurysm-related
biochemical changes [76].

6.2. Molecular Targeted Treatment Approaches

The classical approach to the treatment of aortic aneurysms is to repair the patholog-
ical region with surgery or endovascular interventions. However, these methods target
the anatomical consequences of the disease and do not correct the underlying molecular
mechanisms [77]. Therefore, in recent years, molecular treatment strategies targeting the
biochemical and cellular basis of the disease have been developed. MMP inhibitors are
among the first agents to have been developed in this context, and especially non-selective
inhibitors such as doxycycline have been shown to slow aneurysm progression in animal
models [67,78]. However, clinical results have been contradictory, and these treatments
have not been widely accepted due to systemic side effects. Modulators targeting the
TGF-β signaling pathway are promising, especially in hereditary connective tissue dis-
eases [41,42]. Losartan, used in patients with Marfan syndrome, slowed the rate of aortic
dilatation by inhibiting TGF-β and paved the way for further studies in this area [41].
In addition, conventional agents such as statins have been reported to provide poten-
tial benefits by suppressing inflammation and reducing MMP expression [79]. Biological
agents targeting proinflammatory cytokines have also shown positive results, especially in
preclinical studies [34]. Therapeutic interventions targeting microRNAs aim to regulate
pathological expressions through antagomir and miRNA mimetics, thus restoring ECM
homeostasis [52,54]. In addition, considering the role of oxidative stress in the disease pro-
cess, agents such as NADPH oxidase inhibitors can protect vascular structure by reducing
reactive oxygen species [68] (Figure 3).
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Figure 3. Selected molecular biomarkers associated with aortic aneurysm pathogenesis and their
corresponding targeted therapies. These include MMP-9 (doxycycline), dysregulated microRNAs
(antagomirs), oxidative stress (statins), and TGF-β signaling (losartan).

6.3. Future Perspectives

While promising, gene editing technologies (e.g., CRISPR-Cas9) face challenges such as
delivery vectors, off-target effects, and ethical concerns. Similarly, RNA-based therapeutics,
including siRNAs and miRNA mimics/antagomirs, have shown efficacy in preclinical
models but await validation in Phase I/II trials (e.g., NCT04517283). Regulatory pathways
and standardization remain critical hurdles.

6.4. Clinical Translation and Ongoing Trials

Recent advances in circulating biomarkers such as miR-29b, MMP-9, and osteopon-
tin have shown potential in stratifying aneurysm rupture risk. Their integration into
imaging-based screening protocols is currently under investigation (e.g., ClinicalTrials.gov,
NCT04603065). However, none have yet been validated for routine use due to specificity is-
sues. D-dimer and CRP are widely available but not sufficiently specific. Future integration
will require biomarker panels validated across aneurysm subtypes.

In the coming period, diagnostic and treatment strategies for aortic aneurysms are
expected to be based on individualized approaches largely. Developing biomarker panels
with high sensitivity and specificity may enable early detection of the disease [71,76]. Ge-
netic risk scores may contribute to establishing proactive monitoring protocols, especially
in cases with familial inheritance [51]. In addition, integrating molecular data with radio-
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logical findings using artificial intelligence-based algorithms may allow the development
of patient-based risk prediction models [80]. In the long term, introducing innovative ap-
proaches such as gene editing technologies and RNA-based therapies into clinical practice
may radically change the course of the disease. However, integrating all these develop-
ments into clinical practice will be possible through high-quality clinical studies supported
by multidisciplinary collaborations.

7. Discussion
The current review highlights the multifactorial and dynamic nature of aortic

aneurysm pathogenesis by integrating molecular, genetic, and translational findings. One
of the central findings is the pivotal role of extracellular matrix (ECM) degradation medi-
ated by matrix metalloproteinases (MMP-2 and MMP-9), which are consistently elevated in
both clinical and experimental studies. However, clinical translation of MMP inhibitors
has shown limited efficacy, raising concerns about therapeutic selectivity and side effects.
Inflammatory responses, particularly those mediated by IL-6, TNF-α, and the NLRP3 in-
flammasome, have been implicated as amplifiers of vascular damage. While animal models
provide strong evidence supporting these mechanisms, human data remain variable, and
inflammation-targeted therapies are still under evaluation in early-phase trials. Similarly,
oxidative stress—often driven by NADPH oxidase activation—has been shown to facilitate
both SMC apoptosis and MMP upregulation. While promising results have been achieved
using antioxidant strategies in preclinical models, their clinical applicability remains un-
certain due to heterogeneity in patient populations and underlying risk factors. On the
genetic side, rare monogenic mutations, such as those in FBN1, TGFBR1/2, and COL3A1,
have been established as links to syndromic thoracic aortic aneurysms. In contrast, com-
mon polymorphisms and epigenetic alterations (e.g., miR-29 and DNA methylation) in
sporadic aneurysms offer a more nuanced and complex picture. These molecular alter-
ations show promise as biomarkers but require further validation in extensive, prospective
human studies.

Despite these advancements, the review is limited by the availability and variability
of clinical data. Most molecular insights are derived from animal models, which may not
fully replicate the human disease spectrum. Moreover, heterogeneity in aneurysm location
(thoracic vs. abdominal), etiology (genetic vs. degenerative), and patient demographics
complicate biomarker generalization and therapeutic targeting. In future studies, an inte-
grative multi-omics approach combined with artificial intelligence-based prediction models
may offer a more personalized roadmap for both diagnosis and treatment. Longitudinal
cohort studies and randomized controlled trials with molecular endpoints are crucial for
translating current molecular understanding into clinically actionable strategies.

Thoracic aortic aneurysms (TAAs) and abdominal aortic aneurysms (AAAs) differ
significantly in embryologic origin, hemodynamic stress exposure, and molecular drivers.
TAAs are often associated with genetic mutations and structural defects, whereas AAAs are
more influenced by inflammation, oxidative stress, and atherosclerosis. These differences
underscore the need for site-specific biomarkers and therapeutic strategies.

8. Conclusions and Future Perspectives
Aortic aneurysms are clinically heterogeneous but pathophysiologically complex

vascular diseases that are usually asymptomatic and have an insidious course. When
symptoms occur, they usually lead to fatal complications such as rupture. The forma-
tion and progression of this disease are shaped by the interaction of extracellular matrix
(ECM) destruction, apoptosis, and phenotypic change of vascular smooth muscle cells
(SMCs), activation of chronic inflammatory processes, increased oxidative stress, and
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various genetic and epigenetic regulations [13,30,31,42,52,73,74]. These multilayered molec-
ular mechanisms cause the aortic wall to weaken over time and lose its elasticity and
increase the risk of rupture. Translational and experimental studies conducted in the
last decade have revealed the details of these molecular processes and contributed to the
identification of new diagnostic and therapeutic targets. In particular, molecules such as
matrix metalloproteinases (MMPs), various microRNAs, the transforming growth factor-
beta (TGF-β) signaling pathway, inflammatory cytokines, and reactive oxygen species
(ROS) stand out as both diagnostic biomarkers and potential treatment targets for the
disease [27,41,54,55,70,75]. However, integrating these molecules into clinical use has been
limited, with most agents and markers remaining only in the preclinical stage [67,78]. In the
future, biomarker panels to be developed in light of this molecular information may both
enable early diagnosis of the disease and contribute to an objective assessment of the rate
of progression [71,76]. These panels, which can be detected non-invasively and have high
specificity, may form the basis of individualized monitoring protocols. In addition, with
RNA-based treatment approaches, genetic risk scores, and artificial intelligence-supported
decision-making algorithms, patient-based risk prediction can be made more sensitively
and targeted [51,80]. In this way, the timing of interventions can be determined more accu-
rately, and the complications of the disease can be reduced. In this review, the molecular
dynamics of aortic aneurysms have been comprehensively analyzed in line with the current
scientific literature. Many pathogenetic mechanisms, from ECM destruction to cellular
stress responses, from genetic mutations to epigenetic regulators, have been discussed;
experimental models, molecular biomarkers, and future treatment strategies have been
comprehensively evaluated. Given all this information obtained, large-scale, prospective,
randomized, and multicenter clinical studies are very important for their integration into
clinical practice. In addition, comprehensive databases will be created with the collab-
oration of multidisciplinary teams, which will contribute to the validation of molecular
biomarkers and the creation of new treatment protocols. In this direction, stronger inte-
gration of molecular biology with clinical cardiovascular medicine may usher in a new
paradigm shift in managing aortic aneurysms.

9. Final Remarks
Aortic aneurysms represent a significant clinical problem due to their asymptomatic

course and fatal complications such as sudden rupture. Advances in molecular biology
and translational research have revealed complex mechanisms that play a role in the
pathogenesis of the disease. These mechanisms include extracellular matrix degradation,
inflammation, oxidative stress, and genetic predispositions. Although various promising
biomarkers and therapeutic targets have been identified, the integration of these findings
into clinical practice is still limited. In the future, the management of aortic aneurysms will
progress toward developing biomarker panels with high sensitivity and specificity, creating
personalized treatment algorithms, and applying targeted molecular therapies. Integrating
clinical data with molecular information and technological innovations such as artificial
intelligence will pave the way for personalized medicine in managing vascular diseases.
Large-scale, multicenter clinical studies and interdisciplinary collaborations are critical to
achieving these goals.
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