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Abstract. Thoracic aortic aneurysm and dissection (TAAD)
is a life-threatening disease with an insidious onset and a
largely elusive pathogenesis. Hereditary TAAD (HTAD) can be
classified into syndromic forms, including Marfan syndrome,
Loeys-Dietz syndrome and vascular Ehlers-Danlos syndrome
and non-syndromic forms, including familial TAAD and
bicuspid aortic valve-associated TAAD. Current evidence
suggests that HTAD development shares several core mecha-
nisms, including extracellular matrix disruption, dysregulated
transforming growth factor-f3 signaling, vascular smooth muscle
cell dysfunction and, in the case of bicuspid aortic valve,
abnormal hemodynamic stress. The present review summarizes
the major genes and molecular pathways involved in HTAD and
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discusses their contributions to disease progression. Elucidating
the underlying mechanisms associated with HTAD may facili-
tate risk assessment and the development of targeted therapies.
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1. Introduction

Thoracic aortic aneurysm and dissection (TAFAD) is a
life-threatening condition associated with a high risk of
aortic rupture and substantial mortality. Approximately 30%
of TAAD cases demonstrate familial aggregation or carry
pathogenic genetic variants, and are collectively classified
as hereditary TAAD (HTAD) (1-3). Compared with sporadic
cases, HTAD often manifests at a younger age and may
progress to dissection at aortic diameters below conventional
intervention thresholds (4-7). These features underscore the
clinical importance of early recognition, genetic evaluation,
individualized surveillance and refined risk stratification.

Over the last decade, advances in genetic sequencing tech-
nology and disease modeling have provided new insights into
the molecular pathogenesis and altered signaling pathways of
TAAD. Core pathogenic processes include extracellular matrix
(ECM) disorganization, dysregulated signaling networks,
phenotypic and contractile dysfunctions of vascular smooth
muscle cells (vSMCs) and altered biomechanical stress, with
transforming growth factor-p (TGF-f)-associated signaling
occupying a central, but complex position in numerous HTAD
subtypes. Importantly, these mechanisms do not stand as
independent linear pathways. Rather, genetic defects, cellular
dysfunction, ECM instability and hemodynamic forces interact
dynamically within the aortic wall (8-10).
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Although several recent reviews have summarized the
genetic architecture of HTAD, a comprehensive framework
integrating shared molecular pathways with subtype-specific
mechanisms is still lacking (2,11,12). Given the marked
genetic heterogeneity of HTAD, distinguishing pathogenic
mechanisms from mutation- or syndrome-specific processes
may help to explain phenotypic variability, improve geno-
type-informed risk assessment and facilitate the development
of mechanism-based therapeutic strategies.

The present review therefore aims to synthesize different
strands of our current knowledge regarding the molecular
pathogenesis of HTAD, placing an emphasis on both common
disease pathways and subtype-specific features. Additionally,
unresolved controversies, gaps in the evidence and emerging
research directions were discussed, also proposing a concep-
tual framework for integrating genetic findings, molecular
mechanisms, biomechanical influences and translational
therapy in HTAD.

2. Classification of HTAD

As mentioned above, HTAD is a clinically and genetically
heterogeneous group of disorders and its classification has
important implications for diagnosis, risk stratification and
clinical management. Traditionally, HTAD has been catego-
rized into syndromic and non-syndromic forms, based on the
presence or absence of extra-aortic systemic manifestations
(Fig. 1).

Syndromic HTAD is most commonly associated with
Mendelian connective tissue disorders and typically involves
multisystem abnormalities affecting the skin, skeleton, eyes,
craniofacial structures and vasculature (13). Major syndromic
forms include Marfan syndrome (MFS), Loeys-Dietz syndrome
(LDS) and vascular Ehlers-Danlos syndrome (VEDS). By
contrast, non-syndromic HTAD is characterized predomi-
nantly by cardiovascular involvement, and includes conditions
such as familial thoracic aortic aneurysm and dissection
(FTAAD) and bicuspid aortic valve (BAV)-associated aortop-
athy (BAV is the most frequent congenital heart disease, where
the aortic valve only has two leaflets instead of the normal
three) (14).

However, this distinction is not absolute. An increasing
recognition of phenotypic overlap and convergent genetic
mechanisms has blurred the boundaries between syndromic
and non-syndromic HTAD. Taken together, these observations
suggest that HTAD is better viewed as a spectrum of associated
disorders, rather than as two entirely discrete categories.

3. Shared molecular mechanisms in HTAD

Despite the clinical and genetic heterogeneity of HTAD,
accumulating evidence suggests that diverse subtypes focus
on several core pathogenic mechanisms that drive aortic
wall degeneration and disease progression (Table I). These
processes are highly interconnected and collectively contribute
to progressive aortic wall degeneration.

Changes in ECM properties and composition. The aortic
ECM, composed predominantly of elastin and collagen,
provides elasticity, tensile strength and structural support to

Classification and pathogenesis of HTAD

Syndromic HTAD

ECM properties and composition

s TGF-B signaling
e LDS vSMC contraction and metabolism
* VEDS Hemodynamics

* MRLS
* SGS ‘
Non-syndromic HTAD

HTAD

« FTAAD

* BAV-associated aortopathy

Figure 1. Classification and pathogenesis of HTAD. HTAD is classified into
syndromic and non-syndromic forms. These forms share common patho-
genic mechanisms involving ECM integrity and composition, dysregulation
of TGF-f signaling, and altered SMC contraction and metabolism. BAV,
bicuspid aortic valve; ECM, extracellular matrix; FTAAD, familial thoracic
aortic aneurysm and dissection; LDS, Loeys-Dietz syndrome; MFS, Marfan
syndrome; MRLS, Meester-Loeys syndrome; SGS, Shprintzen-Goldberg
syndrome; SMC, smooth muscle cell; TAAD, thoracic aortic aneurysm
and dissection; HTAD, hereditary TAAD; vEDS, vascular Ehlers-Danlos
syndrome.

the aortic wall (15). Disruption of ECM homeostasis weakens
the aortic wall, thereby predisposing it to aneurysm formation
and dissection. In addition, pathogenic variants in genes such
as fibrillin-1 (FBN1) and type I1I collagen al chain (COL3AI),
disrupt collagen maturation and deposition, thereby compro-
mising the structural integrity of the aortic wall and increasing
susceptibility to aortic disease (16,17). Although ECM
dysfunction is strongly supported by genetic and experimental
evidence, the events that link primary matrix defects to
cellular and signaling abnormalities have yet to be completely
elucidated.

Dysregulation of signaling pathways. The TGF-f signaling
pathway is a key pathway that is implicated in HTAD due to
its role in vascular development, ECM regulation and cellular
homeostasis. Pathogenic variants affecting TGF-f3 pathway
components are associated with thoracic aortic disease of
varying severity (18-20). In mechanistic terms, these alterations
may disturb the balance between canonical Smad-dependent
signaling and non-canonical pathways. In particular, the down-
stream activation of extracellular signal-regulated kinases %
(ERK1/2), c-Jun N-terminal kinase (JNK) and PI3K/Akt has
been implicated in maladaptive aortic remodeling (21,22).

However, the precise contributions made by TGF-f§
signaling events remains controversial, since both increased
and decreased pathway activity has been reported in the
literature, suggesting the existence of subtype-specific,
stage-dependent and compensatory effects.

Contractile and metabolic abnormalities of vSMCs. vSMCs
are essential for maintaining aortic wall integrity, vascular
tone and adaptive responses to mechanical stress. Pathogenic
variants in genes such as smooth muscle cell-specific
myosin heavy chain (MYH)I] and actin a2, smooth muscle
(ACTA2) impair the contractile function of vSMCs and ECM
synthesis, leading to a reduction in the mechanical strength
of the vascular wall (23,24). As a result, these mutations
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A, Syndromic TAAD

Related OMIM
Disease/subtype genes number Mechanism of action
Marfan syndrome signaling FBN1 #154700 ECM properties and composition; TGF-f3
Loeys-Dietz syndrome type | TGFBRI #609192 TGF-f signaling
Loeys-Dietz syndrome type II TGFBR2 #610168
Loeys-Dietz syndrome type III SMAD3 #613795
Loeys-Dietz syndrome type IV TGFB2 #614816
Loeys-Dietz syndrome type V TGFB3 #615582
Loeys-Dietz syndrome type VI SMAD? #619656
Loeys-Dietz syndrome type VII IPOS8 #605600
Vascular Ehlers-Danlos syndrome COL3Al #130050 ECM properties and composition
Meester-Loeys syndrome BGN #301870 ECM properties and composition
Shprintzen-Goldberg syndrome SKI #182212 TGF-f signaling
B, Non-syndromic TAAD
Related OMIM
Disease/subtype genes number Mechanism of action
Familial thoracic aortic LOX #617168 ECM properties and composition
aneurysm dissection ACTA2 #613834 vSMC contraction and metabolism
MYHII #132900
MYLK #613780
PRKGI1 #615436
Bicuspid aortic valve NOTCH]I #109730 Hemodynamics; ECM properties and
GATA4 #600576 composition; vSMC contraction
GATAS #611496 and metabolism
GATA6 #601656
SMADG6 #614823
LOX #617168
ROBO4 #618496
ACTA2 #611788

ACTA2, actin alpha 2, smooth muscle; ECM, extracellular matrix; LOX, lysyl oxidase; MYHII, myosin heavy chain 11; OMIM, Online
Mendelian Inheritance in Man; PRKG1, protein kinase cGMP-dependent 1; ROBO4, roundabout guidance receptor 4; TAAD, thoracic aortic
aneurysm dissection; TGF-f3, transforming growth factor-f§; vSMCs, vascular smooth muscle cells.

hinder vSMCs from appropriately sensing and responding to
hemodynamic stresses, which accelerates the degradation and
dilation of the aortic wall (25-27). In particular, increased rates
of vSMC apoptosis have been implicated in both the initiation
and progression of HTAD, further undermining aortic wall
stability (28). Nevertheless, the precise contributions made by
distinct vSMC phenotypes across genetic subtypes have yet to
be fully elucidated.

Hemodynamic influences. Hemodynamic stress contributes
to aortic remodeling, particularly in BAV-associated aortop-
athy. Valvular abnormalities may lead to the generation of
disturbed flow, aortic regurgitation and increased wall shear
stress (WSS), all of which may promote aortic dilation (29-31).

The BAV exhibits a significant genetic predisposition,
with variants in genes including members of the NOTCH1
and GATA families being implicated in non-syndromic
disease (32). These variants may be predisposed not only
to valve malformation, but also to intrinsic aortic wall
weakness, thereby amplifying the effects of abnormal flow.
Therefore, mechanistically speaking, hemodynamic stress
probably acts in concert with genetic susceptibility, rather
than as an isolated driver.

Considered altogether, ECM disruption, vSMC dysfunc-
tion, dysregulated signaling and abnormal hemodynamic
stress form an interconnected pathogenic network in HTAD.
Matrix defects may alter mechanotransduction and growth
factor bioavailability; signaling abnormalities may affect
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vSMC phenotype and ECM remodeling; and abnormal
flow may further aggravate wall degeneration in genetically
susceptible aortas. In view of these defects, defining the rela-
tive contribution and hierarchy of these mechanisms will be
essential in terms of improving risk prediction and developing
mechanism-based therapies.

4. Syndromic HTAD

MFS.MFS, an autosomal dominant connective tissue disorder
with aortic dissection represents a major life-threatening
complication. The primary causative gene, FBNI, encodes
fibrillin-1, the major structural component of extracel-
lular microfibrils distributed throughout multiple tissues
and organs (33). FBN1 is composed of multiple epidermal
growth factor (EGF)-like domains, the majority of which are
calcium-binding (cb)EGF-like domains. These motifs bind
extracellular calcium ions, thereby stabilizing FBN-1 and
protecting it from proteolytic degradation (34,35).

In various MFS mouse models, different degrees of FBN1
deficiency have been observed, frequently accompanied by
aortic aneurysm formation, dissection and premature death (34).
In patients with Marfan syndrome, distinct histopathological
alterations have been identified across different affected aortic
segments, which also exhibit segment-specific patterns of ECM
remodeling (36). At the molecular level, mutations in FBN1
alter the secondary structure of EGF-like domains, leading
to protein misfolding and impaired microfibril assembly and
stability. Furthermore, structural abnormalities in cbEGF-like
motifs increase the susceptibility of FBNI to proteolytic degra-
dation (37). Collectively, these abnormalities in microfibril
architecture and the reduction in FBN1 levels compromise
aortic wall integrity and promote the development of TAAD.

Beyond these structural abnormalities, studies conducted
on MFS models and patient tissues have revealed the
critical yet complex role of TGF-f in the progression of
TAAD. Accumulating evidence indicates that enhanced
TGF-p signaling, particularly through the non-canonical
(Smad-independent) pathway, is a major driver of aortic
disease. Inhibition of TGF-f signaling in myeloid cells attenu-
ates aortic aneurysm formation in MFS mouse models, whereas
TGFBI expression has been reported to be elevated in patients
with MFS (38,39). Studies suggest that FBN1 plays an essen-
tial role in sequestering active TGF-p via latency-associated
peptide through its interaction with potential TGF-§ binding
proteins, thereby limiting TGF-p activation (Fig. 2A) (40,41).
The loss of FBNI1 integrity may therefore increase TGF-3
activity, consequently resulting in excessive TGF-f3 activation
and overactivation of multiple downstream non-canonical
signaling cascades, including the ERK1/2 and JNK1 pathways
(Fig. 2B). Losartan, an angiotensin II (AnglI) type 1 receptor
blocker, has been shown to exert protective effects against
aneurysm formation by suppressing non-canonical ERK1/2
signaling (42). Collectively, dysregulation of the TGF-f
signaling pathway and aberrant ERK1/2 activation are consid-
ered key contributors to aortic aneurysm development in MFS.

LDS.LDS is an autosomal dominant aortic aneurysm syndrome
characterized by arterial aneurysms and tortuosity, craniofacial
abnormalities, skeletal features and cutaneous manifestations.

Although its clinical manifestations are similar to those of MFS,
typical distinguishing features of LDS include a bifid uvula,
arterial tortuosity and wide-set eyes. The current gene-based
classification acknowledges seven LDS subtypes (43). The two
most common forms, LDS1 and LDS2, are caused by patho-
genic variants in TGF-f3 receptor 1 (TGFBRI) and TGFBR?2,
respectively, whereas variants in the genes SMAD3, TGFB?2,
TGFB3, SMAD?2 and importin 8 have also been identified in
affected individuals (44-46). Collectively, these genes encode
ligands, receptors or intracellular mediators of the TGF-f§
signaling pathway, thereby rendering TGF-f§ dysregulation the
central pathogenic feature of LDS.

Clinical studies have consistently shown enhanced TGF-f3
signaling in LDS aortic tissue across subtypes, including
increased levels of TGF-[3 expression, SMAD2 phosphorylation
and TGF-f target gene expression (19,46). However, these find-
ings were paradoxical, as the majority of the reported TGFBR1
and TGFBR?2 mutations have been shown to reduce receptor
serine/threonine kinase activity (18). Notably, increased levels
of phosphorylated SMAD2 have been observed both in LDS
patient aortic tissue with loss-of-function TGFBR1 variants
and in LDS mouse models (47,48).

Taken together, these observations suggest that cell-auton-
omous defects in canonical TGF-f signaling may trigger
the compensatory upregulation of TGF-f ligand production,
which, in turn, both promotes the paracrine activation of
neighboring cells and enhances non-canonical signaling,
thereby amplifying maladaptive aortic wall remodeling (49).
Therefore, LDS-associated mutations may attenuate canonical
TGF-p signaling while driving the compensatory activation of
non-canonical pathways, and the uncovering of this mechanism
helps to explain the paradoxical increases in TGF-[3 expression
that are observed in LDS, underscoring the complex role of
TGF-f} pathway dysregulation in the pathogenesis of HTAD
(Fig. 2C).

vEDS. vEDS is one of the most severe forms of EDS and
is caused by heterozygous pathogenic variants in the gene
COL3AI. Arterial dissection or rupture, including aortic
rupture, is the leading cause of mortality in affected individ-
uals (50). COL3AI encodes the al chain of type III collagen.
Of note, three of these chains assemble into homotrimeric
type III collagen molecules, which are characterized by a
repeating Gly-X-Y amino acid sequence. Type III collagen is
abundant in blood vessels and hollow organs, where it provides
tensile strength and tissue flexibility (51).

The majority of pathogenic COL3AI variants in VEDS
involve glycine substitutions within the collagen triple-helical
domain, which results in the disruption of trimer formation
and the destabilization of type III collagen. In addition to this
structural mechanism, however, recent studies have suggested
that altered stress-activated signaling may modify the severity
of the disease (52-54). In VEDS modeled mice, genetic abla-
tion of the signaling protein mitogen-activated protein kinase
kinase 6 (Map2k6), a p38-activating kinase, was found to
increase the risk of aortic rupture, and this was associated with
reduced activation of p38 and enhanced protein kinase C/ERK
phosphorylation (53). Taken together, these findings suggested
that maladaptive crosstalk between ERK and MAP2K6/p38
signaling may exacerbate matrix-driven vascular fragility.
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Figure 2. Differential regulation of TGF-f signaling in HTAD subtypes. (A) Under physiological conditions, fibrillin-1 sequesters the latent TGF-3 complex,
maintaining signaling homeostasis. (B) In MFS, pathogenic variants in FBN1 lead to increased availability of active TGF-f and the overactivation of nonca-
nonical pathways, such as ERK and JNK. (C) In LDS, mutations in TGF-f} receptors impair canonical signaling; however, this induces a compensatory
upregulation of TGF- ligands, resulting in the paradoxical activation of downstream pathways. These mechanisms highlight both shared and distinct features
of TGF-f dysregulation across HTAD subtypes. ERK, extracellular signal-regulated kinase; FBNI, fibrillin-1; HTAD, hereditary thoracic aortic aneurysm and
dissection; IKK, inhibitor of nuclear factor kB kinase; JNK, c-Jun N-terminal kinase; LAP, latency-associated peptide; LDS, Loeys-Dietz syndrome; MEK,
MAPK/ERK kinase; MFS, Marfan syndrome; MKK, MAP kinase kinase; TAK1, transforming growth factor-B-activated kinase 1; TF, transcription factor.

In conclusion, VEDS is primarily driven by
COL3A1-mediated type III collagen instability, which results
in profound arterial and visceral fragility. Emerging evidence
has demonstrated that signaling modifiers may further influ-
ence rupture susceptibility, thereby linking ECM defects to
broader stress-response pathways in syndromic HTAD.

5. Non-syndromic HTAD

FTAAD. Approximately 20% of cases of non-syndromic
TAAD have exhibited familial aggregation, and this condi-
tion, which is typically inherited in an autosomal dominant
manner, is termed FTAAD (55). Compared with sporadic
disease, FTAAD generally presents at an earlier stage and
is associated with more rapid aneurysm growth. The most
significant FTA AD-associated genes include ACTA2, MYH11,
MYLK, protein kinase cGMP-dependent 1 (PRKGI) and
lysyl oxidase (LOX) (3,56-59). With the exception of LOX,
these genes mainly affect the vSMC contractile apparatus,
leading to impaired contraction, defective mechanosensing
and phenotypic remodeling, whereas LOX variants are
primarily responsible for compromising ECM crosslinking
and biomechanical strength.

Mutations affecting the vSMC contractile apparatus. The
contractile apparatus of vSMCs consists of two myosin heavy
chains, two essential light chains and two regulatory light
chains (RLC) (25,60). Concerning the genes involved in these
processes (and as mentioned above), the SMC-specific filament,
a-actin, is encoded by ACTA2, whereas the myosin heavy chain
is encoded by MYH11. During vSMC contraction, intracellular

Ca?* levels increase, and Ca2?* binding to calmodulin activates
MYLK, which subsequently phosphorylates RLC, resulting in
the contractile force of vSMCs (60). By contrast, during relax-
ation, x cGMP-dependent protein kinase I (PKG-I), encoded by
PRKG], activates myosin light chain phosphatase, leading to
RLC dephosphorylation and vSMC relaxation. Notably, MYLK
and PRKGI encode key kinases involved in the regulation of
smooth muscle contraction and relaxation, respectively.

Among these genes, ACTA2 is the most common mutation
associated with FTAAD. Mutations that disrupt arginine 179
(p-R179H) and arginine 258 (p.R258C) have been shown to
correlate with aortic events (61). In the ACTA2 knockout mouse
model, aortic a-SMA expression was reduced, accompanied
by more severe aortic dilatation, which was associated with
increased levels of reactive oxygen species and enhanced NF-«B
signaling in vSMCs, as well as increased sensitivity to exogenous
AnglI (62,63). Concurrently, downregulation of a-SMA reduces
the expression of integrins involved in cell-matrix adhesion and
impairs the interaction between vSMCs and the ECM, thereby
weakening aortic wall contractility (64,65).

Mutations in MYHI1I are less common, but likewise
impair vSMC function. vSMC phenotypic switching from a
contractile to a synthetic state has been observed in the aortas
of patients with TAAD carrying mutations in both ACTA2 and
MYHII (24,26,66). This phenotypic transition is considered
an important mechanism contributing to TAAD pathogenesis.
Furthermore, histological staining of aortic sections from
patients carrying MYH 11 mutations revealed enhanced TGF-f3
signaling, which may be associated with the pathogenesis of
their TAAD. By contrast, the upregulation of TGF-f in ACTA2
mutations exhibited a less pronounced effect on TAAD (67).
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Pathogenic variants in MYLK and PRKGI are relatively
rare; however, both have been associated with severe TAAD
by disrupting vSMC contractile function (68). Insufficient
MYLK activity reduces phosphorylation of RLC proteins,
thereby impairing vSMCs' contractile function. A recent
study has further shown that MYLK overexpression can
reverse the transition of vSMC from a contractile pheno-
type to a secretory phenotype, and suppress the TGF-f3
signaling, ultimately attenuating TAAD progression (69).
In addition, the p.Argl77Gln mutation in PRKGI alters
the structure of its protein PKG-I, leading to its overacti-
vation, which results in reduced phosphorylation of RLC
in vSMC. This ultimately leads to a reduction in vSMC
contractility, thereby predisposing to aneurysm and
dissection (70).

Mutations affecting the ECM. LOX encodes a copper-
dependent LOX, which catalyzes the oxidative deamina-
tion of lysine and hydroxylysine residues. In the ECM, LOX
facilitates the formation of covalent crosslinking between
collagen and elastin, as well as the precipitation of an insol-
uble matrix, making it an indispensable component of tissue
development and pathological repair (71-73). Both missense
and loss-of-function LOX variants have been associated with
extensive aortic and arterial aneurysmal disease, which is
accompanied by connective tissue manifestations (74,75).
Reduced LOX activity, along with a reduction in elastin within
the ECM, is hypothesized to impair the elasticity and tensile
strength of the aorta, thereby inducing the occurrence of
TAAD.

Other ECM-associated genes affecting the ECM have
also been implicated in FTAAD, including COL3Al and
microfibril-associated glycoprotein 5 (MFAPS), encoding a
protein involved in the interaction within FBN1 in the ECM.
Loss-of-function variants in MFAPS5 may likewise represent a
potential cause for the development of FTAAD (76).

BAV-associated TAAD. A BAV is the most common congenital
valvular heart defect, with aortic stenosis and regurgitation as
its most common complications. The incidence of Stanford type
A proximal aortic dilatation TAAD is significantly increased
in patients with a BAV, indicating a strong association between
valve morphology and aortic disease (77). BAV-related TAAD
can be attributed to various factors, including genetic predis-
positions, alterations in the ECM of the vascular wall and
hemodynamic changes.

The primary aortopathy hypothesis. The primary aortop-
athy hypothesis proposes that BAV-associated aortic dilation
arises, at least in part, as an intrinsic developmental or genetic
abnormality of the aortic wall. NOTCH] variants have been
shown to hinder the endothelial-mesenchymal transition of
blood vessels during embryonic development, impairing the
aorta's ability to respond to pulse pressure (29,78). GATA
binding protein 4 (GATA4), GATAS and GATA6, members of
transcription factor family, are expressed in the mesoderm
during early heart development. Variants in these genes
can disrupt transcription factor activity, leading to BAV,
although their direct contribution to TAAD remains less well
defined (32). Additionally, variants in other genes, including
LOX, roundabout guidance receptor 4 and ACTA2, may also

contribute to aortic dilation through affecting ECM integrity,
endothelial stability or vSMC contractile function.

The hemodynamic hypothesis. The hemodynamic hypoth-
esis holds that the BAV significantly alters the direction of
blood flow and shear stress in the ascending aorta, resulting
in structural changes in the aortic wall. Four-dimensional flow
cardiovascular magnetic resonance imaging has revealed altered
blood flow patterns and increased WSS in the aorta of patients
diagnosed with a BAV (79-81). Computational models likewise
have shown such features as a reduced valve opening area,
eccentric flow and elevated WSS compared with tricuspid aortic
valves (30,82). Collectively, these findings support a mecha-
nistic role for abnormal hemodynamic stress in BAV-associated
aortopathy; furthermore, a greater extent of elevated WSS has
been associated with faster aortic dilation, suggesting that WSS
may serve as a marker of disease progression (83).

However, TAAD progression may persist in certain patients
with BAV even after aortic valve replacement, suggesting that
both the primary aortopathy and hemodynamics hypotheses
likely play a role (84). Increasing evidence suggests that their
relative contribution may vary according to the aortic segment,
with aortic root dilation being more strongly influenced by
intrinsic genetic factors, and ascending aortic dilation being
more susceptible to hemodynamic stress (85). However, defini-
tive separation of these effects remains challenging, since most
of the studies in the literature, to date, have lacked integrated
genetic and flow imaging data. Future studies combining
genomic profiling with advanced hemodynamic phenotyping
will be essential, both to clarify their respective roles and to
improve risk stratification in BAV-associated TAAD.

6. Gene-environment interactions in HTAD

Although HTAD is primarily genetically determined, envi-
ronmental and acquired factors have also been shown to
modulate disease onset and progression. Rather than acting
independently, these influences interact with the underlying
genetic susceptibility, and may contribute to variability in
clinical presentation and severity.

Hypertension is among the most established risk factors,
as chronic hypertension increases the mechanical stress on
the aortic wall, leading to damage and aneurysmal dilatation.
Patients diagnosed with HTAD are advised to regularly take
antihypertensive medications, even if their blood pressure
remains within normal limits (86).

Inflammation has been shown to facilitate the development
of aneurysmal dilatation and entrapment by disrupting the
structural integrity of the aortic wall (2,87). In BAV-associated
TAAD, elevated levels of aortic matrix metalloproteinase
(MMP)-2 and MMP-9 and increased rates of apoptosis have
been found to disrupt elastic fibers, to weaken aortic wall
strength and to promote disease progression (88-90). However,
whether inflammation is a primary driver of, or only a
secondary response to, aortic injury remains elusive.

Unhealthy lifestyles, including smoking, having a high-fat
diet and physical inactivity, may further exacerbate disease
progression of TAAD by promoting atherosclerosis and
hyperlipidemia (14). However, evidence currently available in
support of their direct role in HTAD progression is relatively
limited compared with that for sporadic aortic disease.
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Overall, these observations support a gene-environment
interaction model in HTAD in which genetic mutations
establish baseline susceptibility, whereas environmental and
acquired factors modulate disease penetrance and progression.
Future studies integrating genetic profiling with longitudinal
clinical and environmental data will be essential in order to
clarify these interactions and to improve risk stratification.

7. Therapeutic strategies for HTAD

ECM disruption, TGF-f dysregulation, vSMC dysfunction and
abnormal hemodynamic stress all provide potential therapeutic
targets in HTAD; however, current treatment methods mainly
aim to reduce aortic wall stress and slow disease progression.

Current clinical pharmacotherapy. In MFS, B-blockers,
including atenolol and propranolol, remain the standard treat-
ment, although losartan may also be administered to slow
aortic dilation in certain patients, with the efficacy of the treat-
ment being influenced by the FBN1 genotype (84,91).

In LDS, pharmacologic management mainly relies on
angiotensin receptor blockers and f-blockers to reduce blood
pressure and aortic wall stress (92-94). Comparative data have
suggested that losartan may be more effective at reducing pulse
wave velocity and arterial stiffness, whereas atenolol may be
more effective at lowering cardiac output and in the treatment
of stroke, supporting individualized drug selection (95). No
LDS-specific targeted therapy has yet been approved.

Because VEDS has a distinct pathogenic basis, therapies
effective in other forms of HTAD may not be equally benefi-
cial. The selective fl-blocker celiprolol appears to improve
vascular integrity in vVEDS animal models and is currently the
preferred preventive medication, whereas losartan has been
shown to have limited benefits in experimental models (96,97).

For FTAAD and BAV-associated TAAD, no etiology-
specific drug therapies are available at present; their
management therefore depends on antihypertensive treatment,
imaging surveillance and prophylactic surgery (98,99).

Emerging experimental strategies. Several mechanism-based
approaches have shown promise in preclinical studies. Given
the central role of TGF-f signaling in MFS and LDS, TGF-3
type I receptor (TBRI/ALKS) kinase inhibitors have been
shown to be beneficial in animal models and may represent
a future targeted strategy (100,101). RNA-based therapies,
including allele-specific silencing or correction of pathogenic
variants such as MYH]1, are also currently being investigated,
although efficient vascular delivery, specificity and long-term
safety remain major challenges.

Other experimental targets include inducible nitric oxide
synthase 2, the inhibition of which has also been shown to
reverse aortic dilation and medial degeneration in MFS animal
models (102). In BAV-associated TAAD, epigenetic regula-
tion and microRNA-based mechanisms are currently being
explored as possible therapeutic targets (103-105).

Advances that are being made in disease modeling and
biomarker development may further accelerate therapeutic
discovery. For example, patient-derived smooth muscle cell
organ-on-a-chip models can recapitulate cyclic biomechanical
strain in the aortic wall, thereby providing a platform for
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mechanistic studies and drug screening (106). In parallel,
standardized biomarker validation frameworks may facilitate
the clinical application of circulating markers associated with
disease progression or treatment response (107-109).

8. Summary and future prospects

In the present review, HTAD has been classified into
syndromic and non-syndromic forms based on clinical pheno-
type. Despite substantial genetic heterogeneity, the implicated
genes largely converge on several key processes, including
ECM homeostasis, TGF-f signaling, vSMC contraction and
metabolism, and abnormal hemodynamic stress. Across most
forms of HTAD, three shared mechanisms are prominent:
ECM disruption, dysregulated TGF-f signaling and impaired
vSMC contractility.

Multiple signaling pathways have been shown to contribute
to HTAD pathogenesis. TGF-f signaling is central to aortic
homeostasis via both canonical and non-canonical path-
ways (20). The PI3K/Akt signaling pathway regulates cell
survival, growth and metabolism, and has been implicated in
aortic aneurysm formation (110,111). On the other hand, NF-«xB
activation promotes inflammation and ECM degradation in
TAAD, and experimental evidence suggests that targeting
either PI3K/Akt or NF-kB signaling may attenuate disease
progression (112,113). Crosstalk among these pathways further
supports their potential as therapeutic targets (114).

Subtype-specific mechanisms further refine this
framework. In MFS, FBNI mutations promote excessive
non-canonical TGF-f signaling, whereas in LDS, variants in
TGF-f receptors or SMADs reduce canonical signaling, while
enhancing compensatory non-canonical activation. In VEDS,
COL3AI mutations have been shown to primarily destabilize
type III collagen and to weaken the vascular wall, with a less
prominent role identified for TGF-f3. In FTAAD, pathogenic
variants mainly affect the vSMC contractile apparatus, partic-
ularly ACTA2 and MYH]II, and this is often accompanied
by secondary TGF-f activation. Finally, in BAV-associated
TAAD, genetic susceptibility interacts with abnormal wall
shear stress to drive aortic remodeling.

Overall, HTAD can be viewed as a gene-driven disorder
in which modifier genes, hemodynamic forces and environ-
mental factors shape disease penetrance, progression and
severity. Future studies should focus on four major priorities:
First, large genotype-phenotype registries should be set up to
improve risk stratification; secondly, patient-derived induced
pluripotent stem cells and CRISPR-engineered models
should be established to investigate disease mechanisms and
therapeutic responses; thirdly, experiments should be devised
with targeted genetic interventions, including allele-specific
silencing and gene replacement, paying particular attention
to vascular delivery and long-term safety; and fourthly and
finally, polygenic and molecular modifiers should be identified
that may reveal new therapeutic targets for both HTAD and
sporadic TAAD. These efforts will help both to refine disease
prediction and to promote precision therapies for HTAD.
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