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Introduction

Bicuspid aortic valve (BAV) disease is the most common 
non-syndromic congenital cardiac anomaly. The majority 
of patients with a BAV experience complications in 
their clinical course due to valve related abnormalities 

such as aortic stenosis, aortic regurgitation and infective 
endocarditis. Moreover, BAV patients have a sharply 
increased risk for the development of a thoracic aortic 
aneurysm (1), defined as a permanent pathologic widening 
of the aorta greater than 1.5 times the normal diameter. 
Aneurysm formation is a potentially devastating process 
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which is associated with a life-long risk of lethal adverse 
aortic events, being an acute thoracic aortic dissection (a 
tear of the inner layer of the aortic wall, causing the inner 
and middle layer of the aorta to split) or an aortic rupture. 

Until now, the only way to detect the presence of a 
thoracic aortic aneurysm and prevent an acute aortic 
syndrome is with formal screening of the aortic diameter. 
Although considered as the only criterion in the aortic 
surgery guidelines, the aortic diameter as a selection 
criterion has a very low sensitivity, as the majority 
of dissections occur at a (sub)normal diameter (2,3), 
highlighting the importance of intrinsic pathology of the 
ascending aortic wall in predisposing adverse conditions. 
Treatment of thoracic aortic aneurysms and dissections 
(TAADs) therefore, remains a challenge in both the elective, 
as well as emergency setting. Traditionally, the decision of 
when and if to operate is based on the balance of expected 
surgical risk and hazard of aortic rupture. Difficulty arises 
in elective cases when only the aortic diameter is taken into 

consideration and, nothing is known about the intrinsic 
aortic pathology of the individual patient. To be able to 
predict the risk for aortic complications in the individual 
patient and design targeted therapy, more insight in the 
TAADs disease process is warranted. 

The embryonic origin of the semilunar valves is closely 
related to the development of the ascending aorta. Hence, 
distortion of the early developmental pathways could not 
only lead to a BAV, but also the associated aortopathy.

Considering the clinical implications, comprehension of 
the development of the ascending aorta and both normal 
and abnormal aortic valves is mandatory. 

In this review we summarize several aspects of normal 
and abnormal development of the aortic semilunar valves 
and the ascending aortic wall. Based on the current 
developmental knowledge, we propose a unified hypothesis 
that the increased vulnerability for aortic complications in 
BAV can be explained by a defect in the early development 
of the aortic valve and ascending aortic wall. 

The normal development of the aortic valve and 
ascending aortic wall 

The cardiovascular system, including the heart, is the 
primary functional organ to form during organogenesis. 
During valvulogenesis endocardial cushions are first formed 
in both the atrioventricular canal and outflow tract, which 
contribute to the atrioventricular (mitral and tricuspid) 
and semilunar (aortic and pulmonary) valve leaflets,  
respectively (4). Development of semilunar valves is a 
complex process in which three different cardiac progenitor 
cells play a role, being the neural crest, second heart field 
and endocardial cushion derived cells (Figure 1) (5). Animal 
models have shown that the two main facing cushions 
of the semilunar valves are filled by mesenchymal cells, 
derived both from the endocardium through epithelium-
mesenchymal transition, and later arriving neural crest 
cells. The third leaflet has a more second heart field-related 
etiology, as demonstrated in a murine endothelial nitric 
oxide (eNOS) knock out model for bicuspidy (6). 

Next to contributing to the aortic and pulmonary valve 
formation and outflow tract (7,8) the cardiac progenitor 
cells are important for the development of other elements 
of the heart and great arteries. Second heart field progenitor 
cells give origin to three specific cell lines, as has been 
demonstrated in lineage tracing studies employing Nkx2.5: 
(I) endothelial-derived endocardial cushion cells, which 

Figure 1 The developing heart tube. During embryogenesis the 
SHF contributes to the arterial pole which includes the great 
arteries and the right ventricle from the AHF. From the PHF, 
second heart field cells enter the venous pole. The myocardium 
and intrapericardial part of the aorta are covered by epicardial 
cells that are provided by a proepicardial organ of the vPEO and 
aPEO, respectively. Not shown in this figure: neural crest cells 
migrate from the neural tube primarily to the arterial pole of the 
heart [adapted from Grewal et al. 2014 (5)]. SHF, second heart 
field; AHF, anterior population; PHF, posterior heart field; vPEO, 
venous pole; aPEO, arterial pole.
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are in part derived from the endothelium, (II) outflow tract 
and right ventricular myocardium (9), and to (III) vascular 
smooth muscle cells (VSMCs) of the great arteries. Besides 
second heart field cells, neural crest cells also contribute 
to the VSMCs comprising the aorta. The aortic VSMCs 
thus have different embryonic origins, moreover migration 
of these VSMCs is site-specific: VSMCs in the aortic 
root are neural crest- and secondary heart field derived; 
in the ascending aorta and aortic arch VSMCs are neural 
crest derived and the VSMCs in the descending aorta 
are derived from the paraxial mesoderm (10) (Figure 2). 
Within the aortic root wall, the inner media is derived from 
neural crest cells (11), whereas the outer media/adventitia 
is second heart field-derived (12) (Figure 2). Other than 
neural crest and second heart field cells, arterial epicardium 
contribution to the VSMCs of the ascending aorta has also 
been described (13,14). 

During embryogenesis, the regulation of cell migration, 
proliferation, and extracellular matrix deposition in the 
developing valves and aortic wall is orchestrated by several 
signalling pathways including Wnt/β-catenin, NOTCH, 
transforming growth factor β (TGFβ), bone morphogenetic 

protein, vascular endothelial growth factor, NFATc1 and 
MAPK and, transcription factors such as Twist1, Tbx20, 
Msx1/2, and Sox9 (15,16). Multiple cell population are thus 
involved in both aortic wall and semilunar valve formation. 
A defect in one of the signalling pathways can consequently 
lead to a malformed aortic valve. 

Clinically, several BAV subtypes are distinguished based 
on the number of fused commissures and the raphe position. 
The Sievers classification identifies three major types: type 
0 (no raphe), type 1 (one raphe) and type 2 (two raphes) (17).  
Type 1 can be further subdivided on basis of the raphe 
position: raphe between right coronary cusp (RCC) and left 
coronary cusp (LCC): RCC-LCC; between RCC and non-
coronary cusp (NCC): RCC-NCC and raphe between LCC 
and NCC: LCC-NCC (Figure 2). 

Several studies have investigated the role of cardiac 
progenitor cells in the development of different BAV 
forms. It has been proposed that type 1 RCC-LCC and 
type 1 RCC-NCC BAVs have a different developmental  
origin (18). This study demonstrated that the type 1 RCC-
LCC BAVs are caused by an altered neural crest cell 
behaviour, which is supported by the findings of Phillips et al.  

Figure 2 Developmental origin of the BAV and aortic wall. Progenitor neural crest and second heart field cells contribute to the normal 
development of an aortic valve and the vascular smooth muscle cells in the ascending aortic wall. Mutations in genes related to the neural crest 
and second heart lead to the development of a BAV and a maturation defect of vascular smooth muscle cells in the aortic root, ascending aorta 
and arch. Type 1 RCC-NCC and type 1 RCC-LCC have been attributed to defects in the neural crest and second heart field cell signalling 
respectively. RCC-NCC: fusion between the RCC and NCC. LCC-NCC: fusion between the LCC and NCC. RCC-LCC: fusion between 
the RCC and LCC. TAD: reduced glutathione. BAV, bicuspid aortic valve; RCC, right coronary cusp; NCC, non-coronary cusp; LCC, left 
coronary cusp; VSMC, vascular smooth muscle cell; SHF, second heart field.
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in their Rock 1,2 deficient mouse model (7). Fernandez et al.  
further argue that an eNOS mutation is responsible for a 
type 1 RCC-NCC BAV (18), which is in line with our own 
findings (19). Our study further demonstrated that disrupted 
eNOS signalling in knockout mice causes aortic dilation 
and dissection, in addition to congenital BAV formation (19).  
The latter findings indicate a role of second heart field in 
the development of type 1 RCC-NCC BAVs as eNOS is 
expressed by endocardial cells (20), cardiomyocytes (20) and 
VSMCs (21), which are all second heart field-derived cell 
populations. 

A myriad of murine studies has identified genetic 
mutations responsible for the development of a BAV, 
but unfortunately did not focus on the differentiation of 
the type of BAV. In these studies, markers of both the 
neural crest cells (Pax3) (22) and second heart field cells 
(Nkx2.5 and GATA5) (23) have been associated with the 
development of BAV. 

Disturbed NOTCH signalling in both the neural 
crest (24) and second heart field has also been linked to 
the development of a BAV (22,25). Besides leading to a 
malformed semilunar valve, inhibition of NOTCH in the 
second heart field also causes impairment of the VSMCs of 
the great arteries (26). 

The aforementioned studies, which have dealt with the 

embryonic development of an aortic valve and the aortic 
vascular smooth muscle cells, have taught us that there are 
many similarities in the normal as well as the abnormal 
development. Common developmental defects in the 
progenitor cells might therefore be responsible for both a 
BAV and the associated aortopathy (Figure 2). Furthermore, 
the progenitor cells are responsible for region specific 
VSMCs in the aortic wall. Therefore, defects in the neural 
crest and second heart field signalling in the BAV patients 
lead to BAV-related aortopathy in the proximal thoracic 
aorta and, is rarely found in the descending thoracic  
aorta (27). Whereas in Marfan patients, defects are seen in 
the neural crest, second heart field and paraxial mesoderm 
causing aortopathy in the ascending and descending aorta. 

In the next paragraph, we discuss genetic defects related 
to the development of BAV and thoracic aortic dilation in 
human and their origin in embryogenesis. 

Genetic basis of BAV and thoracic aortic dilation 

BAV is a heterogeneous disorder with an autosomal 
dominant inheritance pattern with incomplete penetrance 
and variable expressivity (28). BAV can be found as a 
feature of some genetic syndromes such as Marfan (MFS), 
Loeys-Dietz and Turner. In non-syndromic forms, BAV 
inheritance is complex, as a myriad of genes encode 
transcription factors, extracellular matrix proteins and 
signalling pathways which regulate cell proliferation, 
differentiation, adhesion or apoptosis, all necessary for the 
development of a normal semilunar valve. Consequently, a 
single genetic mutation might increase the risk to develop 
a BAV however, this is insufficient to cause the disease by 
its own. This makes it challenging to determine the exact 
underlying genetic and epigenetic mechanism of BAV in the 
human population and murine models. 

Table 1 gives an overview of several genetic mutations 
which have been linked to the development of a BAV. 
All identified mutations are associated with the cardiac 
progenitor cell lines. More specifically, neural crest 
signalling alterations lead to the most common type 1 
RCC-LCC BAV (29), while second heart field-related genes 
are associated to the BAV type 1 RCC-NCC. 

NOTCH1, a marker of the neural crest and second heart 
field, is associated with both the development of a BAV, 
as well as associated aortopathy (30). Genetic haplotypes 
within the AXIN1-PDIA2 locus, integral in the Wnt 
pathway which regulates both heart valve formation (31) 
and cardiac neural crest development (32), are identified in 

Table 1 Genetic mutations associated with a bicuspid aortic valve

Disorder Genetic mutation

BAV NOTCH1, 9q34

AXIN1-PDIA2

Endoglin gene

Marfan syndrome FBN1, 15q21.1

TGFBR2, 3p25-24.2

Loeys-Dietz TGFBR1, 9q33-34

TGFBR2, 3p24-25

Ehlers Danlos COL3A1, 2q24.3-q31

FTAAD TAAD1, 5q13-14

TAAD2, 3p24-25

TAAD3, 15q24-26

TAAD4, 10q23-24

TAAD5, 9q33-34

BAV, bicuspid aortic valve; FTAAD, familial thoracic aortic aneurysms 
and dissection. 
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the development of a BAV. Another haplotype within the 
Endoglin gene is associated with BAV and also, required 
for the differentiation of neural crest cells into VSMCs that 
populate the aorta (33). 

Interestingly, mutations related to BAV have thus also 
been linked to thoracic aortic dilation. However, it remains 
to be elucidated whether, in the absence of BAV, thoracic 
aortopathy is more related to neural crest or second heart 
field signalling defects. 

We describe the genetics of thoracic aortic dilation in 
syndromes including MFS, Loeys-Dietz, Ehlers Danlos and 
familial thoracic aortic aneurysms and dissection (FTAAD) 
and their association with embryonic development. 
The genetic defects and chromosomal location of these 
syndromes are summarized in Table 1. 

MFS is a clinical diagnosis based of phenotypical 
cardiovascular, skeletal and ocular manifestations. This 
autosomal dominant connective tissue disorder has a very 
high risk for progressive aortopathy forming the major 
cause of morbidity and mortality in MFS patients. Genetic 
mutations underlying MFS are described in Table 1 (34). 
The described TGFβ receptor mutation results in an 
increased TGFβ activity.

Loeys-Dietz is caused by a defect in the TGFβ signalling 
pathway (Table 1). This disorder is characterized by aortic 
valvular and vessel wall defects. Bicuspidy is seen in 
approximately 10% of patients with Loeys-Dietz syndrome. 
Other phenotypic characteristics include craniosynostosis, 
cleft palate, bifid uvula, congenital heart disease and mental 
retardation.

Ehlers Danlos is caused by a defect in collagen encoding 
genes (Table 1) (35). Collagen fibres form an integral part of 
the medial and adventitial layer in the vascular wall. Besides 
providing mechanical strength to the vessel wall, the fibres 
also regulate local homeostasis. Patients with vascular 
Ehlers-Danlos have an increased risk for an aortic dissection 
and rupture, with a reported incidence of at least 10% (36). 

FTAAD is inherited in an autosomal dominant matter. 
The condition is characterized by an increased risk for 
aortopathy, in the absence of syndromic features. Diverse 
genetic loci have been identified in FTAAD (Table 1) (34,37). 
Many TAAD mutations have been associated with a TGFβ 
receptor, with a resulting increased TGFβ pathway activity 
in the aorta (34).

In most of the syndromes associated with thoracic aortic 
dilation, an increased TGFβ activity has been identified. 
TGFβ is not specific for any progenitor cell line. It is 
involved in neural crest cells, second heart field cells and in 

the endothelium (38). 
In the BAV population, type 1 RCC-LCC has the most 

pronounced aortic wall abnormalities. As discussed above, 
this BAV type is associated with neural crest defects and 
often has an increased TGFβ activity (39). But there are 
two main drawbacks to this theory. Firstly, in syndromes as 
MFS, Ehlers-Danlos and Loeys-Dietz, bicuspidy is not an 
obligatory clinical manifestation, indicating that a defective 
TGFβ signalling is at least not the main factor causing BAV 
formation. Moreover, the clinical course is not complicated 
with thoracic aortic dilation in all BAV patients. Thus, 
neural crest involvement and TGFβ activity together 
are not sufficient to explain the variability within the 
pathogenesis of BAV and associated aortopathy. Additional 
pathogenetic factors need to be taken into account, such as 
haemodynamics or a contribution of second heart field. The 
next sections highlight important histopathological features 
of the pathological ascending aortic wall in the adult BAV.

The ascending aortic wall in BAV 

Aortic dilation begins at a young age in the BAV individual 
and is usually characterized by ‘mid-ascending’- type 
dilation. Over the past years histopathological analysis of 
non- and dilated ascending aortic wall samples in BAV and 
TAV patients have revealed many structural differences. 
One of the first studies which suggested differences in 
the ascending aorta of BAV and TAV was published in 
1984 by Larson et al. (40). In subsequent years, several 
histopathological studies were published comparing the 
BAV and TAV population. 

VSMCs are critical in the differences between BAV and 
TAV histopathology. Not only have these cells been found 
in apoptosis (41), VSMCs are also morphologically distinct 
in the BAV population. VSMCs in BAV patients are less 
well differentiated, due to a defect in phenotypic switch 
leading to a significantly lower expression of differentiated, 
contractile VSMC markers such as smoothelin, calponin 
and SM22alpha. Furthermore, Lamin A/C, which plays a 
key role in the differentiation of VSMCs, is significantly 
less expressed in the BAV, as compared to the TAV,  
population (42). These less differentiated, immature 
VSMCs are noted in both the non- and dilated BAV 
population, excluding aortic dilation as a cause of the 
observed phenotypic switch of the VSMCs. Also, as VSMC 
immaturity is seen in all BAV patients but not all develop 
aortic dilation, a secondary hit needs to be identified 
responsible for aortopathy in a subset of BAV. A panel of 
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markers had recently been identified which could identify 
BAV patients susceptible for future dilation (21). This so-
called susceptibility pathway included c-Kit, a marker for 
dedifferentiated VSMCs, and its phosphorylated state (pc-
Kit) triggered by the presence of matrix metalloproteinase-9 
(MMP9) influencing hypoxia-inducible-factor-1-alpha 
(HIF1α) and endothelial nitric oxide synthase (eNOS) (21).  
In this study, an increased MMP-9 activity was found 
exclusively in BAV patients susceptible for aortic 
complications (21). MMPs play an important role in 
vascular biology, and control degradation of extracellular 
matrix proteins, such as elastin and collagen. The integrity 
of the aortic extracellular matrix may therefore be 
compromised by an enhanced MMP activity. Inflammation, 
oxidative stress and matrix degradation products and an 
increased TGFβ-1 activity leads to an overproduction of 
MMP9 by VSMCs of the aorta and inflammatory cells (43).  
Such overexpression of MMPs is a common feature in 
aortic aneurysms (44). Particularly, MMP-2 and MMP-9  
have been implicated in thoracic aortic disease (21,44). 
MMP-2 and MMP-9 are involved in the turnover of elastic 
matrix components; they are released from smooth muscle 
cells (44). Overactivity of MMPs, on the other hand is also 
possible by downregulation of their antagonists, the tissue 
inhibitors of MMPs (TIMP-1, TIMP-2). MMP/TIMP 
expression patterns reported for different types of thoracic 
aortic aneurysms vary significantly and can be influenced by 
other factors such as hypertension, cellular oxidative stress 
and reactive oxygen species (45). 

Histopathological markers of cardiovascular ageing, 
which form the hallmark of TAV aortopathy, are found 
significantly less expressed in BAV as compared to TAV (42). 
For instance, BAV aortopathy is generally regarded as less/
non-inflammatory (42,46). These findings are comparable 
with the clinical observation of BAV ascending aortic 
aneurysms not commonly being associated with systemic 
atherosclerosis (47-49). Differences in medial elastic fibers 
have also been described between BAV and TAV. In BAV 
elastin fiber fragmentation is significantly less profound as 
compared to the TAV (42), the fiber orientation is changed 
and the fiber mass is reduced (50). The reduction in fiber 
mass is in line with our earlier findings of elastic fiber 
thinning in BAV patients (42).

Besides the medial differences, in our previous studies 
we also found that the BAV population has a significantly 
thinner intimal layer and develops an increased thickness 
only under hemodynamic shear stress. 

Pathogenesis of thoracic aortic dilation in BAV: 
role of haemodynamic factors and second heart 
field 

The geometry of the bi-leaflet aortic valve creates a 
nonaxial transvalvular flow jet within the proximal aorta (51).  
An increased stroke volume due to a regurgitant aortic 
valve further increases the hemodynamic stress on the 
vascular wall. It has been suggested that the uneven wall 
stress distribution contributes to the development of 
aortic complications. Opinions are however divided on 
the predominance of shear stress in the development 
of aortopathy. Studies have confirmed that thoracic 
aortic aneurysms can develop in the absence of valve  
abnormalities (52). Also, after surgical replacement 
of the malformed BAV, progressive thoracic aortic 
dilation is reported (53). These studies suggest that 
hemodynamic factors are not sufficient to explain the 
onset and progression of aortic complications in BAV and 
instead, structural wall abnormalities are important in 
the pathogenesis of aortopathy. The non-hemodynamic 
theory is that genetically determined developmental 
abnormalities of the aortic wall lead to a defect in the 
cellular microenvironment, causing or at least, contributing 
to the aortic pathology. 

To study the role of haemodynamics superimposed 
on structural  wall  abnormalit ies,  we investigated 
non- and dilated ascending aorta of both valve types 
immunohistochemically and compared the aortic area with 
maximum shear stress to the opposite area. As described 
above, histopathologically BAV show a defect in VSMC 
maturation, decreased medial inflammation, elastin 
fragmentation and cystic medial necrosis, as compared 
to the TAV (54). Besides medial differences, BAV are 
characterized by a significantly thinner tunica intima 
(21,42,55). While comparing the jet and non-jet samples 
in both BAV and TAV, we did not find any difference in 
the pathologic features in the adventitia, middle and outer 
media even if corrected for aortic stenosis/regurgitation, 
aortic dilation and raphe position (56,57). A turbulent 
flow did lead to a significant increase in intimal thickness, 
which was however seen in all patients regardless of the 
valve type and aortic dilation. These results suggest that the 
fundamental difference in the aortic wall in BAV and TAV 
are independent of shear stress. Haemodynamic factors 
therefore, might play a role in the aortic complications, but 
superimposed on the already present structurally immature 
aortic wall seen in BAV. 
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Conclusions

This review gives an overview of the normal and abnormal 
development of the aortic semilunar valve and the ascending 
aortic wall. An altered neural crest cell and second heart 
field contribution, separately or in combination, can account 
for a structurally different aortic wall in combination with 
bicuspidy, as aortic vasculature and valve development 
are closely related and share common embryonic cell 
populations. Neural crest cell defects are mostly associated 
with type 1 RCC-LCC BAV and defects in second heart 
field with type 1 RCC-NCC BAV (Figure 2).

Aortic complications vary between the three different 
BAV types. For instance, in the type 1 RCC-LCC BAV, 
aortic root diameters are significantly larger as compared 
to the type 1 RCC-NCC BAV (17,18). Aortopathy further 
seems most outspoken in BAV type 1 RCC-LCC, which 
has been linked to a defect in neural crest cells. Conversely, 
patients with a type 1 RCC-NCC BAV experience valve 
dysfunction at a younger age (18). Current findings indicate 
that neural crest cell defects are related to most outspoken 
aortic wall abnormalities. It however, remains challenging 
to conclusively distinguish BAV patients susceptible for 
aortopathy (Figure 2). Future research therefore, needs to 
focus on identifying developmental defects which account 
for the additional pathology and increase susceptibility for 
aortopathy in a subset of BAV patients. These alternative, 
molecular biological markers are necessary to diagnose this 
subset of vulnerable patients.

It is interesting to note that a specific group of animals, 
being reptiles, normally present with bicuspid semilunar 
valves. Evidently, these have a different physiology, being 
‘cold-blooded’ as well as anatomy, as they present two 
aortas. Nevertheless, here the bicuspid valves function 
efficiently, even until advanced ages (58). 
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