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Abstract
The bicuspid aortic valve (BAV) is a common congenital cardiac anomaly, having a prevalence of
0.9% to 1.37% in the general population and a male preponderance ratio of 2:1. The recognition of
a BAV is clinically relevant because of its association with aortic stenosis or regurgitation, aortic
aneurysm or dissection, and infective endocarditis. Although some patients with a BAV may go
undetected without clinical complications for a lifetime, the vast majority will require intervention,
most often surgery, at some point. In fact, the natural history of BAV is that of valve calcification
and progressive stenosis that typically occurs at a faster rate than in tricuspid aortic valves (AVs).
This pattern of presentation supports the hypothesis that shear stress in patients with congenitally
abnormal AV may contribute to an earlier leaflet calcification. However, there is emerging
research data showing that the valve calcification process might have a similar pathophysiologic
process as that of vascular atherosclerosis. This review focuses on the current knowledge of the
cellular mechanisms of BAV.
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Bicuspid Aortic Valve Disease
With the decline incidence of rheumatic carditis, bicuspid aortic valve disease(BAVD) has
become the most common indication for surgical valve replacement in the US. Bicuspid
aortic valve disease (BAVD) covers a spectrum of disease from early atherosclerotic
changes in the valve leaflets, aortic sclerosis which is characterized by early calcification
and thickening, and finally, to outflow obstruction and severe aortic stenosis. The later
stages are characterized by thickening of the valve leaflets secondary to extracellular matrix
synthesis1, angiogenesis2 and new bone formation3 present throughout the valve leaflets, but
concentrated near the aortic valve surface. Severe aortic stenosis is characterized by
symptoms of chest pain, shortness of breath and syncope. Surgery is indicated at the time of
symptom onset in this patient population.
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The bicuspid aortic valve (BAV) is a common congenital cardiac anomaly, having a
prevalence of 2% to 3% in the general population and a male preponderance ratio of 2:14.
Patients with bicuspid aortic valve severe stenosis present at an earlier age (approximately
45–55 years of age), than patients with tricuspid aortic valve stenosis (approximately 65–75
years of age)5. Therefore, these patients with severe stenosis and symptoms need to have
valve surgery at an earlier age (45–55 years of age)6. The current recommendation for valve
prosthesis is a mechanical aortic valve for patients before the age of 65, because the average
life time of a bioprosthetic heart valve is 10–15 years6. 50% of patients also present with an
aortopathy which ranges from dilatation of the sinus of Valsalva and or the ascending aorta,
or coarctation which is probably an underlying biochemical abnormality of the aortic wall.
Figure 1, demonstrates a bicuspid calcified valve removed a patient at the time of surgical
valve replacement. For years, valvular heart disease has been thought to be a degenerative
process. However, epidemiologic studies have demonstrated that risk factors for
atherosclerotic vascular disease are similar to calcific aortic valve disease. These risk factors
include elevated low-density lipoproteins, hypertension, male gender and smoking. In the
past five years emerging evidence towards understanding this disease process have been
published. These studies have been published in the genetic literature and also ex vivo tissue
analysis of bicuspid aortic valves. This review will discuss the evolving understanding of the
genetics and also the signaling pathways important in this disease process.

Normal Valve Development
Bischoff7, has provided important studies in the understanding of the developmental
paradigms important in normal heart valve development. The heart tube is composed of
myocardium and an inner lining endocardial cells, separated by an extensive extracellular
matrix (ECM) referred to as the cardiac jelly. After rightward looping of the heart, the
cardiac jelly overlying the future atrioventricular canal and outflow track expands into
swellings known as cardiac cushions. The formation of the cardiac cushions is a complex
event characterized by endothelial cells that are specified in the cushion-forming regions to
delaminate and invade the cardiac jelly, where they subsequently proliferate and complete
their differentiation into mesenchymal cells. The locally expanded swellings of cardiac jelly
and mesenchymal cells are referred to as cardiac cushions. These cardiac cushions undergo
extensive remodeling from bulbous swellings to eventual thinly tapered heart valves
secondary to a complex series of sequentially timed events under the direction of specific
signaling pathways.

The cushions protrude from the underlying myocardium, forming thin, tapered leaflets with
a single endothelial cell layer and a central matrix comprised of collagen, elastin, and
glycosaminoglycans. These delamination and remodeling events depend on further cell
differentiation, apoptosis and ECM remodeling. The final atrioventricular canal (mitral and
tricuspid) valves are derived entirely from endocardial tissue. The end stages in development
of the outflow tract (aortic and pulmonic) valves are more controversial. A population of
neural crest cells derived form the branchial arches migrates to the distal outflow tract and is
required for aortopulmonary septation7. These series of events are critical for the normal
development of the cardiac valves in the heart. Bischoff et al, have also described the events
that play a role in abnormal endothelial- mesenchymal transition that are important in the
abnormal development of valvular heart disease. Many of these events are related to an
abnormal regulation of these signaling pathways which may be initiated by oxidative stress
which may predispose the valves to abnormal development7.
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The Role of Endothelial Nitric Oxide Synthase in Bicuspid Aortic Valve
Disease: Nos3tm1Unc mouse Expression of the Bicuspid Aortic Valve
Phenotype

Mice homozygous for the Nos3tm1Unc targeted mutation are viable and fertile, and develop
the bicuspid aortic valve phenotype in approximately 25% of the mice8. These mice have
unique phenotypic features which include mild elevations of systolic blood pressure, lower
heart rates, insulin resistance with hyperglycemic-euglycemic clamp, abnormal vascular
development8 and respiratory development. These mice also paradoxically do not develop
atherosclerosis when treated with a western diet. These investigators propose a dual role for
eNOS in the vasculature: 1) the beneficial effects of the presence of eNOS on attenuation of
vascular disease and 2) the lack of the eNOS-driven oxidation of accumulated LDL in the
vessel wall may contribute to the reduction of eNOS-deficient mice in atherosclerotic lesion
formation9. These mice also have bicuspid aortic valves8 and other congenital heart
defects10 in a subset of eNOS null mice. While studying these mice using histologic
techniques, they found these abnormalities in these mice. The incidence of the bicuspid
aortic valve phenotype is 5/12 as reported in the initial study. However, how these mice
develop the bicuspid phenotype has not been explored to date nor has the mechanism of
stenosis in bicuspid aortic valves been discovered. Figure 2 demonstrates the bicuspid valve
phenotype present in the subset of eNOS null mice. A recent study in human diseased valve
demonstrates the eNOS protein expression was decreased in the BAV versus the tricuspid
aortic valves11. This data provides further evidence of the potential functional importance of
eNOS enzymatic activity in the bicuspid versus tricuspid aortic valves. This role may be at
the developmental level for the formation of the congenital heart abnormality in addition to
the actual role in the calcification process.

Evidence for the Role of Nitric Oxide in Bicuspid Aortic Valve Disease
Nitric oxide (NO) is a key regulator of normal endothelial function in the vasculature. Nitric
oxide synthase (NOS) is responsible for the production of NO. There are multiple
mechanisms of regulation of this enzyme through transcriptional, post-transcriptional, and
post-translational levels12, 13. Endothelial nitric oxide synthase (eNOS) is constitutively
expressed in endothelium. In cultured cells, eNOS expression decreases with exposure to
high concentrations of oxidized low density lipoprotein14. Under these conditions, post-
transcriptional changes in mRNA half-life play an important role in the down-regulation of
eNOS expression 15–17. This inactivation of eNOS leads to a decrease in the availability of
nitric oxide. Our group has demonstrated an association of abnormalities in eNOS enzymatic
activity can induce calcification in the aortic valve18 in the presence of
hypercholesterolemia. It is known that this decrease in available nitric oxide causes the
stimulation of valvular myofibroblast proliferation and extracellular matrix production
which leads to the development of atherosclerosis in the aortic valve18, 19.

The Genetic Evidence for the role of Notch1 receptor in Human Bicuspid
Aortic Valve Calcification

In 2005, Garg et al, discovered mutations in the signaling and transcriptional regulator
Notch1 to cause a spectrum of developmental aortic valve anomalies and severe valve
calcification. Notch1 encodes a transmembrane receptor (2,556 amino acids) that function in
a highly conserved intracellular signaling pathway involved in cellular differentiation, cell
fate and lateral inhibition20. Notch1 is a single pass transmembrane receptor that is activated
by direct contact with the membrane-bound ligands Delta 1–4 and Serrate/Jagged 1 and 2.
Notch-ligand interaction results in the proteolytic cleavage at the juxtamembrane portion of
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the Notch receptor and release of the intracellular domain (NICD), which translocates to the
nucleus. Therefore, NICD is the constitutively active domain of the Notch receptor after
ligand activation. The Notch signaling pathway is among the most commonly used pathway
in animal cells. Recent studies have demonstrated that this pathway is indispensable for cells
in various stages of maturation, including ontogenesis20, 21. Upon ligand binding, Notch
receptors undergo proteolytic cleavage leading to the release of their intracellular domain
(NICD). Overexpression of Notch1 impairs osteoblastogenesis, but the mechanisms are not
understood. In the Garg study22, they show that Notch1 transcripts were most abundant in
the developing aortic valve of mice. Notch1 repressed the activity of Runx2 or Cbfa1, a
central transcriptional regulator of the osteoblast cell. They tested the hairy-related family of
transcriptional repressors (Hrt) mechanism in COS cells and found that they physically
interacted with Cbfa1 and repressed Cbfa1 transcriptional activity independent of histone
deacytylase activity. The investigators identified patients with aortic valve calcification and
BAV in a population based study called the Texas Heart Study. They tested these patients
and found that these patients have the R1108X mutation. The investigators demonstrate an
autosomal–dominant inheritance of the disease phenotype with complete penetrance as
shown in Figure 3 22. These studies in humans and the verification of the mechanism in the
COS cells provides the foundation for future understanding of accelerated BAV calcification
from genetic lessons and also the implications in Cbfa1 transcriptional factor regulation as
tested in the COS cells.

Evidence for the role of Lrp5/beta-catenin Activation and Notch1 in
Cardiovascular Calcification and Osteoblast Bone Formation

The Lrp5 co-receptor has been shown to be an important development pathway in abnormal
skeletal bone formation23, 24. Bone and cartilage are major tissues in the vertebrate skeletal
system, which is primarily composed of three cell types: osteoblasts, chrondrocytes, and
osteoclasts. In the developing embryo, osteoblast and chrondrocytes, both differentiate from
common mesenchymal progenitors in situ, where as osteoclasts are of hematopoietic origin
and brought in later by invading blood vessels. Osteoblast differentiation and maturation
lead to bone formation controlled by two distinct mechanisms: intramembranous and
endochondral ossification, both starting from mesenchymal condensations.

To date only two osteoblast-specific transcripts have been identified: 1) Cbfa1 and 2)
osteocalcin (OC). The transcription factor Cbfa125 has all the attributes of a ‘master gene’
differentiation factor for the osteoblast lineage and bone matrix gene expression. During
embryonic development, Cbfa1 expression precedes osteoblast differentiation and is
restricted to mesenchymal cells destined to become osteoblast. In addition to its critical role
in osteoblast commitment and differentiation, Cbfa1 appears to control osteoblast activity,
i.e., the rate of bone formation by differentiated osteoblasts 25. We have shown previously
that experimental cholesterol increases Cbfa1 gene expression in the aortic valve and
atorvastatin decreases the gene expression1 in an animal model. We have also demonstrated
that Sox9 and Cbfa1 are expressed in human degenerative valves removed at the time of
surgical valve replacement26. This osteogenic regulatory mechanism for bone formation
begins in osteoblast progenitor cells which differentiate into terminally differentiated cells.
This process is a well orchestrated and well studied pathway which involves cellular
proliferation events, bone matrix protein synthesis, which requires the actions of specific
paracrine/hormonal factors and the activation of a number of different signaling pathways
including Wnt, Notch1, BMP and TGFbeta 21, 23, 27–30.

Genes which code for the bone extracellular matrix proteins in osteoblast cells include
alkaline phosphatase (AP), osteopontin (OP), osteocalcin (OC), and bone sialoprotein
(BSP). This data supports a potential regulatory mechanism that these matrix proteins play a
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critical role in the development of biomineralization. To date, many of these markers have
been shown to be critical in the extracellular mineralization and bone formation that
develops in normal osteoblast differentiation. A link between lipids and osteoporosis has
been studied extensively31–36. These groups have shown in in vitro and in vivo studies that
lipids decrease bone formation and increase vascular calcification. Hurska’s group from the
University of Washington have studied this important hypothesis in the LDLR−/ − mice with
renal disease31. This study correlated the important understanding of chronic kidney disease
with decreased bone formation rates and increase in vascular calcification. This study
demonstrates that accelerated vascular calcification found in patients with end stage renal
disease may be related to multifactorial mechanisms including traditional atherosclerotic
risk factors and elevated serum phosphate levels. Giachelli has also studied extensively the
hypothesis of a sodium phosphate abnormality in the vascular smooth muscle cell37. Her
group has also shown that osteopontin expression by vascular smooth muscle cells may have
an inhibitory effect in the development of calcification38 which further defines the
complexity of the matrix synthesis phase of bone formation. Demer’s laboratory has also
studied extensively the correlation of lipids with vascular calcification and osteoporosis via
inhibition of Cbfa1 in osteoblast cells36, 39. This paradoxical finding between the calcifying
vascular aorta and osteoporosis is an important link in the hypercholesterolemia hypothesis.
The development of cardiovascular calcification is a multifactorial process which includes a
number of mechanisms. Studies in the different laboratories provide important evidence
towards the development of therapies depending on the patient population i.e. end stage
renal disease versus treatment of the traditional risk factors for vascular disease.

Recently, our lab (43) and Towler’s laboratory (44) have shown that the Lrp5/Wnt/beta-
catenin pathway plays an important role in the development of vascular and valvular
calcification. Studies have shown that different mutations in Lrp5, an LDL receptor related
protein; develop a high bone mass phenotype and an osteoporotic phenotype (45, 46). In the
presence of the palmitoylation of Wnt an active beta-catenin accumulates in the cytoplasm,
presumably in a signaling capacity, and eventually translocates to the nucleus via binding to
nucleoporins40, where it can interacts with LEF-1/TCFs in an inactive transcription complex
41, 42, The Wnt/Lrp5/frizzled complex turns on downstream components such as
Dishevelled (Dvl/Dsh) which leads to repression of the glycogen synthase kinase-3 (GSK3)
43. Inhibition of GSK3 allows beta-catenin to accumulate in the nucleus, interacting with
members of the LEF/TCF class of architectural HMG box of transcription factors including
Cbfa1 involved in cell differentiation and osteoblast activation 44, 45, 46–48 and Sox 9, a
HMG box transcription factor, is required for chondrocyte cell fate determination and marks
early chondrocytic differentiation of mesenchymal progenitors49.

The presence of an osteogenic phenotype in tricuspid and bicuspid aortic valve disease was
delineated in a study evaluating the phenotypic spectrum of bone formation in left sided
valve lesions including tricuspid aortic valve disease, bicuspid aortic valve disease and
myxomatous mitral valve disease. Figure 4, demonstrates the immunohistochemistry of the
bicuspid aortic valves from the study26. The specific stains measure the different regulatory
pathways critical in the development of bone formation within the valve leaflet. PCNA or
proliferating cell nuclear antigen is a marker of DNA proliferation. Alcian blue is a marker
of chondrogenesis and alizarin red a marker of mineralization. In the study there was more
alizarin red than the Alcian blue stain indicating calcification. Lrp5/Wnt3a are the
extracellular membrane components important in the activation of the canonical Wnt
pathway of bone formation in mesenchymal cells. Bone sialoprotein(BSP), osteocalcin(OC),
osteopontin(OPN) are increased and are markers of extracellular matrix synthesis in the
valve. Notch1 is decreased in the valves as shown in Figure 4 by
immunohistochemistry(Data not shown for the PCR and western blot analysis)26. The
protein and RNA expression also demonstrated a decrease in overall Notch1 in these disease

Rajamannan Page 5

Cardiovasc Pathol. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



tissues implicating the loss of normal Notch1 is necessary for valve calcification similar to
the implications of the loss of function mutation in the genetic study. Overall the loss of
Notch1 function and the increase in Lrp5 signaling demonstrates the role of these important
regulators of bone metabolism in these diseases tissues. Figure 5, demonstrates a diagram
for the mechanism of bicuspid aortic valve disease includes the early event of abnormal
oxidative stress which results in a decrease in Notch1 function, and an increase in Lrp5
expression which activates bone formation within the valve myofibroblast.

Development of Future Medical Therapies for Calcific Aortic Stenosis
The natural history studies of valvular aortic stenosis as defined by clinical and
histopathologic parameters have provided landmark developments towards the
understanding of this disease. HMG CoA reductase inhibitors may provide an innovative
therapeutic approach by employing both lipid lowering and possibly non-lipid lowering
effects to forestall critical stenosis in the aortic valve. Studies have shown that atorvastatin
has a number of effects in the aortic valve including: 1) inhibition of foam cell accumulation
1, 2) inhibition of Cbfa1 activation1, 3) eNOS enzymatic activation18 and 4) attenuation of
Lrp5 receptor activation50. Statins have potent LDL lowering effects via inhibition of the
rate-limiting step in cholesterol synthesis. There are a number of experimental models which
demonstrate the potential for treating the vasculature with statins to inhibit matrix
formation51–53, cellular proliferation1 and vascular aneurysm formation54. Other
laboratories have shown that statins have pleiotropic effects via purine nucleotides55 and
ROCK56. Although valve replacement is the current treatment of choice for severe critical
aortic stenosis, future insights into the mechanisms of calcification and its progression may
indicate a role for lipid lowering therapy in modifying the rate of progression of stenosis.

Summary
Bicuspid aortic valve disease is the most common indication for surgical valve replacement
for aortic stenosis. The cellular mechanisms are evolving and in the last decade, scientific
progress has demonstrated the active biology of this disease process. In the future, as further
understanding of the design for clinical trials in valvular heart disease evolves, the cellular
biology of this disease may be targeted and slowing of the progression of the valve lesion
and the aortopathy may occur to help this patient population in the future.
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Figure 1.
Bicuspid Aortic Valve Removed from Surgical Valve Replacement demonstrating extensive
calcification and bone present in the bicuspid valve removed at the time of surgical valve
replacement.5 (Used with Permission from Wolters Kluwer Health, Publisher for
Circulation.)
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Figure 2.
Photo demonstrates the bicuspid valve phenotype present in the subset of eNOS null mice
found randomly in the mice by evaluating the valves in the eNOS null mice8. (Used with
Permission from Wolters Kluwer Health, Publisher for Circulation.)
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Figure 3.
The autosomal–dominant inheritance of the disease phenotype with complete penetrance of
the Notch1 loss of function mutation22. The Notch1 mutations segregate with the family
members with aortic valve disease. There are also family members who expressed
congenital heart abnormalities. (Used with Permission from Nature Publishing Group,
Publisher for Nature.)
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Figure 4.
Bone immunohistochemistry for extracellular matrix and Lrp5/Notch1 signaling markers in
Bicuspid Aortic Valves26. PCNA- Proliferating nuclear cell antigen indicates upregulation
of DNA polymerase during active proliferation. Alcian blue stains for cartilage which is
minimal. The stain binds to proteoglycans. The Alizarin red is a stain for calcium and
hydroxyapatite in the valves which was increased markedly in the valves. The Lrp5 and
Wnt3a stain is localized in the myofibroblast cells which are differentiating to an osteoblast
like phenotype. The Notch1 stain is much less than the canonical Wnt markers in the areas
of complex bone formation. The Bone sialoprotein, Osteocalcin and Osteopontin stains are
all upregulated in bicuspid tissues indicating osteogenic differentiation and later stage
mineralization. (Used with Permission from Elsevier, Publisher for Journal of the American
College of Cardiology.)
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Figure 5.
Proposed Cellular mechanisms of Bicuspid Aortic Valve Disease.
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