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Abstract

Background.—Endothelial nitric oxide (NO) synthase (eNOS) has been implicated in the 

development of bicuspid aortic valve (BAV) and with differential expression in the ascending aorta 

of BAV patients. However, little is known about functional disruptions in the eNOS pathway and 

the effect on BAV-associated aortic dilatation. We tested the hypothesis that eNOS function is 

regionally diminished in ascending thoracic aortic aneurysms associated with BAV.

Methods.—Thoracic aortic aneurysms specimens were collected from patients with BAV (n [ 21) 

or tricuspid aortic valve (n [ 12). Tissue samples were harvested from three circumferential regions 

corresponding to locations above the right, left, and noncoronary sinuses. Adventitial-stripped 

specimens containing media and intima only were analyzed for NO synthase 3 gene expression 

and total eNOS protein. Indicators of eNOS activity (pSer1177-eNOS) and NO bioavailability 

(phosphorylation of vasodilator-stimulated phosphoprotein at Ser239) were also measured.

Results.—NO synthase 3 and eNOS protein were elevated in the right aortic region of BAV 

specimens compared with tricuspid aortic valve specimens. Activation of eNOS, as indicated by 

pSer1177-eNOS, was higher in BAV specimens across all regions. Despite increases in eNOS and 

pSer1177-eNOS, BAV specimens displayed no change in pSer239-vasodilator-stimulated 

phosphoprotein compared with tricuspid aortic valve specimens.

Conclusions.—BAV is associated with regional disruptions in the eNOS pathway, most 

markedly in the right aortic region. The discrepancy between increased eNOS activity and the 

absence of increased NO bioavailability in this region provides insight into physiologic 

mechanisms potentially underlying the asymmetric dilatation pattern observed in BAV.

Bicuspid aortic valve (BAV) is the most prevalent congenital malformation, occurring in 1% 

to 2% of the population [1]. The presence of BAV imparts a risk of dilatation of the proximal 

ascending thoracic aorta [2, 3], often occurring in an asymmetric pattern, with more marked 

dilatation along the greater curve just above the sinotubular junction [4–6].
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Ascending thoracic aortic aneurysms (TAAs) in BAV patients share histologic hallmarks 

with degenerative TAAs in patients with a morphologically normal tricuspid aortic valve 

(TAV) and in those with Marfan syndrome and other genetically triggered aortopathies. 

Specifically, these TAAs demonstrate cystic medial degeneration characterized by 

noninflammatory loss of smooth muscle cells (SMCs), elastic fiber fragmentation, and 

accumulation of basophilic ground substance within the medial layer of the aortic wall [3, 7–

9].

Although mutation of the fibrillin-1 gene contributes to TAA in Marfan syndrome, this is not 

the case in BAV, despite the histopathologic similarities. Furthermore, expression profiles of 

extracellular matrix markers differ between aneurysmal samples from TAV and BAV patients 

[10]. We previously demonstrated an attenuated response to oxidative stress in ascending 

aortic SMCs from BAV patients compared with cells from TAV patients [11]. Vascular wall 

remodeling also varied between BAV- and TAV-associated TAA [12]. These findings suggest 

different etiologies leading to the final common pathway of vessel wall degeneration.

Mechanisms underlying the increased risk of TAA with BAV are not completely understood. 

One hypothesis underlying BAV-associated aortopathy is a genetic defect in a key molecular 

pathway related to aortic wall homeostasis. Familial patterns of BAV exist [13]; however, no 

definitive genetic cause of BAV has been identified. Other studies provide support for altered 

hemodynamics as the driving force behind BAV-related aortic dilation. Hemodynamic 

investigations demonstrate turbulent blood flow patterns accompanying BAV [14–16] with a 

presumed effect on wall shear stress [17].

Yet, despite correction of the valvulopathy and associated abnormal hemodynamics by aortic 

valve replacement, BAV patients remain at increased risk for progressive dilatation of the 

proximal ascending aorta [18]. Several studies have demonstrated increased aortic dilation in 

BAV patients compared with TAV patients with similar degrees of valve disease [19] or even 

in the absence of clinical valvulopathy (ie, stenosis or regurgitation) [20]. These data support 

the notion of an inherent material property defect in the aortic wall or its biology that 

imparts development of TAA in BAV patients distinctly. Altered hemodynamics by the BAV 

morphology may initiate or exacerbate such underlying cell-mediated mechanisms that 

together lead to reduced structural integrity in the ascending aorta.

Evidence implicates endothelial nitric oxide (NO) synthase (eNOS), the enzyme that 

produces NO, as a potential contributor to BAV development. Lee and colleagues [21] 

observed the BAV morphology in 5 of 12 eNOS-knockout mice. Others have reported 

differential eNOS expression in BAV patients through histologic and biologic assessment 

[22–24]. However, no definitive pattern of eNOS expression has emerged. Little evidence 

exists regarding alterations in eNOS function and NO bioavailability in BAV patients.

We hypothesized that eNOS expression or function, or both, is regionally diminished in 

BAV-associated TAA, corresponding to asymmetric dilatation. We profiled eNOS expression 

and functional markers in aneurysmal tissue from patients with BAV or TAV. Because 

pathologic changes and aneurysm shape can vary regionally in the ascending aorta, we 

examined specimens from three distinct circumferential locations. We present evidence of 
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disrupted regional NO bioavailability in TAA from BAV patients, providing insight into 

mechanistic changes in the eNOS pathway associated with BAV aortopathy.

Patients and Methods

Specimen Acquisition

Aneurysmal aortic specimens were obtained prospectively from 33 patients presenting to the 

Center for Thoracic Aortic Disease at the University of Pittsburgh Medical Center for 

elective aortic valve or ascending aortic replacement, or both. Patients with known 

connective tissue disorders (Marfan syndrome, Ehlers-Danlos, or Loeys-Dietz) were 

excluded. Informed consent was obtained from all patients. Tissue was acquired in 

accordance with an Institutional Review Board–approved protocol. Table 1 describes patient 

demographics. BAV morphotypes were classified according to Sievers and Schmidtke [25] 

to facilitate comparisons with contemporary findings [16, 17].

Specimens were collected from three circumferential regions (R, L, and N) of the ascending 

aorta corresponding to the anatomic position of the right, left, and noncoronary sinuses. 

When no raphe existed in BAV samples, circumferential regions were defined based on the 

left coronary artery at 120-degree increments. All regions were collected from each patient 

with the exception of 1 BAV patient, in which only R and L regions were available.

Specimens were taken within 1 to 2 cm of the sinotubular junction to capture as many 

samples as possible. The adventitia was removed, and specimens containing only media and 

intima were stored at –20°C in RNAlater (Life Technologies, Carlsbad, CA) for gene 

expression analysis or were snap frozen and stored at –80C for protein extraction.

Gene Expression Analysis

Specimens were homogenized (gentleMACS Dissociator; Miltenyi Biotec, San Diego, CA), 

and total RNA was extracted (RNeasy Mini Kit; Qiagen, Valencia, CA) and quantified 

(Qubit 2.0 fluorimeter; Life Technologies). For each reaction, 5 ng RNA was combined with 

TaqMan RNA-to-Ct one-step reverse-transcription polymerase chain reaction reagents (Life 

Technologies) and TaqMan gene expression assays containing gene-specific primers and 

probe (NO synthase 3 [NOS3; eNOS], Assay Hs00167166_m1 or platelet endothelial cell 

adhesion molecule-1 [CD31], Assay Hs00169777_m1; Life Technologies). After real-time 

reverse-transcription polymerase chain reaction (ABI 7900HT system; Applied Biosystems, 

Foster City, CA), relative NOS3 expression was determined using the 2ΔCt method (SDS 2.2 

software; Applied Biosystems).

Protein Analysis

Tissue samples were homogenized in radioimmunoprecipitation assay buffer containing 

protease and phosphatase inhibitor cocktails (Pierce Biotechnology, Rockford, IL), 

incubated on ice for 20 to 30 minutes to complete lysis, and centrifuged at 20,000g at 4°C 

for 20 minutes. Protein was quantified by bicinchoninic acid assay (Pierce Biotechnology). 

Lysates were stored at –80°C before analysis.
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Protein expression was assessed using standard immunoblotting procedures. Lysates 

containing 40 mg of protein in Laemmli sample buffer were boiled 5 minutes before 

resolution on 4% to 12% TGX gels (BioRad, Hercules, CA). Proteins were transferred to 

polyvinylidene fluoride membrane by wet transfer in icecold buffer Tris-Glycine 

Electroblotting buffer (National Diagnostics, Atlanta, GA) with 10% methanol. Blots were 

blocked for 1 hour (5% milk or bovine serum albumin in Tris-buffered saline with 0.1% 

Tween-20), then probed with primary antibody overnight at 4°C.

Primary antibodies included CD31 (catalog #3528) and pSer239-vasodilator-stimulated 

phosphoprotein (VASP; #3114; Cell Signaling Technology, Danvers, MA); eNOS 

(#610296), pSer1177-eNOS (#612392), and VASP (#610447; BD Biosciences, San Jose, 

CA); and β-actin (#ab8227; Abcam, Cambridge, MA). Blots were washed with Trisbuffered 

saline with 0.1% Tween-20 and probed with secondary antibody goat anti-mouse 

horseradish peroxidase (#31432), goat anti-rabbit horseradish peroxidase (#34162; Pierce 

Biotechnology), and goat anti-mouse horseradish peroxidase (#sc-2005, Santa Cruz 

Biotechnology, Dallas, TX).

After washing, bands were visualized (SuperSignal West ECL, Pierce) on a ChemiDoc 

imager (BioRad) and quantified using Image Lab software (BioRad) with rolling disk 

background subtraction. When appropriate, blots were stripped in strong stripping buffer 

(EMD Millipore, Billerica, MA) and reprobed. Total eNOS and pSer1177-eNOS were 

normalized to CD31 to control for variation in intimal endothelial cell content among 

specimens. VASP and pSer239-VASP were normalized to β-actin.

Statistical Analysis

Comparisons between group demographics were assessed by the Fisher exact test or the 

Mann-Whitney test. Outcome variables between BAV and TAV groups were compared using 

the Mann-Whitney test. Regional variations (R vs N, R vs L, and N vs L) within each valve 

type were examined using the Wilcoxon matched-pair signed rank test to account for 

repeated measurements from the same patient. Correlations were determined using the 

Spearman rank coefficient (rS). Analyses were completed with SPSS 22 software (IBM 

Corp, Armonk, NY). Values of p < 0.05 were considered significant.

Results

BAV aortic specimens from the R region displayed increased NOS3 expression compared 

with TAV specimens (p ¼ 0.011, Fig 1). Examination of regional differences within each 

patient group uncovered elevated NOS3 in the R region compared with the L region in BAV 

patients (p = 0.021). Age and aortic diameter had no correlation to NOS3 expression. Within 

valve types, NOS3 did not differ between those with none to mild insufficiency or stenosis 

and those with moderate to severe valvulopathy.

BAV specimens also displayed elevated eNOS protein in the aortic R region compared with 

TAV (p = 0.004, Fig 2). No regional differences within each valve group were identified. R 

region specimens from BAV patients with moderate to severe stenosis displayed higher 

eNOS than specimens from patients with mild to no stenosis (p = 0.045). Similar assessment 
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in the TAV cohort could not be performed due to lack of aortic stenosis in this patient group. 

Levels of eNOS did not differ with the degree of aortic valve insufficiency. Age and 

diameter exhibited no correlation with eNOS protein in either group at any region.

We explored relative levels of active eNOS by quantifying eNOS phosphorylation at 

Ser1177. The increase in total eNOS observed in the R region of BAV specimens (Fig 2) 

was matched by a concomitant increase in pSer1177-eNOS (p = 0.006, Fig 3). The N and L 

regions also demonstrated elevated pSer1177-eNOS compared with the corresponding 

region in TAV (p = 0.012 and p = 0.024, respectively; Fig 3). Expression of pSer1177eNOS 

did not vary regionally in either group. Within the BAV R region, age correlated positively 

with pSer1177-eNOS (rS = 0.465, p = 0.034). No other correlations were found between 

pSer1177-eNOS and age, diameter, or presence of aortic valvulopathy.

Despite elevated eNOS and pSer1177-eNOS in the R region, BAV specimens exhibited no 

change in pSer239VASP compared with TAV (Fig 4). Expression of pSer239-VASP was 

similar among all circumferential regions for both BAV- and TAV-derived aortic specimens. 

Total VASP protein levels did not differ between groups at any region (Fig 4). No 

correlations between pSer239VASP and age, maximum aortic diameter, or presence of 

valvulopathy were found in either group.

Comment

A connection between eNOS and BAV was previously proposed in the context of BAV 

morphology presenting in eNOS-knockout mice [21]. Few studies have examined eNOS and 

its functionality in the ascending aorta of BAV patients. Using samples from normal caliber 

and dilated aorta, Aicher and colleagues [22] reported reduced eNOS protein in the lateral 

ascending aorta of BAV patients compared with TAV and a negative correlation between 

aortic diameter and eNOS in BAV patients. Spatial analysis by Mohamed and colleagues 

[23] revealed higher eNOS protein in the concave region of the ascending aorta compared 

with the convex region within a BAV group, but unlike Aicher and colleagues [22], reported 

no differences in eNOS between BAV and TAV specimens from corresponding regions [23]. 

In contrast to findings of decreased eNOS in BAV, eNOS gene expression in specimens from 

the convexity of the aorta was higher in BAV than in TAV [24]. In our cohort, compared with 

samples from TAV patients, BAV specimens exhibited increased eNOS gene and protein 

expression in the R aortic region (the anterolateral segment), which constitutes much of the 

so-called greater curvature or convexity of the ascending aorta. (Although the lateralmost 

aspect of the noncoronary segment also constitutes a portion of the greater curvature, to 

allow for consistent sample processing and avoid sampling error, regions were defined by 

the easily identified commissural lines of demarcation.)

These conflicting data may reflect the heterogeneity of BAV-associated aortopathy with 

respect to extent of dilatation, aneurysm morphology, and histopathologic changes. In 

addition, unlike previous studies that used full-thickness aortic specimens, we investigated 

the intimal and medial layers of the aorta to remove additional sources of eNOS present in 

the vascularized adventitia. Focusing on eNOS primarily in the intimal layer allows for 

interpretation of intimal function and related NO production specifically.
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Measurement of eNOS expression provides important information about changes in the 

aorta of BAV patients but may not completely describe eNOS functionality. We discovered 

elevated eNOS in BAV, accompanied by an elevation in activated eNOS. Importantly, despite 

elevated eNOS and pSer1177-eNOS, there was no corresponding increase in pSer239-VASP. 

VASP phosphorylation at Ser239 is an established downstream marker of NO bioavailability 

[26]. The lack of increased pSer239VASP in BAV specimens suggests dysfunction of the 

eNOS/NO pathway and region-specific disruptions in NO bioavailability in the setting of 

BAV.

Several mechanisms induce phosphorylation of eNOS at Ser1177, and most notable in the 

context of this study is shear stress. Hemodynamic modeling and fourdimensional flow 

(phase contrast) magnetic resonance imaging of BAV patients have demonstrated turbulent 

flow patterns suggesting increased wall shear stress in the greater curvature of the ascending 

aorta in BAV patients [15–17]. BAV patients tend toward asymmetric dilatation of the 

proximal ascending aorta, particularly with type 1 morphotypes [4–6, 15, 27–29], localized 

to the greater curvature, whereas TAAs in TAV patients tend toward a more uniform, 

symmetrical dilatation pattern. Furthermore, differential expression of extracellular matrix 

proteins important to vessel wall integrity was found in the greater curvature of aortic 

specimens from BAV patients [30, 31].

Our observations of altered eNOS expression with disrupted NO bioavailability in the R 

region of BAV patients provide a tenable link between hemodynamic and molecular 

explanations for the noted increased incidence of asymmetric aortic dilatation with BAV. 

Further study will be required to explore a direct mechanistic link between altered 

hemodynamics due to the BAV and effect on endothelial cell function and integrity of the 

neighboring medial layer of the aortic wall.

We previously demonstrated increased oxidative stress and altered response to free radicals 

by medial SMCs from the ascending aorta of BAV patients [11, 32]. Under conditions of 

oxidative stress, eNOS can become “uncoupled” from NO production and generate the free 

radical superoxide anion (O2
●−) [33]. Enzyme uncoupling can occur for several reasons, 

including arginine deficiency and depletion of the essential cofactor tetrahydrobiopterin 

[34]. Superoxide-mediated oxidation of tetrahydrobiopterin can result in its diminution. In 

addition, NO reacts at diffusion-limited rates with O2
●− to form peroxynitrite (O ¼ NOO–), 

which can oxidize tetrahydrobiopterin leading to eNOS uncoupling [33, 34]. Once eNOS 

becomes uncoupled, enzymatic activity shifts, wherein NO production declines and O2
●− is 

generated, fostering a condition of heightened oxidative stress.

We recently observed increased O2
●− in ascending aortic specimens from BAV patients [35] 

with associated region-specific dysregulation of superoxide dismutases [36]. Collectively, 

we propose that eNOS in the R region of specimens from BAV patients is uncoupled from 

NO production and favors production of O2
●− (Fig 5). Concordantly, as we attribute loss of 

oxidant defense in BAV SMCs, at least in part, to decreased basal and stressinduced 

expression of metallothionein [11, 32], downregulation of metallothionein, an antioxidant 

and target of NO [34], could also contribute to bioavailability of eNOS-produced NO. In 
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turn, decreased NO bioavailability could influence the role of metallothionein in intracellular 

zinc homeostasis [37, 38].

This study provides a deeper understanding of eNOS function in BAV-associated aneurysm, 

but there are limitations. The two populations observed varied in age, maximum diameter, 

and valve disease. Potential confounding variables from the BAV cohort include clinical 

indication for elective aortic replacement at a younger age [39, 40] and significant valve 

stenosis [2, 3]; therefore, the baseline differences between BAV and TAV patients are not 

unexpected. The influence of valvulopathy could not be assessed with the limited number of 

cases. Despite these potential confounders, aortic diameter did not correlate with any 

outcome measured. Age was correlated only with pSer1177-eNOS in BAV R region 

specimens. Aortic stenosis correlated with eNOS protein in R region specimens from BAV 

patients but not with other outcomes.

We have demonstrated regional alterations in the eNOS-mediated NO signaling cascade in 

the aortic wall of TAAs from BAV patients. The lack of elevated pSer239VASP infers 

disruption in NO bioavailability, perhaps due to decreased NO production by uncoupled 

eNOS or through diversion of NO to other reactions, such as with O2
●−. These data support 

our overarching hypothesis that BAV-associated aortopathy is mediated by altered response 

to reactive oxygen species and a heightened state of oxidative stress in the aortic wall by 

identifying eNOS as a potential source of O2
●− production.
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Fig 1. 
Nitric oxide synthase 3 (NOS3) gene expression (n ¼ 10–11 per valve type, per right [R], 

left [L], and noncoronary (N) sinus regions). Values are normalized to platelet endothelial 

cell adhesion molecule-1 expression. The error bars indicate SD. *p < 0.05 (BAV = bicuspid 

aortic valve; TAV = tricuspid aortic valve.)
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Fig 2. 
Expression of endothelial nitric oxide synthase (eNOS). (A) Analysis of eNOS immunoblots 

normalized to CD31; n = 12 tricuspid aortic valve (TAV) specimens or n = 20 to 21 bicuspid 

aortic valve (BAV) specimens per right (R), left (L), and noncoronary (N) sinus regions. *p 

< 0.05. The error bars indicate SD. (B) Representative immunoblots.
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Fig 3. 
Phosphorylated (p) Ser1177-endothelial nitric oxide synthase (eNOS) quantification. (A) 

Analysis of pSer1177-eNOS immunoblots normalized to CD31; n = 12 tricuspid aortic valve 

(TAV) specimens or 20 to 21 bicuspid aortic valve (BAV) specimens per right (R), left (L), 

and noncoronary (N) sinus regions. *p < 0.05 (B) Representative immunoblots.
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Fig 4. 
pSer239 vasodilator-stimulated phosphoprotein (VASP) as an indicator of nitric oxide 

bioavailability. Analysis of (A) pSer239-VASP and (B) VASP immunoblots normalized to β-

actin; n ¼ 12 tricuspid aortic valve (TAV) specimens or 20 to 21 bicuspid aortic valve (BAV) 

specimens per right (R), left (L), and noncoronary (N) sinus regions. (C) Representative 

immunoblots. (p = phosphorylated.)
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Fig 5. 
Proposed disruption of endothelial nitric oxide (NO) synthase (eNOS) pathway in bicuspid 

aortic valve (BAV) aortopathy. (A) Typically, eNOS produces NO in endothelial cells. NO 

increases activation of guanylyl cyclase (GC) in smooth muscle cells, leading to 

phosphorylation of vasodilator-stimulated phosphoprotein (VASP). (B) Under pathologic 

conditions such as bicuspid aortic valve, eNOS function may become uncoupled from NO 

synthesis. Production of superoxide anion predominates and NO levels decline. Uncoupled 

eNOS function can lead to oxidative stress and altered vascular wall remodeling. (BH4 = 

tetrahydrobiopterin; cGMP = cyclic guanosine monophosphate; GTP = guanosine 5’-

triphosphate.)
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Table 1.

Patient Demographics

Variable TAV (n = 12) BAV (n = 21) p Value

Sex, No. 1.000

    Male 8 13

    Female 4 8

Age, mean (SE), y 66.8 (3.2) 55.2 (2.1) 0.002

Max aortic diameter, mean (SE), mm 54.6 (1.7) 47.2 (0.7) 0.001

Hypertension, % (n/N) 83.3 (10/12) 66.7 (14/21) 0.429

Statin use, % (n/N) 50.0 (6/12) 42.9 (9/21) 0.731

Smoking history, % (n/N) 72.7 (8/11) 50.0 (8/16) 0.427

Aortic insufficiency, % (n/N) 0.149

    None, mild 50.0 (6/12) 76.2 (16/21)

    Moderate, severe 50.0 (6/12) 23.8 (5/21)

Aortic stenosis, % (n/N) 0.001

    None, mild 100.0 (12/12) 38.1 (8/21)

    Moderate, severe 0.0 (0/12) 61.9 (13/21)

BAV morphotype, No.

    Type 0 ... 3

    Type 1, L/R ... 13

    Type 1, R/N ... 4

    Type 1, L/N ... 1

BAV = bicuspid aortic valve; L = left; N = noncoronary; R = right; TAV = tricuspid aortic valve.
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