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Abstract

Background—Bicuspid aortic valve (BAV) is associated with asymmetric dilatation of the 

proximal ascending aorta. We previously demonstrated increased susceptibility of smooth muscle 

cells to oxidative stress in the BAV-aneurysmal aorta and hypothesized that antioxidant expression 

is regionally defined and influenced by the BAV morphotype.

Methods—BAV valve morphology was defined according to number of raphes: type 0 (0 raphes), 

type 1 (1 raphe), or type 2 (2 raphes) and by the raphe location among the left (L), right (R) or non 

(N) coronary cusps. Ascending aortic specimens were partitioned into three regions corresponding 

to the sinuses of Valsalva, denoted R, N (greater curve), and L (lesser curve). Transcripts 1, 2, and 

3 from the gene expressing superoxide dismutase (Sod) were quantified in all three regions. 

Results were compared with aneurysmal and nonaneurysmal aortic specimens from patients with a 

tricuspid aortic valve.

Results—Region-specific Sod1 upregulation and Sod2 downregulation were dependent on the 

BAV morphotype. Sod3 was uniformly downregulated in all regions in a morphotype-independent 

manner. Sod1 upregulation was noted in the R region of the nonaneurysmal type 1 L/R 

morphotype. Aortic valve regurgitation, but not stenosis, affected the expression of Sod isoforms 

in specimens of degenerative aneurysms.

Conclusions—Region-specific transcription profiles of Sod on the basis of BAV morphotype 

deepen our understanding of its associated aortopathy and provide biological insight on the 

asymmetric dilatation pattern. This work indicates regional differences exist in the oxidative stress 

biology of the proximal aortic wall, and this may lead to newer diagnostic techniques to adjudicate 

aortic catastrophe risk.
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Bicuspid aortic valve (BAV) remains the most common congenital heart malformation [1] 

and conveys a predisposition to proximal ascending thoracic aortopathy and dilatation. 

Ascending thoracic aortic aneurysm (TAA) formation imparts an increased risk of rupture or 

aortic dissection, or both. Currently, the only treatment to prevent such aortic catastrophe is 

open elective replacement of the ascending aorta, and contemporary opinion of surgical 

experts dictates intervention when the maximal orthogonal aortic diameter reaches 55 mm 

[2]. The frequency (w50%) of patients with aortic dissection but an aortic diameter 

significantly less than 55 mm [3] underscores the current deficits in TAA risk assessment 

based on orthogonal diameter.

The aortopathy associated with BAV is phenotypically [4] and etiologically [5] diverse, as is 

the morphology of the BAV itself. The classification and prevalence of each BAV 

morphotype has been well described by Sievers and Schmidtke [6] according to the number 

and location of the raphe(s). BAV morphotypes are categorized as type 0 (0 raphe), type 1 (1 

raphe), and type 2 (2 raphes). Subcategorization of type 1 BAVs refers to the location of the 

raphe between the left and right coronary cusp (L/R), the left and noncoronary cusp (L/N), 

and the right and noncoronary cusp (R/N). Despite this variability in BAV morphology, 

patients uniformly exhibit increased aortic diameters [7, 8] and abnormal elasticity [9], and 

thus aortopathy, compared with controls with tricuspid aortic valve (TAV) matched for age 

and sex.

BAV patients also incur an unspecified increased risk of aortic dissection or rupture, or both 

[10], which persists despite surgical correction of the BAV by valve repair or replacement 

[11]. A recent study by Sievers and colleagues [12] revealed weak and nonexclusive 

associations between type 0, type 1 L/R, type 1 R/N, and aortic root dilation and between 

type 1 L/R and aortic root and ascending aortic dilatation for regurgitant BAVs [12].

Considering the tendency for the asymmetric dilation of the proximal ascending aorta in 

BAV patients, we hypothesized that oxidative stress defense in the ascending aorta of BAV 

patients is spatially dependent and predicated by BAV morphotype. We evaluated the gene 

expression of three isoforms of superoxide dismutases (Sods) in three different regions of 

the proximal ascending aorta on the basis of their proximity to the aortic valve cusps. In this 

study, we quantified the expression profile of Sods in different circumferential regions of the 

proximal ascending aorta and identified differences among valve morphotypes.

Patients and Methods

Patients

Ascending aortic tissue from 157 patients was obtained during elective aortic valve/

ascending aortic replacement and during heart transplants at the University of Pittsburgh 

Medical Center with approval of the Institutional Review Board and informed patient 

consent. Aortic valve morphology and BAV morphotype were determined by intraoperative 

inspection. Nonaneurysmal aortic specimens collected from patients with TAV morphology 

served as controls. For a subset (n = 74) of all samples, specimens of the proximal ascending 

aorta were harvested distally to the sinotubular junction and partitioned into three 

circumferential regions, corresponding to the sinuses of Valsalva, denoted as right (R), non 
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(N) (which together approximate the greater curve), and left (L) (approximating the lesser 

curve). Ascending aortic specimens were collected from 12 nonaneurysmal BAV patients 

(<42 mm), and 32 aneurysmal patients (≥42 mm) and also from 10 TAV patients with 

normal-caliber aortas and 20 with degenerative aneurysms (TAV-TAA; Table 1). The 

adventitial and intimal layers of the tissue were removed, and the medial layer of each 

region was preserved in RNAlater solution (part #AM7021; Ambion, Foster City, CA) 

according to the manufacturer’s instructions.

Echocardiography Studies and Computed Tomography Angiography

Preoperative computed tomography angiography was performed to determine the patients’ 

maximal orthogonal diameter of the ascending aorta to assess their indication for aortic 

replacement due to aneurysm. Patients also underwent preoperative transesophageal 

echocardiography to assess the degree of aortic insufficiency or stenosis, or both.

RNA Isolation and Real-Time Polymerase Chain Reaction Analysis

Tissue preserved in RNAlater was homogenized using the gentleMACS Dissociator 

(Miltenyi Biotech, San Diego, CA). Isolation of RNA was performed using the RNeasy 

Fibrous Tissue Mini Kit (part #74704; Qiagen, Valencia, CA) and quantified using Qubit 2.0 

(Invitrogen, Carlsbad, CA). Real-time quantitative polymerase chain reaction was completed 

using the TaqMan RNA-Ct One-Step Kit (#4392938, Invitrogen) and inventoried TaqMan 

assay primer/probe sets (Supplemental Table S1) on an AB Prism 7900HT thermocycler 

(Invitrogen). Data analysis was performed using Sequence Detection Systems 2.2.2 software 

(Invitrogen). Relative expression of target genes was calculated from cycle threshold (Ct) 

values for each target gene, and normalized to HPRT1 as the endogenous control gene using 

the 2−ΔCt method.

Statistical Analysis

Comparisons were performed using the Mann-Whitney U nonparametric test in SPSS 

software (Version 21 Armonk, NY). A p value of 0.05 or less was considered statistically 

significant.

Results

Valve Morphotypes

Aortic valve morphology and BAV morphotype were determined intraoperatively in a series 

of 157 patients with BAV presenting to the Center for Thoracic Aortic Disease at the 

University of Pittsburgh Medical Center for surgical management of BAV-related pathology. 

Type 1 L/R was the most prevalent morphotype, comprising 65% of the BAV patients 

considered in our series. Frequency of the other BAV morphotypes was as follows: type 0, 

16%; type 1 R/N, 13%; type 2, 5%; and rarely, type 1 L/N, 1%. Patient demographics, 

degree of valvulopathy, and comorbidities are reported in Table 1. There was only one 

specimen available each from aneurysmal type 1 L/N and from nonaneurysmal type 1 R/N, 

type 1 L/N, and type 2. No specimens were available from non-aneurysmal patients 

exhibiting the type 0 morphotype.
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Analysis of Aneurysmal Specimens

Sod1 expression was upregulated in specimens from patients with the type 1 L/R 

morphotype only in the L region (p = 0.05) and type 1 R/N morphotypes only in the N 

region (p = 0.04; Fig 1A and B). No change was found in specimens from type 0 (p > 0.1 for 

all regions) or type 2 for any region (p > 0.1 for all regions), and no morphotypes exhibited 

any changes in the R region of the proximal ascending aorta.

Although no change occurred in Sod1 expression in any region of specimens from 

degenerative aneurysms when all degrees of valvulopathy were considered together and 

compared with normal aortic specimens, some additional differences emerged in the setting 

of aortic regurgitation (AR). Patient specimens from regurgitant valves exhibited Sod1 
upregulation in the R and N regions compared with specimens from patients with competent 

valves (R region: p = 0.02; N region: p = 0.003; Supplemental Table S2).

Sod2 expression was decreased in aneurysmal BAV patients compared with control 

specimens, with different expression profiles according to the BAV morphotype and the 

regions considered (Fig 2). Specifically, Sod2 was uniformly decreased in all three regions 

of aneurysmal specimens from BAV patients with the type 1 L/R morphotype (L region: p = 

0.03; N region: p = 0.04; and R region: p = 0.03). However, a decrease in Sod2 expression 

was noted only in the L and R regions of specimens exhibiting type 0 morphotype (p = 0.03 

and p = 0.01 respectively), whereas downregulation of Sod2 was localized solely to the R 

region of specimens (p = 0.04) from patients with type 1 R/N morphotype. The presence of 

AR was associated with less reduction in Sod2 expression only in the L region of 

aneurysmal specimens from patients exhibiting the type 1 L/R morphotype compared with 

specimens from patients with competent valves (p = 0.04; Supplemental Table S3).

Downregulation of Sod2 was noted in the L and N regions of degenerative aneurysm 

specimens when all degrees of valvulopathy were considered together and compared with 

control specimens (p = 0.01 and p = 0.05, respectively; Fig 2). However, AR may influence 

Sod2 gene expression in degenerative aneurysmal specimens. In the R region, Sod2 gene 

expression was down-regulated in patients with AR compared with patients with competent 

valves (p = 0.05; Supplemental Table S3).

Decreased expression of Sod3 was noted in the L, N and R regions for specimens from 

patients with type 0 (p = 0.001, p = 0.004, and p = 0.008, respectively), and type 1 L/R 

morphotypes (p < 0.001, p = 0.001, and p < 0.001, respectively; Fig 3). However, Sod3 
expression was downregulated solely in the L region for specimens from type 1 R/N (p = 

0.04) and type 2 (p = 0.02) morphotypes. Decreased expression of Sod3 was also noted in all 

regions for specimens of degenerative aneurysms (p < 0.001 for all regions).

Sod3 gene expression was habitually downregulated in all three regions of most pathologic 

aortic specimens. The presence of aortic regurgitation did not influence any of these above-

described changes (Supplemental Table S4). Overall, Sod3 expression was mostly 

unchanged in each patient group when stenotic valves were directly compared with 

nonstenotic valves within each group (p > 0.06 for all; Supplemental Tables S5, S6, and S7).
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Nonaneurysmal BAV (L/R) Findings and Comparison With BAV-TAA

Sod1 was upregulated in the R region (p = 0.02) of non-aneurysmal aortic specimens for 

patients with type 1 L/R morphotype compared with control specimens (Fig 4A). Sod1 was 

downregulated in the R region only of aneurysmal specimens from patients with the type 1 

L/R morphotype compared with nonaneurysmal specimens (p = 0.03; Fig 4A). When 

nonaneurysmal specimens from patients were stratified based on the presence of aortic 

regurgitation, Sod1 expression was elevated in the L region in patients with AR compared 

with specimens from patients with competent valves (p = 0.01; Supplemental Table S2).

Sod2 expression was unchanged in nonaneurysmal specimens from patients with the type 1 

L/R morphotype compared with control specimens (p > 0.46). However, aneurysmal 

specimens of patients with the type 1 L/R morphotype exhibited downregulation of Sod2 
expression compared with nonaneurysmal specimens, regardless of regions (p < 0.001 for all 

regions; Fig 4B).

Downregulated Sod3 gene expression was detected in the L (p = 0.002), N (p = 0.02), and R 

(p = 0.02) regions of nonaneurysmal specimens from patients with the type 1 L/R 

morphotype compared with control specimens (Fig 4C). Interestingly, within the type 1 BAV 

L/R morphotype, aneurysmal patients showed further downregulation in Sod3 expression 

compared with non-aneurysmal BAV counterparts for all regions (p = 0.001 for all regions).

When the presence of AR was considered for the nonaneurysmal type 1 L/R specimens, 

there were no differences in Sod2 or Sod3 expression. Only one specimen in this subset was 

from a patient with a stenotic valve; therefore, given the low frequency of aortic stenosis, it 

cannot be completely excluded as a factor affecting Sod expression for type 1 L/R 

nonaneurysmal specimens.

Comment

The proximal ascending aorta tends to dilate asymmetrically in BAV patients, with more 

marked dilatation along the greater curve (N and R regions), and has an associated eccentric 

blood flow pattern, with regions of nonlaminar flow caused by this abnormal valve 

morphology [13]. Our group and others have made progress in predicting wall stress using 

constitutive modeling of aortic geometry in BAV patients [14–16], but little is known about 

morphotype-specific influences on the aortic wall. We addressed region-specific biology by 

focusing on antioxidant gene transcription profiles based on BAV morphotype (summary of 

results in Fig 5). We found that Sod1 and Sod2 displayed a unique expression profile that 

was dependent on both region and morphotype, whereas Sod3 expression was consistently 

reduced in all regions of pathologic specimens.

The most striking difference found across all BAV morphotypes studied was the upregulated 

Sod1 transcription in the R region of nonaneurysmal BAV specimens with type 1 L/R 

morphotype—the region that tends to exhibit the greatest degree of asymmetric dilatation. 

Here, Sod1 upregulation may represent an early response given its presence before, or in the 

absence of, aortic dilatation. Downregulation of Sod2 transcription did not show the same 

degree of region specificity on the basis of BAV morphotype. We suspect that Sod1 
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expression plays an early role in the pathobiology leading to ascending aortic aneurysm 

formation but that downregulation of Sod2 expression occurs in the later stages of 

aneurysmal disease.

Sod3 expression was globally downregulated independent of the presence of a BAV or the 

presence of an aneurysm, suggesting that mishandling of extracellular oxidative stress 

occurs in the onset and the progression of aneurysm in both BAV-related aneurysms and 

degenerative aneurysms. Indeed, for the type 1 L/R morphotype, the nonaneurysmal 

specimens were downregulated in all regions, but the aneurysmal specimens were further 

downregulated compared with their nonaneurysmal counterparts. This step-wise decrease in 

Sod3 expression may be part of a progression of the BAV aortopathy in early through late 

disease. In contrast to Sod1 upregulation and Sod2 downregulation, which were localized to 

the R and N regions (greater curve), Sod3 downregulation was uniformly observed in all 

circumferential regions of the proximal aorta.

Our findings of altered Sod transcription are in agreement with a recent report from our 

group that revealed elevated nitric oxide (NO) synthase 3 expression at the transcript and 

protein levels despite unchanged levels of phosphorylation of vasodilator-stimulated 

phosphoprotein, a downstream target of NO signaling [17], suggesting that elevated 

endothelial NO synthase produces superoxide and thus interferes with NO signaling in the 

BAV aorta. Elevated Sod1 expression in the non-aneurysmal BAV aorta might be an early 

combative measure against elevated superoxide generation, whereas downregulation of Sod2 
and Sod3 in dilated specimens is a consequence, contributing to an overall vulnerability to 

oxidative stress later in the disease process.

Results of our current study also concur with Arcucci and colleagues [18], who examined a 

limited number of aortic specimens from the greater curve and reported downregulation of 

SOD3 in specimens from BAV patients compared with normal patients. Because Sod3 is 

secreted, this uniform decrease in Sod3 expression could perpetuate elevated oxidative stress 

in the extracellular matrix and thus affect the final common pathway of extracellular matrix 

degeneration seen in the later stages of thoracic aortic disease.

Region-specific changes in expression of Sod1, Sod2, and Sod3 genes were unrelated to 

valve dysfunction in specimens from BAV patients. Conversely, only specimens from 

patients with regurgitant valves in the setting of a degenerative aneurysm displayed some of 

the same alterations in Sod expression as specimens from BAV patients. Hence, valve 

insufficiency was associated with region-specific changes in Sod1 and Sod2 in degenerative 

aneurysms only, and this association was limited to the R and N region for Sod1 expression 

and to the R region for Sod2 expression. Downregulation of Sod3 gene expression was 

uniformly observed in aortic samples from patients with normally functioning valves as well 

as regurgitant valves whether BAV or TAV. The presence of a stenotic valve did not 

influence the expression of any Sod isoform.

Despite clear perturbations in valvular hemodynamics due to the BAV [13], the associated 

aortopathy localized to the proximal ascending aorta involves cell-mediated mechanism(s) 

related to the oxidative stress defense of medial smooth muscle cells [19]. Prior work by 
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others has revealed spatial differences (greater vs lesser curve) in the expression of matrix 

proteins such as collagens I and III, tenascin, laminin, and fibronectin, and increased 

expression of markers of smooth muscle cell apoptosis in aortic specimens from stenotic 

BAV patients in the absence of significant dilatation [20, 21]. Differential expression of 

extracellular matrix proteins [20] and smooth muscle cell phenotype [21] in the ascending 

aorta of BAV patients have been previously described for the greater vs lesser curve. 

However, a dilatation pattern has not been described for one particular BAV morphotype or 

another. To our knowledge, this is the first study to address regional aortic wall biology 

using the anatomy of the sinuses of Valsalva as circumferential fiduciary boundaries in the 

proximal ascending aorta.

We have previously described distinct microarchitectural features of the collagen and elastin 

fiber organization in the aorta of BAV patients [22–24]. The report by Ikonomidis and 

colleagues [25] was the first to show altered expression profiles of proteins regulating 

extracellular matrix homeostasis (matrix metalloproteinase and tissue-inhibitors of 

metalloproteinase) on the basis of BAV morphotype (albeit not regionally tested) and 

suggested that the type 1 L/R morphotype may be the most aggressive, given its prevalence. 

Our results are consistent with these previous findings, because most changes in Sod gene 

expression were noted for the type 1 L/R morphotype, and many occurred in nonaneurysmal 

and aneurysmal specimens alike. Others have contended that morphotype has little or no 

bearing on aneurysm geometry or extent from root to arch [26, 27] and may be more related 

to valve function than morphotype [12]. We found that valve function had no influence on 

regional Sod expression for the BAV-associated aortopathy, but regurgitant valves did appear 

to affect Sod expression profiles among TAV patients with degenerative aneurysms.

A limitation of the current study was inadequate sample sizes for certain patient subsets. 

Further studies are needed to better understand region-specific mechanisms contributing to 

cell and tissue phenomena associated with aneurysm formation in various BAV 

morphotypes. In our laboratory, we are attacking these questions by biological, 

computational, and biomechanical interrogatories [23], and we have recently shown unique 

matrix microarchitecture localized to the N and R regions of aneurysmal aortic specimens 

from BAV patients [28].

We conclude that region-specific antioxidant gene expression profiles are influenced by the 

presence and the location of the raphe and that these differential profiles may have a bearing 

on local material property changes in the proximal ascending aorta of BAV patients. The 

results indicate a likelihood of a heightened state of oxidative stress in the aorta as part of the 

pathophysiology of BAV-associated aortopathy, and defining the enzymatic source of free 

radical species is the focus of our ongoing work. To improve risk mitigation for aortic 

catastrophe, we hope to develop sophisticated multimodal approaches that combine 

biological and biomechanical data with clinical imaging to improve the management of BAV 

aortopathy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. 
Expression of the superoxide dismutase isoform 1 (Sod1) gene in human ascending aorta in 

the (A) left (L), (B) non (N), and (C) right (R) regions (n = 76 patients). Box plots depict the 

median (middle line of the box), first quartile (lower line of the box) and third quartile 

(upper line of the box), with the whiskers representing 90th and 10th percentiles. The closed 

circles indicate outliers. *p < 0.05, significant from TAV-NA (normal). (BAV = bicuspid 

aortic valve; NA = nonaneurysmal; TAA = thoracic aortic aneurysm; TAV = tricuspid aortic 

valve.)

Phillippi et al. Page 10

Ann Thorac Surg. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 2. 
Expression of the superoxide dismutase isoform 2 (Sod2) gene in human ascending aorta in 

the (A) left (L) (B) non (N), and (C) right (R) regions (n = 76 patients). The box plots depict 

the median (middle line of the box), first quartile (lower line of the box) and third quartile 

(upper line of the box), with the whiskers representing the 90th and 10th percentiles. The 

closed circles indicate outliers. *p < 0.05 significant from TAV-NA (normal). (BAV = 

bicuspid aortic valve; NA = nonaneurysmal; TAA = thoracic aortic aneurysm; TAV = 

tricuspid aortic valve.)
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Fig 3. 
Expression of the superoxide dismutase isoform 3 (Sod3) gene in human ascending aorta in 

the (A) left (L), (B) non (N), and (C) right (R) regions (n = 76 patients). The box plots depict 

the median (middle line of the box), first quartile (lower line of the box) and third quartile 

(upper line of the box), with whiskers bars representing 90th and 10th percentiles. The closed 

circles indicate outliers. * p < 0.05, significant from TAV-NA (normal). (BAV = bicuspid 

aortic valve; NA = nonaneurysmal; TAA = thoracic aortic aneurysm; TAV = tricuspid aortic 

valve.)
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Fig 4. 
Expression of the superoxide dismutase (Sod) gene in bicuspid aortic valve (BAV) 

specimens by disease state. Total RNA from human ascending aorta was analyzed using 

real-time quantitative polymerase chain reaction. Results are shown for left (L), non (N), and 

right (R) regions each for (A) Sod1, (B) Sod2, and (C) Sod3. *p < 0.05, significant from 

TAV-NA (normal). (NA = nonaneurysmal; TAA = thoracic aortic aneurysm; TAV tricuspid = 

aortic valve.)
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Fig 5. 
Schematic of overall findings. Prevalence of the bicuspid aortic valve (BAV) morphotype is 

displayed as a percentage of BAV patients (n = 157) presenting for elective replacement of a 

non-aneurysmal (NA) aortic valve or aortic replacement due to thoracic aortic aneurysm 

(TAA), or both. Sod transcriptions represent regionalized specimens from 74 patients, of 

which 44 BAV patients were a subset. Findings for BAV specimens are summarized as 

upregulation (↑) or downregulation (↓) by left (L), right (R), or non (N) region and 

aneurysmal status (NA or TAA) compared with NA tricuspid aortic valve (TAV) patients 

(TAV-NA). No change in expression when compared with TAV-NA is denoted by a dash (−). 

Sod transcript expression is unknown (ukn) for all patients with type 1 L/N morphotype, 

type 0 aneurysmal patients, and NA type 0, type 1 R/N, and type 2 patients due to low 

prevalence and sample sizes available.
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