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Abstract

Objective—Congenital bicuspid aortic valve (BAV) is distinctly associated with the development 

of ascending aortopathy in adulthood, portending risk of both ascending aortic aneurysm and 

dissection. Our previous work implicated deficiency in oxidative stress response as a mediator of 

the BAV-associated aortopathy. We hypothesize that reactive oxygen species generation invokes 

elevated local oxidative tissue damage in ascending aorta of patients with BAV.

Methods—Ascending aortic specimens were obtained from patients undergoing elective aortic 

replacement and/or aortic valve replacement and during heart transplant operations. Levels of 

superoxide anion were measured via high-pressure liquid chromatography–based detection of 2-

hydroxyethidium in aortic specimens. Lipid peroxidation and enzymatic activity of superoxide 

dismutase and peroxidase were quantified in aortic specimens.

Results—Superoxide anion production was elevated in aortic specimens from patients with 

nonaneurysmal BAV (n = 59) compared with specimens from patients with the morphologically 

normal tricuspid aortic valve (TAV, n = 38). Total superoxide dismutase activity was similar 

among aortic specimens from patients with TAV versus BAV (n = 27 and 26, respectively), 
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whereas peroxidase activity was increased in aortic specimens from patients with BAV compared 

with specimens from patients with TAV (n = 14 for both groups). Lipid peroxidation was elevated 

in aortic specimens from BAV patients compared with TAV patients (n = 14 and 11, respectively).

Conclusions—Superoxide anion accumulation and increased lipid peroxidation demonstrate 

that, despite increased peroxidase activity, the ascending aortopathy of patients with BAV involves 

oxidative stress. In addition, the absence of increased superoxide dismutase activity in BAV 

specimens indicates a deficiency in antioxidant defense. This suggests that the characteristic 

smooth muscle cell loss observed in BAV aortopathy may be a consequence of 

superoxidemediated cell damage.

Graphical abstract

Increased superoxide anion and oxidative damage in the proximal aorta of patients with bicuspid 

aortic valve.
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Bicuspid aortic valve (BAV) is the most prevalent congenital heart malformation1 and is 

associated with an increased risk of developing thoracic aortic aneurysm (TAA) or dissection 

in the ascending thoracic aorta.2 Risk stratification for aortic catastrophe among patients 

with BAV is challenging because the cause of BAV formation and the upstream effector 

molecules and consequent mediating pathways of the associated aortopathy are not 

understood fully.

Oxidative stress has been implicated in idiopathic TAA,3 Marfan syndrome,4 and abdominal 

aortic aneurysms.5 However, the young age-related incidence of TAA formation in the 

patient with BAV, asymmetric dilation pattern localized to the proximal ascending aorta, the 

lack of multiorgan involvement, and the noninflammatory nature of the pathology indicate 

that the pathophysiology of BAV-associated aortopathy is distinct from that of the abdominal 

aorta, idiopathic TAAs, and TAAs arising in patients with connective tissue disorders. 

Oxidative stress response has been proposed by our group as a mediator of BAV-associated 

aortopathy from observations of increased susceptibility to oxidative stress-induced cell 

death of primary medial smooth muscle cells (SMCs) from patients with BAV compared 

with age-matched controls with normal-caliber aorta.6 These findings led us to hypothesize 

that reactive oxygen species (ROS) generation invokes elevated local oxidative tissue 

damage in ascending aortic specimens of patients with BAV.
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In the present study, we sought to investigate superoxide anion (O2
•−) and lipid peroxidation 

levels in ascending aortic specimens of patients with BAV ex vivo. We also examined 

superoxide dismutase (SOD) activity, a major ROS defense mechanism, as well as 

peroxidase activity in BAV specimens. Collectively, our results suggest that an environment 

of heightened oxidative stress and consequent oxidative damage to the ascending aorta 

contribute to BAV-associated aortopathy.

METHODS

Tissue Collection

Human ascending aortic specimens (n = 130) were collected, with approval of the 

institutional review board (#PRO07020120 – approved on February 26, 2015) and informed 

patient consent, from patients undergoing elective aortic replacement due to aneurysm or 

aortic valve replacement in the absence of an aneurysm. All procedures performed were in 

accordance with institutional guidelines. Nonaneurysmal ascending aortic specimens were 

collected from local heart transplant donor and recipient patients with tricuspid aortic valve 

(TAV) and no history of aortic disease or aortic valve disease, with approval of the 

institutional research board and informed patient consent or approval from the Center for 

Organ Recovery and Education. Patient demographics, age, sex, aortic diameter, degree of 

aortic insufficiency and/or stenosis, valve morphology (tricuspid or bicuspid) and relevant 

comorbidities (eg, hypertension and smoking) were recorded carefully and are displayed in 

Table 1. Ascending aortic specimens were categorized as aneurysmal when the maximal 

orthogonal aortic diameter exceeded 42 mm. Patients clinically diagnosed with a known 

connective tissue disorder, such as Marfan, Ehlers-Danlos, and Loeys-Dietz syndrome, were 

excluded from this study.

BAV morphotype was assessed intraoperatively in almost all cases, according to the Sievers 

classification.7 Among the 22 patients with nonaneurysmal BAV, 17 (77%) presented 

withatype 1 BAV (15 type 1L/R, 1 type 1R/N, 1 type 1L/N) and 1 patient (4.5%) exhibited a 

type 2 BAV morphotype. The majority (60%) of the 53 patients with aneurysmal BAV 

presented with a type 1 BAV (including 26 type 1L/R, 5 type 1 R/N, and 1 type 1L/N) 

whereas 4 patients (7.5%) exhibited a type 0 BAV. The frequency of BAV morphotypes is 

consistent with previous work from our laboratory8 and others.7,9

On excision, aortic specimens were placed in cold saline and transported to the laboratory, 

where samples of smaller size were sectioned for various assay. An effort was made to 

maintain the time elapsed between specimen excision and harvesting constant. Samples from 

similar regions of the aorta were used for each assay to adequately compare the data. The 

adventitial layer was stripped carefully from the tunica media and the intima was gently 

scraped away. Medial specimens were processed as described herein for various assays.

High-Pressure Liquid Chromatography (HPLC)- Based Detection of 2-Hydroxyethidium (2-
OH-E+)

2-OH-E+ has been shown to be the lone reaction product of O2
•− with dihydroethidium 

(DHE), making its detection via HPLC the most sensitive and accurate method to determine 
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O2
•− generation in biological specimens.10 A portion (35-40 mg, 1-2 cm2) of fresh aortic 

media was incubated in 10 mmol/L DHE (Sigma-Aldrich, St Louis, Mo) in phosphate-

buffered saline (PBS; Life Technologies, Carlsbad, Calif) for 30 minutes in the dark at 37°C 

with 5% CO2 and humidity. The DHE-labeled tissue was then snap-frozen in liquid nitrogen 

and homogenized with the gentleMACS Dissociator (Miltenyi Biotec Inc, San Diego, Calif). 

The total homogenate was further passed through a 28.5-gauge needle in 150 μL 0.1 % 

Triton X-100 in PBS. Twenty microliters of the homogenate was reserved for total protein 

determination with the BCA Protein Assay Kit (Pierce, Rockford, Ill). One hundred 

microliters of the homogenate was diluted 1:1 in extraction buffer (0.2 mol/L perchloric acid 

in methanol) and incubated on ice for 2 hours. The samples were centrifuged at 20,000g for 

30 minutes at 4°C. Samples (120 μL) were then diluted 1:1 in 1 M phosphate buffer (0.7 

mol/L potassium phosphate monobasic and 0.3 mol/L phosphoric acid, pH 2.6), followed by 

centrifugation at 20,000g for 15 minutes at 4° C. The supernatant (200 μL) was subjected to 

HPLC analysis for electrochemical detection (ESA CoulArray 5600) of 2-OH-E+. An ether-

linked phenyl column (100 mm × 4.6 mm) was used with 2 mobile phases (Solution A: 50 

mmol/L phosphate buffer in 90% water and 10% acetonitrile; Solution B: 50 mmol/L 

phosphate buffer in 40% water and 60% acetonitrile), and a gradient elution to increase the 

acetonitrile concentration from 25% to 60% over 10 minutes at a flow rate of 0.75 mL/min. 

The areas of the corresponding peaks were assessed with ESA CoulArray software 

(SelectScience, Bath, UK). The limit of detection for this assay was determined from a 

standard curve and established at 20 fmol. The concentration of 2-OH-E+ in each sample 

was calculated with a standard curve and normalized to the protein concentration of the 

tissue lysate. Specimens with undetectable 2-OH-E+ were assigned values at the limit of 

detection (20 fmol) to enable statistical analyses on all specimens interrogated. As such, 11 

of a total of 97 samples were assigned this limit of detection.

Quantification of SOD and Peroxidase Activity

For determination of antioxidant activities, snap-frozen aortic media tissue samples were 

homogenized in cold lysis buffer (20 mmol/L HEPES buffer solution, pH 7.2, 1 mmol/L 

ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid, 210 mmol/L mannitol, 

and 70 mmol/L sucrose; all Sigma-Aldrich) for SOD activity and in PBS (Ca2+/Mg2+-free) 

for the peroxidase assay with the gentleMACS Dissociator (Miltenyi Biotec Inc). Total SOD 

activity was determined according to the manufacturer’s instructions (Cayman Chemical, 

Ann Arbor, Mich). Peroxidase activity was quantified by a modification of the method of 

Weydert and Cullen.11 To summarize, homogenized medial specimens were diluted 1:1 in 

PBS and absorbance was measured at 240 nm every 8 seconds for 24 seconds after the 

addition of 30 mmol/L H2O2. Peroxidase activity (K) was calculated as previously 

described.11 SOD and peroxidase activity levels were normalized to total protein content as 

determined by the Bradford method (Bio-Rad, Hercules, Calif).

Detection of Lipid Peroxidation

To assess the oxidative damage at the tissue level, lipid peroxidation was assessed by 

quantification of 8-iso-prostaglandin F2α, resulting from the nonenzymatic peroxidation of 

arachidonic acid in membrane phospholipids.12 Aliquots of aortic tissue lysates were 

prepared as described previously for the SOD and peroxidase activity assays and used to 
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determined amount of lipid peroxidation using the Oxiselect 8-iso-prostaglandin F2α 
ELISA kit (Cell BioLabs Inc, San Diego, Calif) according to the manufacturer’s 

instructions. The amount of 8-iso-prostogladin F2α was measured from aortic tissue lysate 

against a standard curve. Results were further normalized to the protein concentration and 

expressed as pg/mg protein of tissue lysate.

Statistical Analyses

All results mentioned in the text are expressed as mean ± standard error of the mean and are 

represented in figures as median and interquartile range with errors bars representing 90th 

and 10th percentiles. Data in Table 1 are expressed as median ± standard deviation. 

Experimental outliers were identified and excluded from analysis with the Outlier Labeling 

Rule according to Hoaglin and Iglewicz13 and Tukey. Statistical tests were performed using 

SPSS, version 22 (IBM Corp, Armonk, NY). Comparisons between group demographics 

were assessed by χ2 test or a MannWhitney U test. All experimental endpoints were 

compared in SPSS for the 4 patient cohorts with the nonparametric Kruskal-Wallis test. 

When experimental endpoints were compared between TAV versus BAV specimens, the 

Mann-Whitney U nonparametric test was performed. A P value of less than .05 was 

considered statistically significant.

RESULTS

Levels of O2
•− Are Increased in the Aortic Media of BAV Specimens

Quantification of 2-OH-E+, the specific oxidation product of DHE by O2
•−, showed that 

aortic specimens from nonaneurysmal BAV have the highest level of O2
•− (Figure 1, 11.7 

± 1.86 pmol/pg protein). The level of O2
•− in nonaneurysmal BAV specimens was increased 

compared with O2
•− levels from nonaneurysmal TAV and aneurysmal BAV aortic specimens 

(Figure 1, 6.41 ± 1.30 pmol/mg, P = .041 and 7.80 ± 1.02 pmol/mg, P = .042, respectively).

Specimens From Patients With BAV Exhibit Similar SOD Activity and Increased Peroxidase 
Activity

Total SOD activity was quantified in nonaneurysmal and patients with aneurysmal BAV and 

TAV and found to be similar among the 4 patient cohorts (Figure 2, A). Conversely, aortic 

specimens from patients with nonaneurysmal BAV exhibited increased peroxidase activity 

compared with nonaneurysmal TAV specimens (Figure 2, B, 15.9 ± 2.29 K/mg vs 7.18 

± 1.14 K/mg, respectively, P = .023). When combined, BAV specimens exhibited a greater 

peroxidase activity compared with TAV specimens independent of the presence of aneurysm 

(Figure 2, B, 15.4 ± 1.87 K/mg vs 7.69 ± 1.15 K/mg, respectively, P < .002).

Lipid Peroxidation Is Increased in Aortic Specimens From Patients With BAV

We assessed lipid peroxidation as a marker of cellular damage due to oxidative stress. 

Quantification of 8-iso-prostaglandin F2α revealed increased lipid peroxidation in the aortic 

media of aneurysmal patients with BAV compared with specimens from nonaneurysmal 

patients with TAV (Figure 3, 589 ± 35.4 pg/mg vs 420 ± 60.1 pg/mg, respectively, P = .023). 

Levels of 8-iso-prostaglandin F2α were elevated in all BAV specimens compared with all 
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TAV specimens, irrespective of the presence of aneurysm (Figure 3, 610 ± 32.0 pg/mg vs 

458 ± 44.7 pg/mg, P = .021).

DISCUSSION

In the setting of ascending aortic aneurysm, it is accepted widely that vessel dilatation and 

loss of biomechanical integrity is a consequence of cystic medial degeneration, a 

phenomenon involving noninflammatory SMC loss and elastin fragmentation in the aortic 

media.14 However, aneurysms arising in the BAV population are distinct from those 

presenting in patients with connective tissue disorders, such as the Marfan syndrome, and 

from degenerative TAA occurring in patients with the morphologically normal TAV.15 

Specifically, the cause of BAV remains unknown, with no single gene or set of genes 

identified as being responsible for the abnormal valve development and the associated 

aortopathy.16 From an epidemiologic standpoint, patients with BAV present for aortic 

replacement approximately 10 to 15 years younger than patients with TAV with degenerative 

aneurysms, and the frequency of TAA is estimated to be approximately 10%, whereas TAA 

in patients with TAV occurs at a frequency of less than 0.02% .17–19 In addition, it is likely 

that all patients with BAV have a certain degree of ascending aortopathy because they do 

exhibit a greater ascending aortic diameter compared with TAV patients,19–21 even when 

matched for variables such as sex, age, or degree or valvulopathy.22 The distinct 

manifestations of BAV- versus TAV-associated aortopathy is further supported by our 

previous work at the tissue, cellular, and molecular levels showing distinct biomechanical 

properties associated with differences in extracellular matrix maturity and architecture23–27 

and altered SMC response to oxidative stress6,28 in the BAV versus TAV aortopathy.

Despite an abundance of literature describing oxidative stress in several cardiovascular 

pathologies, there have been relatively few reports focusing on the involvement of ROS in 

thoracic aortic diseases. In this study, we have uncovered elevated O2
•− levels along with 

demonstrating cellular oxidative damage in the thoracic aortic media of BAVaortas compared 

with TAVaortas. Interestingly, this increase in oxidative stress was detected in both 

aneurysmal and nonaneurysmal BAV specimens but was not noted in aneurysmal TAV 

specimens. This finding suggests that oxidative stress may play a prominent role in the onset 

and progression of BAV-associated aortopathy, whereas it may be less involved in the 

pathophysiology of degenerative aneurysms. In addition, O2
•− levels were significantly 

greater in nonaneurysmal BAV specimens compared with aneurysmal BAV specimens. This 

may indicate that O2
•− plays a more prominent role in the early stages of BAV aortopathy 

than in the later stages. Further investigation is required to determine the exact link between 

elevated O2
•− and the changes in extracellular matrix (ECM) composition and 

microarchitecture revealed by our group in specimens collected from earlier stages of BAV 

aortopathy.24

Several investigators have examined the involvement of oxidative stress in animal models of 

TAA. For example, Fbn1C1039G/+ mice, a mouse model of Marfan syndrome, developed 

TAAs29 and exhibited down-regulation of SOD expression amidst up-regulation of the 

expression of inducible nitric oxide synthase, NADPH oxidase (NOX) subunits, and 

xanthine oxidase, accompanied by increased lipid peroxidation.30 In addition, elevated levels 
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of homocysteine and protein carbonyl contents were found in the serum of patients with 

Marfan syndrome along with a decrease in total antioxidant capacity.4 Although the exact 

role of hyperhomocysteinemia in human Marfan disease is unclear, it has been shown to 

cause increased deposition of collagen and degradation of elastin in the mouse aorta, 

ultimately leading to altered vessel biomechanics evidenced by reduced aortic flow velocity.
31 In view of the paucity of studies focused on oxidative stress in patients presenting with 

TAA, determining whether O2
•− is a cause or a consequence of the BAV-associated 

aortopathy remains unknown and is warranted.

We previously uncovered a marked susceptibility to oxidative stress among SMCs from 

BAV-associated aortopathy specimens by demonstrating a deficiency of basal and stress-

induced expression of the antioxidant metallothionein,6 a finding that was corroborated by 

others.32 Although peroxidase activity was found to be elevated in aortic specimens from 

patients with BAV, total SOD activity remained similar between patient cohorts in the 

present study. These results are in line with our recent study showing that the expression of 

the 3 SOD isoforms is either similar (Sod1) or decreased (Sod2 and Sod3) in the R region of 

the BAV ascending aorta, which corresponds to the aortic segment proximally adjacent to 

the right coronary sinus.8 In a smaller cohort of aneurysmal patients with BAV, it recently 

was reported that the protein level of SOD3 was decreased in the ascending aorta and 

associated with decreased phosphorylation level of 2 targets of SOD3, namely Erk1/2 and 

Akt, compared with nonaneurysmal TAV specimens.33 The same study also revealed similar 

levels of SOD3 expression in specimens of degenerative aneurysms and healthy aorta.33 In 

parallel, recent work from Branchetti and colleagues34 described down-regulation of SOD1 

and SOD2 at the mRNA level in the aortic media of patient with degenerative aneurysms. 

Despite these recent reports focused on the expression of SODs in BAV and TAV 

aneurysmal aortic specimens, the enzymatic activity of SODs has not been reported 

previously. We found that total SOD activity was similar, suggesting an inadequate defensive 

response by SMCs to the increase in O2
•− levels. The relative contributions of SOD1, SOD2, 

and SOD3 isoforms in overall SOD enzymatic activity in BAV aortic specimens will require 

further study.

Our data indicate that despite activation of the antioxidant enzyme peroxidase, we detected 

increased levels of 8-iso-PGF2α, which are indicative of oxidative damage in BAV aortic 

specimens and could negatively affect cellular function. Isoprostane result from the 

nonenzymatic peroxidation of arachidonic acid in membrane phospholipids, thus affecting 

the integrity of all cell membranes.12,35,36 Lipid peroxidation was observed in aneurysmal 

BAV specimens despite similar levels of 2-OH-E+ in these specimens. This discrepancy 

could be explained by the fact that other ROS such as hydrogen peroxide, hydroxyl radical, 

or hydroxyperoxyl radical may be involved in later stages of BAV aortopathy. Regardless of 

the nature of the ROS involved, oxidative damage in form of lipid peroxidation was detected 

in our aneurysmal BAV specimens. Lipid peroxidation has been associated with 

cardiovascular disease including atherosclerosis,37 coronary artery disease,38 and aortic 

insufficiency.39 At the cellular level, increased lipid peroxidation is known to perturb the 

homeostasis of the plasma membrane, leading to cell death in several cell types including 

vascular SMCs.40 In the BAV aortic specimens, the high levels of 8-iso-PGF2α could thus 

contribute to SMC loss during cystic medial degeneration. Furthermore, mishandling of O2
•− 
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and H2O2 in the BAV aorta may adversely influence SMC behavior, as shown in the study 

by Branchetti and colleagues,34 where treatment of human aortic SMCs with H2O2 resulted 

in alteration of cell phenotype. In addition, we previously reported that SMCs isolated from 

BAV aortic specimens have reduced cell viability under oxidative stress conditions when 

compared to SMCs from TAV aortic specimens.6 This observation was attributed to the 

lower levels of the antioxidant metallothionein measured in BAVaortic specimens,6 since a 

similar reduced cell viability under oxidative stress conditions was observed in aortic SMCs 

isolated from metallothionein knockout mice.28 Collectively, these studies indicate an 

imbalance of ROS-related mechanisms in the aortic wall of patients with BAV.

To date, the main sources of O2
•− production in SMCs, including NOXs and xanthine 

oxidase, have not been investigated in human aortic specimens. However, in a mouse model 

of TAA induced by angiotensin II infusion, increased expression of the NOX subunit 

p22phox was measured and found to colocalize with matrix metalloproteinase activity in the 

aortic media.41 More recently, we identified endothelial nitric oxide synthase (eNOS) as one 

probable source of O2
•− in the ascending aorta.42 Although eNOS has been implicated 

previously in the pathophysiology of BAV-associated aortopathy,42–44 involvement in 

development or progression of the associated aortopathy is mechanistically unclear. 

Regional down-regulation of eNOS expression has been reported in BAV aortic specimens,
43 and single-nucleotide polymorphisms have been identified in patients with aneurysmal 

BAV.44 Work from our laboratory has revealed increased eNOS expression in aortic intima-

media specimens isolated from patients with BAV.42 Despite this finding, nitric oxide 

bioavailability was not found to be concordantly elevated. Since uncoupling of eNOS has 

been associated with a lack of NO bioavailability and O2
•− generation in the aorta,42 we 

surmise that eNOS is a likely source of O2
•− production in the BAV aorta.

In conclusion, our data reveal an environment of heightened oxidative stress associated with 

impaired oxidative defense and increased lipid peroxidation in the aortic wall in the setting 

of BAV-associated aortopathy. The influence of oxidative stress on medial SMCs and on the 

medial matrix microarchitecture and biomechanical integrity in the aortic wall of patients 

with BAV is the focus of our ongoing work.

Limitations of the Study

A limitation to our study is the limited number of aortic specimens for certain patient 

subsets. Specifically, we were unable to further delineate the role of valvulopathy (aortic 

valve regurgitation and/or aortic valve stenosis) or BAV morphotype in the different 

parameters measured in our study. Therefore, severe aortic valve regurgitation and/or 

stenosis were potential confounding factors in our experiments. Despise these clinical 

limitations, we recently have demonstrated that aortic valve regurgitation influenced Sod 

gene expression in aneurysmal specimens isolated from patients with TAV, whereas aortic 

valve stenosis had no effect.8

Clinical Implications of the Study

Despite the fact that BAV is the most common cardiac anomaly, occurring in 1% to 2% of 

the population, the cellular and molecular mechanisms underlying the associated aortopathy 
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remain largely unknown. We propose a role for oxidative stress in the BAV-associated 

aortopathy, whereby O2
•− and possibly other ROS lead to oxidative damages in the aortic 

wall. Despite an increase in the peroxidase component of the antioxidant response, the 

specific antioxidant defense against O2
•− (ie, superoxide dismutase) was not increased in 

aortic BAV specimens. Because oxidative stress is a well-known disruptor of ECM 

homeostasis, we suggest that oxidative stress is involved in the ECM derangements 

associated with BAVaortopathy. Understanding the exact link between oxidative stress and 

ECM in the context of BAV aortopathy may lead to the discovery of new therapeutic targets 

to prevent and/or delay aneurysm formation and/or rupture in patients with BAV. In addition, 

with the development of imaging methods allowing for in vivo detection of oxidative stress,
45–47 our work may support the need to design new diagnostic tools that would utilize 

oxidative stress as a marker of BAV aortopathy.
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Abbreviations and Acronyms

BAV bicuspid aortic valve

DHE dihydroethidium

ECM extracellular matrix

eNOS endothelial nitric oxide synthase

NOX NADPH oxidase

O2
•− superoxide anion

2-OH-E+ 2-hydroxyethidium

PBS phosphate-buffered saline

ROS reactive oxygen species

SMC smooth muscle cells

SOD superoxide dismutase

TAA thoracic aortic aneurysm

TAV tricuspid aortic valve
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Central Message

Levels of superoxide anion and oxidative damages are elevated in the ascending aorta of 

patients with bicuspid aortic valve.
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Perspective

In patients with bicuspid aortic valve (BAV), the proximal aorta is characterized by 

heightened superoxide anion production and oxidative damage. This oxidative 

environment may adversely impact cellular and matrix homeostasis and could explain the 

unique manifestation of BAV aortopathy. Identifying the impact of oxidative stress on 

local biological parameters may offer a novel perspective for the management of BAV 

aortopathy.
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FIGURE 1. 
Detection of O2•− generation. HPLC-based detection of 2-OH-E+ in aortic media showing a 

significant increase in O2
•− in the ascending aorta of patients with BAV. Box plots depict the 

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

box) quartiles with errors bars representing 90th and 10th percentiles. Data points distributed 

below the 10th percentile and above the 90th percentile are indicated by a closed circle. 
*Indicates P < .05 from TAV- NA and #Indicates P < .05 from BAV-NA using a Kruskal-

Wallis test. P = .037 indicates a statistically significant difference between all BAV 

specimens and all TAV specimens using a Mann-Whitney U nonparametric test. 2-OH-E+, 

2-hydroxyethidium; TAV-NA, tricuspid aortic valve-nonaneurysmal; TAV-TAA, tricuspid 

aortic valve-thoracic aortic aneurysm; BAV-NA, bicuspid aortic valve-nonaneurysmal; BAV-
TAA, bicuspid aortic valve-thoracic aortic aneurysm.

Billaud et al. Page 15

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 2. 
Detection of antioxidant activity in aortic media. A, Total SOD activity was similar among 

aortic specimens from patients with aneurysmal and nonaneurysmal BAV and TAV. B, 

Peroxidase activity was found to be increased in aortic specimens from patients with BAV 

compared with TAV specimens. Box plots depict the median (middle line of the box), first 

(lower line of the box), and third (upper line of the box) quartiles with errors bars 

representing 90th and 10th percentiles. All data points are indicated by a closed circle. 
*Indicates P < .05 fromTAV-NA. In (B) P = .002 was obtained using a Mann-Whitney 

nonparametric U test comparing all TAV versus all BAV specimens. SOD, Superoxide 

dismutase; TAV-NA, tricuspid aortic valve-nonaneurysmal; TAV-TAA, tricuspid aortic valve-

thoracic aortic aneurysm; BAV-NA, bicuspid aortic valve-nonaneurysmal; BAV-TAA, 

bicuspid aortic valve-thoracic aortic aneurysm; NS, not significant using a Kruskal-Wallis 

test.
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FIGURE 3. 
Lipid peroxidation in aortic media. Elevated oxidative damage in aortic specimens from 

patients with BAV was revealed by increased levels of 8-iso-PGF2α detected by ELISA. 

Box plots depict the median (middle line of the box), first (lower line of the box), and third 

(upper line of the box) quartiles with errors bars representing 90th and 10th percentiles. All 

data points are indicated by a closed circle. *Indicates P < .05 from TAV-NA via Kruskal-

Wallis. A P value of .021 was obtained using a Mann-Whitney nonparametric U test 

comparing all TAV versus all BAV specimens. 8-iso-PGF2α, 8-iso-prostaglandin F2α; TAV-
NA, tricuspid aortic valve-nonaneurysmal; TAV-TAA, tricuspid aortic valve-thoracic aortic 

aneurysm; BAV-NA, bicuspid aortic valve-nonaneurysmal; BAV-TAA, bicuspid aortic valve-

thoracic aortic aneurysm.
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TABLE 1

Demographics for all patients enrolled in the study

TAV BAV

NA TAA NA TAA

n, M/F 27 (20/6)* 28 (18/10) 22 (15/7) 53 (43/10)

Age, y 59.5 ± 16 64.0 ± 10 56 ± 14† 56 ± 11†

Diameter, mm    ≤42 52.0 ± 5.2 38 ± 4.28†,‡ 49.0 ± 4.3†,§

Aortic index     ≤2.20 2.60 ± 0.52 1.82 ± 0.27†,‡ 2.34 ± 0.38†,§

HTN  67% 79% 68% 71%

Smoking  83% 67% 57% 55%

AI

 1+    6% 26% 29% 26%

 2-3+  25% 30% 10% 14%

 4+    6% 15% 19% 12%

AS

 Mild    0% 0% 0% 8%

 Mod    0% 0% 5% 16%

 Severe  15% 9% 71 %†,‖ 49%†,‖

Data are expressed as median ± SD (age and diameter), or as percentage (HTN, smoking, AI, and AS). TAV, Tricuspid aortic valve; BAV, bicuspid 
aortic valve; NA, nonaneurysmal; TAA, thoracic aortic aneurysm; n, number of patients enrolled; M, male; F, female; HTN, hypertension; AI, 
aortic insufficiency; AS, aortic stenosis; Mod, moderate.

*
The sex of 1 patient was unknown.

†, §, ‖
Indicate P < .05 versus TAV-TAA, BAV-NA, and TAV-NA, respectively, as assessed by χ2 test or a MannWhitney U test.

‡
The diameter of 7 patients was unknown.
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