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Abstract

Background.—The mechanisms governing extracellular matrix degradation and smooth muscle 

cell (SMC) loss in the ascending aorta of bicuspid aortic valve (BAV) patients are unknown. We 

recently reported that expression and induction of metallothionein, a reactive oxygen species 

scavenger, is reduced in BAV ascending aortic aneurysms relative to nonaneurysmal patients.

Methods.—Tissue and primary SMCs from patients with and without thoracic aortic aneurysms 

and metallothionein-null and wild-type mice were analyzed for cell viability, vascular endothelial 

growth factor (VEGF), and type I collagen gene expression during exposure to reactive oxygen 

species.

Results.—The BAV SMCs and metallothionein −/− mice failed to induce VEGF under 

conditions of oxidative stress in vitro. Exogenous VEGF restored resistance to oxidative stress in 

BAV SMCs to normal. Type I collagen gene induction was increased in BAV aorta.

Conclusions.—Lack of VEGF induction during exposure to reactive oxygen species suggest 

that the oxidative stress response is faulty upstream of metallothionein and VEGF in BAV SMCs. 

Improvement of cell viability with VEGF treatment suggests that the deficient pathway can be 

rescued by VEGF. Increased type I collagen in BAV suggests that lack of metallothionein/VEGF 

activation in response to reactive oxygen species may play a role in extracellular matrix 

homeostasis of the ascending aorta. These data continue to support our hypothesis that BAV SMCs 

lack sufficient resistance to reactive oxygen species to maintain extracellular matrix homeostasis, 

which imparts a predisposition to thoracic aortic aneurysms.

Bicuspid aortic valve (BAV) is the most common congenital cardiac malformation and 

occurs in 1% to 2% of the population [1]. In addition to development of valvular stenosis or 

insufficiency, BAV is distinctly associated with proximal ascending aortic pathologies 

including thoracic aortic aneurysm (TAA), dissection, and coarctation [2, 3].

The cause of BAV remains unknown, but the defect appears to arise during development of 

the aortic valvular cusps and aortic media from neural crest cells [1]. Linkage analyses 

distinguish that the BAV syndrome is heritable [3, 4]; however, the molecular basis for TAA 
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formation in BAV patients remains unknown. A few studies have identified altered gene and 

protein expression profiles in aneurysmal tissue of BAV patients [5, 6]. The majority of our 

understanding of TAA pathogenesis is limited to histologic observations that occur 

irrespective of valvular pathology and are distinct from aneurysms of the descending aorta 

[2]. These changes include noninflammatory smooth muscle cell (SMC) loss, fragmentation 

of elastin, mucoid degeneration, and accumulation of basophilic ground substance within 

cell-depleted areas of the medial layer of the vessel wall [3]. Despite mounting 

circumstantial evidence of a molecular basis to extracellular matrix (ECM) disruption seen 

in BAV-associated TAA including recognizable patterns of ECM protein expression, there is 

a lack of understanding of the contribution of SMCs as contributors to ECM homeostasis 

and how their altered responsiveness in BAV patients may impact aneurysm formation.

Our group recently reported that several isoforms of the metallothionein (MT) family of 

genes are downregulated in aneurysmal ascending aortas, and primary SMCs from BAV 

patients demonstrated reduced cell viability during exposure to agents inducing reactive 

oxygen species (ROS) relative to donor aortas and aneurysmal aortas from patients with 

tricuspid aortic valve (TAV) [4]. Metallothioneins are a superfamily of intracellular cysteine-

rich proteins of low (<7 kD) molecular weight, with high metal binding and redox 

capabilities. Metallothionein has been implicated in the pathogenesis of numerous diseases 

including oxidative stress-induced cardiac dysfunction [5]. Metallothionein was also shown 

to rescue hypoxia-inducible factor 1-α expression and to increase vascular endothelial 

growth factor (VEGF) expression in a mouse model of diabetic cardiomyopathy [6]. We 

hypothesize that reduced MT and inability to resist damage by ROS may contribute to 

compromised ECM homeostasis in the aortic wall of BAV patients. In this study, we explore 

the role of VEGF in the oxidative stress response of ascending aortic SMCs and Type I 

collagen expression in human TAA specimens and a MT−/− mice.

Material and Methods

For this study, we examined both human and mouse ascending aortic specimens and primary 

ascending aortic SMCs.

Patient Enrollment and Tissue Collection

To investigate the molecular basis for BAV-TAA, we actively maintain a tissue bank of 

ascending aorta from patients who underwent elective ascending aortic replacement, with 

informed patient consent and approval of the Institutional Review Board, and normal tissue 

from heart transplant donors and recipients (nonaneurysmal with TAV), acquired in 

conjunction with the Center for Organ Recovery and Education. For this study, all patient 

samples were obtained from males with no history of coarctation and minimal to no 

comorbidities. Samples were age matched (among all groups) and diameter matched 

(between TAV and BAV samples) within assays as closely as possible. One limitation to this 

study is that nonaneurysmal patients tended to be younger than TAA patients on average. 

Demographics and valvular pathophysiologies of all of the study samples used are presented 

in Table 1.
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Ascending aorta was also collected from MT−/− mice and wild-type litter mates under 

established Institutional Animal Care and Use Committee protocols. Wild-type and MT−/− 

mice (deletions in Mt-1 and Mt-2) that were derived from heterozygous mixed mating of 

129 Ola and C57 BL/6 backgrounds have been extensively characterized for increased cell 

apoptosis under oxidative stress [7].

For both human and mouse specimens, a portion of each sample was placed in RNAlater 
solution (Ambion, Austin, TX) and stored at 4°C for 24 hours before long-term storage at 

−20°C. Additional portions of aorta were placed in DMEM/F12 containing 1% penicillin/

streptomycin and Fungizone (Invitrogen, Carlsbad, CA) to create primary cultures of SMCs, 

as we have previously described [4]. The purity of the SMCs was confirmed by near-

homogeneous positive staining with a smooth muscle α-actin monoclonal antibody (Sigma, 

St. Louis, MO [data not shown]) on fresh isolates. After cryopreservation, α-SMA 

expression was similar to fresh isolates and smooth muscle myosin heavy chain expression 

was near 100%, with no expression of the fibroblast marker, DDR2 (data not shown). 

Primary aortic SMCs were maintained in SMC growth medium (Cell Applications, San 

Diego, CA), and all experiments were performed using passage four or five.

RNA Extraction and Quantitative Real-Time PCR Analysis

For extraction of total RNA, tissue samples were pulverized under liquid nitrogen; then 25 to 

30 mg of tissue was homogenized by passing through a QIAshredder column (Qiagen, 

Valencia, CA). The RNA was extracted by Trizol Reagent (Invitrogen) followed by 

purification using RNeasy Plus Mini kit (Qiagen) according to the manufacturers’ 

instructions. Total RNA was also isolated from primary SMC cultures using the RNeasy 

Plus Mini kit only, according to the manufacturer’s instructions. Quantitative real-time 

polymerase chain reaction (PCR) analysis was performed with Taqman One-step RT-PCR 

Master Mix (Applied Biosystems, Foster City, CA). The RNA samples (1 μL) were added to 

sequence-specific primers and Taqman probes (200 nM per 10-μL reaction). The primers 

and probe sequences are as follows: human VEGF165 (Genebank #NM 001033756; forward: 

CATGCA-GATTATGCGGATCAA; reverse: TTTGTTGTGCTG-TAGGAAGCTCAT; and 

probe: CCTCACCAAGGC-CAGCACATAGGAGA); human type I collagen (Genebank 

#NM 000088; forward: CACCAATCACCT-GCGTACAGA; reverse: 

GGCAGGGCTCGGGTTT; and probe: CGGCCTCAGGTACCATGACCGAGAC); mouse 

VEGF165 (Genebank #NM 009505; forward: AGCG-GAGAAAGCATTTGTTTG; reverse: 

CAACGC-GAGTCTGTGTTTTTG; and probe: CCAAGATCCGCA-

GACGTGTAAATGTTCC); mouse type I collagen (Genebank #X54876; forward: 

CACGGCTGTGTGC-GATGA; reverse: TCGCCCTCCCGTCTTTG; and probe: 

TGCAATGAAGAACTGGACTGTCCCAACC). Target genes were normalized to 18S 
(Applied Biosystems). All target gene probes were labeled with FAM as the 5’ reporter dye 

and TAMRA as the 3’ quencher dye. The quantitative PCR assays were carried out in 

triplicate on an ABI Prism 7900HT sequence detection system in the Genomics and 

Proteomics Core Laboratories of the University of Pittsburgh. Data were analyzed using 

SDS 2.2.2 Software (Applied Biosystems).
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Cell Viability

The SMCs were seeded at a density of 25,000 cells/cm2 in triplicate and allowed to attach 

overnight. The medium was then replenished in the presence or absence of 600 μM t-butyl 

hydroperoxide (tBHP) to induce generation of ROS. Cell viability was monitored after 3 

hours of tBHP treatment by CellTiter 96 Aqueous One Solution Cell Proliferation Assay 

(Promega, Madison, WI) according to the manufacturer’s instructions. The RNA was 

harvested from parallel cultures after 6 hours of 600 μM tBHP and analyzed by quantitative 

real-time PCR, as described above. Pilot studies were conducted in triplicate and in-traassay 

variability was low (<5%), and subsequent exeriments were performed as a single well per 

patient.

Human SMCs were then seeded at a density of 25,000 cells/cm2 and allowed to attach 

overnight. Cells were then cultured in fresh medium in the presence or absence of 10 ng/mL 

recombinant VEGF (rVEGF [R&D Systems, Minneapolis, MN]) for 24 hours. The medium 

was then replenished in the presence and absence of 10 ng/mL rVEGF and 0 to 4.8 mM 

tBHP for 3 hours before quantification of cell viability.

Statistical Analysis

Experiments were repeated a minimum of three times, and data represent the mean of all 

observations. One-way analysis of variance, followed by Tukey honestly significant 

difference post-hoc test using SPSS software (SYSTAT software version 18.0; SPSS Inc, 

Chicago, IL), was performed to determine significance among treatment groups and 

appropriate age-matching among groups within experiments. Student’s t test (independent 

samples) was performed to determine differences between treatment groups, two tissue 

groups, or cell populations.

Results

To interrogate the cellular defense system of primary aortic SMCs exposed to ROS, we first 

quantified expression of the cell survival factor, VEGF. In the presence of tBHP, VEGF gene 

expression was increased in nonaneurysmal SMCs (p < 0.001) and TAV (p < 0.01) relative to 

unstressed (−tBHP) cells but not BAV (p = 0.132; Fig 1). There was no difference in basal 

VEGF gene expression in primary SMCs among nonaneurysmal (5.0 × 10−3 ± 2.14 × 10−3), 

TAV (6.93 × 10−3 ± 3.85 × 10−3), or BAV (5.42 × 10−3 ± 2.18 × 10−3; p = 0.879). There was 

no difference in VEGF gene expression among aneurysmal ascending aorta for patients with 

BAV (1.4 × 10−4 ± 3.55 × 10−5) or TAV (1.0 × 10−4 ± 4.33 × 10−5) relative to 

nonaneurysmal patients (1.1 × 10−4 ± 1.97 × 10−5; p = 0.2), nor between TAV and BAV 

patients (p = 0.9).

We next asked the question: can cell viability be restored in BAV SMCs to levels 

comparable to nonaneurysmal SMCs? To attempt rescue of cell viability in BAV SMCs, we 

cultured human SMCs in the presence of rVEGF before exposure to ROS. Cell viability was 

increased in all three patient populations to a similar degree (p = 0.156). Treatment with 

rVEGF restored cell viability of BAV SMCs to a level equal to nonaneurysmal SMCs in the 

presence of ROS (p = 0.07; Fig 2).
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To begin to draw a connection between oxidative stress responses and ECM homeostasis, we 

quantified type I collagen gene expression in ascending aorta and primary aortic SMCs in 

vitro. Type I collagen gene expression was increased in BAV ascending aorta (Fig 3) relative 

to nonaneurysmal controls (p < 0.05). There was no change in type I collagen gene 

expression among primary aortic SMCs from nonaneurysmal (7.2 × 10−2 ± 2.50 × 10−2), 

TAV (2.8 × 10−2 ± 1.06 × 10−2), and BAV (5.1 × 10−2 ± 1.80 × 10−2; p = 0.31).

To further delineate the specific role of MT in aortic SMC oxidative stress response and 

ECM homeostasis, we employed the use of MT−/− mice. Primary ascending aortic SMCs 

from MT−/− mice exhibit reduced cell viability under conditions of ROS in vitro relative to 

wild-type (p < 0.05; Fig 4). Basal VEGF was elevated in MT−/− SMCs relative to wild-type 

(p < 0.05) and was not further induced with tBHP (p = 0.420; Fig 5), whereas wild-type cells 

induced VEGF in the presence of tBHP (p < 0.05). Expression of VEGF in mouse ascending 

aortic tissue was equivalent in wild-type and MT−/− (2.10 × 10−4 ± 3.36 × 10−5 versus 2.33 

× 10−4 ± 3.86 × 10−5, respectively; p = 0.356). Type I collagen gene expression was similar 

in wild-type and MT−/− mice ascending aortic tissue (1.4 × 10−4 ± 7.64 × 10−5 versus 2.1 × 

10−4 ± 1.23 × 10−4; p > 0.7).

Comment

Building on our evidence of low MT expression and induction [4], we now report 

impairment of the oxidative stress response in BAV patients involving reduced induction of 

VEGF gene expression, an important molecule in the cascade of cell survival under 

oxidative stress. Since addition of rVEGF restored cell viability of BAV SMCs to levels 

equivalent to nonaneurysmal SMCs, the compromised cellular response to ROS in BAV can 

be rescued by supplementing VEGF. These combined data reinforce the notion that MT is 

extremely important in the overall cellular defense of ascending aortic SMCs against 

oxidative stress and are consistent with other reports supporting the involvement of ROS in 

TAAs [8–12], and absence of MT reduces the expression of several growth factors including 

VEGF [13].

Vascular endothelial growth factor is antiapoptotic in several cell types [14] and has been 

extensively characterized in cancer models as a proponent of cell survival by signaling 

through phosphatidylinositol-3’-kinase and Akt [15]. Prechallenge with VEGF rescued 

endothelial cells from ROS generation [16], suggesting potential antiapoptotic mechanisms 

for VEGF. We reason that a lack of response to ROS could manifest as low VEGF induction 

and may play a role in apoptosis of BAV SMCs in the aortic media. Apoptosis has been 

proposed as a mechanism of noninflammatory SMC loss within the media of dilated aortas, 

aneurysm, and dissection and is associated with elastin fragmentation, disruption of the 

elastin lamellae, alterations in matrix metalloproteinase (MMP)/tissue inhibitor of MMP 

ratios, and fibrosis with an increase in collagen and a higher apoptotic index [17]. Although 

the pathways initiating MMP overexpression are not known, MMPs promote apoptosis [18] 

and are associated with increased presence of ROS within vascular tissues [11]. Sources of 

ROS in abdominal aortic aneurysms are thought to initiate from local macrophages that 

infiltrate the tissue as well as mechanical stress [19, 20]. These events trigger increases in 

MMPs, which contribute to tissue degradation [21, 22]. The source of ROS in BAV TAAs is 
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the subject of our ongoing research, and we reason that increased ROS may contribute to 

alterations in MMP/tissue inhibitor of MMP levels deleterious to the aortic ECM.

Increased type I collagen gene expression in BAV TAAs implies a direct role for MT in 

regulating ECM homeostasis. Like BAV SMCs, MT−/− SMCs exhibit reduced cell viability 

under stress but there was no difference in type I collagen gene expression in wild-type 

versus MT−/− mice. Increased VEGF expression in MT−/− could indicate that other 

pathways or mechanisms may compensate for MT. Thus far, our unpublished observations 

of MT−/− ascending show no aortic dilation or dissection and a lack of histologic evidence 

for medial degeneration. The MT−/− mice are nonlethal, and MT is not required for proper 

growth or development; however, the absence of MT-1 or -2 increased Cd-induced lethality 

and hepatotoxicity, and overexpression of MTs provided protection from Cd-induced death 

[23]. The MT−/− mice display vascular defects including a lack of myogenic reflexes in 

resistance arteries [24] and hypoxic pulmonary vasoconstriction [25]. However, 

compensatory pathways may also be dysregulated in BAV patients and result in 

overproduction of collagen. Type I collagen production is altered in pathologic conditions, 

including hypoxia [26], owing to hypoxia-response elements within the proximal promoter 

[27]. Our results are consistent with previous reports that demonstrate increased collagen 

content [28] and an overall decrease in collagen concentration [29] amidst aortic dissections 

and TAAs [30,31]. However, others have demonstrated reduced collagen in the setting of 

aortic dissection and aneurysm [32]. Future studies will be needed to determine if MT plays 

a direct role in the regulation of type I collagen expression. Discrepancies in VEGF and type 
I collagen gene expression between aorta and primary SMCs may be related to variations of 

SMC phenotype (contractile versus synthetic) ex vivo.

We propose that a disruption in the homeostasis of the aortic ECM in BAV TAAs involves a 

reduced oxidative stress response including MT and VEGF or factors up-stream, or both. 

The combination of reduced availability of cell survival factors coupled with overproduction 

of type I collagen may contribute to ECM breakdown and increased SMC loss within the 

media of the BAV aorta. Ongoing studies are focused on elucidating a putative causal role 

for MT-related oxidative stress responses and identifying other related factors and the 

mechanisms that govern these pathways that may disrupt ECM homeostasis. Knowledge of 

these pathways could translate into improved diagnostics and surveillance methods, and lead 

to the development of novel therapeutic and preventative treatments of the aneurysms that 

form in patients with BAV.

Acknowledgments

The authors thank the University of Pittsburgh Medical Center for financial support of this project. The authors 
gratefully acknowledge Michelle Shirey and Erica Butler for assistance with patient informed consent and IRB 
procedures, and Drs Lawrence Wei, Forozan Navid, Jay Bahma, Yoshiya Toyoda, and Christian Bermudez for 
assistance collecting the aortic tissue samples. The authors also thank Dr Nancy Sussman for her kind assistance 
with the statistical analyses, and Dr Ayse Aydemir for critical review of the manuscript.

Abbreviations and Acronyms

BAV bicuspid aortic valve
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ECM extracellular matrix

MMP matrix metalloproteinase

MT metallothionein

ROS reactive oxygen species

rVEGF recombinant vascular endothelial growth factor

SMC smooth muscle cell

TAA thoracic aortic aneurysm

TAV tricuspid aortic valve

tBHP t-butyl hydroperoxide

VEGF vascular endothelial growth factor
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Fig 1. 
Expression of vascular endothelial growth factor (VEGF) gene expression in primary human 

ascending aortic smooth muscle cells (SMC). Cells from nonaneurysmal patients (n = 11), 

aneurysmal with tricuspid aortic valve (TAV) patients (n = 8), and aneurysmal with bicuspid 

aortic valve (BAV) patients (n = 9) were cultured in the presence or absence of 600 μM t-

butyl hydroperoxide (tBHP [black bars]) for 6 hours. For all experiments, bars represent 

mean ± SEM. *Significant from control (−tBHP [white bars]), p less than 0.01.
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Fig 2. 
Cell viability in the presence of oxidative stress. Primary human ascending aortic smooth 

muscle cells (SMC) from bicuspid aortic valve (BAV) patients (dotted line) were cultured in 

the presence of 10 ng/mL vascular endothelial growth factor (VEGF) before exposure to 0 to 

4,800 μM t-butyl hydroperoxide (tBHP) for 3 hours and compared with SMCs from 

nonaneurysmal patients (solid line). Lines represent mean ± SEM, n = 3 and n = 4 for 

nonaneurysmal and BAV, respectively.
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Fig 3. 
Type I collagen gene expression. (A) Human ascending aorta from nonaneurysmal patients 

(n = 23), aneurysmal with tricuspid aortic valve (TAV) patients (n = 21), and aneurysmal 

with bicuspid aortic valve (BAV) patients (n = 40). Bars represent mean ± SEM. *Significant 

from nonaneurysmal for p less than 0.05.
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Fig 4. 
Cell viability of primary ascending aortic smooth muscle cells (SMC) from wild-type mice 

(solid line) and MT−/− mice (dashed line). *Significant from wild-type, p less than 0.02. 

(MT = metallothionein; tBHP = t-butyl hydroperoxide.)
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Fig 5. 
Expression of vascular endothelial growth factor (VEGF) gene expression in primary 

ascending aortic smooth muscle cells (SMC) from wild-type mice and MT−/− mice. The 

SMCs were cultured in the presence (solid bars) and absence (open bars) of 600 μM t-butyl 

hydroperoxide (tBHP) for 6 hours. *Significant from wild-type, p less than 0.05. (MT = 

metallothionein.)
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