
Basal and Oxidative Stress–Induced Expression of 
Metallothionein Is Decreased in Ascending Aortic Aneurysms of 
Bicuspid Aortic Valve Patients

Julie A. Phillippi, PhD, Ekaterina A. Klyachko, PhD, John P. Kenny IV, BS, Michael A. Eskay, 
BS, Robert C. Gorman, MD, and Thomas G. Gleason, MD
Thoracic Aortic Disease Research Laboratory, University of Pittsburgh, Pittsburgh, Pa (J.A.P., 
M.A.E., T.G.G.); Northwestern University Feinberg School of Medicine, Chicago, Ill (E.A.K., 
J.P.K.); and University of Pennsylvania School of Medicine, Philadelphia (R.C.G.)

Abstract

Background—Bicuspid aortic valve (BAV) is a heritable condition that has been linked by an 

unknown mechanism to a predisposition for ascending aortic aneurysm. Matrix metalloproteinases 

have been implicated in this predisposition. Metallothionein is a poorly characterized, metal-

binding protein that regulates matrix metalloproteinases and is an antioxidant known to be 

upregulated under oxidative stress.

Methods and Results—To determine putative factors involved in the pathogenesis of aortic 

aneurysm in BAV patients, our first goal was to identify genes that are dysregulated in ascending 

aortic aneurysms of BAV patients compared with tricuspid aortic valve patients and nondiseased 

(control) donors. By microarray analysis (22 000 probe sets), 110 dysregulated genes were 

identified in BAV compared with tricuspid aortic valve patients and control donors; 8 were genes 

of the metallothionein family. Metallothionein gene expression and protein expression were 

significantly lower in aortic tissue and cultured aortic smooth muscle cells from BAV patients 

compared with control subjects. Matrix metalloproteinase-9 expression was increased in BAV 

aortic samples relative to controls. BAV aorta was more susceptible to oxidative stress, and 

induction of metallothionein under oxidative stress was reduced in BAV patients compared with 

control subjects.

Conclusions—These results demonstrate dysregulated metallothionein expression in ascending 

aortic smooth muscle cells of BAV patients that may contribute to an inadequate response to 

oxidative stress and provoke aneurysm formation. We hypothesize that metallothionein plays a 

pivotal role in the response of ascending aortic smooth muscle cells to oxidative stress cues 

normally involved in the maintenance of the extracellular matrix, including the regulation of 

matrix metalloproteinase expression.
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Bicuspid aortic valve (BAV) is the most common congenital heart malformation, occurring 

in 1% to 2% of the population.1,2 BAV patients are at increased risk for aortic dilatation, 

aneurysm, and dissection.3–5 Its cause remains unknown, but the defect may arise during 

development of the aortic valvular cusps and aortic media from neural crest cells.1,6,7 There 

appears to be a genetic basis for BAV with some proven linkages to chromosomal regions 

18q, 5q, and 13q.8 To date, no single gene has been identified; however, mutations in Notch 

1 and 2 were shown to be associated with calcification of the aortic valve and aortic stenosis 

and suggest a potential association with BAV.9

The molecular biological basis for aneurysm formation in BAV patients is unknown. We 

postulate that there is a marked reduction in the integrity of the extracellular matrix (ECM) 

in the aortic wall. Changes in gene expression of ECM proteins are known in other 

aortopathies. One specific example is mutation of the fibrillin-1 gene, the basis of the 

Marfan syndrome.10 The integrity of the aortic ECM may be compromised by an increase in 

matrix-degrading enzymes such as the matrix metalloproteinase (MMP) family and/or a 

decrease in tissue inhibitors of MMPs.11

MMPs control degradation of ECM proteins, including elastin and collagen, and play an 

important role in vascular biology.11 MMPs are overexpressed in some types of aortic 

aneurysms.1,4,12,13 Specifically, MMP-2 and MMP-9 have been implicated in thoracic aortic 

disease14–16 as a result of overproduction by smooth muscle cells (SMCs) of the aorta and 

macrophages.17,18 MMP activity also is influenced by expression of their antagonists, the 

tissue inhibitors of MMPs, which are often downregulated.13,15,16 However, the MMP/tissue 

inhibitor of MMP expression patterns reported for different types of thoracic aortic 

aneurysms vary significantly and can be influenced by other factors such as hypertension.19 

MMP production also is upregulated under conditions of cellular oxidative stress in vitro.20 

Reactive oxygen species (ROS) scavengers (ie, antioxidants) decreased the expression of 

MMP-9 by macrophage-derived foam cells in arterial plaques.21 Inherent expression of other 

factors, including antioxidants, likely plays a role in the regulation of MMP production and 

ECM integrity of the aorta and may be dysregulated in patients with aortic pathologies.

Initially, the goal of the present study was to identify genes that are dysregulated in BAV-

associated ascending aortic aneurysms (TAAs) compared with aneurysms in tricuspid aortic 

valve (TAV) patients and nondiseased aortas. Strikingly, we found by microarray analysis 

that genes of the metallothionein family represented a high percentage (8 of 110) of the 

dysregulated genes, demonstrating significantly lower expression compared with controls. 

Subsequent primary cultures of SMCs isolated from BAV aortas demonstrated reduced 

induction of metallothionein under oxidative stress in vitro and increased expression of 

MMP-9. Our studies suggest that metallothionein plays a role in the response of aortic 

SMCs to oxidative stress and that its diminished expression may adversely affect the 

integrity of the ECM of the aortic wall.
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Methods

Patient Enrollment and Tissue Collection

To investigate the genetic basis for BAV-TAA, we maintain a tissue bank of aortic specimens 

from patients who undergo ascending aorta replacement and normal aortic tissue from heart 

transplant donors (all with TAVs). All tissues used for this study were from male patients 

with no history of coarctation and minimal to no comorbidities. Samples used for the various 

assays to compare TAV and BAV groups were matched for age and diameter of the 

ascending aorta. Donor control samples were generally younger because of typical donor 

ages, but samples used were male and as closely matched in age as possible within 

experiments. Age was determined not to be a covariant for gene expression studies by 

regression analyses. Demographics and valvular pathophysiologies of all of the study 

samples used are outlined in Table 1.

Samples were harvested by the surgeon during elective surgery for replacement of the 

ascending aorta with informed patient consent and Institutional Review Board approval. A 

portion of each sample was placed in RNAlater solution (Ambion, Austin, Tex) and stored at 

4°C for 24 hours before long-term storage at −20°C until further processing for RNA 

isolation. Additional portions of aorta were placed in DMEM/F12 containing 1% penicillin/

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

SMCs. The remaining samples were promptly snap-frozen in liquid nitrogen and stored at 

−80°C until further analysis.

Primary SMC Culture

Under sterile conditions, the aortic media was dissected away from the adventitia, and the 

tunica media was dissected into ≈1-mm pieces. A primary explant method was used to 

establish the SMC cultures from BAV, TAV, and control aortas. After washing in PBS, the 

sample was transferred into 25-cm2 culture flasks containing SMC growth medium (Cell 

Applications, San Diego, Calif). The SMCs from BAV were isolated by enzymatic digestion 

with 0.5 mg/mL elastase and 1 mg/mL collagenase in DMEM/F12 for 2 hours at 37°C. After 

brief digestion with trypsin for 1 minute, samples were washed and transferred to fresh 25-

cm2 culture flasks containing SMC growth medium and incubated at 37°C with 5% CO2 and 

humidity, and the media was changed every other day. At confluence, cells were transferred 

to 75-cm2 culture flasks. The purity of the SMC was confirmed by homogeneous positive 

staining with a smooth muscle α-actin monoclonal antibody (Sigma, St Louis, Mo; data not 

shown).

RNA Extraction

For extraction of total RNA, tissue samples stored in RNAlater solution were pulverized 

under liquid nitrogen. Then, 25 to 30 mg tissue was homogenized by passing through in 

QIAshredder column (Qiagen, Valencia, Calif). RNA was extracted by Trizol Reagent 

(Invitrogen), followed by purification with the RNeasy Mini kit (Qiagen) according to the 

manufacturer’s instructions. Total RNA was isolated from primary SMCs with the Versagene 

RNA kit (Gentra Systems Inc, Minneapolis, Minn). Integrity of RNA was evaluated on 

Bioanalyzer 2100 (Agilent, Santa Clara, Calif). Only RNA with an integrity number >7 for 
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tissue samples and >9 for cultured cells was used for quantitative real-time polymerase chain 

reaction (qPCR) analysis.

Microarray Analysis

Microarray analysis of 50 aortic samples was performed with the Affymetrix HG-U133A 

GeneChip (Santa Clara, Calif) and analyzed with the Affymetrix Microarray Suite version 5, 

Significance Analysis of Microarrays software (Stanford University, Palo Alto, Calif), and 

GeneSpring version 6.1 (Silicon Genetics, Redwood City, Calif).

Signal values and detection flags were calculated using default settings. Data for all arrays 

were imported into GeneSpring; principal-components analysis revealed 10 samples to be 

significantly different from the other 40. These samples were excluded from further analysis. 

Probe sets were filtered on the basis of the detection flags, with those probe sets flagged as 

present in at least 5 of the remaining 40 samples retained. Significance Analysis of 

Microarrays software was applied to this list to discover differentially expressed genes in a 

series of pairwise comparisons (TAV versus BAV, BAV versus control, TAV versus control).

Protein Isolation

Frozen aortic tissue samples were pulverized under liquid nitrogen. Pulverized tissue (25 to 

30 mg) was homogenized in ice-cold Lysis buffer (50 mmol/L Tris-HCl, pH 7.4, 0.5 Triton-

X 100, 1 mmol/L phenylmethanesulfonylfluoride) in a Dounce grinder and then passed 

through a 21-gauge needle. Cultured primary SMCs were lifted with 0.05% trypsin, 0.53 

mmol/L EDTA (Invitrogen), pelleted (5 minutes at 1000g), and homogenized in lysis buffer 

by passing through a 21-gauge needle. Tissue and cell samples were then incubated at 4°C 

for 30 minutes, and the supernatant was collected after centrifugation at 14 000g for 10 

minutes at 4°C. Total protein concentration was determined with a Bradford assay kit (Bio-

Rad Laboratories, Hercules, Calif).

Detection of Metallothionein by Western Blot

We used methods based on the chemical modification of the cysteine residues of 

metallothionein with monobromobimane adapted from Meloni et al22 and an improved 

Western blotting protocol adapted from Mizzen et al23 to detect metallothionein protein 

expression. Briefly, 25 μg total protein extract was incubated in Tris [2-

carboxyethyl]phosphine hydrochloride (TCEP) buffer (100 mmol/L Tris, 10 mmol/L EDTA, 

10 mmol/L TCEP) with 6.25 mmol/L monobromobimane for 5 minutes in the dark. The 

reaction was terminated by adding protein loading buffer (Bio-Rad) and boiling. A protein 

sample (10 μg) was subjected to SDS-PAGE on 15% gels. After SDS-PAGE, gels were 

incubated at real time for 20 minutes in transfer buffer (10 mmol/L 3-[cyclohexylamino]-1 

propane sulfonic acid, pH 10.8, 2 mmol/L CaCl2 in 10% methanol) and transferred to 

polyvinyl difluoride membranes. Membranes were then fixed in 2.5% (vol/vol) 

glutaraldehyde for 1 hour and washed in PBS (3 times for 5 minutes, with 50 mmol/L 

monoethanolamine added to the final wash). Membranes were probed with mouse IgG anti-

metallothionein antibodies (Dako Cytomation, Carpinteria, Calif), 1:50 dilution for tissue 

samples and 1:300 for cultured SMCs. Bands were detected with horseradish peroxidase– 

conjugated secondary goat anti-mouse antibodies (1:5000) and visualized with an ECL 
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Western Detection Kit (Amersham Biosciences, Little Chalfont, UK). Blots were then 

stripped and reprobed for β-actin (Pierce Biotechnology Inc, Rockford, Ill; 1:20 000) to 

normalize protein loading. Autoradiographs were scanned and band intensity was 

determined with ImageJ software. Relative amounts of metallothionein were quantified and 

normalized to β-actin controls.

qPCR Analysis

Primers for amplification of the 8 metallothionein isoforms, designed from the divergent 5′ 
and 3′ untranslated regions of each metallothionein isoform, were adopted from Mididoddi 

et al.24 Primers for amplification of MMP-2 and MMP-9 were adopted from Choi et al.25 

Total RNA (0.75 μg for RNA isolated from tissue, 1 μg for RNA isolated from primary 

SMCs) was reverse transcribed with the iScript cDNA Synthesis kit (Bio-Rad). qPCR 

analysis was performed with 1 μL cDNA as template and SYBR Green PCR Mastermix 

(Applied Biosystems, Foster City, Calif), with 200 nmol/L forward and reverse primers for 

target genes in a total reaction volume of 20 μL. PCR was performed with a sequence 

detector Prism 7000 (Applied Biosystems). The thermocycling conditions were as follows: 

50°C for 2 minutes, 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 

60°C for 1 minute. A final heating step of 65°C to 95°C was performed to obtain melting 

curves of the final PCR products. Changes in metallothionein gene expression levels were 

calculated as fold differences using the comparative ΔΔCT method as described in Applied 

Biosystems Bulletin No. 2 and as described previously26 using patient 1003 as the calibrator 

to compare all groups with normal aorta. When noted, total expression levels in arbitrary 

units were calculated using the ΔCT method.

Induction of Metallothionein by Cadmium Treatment

SMCs were plated in 6-well plates at a density of 100 000 cells per well in duplicate in SMC 

growth medium and cultured to 100% confluence. The cell medium was then replaced with 

fresh medium with or without 5 μmol/L CdCl2 for 24 hours. Total RNA and protein were 

then extracted, and the level of metallothionein gene and protein expression was determined 

as described above.

Oxidative Stress Culture Conditions

SMCs were plated in 96-well plates at a density of 10 000 cells per well, cultured in SMC 

growth medium until 80% confluent, and then treated in triplicate with 0 to 9600 μmol/L t-

butyl hydroperoxide for 3 hours. Cell viability was monitored by MTS CellTiter 96 Aqueous 

One Solution Cell Proliferation Assay (Promega, Madison, Wis).

Statistical Analysis

Microarray analysis was completed with the Significance Analysis of Microarrays software 

(Stanford University, Palo Alto, Calif). All subsequent experiments were repeated at least 3 

times, and 1 representative experiment is shown. qPCR and Western blot densitometry 

readings are presented as mean±SEM with n values. One-way ANOVA, followed by Tukey’s 

highest-significant-difference posthoc test using SPSS software (SYSTAT Software, Inc, 

Chicago, Ill), was performed to determine significance among treatment groups and 
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appropriate age matching among groups. A regression analysis was performed to ascertain 

potential age effects on gene expression studies, and no linearity was found between age and 

gene expression among the groups. A value of P<0.05 was considered statistically 

significant.

The authors had full access to and take full responsibility for the integrity of the data. All 

authors have read and agree to the manuscript as written.

Results

Microarray Analysis

Microarray analysis of 50 ascending aortic samples was performed with the Affymetrix HG-

U133A GeneChip. Data were organized with Affymetrix Microarray Suite (version 5). 

Principal-components analysis of the samples was performed with GeneSpring (version 6.1), 

which identified 10 samples that were inexplicably different than the other 40. These 10 

samples were discarded. The remaining 40 samples were then analyzed for differential gene 

expression using Significance Analysis of Microarrays software with the default settings 

with 2 class, unpaired data yielding a false discovery rate of 5.1%. One hundred eight 

dysregulated genes were identified in BAV compared with control aortic tissue. Genes of 

interest that showed the greatest change in BAV compared with control encode proteins 

involved in the immune response (FK506 binding protein 5, type II precursor of interleukin 

1 receptor, CD163 antigen), matrix components (tissue inhibitor of metalloproteinase 4 

precursor, heparin sulfate D-glucosaminyl 3-O-sulfotransferase 2, matrix metalloproteinase 

3 preproprotein, tropomodulin 1), and stress response proteins (metallothionein isoforms) 

are shown in Table 2.

Metallothionein Expression in Ascending Aortic Tissue

Microarray analysis showed that the expression levels of many genes differed significantly 

in patients with aneurysm compared with nondiseased (control) aorta. We observed that 

several genes were differentially expressed in BAV compared with TAV patients. Among 

these, we focused on the metallothionein family genes, which constituted 8 of 110 genes 

with altered expression. Metallothionein isoforms are known to participate in the oxidative 

stress response,27–30 and we suspected that they play a role in the pathogenesis of aortic 

aneurysms. To further analyze the gene expression of known functional metallothionein-1 

(MT-1) isoforms (A, B, E, F, H, G, X) and MT-2A, conventional real-time PCR was 

performed on tissue samples from 6 patients according to established protocols.24 MT-1B 

and MT-1H were omitted from further analysis on the basis of results of real-time PCR (data 

not shown).

Using qPCR analysis, we observed consistent expression of MT-1A, MT-1E, MT-1X, and 

MT-2A in aortas of both TAV and BAV patients (Figure 1) and control donors. 

Metallothionein gene expression was reduced in diseased aorta patients compared with 

control; however, this effect was of varying extent for each isoform examined. The MT-1X 

and MT-2A isoforms exhibited the highest expression levels relative to the other isoforms. 

MT-1G was omitted from further analysis because of extremely low basal expression (data 
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not shown). MT-1A, MT-1X, and MT-2A each exhibited significantly less expression for 

BAV and TAV diseased aortas (P<0.001) compared with control aorta (Figure 1). There was 

no significant correlation of metallothionein expression with either age or size of aneurysm 

for any isoform examined.

To further explore the potential relationship among BAV, aneurysm formation, and 

metallothionein, we quantified metallothionein protein expression by Western blot analysis. 

There was a marked decrease in metallothionein protein expression in BAV patients 

compared with donor control aorta (27.5±12.7 versus 123.6±20.5, respectively; (P<0.01; 

Figure 2A and 2B). The mean values for aortic metallothionein content in TAV patients 

(101.0±19.6) were not statistically different from donor controls (P=0.673). There was no 

significant correlation between metallothionein content and patient age for both diseased 

groups (TAV, r=0.36; BAV, r=0.30) and some correlation for control patients (normal, 

r=0.55; Figure 2C). Interestingly, although there was no correlation between metallothionein 

expression and aortic diameter for BAV (r=0.13, P=0.43), there was a statistically significant 

correlation for TAV (r=0.61, P<0.002; Figure 2D).

Metallothionein Expression in SMCs

We isolated SMCs derived from TAA and healthy donors to investigate the cell response to 

oxidative stress in vitro. Cadmium is a known inducer of metallothionein gene transcription, 

and it can bind and stabilize MT-1/2 protein in most mammalian cell systems.31 We 

designed studies to determine the effect of cadmium exposure on metallothionein mRNA 

and protein expression in SMCs. SMCs were exposed to CdCl2 (0.1 to 100 μmol/L) for 19 

hours. There was no significant cell death as detected by MTS assay (data not shown); 

however, BAV-derived SMCs displayed a rounded morphology, indicative of poor cell 

attachment within 19 hours of CdCl2 treatment.

Next, we compared mRNA levels of metallothionein isoforms in SMCs cultured in the 

presence and absence of CdCl2. Analysis of mRNA by qPCR demonstrated that all analyzed 

SMCs displayed the same expression pattern as aortic tissue, with MT-1E, MT-1X, and 

MT-2A being the most abundant isoforms. There was no apparent difference in the basal 

mRNA levels among BAV, TAV, or control patients. Exposure to CdCl2 at concentrations >2 

μmol/L resulted in significant induction of all analyzed metallothionein isoforms. The 

expression of metallothionein mRNA in the nontreated cells was normalized to a control 

value of 1.0, and metallothionein induction in cadmium-treated cells was calculated relative 

to metallothionein expression levels in nontreated cells. Relative induction of MT-1E, 

MT-1F, and MT-2A was similar among all analyzed SMCs (data not shown). Induction was 

significantly lower in SMCs from BAV patients compared with controls for MT-1A 

(55±16.6 versus 118±7.5; P<0.005; Figure 3A). MT-1X was significantly induced in control 

cells (18±2.6-fold; P<0.002) but not in BAV cells (P=0.973; Figure 3B). Induction of 

MT-1A and MT-1X was 880-fold and 40-fold, respectively, for TAV in the absence of 

cadmium treatment relative to control cells (data not shown). This trend was reflected at the 

protein level; cadmium exposure increased the expression of metallothionein protein in 

SMCs derived from control and BAV cells (Figure 3C), but induction of metallothionein 

expression was less in BAV cells than in control SMCs (Figure 3D).
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SMCs derived from BAV, TAV, and control aortas were analyzed for response to oxidative 

stress in vitro. BAV cells conveyed the poorest resistance to oxidative stress. Control SMCs 

demonstrated the highest cell viability under oxidative stress, and TAV cells displayed 

intermediate cell viability relative to control and BAV (Figure 4).

MMP Expression in Aorta

We analyzed expression levels of MMP-2 and MMP-9 in aortas of 54 patients and 11 

controls using qPCR. MMP-2 and MMP-9 gene expression was significantly elevated in 

TAV aortas compared with control aorta (P<0.002 and P<0.05, respectively; Figure 5A and 

5B). Interestingly, although MMP-2 expression levels in BAV aortas were not significantly 

different from controls (P=0.341), MMP-9 gene expression was significantly higher 

compared with control (P<0.05). Elevated MMP expression in aneurysmal tissue is in 

agreement with reports from other groups.14–16 An increase in MMP-2 or MMP-9 

expression did not correlate with aneurysm size or age for BAV. However, there was a trend 

for higher MMP-2 and MMP-9 expression in older patients with TAV (data not shown).

Discussion

A definitive cause for the formation of ascending aortic aneurysms in BAV patients has not 

yet been elucidated. Our results demonstrate decreased expression of metallothionein in 

tissue isolated from the aorta of BAV patients compared with that of nondiseased aorta. 

Metallothionein deficiency in the aortic microenvironment of BAV patients may contribute 

to decreased ECM integrity of the vessel. The present study is consistent with the hypothesis 

that a defect in the cellular microenvironment, resulting from inherent, genetically 

determined abnormalities of the aortic wall, causes or contributes to the aortic pathology 

associated with BAV.

The biological function of metallothionein has been perplexing since its discovery. 

Metallothionein appears to be primarily a stress response protein and is transcriptionally 

activated via phosphorylation and binding of metal-regulatory transcription factor-1 to the 

metal response elements in the metallothionein promoter. This occurs under conditions of 

ROS, hypoxia, ultraviolet irradiation, and heavy metal exposure, except for cadmium 

treatment, which has little to no effect on metal-regulatory transcription factor-1 binding to 

metallothionein.32,33 The mechanism of action for metallothionein has not been delineated. 

Many studies have suggested that metallothionein plays a role in the homeostasis of essential 

metals such as zinc34 and cadmium,35 detoxification of metals, and protection against 

oxidative stress.27–30 Metallothionein has been implicated in the pathogenesis of multiple 

diseases, including oxidative stress–induced cardiac dysfunction.36 However, to the best of 

our knowledge, this is the first report that suggests a role for metallothionein in TAA 

pathogenesis in patients with BAV. Although cultures of aortic SMCs did not precisely 

mimic the results in tissue samples of lower basal metallothionein gene expression, we 

found that BAV TAA SMCs are clearly more sensitive to oxidative stress than cells from 

nondiseased tissue and TAV TAA SMCs. This supports our working hypothesis that 

metallothionein is involved in the oxidative stress response of aortic SMCs. Furthermore, the 

trend observed of reduced aortic metallothionein gene expression was reflected in vitro at 
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the protein level in cultures of primary aortic SMCs. It has been well described that SMC 

apoptosis is an inherent aspect of the pathology of TAA, resulting in cystic media 

degeneration.37,38 It is reasonable to postulate that low metallothionein expression and 

reduced capacity for induction contribute to SMC apoptosis in BAV aorta.

We also found that MMP-9 is upregulated in BAV TAA compared with nondiseased aorta, 

which is in accordance with previous studies.15 Our results are consistent with those of 

Göbel et al,39 who proposed that both metallothionein and MMP-9 were regulated by ROS 

in atherosclerotic plaques. Metallothionein and MMP-9 were shown to be expressed in 

adjacent SMCs of the synthetic phenotype (low expression of smooth muscle α-actin). 

Conversely, our results demonstrate that metallothionein is expressed in aortic SMCs that 

were positive for smooth muscle α-actin, indicative of the contractile SMC phenotype. 

Although a direct regulatory effect of ROS on metallothionein or MMP expression has not 

been conclusively demonstrated, the close proximity of their expression shown by Gobel et 

al, taken together with our current data, supports the notion that neighboring cells may lack a 

sufficient stress response via induction of metallothionein to protect matrix-producing SMCs 

of the synthetic phenotype from ROS. ROS has been shown to upregulate MMPs, potentially 

destabilizing atherosclerotic plaques and increasing risk for plaque rupture.40 Galis et al21 

showed that N-acetyl-cysteine, an ROS scavenger, decreased MMP-9 expression in 

macrophage-derived foam cells isolated from plaque tissue in rabbits. We suggest that under 

conditions of oxidative stress, ROS may increase MMP expression/activity and that the lack 

of a metallothionein response under such an environment limits cell survival and the ability 

to rebuild matrix to maintain aortic integrity. Furthermore, because metallothionein is known 

to bind zinc ions, lack of adequate metallothionein could affect the availability of free zinc 

for MMP-related functions.

A relationship between oxidative stress and TAA has not been previously studied; however, 

oxidative stress has been shown to play a role in the formation of abdominal aneurysms.41 

Oxidative stress also affects the pathogenesis of myocardial remodeling and congestive heart 

failure by regulating the quantity and quality of the ECM.42–44 In the present study, we have 

shown that BAV TAA SMCs have reduced capacity to upregulate metallothionein in 

response to oxidative stress in vitro. Thus, there is an increasing pool of data demonstrating 

that oxidative stress and heavy metal exposure play a role in regulating the quantity and 

quality of the ECM. We suggest that a difference in metallothionein induction among BAV, 

TAV, and control patients could be responsible for altered responses to oxidative stress and 

affect the integrity of the ECM. Increased expression and activity of matrix degrading 

proteins (eg, MMPs) within BAV TAA have previously been implicated in the disarray of the 

system,1,4,12,45,46 and we surmise that metallothionein affects MMP expression in this 

milieu.

Clinically, BAV is clearly associated with aortic dilatation and TAA formation.4,5,47,48 Given 

this association and the proven heritability of BAV by linkage analysis,49 a genetic basis for 

BAV TAA is putative. Our data add significantly to our understanding of the changes present 

in the ascending aortic walls of BAV patients, which differ from nonpathological aortas and 

TAV-degenerative aneurysms. The characteristic ascending aortic dilatation that occurs in 

BAV patients may be due in part to increased wall stress at the right anterolateral aspect of 
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the ascending aorta,50 yielding a localized, somewhat asymmetric pattern of medial 

degeneration in the aorta.51 The notion that aneurysm occurs in BAV patients because of a 

single genetic alteration or by a multifactorial process remains unresolved. However, the 

data presented provide insight into the potential role of metallothionein in regulating ECM 

homeostasis within the media of the ascending aorta as an antioxidant that regulates cellular 

responses to oxidative stress.

Study Limitations

We have specifically tried to limit the discrepancies of age and comorbid factors, but 

because of the availability of donor tissue, there were often not sufficient numbers to 

precisely age match to TAV and BAV patients. Moreover, degenerative TAAs inherently 

occur in older TAV patients relative to the age of presentation of TAA in BAV patients. 

Despite these clinical limitations, we made every attempt to compare BAV TAAs only to the 

youngest of the TAV TAAs and the oldest donor aortas housed in our bank. Prestudy and 

posthoc statistical analyses of the cohorts included in the microarray studies do not 

demonstrate any statistically significant difference in age among the groups. From that point 

forward, we matched samples for sex, age, and the lack of comorbidities for each of the 

subsequent experiments. Despite the more limited number of donor control samples, they 

appear to be adequately age matched for the TAV and BAV samples for the subsequent 

experiments.

Conclusions

Our data suggest a role for metallothionein in the local microenvironment of BAV TAAs. 

Metallothionein may function to regulate response of aortic SMCs to oxidative stress, which 

could include regulating MMP expression and tissue homeostasis of the aortic ECM. 

Ongoing studies in our group are focused on identifying the potential cellular and molecular 

mechanisms that govern oxidative stress responses of SMCs and aortic ECM integrity as 

they pertain to the formation of BAV TAAs.
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CLINICAL PERSPECTIVE

Bicuspid aortic valve (BAV) is the most common cardiac anomaly, occurring in 1% to 

2% of the population. There is no known genetic mutation or cause of BAV despite the 

fact that it has been proven to be hereditary. Patients with BAV are predisposed to 

developing aneurysms of the ascending aorta. At least 40% of patients undergoing 

elective replacement of the ascending aorta for aneurysmal disease have BAV in most 

thoracic aortic practices. The pathology of ascending aorta aneurysms involves 

noninflammatory smooth muscle cell loss and degeneration of the elastin- and collagen-

rich extracellular matrix. Here, we report that patients with BAV have significantly 

decreased levels of metallothionein within the ascending aorta. The role of 

metallothionein in the ascending aortic wall has never been characterized, yet it has been 

shown to be an antioxidant involved in oxidative stress responses in other systems. 

Coincident with altered metallothionein expression, we demonstrate that there is a 

diminished tolerance of oxidative stress apparent among BAV aortic smooth muscle cells 

compared with control, nonaneurysmal aortic smooth muscle cells. We propose a putative 

role for metallothionein in the regulation of smooth muscle cell viability that contributes 

to extracellular matrix homeostasis and consequent aortic wall integrity. Understanding 

the mechanisms by which the extracellular matrix homeostasis is disrupted, leading to 

aortic medial degeneration in BAV patients, may allow the prediction of one’s potential 

for aneurysm formation based on metallothionein gene or protein expression and may 

facilitate pharmacological manipulation of the extracellular matrix homeostasis in BAV 

patients to prevent aneurysm formation.
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Figure 1. 
Metallothionein gene expression was reduced in TAV and BAV patients vs control. Total 

RNA was harvested from aortic tissue and analyzed by qPCR for metallothionein isoforms. 

A, MT-1A; B, MT-1X; C, MT-1E; and D, MT-2A. Bars represent relative metallothionein 

expression in TAAs of BAV and TAV patients and normal donor patients normalized to the 

housekeeping gene, 18S rRNA (mean±SEM; n=12, 19, and 24 for control, TAV, and BAV, 

respectively). *Significantly different from control, P<0.001.
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Figure 2. 
Metallothionein protein expression was reduced in aortic tissue from BAV patients vs 

control. A, Western blot analyses for 6-kDa MT-1/2 protein and the loading control, β-actin. 

B, Band intensities from A were quantified by densitometry and displayed as a ratio of 

metallothionein to β-actin. Bars represent mean±SEM metallothionein protein expression 

(n=12, 19, and 24 for control, TAV, and BAV, respectively). C, Metallothionein protein 

expression vs age. D, Metallothionein protein expression vs diameter (dia.) of the ascending 

aorta. Bars represent normalized metallothionein protein expression. *Significantly different 

from control and TAV, P<0.01.
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Figure 3. 
Induction of metallothionein gene expression by Cd2+ is reduced in BAV patients vs control. 

SMCs were isolated from aortic tissue and cultured in the presence or absence of 5 μmol/L 

CdCl2 for 24 hours. Total RNA was isolated and subjected to qPCR analysis for gene 

expression of metallothionein isoforms. A, MT-1A. B, MT-1X. Bars represent mean±SEM 

of 3 assay replicates. C, Western blot analyses of MT-1/2 protein expression and β-actin 

loading controls in SMCs as pooled triplicates cultured in the presence and absence of 5 

μmol/L Cd2+ for 24 hours. D, Quantification of band intensities in C. MT-1/2 protein 

expression is normalized to β-actin loading controls.
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Figure 4. 
Cell viability under oxidative stress conditions in vitro. SMCs isolated from BAV patients 

(dotted line) exhibit the least cell viability under oxidative stress relative to TAV (dashed 

line) and control (solid line) cells. SMCs from control, TAV, and BAV patients were cultured 

in the presence or absence of t-butyl hydroperoxide (tBHP; 0 to 9.6 mmol/L) for 3 hours. 

Cell viability was assessed by MTS assay. Lines represent mean±SEM; n=3, 3, and 2, 

respectively.
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Figure 5. 
MMP gene expression was elevated in TAV and BAV patients vs control. RNA was 

harvested from aortic tissue and analyzed by qPCR for MMP-2 (A) and MMP-9 (B) gene 

expression. Bars represent mean±SEM MMP-2 or -9 gene expression for TAV and BAV 

relative to control; n=11, 19, and 20 for control, TAV, and BAV, respectively. *Significantly 

from control, P<0.05.
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Table 2

Microarray Analysis for BAV and Control Aorta

Gene
Fold Change (BAV Versus 

Control)* Function

MT-1L −3.46 Heavy metal binding

MT-1X −3.04

MT-1H–like −2.72

MT-1H −2.52

MT-2A −2.47

MT-1F −2.37

MT-1E −2.01

MT-1G −2.00

Tissue inhibitor of MMP-4 precursor −4.20 Binds to MMP-1, -2, -3, -7, and -9

Heparin sulfate D-glucosaminyl 3-O-sulfotransferase 2 −4.08 Sulfation and epimerization of heparin sulfate 
polysaccharides

MMP-3 preproprotein −3.75 ECM degradation

Tropomoldulin 1 −1.52 Cell-cell and cell-ECM adhesion

FK506 binding protein 5 −16.11 Protein folding

CD163 antigen −4.72 Scavenger receptor activity

Interleukin 1 receptor, type II precursor −9.03 Immune response

*
False discovery rate, 5.1%.
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