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Supplementary Materials 

Swine model and in vivo exposure to AVS risk factors 

The study was conducted under a research protocol approved by the Institutional Animal 

Care and Use Committee through a Cooperative Research and Development Agreement 

(CRADA) between the University of Pennsylvania and the FDA.  Ten mature castrated 

domestic male swine (~6 mo, 215 ± 36 lbs, Yorkshire cross Landrace) were randomly 

assigned to each of two diets for the two weeks prior to tissue collection: a standard 

corn/soybean diet (n=5) or a diet high in fat (12%) and cholesterol (1.5%) that was 

isocaloric to the standard diet (n=5). To assess the development of AVS, nine swine were 

fed the high-fat/high-cholesterol diet for 6 months and nine swine were maintained on a 

standard diet for 6 months. For tissue collection, the animals were placed under general 

anesthesia, anticoagulated and euthanized by exsanguination. The aortic valves were 

dissected immediately post mortem and processed as outlined below. Endothelium from 

the 2 wk HC valves were then processed for transcript profiling; tissue from both the 2 

week and 6 month cohorts were processed for histology and  IHC.  

Swine lipid profiles 

Blood samples were collected immediately prior to sacrificing the animals and excising 

the aortic valves. Following 2 weeks of a hypercholesterolemic diet (HC), swine 

developed hypercholesterolemia as shown by the blood lipid levels (Suppl. Table S1). 

Similarly, following 6 months of HC diet, swine had elevated blood lipid levels (Suppl. 

Table S2). 
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Supplementary Table S1: Serum lipid levels of male swine fed a normal (NC) or 
hypercholesterolemic (HC) diet for 2 weeks. Values are mean ± standard deviation. 
 
 

 

Supplementary Table S2: Serum lipid levels of male swine fed a normal (NC) or 
hypercholesterolemic (HC) diet for 6 months. Values are mean ± standard deviation. 
 

 

Sub-endothelial valve calcification in hypercholesterolemia 

2 weeks HC: Occasional early calcific nodules were noted beneath the endothelium of 

the A side of some valve leaflets following 2 weeks hypercholesterolemia. Two examples 

are shown in Figure S1a). Inset: Alizarin crimson staining. 

 

6 months HC: Significant calcific nodules were observed on the A-side in the mid regions 

of valve leaflets following 6 months hypercholesterolemia. These were apparent at gross 

dissection (Figure S1b).  
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Figure S1 
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Staining for inflammatory markers 

Frank inflammation was not seen even at 6 mo HC, therefore the distribution of ICAM 

and VCAM was assessed. These inflammatory mediators were irregularly expressed on 

both the A and V sides, and expression did not correlate with regions of lipid deposition 

(Figure S2). This is consistent with two previous studies which have shown variable 

ICAM and VCAM staining at sites of sclerotic lesions in human aortic valves.1, 2 

 
Figure S2: Immunocytochemical staining following 6 months hypercholesterolemia. a. 

Vascular Cell Adhesion Molecule (VCAM)-1. b. Intercellular Adhesion Molecule 

(ICAM)-1. Endothelial expression of each adhesion molecule was uneven on both sides 

of the valve leaflet. 

 

EC Isolation and RNA processing (2 weeks groups only) 

Endothelial cells were isolated from the A and V sides of aortic valve leaflets using a 

modified Haütchen method.3 Briefly, each valve was flattened between 2 circular 

coverslips.  A metal rod cooled to -20 0C in cold isopentane was applied directly to the 

top coverslip. The coverslips quickly froze onto the valve, adhering to the endothelial 
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cells which were then pulled from the leaflet. The cells from the A (or V) side of three 

leaflets for each valve were suspended in lysis buffer, pooled, and frozen on dry ice. The 

identity of cells isolated by this method has been confirmed by immunostaining for 

endothelial cell markers CD31 and von Willebrand factor and the absence of α-smooth 

muscle actin and CD45-positive leukocytes.3  

RNA was isolated from the endothelial cells using a silica-based fiber matrix method 

(Absolutely RNA Nanoprep Kit, Stratagene) and assessed for quality using an Agilent 

Bioanalyzer 2100 (Agilent Technologies). A ratio of ~2:1 between 28S and 18S 

ribosomal RNA bands confirmed the integrity of the RNA. A range of 80-300ng of RNA 

was obtained per aortic valve side per animal. RNA underwent two rounds of linear 

amplification using T7-mediated in vitro transcription of mRNA, during which amino-

allyl-UTP nucleotides are incorporated into aRNA.4 The samples were indirectly labeled 

with Cy3 and Cy5 fluorescent dyes, fragmented to increase sensitivity, combined with 

hybridization buffer and herring sperm DNA, and hybridized onto porcine oligo 

microarrays overnight using a stepdown protocol (40 0C, 37 0C, 35 0C each for 5 hrs). 

The slides were washed with increasing stringency wash buffers, rinsed with post wash 

buffer, and dried by centrifugation.  

Oligo microarrays were printed at the University of Pennsylvania Microarray Core 

Facility using Operon’s Pig Array-Ready Oligo Set, which includes 70-mer probes for 

10,665 genes from The Institute for Genomic Research porcine database; these included 

most annotated genes. The oligomers are designed to have minimal hairpin structure and 

cross-hybridization and are 3’ biased to ensure adequate signal. Control spots and three 
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sets of custom oligos including additional genes known to play key roles in endothelial 

function were also printed onto the arrays.  

Differential gene expression analysis 

The microarrays were scanned (Agilent Technologies) and Agilent Feature Extraction 

Software was applied. The data  were annotated to be MIAME compliant 

(www.mged.org) and loaded into the  University of Pennsylvania public microarray data 

repository RAD.5 The raw data were normalized using print-tip loess algorithm from the 

Bioconductor marray package for R.6 Patterns of Gene Expression (PaGE) software,7 

which uses the False Discovery Rate (FDR) method, was used to identify statistically 

significant differentially expressed genes, as previously described.8, 9 The FDR was set at 

25% for all differential gene expression analyses, so that 75% the predicted genes are 

expected to be true positives. The results were corroborated with significance analysis of 

microarray.10  
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Pathway analysis  

Ingenuity Pathway Analysis (IPA) Software (Ingenuity® Systems, www.ingenuity.com) 

compares the list of differentially expressed genes 

with a database of known genes, gene 

interactions, and pathways. This permits 

evaluation of the global effects of risk factor 

exposure on heterogeneous endothelial cell 

phenotypes. IPA generates networks of related 

genes by overlaying the list of differentially 

expressed genes onto the largest manually curated 

global molecular network. A score is assigned to 

each group of genes that form a network such that 

a high score corresponds to a low p-value and a 

low probability that those differentially expressed 

genes are unrelated.11  IPA also uses the list of 

differentially expressed genes to identify over-

represented functional categories, which are 

similar to Gene Ontology classifications, and 

over-represented canonical pathways, which are 

based on Kyoto Encyclopedia of Genes and Genomes (KEGG) ligand pathways as well 

as a thorough review of journal articles, review articles, and textbooks. The adjacent Key 

identifies the molecular caategories used in IPA pathway illustrations. 

Key: Shapes that identify each molecular category in IPA Pathways Figures 2 and 3 of 
the main text. 
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Immunohistochemistry 
 
Valve leaflet sections were fixed in 4% formaldehyde for 10 min and blocked with 3% 

H2O2 for 10 min and 10% horse serum for 30 min at 37 0C. Primary antibodies (PPARγ, 

L-FABP1, PRL, ABCA1 Santa Cruz Biotechnologies; HAM56, Novus Biologicals) were 

incubated overnight at 4 0C. After 20 min of PBS washes, secondary antibody 

(biotinylated anti-goat IgG and biotinylated anti-mouse IgG, Vector Labs)  was applied 

for 1 hr. The sections were then incubated with Vector Labs ABC Reagent for 30 min, 

and the reaction was visualized with DAB.   

 

Side-specific endothelial cell phenotypes in normocholesterolemia 

A comparison between the aortic and ventricular side endothelial cells in 

normocholesterolemic animals identified 3013 genes differentially expressed (1479 up 

and 1534 down) on the A side relative to the V side. Specifically, the transcript profile of 

the A side relative to the V side revealed a pro-calcific endothelial phenotype, the 

absence of differential expression of key inflammatory mediators, such as intercellular 

adhesion molecule, vascular cell adhesion molecule, monocyte chemotactic protein 1, or 

tumor necrosis factor α  (TNFα), and the downregulation of nuclear factor-κB (NF-κB) 

p65 subunit  (RelA) on the A side, all consistent with an anti-inflammatory profile. 

Supplementary Table S3 summarizes the pro-calcific gene expression differences 

prevalent in the A side endothelium. 
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Supplementary Table S3: Pro-calcific endothelial phenotype expressed by aortic side 
endothelium in normocholesterolemia. Genes known to be protective for calcification (OPG, 
NPPC, CHRD, PTH, PTN) were downregulated on the aortic side while pro-calcific genes 
(BMP4, HAPLN, OSTF1) were upregulated.  The final column confirms agreement with our 
previous study (1) of differential endothelial gene expression in the normal valve.  
Pathway analyses of hypercholesterolemia-induced differential gene expression in 

aortic side endothelium 

In addition to CASP3- and PPARγ-clusters discussed in the main text, several other gene 

pathways, including ANXA2- and TGFB1-clusters, were also differentially expressed in 

a manner consistent with a protective phenotype. For example, annexin A2 (ANXA2), 

which was downregulated by hypercholesterolemia, is a calcium-regulated phospholipid- 

and membrane-binding protein that may be involved in endosomal vesicular trafficking 

and responds to cholesterol in the endosome.12 ANXA2 is also known to bind S100 

calcium binding protein A10 (S100A10), forming a complex which may help organize 

membrane domains for early endosomes.13 S100A10 may also function to localize 

ANXA2 to the cell surface in times of stress, creating a pro-coagulative environment.14  

The downregulation of these molecules is indicative of a protective response. 

Transforming growth factor β1 (TGFβ1), although not differentially expressed,  was 

closely linked to differentially expressed genes, including ANXA2, hairy/enhancer-of-

split related with YRPW motif 1 (HEY1), prolactin (PRL), and TGFβ1-induced transcript 

1 (TGFβI1). The expression pattern of these genes was consistent with decreased TGFβ1 

signaling.15-19 TGFβ1 is expressed in calcific and sclerotic valve leaflets and stimulates 

valvular interstitial cell calcification in vitro.20 TGFβ1 is also known to decrease 

peroxisome proliferator-activated receptor γ (PPARγ) signaling both by decreasing 

human PPARγ mRNA21 and by increasing phosphorylation of PPARγ protein.22  
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Gene expression in ventricular (V) side endothelium is largely uninfluenced by 

hypercholesterolemia  

As noted in the manuscript in Table 1 and in contrast to the A side, few genes were 

differentially expressed on the V side in HC animals relative to normal animals. The only 

significant associations identified by IPA were for genes involved in G-protein signaling 

(Figure S3). Several genes for G-protein subunits and G-protein interacting peptides, 

which are known to be involved in such diverse endothelial cell processes as coagulation 

and solute sensing, were up-regulated on the V side of the valve in HC swine. 

 
 

 

 

Figure S3: Few genes were differentially expressed on the V side endothelium in 

response to hypercholesterolemia. The only significant associations noted with pathway 

analysis were for genes involved in G-protein signaling.  

Red and green represent genes up- and down-regulated, respectively, by HC relative to 

normocholesterolemia. The depth of color is proportional to the magnitude of differential 

expression. The shape of the gene box indicates the role of the gene product (see Key) 

 

Paired A side to V side comparisons of endothelial gene expression in 

hypercholesterolemia corroborates a protective A side response 
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As outlined in the manuscript, the top scoring network from the within animal 

comparisons of A side endothelium to V side endothelium was TNF-centric and 

consistent with the downregulation of inflammatory mediators on the A side. For 

example, epoxidase (SQLE), which is the rate limiting enzyme in the synthesis of 

cholesterol from squalene,23 was downregulated on the A side. Cholesterol has been 

shown to decrease SQLE transcript levels,24 suggesting that the A side endothelium may 

be actively responding to hypercholesterolemia by downregulating cholesterol 

biosynthesis. Furthermore, TNF&[alpha] inhibitor protein 3 interacting protein 2 (TNIP2) 

was upregulated on the aortic side. TNIP2 binds A20, a potent inhibitor of NF&[kappa]B, 

to control NF&[kappa]B activation upstream of the NF&[kappa]B inhibitor kinase 

complex.25 

Cytosolic phospholipase A2 (cPLA2), which is involved in the regulation of 

inflammation through the release of arachidonic acid from membrane phospholipids, was 

also upregulated on the A side. cPLA2 is subject to both transcriptional and post-

translational regulation, the latter playing a key role in determining enzyme activity.26 

Three different cPLA2-activating pathways featured in the network were downregulated. 

Phospholipase A2-activating protein (PLAA) plays a direct role in controlling cPLA2.27 

Similarly, TNFα has been shown to increase cPLA2 activity both directly 28 and through 

an MAPKK1-ERK1/2 mediated pathway.29  These findings suggest that though there 

may be increase in cPLA2 transcript level on the A side, the phenotype profile is 

consistent with a protective decrease in cPLA2 activation. 
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Supplementary Figure S2: The effect of hypercholesterolemia (HCA) vs normocholesterolemia (NCA)  
on A side expression of representative endothelial genes by QRT-PCR 

Representative key genes downregulated, upregulated, or unchanged by microarray analyses were measured by 
QRT-PCR. Box plots illustrate the median value, the 25%-75% interquartile range, and the span of the data. 
NCA/HCA expression differences for ANXA2, BMP4, GPX1 and SPP1 (osteopontin) trended in the direction 
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identified by microarray but did not reach significance. PPARγ and MYC, which were not found to be differentially 
expressed at the gene level, showed no differences in the median expression 
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