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Background-—Familial hypercholesterolemia (FH) is a prevalent hereditary disease associated with increased atherosclerosis and
calcific aortic valve disease (CAVD). However, in both FH and non-FH individuals, the role of hypercholesterolemia in the
development of CAVD is poorly understood. This study used Rapacz FH (RFH) swine, an established model of human FH, to
investigate the role of hypercholesterolemia alone in the initiation and progression of CAVD. The valves of RFH swine have not
previously been examined.

Methods and Results-—Aortic valve leaflets were isolated from wild-type (0.25- and 1-year-old) and RFH (0.25-, 1-, 2-, and 3-year-
old) swine. Adult RFH animals exhibited numerous hallmarks of early CAVD. Significant leaflet thickening was found in adult RFH
swine, accompanied by extensive extracellular matrix remodeling, including proteoglycan enrichment, collagen disorganization, and
elastin fragmentation. Increased lipid oxidation and infiltration of macrophages were also evident in adult RFH swine. Intracardiac
echocardiography revealed mild aortic valve sclerosis in some of the adult RFH animals, but unimpaired valve function. Microarray
analysis of valves from adult versus juvenile RFH animals revealed significant upregulation of inflammation-related genes, as well as
several commonalities with atherosclerosis and overlap with human CAVD.

Conclusions-—Adult RFH swine exhibited several hallmarks of early human CAVD, suggesting potential for these animals to help
elucidate CAVD etiology in both FH and non-FH individuals. The development of advanced atherosclerotic lesions, but only early-
stage CAVD, in RFH swine supports the hypothesis of an initial shared disease process, with additional stimulation necessary for
further progression of CAVD. ( J Am Heart Assoc. 2015;4:e002254 doi: 10.1161/JAHA.115.002254)
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F amilial hypercholesterolemia (FH) is one of the most
common hereditary diseases in the Western Hemisphere,

affecting 1 in every 244 individuals.1 FH is a disorder of
lipoprotein metabolism often caused by mutations in the low-
density lipoprotein (LDL) receptor, leading to high circulating
levels of LDL.2–4 Numerous studies have established a
relationship between FH and a high risk of atherosclerosis
at a young age.5–7

A somewhat lesser appreciated impact of FH is the
increased risk of developing calcific aortic valve disease
(CAVD). Although less studied than atherosclerosis in FH, the
increased incidence of CAVD in FH patients is significant, with
over half of homozygous FH (HoFH) males and 21% to 41% of
HoFH females exhibiting aortic regurgitation or more-
advanced valvular dysfunction.8,9 This correlation is not
entirely unexpected, given that CAVD has been associated
with hyperlipidemia,10 and stenotic valves are rich in oxidized
lipids and apolipoproteins B and E.11,12 However, in contrast
to coronary artery disease (CAD), elevated LDL is considered
a relatively weak risk factor for CAVD.10,13

Much remains to be learned about the relationship
between hypercholesterolemia and CAVD, both within the
FH population and more broadly. The many conflicting reports
on the use of statins (3-hydroxy-3-methylglutaryl-coenzyme A
reductase inhibitors) to prevent or treat CAVD serve to
illustrate this point.14–16 Although these LDL-lowering drugs
are considered an effective therapy for reducing the incidence
or severity of CAD in both FH17,18 and non-FH popula-
tions,19,20 randomized, prospective trials have failed to yield
evidence that statins are effective at reducing the progression
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of CAVD.21–23 Even in individuals with FH, it remains unclear
to what extent elevated LDL levels may contribute to initiation
or progression of aortic valve disease. Developing an
improved understanding of the role that elevated LDL plays
in the onset and progression of CAVD can help to better refine
potential treatment options for both FH and non-FH individ-
uals.

Characterization of aortic valves from Rapacz familial
hypercholesterolemic (RFH) swine offers the opportunity to
examine the relationship between FH and onset of valvular
pathology, independent of other risk factors. RFH swine
express elevated LDL levels as a result of a mutation in the
gene encoding the LDL receptor (LDL-R),24 as is commonly
observed in humans with FH. Due to their ability to develop
complex atherosclerotic lesions that closely mimic those
found in humans, these animals have been used extensively in
the study of atherosclerosis over the past 2 decades,25 as
well as in the development and validation of therapeutic and
diagnostic cardiovascular technologies.26,27 However, the
heart valves of RFH swine have not previously been evaluated.
This study examines the aortic valves of adult RFH swine to
investigate the relationship between FH and CAVD, as well as
determine whether RFH swine may serve as an animal model
for CAVD.

Materials and Methods
All reagents were obtained from Sigma-Aldrich (St Louis, MO),
unless noted otherwise. An expanded methods section is
available in Data S1.

Experimental Animal Model
This study conformed to the National Institutes of Health
(NIH) guidelines on the care and use of laboratory animals, as
well as the guidelines of the University of Wisconsin–Madison
Institutional Animal Care and Use Committee. A total of 21
female animals were included: 4 juvenile (0.25-year-old) wild-
type (WT) swine, 3 one-year-old (1 yo) WT swine, 3 juvenile

(0.25 yo) RFH swine, 4 two-year-old (2 yo) adult RFH swine,
and 5 three-year-old (3 yo) RFH swine (Table 1), with all RFH
swine possessing a homozygous mutation. The WT swine used
in this study are from a genetic line that was derived from the
RFH line to be absent of LDL-R mutation; thus, the WT swine
have normal cholesterol levels and do not develop atheroscle-
rosis on a standard diet. The animals were maintained on a
standard swine diet (75.8%, 14.7%, and 9.4% of daily calories
from carbohydrates, protein, and fat, respectively) throughout
the duration of the study. The animals were stunned and
euthanized by exsanguination for tissue collection. After
euthanasia, the heart was excised and rinsed in saline. The
left ascending, left circumflex, and right coronary arteries
were carefully dissected and fixed in 10% formalin. Likewise,
leaflets were dissected from the aortic valves and immediately
fixed in 10% formalin or placed in RNAlater.

Serum Cholesterol Level Measurements
Whole blood was collected during exsanguination and allowed
to clot in serum collection tubes. Collection tubes were
centrifuged at 1200g for 7 minutes; serum was stored at 4°C
and analyzed for cholesterol within 24 hours of collection.
Serum cholesterol levels were measured on a Vitros 5,1 FS
Chemistry System (Ortho-Clinical Diagnostics, Inc, Rochester,
NY) using multilayer film dry-slide chemistry with colorimetric
detection according to manufacturer’s recommendations.
Porcine cholesterol values were converted to equivalent
human cholesterol values according to the findings of
Swinkels et al.28

Intracardiac Echocardiography
The five 3-yo RFH swine were anesthetized with a combination
of telazol (a solution of 50 mg/mL of tiletamine and 50 mg/
mL of zolazepam administered at 1 to 8 mg/kg, intramuscu-
larly) and xylazine (0.2 to 2.2 mg/kg, intramuscularly) and
intubated. General anesthesia was maintained with 1.5% to
3.5% isoflurane delivered in 100% oxygen at a flow rate of 1 to

Table 1. Serum Cholesterol Levels of WT and RFH Swine

Variable WT Juvenile WT 1 yo RFH Juvenile RFH 1 yo RFH 2 yo RFH 3 yo

Number of animals 4 3 3 3 4 5

Age, y 0.29 (0.02) 0.92 (0.01) 0.23 (0.01) 0.92 (0.01) 2.5 (0.05) 3.4 (0.15)

Weight, kg 8.70 (1.20) 63.5 (13.5) 9.30 (1.30) 54.0 (9.60) 151 (25.6) 111 (5.20)

Cholesterol, mg/dL 119 (12.4) 121 (25.7) 341 (59.0) 495 (97.5) 408 (20.6) 273 (70.2)

Equivalent human cholesterol, mg/dL28 238 (24.8) 243 (51.4) 609 (118) 990 (195) 817 (41.2) 545 (140)

RFH indicates Rapacz familial hypercholesterolemic; WT, wild-type.
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3 L/min by a ventilator. A Siemens AcuNav 8F ultrasound
catheter (Siemens, Mountain View, CA) was introduced and
guided into the right ventricle by a vascular sheath percuta-
neously placed in the femoral vein. Ultrasound images of the
aortic valve were captured using an Acuson Cypress Plus
Ultrasound imaging system (Siemens) and are presented as
cross-sectional views of the valve. Heart valve function was
also assessed by the color Doppler imaging mode. After the
intracardiac echocardiography (ICE) procedure, animals were
recovered and maintained on standard husbandry until
subsequent postmortem tissue collection several months
later.

Histological Characterization
Formalin-fixed leaflets and coronary arteries were embedded
in paraffin and cut into 6-lm-thick sections. Sections were
stained with hematoxylin and eosin (H&E) or Movat’s
pentachrome (Poly Scientific, Bay Shore, NY). After histolog-
ical staining, leaflet thickness was measured using ImageJ
software (NIH, Bethesda, MD). Tissue sections were deparaf-
finized and antigen retrieval was performed in citric acid
buffer (pH 6.0; Vector Laboratories, Burlingame, CA) for
2 hours in a water bath at 80°C. Detection of cleaved caspase
3 (2 lg/mL, polyclonal, rabbit; Cell Signaling Technology,
Inc., Danvers, MA), CD107a (5 lg/mL, polyclonal, mouse;
AbdSerotec, Raleigh, NC), monocyte chemoattractant protein
1 (MCP-1; 5 lg/mL, polyclonal, rabbit; PeproTech, Rocky Hill,
NJ), oxidatively modified apolipoprotein-B100 (oxApoB;
10 lg/mL, polyclonal, mouse), and malondialdehyde (MDA;
10 lg/mL, polyclonal, mouse) was performed using immuno-
histochemical methods following the VECTASTAIN Universal
Elite ABC Kit protocol (Vector Laboratories). Alpha-smooth
muscle actin (aSMA, 10 lg/ml, monoclonal, mouse, clone
1A4), CD68 (10 lg/ml, monoclonal, mouse, clone 514H12;
Abcam, Cambridge, MA), and von Willebrand Factor (vWF,
10 lg/ml, polyclonal, rabbit; Dako, Carpinteria, CA) were
detected using immunofluorescent methods. Brightfield and
fluorescent images were captured using an Olympus IX51
microscope (Olympus, Tokyo, Japan).

Levels of chromagen indicating positive staining were
analyzed semiquantitatively using ImageJ software (NIH)
following the protocol outlined by Balaoing et al.29 First, the
background was subtracted from each image using a 150-
pixel rolling ball radius. Second, the Color Deconvolution
plugin30 was applied to separate the hematoxylin stain from
the chromogenic diaminobenzidine (DAB) channel. Within the
DAB channel, the threshold intensity was used to create a
binary mask that identified the regions of positive staining
after normalization to a negative control tissue sample. The
number of pixels that represent staining for an antigen was
divided by the total sample area in pixels to generate the

percentage of the tissue in the field of view that stained
positively for a particular protein.

Microarray Hybridization and Data Analysis
After mechanical homogenization of leaflets, total valvular
interstitial cell (VIC) RNA was isolated following the RNeasy
(Qiagen, Valencia, CA) fibrous tissue spin-column kit
protocol. RNA samples from 3 juvenile and four 2-yo swine
were selected for microarray analysis with Affymetrix
GeneChip Porcine Genome Arrays (Affymetrix, Santa Clara,
CA). Data were processed and analyzed as described
previously.31 Briefly, raw microarray data were background
corrected and normalized using the libraries in the Biocon-
ductor Project32 within the open source statistical language
R (v2.15.2; R Foundation for Statistical Computing, Vienna,
Austria). A significant genes list was generated after
determining differential gene expression between adult
and juvenile samples with the Empirical Bayes t test
statistic.33

The processed and annotated data were submitted to
Ingenuity iReport (Ingenuity Systems, Redwood City, CA).
Using the content in the Ingenuity Knowledge Base, iReport
performed an annotation enrichment analysis to map groups
of genes to specific biological pathways that were over-
represented in the differentially expressed genes. A P value
was calculated using the Fisher’s exact right-tailed test to
assess the probability that the association between each
pathway and the genes was not explained by chance alone.
These P values were adjusted with the Bonferroni correction
(0.0500/total number of pathways) to determine significance
cutoffs. In compliance with MIAME standards, these data have
been deposited in NCBI’s Gene Expression Omnibus database
(http://www.ncbi.nlm.nih.gov/geo; accession number
GSE53997).

Quantitative Reverse-Transcription Polymerase
Chain Reaction for Microarray Validation
Quantitative reverse-transcription polymerase chain reaction
(qRT-PCR) was employed to validate the gene expression
results obtained from microarray analysis on the same 7
samples. The genes selected for validation consisted of a mix
of over- and underexpressed genes in the dataset. RNA
reverse transcription was carried out using a High Capacity
cDNA Reverse Transcription kit (Applied Biosystems, Carls-
bad, CA). Taqman Gene Expression Assays (Applied Biosys-
tems) were used for qRT-PCR amplification. Relative
expression was determined using the DDCt method,34 where
target genes were first normalized to GAPDH and then relative
to RFH juvenile samples. qRT-PCR data were analyzed
statistically as outlined below.
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Statistical Analysis
Leaflet thickness was measured at 10 different spots across
the belly of each leaflet; these values were averaged to obtain
the mean thickness per subject. Average thickness per
experimental group was acquired by averaging the mean
thickness of all subjects within each group. Quantification of
chromogen intensity was performed on 3 images per leaflet.
The percentage of positive staining was obtained for each
image and these percentages were averaged per animal. The
mean percentage of positive staining was averaged across the
subjects in each experimental group to obtain the mean.
Throughout the study, experimental groups were compared to
one another with 1-way ANOVA in conjunction with Tukey’s
honestly significant difference post-test using KaleidaGraph
software (Synergy, Reading, PA); P values less than or equal to
0.0500 were considered statistically significant. Data are
presented as mean�SD.

Results

Adult RFH Swine Develop Complex
Atherosclerotic Lesions
Levels of serum cholesterol in RFH swine were significantly
higher than those in WT swine (Table 1) and within the range
reported for humans with HoFH.1 Consistent with previous
reports,25 evaluation of the coronary arteries of 2-yo adult
RFH swine revealed the presence of advanced atherosclerotic
plaques (Figure 1). Invasion of smooth muscle cells, as
detected by presence of aSMA, was observed within raised
atheromatous regions (Figure 1D); these regions also exhib-
ited evidence of increased lipid oxidation (Figure 1B). Mono-
cyte/macrophage recruitment (indicated by the detection of
MCP-1) and presence of lymphocyte degranulation (indicated
by visualization of CD107 [LAMP-1]-positive cells; Figure 1C)
were also observed. The advanced maturity of the lesions is
indicated by the presence of apoptotic cells in areas of or
adjacent to plaque formation (Figure 1E).

Extracellular Matrix Remodeling and Thickening
Are Evident in Adult RFH Leaflets
Histological examination of aortic valve leaflets from juvenile
and adult WT and RFH swine revealed the emergence of
numerous hallmarks of early valve disease only in adult RFH
animals. A healthy trilaminar structure was observed in
juvenile specimens from both WT and RFH animals (Figure 2),
where distinct collagen, glycosaminoglycan (GAG), and elastin
layers could be identified in the fibrosa, spongiosa, and
ventricularis layers, respectively; this is indistinguishable from

the arrangement observed in healthy human leaflets.35

Furthermore, the thickness was uniform throughout the entire
length of the juvenile WT and RFH leaflets. When WT animals
reached an age of 1 yo, this healthy trilaminar structure and
uniform thickness was maintained. In contrast, extensive
extracellular matrix (ECM) remodeling and subendothelial
thickening were evident in the 1- and 2-yo RFH specimens.
Leaflets from adult RFH animals were greatly enriched in
proteoglycans, which were deposited between the endothelial
layer and elastic lamina and comprised the majority of the
thickened area. Disorganized deposition of collagen fibers
was also observed in all samples, with fibers appearing in the
spongiosa and ventricularis. The elastin in adult RFH leaflets
appeared fragmented and was decreased compared to the
juvenile leaflets. Von Kossa staining of 2-yo RFH leaflets
revealed no evidence of mineralization (not shown). ECM
remodeling, as well as the other hallmarks described in this
study, were observed in all adult RFH leaflets examined; the
images included in the figures are representative of the
sample set.

Leaflet sections were measured after histological staining
to quantify the extent of thickening observed in adult RFH
heart valves. There was no difference in leaflet thickness
between juvenile WT and juvenile RFH animals (Table 2). As
WT animals aged to 1 yo, leaflet thickness did not change.
In contrast, when RFH animals reached 1 yo, leaflet
thickness had significantly increased relative to the
juveniles. A direct comparison of leaflets from 1-yo WT
versus 1-yo RFH swine shows that the average leaflet
thickness for RFH swine was more than double that for WT
(P=0.0016). This thickening continued to progress with RFH
animal age, reaching 1.1 mm at 3 yo. These changes in
leaflet microstructure occurred in the absence of changes in
valvular interstitial cell proliferation, apoptosis, or aSMA
expression (Figures S1 and S2).

ICE Indicates Normal Leaflet Function and Mild
Thickening in 3-yo Aortic RFH Valves
As noted above, histological examination clearly indicated
significant thickening and ECM reorganization in aortic valve
leaflets from adult RFH swine (Figure 2; Table 2), but
histological analysis alone is not able to determine whether
these changes are sufficient to alter valve function. Thus, ICE
was performed to evaluate whether adult RFH swine experi-
enced impaired valve function. In three of the five 3-yo RFH
swine, ICE indicated no diagnostic evidence of significant
pathology (Figure 3; Video S1). In the remaining two 3-yo RFH
animals, there was evidence of mild valvular sclerosis
(Figure 3; Video S2), but no evidence of calcification was
observed under ultrasound criteria. The limited color Doppler
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examinations from the short axis perspective did not detect
any evidence of valvular insufficiency.

Increased Lipid Oxidation Observed in RFH
Leaflets
Given that both histological and ICE analyses revealed some
early features of CAVD onset in adult RFH swine, we next
evaluated WT and RFH leaflets for other features believed to
be associated with early-stage valve disease, namely, depo-
sition of oxidized LDL and the presence of inflammation.
Leaflet sections were stained for oxApoB, which is the primary
apolipoprotein associated with LDL and is mechanistically

implicated in the atherosclerotic process,36 as well as MDA, a
product of lipid oxidation and a marker of oxidative stress.37

In juvenile animals, levels of oxApoB (Figure 4A and 4B) and
MDA (Figure 4A and 4C) were similar for both WT and RFH
animals. Aging of WT animals to 1 yo did not change
expression of either oxApoB or MDA relative to juvenile WT.
In contrast, when RFH animals reached 1 yo, there was a
significant increase in oxApoB and MDA relative to both the
juvenile RFH condition and the 1-yo WT swine. Specifically,
�20% of the WT and RFH juvenile leaflet area stained
positively for oxApoB, and this increased to 80% for 1-yo RFH.
In the case of MDA, the increase in staining area went from
<20% for WT and juvenile RFH to 44% for 1 yo RFH. MDA

Figure 1. Representative histology of atherosclerotic lesions in the coronary arteries of adult RFH swine. A, Hematoxylin and eosin (H&E)
staining and Movat’s Pentachrome revealed wall thickening, fibrin accumulation, and plaque buildup in coronary arteries. B, a-SMA-positive cells
were detected in the subendothelial region. C, Lipid oxidation was observed by immunostaining of oxApoB and malondialdehyde. D, Apoptotic
cells were identified throughout the arteries by immunostaining for caspase 3. E, Leukocyte degranulation (CD107a) and the secretion of MCP-1
were also observed in the intima, as expected in an atherosclerotic plaque. Scale bars: 400 lm (A and C); 200 lm (B, D, and E). Arrows indicate
areas representative of positive staining. N=4 animals. MCP-1 indicates monocyte chemoattractant protein-1; oxApoB, oxidatively modified
apolipoprotein B; RFH, Rapacz familial hypercholesterolemic; a-SMA, alpha-smooth muscle actin.
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levels continued to increase with age in RFH swine, reaching
72% of tissue area by 2 yo, and exhibiting strong expression
throughout the entire length and thickness of the leaflet.
Staining of leaflets from 3-yo RFH swine revealed similar
features as those found in 2-yo animals (Figure S3).

Macrophages Infiltrate 2-yo RFH Leaflets
The presence of MCP-1, a chemokine that regulates the
infiltration of macrophages, was evaluated in WT and RFH
leaflets as an indicator of inflammation (Figure 5A). Leaflets
from juvenile WT and RFH swine did not differ in the amount
or localization of MCP-1, and these levels remained constant
as both WT and RFH swine reached 1 yo (Figure 5B).
However, the 2-yo RFH swine exhibited a 6-fold increase in
positive MCP-1 staining relative to all other conditions. To
verify whether any leukocytes had infiltrated the leaflets, 2-yo
RFH samples were stained for CD68, a macrophage marker.

CD68-positive cells were indeed found in 2-yo leaflets, where
they localized to thickened areas (Figure 5C).

Microarray Analysis
The gene expression profile of 2-yo RFH VICs was compared
to that of juvenile RFH VICs, resulting in the identification of
906 differentially expressed (fold change >2; P<0.0500)
transcripts out of 23 256 transcripts present in the

Figure 2. Aortic valve leaflet microarchitecture in juvenile and adult RFH swine. Extensive remodeling of the extracellular matrix in 1- and 2-
year-old RFH swine was observed by Movat’s Pentachrome staining compared to juvenile RFH swine as well as both juvenile and 1-year-old WT
swine. Specifically, adult RFH leaflets exhibited collagen disarray in layers other than the fibrosa, a substantial increase in proteoglycan content,
and elastin fragmentation. Thickening of leaflets with age was also evident in RFH swine, whereas the juvenile and 1-year-old WT leaflets
remained similar to each other in both architecture and thickness. N=3 to 4 animals/condition, n=3 samples/animal. Scale bar=400 lm. RFH
indicates Rapacz familial hypercholesterolemic; WT, wild type.

Table 2. Thickness of Leaflets From WT and RFH Swine

Experimental Group Leaflet Thickness (mm) P Value*

WT Juvenile 0.26 (0.10) —

WT 1 yo 0.23 (0.04) 0.5486

RFH Juvenile 0.27 (0.12) 0.9871

RFH 1 yo 0.49 (0.03)† 0.0155

RFH 2 yo 0.81 (0.41)† 0.0364

RFH 3 yo 1.1 (0.13)† 0.0015

RFH indicates Rapacz familial hypercholesterolemic; WT, wild-type.
*Compared to WT Juvenile swine.
†Statistically significant; significance cutoff=P<0.0500.

Figure 3. Evaluation of adult RFH aortic valve function. ICE
revealed that valve function was not impaired in any of the 3-year-
old subjects (left panels). However, mild sclerosis was observed in
two 3-year-old swine (right panels, arrows point at thickened
leaflets). N=5 animals. ICE indicates intracardiac echocardiogra-
phy; RFH, Rapacz familial hypercholesterolemic.
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GeneChips (Table S1; Figure S4). These 906 transcripts
represent 765 genes that map to the Ingenuity Knowledge
Base. The top 10 upregulated and top 10 downregulated
genes in aortic valves from 2-yo versus juvenile RFH swine are
listed in Table 3. Numerous inflammation-related genes (eg,
chemokine [C-X-C motif] ligand 14, interleukin [IL]-6, IL-8, and
E-selectin) comprised the list of most strongly upregulated
genes in adult RFH VICs, whereas several ECM-related genes
(eg, elastin, collagen type II, and periostin) were among the
most significantly downregulated.

Using the expanded significant genes list, 17 biological
pathways were found to be overrepresented in 2-yo RFH VIC
samples compared to juvenile samples (Table 4; expanded

description in Table S2). Atherosclerosis signaling was
identified as one of the over-represented biological pathways.
Additionally, of the 17 over-represented biological pathways in
valves from 2-yo RFH swine, 5 were also found to be over-
represented in a comparison of gene expression profiles
between healthy and diseased human aortic valves.38

Discussion
Elevated LDL is a strong risk factor for atherosclerosis, and
treatments that reduce LDL levels have proven efficacious in
reducing CAD18,19; this is also true for individuals with FH,

Figure 4. Lipid oxidation in RFH aortic valve leaflets. A, WT and RFH sections were stained for 2 markers of lipid oxidation: oxApoB and MDA.
Arrows point to areas representative of positive staining. B, Deposition of oxApoB, the main structural component of low-density lipoprotein, was
observed in both WT and RFH leaflets. However, increased oxApoB accumulation of was present in 1- and 2-year-old RFH valves. C, Further
evidence of oxidative stress was present in 1- and 2-year-old RFH, but not in WT 1-year-old or RFH juvenile leaflets, as demonstrated by
immunostaining for MDA, a product of lipid peroxidation. *P<0.0500 compared to WT 1-year-old swine, #P<0.0500. N=3 to 4 animals/
condition, n=3 samples/animal. Scale bars=100 lm. MDA indicates malondialdehyde; oxApoB, oxidatively modified apolipoprotein B; RFH,
Rapacz familial hypercholesterolemic; WT, wild type.
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where vascular disease is found in virtually all untreated adult
patients with HoFH,1 and LDL reduction techniques can
attenuate or delay its development.1,17,18 However, the
relationship between hypercholesterolemia and CAVD is more
ambiguous. Whereas hypercholesterolemia is a risk factor for
CAVD, lipid-lowering techniques do not significantly reduce
CAVD incidence.21–23 In both heterozygous FH and HoFH,
CAVD prevalence is significantly higher than in the normotypic
population, but still occurs at a greatly reduced rate relative to
the development of atherosclerosis in FH individuals.1,8,9,39 By
examining the aortic valves from an FH animal model known
to recapitulate the atherosclerotic events of human HoFH with
high fidelity, we sought to better understand the relationship
between hypercholesterolemia and development of CAVD.
Because RFH swine have a uniform gene mutation, are fed
identical diets, are free from other comorbidities, and can be
sacrificed in exact age-matched cohorts, they provide a highly
controlled system in which to study this relationship. A
secondary goal of the work was evaluation of whether RFH
swine may serve as an appropriate animal model for
development of human-like CAVD.

The findings from this study demonstrate that, though
adult RFH swine formed complex atherosclerotic lesions and
a more advanced valvular disease state than has been
previously achieved with swine40 (ie, significant thickening,
extensive ECM remodeling, lipid oxidation, and inflamma-
tion), they did not develop advanced aortic stenosis or
calcified valve lesions. This absence of valvular calcification
or stenosis in RFH swine was unlikely to be a result of
insufficient animal age. RFH swine develop atherosclerosis
on a similar developmental time frame as humans with HoFH
(ie, by mid-late adolescence for both of these groups41,42);
meanwhile, the adult age of the RFH swine studied herein is
well past the porcine equivalent of the average age of CAVD
diagnosis in humans with HoFH (17.9 years).41 Limited
histological examination of elderly RFH pigs (Figure S5) also
did not show any progression of valvular pathology beyond
what was present by 2 to 3 yo. Together, these results
suggest that atherosclerosis and CAVD may share an initial
disease process that then diverges, with additional comor-
bidities necessary for progression of CAVD past early-stage
events.

Figure 5. Macrophages infiltrate adult RFH aortic valve leaflets. A, Accumulation of inflammatory marker MCP-1 was observed in 2-year-old
RFH swine, but not in 1-year-old WT or RFH swine. B, Presence of MCP-1 in 2-year-old RFH swine was increased �3-fold relative to other RFH
and WT animals. C, Macrophages were detected only in thickened leaflet areas in 2-year-old RFH swine, as indicated by positive staining for
CD68 in areas with thickness >400 lm. N=3 to 4 animals/condition, n=3 samples/animal. Scale bars=100 lm. MCP-1 indicates monocyte
chemoattractant protein 1; RFH, Rapacz familial hypercholesterolemic; WT, wild type. *P < 0.0500 compared to WT 1-year-old swine.
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Insights Into Early CAVD Provided by Adult RFH
Swine
Characterization of events in early CAVD in humans has been
challenging owing to the scarcity of valve specimens that
become available at this stage of disease. However, the ability
to study early stages of CAVD is valuable because even mild-
to-moderate CAVD is known to increase all-cause and
cardiovascular mortality.43,44 The RFH swine examined in
the current work appear to offer a model that recapitulates
numerous critical features of early CAVD and may thus be
useful for studying the initiation and early progression of this
disease. Though juvenile WT and RFH animals were identical
in all measured outcomes, significant differences between
these groups emerged by 1 year of age. Leaflets from 1-yo

RFH swine exhibited a doubling in thickness, significant ECM
rearrangement, and deposition of oxidized lipids relative to
their juvenile counterpart. Meanwhile, the leaflets from 1-yo
WT animals were identical to those from juvenile WT swine,
indicating that the observed changes in 1-yo RFH leaflets
were not simply a product of normal aging.

Both histological evaluation and echocardiography
revealed thickening of leaflets from adult RFH swine.
Although thickening alone is not a predictor of CAVD, it is
considered one of the earliest events in the pathological
process.45 The normal trilayered structure of the valve ECM
was disrupted in adult RFH leaflets, indicating that the
thickening was not merely a consequence of aging, but was
instead pathological in nature. The thickened areas were
found between the endothelial layer and elastic lamina and
were rich in proteoglycans, which is consistent with the

Table 3. Top 10 Genes Up- and Downregulated in 2 yo
Versus Juvenile RFH Leaflets

Gene Symbol Gene Name
Fold
Change

Upregulated

CXCL14 Chemokine (C-X-C motif) ligand 14 128.0

IL6 Interleukin-6 (interferon, beta 2) 78.8

NR4A3 Nuclear receptor subfamily 4, group A,
member 3

29.9

HSPA6 Heat shock 70 kDa protein 6 24.3

DUSP5 Dual specificity phosphatase 5 21.1

IL8 Interleukin 8 16.0

FOXJ3 FBJ murine osteosarcoma viral oncogene
homolog B

14.9

FOSB Forkhead box J3 14.9

FABP4 Fatty acid-binding protein 4, adipocyte 13.9

SELE Selectin E 12.1

Downregulated

HBD Hemoglobin, delta �16.0

HBA1/HBA2 Hemoglobin, alpha 1 �14.9

ADAMTS17 ADAM metallopeptidase thrombospondin
type 1 motif, 17

�12.1

POSTN Periostin, osteoblast specific factor �8.6

DYNC1I2 Dynein, cytoplasmic 1, intermediate chain 2 �8.0

TNC Tenascin C �7.5

ETV6 Transcription factor ets variant 6 �7.0

IFI44L Interferon-induced protein 44-like �7.0

COL2A1 Collagen, type II, alpha 1 �7.0

ELN Elastin �6.5

Statistical analysis of the microarray data identified 906 differentially expressed
transcripts mapping to 765 differentially expressed genes (see Table S1 for an expanded
list). RFH indicates Rapacz familial hypercholesterolemic.

Table 4. Significant Biological Pathways in a Microarray
Study Comparing 2 yo and Juvenile RFH Valvular Interstitial
Cells

Pathways DEGs* P Value†

Role of macrophages, fibroblasts and
endothelial cells in rheumatoid arthritis

30 7.80E-06

Role of osteoblasts, osteoclasts and
chondrocytes in rheumatoid arthritis

29 2.19E-08

Glucocorticoid receptor signaling 25 6.78E-05

Atherosclerosis signaling 24 9.48E-11

Dendritic cell maturation 24 2.54E-07

Granulocyte adhesion and diapedesis 22 2.17E-06

IL-6 signaling‡ 20 4.25E-08

Hepatic fibrosis/hepatic stellate cell
activation‡

20 8.90E-07

Acute phase response signaling‡ 20 1.84E-05

Agranulocyte Adhesion and Diapedesis 20 6.30E-05

Aryl Hydrocarbon Receptor Signaling 18 1.54E-05

LXR/RXR activation‡ 17 8.06E-06

IL-10 signaling‡ 15 7.16E-08

TREM1 signaling 13 5.41E-07

Communication between innate and
adaptive immune cells

13 7.74E-05

PPAR signaling 13 1.09E-04

IL-17A signaling in fibroblasts 9 7.94E-06

Compared to chance alone, the pathways presented in this list contain an over-
representation of differentially expressed genes (up- and down-regulated). Most of the
pathways in this list are related to inflammation and the immune system. DEGs indicates
differentially expressed, mapped genes; RFH, Rapacz familial hypercholesterolemic.
*The number of genes that were found to meet the P-value and fold change cutoffs AND
map to a gene in the Ingenuity Knowledge Base.
†Adjusted significance cutoff=P<0.0030.
‡Moreover, some pathways were also found to be significant in a microarray dataset by
Boss�e et al comparing healthy and diseased human aortic valve leaflets.
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histology of human valves in the earliest stages of
CAVD,46,47 as well as the recent description of valves from
adolescent swine fed a hypercholesterolemic diet.40 Other
pathological ECM changes found in humans, such as
collagen fiber disorganization and elastin fragmenta-
tion,35,46,48 were also evident in all adult RFH specimens.
Interestingly, the list of the 10 most downregulated genes in
adult RFH swine was populated with several ECM proteins,
such as elastin, periostin, tenascin C, and collagen type II,
which may also be an indicator of ECM dysregulation.
Although their exact contribution to the progression of CAVD
remains to be elucidated, these structural features are
particularly noteworthy because the ECM is thought to play
an important role in the regulation of leaflet mechanics and
valve cell biology.49

Lipid oxidation has been associated with CAVD and is
postulated to be one of the key pathological mechanisms
that lead to altered cell and valvular biology.50,51 oxApoB, the
primary lipoprotein present in LDL, was abundant in adult
RFH valves and coronary arteries as early as 1 yo. It is
possible that its accumulation is related to the matrix
disarray also observed in adult RFH leaflets; increased levels
of oxLDL have been found to correlate with increased valve
remodeling in human aortic stenosis.52 Likewise, MDA, the
most prevalent aldehyde product of lipid peroxidation (LPO),
was also expressed abundantly and exclusively in adult RFH
leaflets. Although the precise role of MDA and other reactive
aldehydes in valvular disease is unknown, their level
increases in blood plasma from atherosclerotic patients,
and the lesions themselves have been shown to contain
varying degrees of LPO-specific aldehydes.37 Furthermore,
accumulation of oxApoB preceded that of MDA in adult RFH
valves, suggesting that oxLDL underwent further oxidation
processes while entrapped in the leaflet ECM. The prevalence
of oxidized lipids in RFH leaflets also supports the conclusion
that these valves are undergoing early CAVD processes,
rather than myxomatous degeneration, a condition that is
also characterized by GAG enrichment and collagen disrup-
tion. In addition to aortic valve myxomatous degeneration
being rare in humans who do not also have congenital
abnormalities or inflammation-related disease,53 non-
rheumatic myxomatous human aortic valves tend to not be
highly enriched in oxidized lipids,54 nor is hypercholes-
terolemia believed to be a risk factor for myxomatous aortic
valve disease.

Hyperlipidemia is frequently accompanied by inflammation
in both human and animal diseased valves,50,55,56 and this
was also the case in RFH swine, where macrophages
infiltrated thickened areas of adult leaflets. Our results
indicate that leaflet thickening and lipid oxidation preceded
the emergence of inflammation. Although this finding is
consistent with the ability of oxLDL to regulate macrophage

activation and stimulate macrophage recruitment,45,55 the
current study is the first to clearly show the sequence of this
CAVD hallmark progression, which has important implications
for understanding the process and potential treatment of
CAVD. Microarray analysis of adult versus juvenile RFH VICs
also strongly implicated the upregulation of inflammatory
processes in adult RFH pigs, with numerous inflammation-
related genes populating the list of significantly upregulated
genes.

Finally, the list of over-represented biological pathways
that emerged as a result of the microarray analysis of
juvenile versus adult RFH swine possessed substantial
overlap with the list of biological pathways identified in a
microarray study of diseased versus healthy human valves.38

Five of the 8 over-represented pathways in the human data
set38 were also over-represented in the current RFH study,
specifically: IL-6 signaling, hepatic fibrosis/hepatic stellate
cell activation, acute-phase response signaling, liver X
receptor/retinoid X receptor activation, and IL-10 signaling.
These findings further suggest that RFH swine are able to
recapitulate features of human CAVD. The microarray results
also supported the conclusion that the observed valve
pathology was likely early CAVD, rather than myxomatous
degeneration, given that mouse studies have shown that
increased chondrogenic gene expression accompanies myx-
omatous aortic valve disease,57,58 but the RFH swine
exhibited significantly downregulated expression of numer-
ous chondrogenic genes (eg, COL2A1, ASPN, HAPLN, and
COL4A1).

Relationship Between CAVD and Atherosclerosis
As an established model of atherosclerosis that is generated
by a naturally occurring gene mutation, RFH swine may also
help elucidate the relationship between atherosclerosis and
CAVD. The evidence surrounding the relationship between
these diseases has been seemingly contradictory, given that
they exhibit similar disease characteristics and have signifi-
cant overlap of risk factors, yet only a small fraction of
humans with atherosclerosis develop CAVD.59 Several inves-
tigators have postulated that atherosclerosis and CAVD share
a common disease process with chronic inflammation at its
core,60 but that progression of CAVD past the early-stage
atherosclerotic-like valve lesion requires additional cofactors,
such as other genetic markers or metabolic conditions.59 Our
histological analysis of coronary arteries and aortic valves
from adult RFH swine yielded results that are consistent with
the hypothesis of a shared initial disease process that is
linked to inflammation, with further stimulation or comorbidi-
ties necessary to induce more-advanced CAVD. These obser-
vations are further supported by our microarray data, which
yielded a list of significantly upregulated genes that was
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primarily populated with inflammation-related factors, and
which showed atherosclerosis signaling as an over-repre-
sented pathway in the adult RFH swine data set. A similar
microarray study comparing the vascular wall of healthy and
atherosclerotic RFH peripheral arteries also identified an
upregulation of inflammation-related genes in the diseased
phenotype.61

Comparison to Other Animal Models of CAVD
Although performed in the context of FH and aortic valve
disease, the application of insights gained from the
characterization of valves from RFH swine does not need
to be limited to the study of only FH-related disease. The
search for an animal model of CAVD that accurately mimics
human anatomy and physiology and recapitulates key CAVD
hallmarks is an ongoing effort motivated by the need to
better understand the etiology and progression of CAVD in
FH and non-FH individuals alike. Though mice and rabbits
are commonly used for this purpose, these animals exhibit
numerous dissimilarities from humans with respect to valve
properties and lipid metabolism, as reviewed elsewhere.56

Despite their numerous cardiovascular and genetic similar-
ities with humans, swine have been underexplored as CAVD
models, perhaps because the large size of standard swine
can make such de novo development of an animal model an
unwieldy and risky endeavor. A recent study of full-sized
Yorkshire swine fed a high-fat, high-cholesterol diet found
that these swine also developed only early-stage indicators
of CAVD, such as ECM disarray.40 This may have been
attributable to the young age of the swine (<6 months old),
or this animal model may be intrinsically limited to
experiencing only mild valvular disease. Meanwhile, the
RFH swine used in the current study were equivalent to
middle-aged adults, meaning that animal age is unlikely to
be the reason for the absence of more-advanced valvular
disease in this work, given that the CAVD diagnosis in
humans with HoFH is typically made by the teenage
years.41 Thus, our analysis of RFH swine is supportive of
the hypothesis that additional stimulation beyond hyperc-
holesterolemia is needed to develop advanced CAVD, which
is also likely the case with humans. RFH swine do also
possess several advantages over other swine models, such
as their relatively small size (weight at 6 months is 31 kg
for RFH versus 100 kg for Yorkshire) and the genetic basis
of their hypercholesterolemia, rendering them highly rele-
vant to the human FH population, as well as potentially
facilitating the future addition of comorbidities. Additionally,
RFH swine are capable of recapitulating the process of
arterial restenosis, whereas the conventional Yorkshire
swine do not,27 further emphasizing their utility in modeling
human cardiovascular pathophysiology.

Study Limitations
One of the unique and powerful aspects of this study was
the use of pigs of relatively advanced age. Due to the costs
and logistical difficulties associated with the care of these
large animals, it is rare for any research study to use swine
past the age of 6 months. The advanced age of the RFH
swine was an important element in the current study, given
that it decreased the likelihood that the absence of CAVD
was a consequence of insufficient animal age; this has been
a significant limitation in many other studies. Unfortunately,
one limitation introduced by the use of aged swine is a
somewhat reduced sample size. However, as demonstrated
by our results, there was a low degree of variability across
animals within each age group, and the sample sizes used
herein were sufficient to produce statistical significance
across multiple outcomes. An additional obstacle introduced
by using aged swine is that their overall size and large
thorax present significant challenges in performing quanti-
tative echocardiographic measurements of their aortic
valves. This is a known challenge, even in smaller pigs,
owing to porcine chest anatomy and heart alignment,62,63

but the problem becomes particularly acute in swine
>100 kg.

Another potential limitation of this study was the use of
exclusively female animals because of behavioral challenges
in maintaining herds of adult male pigs. In humans, male sex
is associated with a 2-fold increase in the risk of aortic valve
disease.13 Moreover, recent work has shown sex-related
differences at the cellular level between male and female VICs
isolated from fresh porcine leaflets,64 wherein male VICs
appeared to be predisposed to assuming a diseased pheno-
type when compared to female VICs. Thus, it is possible that
the mild degree of CAVD achieved in our RFH swine was also
influenced by the sex of the animals, and that more extensive
CAVD may be accomplished by using male animals. Finally,
the WT background for RFH swine was only recently
developed, and this study used the most aged animals
available from this herd. None of the previous publications
describing the use of RFH swine as models for atherosclerosis
and restenosis have included a background-matched WT
control.24–27

Conclusions
Based upon in vivo imaging, histological assessment, and gene
expression profiling, our findings indicate that RFH swine
develop valvular pathology that reproduces numerous critical
features characteristic of early-stage human CAVD. Meanwhile,
these animals exhibited advanced atherosclerosis, indicating
that FH alone is sufficient for progression of vascular, but not
valvular, stenosis. Together, these results suggest that
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atherosclerosis and CAVD may share an initial disease process
that then diverges, with additional comorbidities necessary for
progression of CAVD past early-stage events. Additionally, with
its intrinsic hypercholesterolemia, the RFH pig may represent a
useful tool for investigating the effects of combined disease
processes (eg, diabetes and metabolic syndrome) on the
development of CAVD to address the question of how CAVD
progresses beyond the initial atherosclerotic-like lesion.
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