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Abstract
Studies of human diseased aortic valves have demonstrated increased expression of genetic
markers of valve progenitors and osteogenic differentiation associated with pathogenesis. Three
potential mouse models of valve disease were examined for cellular pathology, morphology, and
induction of valvulogenic, chondrogenic, and osteogenic markers. Osteogenesis imperfecta murine
(Oim) mice, with a mutation in Col1a2, have distal leaflet thickening and increased proteoglycan
composition characteristic of myxomatous valve disease. Periostin null mice also exhibit
dysregulation of the ECM with thickening in the aortic midvalve region, but do not have an
overall increase in valve leaflet surface area. Klotho null mice are a model for premature aging and
exhibit calcific nodules in the aortic valve hinge-region, but do not exhibit leaflet thickening, ECM
disorganization, or inflammation. Oim/oim mice have increased expression of valve progenitor
markers Twist1, Col2a1, Mmp13, Sox9 and Hapln1, in addition to increased Col10a1 and Asporin
expression, consistent with increased proteoglycan composition. Periostin null aortic valves
exhibit relatively normal gene expression with slightly increased expression of Mmp13 and
Hapln1. In contrast, Klotho null aortic valves have increased expression of Runx2, consistent with
the calcified phenotype, in addition to increased expression of Sox9, Col10a1, and osteopontin.
Together these studies demonstrate that oim/oim mice exhibit histological and molecular
characteristics of myxomatous valve disease and Klotho null mice are a new model for calcific
aortic valve disease.
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Introduction
Heart valve replacement is the second most common cardiac surgery performed in the
United States with approximately 100,000 valves replaced per year [1, 2]. Calcific aortic
valve disease (CAVD) is the most common type of valve disease, with an occurrance of 2%
of the adult population over 65, and >25% of aged adults exhibit thickening of the aortic
valves [1, 3]. Myxomatous valve disease, characterized by increased proteoglycan
composition, also is prevalent and most commonly affects the mitral valve, but myxoid
aortic valves have been reported for connective tissue disorders [4, 5]. Molecular markers of
valve development, as well as chondrogenesis and osteogenesis, are expressed in human
diseased aortic valves and are differentially regulated in children and adults [6, 7]. However,
the potential regenerative or pathogenic functions of these regulatory pathways in valve
disease progression have not been identified.

The investigation of valve disease mechanisms and therapeutics has been hindered by the
lack of appropriate animal models of aortic valve disease. Apolipoprotein (Apo)E−/− and
low density lipoprotein receptor (Ldlr)−/− hyperlipidemic mice have been used to examine
valve pathogenesis associated with atherosclerotic lesions [8, 9]. In these models, dispersed
calcific lesions in the aorta, and to a lesser extent in the aortic valve leafets, occur in the
presence of extensive lipid accumulation and inflammation. In humans, mutations in
NOTCH1 are associated with bicuspid aortic valve (BAV) and adult CAVD [10]. Likewise,
heterozygous loss of Notch1 in mice leads to dispersed aortic valve calcification with
osteogenic gene induction in the absence of inflammation or BAV [11, 12]. Sox9+/− mice
also exhibit aortic valve calcification associated with reduced proteoglycan gene expression
[13, 14]. However, none of these previously reported mouse models has discrete nodular
calcification on the fibrosa surface of the valves as occurs in human CAVD [15].

Osteogenesis imperfecta murine (oim) mutant mice have a spontaneous mutation in the
Collagen(Col)1a2 gene and exhibit bone fragility characteristic of human osteogenesis
imperfecta (OI) [16]. There is initial evidence that humans with OI or Col1a2 mutations
have a predisposition to aortic valve disease [5, 17]. Oim/oim homozygous mutant mice
have abnormal myocardial function and collagen structure, but valve abnormalities have not
been reported previously [18]. Periostin (Postn) is required for normal heart valve
development, and adult mice lacking periostin exhibit valve leaflet thickening and
dysregulation of TGFβ-beta signaling [19–21]. There is conflicting data on valve
calcification, but periostin deficiency in ApoE null mice subjected to a high fat diet leads to
increased calcification [20, 22, 23]. Klotho null mice exhibit abnormal cell signaling and
premature aging [24]. Hearts of Klotho null mice exhibit sinoatrial node dysfunction
associated with sudden death [25], in addition to increased vascular calcification associated
with kidney disease [26]. However, the phenotype of the heart valves has not been fully
investigated for Klotho null mice. Here we report histological, morphological, and molecular
manifestations of heart valve pathology in oim/oim, Postn null, and Klotho null mice.

Materials and Methods
Mice

Oim mice (Col1a2oim) were obtained from the Jackson Laboratory (stock number 001815)
and genotyped by PCR and restriction enzyme analysis using published methods [16, 27].
Cohorts of WT and homozygous oim/oim animals were analyzed at 5 and 10 months of age.
Periostin (Postn) mutant mice were obtained from Dr. Jeff Molkentin, Cincinnati Children’s
Medical Center and genotyped by PCR of genomic DNA as originally described [28].
Cohorts of Postn null and WT littermates were evaluated at 4–5 and 10 months of age.
Klotho mutant mice (B6;129S5-Kltm1lex), generated by Lexicon Genetics, were obtained
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from the Mutant Mouse Regional Resource Center (MMRRC) at UC Davis (ID number
011732-UCD). The Kltm1lex/tm1lex (Klotho null) mice exhibit the originally reported
premature aging phenotype and do not survive beyond 2 months of age [24, 25, 29]. Klotho
null mice and control wild type littermates were evaluated at 6–8 weeks of age.
Apolipoprotein (Apo)E−/− mice [30] were obtained from Taconic and maintained on a high
fat diet (Teklad TD 88137, Harlan) for 20 weeks, starting at 10 weeks of age, for induction
of atherosclerotic cardiovascular disease [31]. Adult mice were sacrificed by CO2 inhalation.
All animal procedures were approved and performed in accordance with institutional
guidelines.

Histology and antibody staining
Hearts were isolated, fixed in 4% paraformaldehyde, paraffin-embedded, and sectioned as
previously described [32]. Histological sections (5 μm) were subjected to hematoxylin and
eosin (H&E), von Kossa, Alizarin Red, or Movat’s pentachrome histological staining as
previously described [7, 33, 34]. Masson’s trichrome staining was performed using the
Masson’s trichrome 2000 kit according to manufacturer’s instructions (American
Mastertech). Immunostaining for phospho-histone H3 (pHH3) and smooth muscle α-actin
(SMA) was performed as previously described [7]. Immunostaining for hyaluronan and
proteoglycan link protein 1 (Hapln1) was performed as described in [35]. An antibody
against CD68 (Abcam, Ab53444; 1:75 dilution) was used to detect macrophages.
Immunostaining for CD68 was detected using an ABC staining system (Santa Cruz Biotech,
sc-2019) and visualized using DAB substrate (Thermo Fisher Sci). Secondary antibodies
used for immunofluorescence include goat anti-mouse alexa-568 (Invitrogen, A11004), goat
anti-rabbit alexa-568 (Invitrogen, A11011), and goat anti-mouse alexa-488 (Invitrogen,
A11001). Nuclei were stained with ToPro3-642/661 (Invitrogen T3605) according to
manufacturer’s instructions. Immunofluorescence was imaged using a Nikon A1-R confocal
microscope and NIS-Elements D3.2 software. The proliferative index of pHH3 stained
nuclei/total nuclei and cell density of total nuclei/leaflet area were quantified on confocal
images of 3 sections of n=3 specimens of each genotype using NIS-Elements D3.2 software.

Morphometry
Aortic valve leaflet thickness and area were determined from histologically-stained sections
using ImageJ morphometric analysis as previously described [34]. The proximal thickness
was measured at the widest point of the hinge region, the middle thickness was measured at
the thinnest aspect of the middle third of the valve, and the distal thickness was measured at
the widest point of the distal third or tip of the valve. ECM content was quantified in
Movat’s pentachrome stained sections as the percent area of yellow staining (collagen) or
blue staining (proteoglycan) determined using NIS-Elements Basic Research software
(Nikon). Images were white balanced, and the valve region (no annulus) was highlighted
using the Region of Interest (ROI) tool. RGB values were determined for the range of
yellows and blues apparent in the staining, and the threshold was set for each image. Percent
area was determined as a ratio of positive pixels within the ROI/total pixels within the ROI.
Sample sizes for these analyses were n=5 for WT (oim), n=7 for oim/oim; n=3 for Postn null
and WT littermates, n=4 for Klotho null and WT littermates. The area of Hapln1
immunostaining in aortic valve leaflets was quantified in photomicrographs as the ratio of
positive pixels/total pixels within the ROI based on green RGB threshold values for n=3
animals per genotype using NIS-Elements software. The area of calcification was
determined using NIS-Elements D3.2 software in three independent histological sections of
the calcified regions of Klotho null aortic valves at 6 (n=6) or 8 (n=4) weeks of age.
Statistical significance of observed differences between cohorts of mutant and control hearts
was determined by paired student’s t-tests, p<0.05 or p<0.01 as indicated.
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Quantitative RT-PCR
The aortic valve and surrounding tissue containing the leaflets, annulus, and aortic root were
manually dissected from individual adult mouse hearts and placed in Trizol reagent
(Invitrogen). After genotyping, tissue from 2–3 mice of the same genotype was pooled and
RNA isolated using standard protocols [36]. 200–400 ng RNA was used to generate cDNA,
and qRT-PCR was performed as previously described [36, 37]. Primers and annealing
temperatures for Twist1, Col1a1, and asporin were used as described in [36]. Primers and
annealing temperatures for Col2a1, Col3a1, matrix metalloproteinase (Mmp)13, and Postn
are as described in [37]. Published primer sequences were used for amplification of
osteopontin (OPN), alkaline phosphatase (ALP), and bone sialoprotein (BSP) [38]. Col10a1
was amplified with primers: forward 5′-ACCAGGAATGCCTTGTTCTC-3′ and reverse: 5′-
CATAAAGGGCCCACTTGCTA-3′, and Hapln1 was amplified with primers: forward: 5′-
TCAGGAACTACGGGTTTTGG-3′ and reverse: 5′-AAGCTTCCAGGCAGCAAATA-3′,
both at annealing temperatures of 55° C. Standard curves for amplification of each primer
pair were generated with 1 μl cDNA derived from 1 μg RNA isolated from mouse E17.5
limbs or from E10.5 or E13.5 whole embryos. Baseline gene expression levels were
normalized to L7 expression levels as previously described [36]. Alternatively, RNA
expression levels were determined by Taqman gene expression assays and the StepOnePlus
system using 1 μl cDNA (Invitrogen). Taqman assays were used for amplification of Sox9
(Mm00448840_m1), Runx2 (Mm00501584_m1), Osteocalcin (Mm03413826_mH), and
SP7/Osterix (Mm04209856_m1). Taqman assay gene expression levels were determined by
the ΔΔCT method according to manufacturer’s instructions (Invitrogen) and normalized to
the control gene beta 2 microglobulin (B2m) (Mm00437762_m1). Normalized expression
levels in the WT cohort for each individual mouse line were set to 1.0 for each gene, and
relative expression for corresponding oim/oim, Postn null and Klotho null mice was
calculated. Each RNA sample was derived from 2–3 mice of the same genotype, and 3
independent RNA samples (n=3) were analyzed in triplicate for each genotype. Statistical
significance of observed differences was determined by paired student’s t-tests, p<0.05.

Echocardiography
Transthoracic two-dimensional and Doppler echocardiography was performed using a
VisualSonics Vevo 770 imaging system with a 30-mHz transducer (Toronto, Canada). Valve
performance was evaluated essentially as previously described [34]. Oim/oim and Postn null
mice with appropriate control littermates were evaluated at 5 months of age. Klotho null and
WT littermates were evaluated at 6–7 weeks of age. Body weights were determined after
sacrifice.

Results
Histological assessment of mouse models of aortic valve disease

Histological analysis of sectioned hearts from oim/oim, Postn null, and Klotho null animals
was performed to assess valve extracellular matrix (ECM) organization and leaflet
morphometry. Aortic valves were examined in detail at histological and molecular levels for
each model because the aortic valve is the predominant site of human calcific valve disease.
Overall valve morphology was examined by H&E staining, and calcification was detected
using von Kossa and Alizarin red stains. ECM composition and organization were assessed
using Movat’s pentachrome and Masson’s trichrome stains. Aortic valve leaflet thickness
and area were calculated from histologically-stained sections of hearts for each genotype.

Histological analysis demonstrates that aortic valves from oim/oim mice are thickened at the
distal tips at 5 months, and further thickening is apparent at 9 months of age (Figure 1B, C
arrows). Morphometric analysis demonstrates overall increased aortic valve leaflet area, as
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well as increased thickness of the proximal hinge region and distal segments, however the
thickness of the medial region is unaffected (Table 1). The oim mice are in a B6C3Fe
background, and melanocytes are apparent by H&E, as well as von Kossa staining (Figure
1C, F Asterisks), as previously reported for black mice [6]. However, there is no black
staining unique to the von Kossa stain, thus indicating a lack of calcification in oim/oim
mice (Figure 1D–F). The thickening of the distal valve leaflets is primarily due to increased
proteoglycan deposition, as indicated by increased blue-green pentrachrome staining (Figure
1H, I, arrows; quantified in Figure S1). The distal thickened region has little fibrillar
collagen, as indicated by lack of yellow staining in pentachrome- and diffuse blue staining in
trichrome-stained sections (Figure 1H, I, K, L arrows). Thickening also is observed in the
valve hinge region with increased proteoglycan contribution, although collagen fibrils
remain predominant in this area (Figure 1I, L). In contrast, collagen fibril formation is
comparable to controls in the valve leaflet midsection as indicated by both pentachrome and
trichrome stains (Figure 1H, I, K, L arrowheads; quantified in Figure S1), and this region is
not thickened as indicated by morphometry (Table 1). Interestingly the oim/oim mitral
valves are relatively unaffected with no apparent increase in valve area or proteoglycan
deposition relative to controls (data not shown). This is similar to the human patients with
OI in which aortic valve disease is much more prevalent than mitral valve disease [5]. The
increase in aortic valve leaflet area and proteoglycan deposition in the oim/oim mice is
consistent with human myxomatous valve disease pathology.

In contrast to the oim/oim valves, Postn null aortic valve leaflets are not thickened at the
distal and proximal ends, but leaflet thickening is apparent in the valve midsection (Figure
2B, D, F, H; Table 1). No valve calcification was observed by von Kossa staining of Postn
null hearts at 5 or 10 months. Overall stratification and ECM compartmentalization of the
aortic valve leaflets is abnormal in Postn null aortic valve leaflets, as indicated by
pentachrome and trichrome staining. Fibrillar collagen in the medial section of the valve
leaflet is disrupted as indicated by pentachrome staining (Fig 2F, arrows). The alteration in
fibrillar collagen in Postn null heart valves is consistent with previous reports of mice
lacking periostin [20, 28, 39]. In addition, the thickened Postn null aortic valve midsection
has predominant staining for proteoglycans (Figure 2C–H arrows), but the proximal hinge
region is comparable to controls (Figure 2C–H arrowheads). The Postn null mitral valves
are similarly affected as previously described [21]. At 10 months of age there is no obvious
progression of the disease, and the aortic valve medial thickening and altered collagen
fibrillogenesis is similar to that observed at 5 months of age (data not shown).

The morphology and ECM organization of Klotho null aortic valve leaflets is relatively
normal in comparison to control littermates, as indicated by histological and morphometric
analysis (Figure 3, Table 1, Figure S1). No significant differences were observed in valve
leaflet area or thickness in proximal, middle, or distal regions (Table 1). In addition,
proteoglycan distribution and collagen fibrillogenesis are comparable to WT controls in
pentachrome- and trichrome-stained sections (Figure 3H, J, quantified in Figure S1).
However, nodular calcification is evident in the hinge region of the aortic valves in von
Kossa and Alizarin red stained sections (Figure 3D, F insets). The calcification of Klotho
null valves is localized to the fibrosa layer near the hinge region and extends through several
adjacent sections. This pattern of calcification at the point of attachment has been reported
for human calcific aortic valve disease [15].

VIC activation, cell proliferation, and cellularity in mouse models of valve pathogenesis
In adult human CAVD, VIC activation occurs with increased expression of myofibroblast
markers, such as smooth muscle α-actin (SMA), and increased cell proliferation [7, 40]. Cell
proliferation was monitored by pHH3 immunoreactivity in oim/oim, Postn null and Klotho
null aortic valves (Figures 4, 5A). As expected, little to no cell proliferation was detected in
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normal adult control valves [33]. However, in oim/oim aortic valves, increased cell
proliferation is present predominantly at the distal tips of the leaflets (Figure 4B). Cell
proliferation also is increased in the Postn null aortic valves (Figure 5A), but proliferating
cells are localized to the interstitial cells of the valve midregion (Figure 4D). In contrast, no
differences in cell proliferation were observed in Klotho null aortic valves relative to WT
control littermates (Figure 4F, 5A). However, age-related differences were noted in the
higher indices of aortic valve cell proliferation detected in both the Klotho null and WT
control littermates evaluated at 6–7 weeks of age, relative to the oim/oim and Postn null
cohorts evaluated at 4–5 months of age. Thus cell proliferation is increased in oim/oim and
Postn null aortic valves, but not in Klotho null aortic valves, relative to littermate controls.

SMA expression is not apparent in the pHH3 positive cells in any of the mice (Figure 4,
insets), suggesting that myofibroblast activation does not occur with induction of cell
proliferation in these animal models. In addition, the cell density is not increased, as
indicated by similar total number of nuclei/area, in oim/oim, Postn null or Klotho null aortic
valves compared to controls (Figure 5B). Both the oim/oim and Postn null valves have
increased surface area (Table 1), thus the overall cell number is increased, consistent with
the observed increase in cell proliferation. SMA expression and localization in oim/oim and
Postn null aortic valves is similar to controls (Figure 4A–D), and no significant differences
in the numbers of SMA-positive cells were observed among genotypes (Figure 5C). In
Klotho null calcified valves, SMA expression is significantly decreased relative to littermate
controls (Figure 5C). Thus, myofibroblast activation as indicated by SMA expression is not
apparent in oim/oim, Postn null, or Klotho null aortic valves at the stages analyzed.

Expression of valvulogenic, chondrogenic, and osteogenic genes in mouse models of
valve disease

The expression of genes associated with valve development, chondrogenesis, and
osteogenesis was examined in oim/oim, Postn null, and Klotho null aortic valves. The bHLH
transcription factor Twist1 and its target gene Col2a1 are expressed preferentially in
embryonic endocardial cushion valve progenitor cells [37, 41]. Periostin is highly expressed
in valve progenitor cells, but its expression is maintained in fetal and adult valves [19, 20,
41]. The matrix remodeling enzyme gene Mmp13 also is preferentially expressed in the
highly proliferative valve progenitor cells and activated myofibroblasts [37, 41, 42].
Analysis of expression of genes associated with valve progenitor cells reveals differences in
gene expression consistent with specific valve pathologies (Figure 6A). Expression of the
valve progenitor marker Twist1 is increased only in the oim/oim aortic valves, and
expression of Col2a1 also is increased by 3-fold in the oim/oim aortic valves. However,
Postn mRNA expression is not significantly affected in any of the three models. In contrast
Mmp13 expression is increased in all three models with associated induction of ECM
remodeling [42]. The increased expression of valve progenitor genes Twist1 and Col2a1 in
the oim/oim model of valve disease is consistent with the overall increased cellularity and
matrix deposition that is not apparent in the in Postn null or Klotho null aortic valves.

Myxomatous valve disease is characterized by increased expression of proteoglycans and
hyaluronan-associated genes [43]. Sox9 is a transcription factor required for cartilage
development and also is necessary for valve cell proliferation and differentiation [13, 44]. In
addition, Sox9 inhibits valve calcification in adult mice [13, 14]. Expression of Hapln1,
Col10a1 and Asporin, characteristic of cartilage and proteoglycan-rich tissues [36, 45], also
was examined in oim/oim, Postn null, and Klotho null aortic valves (Figure 6B). Notably,
expression of Sox9 is increased by 6-fold in oim/oim aortic valves, but its expression is not
significantly changed in Postn null or Klotho null aortic valves. Expression of Hapln1,
Col10a1, and Asporin also is increased in the oim/oim aortic valves, consistent with the
increased proteoglycan deposition observed histologically. Therefore, the thickening and
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increased proteoglycan deposition in oim/oim valves is associated with induction of Sox9,
Hapln1, Col10a1, and Aspn gene expression.

Expression of osteogenic genes characteristic of tissue calcification was examined in oim/
oim, Postn null, and Klotho null aortic valves (Figure 6C). Expression of the transcription
factor Runx2, required for bone formation, and the bone differentiation markers alkaline
phosphatase (ALP), osteocalcin (OCN), and bone sialoprotein (BSP) was examined. Runx2
and is induced in the Klotho null aortic valves, consistent with increased valve leaflet
calcification observed in the Klotho null animals. However no significant differences in gene
expression >2-fold were observed in ALP, OCN or BSP levels in oim/oim, Postn null, or
Klotho null aortic valves. In addition, no increase in expression of the bone-specific
transcription factor SP7/Osterix was observed in any of the models. Likewise mRNA
expression levels for fibrillar collagens Col1a1 and Col3a1 were unchanged in all three
models. The most increased gene in the Klotho null mice relative to controls as determined
by microarray gene expression analysis is osteopontin (data not shown). By qRT-PCR,
osteopontin (Opn) gene expression is increased by approximately 11-fold in the Klotho null
mice relative to controls. Variably increased osteopontin gene expression also is observed in
the oim/oim aortic valves, but Opn expression is relatively unaffected in the Postn null aortic
valves. Together, the specific induction of Runx2 gene expression in the Klotho null mice,
that exhibit calcification, supports initiation of an osteogenic gene program, but specific
markers of terminally differentiated bone were not highly induced in any of the mice with
valve pathogenesis.

Proteoglycan localization in mouse models of valve pathogenesis
The localized expression of the cartilage proteoglycan link protein Hapln1 was examined as
an indicator of proteoglycan deposition with potentially protective functions in aortic valve
calcification [13, 14, 35]. In normal WT aortic valves, Hapln1 expression is localized to the
distal ventricularis surface of the leaflets (Figure 7A, C, E, arrowheads) [35]. In the oim/oim
aortic valves, Hapln protein expression is increased in the thickened distal and proximal
segments of the valves (Figure 7B arrows; quantified in Figure S1). This increased Hapln1
expression is consistent with increased surface area and proteoglycan deposition observed
histologically, as well as with increased Hapln1 gene expression as detected by qRT-PCR.
Hapln1 protein expression also is increased in the medial thickened region, but not in the
relatively normal distal or proximal segments of the Postn null aortic valves (Figure 7D,
Figure S1). No alteration in Hapln1 protein expression is observed in the Klotho null aortic
valves (Figure 7F, Figure S1), consistent with apparently normal proteoglycan distribution
by pentachrome staining (Figure 3H) and chondrogenic gene expression detected by qRT-
PCR (Figure 6B).

Aortic valve leaflet calcification occurs without inflammation in Klotho null mice
In the Klotho null animals, aortic valve calcification is localized in nodules at the hinge
region on the fibrosa side, similar to human valve pathology (Figure 8). Calcification is
progressive, as indicated by a 2.5-fold increase (p<0.01) in the average area of aortic valve
calcification, from 6 weeks (5657 μm2) to 8 weeks (14143 μm2) in the Klotho null animals.
At 8 weeks, multiple calcific lesions are present in Klotho null aortic valves, as
demonstrated by strong von Kossa and Alizarin red staining (Figure 8A,B). Human aortic
valve calcification often occurs in the context of atherosclerosis and inflammation [46].
Therefore immunoreactivity with CD68 was assessed in order to ascertain the presence of
macrophages in the aortic valve calcific lesions of Klotho null mice. Little or no CD68
immunoreactivity was detected in regions of calcific nodule formation Klotho null aortic
valves (Figure 8A–C). Additional indicators of inflammation, including immunostaining for
CD3 (T-cells) or Ly6B.2 (neutrophils), as well as gene expression of inflammatory
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cytokines, are not induced in Klotho null aortic valves (data not shown). As a positive
control, strong CD68 immunoreactivity is apparent in the area of the calcified lesion of the
atherosclerotic plaque present in the aortic wall near the aortic root of ApoE−/− mice
maintained on a high fat diet (Figure 8D, D′). Thus the nodular calcification in the aortic
valve leaflets of the Klotho null mice occurs in the absence of a robust inflammatory
response, distinct from cardiovascular calcification resulting from hyperlipidemia.

Echocardiographic assessment of valve function
Heart valve structure and function was examined by echocardiography of oim/oim and Postn
null mice with controls at 5 months of age and of Klotho nulls compared to WT littermates
at 6–7 weeks of age (Table S1). Aortic and mitral valve dimensions, flow velocities, and
pressure gradients were assessed by Doppler interrogation as previously described [34]. No
differences in aortic and mitral valve annulus dimensions were detected for oim/oim or
Klotho null animals relative to controls. The aortic valve annulus dimension also was not
changed for Postn null animals, although the mitral valve annulus and flow velocity was
significantly decreased, consistent with a previous report of decreased ventricular function
in these animals [28]. Notably, no significant differences were observed in aortic valve flow
velocities or pressure gradients in oim/oim, Postn null or Klotho null mice, relative to
controls. In addition, no aortic valve regurgitation was appreciated by Doppler interrogation
of experimental and control groups. Thus aortic valve function, as detected by
echocardiography, is unaffected in all three lines of mice, in contrast to observed differences
in morphology, ECM composition, and gene expression.

Discussion
Here we report three mouse models with distinct morphometric, molecular, and cellular
aortic valve abnormalities related to human valve disease (summarized in Table S2). Oim/
oim mice exhibit ECM dysregulation, distal leaflet thickening, increased cell proliferation,
and induction of valvulogenic and chondrogenic gene expression. Postn null mice exhibit
localized thickening in the valve midregion, increased cell proliferation, and induction of
genes associated with ECM remodeling. Aortic valves of Klotho null mice exhibit nodular
calcification and osteogenic gene induction with minimal ECM dysregulation or
inflammation. Thus each of these models exhibits unique features and molecular
mechanisms of valve pathogenesis. However, a limitation of these mouse models of valve
pathogenesis is the lack of aortic valve dysfunction as detected by echocardiography (Table
S1) [34]. This observation is consistent with previous reports in which aortic valve
pathology, apparent by histology in mouse models, often does not result in compromised
function, as indicated by multiple imaging modalities (reviewed in [9, 47]). Likewise, in
humans valve dysplasia and histological abnormalities can occur in the absence of
functional deficits [46]. Thus examination of the molecular and cellular bases of the distinct
aortic valve pathologies in the oim/oim, Postn null, and Klotho null mice will be likely be
useful in the future identification of molecular mechanisms and potential treatments for
human valve disease.

Human aortic valve disease is highly variable and can be, but is not always, associated with
congenital malformations or atherosclerotic vascular disease [2]. Additional causes of aortic
valve disease include kidney disease or mutations in ECM genes, but, in many cases, the
initial causes of aortic valve disease are unknown [6, 48]. In pediatric and adult human valve
disease, expression of transcription factors and ECM genes characteristic of embryonic
valve progenitor cells is increased in association with valve interstitial cell (VIC) activation
and ECM disorganization [7, 37]. The specific origins of activated VICs or cells expressing
valvulogenic markers are unknown. Induction of endothelial to mesenchymal transition
(EMT) or incorporation of circulating stem cells have been proposed as potential
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regenerative or pathogenic mechanisms linked to VIC activation [49, 50]. Previous studies
of human valve pathology and of mice with hyperlipidemia and atherosclerotic
cardiovascular disease have described a multistep process of valve calcification including
VIC activation and endochondral bone formation [8, 51–53]. CAVD in the Klotho null mice
occurs in the absence of inflammation and valve thickening, supporting a distinct
mechanism for valve calcification. Thus valve disease resulting from distinct etiologies is
heterogeneous, likely due to differential activation of regulatory pathways associated with
valve development, myofibroblast activation, chondrogenesis, osteogenesis, and
inflammation. The identification of new mouse models of aortic valve pathogenesis will
facilitate mechanistic studies of these disease processes.

The molecular basis of valve abnormalities in both the oim/oim mice, with a mutation of
Col1a2, and in Postn null mice is likely related to collagen fiber dysregulation [39], but the
pathogenic sequelae are distinct. Interestingly, the oim/oim aortic valves exhibit distal
thickening, while the Postn null aortic valves are thickened in the leaflet midregion,
suggestive of localized effects on valve remodeling in response to collagen dysregulation.
Significantly expression of the valve progenitor marker Twist1 and its downstream target
gene Col2a1 is increased specifically in the oim/oim mice and also occurs in human
pediatric and adult valve disease associated with increased cell proliferation [7, 37].
However, the cellular origins and functions of the Twist1-expressing cells in human
diseased valves or mouse models are not known. In contrast, Twist1 expression is not
increased in Postn null mice that exhibit increased cell proliferation with aortic valve leaflet
thickening localized to the mid region. Postn null mice exhibit ECM abnormalities that are
not as severe as those observed in the oim/oim mice and no calcification or osteogenic gene
induction is apparent in either model [20]. Previous reports have provided conflicting
evidence for valve calcification in the Postn null animals, and additional insults, such as loss
of ApoE or exposure to high fat diet, may be required to induce a calcific response [20, 22,
23]. Although both oim/oim and Postn null mice have valve pathogenesis resulting from
collagen dysregulation, the valve leaflet phenotype and molecular indicators of disease are
distinct in these models. However, neither model exhibits calcification, demonstrating that
the ECM abnormalities alone are not sufficient to induce a calcific response.

Human myxomatous valve disease is characterized by increased VIC proliferation, leaflet
thickening, increased proteoglycan expression, and ECM remodeling [42]. These are
features of the oim/oim mouse model that were not observed in the Postn or Klotho null
mice. Myofibroblast activation indicative of induction of smooth muscle markers also is a
feature of human myxomatous valve disease [42]. However, little myofibroblast activation
was detected in the oim/oim mice, suggesting that this may not be a critical feature of
myxomatous disease. However, SMA expression was not evaluated in stages prior to the
development of valve ECM abnormalities and thus could be an early indicator of valve
pathogenesis, although this remains to be demonstrated. In humans with OI, the aortic valve
is most commonly affected, with minimal mitral valve involvement [5]. Similarly mitral
valve morphology and ECM composition are relatively normal in oim/oim mice relative to
leaflet thickening and ECM dysregulation observed in aortic valves. However, unlike human
OI patients, aortic valve regurgitation was not observed in the oim/oim mice that have
obvious aortic valve pathology. Increased proteoglycan expression in oim/oim mice is
associated with increased Sox9, Hapln1 and Asporin expression supporting induction of
chondrogenic, but not osteogenic, pathways with myxomatous disease. It is not clear how
dysregulation of fibrillar collagen leads to myxomatous valve disease, but the further
examination of oim/oim mice should be a valuable tool in the definition of aortic valve
pathogenic mechanisms.
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Aortic valve calcification and osteogenic gene induction was observed specifically in the
Klotho null mice. Several mouse models with aortic valve calcification including high fat
fed ApoE−/− [8], LDLr−/−;ApoB100/100 [54], RBPJ+/− [12] and Postn−/− [23] [8] mice, as
well as Notch1+/− [11, 12] and Sox9+/− [13, 14], have been reported previously. Unlike
these mice, CAVD in Klotho null mice is apparent as calcific nodules at the hinge region
similar to calcification nodule formation in humans. Cell proliferation is unaffected and
SMA expression is reduced in Klotho null calcified valves, suggesting that VIC activation is
not a feature of aortic valve calcification in these animals. However, it is possible that VIC
activation occurs at earlier stages, prior to the development of calcific lesions. In addition,
minimal inflammation or ECM dysregulation occurs in Klotho null calcified aortic valves.
This is in contrast to the atherosclerotic-related valve disease in ApoE−/− or L
DLr −/−;ApoB100/100 hypercholesterolemic mouse models in which valve leaflet thickening
and inflammation are apparent in diseased aortic valves [8, 52, 54]. Thus the progression of
calcification in the Klotho null animals may represent a novel mechanism, distinct from
atherosclerotic disease. Since the Klotho gene is not expressed in adult aortic valves (data
not shown), it is likely that CAVD in Klotho null mice is a secondary effect of multiple age-
related pathologies, including severe kidney disease [24, 26]. Chronic kidney disease is
associated with CAVD in the human population [55], and the calcific nodules in the Klotho
null mice are similar to human valve pathology [15]. Thus, further examination of valve
pathogenesis in these animals is likely to yield clinically significant information on
mechanisms of valve calcification.

The current standard of care for aortic valve disease is replacement with a mechanical or
bioprosthetic valve [56]. Limitations of this approach are the necessity for anticoagulation
treatment for mechanical valves or immunosuppressive drugs, in addition to the likelihood
of reintervention in 5–10 years, for bioprosthetic valves. Furthermore, valve disease often is
associated with aging, and valve replacement may not be feasible in frail or elderly
individuals. Optimally, deceleration or even reversal of the progression of valve
pathogenesis could be achieved by pharmaceutical means, but no such therapies are
currently available. In mice, reduction of plasma cholesterol slows the progression of CAVD
in a hyperlipidemic model, and CAVD shares osteogenic pathways with atherosclerotic
calcification, making statins an attractive therapeutic for CAVD [9, 57, 58]. However, a
large clinical trial demonstrated that statin therapy is not effective in reducing progression of
CAVD or the need for aortic valve replacement [59]. It is possible that heterogeneity in the
origins and pathogenic mechanisms of heart valve disease limits the efficacy of statin
treatment for many individuals with CAVD. Therefore the examination of multiple mouse
models of aortic valve disease resulting from distinct pathogenic mechanisms may provide
critical insights into human valve disease origins, progression, and potential treatments in
the future.
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Abbreviations

CAVD Calcific aortic valve disease

BAV Bicuspid aortic valve

OI osteogenesis imperfecta

pHH3 phospho-histone H3

SMA Smooth muscle α-actin

ECM Extracellular matrix

VIC Valve interstitial cell
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Highlights

• Osteogenesis imperfecta mice have myxomatous valve disease

• Klotho null mice have calcific aortic valve disease without inflammation.

• Mouse models have differential expression of valve progenitor, cartilage and
bone genes.

• Myxomatous and calcific valve disease in mice can occur without myofibroblast
activation.
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Figure 1. Osteogenesis imperfecta murine (oim/oim) aortic valve leaflets exhibit distal thickening
and increased proteoglycan deposition
Homozygous oim/oim mice with a disease causing mutation in Collagen1a2 were evaluated
at 5 and 9 months of age in comparison to a 5 month-old control littermate. Comparison of
H&E (A–C) and von Kossa (D–F) stained sections demonstrates absence of calcification,
but presence of black melanocytes (*). Distal thickening of leaflets is indicated by arrows,
but the medial valve region (arrowheads) is relatively normal. Movat’s pentachrome staining
(G–I) indicates increased proteoglycan deposition (aqua) in the distal region with collagen
fiber formation (yellow) in the medial region. Masson’s trichrome staining (J–L) indicate
decreased collagen deposition (blue) in the thickened distal region, but normal collagen in
the medial region. Thickening of the hinge region is indicated by red arrows.
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Figure 2. Periostin null aortic valve leaflets exhibit thickening of the medial valve region and
collagen fiber dysregulation
Postn null mice and wild type controls (WT) were evaluated at 4 months of age by H&E
(A,B), von Kossa (C,D), Movat’s pentachrome (E,F) and Masson’s trichrome (G,H)
histological stains. The region of medial thickening and reduced collagen fiber formation is
indicated by arrows. The aortic valve hinge region is indicated by arrowheads. Note that no
calcification was apparent by von Kossa staining.

Cheek et al. Page 17

J Mol Cell Cardiol. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Klotho null aortic valve leaflets exhibit nodular calcification at the hinge region
Klotho null mice with premature aging were compared with WT littermate controls at 6
weeks of age. Calcified nodules (arrows) are apparent at the hinge region on the fibrosa side
by H&E (A, B), von Kossa (C,D) and Alizarin red (E,F) staining, magnified in insets. Valve
stratification and ECM organization are apparently normal by pentachrome (G,H) and
trichrome (I,J) staining. The lack of distal thickening is indicated by arrows in G–J.
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Figure 4. Cell proliferation is increased in the absence of SMA induction in oim/oim and Postn
null aortic valve leaflets
Phospho-Histone H3 (pHH3) immunostaining (red cells, indicated by arrows) was used as
an indicator of cell proliferation, and smooth muscle α-actin (SMA) expression (green cells,
indicated by arrowheads) also was evaluated in oim/oim (A,B), Postn null (C,D), and Klotho
null (E,F) aortic valves in parallel to corresponding controls. Insets in B, D, E, and F, show
higher magnification of the pHH3 positive cell (red) in each low magnification panel
indicated by an arrow. Note the absence of SMA staining in pHH3 positive cells.
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Figure 5. Quantification of cell proliferation, VIC density and SMA expression in mouse models
of valve disease
(A) The number of pHH3 positive nuclei/total nuclei in aortic valve leaflets was calculated
for 3 independent sections of 3 hearts per genotype. (B) The total number of nuclei per μm2

of aortic valve leaflet area was calculated for 3 independent sections of 3 hearts per
genotype. (C) The number of SMA positive cells/total nuclei in aortic valve leaflets was
calculated for 3 independent sections of 3 hearts per genotype. Cohorts of oim and Postn
mice and controls were evaluated at 4 months of age. Klotho null mice and WT littermates
were evaluated at 6 weeks of age. Statistical significance was determined by paired student’s
t-test. * is p≤0.05.
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Figure 6. Expression of genes associated with valvulogenesis, chondrogenesis, and osteogenesis
are differentially induced in mouse models of valve disease
Expression of indicated genes characteristic of embryonic endocardial cushion (A), cartilage
(B), and bone lineages (C) was evaluated in by qRT-PCR of RNA isolated from oim/oim,
Postn null and Klotho null aortic valves relative to WT littermate controls for each group.
Samples were run in triplicate and expression levels normalized to L7 or B2 microglobulin.
Normalized expression values are shown as relative gene expression as compared to the
average expression level of the corresponding WT cohort for each individual line, which
was set to 1.0. Statistical significance was determined by paired student’s t-test. * is p≤0.05.
(Collagen=Col, matrix metalloproteinase=Mmp, Hapln1=hyaluronan and proteoglycan link
protein 1, Aspn=Asporin, OPN=osteopontin, ALP=Alkaline phosphatase, OCN=osteocalcin,
BSP=Bone Sialoprotein)
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Figure 7. Expression and distribution of Hapln1 protein is abnormal in oim/oim and Postn-null
aortic valves
Expression of Hapln1 protein (green) was detected by immunostaining and confocal
microscopy in aortic valves of oim/oim (A,B), Postn null (C,D), and Klotho null (E,F) mice
relative to corresponding controls. Increased Hapln1 expression is apparent in the thickened
distal regions of the oim/oim aortic valve (arrows in B) and in the thickened medial region of
Postn null aortic valve leaflets (arrowheads in D).
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Figure 8. Macrophage infiltration is minimal in calcified lesions of Klotho null aortic valve
leaflets
Nodular calcification of the aortic valve hinge region (arrows) is apparent in a Klotho null
aortic valve at 8 weeks of age as detected by von Kossa (A) and Alizarin red (B) staining.
Macrophage infiltration was detected by immunoreactivity with CD68 visualized by brown
DAB staining in the Klotho null valve (C). Sparse and isolated macrophages in the calcified
region of the Klotho null aortic valve are indicated by arrowheads. High fat fed ApoE−/−
mice were analyzed for inflammation associated with vascular calcification as a positive
control. In the ApoE−/− aorta near the aortic root, calcification is apparent by von Kossa
staining (D, arrow), in association with extensive inflammation, as indicated by CD68
staining (D′, arrowheads).
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