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A significant amount of knowledge has been gained with the use of cell-based assays to

elucidate the mechanisms that mediate heart valve calcification. However, cells used in

these studies lack their association with the extra-cellular matrix or the influence of other

cellular components of valve leaflets. We have developed a model of calcification using

intact porcine valve leaflets, that relies upon a biological stimulus to drive the formation

of calcified nodules within the valve leaflets. Alizarin Red positive regions were formed

in response to lipopolysaccharide and inorganic phosphate, which could be quantified

when viewed under polarized light. Point analysis and elemental mapping analysis of

electron microscope images confirmed the presence of nodules containing calcium

and phosphorus. Immunohistochemical staining showed that the development of these

calcified regions corresponded with the expression of RUNX2, osteocalcin, NF-kB and

the apoptosis marker caspase 3. The formation of calcified nodules and the expression

of bone markers were both inhibited by adenosine in a concentration-dependent manner,

illustrating that the model is amenable to pharmacological manipulation. This organ

culture model offers an increased level of tissue complexity in which to study the

mechanisms that are involved in heart valve calcification.

Keywords: aortic valve, calcification, porcine, adenosine, lipopolysaccharide, osteoblasts, valve interstitial cells,

valve calcification model

INTRODUCTION

The development of a medical strategy to treat aortic stenosis is required to alleviate the burden
of the increasing numbers of patients who require aortic valve replacement, which is predicted
to increase with an aging population (1). The use of pharmacological agents to delay or even
remove the need for surgical replacement of diseased valves, or percutaneous implantation, would
represent a breakthrough in the treatment of patients with calcific aortic valve disease (2). The
translation of information gained from in vitro experiments using isolated cells into clinical studies
has been hampered by the limitations of available animal models of calcific valve disease (3). This
is illustrated by the disappointing results from clinical trials with statins (4, 5), despite data from in
vitro and in vivo studies that supported beneficial effects of statins against the development of valve
calcification (6–8).

The use of pathological specimens from humans and cultured cells from humans, sheep and pigs
has shed light on the biological mechanisms that mediate the differentiation of valve interstitial cells
(VIC) into an osteogenic cell phenotype, which is believed to be the responsible cell phenotype
in the development of calcified lesions in the fibrosa layer of the valve (9). Cell-based studies
have relied on a variety of endpoints to assess pro-calcifying stimuli, including the expression
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FIGURE 3 | Leaflet-specific and regional effects of LPS and phosphate. (A) Leaflet specific effects of 100 ng/mL LPS and 3mM phosphate on calcium accumulation

in the left-, right- and non-coronary leaflets of porcine aortic valves. Values are the mean of the measurement from the three regions of each leaflet (p > 0.05, ANOVA;

n = 6). (B) Comparison of the effect of 100 ng/mL LPS and 3mM in the 3 regions of the left- right- and non-coronary leaflet assessed for calcium accumulation

(p > 0.05, ANOVA; n = 6).
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FIGURE 4 | Electron microscopy and EDAX analysis of calcified valve leaflets. Scanning electron micrographs of porcine valve leaflets stimulated with media alone (A)

or 100 ng/mL LPS and 3mM phosphate for 14-days (B), with presence of calcified areas (white arrows) (x100 magnification, scale bar = 100µM). High power view

and point analysis (yellow cross) of aortic valve leaflets from control and LPS/PO4 treated valves (x1,000 magnification, scale bar =10µM) (C,D), and the spectrum

showing no calcium or phosphorus peaks in the control (E), but their presence in the LPS/PO4 treated tissue (F).
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FIGURE 5 | Elemental mapping of LPS and phosphate treated valve leaflets. Scanning electron micrographs showing the elemental distribution of carbon, oxygen,

phosphorus, calcium and silicon. Regions of greater electron density corresponding to the distribution of calcium and phosphorus.
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FIGURE 6 | Expression of NF-kB in calcified valve leaflets. Low and high-powered images of immunohistochemical staining for NF-kB in untreated (A,B) and

100 ng/mL LPS & 3mM phosphate treated (C,D) valve leaflets. Nuclear expression of NF-kB can be seen in (D) (black arrows). (A,C) scale bar, 200µM; (B,D) scale

bar, 500µM.

marked reduction in the staining for RUNX2, osteopontin
and osteocalcin. Lower concentrations of adenosine (10−8 and
10−7M) had no significant effect on the amount of Alizarin Red
staining in the leaflets. At concentrations above 10−7M, there was
a progressive reduction in the amount of Alizarin Red staining,
which reached statistical significance at 10−5M (Figure 10A).
Corresponding to reductions in Alizarin Red staining, there was
also significant reductions in antibody staining for osteocalcin,
oeteopontin and RUNX2 in valve leaflets treated with 10−5M
adenosine (Figures 10B–D, respectively). The areas measured
for staining of each antibody were similar in all 3 groups
(Figure 10E).

DISCUSSION

This study sets out an ex-vivo organ culture model of valve
calcification that can quantify the level of calcium incorporated
into the valve and assess phenotypic changes in the cells that
reside in calcified regions. Elemental analysis and mapping
showed that the nodules that were visible with the scanning
electron microscope were comprised of calcium and phosphorus.
The use of intact valve leaflets has the advantage that the VIC are

retained in the physiological arrangement with respect to their
association with the extracellular matrix and their relationship
with the VEC. Intact valve leaflets from pigs and mice have
previously been used to assess the effects of pro-calcific stimuli,
including inorganic phosphate osteogenic media, osteogenic
media supplemented with TGFβ1 and mechanical injury (11, 12,
21–24).

These previous studies have largely relied upon osteogenic
media, which contains β-glycerophosphate, dexamethasone, and
ascorbic acid, to drive the calcification response. In contrast,
this model uses LPS, a TLR4 receptor agonist, to drive the
calcification response and the subsequent initiation of an
inflammatory response, as evidenced by nuclear expression of
NF-kB in the calcified regions. The contribution of specific
cell types within the valve leaflet to the response of LPS
was not studied, however LPS has previously been shown
to stimulate a calcification response in cultured VIC and
to augment the effects of calcification of VIC to gamma–
interferon (18, 20, 25, 26). Phosphate in combination with
inorganic pyrophosphatase has also previously been shown
to stimulate increase levels of radiolabeled calcium and
the formation of Alizarin Red positive lesions, in intact
valve leaflets over an 8-day period (12). Based on these
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FIGURE 7 | Colocalisation of Alizarin Red staining with osteogenic, inflammatory and apoptotic markers. Sequential sections of a valve leaflet stimulated media alone

(left column) or 100 ng/mL LPS and 3mM phosphate (right column) for 14-days. Histochemical staining for Alizarin Red (A,B) co-localizes with regions of

immunohistochemical staining for osteocalcin (C,D), RUNX2 (E,F), NF-kB (G,H) and caspase 3 (I,J). Scale bar, 500µM.
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FIGURE 8 | Quantification of osteogenic, inflammatory and apoptotic markers in Alizarin Red positive and negative areas of valve leaflets. Percentage area staining of

1.1 mm2 regions from non-calcified and calcified regions for (A) osteocalcin (*P = 0.012, T-Test; n = 4), (B) RUNX2 (**P < 0.001, T-Test; n = 4), (C) NF-kB

(**P < 0.001, T-Test; n = 4) and (D) caspase 3 (**P < 0.001, T-Test; n = 4).

findings we included pyrophosphatase to block the anti-
calcification effect of pyrophosphate in the valve leaflets. We
observed an augmentation of the response to 100 ng/mL
LPS, with increasing phosphate concentration. Since there was
no significant difference in the effect between 3 and 5mM
phosphate, we opted to choose the lower concentration, since this
is nearer to the concentration used in previous studies and below

the concentration required for phosphate to have a direct effect
on calcification (12, 14).

From the analysis of the data on the quantification of the
percentage area of each leaflet that showed positive staining with
Alizarin Red, we determined that the most accurate way to assess
the degree of calcification in each valve leaflet was to sample
each leaflet in three areas and calculate the mean of the three

Frontiers in Cardiovascular Medicine | www.frontiersin.org 11 October 2021 | Volume 8 | Article 734692

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Chester et al. Valve Calcification Model

FIGURE 9 | Effect of adenosine on the expression of osteogenic markers. Immunohistochemical staining in media alone (left column), 100 ng/mL LPS 3µM

phosphate treated (center column) and 100 ng/mL LPS 3mM phosphate and 10−5M adenosine treated (right column) valve leaflets. Section were stained with RUNX2

(A–C), osteopontin (D–F) and osteocalcin (G–I). Scale bar, 100µM.

observations. We were subsequently able to show that there was
no bias toward any of the three individual aortic valve leaflets
or to left, middle or right regions of each of the cusps. The
Alizarin Red staining did not follow a specific pattern, nor was
it exclusively associated with the fibrosa layer of the valve leaflets.
There was a tendency for the calcification to occur at either end
of each cusp. This could be due to the development of tension
in the cusp when it was pinned into position in the culture
plate or during the 14-day culture period. We aim to extend
this model with the use of a stretch bioreactor to investigate
the application of cyclic strain on the calcification response of
LPS and phosphate. It has been previously shown that strain
increased calcified nodule formation and enhances the response
to TGFβ1 and BMP (11, 27). The advantage offered by this model
includes the ability to quantify changes in cell phenotype and
of calcification and adjacent sections of valve leaflets. There was
increased expression of osteoblast markers and the osteoblast
transcription factor RUNX2, both of which are known to be
expressed in calcified valves (28, 29). The presence of caspase-
3 in the calcified regions demonstrates a role for apoptosis in
the calcification response, suggesting that dystrophic calcification
may also be occurring alongside osteogenic calcification. Both
osteogenic and dystrophic calcification are features of the disease
in human valves (30, 31). This model gives the opportunity
to probe for other markers or mediators of calcification via
antibody staining and/or western blotting. Recently a multi-
omics approach to define the pathogenesis of calcific aortic

valve disease has been advocated (32). Comparing the changes
induced in this model using transcriptomics, proteomics and
metabolomics will define the pathways that mediate the response
and allow comparison with cell-based models and pathological
samples from humans.

We were also able to show that the calcification response was
amenable to pharmacological manipulation with adenosine. Our
previous studies have shown an inhibitory effect of osteogenic
markers induced by osteogenic media (10). Here we were able
to demonstrate an inhibitory effect of adenosine on levels
of calcification induced by LPS and phosphate, which was
associated with a reduction in osteopontin, osteocalcin and
RUNX2 expression. The beneficial effects on adenosine on valve
calcification have previously been reported in a murine aortic
root challenged with osteogenic media. A1 and A2b receptors
were shown to mediate anti-calcification effects of adenosine,
while A2a receptor exacerbated the calcifying effect of osteogenic
media (33). Themodel described in this paper would be amenable
to similar receptor antagonist studies.

There are several limitations of the model described in this
paper. The effect of LPS and phosphate takes at least 2 weeks to
develop. A significant degree of calcification was observed after
10 days in some valves, but overall, the effect was more consistent
with a longer incubation time. The data for time-course
experiment in Figure 2C was based data from only 2 animals.
While this experiment was only intended only to provide
evidence of the shortest incubation time to give consistent
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FIGURE 10 | Inhibitory effect of adenosine on calcification and expression of osteogenic markers. Effect of increasing concentrations of adenosine (10−8-10−5M) on

the expression of Alizarin Red in sections of valve leaflet response to 100 ng/mL and 3mM phosphate (*P = 0.008, T-Test; n = 8 and **P = 0.011, T-Test; n = 6) and

representative images of sections stained with Alizarin Red imaged under polarized light for each treatment group (A). Quantification of the area of positive staining in

control (media alone), 100 ng/mL and 3mM phosphate and 100 ng/mL & 3mM phosphate with 10−5M adenosine for (B) osteocalcin (**P = 0.001, *P = 0.029,

ANOVA; n = 11–15 areas from 3 valves), (C) osteopontin (**P < 0.001, *P = 0.029, ANOVA; n = 13–15 areas from 3 valves) and (D) RUNX2 (*P = 0.003,

**P = 0.001, ANOVA; n = 9–14 areas from 3 valves). (E) The mean area per measurement was similar in all 3 groups.
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response to LPS and inorganic phosphate, further studies with
more samples and longer time points may demonstrate the need
for a longer duration for the experiment to give less variation in
the response of the leaflets. By keeping each valve leaflet intact,
a larger number of hearts are required to run more complex
experimental protocols (e.g., concentration-response, antagonist
studies). We avoided cutting each valve into smaller pieces, to
avoid damage to the endothelial layer and maintain the integrity
of the valve structure. Lastly, this model relies on the use of
porcine tissue, which may not respond in an identical manner
to human tissue. However, this type of study with human tissue
would be virtually impossible due to the number of valves that
would be required.

This organ culture model relies upon a combination of a
biological stimulus and the promoting effects of phosphate to
yield a quantifiable calcification response and an opportunity to
simultaneously identify changes in the expression of phenotypic
markers associated with valve calcification. We demonstrate
that the model is amenable to pharmacological modulation by
adenosine. The presence of all the cellular components and
extracellular matrix will allow future studies to identify new
markers and mediators of valve calcification as well as to serve as
a tool for pre-clinical assessment of new anti-calcification agents.
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