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Introduction
Aortic valve stenosis (AVS) is a complex disease, characterized 

by the thickening of the aortic valve with significant fibrosis and/or 
calcification [1]. Short-term symptoms include shortness of breath and 
fainting, while more long-term symptoms include heart failure and 
inevitably, death [2]. Treatment for AVS remains non-existent, with 
surgical intervention being the only viable option for at-risk patients. 
Thus, there has been interest in finding innovative approaches to 
treating this perilous disease [3,4].

The pathogenesis of AVS is an active process involving multiple 
cell types and complexed underlying mechanisms [5,6]. Upon 
differentiation of mesenchymal-like cells to chondrogenic cells, 
matrix vesicles are released, containing enzymes and other factors that 
lead to the onset of calcification [7]. One of these enzymes, alkaline 
phosphatase (ALP), is a metalloenzyme that has been shown to play 
a profound role in calcification onset by concentrating calcium [8], 
mineralizing hydroxyapatite crystals [8], and inactivating inhibitory 
polyphosphates [9]. In humans, there are four ALP isozymes: alkaline 
phosphatase, tissue-nonspecific isozyme (TNALP), intestinal-type 
alkaline phosphatase, placental-type alkaline phosphatase, and 
placental-like alkaline phosphatase [10]. Two isoforms of TNALP 
exist: bone-specific TNALP and liver-specific TNALP, both of which 
are abundantly found in the serum [10]. Within the context of 
vascular calcification, bone TNALP is highly expressed in calcifying 
vascular smooth muscle cells and is likely to be responsible for calcium 
deposition and AVS pathogenesis [10].

A multitude of studies draw conclusions regarding the pathogenesis 
of AVS in humans by utilizing aortic valve interstitial cells from bovine 
[11-13]. The ultimate goal of these studies is to identify mechanisms 
that will help us better understand calcification onset in humans. 
However, there is a need to directly compare these animal models 
to humans and assess whether or not it is plausible to make such a 
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Abstract
Aortic valve stenosis (AVS) is one of the most common heart valve diseases, and surgical intervention remains 

the only viable treatment option. Thus, there is a need for novel and innovative treatments. One approach is to 
study the biological pathogenesis of this disease in hopes of finding new targets for drug therapy. Although this 
may be a viable option, it faces some methodological concerns. Many studies attempted to address the underlying 
mechanisms of this disease using aortic valves from bovine models. Although these may be viable models in certain 
diseased conditions, this may not be the case when studying calcification in AVS. Thus, the aim of our study was to 
assess the significance of drawing conclusions from bovine models to humans in the context of AVS, and investigate 
the role of alkaline phosphatase (ALP), an enzyme that increases calcium mineralization and deposition in aortic 
valve calcification. We also wanted to identify any differences in calcification when using different osteogenic media.

We used human and bovine valve interstitial cells (HAVICs and BAVICs, respectively), which are the most 
commonly used when study calcification in AVS, and cultured them in osteogenic media or DMEM as control media. 
We found that ALP activity differs widely between the two models, with bovine samples having approximately ten 
times more ALP activity. Our data also suggests that the degree of calcification and ALP activity differs between the 
different osteogenic media used.

Careful consideration should be taken when experimenting with bovine valves and drawing conclusions to 
human AVS, as they may not exhibit the same mechanisms of action. Furthermore, it may be important to identify a 
single standard osteogenic medium to use when studying calcification in AVS.
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comparison. Therefore, the objectives of our study were to assess the 
onset of calcification and its related mechanisms in human and bovine 
aortic valve interstitial cells (HAVICs and BAVICs, respectively) 
cultured in either Dulbecco’s Modified Eagle’s Medium (DMEM) or 
osteogenic media (OSM). 

Materials and Methods
Isolation and culture of valve interstitial cells 

Primary HAVIC lines were generated as previously described 
[14,15]. Cultured HAVICs showed positive staining for alpha smooth 
muscle actin, indicating myofibroblast phenotype after 2 passages. 
HAVICs at passages 3 to 5 were used for all experiments. BAVICs were 
isolated using similar methodology.

Inducing calcification in aortic valve interstitial cells 

HAVICs and BAVICs were plated in 24-well plates until 100% 
confluent and incubated in different OSM for 7 and 12 days, respectively. 
Five types of OSM were used: full DMEM with the addition of 2 mM 
Phosphate buffer, pH 7.4 (Os-P); 2 mM phosphate buffer, pH 7.4, 
with 0.2 mM ascorbic acid (Os-PC); 2 mM Phosphate buffer, pH 7.4, 
with 0.2 mM ascorbic acid and 1 ug/mL of insulin (Os-PCI); 10 mM 
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β-glycerol phosphate (Os-BP); or 10 mM β-Glycerol phosphate with 
0.2 mM ascorbic acid (Os-BPC).

Assessment of ALP activity 

ALP Activity Colorimetric Assay Kit (BioVision) was used to asses 
ALP activity according to the manufacturer’s instructions. Briefly, after 
treating cells with, EDTA and/or Lp(a) for 7 days (Athens Research 
and Technology Inc.), the culture medium was harvested and spun for 
10 minutes at 12,000 g; supernatant was used for ALP activity assay. 
Cells were washed twice with PBS, then incubated with shaking for 
10 minutes at room temperature in cell lysis buffer (20 mM Tris-HCl 
pH=8.0, 150 mM NaCl, 0.2% NP40). Cell lysates were harvested and 
spun at 12,000 g for 5 minutes at 4°C, supernatant was harvested for 
ALP activity assay.

Assessment of calcification 

Alizarin Red S Staining Quantification Assay (AR-S) was used 
to assess calcium deposition and calcium nodule formation. Cells 
were plated in 24-well plates until 100% confluent and treated with 
different OSM for 7 days. Briefly, cells were cultured in different OSM 
and fixed for 30 minutes using 4% buffered formaldehyde at room 
temperature. Cells were then washed 4 times with excessive ddH2O, 
incubated with Alizarin Red S stain solution (40 mM, pH 4.2) for 20 
minutes at room temperature, and again washed 4 times with excessive 
ddH2O. Calcification nodules were observed under microscopy, and 
phase contrast images were taken with inverted microscopy. Similar 
assessment of calcification was performed in another set of HAVICs 
treated with the XAV939, the inhibitor of Wnts catenin-mediated 
transcription through tankyrase 1/2. 

Assessment of cellular proliferation

MTT (Thiazolyl Blue Tetrazolium Blue, Sigma) assay was used to 
assess cellular proliferation and is presented as relative proliferation 
rate. Briefly, HAVICs were treated with 1-20 µM of XAV939 for 48 
hours. MTT solution (5 mg/ml in DMEM) was added to cultured cells 
in 24-well plates, and incubated for 2-3 hours at 37°C. The purple 
precipitation was extracted using MTT solvent (isopropanol with 4 
mM HCl, 0.1% Nondet P-40), and measured at OD570 nm with 96-
well reading plate on Spectra Photometer (BioTek).

Statistical analysis

One-way ANOVA tests were used to assess ALP activity and AR-S 
quantification in the three lines of AVICs. Statistical analysis was 
performed using GraphPad Prism software version 6.0 (GraphPad 
Software Inc., La Jolla, CA, USA). P-values of <0.05 were considered 
to be statistically significant. All values are represented as mean ± 
SEM.

Results

Comparison of ALP activity in HAVICs and BAVICs

HAVICs isolated from calcified valves had significantly greater 
ALP activity compared to those isolated from non-calcified valves 
(P<0.05). Incubation of HAVICs in OSM significantly increased 
ALP activity in cells from non-calcified and calcified valves (P<0.05). 
There was a significant difference in ALP activity detected in HAVICs 
compared to BAVICs when cultured in both DMEM or OSM. 
Indeed, BAVICS cultured in OSM had almost 10 times the amount 
of ALP compared to those of HAVICs cultured in the same medium 
(P<0.0001) (Table 1). 

Calcium deposition in HAVICs and BAVICs cultured in 
different OSM

AR-S staining showed the presence of significant calcification 
in HAVICs cultured in Os-P, Os-PC, Os-PCI, Os-BP, Os-BPC 
compared to DMEM controls (Figure 1A and B). Similarly, BAVICs 
exhibited significant calcification when cultured in Os-P, Os-PC, 
Os-BP, Os-BPC compared to DMEM controls (Figure 2A and B). 
Os-BPC showed the most significant calcification among all media 
tested (P<0.0001). Os-PC was the least effective calcifying medium 

DMEM OSM
Mean SEM Mean SEM

Non-calcified 
HAVICs 2.67a 0.26 3.19a,b 0.16

Calcified HAVICs 5.65a 0.35 6.85a,b 0.28
BAVICs 56.78 7.16 81.32b 10.39

Values are represented as U/mg. DMEM = Dulbecco's Modified Eagle's Medium; 
OSM = osteogenic media; U = units. aP<0.05 compared to BAVICs; bP<0.05 
compared to DMEM

Table 1: ALP activity in HAVICs and BAVICs cultured in OSM.

Figure 1: Calcification of HAVICs in different osteogenic media for 7 days. 
(A) AR-S staining of HAVICs cultured in different osteogenic media. (B) 
Quantification of AR-S staining in BAVICs in different osteogenic media
*P<0.05.

http://www.sigmaaldrich.com/life-science/cell-culture/classical-media-salts/dmem.html
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among the 4 different OSM tested. The extent of calcification seen 
in BAVICs was significantly greater than that seen in HAVICs 
(P<0.0001). Interestingly, the extent of ALP activity increases did 
not match the extent of calcification seen with the 4 different OSM 
used here (Figure 2C), indicating that other factors besides ALP are 
involved in aortic cell calcification.

ALP activity after treatment with EDTA in HAVICs

There was a significant dose-dependent decrease in intracellular 
and extracellular ALP activity in HAVICs after treatment with 0.3 mM, 
3 mM, and 6 mM EDTA compared to DMEM controls (P<0.0001) 
(Figure 3). Treatment of HAVICs with 50 ug/mL Lp(a) in the presence 
of with both 6 mM EDTA significantly increased ALP activity compared 
to treatment with only 6 mM EDTA (P<0.0001). 

Cellular proliferation and calcium deposition after treatment 
with the tankyrase 1/2 inhibitor XAV939

HAVICs treated with 1 µM, 5 µM, 10 µM and 20 µM XAV939 
resulted in significant reductions in cellular proliferation compared 
controls (Figure 4A). Subsequent experiments treating HAVICs with 
2 µM XAV939 showed a significant decrease in calcium deposition 
(P<0.05) (Figure 4B and C) and cellular proliferation (P<0.05) (Figure 
4E). However, when normalized to total protein concentration, calcium 
deposition was significantly increased (Figure 4D). 

Discussion

The molecular mechanisms that contribute to AVS are not well 
understood and it is likely that multiple signaling pathways contribute 
to disease onset [1,6]. In this study, we examined ALP-dependent 
calcification in aortic valve interstitial cells from human and bovine 
models. There were significant differences in ALP activity between 
HAVICs and BAVICs cultured in DMEM and OSM, with BAVICs 
having the greatest ALP activity and degree of calcification. To further 
our analysis, we treated HAVICs with different concentrations of 
EDTA, a calcification reverser, and Lp(a), a calcification inducer [16]. 
There was a significant reduction in ALP activity in EDTA-treated 
HAVICs. The addition of 50 ug/mL of Lp(a) reversed the effects of 
EDTA in these cells. HAVICs treated with 2 µM XAV939 significantly 
increased cellular proliferation and decreased calcium deposition. 
However, when normalized to total protein concentration, calcium 
deposition was significantly increased. We also found no change in 
calcification in porcine aortic valve interstitial cells when cultured in 
Os-P media (data not shown).

The process of aortic valve cell calcification is thought to involve 
multiple mechanisms and pathways, one of which is through ALP [17-
19]. ALPs are membrane-bound metalloenzymes suggested to play an 
active role in calcium deposition by decreasing levels of pyrophosphate, 
a calcification inhibitor8, and increasing levels of inorganic phosphate, 
which promotes mineralization [20]. ALP is highly expressed in 
human AVS through a complex cascade involving proinflammatory 
cytokines and factors [20-22] and is thought to play a prominent role 
in calcium deposition [21]. Furthermore, calcification inhibitors such 
as dynamin-related protein 1 [17], benzofuran [23], and XAV939 
[24], reduce calcium deposition and are correlated with reductions in 
ALP activity. Therefore, it is likely that ALP plays a critical role during 
calcification in AVS. 

Figure 2: Calcification of BAVICs in different osteogenic media for 12 days. 
(A) AR-S staining in BAVICs cultured in different osteogenic media. (B) 
Quantification of AR-S staining in BAVICs using different osteogenic media. 
(C) ALP activity in BAVICs cultured in different osteogenic media.
*P<0.05; **P<0.0001 

Figure 3: ALP activity in HAVICs after treatment with EDTA and Lp(a) for 7 
days.
*P<0.0001 compared to DMEM; **P<0.0001 compared to 6 mM EDTA in 
DMEM.
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Previous studies showed that treatment of human mesenchymal 
stromal cells with XAV939 significantly decreased ALP activity [24]. 
Moreover, XAV939 induced cell apoptosis in neuroblastoma cells 
[25]. Here, we treated HAVICs with XAV939 and found that the latter 
dose-dependently decreased the number of HAVICs. At the same time, 
there appeared to be a significant reduction in calcification, however 
the contrary was seen when the amount of calcium was normalized to 
total protein measurement. It is possible that the concentration (2 uM) 
used in this study is high and needed to be tittered, or the compound 
is simply toxic. Therefore, caution needs to be taken when using this 
molecule to inhibit calcification in HAVICs or BAVICs. 

In this study, ALP activity and subsequent calcium deposition was 
found to be dependent on the levels of EDTA present in the media. 
Several studies have elucidated that EDTA plays a significant role 
as a calcification inhibitor [26-28]. Therefore, when studying aortic 
valve interstitial cell calcification, special attention needs to be paid 
to the content of EDTA in media and reagents used in the in vitro 
cell growth and calcification analyses. Furthermore, our group has 
recently demonstrated that Lp(a), known to be associated with AVS, 
significantly increased ALP and calcification of HAVICs [16]. Here, 
we show that Lp(a) significantly reversed EDTA’s effect on HAVICs 
calcification.

The implications of our findings are quite relevant and applicable. 
In the past, different animals were used to study disease pathologies due 
to the limitations of acquiring human samples. However, we now have 
the means to study calcification in AVS using human tissues [14,15,29], 
which according to our results, may be the only effective way to study 
the disease. Our study is limited, however, in that it only explores 
ALP-dependent calcification and does not address other molecular 
contributors including Runx2 [30], Wnts [4], UII [15], BMPs [31], 
and TGF- β [32]. Furthermore, we cultured our cells in OSM for 7 
days for HAVICs and 12 days for BAVICs, while other studies assess 
calcification onset after much longer incubation times [33].

As we have found in our study, drawing comparative conclusions 
about AVS pathogenesis in humans is confounded when using 
bovine samples and particular OSM. We strongly suggest that future 
experiments attempting to understand the pathogenesis of AVS focus 
solely on aortic valve interstitial cells from human samples, as making 
comparison with other models may not be plausible. Thus, we advise 
careful consideration when making parallels between bovine and 
human samples in the assessment of aortic valve calcification.
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