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Abstract  

Heart valve calcification is a serious health issue that requires invasive treatment to 

resolve and is caused by calcium deposits on the heart valve tissue. Previous studies have 

suggested that the nucleoside adenosine and the surface cell enzyme CD73 are involved in the 

mechanism that leads to heart valve calcification. By using various treatments on atrio-

ventricular mouse valve (AVM) cells grown in micromass cultures, including addition of 

adenosine receptor agonists and addition of the cell surface enzyme CD73, this relationship was 

further investigated. Quantitative PCR analysis showed that cells treated with CD73 had lower 

concentrations of the calcification marker SPP1 compared to the control and a greater amount 

of extracellular adenosine. Additionally, it was found that the A1 adenosine receptor and the 

A2A adenosine receptor agonists have a protective effect and a degenerative effect, 

respectively. These preliminary results show that this area requires further study and may 

someday be used in a pharmacological treatment for heart valve calcification or coupled with 

bioprosthetic replacement valves.  

Introduction  

Heart valve calcification is a serious condition associated with aging that affects 2-5% of 

the population nationally and may be deceptively common due to difficulty of assessment. 

Studies show that valvular heart disease is prevalent yet underappreciated issue that should be 

addressed as a growing major public health problem (Nkomo, 2006). Valve calcification is 

caused by hydroxyapatite deposits on the tissue, which leads to compromised blood flow and 

heart valve stenosis (Rogers, 2013 ) (Milano, 1984). Without treatment, vital organs will 



become blood-deprived and the risk of heart attack increases greatly. The most effective 

remedy for this ailment is a heart valve replacement with mechanical or bioprosthetic valves. 

Mechanical heart valves will be functional for the patient’s entire lifetime, but a thrombus can 

form very easily on these mechanical valves, leading to a greater risk of stroke. Because of this, 

patients with mechanical valves must take blood thinners for as long as they have the valve, 

which can lead to other health complications and side effects (Roudaut, Serri, & Lafitte, 2007). 

Valves from bovine or porcine pericardial tissue do not cause blood clots to form so do not 

require patients to take blood thinners. However, these organic heart valves also tend to calcify 

and degrade after just 10-15 years (Milano, 1984). This requires the valve to be replaced 

continuously, which becomes more dangerous as the patient ages. A more efficient treatment 

plan would be to use pharmacological techniques to prevent or slow the calcification of the 

valve tissue so that surgery would not be necessary. Additionally, if cell surface enzymes that 

prevent or reduce calcification could be coupled with the bioprosthetic before surgical 

replacement, then it would stop calcification in the future and avoid additional intensive 

surgical procedures, or at least prolong the time between them.  

Valvular interstitial cells (VICs) begin in life as a mix of fibroblasts and smooth muscle 

cells, and in many cases, they stay that way throughout one’s lifetime (Mulholland & Gotlieb, 

1996). However, due to certain cytokines and extracellular signals that are not yet completely 

clear, the VICs can become more osteoblastic over time. Some recent research has shown that 

a lack of smooth muscle cells alpha actin (αSMA) and the presence of bone sialoprotein (SIA) 

may be involved in the process of valve cell calcification (Kutryb-Zajac B. e., 2018). However, 

because VICs have such a short lifetime in culture and the degree of calcification and age will 



vary between each sample harvested, it was decided to use atrioventricular mouse (AVM) cells 

as a more reliable alternative. Additionally, the AVM cells can be kept as an immortal cell line 

by staying at 33°C, and can be reverted back once incubated at 37°C. This allows the cells to 

stay viable for longer and their rate of calcification due to high density plating will be constant 

across all samples.  

CD73, also known as ecto-5’-Nucleotidase, is a surface cell enzyme that functions to 

produce extracellular adenosine via hydrolyzing adenosine monophosphate (Yegutkin, 2008). 

Pervious data show that rats deficient in CD73 have significantly decreased adenosine levels 

and a higher rate of calcification. This is because adenosine serves as a regulatory factor and 

mediates cytoprotection involving various mechanisms such as suppression of inflammation, 

vasodilation, etc. that may reduce tissue calcification (Zukowska, 2015). Additionally, immune 

cells from calcified tissue yield very little CD73 and a large amount of adenosine deaminase 

(Kutryb-Zajac B. e., 2018) and as a result of this we have a significantly less adenosine in 

extracellular space, which is followed by calcification of valvular interstitial cells. Mutation of 

the CD73 gene has shown to increase the rate of aortic valve calcification (Kochan, 2016). 

Furthermore, genes that serve as calcification markers, such as RUNX2 and SPP1 (osteopontin), 

are found in effected valve cells (Peacock, 2010). Thus, CD73, adenosine, and valve calcification 

are all connected, but exactly how they interact and the pathways they undergo are still under 

investigation. 

RUNX2 is a gene typically associated with osteoblast differentiation and bone 

development, so it was chosen as one of the two calcification markers (Okura, 2014). The two 

isoforms, RUNX2-1 and RUNX2-2 each have their own promoter and the latter functions in 



bone and cartilage formation while the former functions both in calcification and cell invasion. 

SPP1 is another calcification marker and has been shown to be influential in arterial calcification 

and perhaps heat valve calcification, since it encodes for osteopontin, a structural protein 

found in bone.  

Adenosine monophosphate is a common nucleotide present in extracellular space. It is a 

metabolite produced by CD39 (ecto-NTPDase) from ATP which is constantly released by 

fibroblasts due to mechanical stimuli. Once ATP is hydrolyzed to AMP, CD73 converts it into 

adenosine (fig. 1). Adenine nucleotides and nucleosides both are metabolized by cell-surface 

enzymes and has been shown to have a role in the management of inflammation (Di Virgilio & 

Vuerich, 2015).   

There is some dissenting published data concerning the effect of stimulating the A1 and 

A2A adenosine receptors. Conflicting results from different labs show that adenosine receptor 

agonists (A2A) may increase calcification (Mahmut & al., 2015)(Weber et al. 2018). On the 

other hand, a paper from Kutryb-Zajac showed that CD73 knock out mice with no adenosine in 

the aortic valve rapidly developed calcification. This suggests that adenosine receptors are 

rather protective in general with the use of A1 and A2A receptors both (Kutryb-Zajac B. e., 

2018). This study may contribute to the resolution of this conflict.   



 

Fig. 1 Extracellular nucleotide metabolism: text in red indicates molecules that enhance 

calcification, text in green indicates molecules that reduce or prevent calcification  

 

METHODS  

AVM Cell Culture  

Atrio-ventricular mesenchymal mouse cells were collected from “Immortamouse” 

embryos using a hanging gel method in which cells were obtained by placing the atrio-

ventricular canal of the heart on top of a transwell filter and then grown out at 33 degrees 

(Peng, Yan, Chen, Cui, & Jiao, 2017).  The cells were initiated from frozen stocks, thawed, and 

any DMSO was removed to promote growth. Then the cells were plated in a t-75 flask with 

approximately 1 million cells per flask. For initial growth the cells were kept in a 33°C incubator 

in the permissive condition, which activates the immortal phenotype, and only moved to a 37°C 

incubator during treatment. The media consisted of DMEM, 10% FBS, glutamine, anti-anti, and 

y interferon (catalog # 315-05), whish was always warmed before use.  



For the micromass cultures, 6 droplets of 10 uL of media containing 10,000 cells each 

were placed on a 5mL plate and left to adhere overnight (fig. 2), with increased humidity so as 

not to become dehydrated due to lack of excess media. Once the clusters of cells adhered, the 

media and treatment could then be added without disturbing the cell density. This ensures that 

the cells were under conditions that would lead to rapid calcification. Calcification could also be 

observed visually, as the cells take on a “crusty” appearance.  

 

 

 

 

Fig. 2 Each blue dot is representative of 10,000 cells in 10uL of media. 

Agonist Treatment  

For the first experiment, the cells were plated in a micromass culture in the same way as 

with the AMP experiment. 2’-MeCCPA, an A1 receptor agonist, was added to one plate at a 

concentration of 10 nM, and PSB 0777 ammonium salt, an A2A receptor agonist, was added to 

the other at a concentration of 1 µM. The control had DMSO added since the agonists were 

dissolved in DMSO and it may have an impact on cell growth. The treatment via agonists 

ensured that they would not be metabolized by the cells, as opposed to simply adding AMP or 

adenosine. Media was changed every other day for 10 days to ensure the cells were healthy 



and to reduce the chance of bacterial or fungal contamination. The cells were lysed with TRK 

lysis buffer before undergoing analysis. 

 CD73 Treatment  

The second experiment involved growing cells in 35 mm dishes as opposed to the 60 

mm plates used for the previous experiment. One plate was treated with 2 mM AMP and 1 

µg/µL of CD73 from Sino Biological (Cat #10904-H08H), one only had the CD73 treatment, and a 

third was used as a control. Only 5 droplets of cells were used in the micromass culture due to 

the smaller size of the plate. 100 µL of media were removed from each plate every other day so 

that production of adenosine and reagent consummation could be recorded via HPLC.  

RNA Extraction  

RNA isolation was then carried out using E.Z.N.A. Total RNA Kit 1 (R6834-02) from 

Omega Bio-Tek according to the manufacturer’s instruction. Nanodrop was used to determine 

the concentration of the RNA in each sample.  

CDNA Synthesis  

CDNA synthesis was carried out using reverse transcriptase and reaction mix from 

Quanta bio and the PTC-100 Programmable Thermal Controller. The volume of RNA included in 

the sample was variable, depending on the concentration of RNA found from the nanodrop 

analysis. CNDA plate reader was used with the Quanti-iT Oligreen ssDNA Assay Kit (Ref 

#011492) to show sample dilutions and concentrations so that they could be normalized for 

qPCR.  



QPCR Analysis   

Quantitative PCR was done using the 2x SYBR Green qPCR Master Mix (cat# B2102) from 

Bimake and a Rotor-Gene Q cycler from Qiagen. The genes that were tested were RUNX2, SPP1, 

ADORA1, and ADORA2A. These genes were chosen based off patterns of increased expression 

in calcified valves found from an RNA expression profile of human aortic valves (Guauque-

Olarte, Droit, & al, 2016). The primers for each gene were initially desiccated, so water had to 

be added to each according to its product sheet. This would create the 100 µM stock of primer, 

further diluted to 10µM for usage.  

HPLC 

The concentration of adenosine was analyzed by reverse-phase HPLC based on a 

previously described method (Smolenski, Khalpey, & al., 2006). The chromatographic system is 

the Agilent Technologies 1200 Series device. The analytical column (100 × 2.1 mm) was 

Poroshell 120 EC-C18 with a 2.7 μm particle size (Agilent, USA). Chromatographic conditions 

were the following: buffer A was 122 mM potassium dihydrogen phosphate, 26.4 mM 

dipotassium hydrogen phosphate, and 150 mM potassium chloride; buffer B was a 15% (v/v) 

acetonitrile in buffer A. The amount of buffer B changed from 0% to 1% in 0.1 min, 3% in 3.3 

min, 35% in 7.3 min, 100% in 9 min to 11.5 min, and 0% B in 11.6 min. The re-equilibration time 

was 3.4 min, resulting in a cycle time of 15 min between injections. The flow rate was 0.5 

ml/min, and the volume of injection was 10 μl. The analytical column was maintained at 23°C. 

Peaks were monitored by absorption at 254 nm. Data were collected and processed by 

OpenLAB, Agilent Software. 



Results   

One issue with analysis of gene expression in valve cells is that cells isolated from 

human heart valves have a limited lifetime in culture and there is evidence that cells collected 

from calcified valves have different patterns of gene expression than cells obtained from 

uncalcified valves.  In order to use a standard set of cells in these experiments, an immortal cell 

line was used, isolated from mouse fetal valves and containing a temperature sensitive gene 

that converts the cells to an immortal phenotype at 33°C and reverts to a non-immortal 

phenotype at 37°C.  A previous student in the lab showed that these cells, when grown in a 

high-density culture would rapidly calcify in culture by expression of genes associated with both 

valve and bone calcification. 

 Preliminary experiments were performed to evaluate the direct effects of added 

adenosine and AMP on expression of Runx2 in micromass culture of AVM cells.   The initial 

results showed no effect of adenosine and a modest effect by AMP.  However, AMP and 

adenosine are rapidly degraded by enzymes in the culture system and HPLC analysis of the 

culture media showed that there was very little of either reagent in the culture media or the 

stock solution.  The experimental approach was changed to add either CD73, an enzyme that 

would produce ongoing local expression of adenosine, or the direct addition of adenosine 

receptor agonists to activate adenosine receptors without concern for metabolism of the added 

ligand.  

The high-performance liquid chromatography was used for the CD73 treatment to see 

the levels of various metabolites produced, especially adenosine. Samples of the media were 



taken from the plates 48 hours after the treatment was added. The HPLC data confirmed that 

the production of extracellular adenosine increases when treated with CD73 (figs. 3 & 4), as 

shown by the much larger integral of the adenosine peak in the treatment sample. In fact, the 

amount of adenosine in the CD73 treated sample is approximately five times higher than in the 

control.  

The qPCR was used to determine changes in gene expression from the control of certain 

genes of interest, which were determined using previous data from calcified valves found from 

an RNA expression profile of human aortic valves (Guauque-Olarte, Droit, & al, 2016). Thus, the 

genes tested in this case were SPP1, RUNX2-1, ADORA1, and ADORA2. The 1 µg/µL CD73 

treatment also showed a decrease in SPP1 and Runx2-1 expression, no noticeable difference 

from control with ADORA1 expression, and a great increase in ADORA2A expression (fig. 5). The 

SPP1 and Runx2-1 genes serve as calcification markers whereas the ADORA1 and ADORA2A 

genes are associated with their respective adenosine receptors.  

 For the adenosine agonist treatment, the same genes of interest were used as in the 

CD73 experiment. QPCR data showed that A1 and A2A receptor agonist treatment led to a 

decrease in SPP1 expression for the A1 agonist treatment but increased it for the A2A agonist 

treatment (fig. 6). For the A2A agonist treatment, ADORA1 expression increased greatly and the 

A1 agonist results were inconclusive (fig. 7).  



 

Fig. 3 The HPLC results from the control micromass culture, note the adenosine peak has an 

integral of only 11.256 

 



Fig 4. The HPLC results from the CD73 treated micromass culture, note the adenosine peak has 

an integral of 45.2 

 

 

Fig. 5 qPCR results for the micromass CD73 treatment  
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Fig. 6 qPCR results for the micromass adenosine agonist treatment 

 

Fig. 7 qPCR results from the micromass A2A agonist treatment on ADORA2A and ADORA1  
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Table 1.  

Gene  Forward Primer Sequence  Reverse Primer Sequence  

SPP1 5’-CTCTCACATGAAGAGCGGTG-3’ 5’-CCAGCTGACTTGACTCTGG-3’ 

RUNX2-1 5’-ATGCGTATTCCTGTAGATCCGAG-3’ 5’-CATCATTCCCGGCCATGACGGTAAC-3’ 

ADORA1 5’-TGTGGTGTTATAGCATGGGGT-3’ 5’-CCTTCCTGCTGGCACTTTTC-3’ 

ADORA2A 5’-TCCTGGTCCTCACGCAGAG-3’ 5’-GTCACCAAGCCATTGTACCG-3’ 

GAPDH 5’-CCACGAGAAATATGACAACTCACT-3’ 5’-GTTGTCATGGATGACCTTGGC-3’ 

 

Table 2.  

Receptor Agonist  Source 

A1 2’-MeCCPA Tocris cat# 2281 

A2A PSB 0777 ammonium salt  Tocris cat# 4334 

 

Conclusion and Discussion  

The initial qPCR data from the agonist experiment showed that the stimulation of the A1 

receptor had a protective effect, whereas the A2A receptor stimulation had a procalcific effect. 

These results are consistent with previous research done by Mahmut and Weber laboratories 

(Weber, Barth, & Selig, 2018) (Mahmut & al., 2015). The HPLC data show that the control had a 

much lower concentration of extracellular adenosine compared to the cells treated with CD73, 

which indicates that the CD73 is a significant component of adenosine production pathway. 

Since the CD73 treated cells had lower levels of SPP1 and RUNX2-1, it shows that the treatment 



and subsequent increased adenosine concentration may decrease calcification levels of the 

cells. This implies heart valve calcification may be able to be treated pharmacologically via 

stimulation of A1 receptor and suppression of the A2A receptors. This information also may 

suggest that the enzyme (CD73) could be bound to bioprosthetic heart valves so that the rate of 

calcification of the cells that colonize the valve would decrease or be prevented altogether. 

Further research into the exact mechanism of heart valve calcification is needed to support this 

data. Since these experiments are only preliminary, they should be completed again in triplicate 

to ensure that the results are reliable. Additionally, research of the stimulation of adenosine 

receptors in arterial tissue would be worthwhile since artery calcification may have a similar 

mechanism to heart valve calcification. If these treatments prove to be useful and effective for 

valvular calcification, they may also have use in management of calcific artery disease. For now 

though, these experiments show that there is evidence of A1 adenosine receptor agonist and 

CD73 being beneficial against calcification of AVM cells, whereas the A2A adenosine receptor 

agonist is detrimental.  
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