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Abstract Aortic valve calcification (AVC) is an active

process characterized by osteoblastic differentiation of

the aortic valve interstitial cells (AVICs). Taurine is a free

b-amino acid and plays important physiological roles

including protective effect of cardiovascular events. To

evaluate the possible role of taurine in AVC, we isolated

human AVICs from patients with type A dissection without

leaflet disease. We demonstrated that the cultured AVICs

express SM a-actin, vimentin and taurine transporter

(TAUT), but not CD31, SM-myosin or desmin. We also

established the osteoblastic differentiation model of the

AVICs induced by pro-calcific medium (PCM) containing

b-glycerophosphate disodium, dexamethasone and ascorbic

acid in vitro. The results showed that taurine attenuated the

PCM-induced osteoblastic differentiation of AVICs by

decreasing the alkaline phosphate (ALP) activity/expres-

sion and the expression of the core binding factor a1

(Cbfa1) in a dose-dependent manner (reaching the maxi-

mum protective effect at 10 mM), and taurine (10 mM)

inhibited the mineralization level of AVICs in the form of

calcium content significantly. Furthermore, taurine acti-

vated the extracellular signal-regulated protein kinase

(ERK) pathway via TAUT, and the inhibitor of ERK

(PD98059) abolished the effect of taurine on both ALP

activity/expression and Cbfa1 expression. These results

suggested that taurine could inhibit osteoblastic differen-

tiation of AVIC via the ERK pathway.

Keywords Taurine � Aortic valve interstitial cells �
Extracellular signal-regulated protein kinase

Introduction

Aortic valve calcification (AVC) characterized by the

deposition of calcified plaques, thickening and rigidity of

the leaflets is a kind of age-related lesion of the aortic valve

with a prevalence of 25% among the senile population

([65 years) (Stewart et al. 1997). Severely developed AVC

could lead to aortic stenosis or regurgitation, which may

deteriorate the left heart function. AVC was once described

as ‘‘degenerative and irreversible’’ (Sell and Scully 1965).

Currently, the only effective therapy is aortic valve

replacement, partly because the mechanisms of AVC are

poorly understood. Recently, active progression was

noticed in the pathogenesis of AVC including the osteo-

blastic differentiation of aortic valve interstitial cells

(AVICs) and subsequent osteogenesis (Mohler et al. 2001;

Rajamannan et al. 2003).

AVICs are different from the other cell types in the human

body in that they function as both the fibroblasts (secreting

collagen and shaping the extracellular matrix) and smooth

muscle cells (contracting according to the tension of the

aortic valves) (Taylor et al. 2003; Chester and Taylor 2007).

Studies in vitro revealed that a subgroup of AVICs has the

potential to differentiate into osteoblastic-like cells by

expressing osteoblastic markers, including core binding

factor a1 (Cbfa1/RUNX2), alkaline phosphatase (ALP/
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AKP), osteocalcin (OC) and osteopontin (OPN), and form-

ing calcific nodules induced by the pro-calcific medium

(Chen et al. 2009; Osman et al. 2006). Additionally, some

cytokines, bone morphogenetic proteins and medications

could promote or suppress the osteoblastic differentiation of

AVICs (Kaden et al. 2005; Clark-Greuel et al. 2007; Rabkin

et al. 2009; Osman et al. 2006). These findings suggest that

AVC might be (or partially be) an active process that could

be prevented before it is too late.

Taurine (2-aminoethanesulfonic acid) is the most abun-

dant free amino acid in mammalian tissues with an intra-

cellular concentration of 20–70 mmol/kg in heart and

skeletal muscles (Huxtabe 1992; Chapman et al. 1993), and it

is pumped into cells via the Na?-dependent taurine trans-

porter (TAUT). Although taurine does not form proteins in

the body, it plays crucial roles in many physiological pro-

cesses such as bile acid conjugation, detoxification, mem-

brane stabilization and calcium flux. Deficiency of taurine

will lead to or increase the risk of cardiovascular diseases,

diabetes, and neurological and hepatic disorders (reviewed

in ‘‘Taurine-monograph’’ 2001). A worldwide epidemio-

logical study (Yamori et al. 2010) has found that populations

with less taurine intake are prone to have higher body mass

index, blood pressure, total cholesterol (T-Cho) and ath-

erogenic index and higher incidence of cardiovascular dis-

eases, which are all risk factors of AVC, suggesting taurine

might be preventive against AVC. Our previous studies

revealed that TAUT was expressed on the vascular smooth

muscle cells (VSMCs) (Liao et al. 2007) and taurine could

inhibit the osteoblastic differentiation of VSMCs induced by

b-GP via the extracellular signal-regulated protein kinase

(ERK) pathway (Liao et al. 2008). The results indicated that

taurine might act against vascular calcification, while its

effect on the AVC is still unknown. The aim of this study was

to explore the effect of taurine on the osteoblastic differen-

tiation of human AVICs and the underlying mechanisms.

Materials and methods

Isolation and culture of cells

Human aortic valves were collected from four patients of

acute aortic dissection (Type A) when performing aortic

valve replacement at the the Second Xiang-Ya Hospital,

Central South University. All the patients had no previous

history of heart valve disease with a mean age of

29.8 ± 8.5 years. All minute lesions of leaflets were

excluded by pathological examinations. This study was

approved by the ethics committee of the Second Xiang-Ya

Hospital, and all patients signed informed consents.

AVICs were isolated as previously described (Meng

et al. 2008) with some modifications. The distal 2/3 of the

aortic valve leaflets were excised in the operating room and

rinsed in PBS with penicillin G/streptomycin/amphotericin

B (200 U/ml) within 2 h. The leaflets were digested in

2.5 mg/ml type II collagenase and 0.125% trypsin with

0.02% EDTA in 4.5 g/l glucose Dulbecco’s Modified

Eagle’s Medium (DMEM, Hyclone) for 30 min at 37�C to

remove the endothelial cells by vortexing. The leaflets

were cut into small pieces (*1 9 1 mm) and further

digested with 0.8 mg/ml type II collagenase and 0.125%

trypsin with 0.02% EDTA for 90 min at 37�C by vortexing

for 10 s every 15 min. The softened leaflet fragments with

free cells were spun at 500g for 2 min and the supernatant

was aspirated. The precipitate was resuspended in full

medium (4.5 g/l glucose DMEM with 10% fetal bovine

serum (Hyclone), 200 U/ml penicillin G/streptomycin/

amphotericin B), then plated onto a six-well plate and

cultured in a cell culture incubator supplied with 5% CO2.

On reaching 80–90% confluence, the cells were sub-cul-

tured in 75 cm2 flasks, and passages 3–6 were used for

these experiments. Taurine (Sigma), PD98059 (Sigma) and

b-alanine (China National Medicine Corporation Ltd) used

for intervention were all used as co-treatment in separate

experiments.

Identification of cells by immunochemistry staining

To make sure that the cultured cells were not contaminated

by other cells and expressed TAUT, the cultured cells were

digested and plated onto a 48-well plate, washed with PBS

and fixed in 4% paraformaldehyde for 5 min. Cells were

blocked in non-immune goat serum and incubated with anti-

human TAUT (Sigma), SM a-actin, vimentin, SM-myosin,

desmin and CD31 (Santa Cruz) antibody for 1 h at room

temperature. Cells were washed with PBS and incubated in

the goat anti-mouse or anti-rabbit antibody conjugated with

biotin for 1 h at room temperature. Cells were washed in PBS

and incubated in streptavidin conjugate horseradish peroxi-

dase. Cell were then washed with PBS and stained by the

AEC method. Stained cells were visualized using a Nikon

TE300 phase contrast microscope.

Osteoblastic differentiation of cells

To establish the calcification model of the AVICs, cultured

cells at *90% confluence were placed into pro-calcific

medium (PCM) containing 10 mM beta-glycerophosphate

disodium (b-GP), 10 nM dexamethasone (DXM) and

50 lg/ml ascorbic acid (VitC). The first day of culture in

the PCM was defined as day 0. On the 21st day of the

experiment, the ALP expression was detected by 4-chloro-

3-indolyl phosphate/nitroblue tetrazolium chloride (BCIP/

NBT) method. The calcification of cells was detected on

the 21st day by von Kossa staining.
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Analysis of alkaline phosphatase activity

The cells treated for 21 days in six-well plates were washed

three times with PBS and lysed in 19 cell lysis buffer (Cell

Signaling Technology) with complete EDTA-free protease

inhibitor (Roche) on ice for 5 min, then scraped out and

centrifuged. The supernatant was assayed by spectrophoto-

metric measurement of p-nitrophenol release at 520 nm

wave length immediately after 15 min in a water bath at

37�C. ALP activity was normalized to total protein content of

the cell layer by the bicinchoninic acid (BCA) method.

Western blotting

The treated cells were lysed in 19 cell lysis buffer (Cell

Signaling Technology) with complete EDTA-free protease

inhibitor (Roche). Protein content was homogenized using

the BCA method. Denatured protein samples with 19 loading

buffer were separated by 12% polyacrylamide gel electro-

phoresis followed by transfer to a pure nitrocellulose blotting

membrane (Pall Corporation). Proteins of interest were then

blotted using antihuman antibodies (Santa Cruz), horseradish

peroxidase conjugate second antibody (Proteintech) and

Western blot chemiluminescence detection (Millipore). The

expression of target protein was normalized to b-actin.

Quantification of calcium content in calcified plaques

The cells treated for 21 days were decalcified with 0.6 N

HCl for 24 h. The concentration of [Ca2?] in the super-

natant was measured by atomic absorption spectroscopy.

The remaining cells were washed with PBS for three times

and lysed in 19 cell lysis buffer with complete EDTA-free

protease inhibitor. The total protein content was measured

by the BCA method. The calcium content was normalized

to total protein content.

Statistics

The data were expressed as mean ± standard error of at

least triplicate experiments, and representative experiments

are shown. The comparisons among values of more than

two groups were performed by one-way ANOVA. P value

of 0.05 or less was considered significant.

Results

Phenotypic identification and osteoblastic

differentiation of cultured AVICs

Cell phenotype was confirmed by positive immunostaining

for SM a-actin ([95%), vimentin (interstitial cell) (100%)

and TAUT (100%), and negative for CD31 (endothelial

cell), SM-myosin (smooth muscle cell) and desmin (muscle

cell) (Fig. 1a–g). Cultured AVICs induced by PCM were

positive for ALP staining and von Kossa staining on the

21st day of the intervention (Fig. 1h, i). Anderson et al.

(2009) reported that PAT1 (SLC36A1) is another taurine

transporter which is even more efficient than TAUT in

transporting taurine into cells; however, the ideal pH value

for PAT1 to work is 5.5, which is common in gut cavity but

not cardiovascular system. Thus, we did not detect the

existence or function of PAT1 in this study.

Taurine inhibits osteoblastic differentiation

and mineralization of AVICs

To determine the effect of taurine on the osteoblastic differ-

entiation of AVICs, we stimulated the cells by PCM with

taurine of different concentrations, and the osteoblastic

markers—ALP and Cbfa1—were detected. After 14 and

21 days of intervention, the ALP activity/expression in the

PCM group was markedly higher than that of the blank control

group, and taurine decreased the activity/expression of ALP

dramatically in a dose-dependent manner (Fig. 2a–d). The

effect of taurine started at 1 mM, became more obvious as the

concentration rose and reached the maximum at 10 mM.

Taurine of 20 mM was less protective than that of 10 mM.

The ERK pathway inhibitor PD98059 (10 lM) blocked the

inhibitory effect of taurine on the ALP activity/expression.

Taurine or PD98059 (10 lM) alone had no influence on the

ALP activity/expression. AVICs induced by PCM for 24 h

expressed more Cbfa1 than the control group. Taurine sup-

pressed the Cbfa1 expression and PD98059 (10 lM) abol-

ished the suppression effect of taurine (10 mM) significantly

(Fig. 3a, b). The expression of SM a-actin, vimentin and

TAUT was not affected by PCM with/without taurine

(10 mM) markedly (Fig. 4a–c). Taurine (10 mM) inhibited

the mineralization level of AVICs in the form of calcium

content significantly (Fig. 5a, b).

Taurine activated the ERK pathway in AVICs

Taurine (10 mM) activated the ERK pathway of AVICs

after 5 min of incubation, and the activation effect was

diminished by the addition of PD98059 and b-alanine

(30 mM) which blocked the entrance of taurine into the

cells through TAUT (Fig. 6a, b).

Discussion

Calcified plaques in AVC are formed in two ways—cell

death-induced dystrophic calcification and osteoblastic

differentiation-induced osteogenesis, and the former is the

Taurine suppresses osteoblastic differentiation of AVICs 1699
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main type (Mohler et al. 2001). However, osteogenesis

appears to be the advanced stage of calcification, in that

osteoblastic markers turn up on the basis of adjacent dead

AVICs (Mohler et al. 1999) and the formation of laminar

bone is easier on the amorphous dystrophic calcification

plaque, which might serve as a scaffold (Sage et al. 2010).

ALP is frequently used as a downstream marker to evaluate

osteoblastic differentiation, in that it plays a key role in the

forming of the osteoid. ALP secreted in the extracellular

matrix (ECM) directly cleaves the pyrophosphate, which

inhibits calcium-phosphate crystal formation (Murshed

et al. 2005). Mathieu et al. (2005) proved that ALP activity

in AVICs was correlated with calcium content, and lev-

amisole (an ALP inhibitor) inhibits b-GP induced calcifi-

cation process. Another osteoblastic marker Cbfa1,

expressed only in osteoblasts, is a key transcription factor

which binds to the osteoblast-specific cis-acting element

OSE2. The silencing of Cbfa1 expression markedly down-

regulated the expression of type I collagen, OC and OPN,

which are all markers of osteoblasts (Ducy et al. 1997).

Furthermore, in both human bodies and animal models of

AVC, calcified aortic leaflets were detected with high

expression of Cbfa1 (Mohler et al. 2001; Rajamannan et al.

2002). Whether the expression of ALP is regulated by

Cbfa1 or not is unknown. SM a-actin is the dominant/

specific phenotype in AVICs (Taylor et al. 2003) and the

expression rate is up to 95% in this study. It is reported that

transforming growth factor-b can promote the expression

of SM a-actin in a dose-dependent manner and SM a-actin

might be the only contractile component in AVICs (Walker

et al. 2004). However, there is little change in the

expression of SM a-actin in PCM (±taurine) compared

with control under our observation, which suggests that

neither PCM nor taurine might have influence on the

contractility of AVICs. Vimentin is a kind of intermediate

filament protein and the major cytoskeletal component of

mesenchymal cells, which is commonly used as a bio-

marker for interstitial cells in the laboratory. We found that

the expression of vimentin is not changed significantly in

PCM (±taurine). In this study, we confirmed that cultured

human AVICs express ALP and Cbfa1 and form calcified

nodules induced by PCM. Taurine inhibits the expression

of ALP and Cbfa1 and reduces calcium content in vitro.

Taurine, as a metabolite of methionine and cysteine, is

the most abundant amino acid in animal tissues (millimolar

concentrations) (Huxtabe 1992; Chapman et al. 1993). It

had no cytotoxicity against human AVICs at concentra-

tions between 1 and 20 mM in our study. In the cardio-

vascular system, taurine has multiple effects including

lowering blood pressure, preventing coronary artery dis-

ease, alleviating physical signs and symptoms of conges-

tive heart failure, and even reversing ECG abnormalities

(Birdsall 1998). Recently, Li et al. (2004) demonstrated

that taurine suppressed the calcification in VSMCs induced

Fig. 1 Staining of cultured AVICs. a Negative control, b SM a-actin, c vimentin, d TAUT, e CD31, f SM-myosin, g desmin, h ALP staining,

i von Kossa staining (a–h 9400, i 9100)
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by b-GP and our team showed that taurine could inhibit

osteoblastic differentiation of VSMCs via ERK activation

(Liao et al. 2008). However, Park et al. (2001) found that

taurine (10 mM) enhanced the synthesis of ALP and col-

lagen in osteoblast-like UMR-106 cells via ERK. In this

study, we confirmed that taurine inhibits the expression of

ALP and Cbfa1 of AVICs in a dose-dependent manner, but

taurine of 20 mM was less protective than 10 mM. Con-

sidering these previous findings and the present results, we

deduced that taurine played different roles in calcification

in different tissues, and the effect of taurine might be

related to the concentration as well. The effect of ERK in

ectopic calcification is controversial at present. Ding et al.

(2006) found that PD98059 blocked fibronectin-induced

osteoblastic differentiation of VSMCs, and Gu and Masters

(2009) proved that the content of p-ERK was elevated in

calcifying AVICs cultured on polystyrene as well as fibrin-

coated plates, and PD98059 inhibited the calcification

degree. On the contrary, Radcliff et al. (2005) demon-

strated that insulin-like growth factor-I (IGF-I) elevated the

expression of p-ERK in VSMCs, and PD98059 suppressed

the protective effect of IGF-I on the calcification of

Fig. 2 The effect of taurine on the ALP activity/expression. Human

AVICs were induced by PCM with taurine of different concentrations

and PD98059 for 14 days (a, c) and 21 days (b, d), and the cell

lysates were subjected to ALP activity assay (a, b) and Western

blotting (c, d). (*P \ 0.05 vs. PCM group, **P \ 0.01 vs. PCM

group, #P \ 0.05 vs. PCM plus 10 mM taurine group, ##P \ 0.01 vs.

PCM plus 10 mM taurine group)
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VSMCs induced by b-GP. In addition, our previous (Liao

et al. 2008) and present work suggested that taurine acti-

vated the ERK pathway, and the blockade of ERK

diminished the protective effect of taurine in VSMCs and

AVICs. Therefore, more studies are needed to elucidate the

role of ERK pathway in ectopic calcification.

TAUT (SLC6A6), which has a 12-loop transmem-

brane domain, is expressed broadly in mammalian tissues

and pumps taurine into cells with Na? and Cl-. The

expression of TAUT was not changed significantly dur-

ing the intervention of PCM (±taurine) in vitro in this

study. However, it is still unknown whether there is

change in the expression of TAUT between healthy and

calcified aortic valve leaflets in vivo, which needs further

investigation. b-Alanine, as a competitive substrate, is

known as the inhibitor of TAUT, because taurine and

b-alanine are both b-amino acids sharing similar chem-

ical structure (Takeuchi et al. 2000). In this study, we

Fig. 3 The effect of taurine on the expression of Cbfa1 in AVICs

induced by PCM. a Cultured AVICs were treated with PCM with

taurine of different concentrations for 24 h. Western blotting showed

that taurine suppressed the expression of Cbfa1 in a dose-dependant

manner. b Addition of PD98059 (10 lM) blocked the effect of taurine

(10 mM) on Cbfa1 expression (**P \ 0.01 vs. PCM group,
#P \ 0.01 vs. PCM plus 10 mM taurine group)

Fig. 4 The expression of SM a-actin, vimentin and TAUT on the 21st day of intervention. Western blotting showed that neither PCM nor PCM

plus taurine (10 mM) could affect the expression of SM a-actin (a), vimentin (b), and TAUT (c) significantly
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123



demonstrated that b-alanine blocked the activation effect

of taurine on the phosphorylation of ERK.

In conclusion, we proved that human AVICs express

TAUT and have the capacity of expressing osteoblastic

markers (ALP and Cbfa1) and forming calcified nodules

induced by PCM. We found that taurine inhibited the

expression of ALP and Cbfa1 in a dose-dependent manner

and suppressed the mineralization level of AVICs, and the

ERK pathway takes part in the protective effect of taurine.

These findings suggest that human AVICs play a major

role in AVC which could be induced by potential mediators

and attenuated by taurine.
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