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Abstract Vascular calcification is an important patho-

logical condition associated with increased risk of cardio-

vascular mortality. Hydroxyapatite (HA) found in such

deposits is the same polymorph of calcium (Ca) found in

bone, indicating calcification may involve mechanisms

akin to bone formation. Vascular smooth muscle cells

(Vsmcs) have been shown to undergo phenotypic change to

osteoblast-like cells. However, the mechanisms underlying

this phenotypic change are unclear, and whether the sti-

mulus to become osteogenic is a result of loss of miner-

alization inhibitors or early mineral deposits is not known.

Our aim in this study is to identify mechanisms and signal

transduction pathways that cause differentiation of Vsmcs

into osteoblast-like cells in the presence of HA. We first

characterized vascular origin of Vsmcs by studying the

expression of smooth muscle cell markers: myosin heavy

chain and smooth muscle actin along with SM22a at both

mRNA and protein levels. Vsmcs grown on HA exhibited

progressive change in cellular morphology at 3-, 7-, and

14-day time points. Culturing of Vsmcs on HA disc re-

sulted in decrease in media Ca levels and increased ex-

pression of Ca-sensing receptor (CaSR) on Vsmcs resulting

in upregulation of intracellular CaSR signaling leading to

increased BMP-2 secretion. BMP-2 pathway mediated

differentiation of Vsmcs to osteoblast-like cells shown by

expression of osteogenic markers like runt-related tran-

scription factor 2, osteocalcin, and alkaline phosphatase at

mRNA and protein levels. Blocking CaSR by NPS-2143

reduced BMP-2 secretion and blocking the BMP-2 path-

way by LDN-193189, a BMP inhibitor, modulated ex-

pression of osteogenic markers confirming their role in

osteogenesis of Vsmcs.
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Abbreviations

VSMCs Vascular smooth muscle cells

GAPDH Glyceraldehyde 3-phosphate dehydrogenase

SMA Alpha smooth muscle actin

MHC Myosin heavy chain

BMP-2 Bone morphogenetic protein 2

SMAD-5 Sma- and Mad-related protein 5

Col2a1 Collagen type II alpha 1

RUNX2 Runt-related transcription factor 2

ALP Alkaline phosphatase

DAPI 40,6-Diamidino-2-phenylindole,

dihydrochloride

HA Hydroxyapatite

MGP Matrix-gla protein
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Introduction

Vascular calcification is a leading cause of increased

morbidity and mortality in patients [1–3]. Vascular calci-

fication can be divided into two distinct categories based on

location. Atherosclerotic intimal layer calcification is lo-

cated in the intimal layer and is associated with

atherosclerosis. Monckeberg’s arteriosclerosis (MAC) oc-

curs in the arterial medial layer and is associated with

elastic lamellae [3, 4] in patients with chronic kidney dis-

ease and diabetes.

MAC is thought to occur because of an increase in

serum Calcium (Ca) and Phosphate (P) levels [5] or loss of

calcification inhibitors in the vasculature, such as matrix-

gla protein (MGP), fetuin, osteoprotegerin, and osteopontin

(OPN) [6–8]. Studies have also indicated that the trans-

formation of Vsmcs into osteoblast-like cells is a key

mechanism in progression of vascular calcification [9].

There is evidence of the existence of a subpopulation of

smooth muscle cells in the vascular wall, calcifying vas-

cular cells (CVCs), which form nodules and calcify under

long-term culture. These structures have been shown to

share properties with bone, including increased ALP ac-

tivity, and OCN and OPN expressions [10–12]. Bone

morphogenetic proteins (BMPs) belong to the transforming

growth factor beta (TGF-b) superfamily, form ectopic

bone, and play a role in vascular calcification [13]. Several

studies have demonstrated that BMP-2, 3, 4, and 7 can

upregulate differentiation markers of mature osteoblasts

like ALP and OCN expression [14]. In addition, ex-

periments have demonstrated that BMP-2 acts in differ-

entiation of mesenchymal stem cells into osteoblast-like

cells, which suggests that it may play a role in regulating

specific differentiation pathways [15]. However, it is un-

clear if passive spontaneous early mineralization occurs

prior to osteogenesis of cells, especially for elastin-specific

calcification in Monckeberg’s arteriosclerosis. Using an

in vitro model, several studies have focused on under-

standing the process of vascular calcification. The in vitro

calcification of primary mouse [16], human [17], and

bovine [18] Vsmcs are commonly utilized models of vas-

cular calcification.

We have recently shown that osteogenic trans-differ-

entiation of Vsmcs occurs during culture on HA surface

and calcified vascular elastin [19]. The aim of the current

study is to understand cellular signaling pathways involved

in the differentiation of Vsmcs into osteoblast-like cells

upon culture on HA surface. We report that culturing of

Vsmcs on HA surface results in upregulation of calcium-

sensing receptor (CaSR), which stimulates expression of

BMP-2. The BMP-2 pathway regulates the differentiation

of Vsmcs into osteoblast-like cells through the SMAD-5

signaling pathway.

Materials and Methods (Detailed Materials

and methods available in online Supplementary

Resource 1)

Vascular Smooth Muscle Cell Culture

Rat aortic smooth muscle cells were isolated according to

Orlandi et al. [20]. Cells were grown and maintained in Dul-

becco’s Modified Eagle Medium (DMEM) supplemented

with 10 % fetal bovine serum incubated at 37 �C with 5 %

CO2. Passage numbers 2–6 were used and cells were cultured

on one single HA disc in a 12-well plate at 1 9 106 cells/well.

For each experiment, three HA discs were used and the ex-

periments were repeated three times. The Ca level in the

medium was not altered except for experiments studying the

effect of Ca in the medium on Vsmcs.

HA Disc preparation

The HA powder (Sigma-Aldrich, MO) used to prepare

discs was uniaxially pressed at 40 MPa into pellets without

a binder using a 1/2-inch cylindrical die lubricated with a

thin layer of stearic acid. The HA pellets were sintered in a

1,100 �C with ramp rate set at 2 �C/min and soaking time

of 2 h.

Protein Isolation

Cells were briefly rinsed with 10 mL ice-cold phosphate

buffer saline (PBS) and then trypsinized with 0.25 %

trypsin for 5 min. Cell layers were harvested and cen-

trifuged at 25 �C for 5 min at 1,000 rpm and lysed in

200 ll of RIPA buffer (50 mM Tris–HCl; pH 7.5; 135 mM

NaCl; 1 % Triton X-100; 1 % sodium deoxycholate; 2 mM

EDTA; 50 mM NaF; 2 mM sodium orthovanadate; 10 mg/

ml aprotinin; 10 mg/ml leupeptin; and 1 mM PMSF).

Samples were centrifuged at 10,000 rpm for 5 min at 4 �C,

and total protein concentration was measured using bicin-

choninic acid (BCA) protein assay according to the

manufacturer’s protocol (Pierce, Rockford, IL).

Statistical Analysis

Quantitative analysis of message levels are presented as

mean ± Standard Error (SE) for all experiments (n = 3).

Significance of differences between control and treatment

experiments was evaluated by Student’s unpaired t test;

‘‘*’’ indicates p \ 0.05 were considered to be significant.
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Results

Characterization of Smooth Muscle Cells and an HA

Surface

We analyzed gene expression of two typical smooth

muscle cell (SMC) lineage markers like SMA and MHC

by PCR and immunofluorescence. Rat aortic Vsmcs ex-

press SMA and MHC at mRNA (Fig. 1a) and protein

level (Fig. 1b). Vsmcs also expressed SMC lineage

markers, which were examined using Western blot ana-

lysis. A 150 kDa band for MHC, 42 kDa for SMA, and

23 kDa for SM22a were observed (Fig. 1c). GAPDH

(36 kDa) was used as a loading control. Based on these

Fig. 1 Characterization of Vsmc markers and HA surface. a Gene

expression of Vsmc markers MHC and SMA by RT-PCR, where

GAPDH was used as an internal control. b Immunofluorescence

confocal laser scanning microscopy for expression of Vsmc markers,

MHC (green fluorescence) and SMA (red fluorescence). Nuclei were

stained blue by DAPI. Scale bar 100 lm. HA hydroxyapatite. c Protein

expression of MHC, SMA, and SM212a measured by Western blot.

d Structure of HA with a typical tiled appearance and Vsmcs exhibiting

a typical smooth muscle cell morphology when cultured under

noncalcifying conditions. e–g Vsmcs cultured on HA surface for

3–14 days shows morphological change, loss of typical smooth muscle

structure, and progressive rounding (Color figure online)
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results, Vsmcs were confirmed to be of smooth muscle

lineage.

Vsmcs were grown on the HA surface and were charac-

terized using field emission-scanning electron microscopy.

Vsmcs grown on coverslips were used as control; they

showed a typical vascular phenotype and morphology

(Fig. 1d). The HA surface had a characteristic tiled appear-

ance (Fig. 1d). At 3 days, Vsmcs cultured on HA showed

morphological changes and loss of typical vascular pheno-

type evidenced by the rounding of cells as compared to the

control Vsmcs (Fig. 1e). At 7 and 14 days Vsmcs exhibited

progressive changes in morphology and a further departure

from the characteristic Vsmc phenotype (Fig. 1f–g).

Expression of Osteogenic/Chondrogenic Markers Using

qPCR

Expression of three typical osteogenic markers, Runt-re-

lated transcription factor (RUNX-2), alkaline phosphatase

(ALP), and OCN (Osteocalcin), and two chondrogenic

markers, aggregan and Col 10a1, in Vsmcs grown on an

HA surface for 3, 7, and 14 days was examined by RT-

PCR. At Day 3, a progressive increase in expression of

early osteogenic markers was observed. RUNX-2 expres-

sion increased almost six-fold and continued to increase

with time (Fig. 2a). At 3 days, no significant increase in

ALP levels was observed. However, at 7- and 14-day time

points, a three-to-eight-fold increase in levels of ALP was

observed (Fig. 2b). At Day 3, a two-fold increase in ex-

pression of OCN was observed; at Day 7 and Day 14,

expression increased five-to-nine-fold (Fig. 2c). No sig-

nificant change in expression levels as compared to control

was observed for chondrogenic markers like aggregan and

Col 10a1 (Fig. 2d, e), suggesting lack of chondrogenesis.

Expression of Collagen I and MHC was examined by

immunofluorescence staining (Fig. 2f). As compared to

control, Collagen I expression increased as a result of

culture on HA, and expression of the SMC marker MHC

decreased (Fig. 2g), suggesting that Vsmcs were becoming

more synthetic type.

Effect of Ca Levels in Medium on Trans-

Differentiation of Vsmcs

To elucidate the mechanism of this phenotypic change in

Vsmcs, Ca levels in culture media were monitored over

14 days. Vsmcs grown without HA showed no significant

change in media Ca levels (Fig. 3a). Vsmc cultured on HA

surface (Vsmcs ? HA ? Media) showed a significant de-

crease in the Ca levels with time. HA discs alone when

incubated in the medium (HA ? Media) showed similar

trend (Fig. 3a). We also tested the Phosphate (P) levels in

media. Vsmcs grown without HA showed no significant

change in media P levels (Fig. 3a). When HA discs alone

were incubated in cell culture medium, the P levels showed

a similar decreasing trend with time but the reduction in P

levels was much smaller.

The decrease in Ca levels in media when Vsmcs were

cultured on HA surface resulted in upregulation of CaSR in

cells at 3, 7, and 14 days. As CaSR affects BMP-2 ex-

pression, we tested BMP-2 levels. A similar pattern of in-

crease in BMP-2 expression at both mRNA and protein

levels was observed for Vsmcs cultured on HA surface

(Fig. 3b). A two-fold increase in BMP-2 mRNA levels at

Day 3, a four-fold increase at Day 7, and a 12-fold increase

at Day 14 were observed (Fig. 3c). Immunofluorescence-

labeling studies for BMP-2 further corroborated mRNA and

protein data, showing increased BMP-2 expression at Days

3, 7, and 14 when compared to control (Fig. 3d). Thus, these

data suggest that CaSR stimulated expression of BMP-2 by

mechanism shown in schematic representation (Fig. 3g). To

further confirm role of CaSR in stimulation and secretion of

BMP-2, we blocked CaSR by NPS 2143, a known CaSR

antagonist. We show that CaSR levels were significantly

reduced as compared to untreated control (Fig. 3f). BMP-2

levels were also reduced in Vsmcs treated with NPS 2143,

suggesting that CaSR activation is involved in secretion of

BMP-2. Thus, these results indicate that trans-differen-

tiation of Vsmcs into osteoblast-like cells under calcifying

conditions is mediated via the BMP-2 signaling pathway

stimulated by CaSR. MGP is known BMP-2 inhibitor. Thus,

MGP expression levels were also examined by RT-PCR. At

Day 3, MGP expression was slightly lower as compared to

control. At Day 7 and Day 14, MGP expression was sig-

nificantly lower as compared to control (Fig. 3e).

BMP-2–SMAD-5-Mediated Trans-Differentiation

of Osteoblast-Like Cells

Increase in BMP-2 expression levels regulates osteogene-

sis through the SMAD signaling pathway. BMP-2 increases

cFig. 2 Expression of osteogenic/chondrogenic markers in Vsmcs

cultured on Hydroxyapatite at Day 3, Day 7, and Day 14. D1 Day 1,

D7 Day 7, D14 Day 14. a–c Gene expression of RUNX2, ALP, and

OCN, respectively, as measured by RT-PCR. A progressive increase in

mRNA levels of RUN-X2, ALP, and OCN was observed. GAPDH was

used as an internal control, and data were normalized to GAPDH levels.

Quantitative analysis of message levels by RT-PCR are presented as

mean ± SE ‘‘*’’ (n = 3), p \ 0.05 (Student’s unpaired t test). d,

e Gene expression of chondrogenic markers Col 10a1 and Aggregan. At

Day 3, Day 7, and Day 14, Col 10a1 and Aggregan expressions were

reduced as compared to control. GAPDH was used as an internal control

and data were normalized to GAPDH levels. f Immunofluorescence

staining for osteogenic marker Collagen type I (green fluorescence).

Nuclei were stained with DAPI. g Immunofluorescence staining for

smooth muscle cell marker MHC (red fluorescence); nuclei were

stained with DAPI (Color figure online)
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SMAD-5 expression, which translocates to the nucleus and

is phosphorylated (Fig. 4a). We therefore evaluated

SMAD-5 expression levels in Vsmcs grown on HA by

Western blot. SMAD-5 (60 kDa) expression increased

progressively at 3, 7, and 14 days as compared to control

(Fig. 4b). Expression of phosphorylated SMAD (pSMAD,

61 kDa) increased in a manner similar to SMAD (60 kDa)

(Fig. 4b). GAPDH was used as a loading control. The ef-

fect of media Ca levels on cellular BMP-2 expression in

cells cultured on HA surface was examined. Vsmcs not

grown on an HA surface either in the presence or absence

of Ca did not express BMP-2 (Fig. 4c lane 1 and 2), and

thus, media Ca did not play a significant role. The cells

grown on HA in Ca-deficient media expressed lower levels

of BMP-2 (Fig. 4b lane 4) than the cells cultured on HA in

media containing Ca (Fig. 4c lane 3). A similar expression

pattern for SMAD-5 levels was observed. Densitometry

analysis of BMP-2 protein expression levels show reduced

expression of BMP-2–SMAD-5 (Fig. 4d).

Downregulation of BMP-2–SMAD-5 Pathway

by Small Molecule Inhibitor

To further understand the underlying mechanism of BMP

signaling in Vsmcs, cells were treated with a small molecule

inhibitor LDN-193189, a selective inhibitor for BMP type I

receptor kinases that is known to inhibit BMP signaling

through pSMAD-5 expression [21]. At both 3 and 7 days,

cells grown on HA surface and treated with LDN 193189

showed reduced BMP-2 and pSMAD-5 levels (Fig. 5a, b).

To further understand downstream effects of BMP inhibi-

tion, activity of key osteogenic marker ALP was studied.

Using an ALP colorimetric assay, a dose-dependent decrease

in specific activity of ALP was examined. ALP activity in

control (cells grown on HA in the absence of an inhibitor)

was defined as 100 %. After 3 days of treatment with an

LDN inhibitor, the specific activity reduced to 67 and 41 %

for samples treated with 50 and 100 nM, respectively

(Fig. 5c). At 7 days, a similar dose-dependent decrease in

ALP was observed (66 and 56 % for samples treated with 50

and 100 nM, respectively) (Fig. 5d). These findings suggest

that blocking the BMP-2 pathway reduces expression of key

osteogenic markers like ALP.

Discussion

Our data shows that Vsmcs undergo morphological chan-

ges and lose their vascular phenotypic markers, start ex-

pressing BMP-2, SMAD-5, and other osteogenic markers

in response to culturing on HA surface.

Vascular calcification in chronic kidney disease patients

is mediated by an increase in circulating Ca and P levels that

causes oversaturated plasma [21]. In fact, an increase in Ca

and P levels in cell culture medium has been shown to

transform Vsmcs to osteoblast-like cells [12]. Studies have

revealed a link between vascular calcification and osteo-

genesis [22–26]. There is evidence showing expression of

several key bone formation proteins as well as bone struc-

tural proteins in atherosclerotic plaques [10, 24]. Bostrom

et al. demonstrated that an increase in MGP expression in the

artery wall inhibits calcification by binding and blocking

BMP-2 interaction with its receptors [27]. MGP-deficient

mice have been shown to die within 4–6 weeks due to ex-

tensive medial arterial calcification as a result of uninter-

rupted BMP-2 activity [27, 28]. Chen et al. found higher

BMP-2 levels associated with uremic serum as compared to

normal serum, which influenced BMP-2-mediated calcifi-

cation in bovine SMCs treated with phosphate [29].

It is unclear at this time if mineralization of elastin in the

arteries occurs first in the absence of Vsmc phenotypic

change to osteoblast-like cells or such transformation is a

pre-requisite. To test if mineral deposits can change Vsmc

phenotype, we cultured Vsmcs on HA discs. Culturing

Vsmcs on HA led to an increase in BMP-2 activity. It also

led to the decrease in MGP expression, a key gene known

to inhibit BMP-2 interaction with BMP receptor [27]. In a

BMP-2-mediated signaling pathway, SMAD gets phos-

phorylated, translocates to the nucleus, and is known to

regulate expression of transcription factors like RUNX-2

and CBFA, which are responsible for osteoblast differen-

tiation [30]. We show that Vsmcs undergo morphological

changes as observed by SEM, immunofluorescence, qPCR,

and Western blot. A decrease in the expression of MHC, a

smooth muscle cell marker and an increase in osteogenic

markers like ALP, RUNX-2, and OCN were observed.

Furthermore, inhibitor blocking of the BMP-2 pathway

caused a decrease in BMP-2 expression and pSMAD-5

cFig. 3 Effect of HA on trans-differentiation of Vsmcs. a DMEM

media Ca and P levels of Vsmcs grown on HA surface at different

time points were examined. A significant decrease in Ca levels in

medium for HA alone or Vsmcs cultured on HA was observed at all

three time points. b Protein expression level of CaSR and BMP-2

measured by Western blot shows progressive upregulation of both

CaSR and BMP-2 for 3, 7, and 14 days. c Gene expression of BMP-2

measured by RT-PCR shows progressive increase. Quantitative

analysis of message levels is presented as mean ± SE ‘‘*’’ (n = 3),

p \ 0.05 (Student’s unpaired t test). d Immunofluorescence staining

for BMP-2 protein (red fluorescence) shows increase in expression of

BMP-2 upon culturing on HA surface as compared to control. Nuclei

were stained by DAPI. e Gene expression of MGP measured by RT-

PCR shows decrease in expression of MGP in HA cultured Vsmcs.

Quantitative analysis of message levels is presented as mean ± SE

‘‘*’’ (n = 3), p \ 0.05 (Student’s unpaired t test). f Protein expres-

sion levels of CaSR and BMP-2 in Vsmcs treated with CaSR

antagonist NPS 2143 for 72 h. Both CaSR and BMP-2 expressions

were reduced in antagonist-treated cells. g Schematic representation

of CaSR mediated stimulation of BMP-2 expression
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levels, which caused a reduction in expression of os-

teogenic markers like ALP, suggesting that BMP-2 reg-

ulates SMAD-5 signaling and differentiation of Vsmcs into

osteoblast-like cells. These data strongly suggest that

mineral deposits in the arteries can cause Vsmc phenotypic

change.

To further understand how culturing of Vsmcs on HA

leads to increased BMP-2 expression, the Ca and P levels

in the media used for culturing cells were tested. Studies

have shown that an increase in Ca/P in the media can cause

Vsmcs to exhibit osteoblast-like behavior [31]. Surpris-

ingly, when HA disc was present either alone or with

Vsmcs, the media Ca levels dropped significantly. We

speculate that Ca from the media could have been adsorbed

on the HA surface. This adsorption of Ca may provide

higher Ca at the interface of the cell and the HA surface;

this would be similar to activity in bone remodeling, in

which bone formation by osteoblasts occurs after the ini-

tiation of bone resorption by osteoclasts. Bone resorption

produces a local increase in the extracellular Ca concen-

tration beneath a resorbing osteoclast and reaches levels as

high as 40 mM [32]. This increase in local ionized

Ca during remodeling is critical in regulating osteoblast

proliferation and/or differentiation via either activation of

the CaSR and/or increasing the Ca2? influx into os-

teoblasts. The increase in local Ca levels activates the

CaSR, which mediates the stimulation and expression of

BMP-2. Chattopadhyay et al. have shown that CaSR sti-

mulates proliferation in rat calvarial osteoblasts and can

accelerate Vsmc transformation into osteoblast-like cells,

which is followed by their proliferation and progressive

calcification [33]. Another study has shown that colonic

myofibroblasts express the CaSR, and its activation causes

synthesis and secretion of BMP-2 [34]. Furthermore, it has

been shown that a Ca-induced signaling cascade leads to

osteogenic differentiation of human bone marrow-derived

mesenchymal stromal cells which is mediated by activation

of CaSR triggered by increased Ca levels resulting in in-

creased BMP-2 expression [35, 36]. Our studies have

shown that increase in CaSR expression causes increase

expression of BMP-2 (Fig. 3) and further activation of

BMP–SMAD pathway, leading to osteogenesis in Vsmcs

as observed by several-fold over-expression of osteogenic

proteins such as RUNX-2, osteocalcin, and ALP. Blocking

either CaSR activation by a CaSR antagonist or BMP

signaling led to inhibition of osteogenic transformation of

Vsmcs. When cells were cultured in Ca- and P-deficient

media, we did not see this increase in BMP-2, clearly

suggesting that drop in Ca or P levels in the media is not

pre-requisite for Vsmc phenotypic change to osteoblast-like

cells. Thus, we speculate that ionized media Ca is getting

adsorbed on HA surface in our cell culture studies and that

might be exerting effect on Vsmcs, leading to trans-

differentiation into osteoblast-like cells. However, adsorp-

tion of ionized Ca on HA surface needs further testing.

We have previously shown that removal of mineral

allows Vsmcs to revert back to their original phenotype

[19]. Thus, it is possible that demineralization strategies

Fig. 4 BMP-2–SMAD-5-mediated trans-differentiation of os-

teoblast-like cells. a Schematic representation of the signaling

pathway activated by BMP-2 receptor, which ultimately causes Vsmc

differentiation into osteoblast-like cells. b BMP-2, SMAD-5, and

pSMAD-5 protein levels measured by Western blot show upregula-

tion in the protein levels for 3, 7, and 14 days. GAPDH was used as

loading control. c Protein expression levels of BMP-2 and SMAD-5

in Vsmc in the absence of Ca (lane 3) and the presence of Ca (lane 4)

in culture media. Results show a significantly lower expression

(43 kDa BMP-2) and (60 kDa SMAD-5) in Vsmcs on HA surface

upon culturing in Ca-deficient medium. Vsmcs not grown on HA but

in the presence of Ca (lane 1) and the absence of Ca (lane 2) did not

express BMP-2. d Densitometry analysis of BMP-2 protein expres-

sion levels shows reduced expression of BMP-2 after culture for

3 days
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could reverse vascular pathology in MAC. Furthermore,

our findings are relevant to the stents used in vascular

surgery which are coated with HA to improve

biocompatibility of stents [37]. Our results suggest that

deployment of HA-coated stents could alter Vsmc be-

havior in arteries and lead to vascular calcification. Thus,

Fig. 5 Effect of LDN (BMP-2 inhibitor) on Vsmcs. a, b Protein

expression levels of BMP-2 and SMAD-5 in Vsmcs cultured on HA

disc after LDN treatment for 3 days and 7 days, respectively, shows a

dose-dependent decrease in protein levels quantified by densitometry

analysis. BMP-2 and SMAD-5 expression levels in cells cultured on

HA but not treated with LDN were defined as 100 %. c, d Relative

expression of ALP activity in Vsmcs after LDN treatment for 3 days

and 7 days, respectively, showed a dose-dependent decrease in ALP

activity in LDN-treated samples as compared to control (no in-

hibitor). No inhibitor control was defined as 100 %. Quantitative

analysis of message levels is presented as mean ± SE ‘‘*’’ (n = 3),

p \ 0.05 (Student’s unpaired t test)
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a closer look at vascular pathology associated with HA-

coated stents is necessary.

Conclusion

The present study demonstrates that existing mineral de-

posits can cause osteogenic transformation of Vsmcs

through CaSR- and BMP-2-mediated pathways. Under-

standing signal transduction pathways that underlie dif-

ferentiation of Vsmcs into osteoblast-like cells will help us

develop novel therapeutic strategies for remediating vas-

cular calcification and associated vascular diseases.

Limitation of the Study

These are strictly in vitro cell culture experiments and di-

rect application of these results for in vivo calcification is

cautioned.
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