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Abstract Background Vascular calcification is an orga-

nized process in which vascular smooth muscle cells

(VSMCs) are implicated primarily. The purpose of the

present study was to assess the effects of calcium antago-

nists and statins on VSMC calcification in vitro. Methods

VSMC calcification was stimulated by incubation in

growth medium supplemented with 10 mmol/l b-glycero-

phosphate, 8 mmol/l CaCl2, 10 mmol/l sodium pyruvate,

1 lmol/l insulin, 50 lg/ml ascorbic acid, and 100 nmol/l

dexamethasone (calcification medium). Calcification, pro-

liferation, and apoptosis of VSMCs were quantified.

Results Calcium deposition was stimulated dose-depen-

dently by b-glycerophosphate, CaCl2, and ascorbic acid (all

P \ 0.01). Addition of amlodipine (0.01–1 lmol/l) to the

calcification medium did not affect VSMC calcification.

However, atorvastatin (2–50 lmol/l) stimulated calcium

deposition dose-dependently. Combining treatments stim-

ulated calcification to a degree similar to that observed

with atorvastatin alone. Both atorvastatin and amlodipine

inhibited VSMC proliferation at the highest concentration

used. Only atorvastatin (50 lmol/l) induced considerable

apoptosis of VSMCs. Conclusion In vitro calcification of

VSMCs is not affected by amlodipine, but is stimulated by

atorvastatin at concentrations ‡10 lmol/l, which could

contribute to the plaque-stabilizing effect reported for

statins.
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Introduction

Atherosclerosis is the principal cause of coronary artery

disease, stroke, and peripheral artery disease, and is the

major cause of mortality in the Western hemisphere.

Vascular calcification is a prominent feature of athero-

sclerosis, and it is associated with an increased risk of

myocardial infarction [1]. Vascular calcification refers to

the deposition of calcium phosphate mineral, most often in

the form of hydroxyapatite, in the vessel wall. Calcification

of the vessel wall and heart valves is associated with

ageing, diabetes, and uremia [2–4].

Vascular calcification is now considered to be an

organized, regulated process comparable to bone mineral-

ization. The presence of various components associated

with bone mineralization, such as bone morphogenetic

protein, osteocalcin, osteopontin, osteoblast-like cells, and

matrix vesicles in atherosclerotic lesions supports this

concept [5–7]. Vascular cells such as vascular smooth

muscle cells (VSMCs) and pericyte-like cells play an

important role in vascular calcification [8].

The lipophilic calcium antagonist (CA) amlodipine has

been shown to restore cholesterol-induced membrane

bilayer abnormalities in VSMCs derived from the athero-

sclerotic rabbit aorta [9, 10], thereby restoring normal

calcium homeostasis. Other mechanisms, through which

CAs may affect atherosclerosis development include

inhibition of proliferation and migration of VSMCs

[11, 12], and inhibition of lipoprotein oxidation [13]. In

addition, CAs modify binding of monocytes to the
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endothelium, and activate synthesis of matrix components

[14]. The effects of CAs on atherosclerotic calcification

have not been widely studied, however.

Lipids may contribute to atherosclerotic calcification

[15, 16]. Recently statins have been shown to decrease the

progression of coronary artery calcification and aortic

valve calcification [17, 18]. Therapy with a combination of

a CA and a statin might be more atheroprotective than

either treatment alone [19, 20]. Combination therapy with

CA and statin was shown to improve endothelial function

and arterial compliance, to diminish LDL atherogenicity,

and to slow the progression of atherosclerosis. So far, the

effects of the combination therapy with CA and statin on

vascular calcification have not been studied extensively.

We used an in vitro model of vascular calcification by

neonatal rat VSMCs, isolated by outgrowth from aortic

explants. The purpose of this investigation was to identify

the factors, and their concentrations, that are mandatory to

induce calcification of aortic VSMCs in vitro. Since

calcium is such a major component of advanced athero-

sclerotic lesions, we furthermore studied whether the CA

amlodipine and the statin atorvastatin, alone and in com-

bination, affected calcification of aortic VSMCs in vitro.

Materials and methods

Cell culture

Vascular smooth muscle cells (VSMCs) were obtained from

segments of aortas explanted from 2-day old Wistar rats.

Aortic segments were obtained aseptically and cut open

longitudinally. The endothelium was removed by gently

rubbing the luminal side of the aortas over the surface of a

tissue culture dish (Falcon). Subsequently, the aortas were

placed, lumen side down, on the bottom of a tissue culture

flask (Greiner), and allowed to adhere for approximately 3 h.

Then tissues were immersed in growth medium consisting of

Dulbecco’s modified Eagle’s medium (DMEM) (Life

Technologies) supplemented with 10% heat-inactivated

fetal bovine serum (FBS) (Life Technologies), penicillin

(100 U/ml), and streptomycin (100 lg/ml) (both supplied

by BioWhittaker Europe). Seven days later the aortic tissues

were removed, and the VSMCs that had grown out were

detached by trypsinization. The detached cells were resus-

pended in growth medium and seeded in tissue culture flasks

(Greiner), 6 or 12-well plates or on glass cover slips.

Immunocytochemistry

Subconfluent cultures at early passage were examined for

the presence of a-smooth muscle actin, SM myosin heavy

chain and calponin using specific antibodies (anti-SM actin

clone 1A4 (1:400), Sigma; anti-SM myosin heavy chain

(1:100), SanverTech; anti-calponin (1:10,000), Sigma).

After fixation in 1% formalin in PBS on ice for 30 min, cells

were permeabilized with 0.1% Triton X-100 for 30 min,

and subsequently incubated with the primary antibody for

several hours at 4�C. Secondary antibodies were conjugated

with fluorescein isothiocyanate (FITC) or Cy3 (Sigma). To

identify cell nuclei, the cells were also stained with Hoechst

33342 (10 lg/ml; Molecular Probes). Immunofluorescent

images were obtained using a fluorescence microscope

(Nikon Eclipse) equipped with 20·, 40·, and 100· objec-

tives and a digital camera (Nikon DXM1200).

In vitro calcification of VSMCs

Calcification of VSMC cultures was induced by the method

of Shioi et al. [21] with minor modifications. When con-

fluent, the incubation medium of VSMCs was switched

from growth medium to calcification medium. Calcification

medium consisted of DMEM (high glucose, 4.5 g/l) sup-

plemented with 15% FBS, penicillin (100 U/ml),

streptomycin (100 lg/ml), 8 mmol/l CaCl2, 10 mmol/l

sodium pyruvate, 1 lmol/l insulin, 50 lg/ml ascorbic acid,

10 mmol/l b-glycerophosphate, and 100 nmol/l dexa-

methasone. The medium was replaced with fresh medium

every 2–3 days. In several experiments, the concentrations

of CaCl2, ascorbic acid, b-glycerophosphate, and dexa-

methasone were varied.

In another series of experiments, calcification medium

was supplemented with amlodipine (0.01–1 lmol/l), ator-

vastatin (2–50 lmol/l), or a combination of these drugs.

The CA amlodipine was dissolved in absolute ethanol at a

concentration of 1 mmol/l. This stock solution was to be

diluted at least 1:1,000 in culture medium. Atorvastatin, an

inhibitor of HMG-CoA reductase, was dissolved in abso-

lute ethanol at a concentration of 10 mmol/l. This stock

solution was to be diluted at least 1:200 in culture medium.

Cells treated with calcification medium without added

drugs were used as controls. Appropriate amounts of sol-

vent (ethanol) were added to these controls. Addition of

ethanol at these levels did not affect cell growth. After

3 weeks of incubation, calcification was quantified.

Assessment of calcium deposition

VSMCs were decalcified with 0.6 N HCl for 24 h. The

calcium contents of the supernatants were determined by

spectrophotometer using the o-cresolphthalein method

(Roche Diagnostics). After decalcification, the cells were

washed with PBS and scraped from the culture plate. The

26 Mol Cell Biochem (2008) 308:25–33

123



protein content was measured using the BCA protein assay

(Pierce). The calcium content of the cell layer was nor-

malized to protein content.

Proliferation assay

VSMCs were seeded at a density of 5 · 103–2 · 104 cells/

well in a 96-well plate and allowed to attach overnight.

Subsequently, the standard culture medium (DMEM, 10%

FBS, antibiotics) was replaced by calcification medium

supplemented with amlodipine, atorvastatin, or a combi-

nation of both. Cell proliferation was assessed at day 4 and

day 9 using the Cell Proliferation Kit II (XTT, Roche),

which is a colorimetric assay for the non-radioactive

quantification of cell proliferation and viability.

Detection of apoptosis

To identify apoptotic cells by assessment of condensation of

nuclear chromatin, VSMC cultures were stained with Hoe-

chst 33342 (10 lg/ml; Molecular Probes) for 10 min in the

dark. Immunofluorescent images were obtained using a

fluorescence microscope (Nikon Eclipse) equipped with

20x, 40x, and 100x objectives and a digital camera (Nikon

DXM1200). In 6 frames per treatment, an average of 250

nuclei per frame were assessed for the presence of apoptosis.

Statistical analysis

Results are expressed as mean ± SEM. For statistical analysis,

SPSS 10.0 for Windows was used. Since the data were not

normally distributed, non-parametric tests were used for

comparisons between groups. Overall comparisons between

groups were performed with the Kruskall–Wallis test. If only

two groups were compared, Mann–Whitney rank sum tests

were used. P values less than 0.05 were regarded as significant.

Results

VSMCs that have been cultured from rat aortic explants for

approximately 7 days stained positive for a-smooth mus-

cle-actin, smooth muscle myosin heavy chain, and

calponin, confirming the smooth muscle cell nature of these

cells (Fig. 1, online supplement). VSMCs of passage 3–6

were subsequently used in calcification experiments.

Calcium deposition and dependence of extracellular

Ca2+ concentration

Cells were incubated with calcification medium supple-

mented with various Ca2+ concentrations for 21 days. At

Ca2+ concentrations £3 mmol/l, hardly any calcium depo-

sition was observed, but at Ca2+ concentrations[3 mmol/l,

a dose-dependent increase in calcium deposition was

observed (Fig. 2A). The amount of calcium deposition was

positively correlated to calcium concentration in the culture

medium (P \ 0.01). We chose to continue with 8 mmol/l

of Ca2+-ions added to the calcification medium.

Calcium deposition and dependence of extracellular

phosphate concentration

Shioi et al. have demonstrated that b-glycerophosphate

accelerates in vitro calcification of VSMCs and induces

extensive calcium deposition in a manner analogous to

in vitro mineralization by osteoblasts [21]. In our model of

Fig. 1 (A) Rat aortic VSMC

isolated by outgrowth, phase

contrast. Immunofluorescent

staining of neonatal rat VSMC

incubated with (B) (and insert)

anti-smooth muscle actin Ab,

(C) anti-smooth muscle myosin

Ab, and (D) anti-calponin Ab.

Original magnification B and C

·100, D and insert ·200.

VSMC = vascular smooth

muscle cell
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vascular calcification, the amount of calcium deposition

was positively correlated to the b-glycerophosphate con-

centration in the calcification medium (P \ 0.01; Fig. 2B).

Calcium deposition and dependence of extracellular

dexamethasone concentration

To determine the contribution of added dexamethasone, we

incubated the VSMCs with various concentrations of

dexamethasone (10–1,000 nmol/l). No significant differ-

ences in calcium deposition were observed between the

cells incubated with 0, 10, 100, and 1,000 nmol/l dexa-

methasone (Fig. 3A).

Calcium deposition and dependence of extracellular

ascorbic acid concentration

To determine the contribution of ascorbic acid to calcium

deposition, we incubated VSMCs with various concentra-

tions of ascorbic acid (0, 5, 50, and 500 lg/ml). At the

highest concentration (500 lg/ml) ascorbic acid was

associated with significantly more calcium deposition than

at all other concentrations (Fig. 3B). However, 500 lg/ml

ascorbic acid caused a considerable decrease in pH of the

culture medium. Since calcium deposition was positively

correlated with ascorbic acid concentration (P \ 0.01), we

decided to use 50 lg/ml ascorbic acid in future calcifica-

tion studies, the highest concentration of ascorbic acid that

did not cause acidification of the medium.

Effects of amlodipine on in vitro VSMC calcification

To study the effect of the CA amlodipine on VSMC calci-

fication, VSMCs were incubated for 2–3 weeks with

calcification medium supplemented with various concentra-

tions of amlodipine (0.01–1 lmol/l). Incubation of neonatal

rat VSMCs with amlodipine had no effect on VSMC calci-

fication, at none of the concentrations tested (Fig. 4A).

Effects of atorvastatin on in vitro VSMC calcification

To study the effect of the statin atorvastatin on VSMC cal-

cification, VSMCs were incubated for 2–3 weeks with

calcification medium supplemented with various concen-

trations of atorvastatin (2–50 lmol/l). Atorvastatin

A

B

0

5

10

15

20

25

con 4 8 10

*
*

* §

0

5

10

15

20

25

30

con 2 3 6 8
Calcium concentration in culture medium (mmol/L)

β-glycerophosphate concentration in culture medium (mmol/L)

C
al

ci
u

m
 d

ep
o

si
ti

o
n

 (
 µ

 m
o

l/m
g

 
p

ro
te

in
 )

C
al

ci
u

m
 d

ep
o

si
ti

o
n

 (
 µ

 m
o

l/m
g

 
p

ro
te

in
 )

* #

* ♦

Fig. 2 (A) Dose-dependent effects of CaCl2 on calcification of neonatal

rat VSMCs. (B) Dose-dependent effects of b-glycerophosphate on

calcification of neonatal rat VSMCs. VSMCs were treated for 21 days

with calcification medium containing varying concentrations of Ca2+

ions or b-glycerophosphate. Control cultures (=con) were incubated with

DMEM, 10% FBS, and antibiotics. Calcium deposition was quantified

by o-cresolphthalein method. The data are presented as mean ± SEM

(n = 3–9). *P \ 0.05 vs. control cultures. uP \ 0.05 vs. 2 and 3 mM

calcium in culture medium. #P \ 0.05 vs. all other treatments
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Fig. 3 (A) Dose-dependent effects of dexamethasone on calcification

of neonatal rat VSMCs. (B) Dose-dependent effects of ascorbic acid

on calcification of neonatal rat VSMCs. VSMCs were treated for

21 days with calcification medium containing varying amounts of

dexamethasone or ascorbic acid. Calcium deposition was quantified

by o-cresolphthalein method. The data are presented as mean ± SEM

(n = 6–12). #P \ 0.05 vs. all other treatments. uP \ 0.05 vs. 0 and

5 lg/ml ascorbic acid
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increased VSMC calcification dose-dependently (Fig. 4B).

At a concentration of 2 lmol/l atorvastatin, calcium depo-

sition was increased by 30% (P = 0.04) when compared to

VSMCs incubated with atorvastatin-free calcification med-

ium. At concentrations of 10 and 50 lmol/l atorvastatin,

calcium deposition was increased 2.3-fold and 6.1-fold,

respectively (P \ 0.001) when compared to VSMCs incu-

bated with atorvastatin-free calcification medium.

Effect of a combination of CA and statin on in vitro

VSMC calcification

To study the effect of combining amlodipine and atorva-

statin treatment on VSMC calcification, VSMCs were

incubated for 2–3 weeks with calcification medium sup-

plemented with 0.1 lmol/l amlodipine, 10 lmol/l

atorvastatin, or a combination of these drugs in the same

concentrations. Incubation of VSMCs with 0.1 lmol/l

amlodipine had no effect on VSMC calcification. Incuba-

tion of VSMCs with 10 lmol/l atorvastatin resulted in a

2.2-fold increased calcium deposition when compared to

control cultures treated with calcification medium only

(Fig. 4C) (P \ 0.001). Treatment with a combination of

amlodipine and atorvastatin also resulted in a 2.2-fold

increased calcium deposition when compared to control

cultures treated with calcification medium only

(P = 0.026). The combination therapy resulted in signifi-

cantly more calcium deposition than treatment with

amlodipine alone (P = 0.003), and as much calcium depo-

sition compared to treatment with atorvastatin alone (n.s.).

Effects of amlodipine, atorvastatin, and their

combination on VSMC proliferation

VSMC proliferation was assessed at day 4 and day 9. After

4 days of incubation in calcification medium supplemented

with amlodipine (1 lmol/l), VSMC proliferation was

decreased by 21% (P \ 0.001) as compared to prolifera-

tion of VSMCs cultured in amlodipine-free calcification

medium (Fig. 6A, online supplement). After 9 days of

incubation, VSMC proliferation had increased by 14%

(P \ 0.05) when treated with 0.01 lmol/l amlodipine, but

at an amlodipine concentration of 1 lmol/l, VSMC pro-

liferation had decreased by 26% (P \ 0.01) as compared to

proliferation of VSMCs cultured in amlodipine-free calci-

fication medium (Fig. 5A). Atorvastatin, at a concentration

of 50 lmol/l, decreased VSMC proliferation by 50%

(P \ 0.001; Fig. 5B). Treatment of VSMCs with the

combination of 0.1 lmol/l amlodipine and 10 lmol/l

atorvastatin did not result in significant changes in cell

proliferation compared to VSMCs incubated in the absence

of these drugs.

Effects of amlodipine, atorvastatin, and their

combination on VSMC apoptosis

VSMCs incubated in calcification medium only and

VSMCs incubated with amlodipine (0.01–1 lmol/l) or

atorvastatin (2 and 10 lmol/l) in calcification medium for

72 h hardly contained any apoptotic nuclei. Amlodipine at

the highest concentration tested (1 lmol/l), caused apop-

tosis of on average 0.05% of the cells (n.s. compared to

control). At the highest concentration of atorvastatin

(50 lmol/l), however, 5.6% of the nuclei were apoptotic

(P \ 0.05 vs. control, 2 and 10 lmol/l atorvastatin; Fig. 6).
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Fig. 4 (A) Dose-dependent effects of amlodipine on calcification of

neonatal rat VSMCs. (B) Dose-dependent effects of atorvastatin on

calcification of neonatal rat VSMCs. (C) Effects of amlodipine,

atorvastatin and a combination of both treatments on neonatal rat

VSMC calcification. VSMCs were treated for 21 days with calcification

medium containing varying concentrations of atorvastatin or amlodipine,

a combination of both, or none of them (control). Calcium deposition

was quantified by o-cresolphthalein method. The data are presented as

mean ± SEM (n = 15). *P \ 0.05 when compared to untreated control

cultures. #P \ 0.05 when compared to all other treatments
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VSMCs treated with the combination of 0.1 lmol/l

amlodipine and 10 lmol/l atorvastatin for 72 h had a

number of apoptotic nuclei that did not significantly differ

from those observed in 10 lmol/l atorvastatin only,

0.1 lmol/l amlodipine only, and VSMCs incubated in

calcification medium in the absence of these drugs.

Discussion

In an in vitro model of vascular calcification of rat aortic

VSMCs, calcium deposition was dependent upon the

extracellular concentration of organic phosphate

(P \ 0.01), calcium ions (P \ 0.01), and ascorbic acid

(P \ 0.01). While studying the effect of the CA amlodip-

ine and the statin atorvastatin, alone and in combination, on

calcification, we found that, at none of the concentrations

tested (0.01–1 lmol/l) did amlodipine have any effect on

VSMC calcification in this model, nor on development of

apoptosis. In contrast, atorvastatin stimulated VSMC cal-

cification at a concentration of ‡10 lmol/l (P \ 0.05), and

50 lmol/l inhibited VSMC proliferation and induced

apoptosis (P \ 0.05).

VSMCs retain remarkable plasticity, even in adult ani-

mals. VSMCs can undergo rapid and reversible changes in

its phenotype in response to changes in local environmental

conditions [22]. Due to production of a variety of cytokines

by subendothelial macrophages, proliferation, and migra-

tion of VSMCs to the intimal layer can occur, thereby

contributing to the process of intimal thickening and

atherosclerosis.

Neonatal VSMCs resemble VSMCs in atherosclerotic

plaque, since they retain the proliferative phenotype.

Neonatal aortic explants exhibit rapid outgrowth of

VSMCs, and we chose to use these cells to develop a model
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Fig. 5 Effect of amlodipine and atorvastatin on VSMC proliferation.

VSMC proliferation was assessed at day 4 and day 9 using the Cell

Proliferation Kit II (XTT)(Roche). VSMC proliferation is depicted as

percentage relative to untreated cells (=100%) (A) Effect of

amlodipine. (B) Effect of atorvastatin. #P \ 0.05 vs. control cultures.

*P \ 0.05 vs. control cultures

Fig. 6 VSMCs were treated

with 1 lmol/l amlodipine (A, B)

or 50 lmol/l atorvastatin (C, D)

for 72 h. Nuclei were visualized

with Hoechst 33342. Apoptotic

nuclei are circled in panel C and

indicated with arrows in panel

D. Microscopy: magnification A

and C ·100, B and D ·400
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of vascular calcification. VSMCs were shown to migrate

from the aortic explant within several days, and were

identified as VSMCs by immunohistochemistry [8].

Dialysis patients have accelerated atherosclerosis, with

extensive calcification of both the intima and the media

[23]. Hyperphosphatemia has been implicated in this pro-

cess [24]. Inorganic phosphate (Pi) levels have previously

been shown to regulate human aortic smooth muscle cell

(HSMC) culture mineralization in vitro [25, 26]. In the

present study, the amount of calcium deposition in neonatal

rat VSMCs correlated positively to the b-glycerophosphate

concentration in the calcification medium.

In the present study, the amount of calcium deposition in

rat aortic VSMCs correlated to the calcium concentration

in the calcification medium. This observation was not a

result of passive calcium deposition, since incubation of

VSMCs with normal growth medium supplemented with

8 mmol/l CaCl2 (final concentration) did not result in cal-

cium deposition by these cells.

Shioi et al. [21] have previously demonstrated that

culturing bovine VSMCs in the presence of b-glycero-

phosphate, ascorbic acid, and insulin can induce diffuse

calcification in a manner analogous to in vitro minerali-

zation of osteoblasts. The present study also showed that

b-glycerophosphate is crucial for the induction of calcifi-

cation in rat aortic VSMCs. Ascorbic acid augments this

process. Dexamethasone was demonstrated to be less vital

in this model of aortic VSMC calcification.

Statins possess potent lipid-lowering effects. Besides,

statins exert pleiotropic effects on vascular wall cells,

which include improvement of endothelial function, sta-

bilization of the atherosclerotic plaque, and suppression of

inflammation [27, 28]. Although several studies have failed

to demonstrate an effect of statins on the progression of

calcific aortic stenosis [29, 30], statins have also been

shown to decrease the progression of coronary artery cal-

cification and aortic valve calcification [17, 18, 31, 32].

Accordingly, Kizu et al. have demonstrated that statins

inhibit calcification in an in vitro model of inflammatory

vascular calcification [33]. Using interferon-c, 1a, 25-

dihydroxyvitamin D3, tumor necrosis factor-a, and onco-

statin M to induce calcification in human VSMCs, it was

demonstrated that cerivastatin and atorvastatin inhibited

calcification dose-dependently. However, one should real-

ize that this model differs from the model we have used in

the present study. Whereas Kizu et al. used inflammatory

mediators to induce calcification of the VSMCs, we used

increased levels of CaCl2 and organic phosphate in the

culture medium to promote calcification. Statins are known

to have anti-inflammatory effects, and therefore, their

inhibitory effect on calcification induced by inflammatory

mediators is to be expected. In addition, low doses of

statins have also been shown to protect human aortic

VSMCs from inorganic phosphate-induced calcification

[34].

In contrast to the aforementioned studies, the present

study showed a dose-dependent stimulatory effect of

atorvastatin (10 and 50 lmol/l) on calcification of VSMCs

incubated in calcification medium. However, the dose of

atorvastatin used in the present study was much higher than

in the study described by Son et al. (500x higher at the

highest dose) [34], and most likely explains the discrep-

ancy between the results obtained by Son et al. and the

results of the present study.

Reynolds et al. [35] have demonstrated that human

VSMCs undergo vesicle-mediated calcification in response

to changes in calcium and phosphate concentrations in the

culture medium. Elevated calcium and phosphate concen-

trations resulted in increased release of vesicles and

stimulation of apoptosis. Calcification was initiated by

release of membrane-bound matrix vesicles from living

cells and also by apoptotic bodies from dying cells.

Vesicles released by VSMCs after prolonged exposure to

calcium and phosphate contained preformed basic calcium

phosphate, and calcified extensively. The present study

confirms that statins stimulate apoptosis of VSMCs.

Apoptotic bodies can calcify extensively [36], so a likely

mechanism of induction of calcification by atorvastatin is

through induction of apoptosis. Indeed, atorvastatin stim-

ulated both apoptosis and calcification in our model.

Myocardial infarction and unstable angina usually arise

from the disruption of mildly stenosed atherosclerotic lesions.

Such vulnerable plaques typically contain a large amount of

lipid and have a preponderance of inflammatory cells at the

shoulders of the plaque and a thin fibrous cap. Calcium is

found infrequently in the culprit lesion of ruptured plaque.

Thus, plaque vulnerability is not associated with size, but

with composition. Beckman et al. [37] presented the concept

‘‘that calcium is not a critical substrate for plaque disruption

and is, in fact, associated with more stable plaques.’’ There-

fore, statin-induced alterations in the plaque’s composition

from lipid to fibrous tissue without or with calcification

would decrease the plaque’s vulnerability to rupture, thereby

decreasing the risk of acute coronary syndromes.

Prolonged intensive lipid-lowering has been demon-

strated to increase calcium content of plaques as assessed

by MRI in vivo, and lowered plaque lipid content at about

the same extent, without a pronounced effect on plaque

size [38]. Since atherosclerotic plaque composition plays

an important role in plaque stability, with lipids destabi-

lizing the plaque and calcification stabilizing the plaque,

the effect of statins on plaque composition may be

favorable. In addition to lipid-lowering and calcification-

inducing effects, we observed that statins have an

anti-proliferative effect on VSMCs. Less proliferation of

VSMCs may destabilize the plaque. However, this only
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occurred at high doses of atorvastatin, whereas calcification

induction occurred at lower dose of atorvastatin.

Although several in vitro and in vivo studies have

demonstrated that combining CA and statin therapy might

be more atheroprotective than either treatment alone

[19, 20, 39], the present study found no difference between

the combination of amlodipine and atorvastatin therapy,

and atorvastatin therapy alone on VSMC calcification.

In conclusion, extracellular b-glycerophosphate and

CaCl2 concentrations are important determinants of in

vitro calcification of rat aortic VSMCs. Ascorbic acid

stimulates this process. Dexamethasone was demonstrated

to be less vital in this model of VSMC calcification. In

vitro calcification of rat aortic VSMCs is not affected by

amlodipine treatment, but is stimulated by atorvastatin

treatment. As high concentrations of atorvastatin have a

pro-apoptotic effect, the pro-calcification effect of atorva-

statin may be explained by the production of apoptotic

bodies that act as foci for calcium deposition. The latter

finding may explain the plaque-stabilizing effect reported

for statins.
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