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Abstract. Vascular calcification, a common complica-
tion in patients with chronic kidney disease, involves a 
variety of mechanisms associated with the regulation of 
calcification-associated factors. Previous clinical studies 
have indicated that magnesium is involved in the reduction of 
vascular calcification; however, the mechanism underlying this 
process remains unknown. The aim of the present study was 
to investigate the effects of magnesium on β-glycerophosphate 
(β‑GP)‑induced calcification and the underlying mechanisms. 
Primary rat vascular smooth muscle cells (VSMCs) were 
exposed to 10 mM β-GP in medium with or without the addi-
tion of 3 mM magnesium or 2-aminoethoxy-diphenylborate 
(2‑APB; an inhibitor of magnesium transport), for a 14‑day 
period. Calcium deposition and alkaline phosphatase (ALP) 
activity were measured by Alizarin red staining, quantifica-
tion of calcium and enzyme-linked immunosorbent assay. The 
expression levels of core-binding factor α-1 (Cbfα1), matrix 
Gla protein (MGP) and osteopontin (OPN) were determined 
by reverse transcription-polymerase chain reaction or western 
blot analysis, following incubation for 0, 3, 6, 10 and 14 days 
with the different media. VSMC calcification and ALP 
activity was reduced significantly in the high-magnesium 
medium compared with the calcification medium, during the 
14-day incubation. The magnesium-induced changes in the 

VSMCs included a β-GP-induced downregulation of Cbfα1 
by day 3 of incubation, an effect that was gradually enhanced 
over the 14-day period. By contrast, magnesium produced 
notable increases in MGP and OPN expression levels, with 
an opposite pattern to that observed in the Cbfα1 expression 
levels. However, the addition of 2-APB appeared to inhibit 
the protective effect of magnesium on the VSMCs. Therefore, 
magnesium was able to effectively reduce β-GP-induced calci-
fication in rat VSMCs by regulating the expression levels of 
calcification‑associated factors in a time‑dependent manner.

Introduction

Vascular calcification, a common phenomenon in patients with 
chronic kidney disease (CKD), is highly correlated with cardio-
vascular disease mortality (1-3). Prior studies have demonstrated 
that, in addition to traditional risk factors, nontraditional risk 
factors, including uremic toxin and a disturbed bone and 
mineral metabolism (in particular hyperphosphatemia) are 
considered to be associated with the high prevalence of vascular 
calcification in patients with CKD. Exposure of vascular smooth 
muscle cells (VSMCs) to high phosphate conditions results in 
notable mineralization with various putative processes, such 
as apoptosis and the osteogenic differentiation of VSMCs. 
Furthermore, high-phosphate conditions may lead to imbalance 
among the expression levels of calcification inducers, including 
core-binding factor α-1 (Cbfα1) and calcification inhibitors, 
such as matrix Gla protein (MGP) and osteopontin (OPN) (4-6). 
Although it has been studied extensively, there remains no effec-
tive treatment for vascular calcification.

Physiologically, magnesium is required for numerous 
fundamental functions in humans, including functioning as 
a ʻnatural competitorʼ of calcium and maintaining vascular 
tone and heart rhythm. Furthermore, a number of studies 
have demonstrated that low serum levels of magnesium may 
promote a number of metabolic syndromes, particularly type 2 
diabetes mellitus, hypertension and atherosclerosis (7). Thus, 
magnesium may be clinically applicable due to its pleiotropic 
potential for interfering with vascular calcification. A study 
by Spiegel et al (8) indicated that magnesium carbonate inhib-
ited the progression of coronary artery calcification for the 
18-month duration of their pilot study.
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Subsequently, while reviewing the limited number of 
clinical studies on magnesium, Massy and Drüeke (9) iden-
tified a potential beneficial effect of magnesium in reducing 
vascular calcification and enhancing the survival rates of 
patients with CKD. In addition, it has been demonstrated at 
the cellular level that the addition of magnesium to a medium 
may reduce calcium deposition in cultured bovine VSMCs and 
in human aortic VSMCs (10). Furthermore, the preventative 
effect of magnesium in calcification is mitigated in the pres-
ence of 2-aminoethoxy-diphenylborate (2-APB), an inhibitor 
of transient receptor potential melastatin 7 (TRPM7), which 
is a transporter of Mg2+ (11). Magnesium has previously been 
indicated to modulate osteoblast differentiation of VSMCs 
in a dose-dependent manner (11). However, the mechanism 
underlying this magnesium‑induced reduction in calcification 
remains unknown and requires further study.

The present study investigated the effects of magnesium on 
calcification and the expression levels of calcification-associated 
factors induced by β-glycerophosphate (β-GP) in rat VSMCs. 
The results suggested that magnesium inhibits β-GP-induced 
calcification in VSMCs by downregulating the expression of 
Cbfα1, while upregulating the expression of MGP and OPN in 
a time-dependent manner.

Materials and methods

Cell culture of VSMCs. Rat VSMCs were obtained from 
the tunica media of an adult male Sprague Dawley rat 
(Experimental Animal Center of Hebei Medical University, 
Shijiazhuang, China) thoracic aorta using the explant culture 
method as previously described (12) with a number of modi-
fications as follows: Briefly, the rats were anesthetized with 
400 mg/kg chloral hydrate (North China Pharmaceutical 
Limited by Share Ltd., Shijiazhuang, China) and the thoracic 
aorta was removed under aseptic conditions. The thoracic 
aorta was cut into 1-2-mm2 pieces following the removal of 
any residual blood. The tissue pieces were cultured in dishes 
containing Dulbecco's modified Eagle's medium (DMEM; 
Gibco Life Technologies, Carlsbad, CA, USA) supplemented 
with 15% fetal bovine serum (FBS; Gibco Life Technologies), 
4.5 g glucose, 100 U/ml penicillin and 100 µg/ml strepto-
mycin (all from North China Pharmaceutical Limited by 
Share Ltd.) in a 5% CO2 incubator at 37˚C. Cells that migrated 
from explants were collected when they reached ~60-70% 
confluence. The cells were maintained in DMEM supple-
mented with 15% FBS, and the medium was replaced twice 
per week. VSMCs were identified by a positive staining of 
α-smooth muscle actin (Sigma-Aldrich, St. Louis, MO, USA) 
and used for all the experiments between passages 3-4. The 
cells were analyzed following incubation for 0, 3, 6, 10 and 
14 days. The current study was conducted in accordance with 
the Declaration of Helsinki (2013) and the Guide for Care 
and Use of Laboratory Animals as adopted and promulgated 
by the United National Institutes of Health (13). All experi-
mental protocols were approved by the Review Committee 
for the Use of Animal Subjects of Hebei Medical University 
(Shijiazhuang, China).

Calcification assays. VSMC calcification was induced 
by incubation with a calcifying medium, which consisted 

of growth medium supplemented with 10 mM β-GP 
(Sigma-Aldrich). A high-magnesium medium was produced 
by adding MgSO4, with a final Mg2+ concentration of 3 mM. 
2-APB (Sigma-Aldrich), the TRPM7 inhibitor, was added to 
reach a final concentration of 10-4 M. Following incubation 
for 14 days, cells were washed twice with phosphate-buff-
ered saline (PBS; Beijing Solarbio Science & Technology 
Company Co., Ltd., Beijing, China) and fixed with 95% 
ethanol. The cells were exposed to 0.2% Alizarin red (pH 8.3; 
Beijing Solarbio Science & Technology Company Co., Ltd.). 
Subsequent to washing with PBS, the cells were visualized 
and images were captured to record the incidence of induced 
calcification by an inverted phase contrast microscope (type 
LH50A; Olympus Corporation, Tokyo, Japan). The software 
used to capture images was NIS-Element F3.0 (Olympus 
Corporation). Subsequently, calcium deposited in the extra-
cellular matrix was extracted with 0.6 M HCl for 24 h at 37˚C. 
The calcium content in the supernatant was measured with the 
o-cresolphthalein complexone method using a Calcium Assay 
kit according to the manufacturer's instructions (BioSino 
Biotechnology & Science, Inc., Beijing, China) and normal-
ized relative to the protein concentration of the same culture.

Alkaline phosphatase (ALP) activity. The cells were 
cultured for 14 days following treatment. ALP activity was 
measured using an Alkaline Phosphatase Activity Detection 
kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, 
China) in accordance with the manufacturer's instructions. 
Cell protein content was measured with a bicinchoninic 
acid (BCA) protein assay kit (Beijing Solarbio Science 
& Technology Company Co., Ltd.) and ALP activity was 
normalized against the total protein.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR) to assess levels of Cbfα1, MGP and OPN 
expression. The target genes Cbfα1, MGP and OPN were 
determined by RT-qPCR, performed using a PCR Master 
Mix kit (Promega Corporation, Madison, WI, USA) following 
incubation for 0, 3, 6, 10 and 14 days. The GAPDH gene 
was used as an endogenous control. The primer sequences 
used for PCR amplification were as follows: Rat Cbfα1, 
F 5'-CCG CAC GAC AAC CGC ACC AT-3' and R 5'-CGC 
TCC GGC CCA CAA ATC TC-3' (generating an amplified 
fragment of 289 bp); rat MGP, F 5'-AAA GCC CAG GAA 
AGA GTC CG-3' and R 5'-TCT TAT TTG GCT CCT CGG 
CG-3' (generating an amplified fragment of 158 bp); rat OPN, 
F 5'-ATG CTA TCG ACA GTC AGG CG-3' and R 5'-GCT 
CAG GGC CCA AAA CAC TA-3' (generating an ampli-
fied fragment of 317 bp); rat GAPDH, F 5'-CCC ACT AAA 
GGG CAT CCT GG-3' and R 5'-GGC CCC TCC TGT TGT 
TAT GG-3' (generating an amplified fragment of 352 bp). 
The PCR products (5 µl) were subjected to electrophoresis 
(MultiSUB Midi‑96; Beijing Thmorgan Biotechnology Co., 
Ltd., Beijing, China) using a 1.5% agarose gel and visualized 
with an ethidium bromide stain (all from Invitrogen Life 
Technologies, Carlsbad, CA, USA). The band optical density 
was measured using a Gel Documentation System (CST 
Biological Reagents Company Limited, Shanghai, China) 
and the final data are expressed as the mRNA level relative 
to that of GAPDH.
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Western blot analysis of Cbfα1 protein expression. Total 
protein was extracted from the VSMCs, and the concentra-
tions were measured with the BCA protein assay kit following 
incubation for 0, 3, 6, 10 and 14 days. The protein samples 
were resolved on a 10% Tris/glycine SDS-polyacrylamide gel 
(Invitrogen Life Technologies) in running buffer containing 
25 mmol/l Tris, 192 mmol/l glycine and 0.1% SDS. The 
proteins were then transferred to a nitrocellulose membrane 
for 3 h at 4˚C at 300 mA in a transfer buffer containing 
20 mmol/l Tris‑HCl (pH 8.0; Invitrogen Life Technologies), 
150 mmol/l glycine and 20% methanol. Non‑specific protein 
binding was blocked by incubating the membrane with 5% 
non-fat dry milk in TBS-T [20 mmol/l Tris-HCl (pH 7.6 ), 
150 mmol/l NaCl and 0.02% Tween 20; Invitrogen Life 
Technologies] for 1 h at room temperature with agitation. 
A monoclonal mouse anti-mouse Cbfα1 primary antibody 
(Sigma-Aldrich, St. Louis, MO, USA) was added to the 
membrane at a 1:500 dilution in TBS-T and incubated at 
4˚C overnight with agitation. The monoclonal rabbit anti-
mouse secondary antibody (Sigma-Aldrich) was diluted 
in TBS-T (1:2,000 dilution) and applied to the membrane, 
and the reaction was incubated at room temperature for 1 h 
with agitation. Between each of the three proceeding steps 
(primary antibody, secondary antibody and visualization) the 

membrane was washed 3 times for 10 min each time with 
TBS-T at room temperature. The membrane was visualized 
and analyzed using a Chemiluminescence Imaging system 
(CST Biological Reagents Company Limited). The β-actin 
(42 kDa; Sigma‑Aldrich) protein was used as an endogenous 
control.

Statistical analysis. Data analyses were conducted using SPSS 
19.0 software (SPSS, Inc., Chicago, IL, USA). All results were 
expressed as mean ± standard deviation. Differences among 
groups were determined by analysis of variance (ANOVA), 
and the Student-Newman-Keuls method was used for post-hoc 
testing. P<0.05 denoted a statistically significant difference.

Results

Magnesium attenuates β‑GP‑induced calcif ication in 
VSMCs. The calcification of VSMCs was assessed under 
different conditions in order to evaluate the effects of magne-
sium on the process. VSMCs incubated with calcifying 
medium (β-GP) for 14 days exhibited evident calcification, 
observed by Alizarin red staining, compared with the control 
cells (Fig. 1A). However, these changes were clearly reversed 
in the cells maintained in the high-magnesium medium. 

Figure 1. (A) Alizarin red staining was performed on cells incubated under different conditions for 14 days. (B) Calcium content and (C) ALP activity are 
expressed as the mean ± standard deviation of at least three simultaneous replicates. Ctl, control; β-GP, β‑glycerophosphate; 2‑APB, 2‑aminoethoxy‑diphe-
nylborate; ALP, alkaline phosphatase.

  A

  B   C
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In agreement, quantitative analysis indicated that calcium 
content in the VSMCs was significantly reduced under 
high-magnesium conditions compared with calcifying condi-
tions (Fig. 1B). Furthermore, ALP activity, a vital marker 
of calcification, was markedly enhanced following β-GP 
treatment, while inhibited in the presence of magnesium 
(Fig. 1C). The reduction in calcium content was significantly 
counteracted by the addition of 2-APB, indicating that the 
anti‑calcification effect was mediated by the magnesium.

Magnesium inhibits β‑GP‑induced osteoblastic factor expres‑
sion of VSMCs in a time‑dependent manner. It is established 
that under calcifying conditions, VSMCs enhance mineraliza-
tion through the passive deposition of calcium-phosphate, and 
also by active transformation into osteoblast-like cells, which 
is a strictly regulated cellular process that is similar to bone 
formation. Thus, the effects of long‑term (14‑day) calcifica-
tion culture on Cbfα1 with or without 3 mM magnesium were 
assessed. As expected, on the third day the levels of Cbfα1 

Figure 2. Relative expression levels of Cbfα1 mRNA and protein. (A) Representative Cbfα1 mRNA expression levels from cells following treatment with 
control medium, β-GP or β-GP + MgSO4 for 0‑14 days. (B) Quantification of relative expression levels of Cbfα1. (C) Representative western blots of Cbfα1 
protein in the cells. (D) Quantification of relative protein levels of Cbfα1. Cbfα1, core-binding factor α‑1; Ctl, control; β-GP, β-glycerophosphate.

Figure 3. Relative expression levels of MGP and OPN mRNA. (A) Representative mRNA expression following treatment with control medium, β-GP or 
β-GP + MgSO4 for 0‑14 days. Quantification of the relative mRNA expression levels of (B) MGP and (C) OPN. MGP, matrix Gla protein; OPN, osteopontin; 
Cbfα1; Ctl, control; β-GP, β-glycerophosphate.

  A   B

  D  C

  A

  B   C
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mRNA (Figs. 2A and B) and protein (Fig. 2C and D) began to 
increase significantly and a notable time-dependent increase 
in the Cbfα1 expression level was observed in the VSMCs 
incubated with calcifying medium (β-GP). Short-term (3-day) 
incubation in the high-concentration magnesium medium 
markedly reduced β-GP-induced Cbfα1 expression, with the 
effect remaining enhanced throughout the culture period 
(Fig. 2).

Magnesium regulates the secretion of calcification inhibitors 
in a time‑dependent manner. Under physiological condi-
tions, VSMCs may mitigate calcification through a variety of 
processes. To date, studies have demonstrated that the vascular 
calcification process involves an imbalance of inducers and 

inhibitors (14). In the present study, it was established whether 
the magnesium modulation of Cbfα1 levels resulted in altera-
tions in the expression levels of MGP and OPN (inhibitors of 
calcification) in a 14‑day period. RT‑qPCR indicated that β-GP 
treatment led to a significant reduction in the levels of MGP 
and OPN by day 3 of incubation, and that this reduction was 
time-dependent. Incubation for 3 days in β-GP with magne-
sium inhibited the β-GP-induced reduction in the levels of 
MGP and OPN. Furthermore, long-term (14-day) exposure to 
the high-magnesium environment restored, and also gradually 
upregulated, the expression levels of MGP and OPN (Fig. 3).

2‑APB inhibits the effects of magnesium on VSMC calcifica‑
tion and associated gene expression levels. To clarify the 

Figure 4. 2-APB inhibits the effect of magnesium on Cbfα1 expression levels. (A) Representative mRNA levels of Cbfα1 in cells following treatment with β-GP, 
MgSO4 and 2‑APB for 14 days. (B) Quantification of the relative mRNA expression levels of Cbfα1. (C) Representative western blot analysis of Cbfα1 in cells 
following treatment with β-GP, MgSO4 and 2‑APB for 14 days. (D) Quantification of the relative protein levels of Cbfα1. Cbfα1, core-binding factor α‑1; β-GP, 
β‑glycerophosphate; 2‑APB, 2‑aminoethoxy‑diphenylborate.

Figure 5. 2-APB inhibits the effect of magnesium on the expression of MGP and OPN. (A) Representative mRNA levels of MGP and OPN in cells following 
treatment with β-GP, MgSO4 and 2‑APB for 14 days. Quantification of the relative mRNA expression levels of (B) MGP and (C) OPN. MGP, matrix Gla 
protein; OPN, osteopontin; β-GP, β‑glycerophosphate; 2‑APB, 2‑aminoethoxy‑diphenylborate.
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protective molecular mechanisms of magnesium on VSMC 
calcification, the role of TRPM7 in the magnesium‑induced 
regulation of calcification was investigated. VSMCs treated 
with 2-APB, a specific inhibitor of TRPM7, exhibited no 
magnesium‑induced reduction in calcification, and recovered 
the magnesium-inhibited decrease of ALP activity by day 14 
(Fig. 1). Furthermore, 2-APB reversed the magnesium-induced 
reduction in Cbfα1 mRNA (Fig.4A and B) and protein 
(Fig. 4C and D) expression levels and the magnesium-induced 
increase in the mRNA expression levels of MGP and OPN, 
following 14 days of incubation (Fig. 5).

Discussion

Vascular calcification is a notable risk factor for mortality 
in cardiovascular diseases, particularly in patients with 
CKD (15). Although previous studies have demonstrated that 
numerous factors are involved in the regulation of vascular 
calcification, an effective therapy has yet to be developed (14). 
A number of studies have indicated that magnesium has the 
potential to prevent vascular calcification (7,8). Clinical studies 
have suggested that calcification and carotid intima media 
thickness increase are strongly associated with low magne-
sium levels (16,17), whereas supplementation of magnesium 
may reduce carotid intima media thickness and retard arte-
rial calcification in patients with CKD (18). However, there 
are limited studies investigating the effect of magnesium on 
vascular calcification in vitro. The present study investigated 
the action of magnesium on β-GP-induced calcification 
processes in rat VSMCs. The magnesium concentration used 
in the current study was based on the high-magnesium plasma 
levels observed in patients with CKD, which range between 
2.5 and 3 mmol/l (19). As predicted, it was identified that the 
addition of magnesium to the medium markedly inhibited 
β-GP-induced calcification and ALP activity by day 14. 
Therefore, the results further confirmed that magnesium serves 
an important function in the prevention of the β-GP-induced 
calcification of VSMCs, and may be useful in the treatment of 
vascular calcification.

However, the mechanisms of the magnesium-induced 
reduction of calcification remain unclear. Prior studies suggest 
that vascular calcification is an active, cell‑mediated process, 
which may lead to the osteogenic differentiation of VSMCs and 
subsequent extracellular matrix mineralization (20). A number 
of studies have demonstrated that magnesium is able to inter-
fere with VSMC differentiation, possibly in a dose-dependent 
manner (21,22). In support of these findings, the present study 
assessed the expression of Cbfα1, a central transcription factor 
for bone formation, osteogenic matrix gene expression, VSMC 
differentiation and calcification. The increase in phosphate 
concentration in vitro results in the downregulation of smooth 
muscle‑specific gene expression and the upregulation of Cbfα1 
expression (23). Furthermore, Cbfα1 has been demonstrated to 
be expressed in the calcified vascular lesions of patients with 
CKD (24). Thus, Cbfα1 has been considered as the earliest 
and most specific osteogenic differentiation marker for the 
promotion of calcification. In the present study, the expres-
sion of Cbfα1 was markedly upregulated by treatment with 
β-GP for 14 days. This phenomenon was inhibited in cells 
that were co-cultured in a medium with a high magnesium 

concentration. Furthermore, it was demonstrated for the first 
time that magnesium downregulates the β-GP-induced expres-
sion of Cbfα1. This effect became increasingly evident over 
the duration of the incubation, suggesting that magnesium 
reduced vascular calcification partly by reversing the trans-
differentiation of VSMCs under calcifying conditions in a 
time-dependent manner.

MGP, an established inhibitor of vascular calcification, is 
expressed in normal cartilage and cardiovascular tissues, but is 
downregulated in atherosclerotic tissue (22). The knockout of 
MGP has been associated with extensive, spontaneous calci-
fication and premature mortality in mice (25). The protective 
effects of MGP have been hypothesized to be partly associated 
with the inhibition of bone morphogenetic protein-2-induced 
cell differentiation (26), which is pivotal in Cbfα1 expression 
and bone formation. Similarly to MGP, OPN is an inhibitor 
of calcification, and is directly associated with bone resorp-
tion, which is activated by the parathyroid hormone-receptor 
activator of nuclear factor-κB ligand axis in the bone (27). 
The double-knockout of MGP and OPN in mice has been 
demonstrated to result in more severe vascular calcification 
compared with MGP-only knockout mice. The inhibitory 
effect of OPN has been partly attributed to it binding tightly 
to hydroxyapatite (27) and actively inducing decalcifica-
tion (28). In the present study, MGP and OPN levels were 
restored and also notably upregulated in VSMCs incubated in 
a high-magnesium medium for 14 days. Furthermore, it was 
demonstrated for the first time that the magnesium‑induced 
increase in the expression levels of MGP and OPN occurred 
in a time-dependent manner. As indicated by the alteration in 
Cbfα1, magnesium inhibited calcification partly by gradually 
restoring the balance between inducer and inhibitor regulatory 
proteins.

In addition to this finding, high concentration magnesium 
has been indicated to prevent β-GP-induced cell apoptosis (11). 
Magnesium has also been demonstrated to reduce vascular 
calcification in live VSMCs, but not in fixed cells (10). These 
findings, together with the results of the current study, suggest 
that magnesium serves an active role in vascular calcification. 
VSMCs were exposed to 2-APB, an inhibitor of the magnesium 
transporter TRPM7, in order to test more detailed molecular 
mechanisms underlying the active effects of magnesium on 
calcification (29,30). The beneficial effects of magnesium on 
calcification were inhibited by the addition of 2‑APB at 10-4 M. 
At this concentration, 2‑APB efficiently inhibited the effect of 
magnesium on β-GP-induced overexpression of osteogenic 
transcription factor Cbfα1. In accordance with previous 
studies, the inhibition of TRPM7 by 2-APB prevents the trans-
port of magnesium, and results in the loss of the protective 
effect of magnesium on calcification inhibitors. These findings 
suggested that the inhibitory effect of magnesium on calcifi-
cation is an active, intracellular process. However, the effect 
of 2-APB on TRPM7 was not time-dependent. Thus, further 
investigations are required to clarify the role of TRPM7 in the 
regulation of magnesium homeostasis.

In conclusion, magnesium was able to efficiently reduce 
β-GP-induced calcification in rat VSMCs. Furthermore, 
magnesium inhibited the transdifferentiation of VSMCs into 
osteoblast-like cells by reducing the expression of Cbfα1 
in a time-dependent manner. In addition, magnesium was 
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observed to upregulate the expression levels of the inhibitors 
MGP and OPN in a time‑dependent manner. These findings 
suggest that magnesium reduces mineralization by regulating 
the expression levels of calcification‑associated factors in a 
time-dependent manner. However, further studies are required 
to clarify the mechanism underlying the magnesium-induced 
inhibition of vascular calcification.
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