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Abstract. Vascular calcification (VC), in which high serum 
phosphate plays a critical role, is one major problem in 
patients with chronic kidney disease. Clinical studies report 
that magnesium has a protective effect on VC. However, the 
studies regarding the impact of high serum magnesium on VC 
at a cellular level are few and require further investigation. 
Therefore, the present study explored the effect of magnesium 
on calcification induced by β‑glycerophosphate (BGP) in 
rat aortic vascular smooth muscle cells (RAVSMCs). In the 
present study, the addition of magnesium decreased calcium 
deposition, which was increased by BGP. Higher magnesium 
levels inhibited BGP‑induced alkaline phosphatase (ALP) 
activity and decreased the expression of core‑binding 
factor α‑1 (Cbfα1). In conclusion, higher magnesium levels 
prevented BGP‑induced calcification in RAVSMCs and inhib-
ited the expression of Cbfα1 and ALP. Thus, magnesium is 
influencing the expression of Cbfα1 and ALP associated with 
VC and may have the potential to serve as a role for VC in 
clinical situations.

Introduction

Chronic kidney disease (CKD) is becoming a major public 
health concern and is also highly prevalent in developing 
countries (1,2). Recently, based on a report published in the 
Lancet in 2012, China had a higher incidence and prevalence 
rate of CKD, estimating the overall prevalence of CKD to be 
10.8% (3). The number of patients with CKD in China is esti-
mated to be ~119.5 million (4). The incidence of complications 
in the CKD patients is increasing with the changes of lifestyle. 
Vascular calcification (VC) is a frequent complication in 
patients with CKD and directly or indirectly contributes to 

cardiovascular disease and increased mortality rates (5,6). It is 
reported that VC is an actively regulated progress. Apart from 
the passive precipitation of calcium phosphate, the transdif-
ferentiation of vascular smooth muscle cells (VSMCs) into 
osteoblast‑like cells, as well as changes in the expression of 
bone‑associated and mineralization regulating proteins, and 
apoptosis play critical roles in VC (7). However, the under-
lying pathophysiological mechanisms are not well understood. 
It is proposed that along with traditional cardiovascular risk 
factors, non‑traditional risk factors, such as those associated 
with uremic status and a disturbed bone and mineral metabo-
lism, are likely to control whether or not VC occurs in patients 
with CKD (8).

Magnesium is involved in numerous important enzy-
matic processes and also plays a role in skeletal and mineral 
metabolism and vascular tone (9,10). Data from observational 
clinical studies showed an inverse association between serum 
magnesium concentrations and the presence of VC or athero-
sclerosis (11,12). However, to date, only a limited number of 
experimental studies performed in animals have confirmed 
these findings, whereas the majority investigated the role of 
lowering dietary magnesium on VC (13,14). Thus far, only 
2 studies have reported that magnesium has a favorable effect 
on bone matrix mineralization in an in vitro model (15,16). 
Therefore, the present study aimed to investigate whether 
increasing magnesium concentrations influence calcification 
of rat aortic vascular smooth muscle cells (RAVSMCs).

Materials and methods

Cell culture of RAVSMC. RAVSMCs were prepared as previ-
ously described with minor modifications (17‑19). Briefly, 
RAVSMCs were isolated from the thoracic aorta of adult male 
Sprague‑Dawley rats (80‑100 g). After the rats had been anaes-
thetized with chloral hydrate (400 mg/kg), the thoracic aorta 
was obtained under aseptic conditions and cut into small pieces 
following the removal of residual blood. Small pieces of tissue 
(1‑2 mm2) were placed in a culture dish in Dulbecco's modi-
fied Eagle's medium (DMEM) supplemented with 15% fetal 
bovine serum (FBS; HyClone Corp., Logan, UT, USA), 4.5 g 
glucose, 100 U/ml penicillin and 100 µg/ml streptomycin in a 
5% CO2 incubator at 37˚C. Cells that migrated from explants 
were collected when confluent. The cells were maintained in 
DMEM supplemented with 15% FBS, and the medium was 
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replaced twice a week. RAVSMCs were identified by the SMC 
typical hill and valley appearance, and immunocytochemistry 
using a monoclonal antibody against the α‑smooth muscle 
actin protein 1A4 (Acta 2) (Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA) further confirmed the purity of the primary 
cell culture (20). The cells between passages 6 and 12 were 
used in all the experiments.

Calcification assays. RAVSMC calcification was induced as 
previously described (21). VSMCs were randomly divided into 
a negative control group, high phosphorus and magnesium 
intervention groups, a negative control group using low glucose 
DMEM medium containing 10% FBS and a high phosphorus 
group in which 10 mM β‑glycerophosphate (BGP) was added 
to normal medium to generate high phosphorus medium. 
Magnesium chloride was added to the medium for the magne-
sium intervention groups on the basis of high phosphorus; the 
final concentrations of magnesium ions (Mg2+) were 11, 2 and 3 
mM (magnesium intervention groups 1, 2 and 3, respectively), 
and the stimulating time was 7 days. Control medium was 
prepared equally but without BGP. The medium was replaced 
twice a week and Mg2+ was added from the beginning and at 
each medium renewal of the experiment. Supernatants were 
collected for further investigations.

For precise biochemical Ca2+ measurements, calcium 
content in the supernatant was extracted with 6 N hydrochloric 
acid overnight. The o‑cresolphthalein complexone method was 
conducted using a Calcium Assay kit (BioSino Biotechnology, 
Beijing, China) and normalized to the protein content of the 
same culture.

For alizarin red staining (AR), cells were washed twice 
with phosphate‑buffered saline (PBS) and fixed with ethanol 
95%. Subsequently, the samples were exposed to 40 mM AR 
(pH 4.2). Following two washing steps, images were captured 
of the wells to show the presence of induced mineralization.

Assay of alkaline phosphatase (ALP) activity. Cells were plated 
at a density of 2x105 cells/well into 24‑well plates. The cells 
were cultured for 7 days after intervention and rinsed 3 times 
with PBS. Subsequently, 500 µl of 0.1% Triton X‑100 was added 
to each well and incubated for 12‑24 h at 4˚C. The protein assay 
was performed with the bicinchoninic acid protein assay reagent 
(Sigma, St. Louis, MO, USA). ALP activity was assayed by a 
method modified from that of Lowry et al (22). In brief, the 
assay mixtures contained 0.1 M 2‑amino‑2‑methyl‑1‑propanol, 
1 mM MgCl2, 8 mM p‑nitrophenyl phosphate disodium and the 
cell homogenates. After incubation for 4 min at 37˚C, the reac-
tion was stopped with 0.1 N NaOH and the absorbance was read 
at 405 nm. Each value was expressed as p‑nitrophenol produced 
in nanomoles/min/microgram of protein.

RNA extraction and reverse transcription‑polymerase chain 
reaction (RT‑PCR). RT‑PCR was performed to determine the 
expression levels of the target gene, Cbfα1. Total RNA was 
extracted from cultured cells using TRIzol reagent (Invitrogen 
Life Technologies, Grand Island, NY, USA) according to the 
manufacturer's instructions. cDNA was synthesized using the 
advantage RT‑for‑PCR kit (Clontech, Palo Alto, CA, USA) 
with oligo (dT) priming according to the manufacturer's 
instructions. The GAPDH gene was used as the endogenous 

control. The primers for Cbfα1 were: 5'‑CCGCACGACAAC 
CGCACCAT‑3' (sense) and 5'‑CGCTCCGGCCCACAAAT 
CTC‑3' (antisense). The primers for GAPDH were 5'‑CAAGGT 
CATCCATGACAACTTTG‑3' (sense), 5'‑GTCCACCAC 
CCTGTTGCTGTAG‑3 (antisense). The generated PCR prod-
ucts were 289‑bp for Cbfα1 and 496‑bp for GAPDH. The PCR 
condition consisted of one incubation for 2 min at 95˚C, 
followed by 35 cycles of a 30‑sec denaturation at 95˚C, a 
30‑sec annealing at 55˚C and a 45‑sec extension at 72˚C, and a 
final extension at 72˚C for 5 min. The PCR products were 
tested in 1% agarose gel in electrophoresis, visualized with 
ethidium bromide staining and quantified using an image 
analysis system (Gel work‑2ID; Cell Signaling Technology, 
Shanghai, China). The optical density value of the mRNA 
expression was calculated.

Statistical analysis. Each experiment was repeated indepen-
dently 3 times and all the data are expressed as mean ± standard 
deviation. Means were compared by the Student's t‑test. Means 
between multiple groups were performed using the analysis of 
variance (ANOVA). Intergroup comparison was made using 
ANOVA and the Student‑Newman‑Keuls test. All the statis-
tical analyses were performed using the SPSS 17.0 software 
(SPSS, Inc., Chicago, IL, USA). For all the statistical tests, 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Effects of BGP on calcium content of cultured RAVSMCs. 
Biochemical Ca2+ measurements were performed on day 7 
after the intervention with various media conditions. The 
calcium content of the BGP group was significantly higher 
than those of the control group (Fig. 1A).

Mg2+ inhibits BGP‑induced calcification in RAVSMCs. To 
investigate the effects of different Mg2+ concentrations on 
VC, the calcium content was measured of the cells incu-
bated with the indicated conditions. AR staining was also 
performed on day 7 to further confirm the occurrence of 
calcium/phosphate (Ca/P) deposition. In the presence of 
10 mM BGP disodium, Mg2+ at a total concentration of 1, 
2 and 3 mM in the medium was effective to significantly 
inhibit the calcium content on day 7. After 7 days of inter-
vention, Mg2+ decreased the calcium content significantly in 
a dose‑dependent manner (Fig. 1A). The effect of Mg2+ was 
evident at 1 mM, and became clearer as the concentration 
increased and reached the maximum at 3 mM. In addition 
to the biochemical analysis, Ca/P deposits were also identi-
fied by AR staining (Fig. 1B). The size and amount of the 
granular calcified formations appear to decrease with the 
addition of Mg2+ in a dose‑dependent manner.

Effects of Mg2+ on Cbfα1 expression and activity of ALP in 
RAVSMCs. To further validate the effects of Mg2+ on the differ-
entiation of RAVSMCs, the gene expression associated with 
osteoblast differentiation was examined on day 7 after inter-
vention of Mg2+ by RT‑PCR. RT‑PCR showed that the mRNA 
expression of Cbfα1 was downregulated following intervention 
with 1, 2 and 3 mM Mg2+ (P<0.05) (Fig. 2). After 7 days of 
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intervention, the ALP activity of the BGP group was signifi-
cantly higher than those of the control group (P<0.05). Mg2+ 
decreased the activity of ALP significantly in a dose‑dependent 

manner (Fig. 3). The effect of Mg2+ was evident at 1 mM, 
became clearer as the concentration increased and reached the 
maximum at 3 mM. These data demonstrated that Mg2+ plays 
an important role in preventing BGP‑induced calcification in 
RAVSMCs

Discussion

Results obtained from previous clinical studies have indicated 
that lower magnesium levels are associated with increased 
VC in uremic and non‑uremic conditions, and higher serum 
magnesium results in a decreased risk of peripheral VC in 
non‑diabetic haemodialysis patients (13,23‑26). Furthermore, 
magnesium supplementation improved the media thickness in 
patients on hemodialysis (12). Notably, the dietary magnesium 
level influenced the ectopic mineralization in an animal model, 
which may have broader implications (13,27). However, the 
detailed mechanisms by which magnesium acts on VC were 
not clear and the relevant studies were few and limited. The 
aim of the present study was to provide in vitro evidence for 
the preventive effect of magnesium on calcification in a cell 
culture model of RAVSMCs.

Magnesium is the second most abundant intracellular diva-
lent cation and functions as an allosteric modulator of several 
enzymes, or bridges structurally distinct molecules (28). 
Previous clinical studies showed that a low magnesium status 
has an important role in the pathogenesis of cardiovascular 
disease (29), hypertension (30) and thrombosis (6) in subjects 
without kidney disease. In the present experimental model, 
BGP‑induced calcification was strongly inhibited by increasing 
magnesium concentrations in the media of RAVSMCs in 
a dose‑dependent manner and was stable over a period of 
≤7 days. Increasing magnesium concentrations decreased 
calcium deposition, providing evidence that magnesium is 
able to impair hydroxyapatite crystal growth in in vitro experi-
ments, which is in agreement with the previous studies. It has 
been suggested that the effect of magnesium on VC may be 
mediated via this mechanism (31‑33). The present study also 
found that magnesium was not only able to prevent RAVSMC 

Figure 3. Effect of magnesium on the alkaline phosphatase (ALP) acitvity of 
β‑glycerophosphate (BGP)‑induced rat aortic vascular smooth muscle cells 
following intervention with 1, 2 and 3 mM Mg2+. *P<0.05 vs. BGP group; 
**P<0.05 vs. Ct group.

Figure 1. (A) Effect of magnesium on β‑glycerophosphate (BGP)‑induced 
deposition of calcium in rat aortic vascular smooth muscle cells (RAVSMCs) 
following intervention with 1, 2 and 3 mM Mg2+. *P<0.05 vs. BGP group; 
**P<0.05 vs. Ct group. In parallel, (B) alizarin red staining was performed 
with cells treated for 7 days under the same conditions as mentioned above.

  A

  B

Figure 2. Messenger RNA (mRNA) expression of core binding factor α-1 
(Cbfα1) in β‑glycerophosphate (BGP)‑induced rat aortic vascular smooth 
muscle cells following intervention with 1, 2 and 3 mM Mg2+. (A) Representative 
mRNA levels of Cbfα1; (B) quantification of the relative mRNA expression 
levels of Cbfα1. *P<0.05 vs. BGP group; **P<0.05 vs. Ct group.

  A

  B
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calcification but also inhibit progression of already established 
calcification. Even partly reverted calcification was observed 
with longer incubation time, which renewed the attraction in 
the therapeutic applications of magnesium on VC. Although 
phosphate binders are administered to patients of CKD in order 
to lower serum phosphorus concentrations, as one aspect of VC 
development, VC progressed overtime. Therefore, magnesium 
administration or magnesium‑containing phosphate binder 
supplementation in CKD patients may be beneficial as it may 
partially revert or at least inhibit the progression of VC.

VC is an active, cell‑mediated multistep process that includes 
apoptosis, and the osteochondrogenic differentiation of VSMCs 
is similar to bone formation, with the role of deposition of 
calcium‑phosphate in terms of matrix mineralization (7,8,34). 
The bone‑related factors, particularly the specific osteogenic 
transcription factor Cbfα1, were shown to be upregulated in 
VSMCs undergoing BGP‑induced transdifferentiation into 
osteoblast‑like cells. Factors such as ALP, which may contribute 
to the mineralization process, were also upregulated by elevated 
phosphate concentrations in in vitro models (35). In the present 
study, high phosphorus induced the enhanced expression of Ca2+ 
content, Cbfα1 and ALP, while these decreased when adminis-
trated with higher magnesium levels, clearly showing that the 
protective effect of magnesium on RAVSMCs calcification by 
not only decreasing the deposition of calcium in the cells but 
also affecting the osteogenic transdifferentiation. However, it 
appears unlikely, that the inhibitory effect of magnesium on 
calcification will also account in the bone, as it has been shown 
that the physiological magnesium concentrations present in bone 
are not able to inhibit crystal growth (32). The present study 
suggests that magnesium inhibits the pathological transdiffer-
entiation process from VSMCs into osteoblast‑like cells, which 
does not occur in the physiological process of calcification in 
the bone. However, detailed clinical investigations regarding the 
effect of magnesium on bone metabolism, specifically in renal 
failure patients, are rare and (24) contradictory (36,37). Well 
designed in vitro and clinical studies to further evaluate the 
influence of magnesium on bone are required.

In conclusion, higher magnesium levels prevented calcifica-
tion and further progression of already established calcification 
in RAVSMCs. Increased magnesium concentrations not only 
reduced the deposition of calcium, but also inhibited osteogenic 
transdifferentiation, which are consistent with experimental 
animal studies and with clinical studies linking elevated magne-
sium levels to beneficial effects on VC (11,26,38). However, the 
detailed mechanism by which magnesium may influence this 
process is unclear. Thus, it appears to be that magnesium influ-
ences the molecular processes associated with VC, providing 
an important insight into the clinical application of magne-
sium. More clinical research is required to observe the serum 
magnesium levels in patients with renal failure and to confirm a 
possible protective effect of magnesium against VC. There is a 
large gap concerning controlled interventional studies providing 
unchallengeable results to improve the understanding of its role.
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