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ABSTRACT 
 
Vascular calcification, prevalent in patients with chronic kidney disease (CKD), is a 
major risk factor for cardiovascular morbidity and mortality. Magnesium is 
considered to have a protective effect on vascular calcification beyond phosphate 
control. The present study attempted to investigate the role of magnesium on 
inhibition and prevention of vascular calcification in an ex vivo study. Aortic 
segments of Sprague–Dawley rats were incubated in medium with high phosphate 
concentration for 10 or 14 days to induce calcification. Various concentrations of 
magnesium were introduced during different culture periods. Mineralization of 
aortas was assessed by von Kossa staining and quantification of calcium content. 
In this experiment, aortic calcification was induced by high phosphate 
concentration and was significantly reduced dose- and time- dependently by 
magnesium. Pretreatment with magnesium strongly prevented high phosphate-
induced aortic calcification. Even a short time exposure to magnesium ameliorates 
and rescues further progression of vascular calcification. Further studies are 
needed to explore the mechanisms and the clinical use of magnesium to inhibit 
vascular calcification. 
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INTRODUCTION 
 
Calcification in the vascular media layer is prevalent in 
patients with chronic kidney disease (CKD) and is a major 
risk factor for cardiovascular morbidity and mortality 
(London et al., 2003; Jono S et al., 2008). The mechanism of 
medial calcification is now considered as a tightly regulated 
process involving molecular transition and cellular 
phenotypic change from vascular smooth muscle cells 
(VSMCs) into osteochondrogenic cells (Abedin et al., 2004; 
Johnson RC et al., 2006). Several factors have been 
demonstrated to induce this transition which included 
oxidant stress, parathyroid hormone fragments, vitamin D 
use and high phosphate level (Hruska, 2009). Among these 
inducers, high phosphate level is considered as the most 
important one. The calcification process could be blocked if 
the type III sodium-dependent phosphate cotransporter 
Pit-1, the main regulator of phosphate-induced calcification 
in   VSMCs,   is   inhibited  by  phosphophenomic  acid  (PFA) 

(Jono S et al., 2008). 
Magnesium does not only involved in many important 

metabolic and enzymatic processes, but is now shown to 
have the potential to inhibit vascular calcification. Low 
magnesium level has been shown to be associated with 
vascular calcification and cardiovascular mortality in non-
uremic populations (Adamopoulos et al., 2009) and has also 
been associated with the presence of common carotid 
artery atherosclerosis (Tzanakis et al., 2004), carotid 
intima-media thickness (Turgut et al., 2008) and as a 
significant predictor for mortality in hemodialysis patients 
(Ishimura et al., 2007).  

Several studies have emphasized the aggressive effects of 
magnesium on controlling vascular calcification. While in a 
longitudinal study, Meema HE speculated that 
hypermagnesemia was associated with retardation or 
improvement of vascular calcification in  peritoneal  dialysis  
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patients (Meema et al., 1987). Dietary magnesium, not 
calcium, was found to prevent vascular calcification in a 
mouse model for pseudoxanthoma elasticum (Gorgels et al., 
2010). From a few experiments carried out on the in vitro 
model of VSMCs, magnesium prevented β-glycerophosphate 
(BGP) induced calcification (Kircelli et al., 2012), negatively 
regulated vascular calcification induced by high phosphate 
through increased and restored transient receptor potential 
melastatin 7 (TRPM7) activity (Montezano et al., 2010), and 
modulated osteogenic proteins in the calcification process 
(Louvet at al., 2013). TRPM7 are now well accepted as 
important regulators of magnesium homeostasis and 
vascular signaling.  

Magnesium has been shown to have a protective effect on 
vascular calcification according to the above-mentioned in 
vitro and in vivo studies, however, evidences from the ex 
vivo studies are yet to be elucidated. Therefore, the present 
study attempted to investigate the effect of magnesium on 
high phosphate-induced rat aortic vascular calcification in 
an ex vivo study. 
 
 
MATERIALS AND METHODS 
 
Aortic tissue culture 
 
Thoracic aortas below the arch to the diaphragm were 
removed from 10-week-old male Sprague–Dawley rats. 
After the connective tissue had been carefully removed, the 
aortas were cut into several 3- to 5-mm rings and placed in 
Dulbecco’s modified Eagle’s medium (DMEM, Thermo 
Scientific, USA), supplemented with 10% fetal bovine serum 
(FBS), fungizone, streptomycin and penicillin. Aortic 
segments were maintained at 37C in a 5% CO2 incubator, 
and the medium was changed daily The DMEM contained 
2.18 mM Ca2+, 1.26 mM PO4

3- and 0.88 mM Mg2+, with a pH 
of 7.2. NaH2PO4 and MgSO4 were added to the serum-
supplemented with DMEM to create various phosphate and 
magnesium concentrations, respectively. Aortic segments 
were incubated with different time intervals according to 
the present study requirements. After completing the 
culture process, the aortic segments were washed three 
times in phosphate-buffered saline (PBS) and were divided 
into two parts for quantification of calcification and tissue 
analysis. An inhibitor of the TRPM7, 2-aminoethoxy-
diphenylborate (2-APB) (200 µmol/L) and an inhibitor of 
the Pit-1 receptor PFA (1 mmol/L), were applied in this 
study. All experimental procedures were approved by the 
Institution Animal Care and Use Committee (IACUC) of E-
DA Hospital, Kaohsiung, Taiwan (EDAPH 101022). 
 
 
Quantification of calcification 
 
Aortic segments were patted dry with a paper towel, placed 
in a 5 ml tube, and extracted by end-over-end mixing with 2  

 
 
 
 
ml of 0.15 M HCl for 24 h at room temperature. The calcium 
content in the acid extracts of tissues were determined by 
the o-cresolphthalein complex-one method (OCP) 
(BioVision, USA). Briefly, the method is based on the purple-
coloured complex formed by calcium with OCP in an 
alkaline medium. The optical density (OD) of the samples 
were measured with a spectrophotometer at 565 nm and 
compared with a curve calibrated with standards. The 
results were corrected by wet tissue weight and expressed 
as milligrams per gram wet weight of tissue. 
 
 
Tissue analysis 
 
For histological analyses, aortic segments were fixed with 
4% paraformaldehyde PBS for 8 h and were embedded in 
paraffin. For Alizarin red staining, aortas were incubated 
with 10% neutral buffered formalin for 15 min, rinsed and 
incubated with a 2% aqueous Alizarin red solution (pH 4.0–
4.2) for 10–15 min. After two washing steps, samples were 
photographed showing the presence of induced 
mineralization. For von Kossa staining, aortas were 
deparaffinized and placed in 3% Silver Nitrate Solution with 
a UV-light exposure for 30 min. Samples were rinsed in 
three changes of distilled water and placed in 5% sodium 
thiosulfate for 2 min. The samples were again rinsed in 
three changes of distilled water, and counter stain with 
Nuclear Fast Red for 5 min. After washing and mounting, 
aortas were pictured and examined. 
 
 
Statistical analysis 
 
Data were presented as mean ± standard deviation (SD). 
Significance was determined by the unpaired t test or an 
analysis of variance (ANOVA) multigroup analysis. The non-
parametric Mann-Whitney test was used as ANOVA failed to 
reach significance due to huge standard deviation. A p value 
of 0.05 was considered statistically significant. All statistical 
analyses were performed using SPSS version 14.0 (SPSS 
Inc., Chicago, IL, USA). 
 
 
RESULTS 
 
In the present study, we accessed aortic rings calcification 
induced by phosphate after a 10-day culture. The calcium 
content of aortas was observed to be dose-dependently 
increased when phosphate content was increased in the 
medium. A significance was reached when phosphate 
concentration was up to 2.00 mM or more in culture 
medium (p<0.05) (Figure 1A). Aortic calcification 
significantly appeared even only after 4 days of incubation 
in high phosphate medium as compared with that after 10 
days of incubation in normal medium (Figure 1B).  

Then the  magnesium  concentration  of  the  medium  was  



 
 
 
 

 
 
Figure 1: Elevated phosphate concentration induced calcification in rat 
aortas dose- and time-dependently. (A) Rat aortas were treated with the 
indicated concentrations of phosphate for 10 days. Aortic calcium 
content was stepwise increased along with elevated phosphate 
concentration. (*p<0.05, N=5) (B) Rat aortas were treated with 2.00 mM 
phosphate for different days. Control group was cultured in normal 
medium contained 1.26 mM phosphate for 10 days. The amount of 
calcification was gradually increased comparable to treated times. 
(*p<0.05, N=5) P: phosphate, Ca: calcium. 

 
 
 
gradually increased from 1.00 to 2.00 mM. After 10-day 
culture, magnesium showed a dose-dependent reduction of 
aortic calcification induced by high phosphate content 
(Figure 2A). Meanwhile, this high-phosphate induced 
calcification was completely inhibited by PFA. When 
magnesium concentration was greater than 1.60 mM 
(p<0.00), which is equal to a serum level of 3.84 mg/dl (1 
mM =2.4 mg/dl) in human, it's inhibitory ability on aortic 
calcification was similar to that of PFA. Therefore, the 
minimal concentration of magnesium in culture medium to 
inhibit    a    high-phosphate    induced      calcification      was 

determined as 1.60 mM. The inhibitory effect of aortic 
calcification by magnesium was partially, but not 
completely, antagonized by 2-APB, an inhibitor of TRPM7 
(Figure 2B). This finding speculated that there were 
different effects of magnesium on inhibiting calcification 
other than involvement of cellular control by TRPM7. 

To investigate the preventive effects of magnesium, aortic 
segments were cultured for 14 days in a high-phosphate 
condition. Magnesium concentration of 1.60 mM was 
introduced since day -2 in the pre-treatment group. In other 
groups,   magnesium    was   given     since   day   0   and   this  
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Figure 2: Magnesium reduced high phosphate-induced calcification dose-
dependently. (A) Rat aortas were treated with high phosphate (2.00 mM) 
and elevated magnesium concentration (from 1.00 to 2.00 mM) for 10 
days. The control medium contained 0.88 mM magnesium. PFA was used 
as an inhibitor of Pit-1 for blocking calcification process. Magnesium 
reduced calcification dose-dependently. (*p<0.05, **p<0.00 vs control, 
N=5). (B) Magnesium (1.60 mM) reduced high phosphate-induced 
calcification significantly (p<0.00, N=5), and the inhibition ability was 
partially blocked by 2-APB (p<0.00). PFA: phosphonoformic acid. 2-APB: 
2-aminoethoxy– diphenylborate . P: phosphate, Ca: calcium, Mg: 
magnesium. 

 
 
concentration was maintained for 3, 6 or 10 days, 
respectively. As shown in Figure 3, the calcification of aortas 
was dramatically inhibited in the pre-treatment group 
(p<0.00). The prevention of calcification by magnesium was 
also present in other groups time-dependently, even only 
after 3 days of exposure.  

In   another   experiment   on    the    rescuing     effects     of 

magnesium, aortic segments were cultured with high 
phosphate concentration for 14 days. Magnesium 
concentration of 1.60 mM was given since day 0, 3 or 6. It 
showed that calcification was significantly lessened in all 
groups (p<0.00) (Figure 4). Even after 5 days of exposure to 
a high phosphate concentration, calcification was still 
partially resolved by magnesium.  
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Figure 3: Magnesium prevented high phosphate-induced calcification 
time-dependently. Rat aortas were treated with 2.00 mM phosphate for 
14 days. Magnesium 1.60 mM was introduced for 3, 6 or 10 days. In the 
pre-treatment group (#), magnesium was given 2 days before high 
phosphate intervention and was maintained for the later 14 days (total 
16 days). Magnesium significantly prevented high phosphate induced 
calcification in all groups (*p<0.00, N=5). The inhibition ability was more 
prominent in pre-treatment group (#) and was comparable to treated 
days. P: phosphate, Ca: calcium, Mg: magnesium. 

 
 
 

 
 
Figure 4: Magnesium rescued calcification even after 2 or 5 days exposure 
to high phosphate. Rat aortas were cultured with 2.00 mM phosphate for 14 
days. Magnesium 1.60 mM was given since day 0, 3 and 6. Even after 5 days 
exposure to high phosphate concentration, calcification still could be 
reduced by magnesium significantly (*p<0.00, N=5). P: phosphate, Ca: 
calcium, Mg: magnesium. 

 
 
 

DISCUSSION 
 
Vascular calcification is an emerging problem beyond 
phosphate control in patients  with  CKD.  From  previous  in 

vitro studies using VSMCs (Kircelli et al., 2012; Montezano 
et al., 2010; Louvet et al., 2013) or using a uremic rat model 
(De Schutter et al., 2013), magnesium was observed to 
reduce calcification induced by high phosphate.  We  fill  the 
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gap using a rat aortic culture model to demonstrate the 
preventive effects of magnesium, and also point out the 
possibility of rescuing the progression of vascular 
calcification by magnesium even after the aortas are already 
exposed to a calcified condition.  

Firstly, we confirmed the effects of high phosphate 
concentration on inducing aortic calcification. The severity 
of calcification was closely related to exposure dose and 
treated times, and this calcification was almost completely 
inhibited by PFA.  

A concentration of magnesium in culture medium greater 
than 3.84 mg/dl was found to reduce high-phosphate 
induced vascular calcification dose- and time-dependently 
in our model. Furthermore, magnesium could prevent 
calcification and had a legacy effects even after it had been 
withdrawn. The experiment of the present study also 
showed that rat aortic calcification could be significantly 
reduced by magnesium even after calcification had been 
established following 5 days exposure to high phosphate.  

TRPM7, an important regulator of magnesium 
homeostasis, had been implicated as a signaling kinase 
involved in VSMCs growth, apoptosis, adhesion, contraction, 
cytoskeletal organization and migration. Montezano et al. 
(2010) studied the role of TRPM7 in the regulation of 
magnesium effects in rat VSMCs cultures. TRPM7 activation 
was decreased in calcification medium, while magnesium 
restored TRPM7 activity and inhibited osteogenic 
differentiation of VSMCs. Interestingly, the inhibition of 
calcification was not totally blocked by 2-APB in the present 
study. Our findings showed that the mechanisms 
responsible for the inhibitory effect of magnesium on 
vascular calcification are via TRPM7 and beyond. 

Magnesium compounds have been evaluated as phosphate 
binders for CKD patients since the 1980s. The CALMAG 
study, a large randomized multicenter study, showed a 
similar phosphate control with good tolerability by calcium 
acetate/magnesium carbonate as compared with sevelamer 
hydrochloride in HD patients (de Francisco et al., 2010). In 
a small open-label pilot study (Spiegel et al., 2007), 
magnesium carbonate combined with calcium carbonate 
controlled serum phosphate well and reduced elemental 
calcium ingestion, with no progression of coronary artery 
calcification or bone mass changes over an 18-month 
period in HD patients. In another study, magnesium citrate 
did not change phosphate control but improved carotid 
intima media thickness as compared with calcium acetate 
over a 2-month period (Turgut et al., 2008). Put our 
experimental results together, magnesium might be a 
candidate for a new phosphate binder and not only to treat 
hyperphosphatemia but also to inhibit development or 
progression of vascular calcification. 
 
 

Conclusion 
 

In conclusion, the data of the present study support the 
preventive effects of magnesium on vascular calcification  in  

 
 
 
 
rat aortas. Since magnesium-containing phosphate binders 
are relatively inexpensive, it can be an attractive treatment 
option for CKD patients not only for the control of 
hyperphosphatemia, but also for a better cardiovascular 
protection. However, further studies are needed to establish 
the beneficial effects and the mechanisms of magnesium on 
inhibition of vascular calcification. 
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