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Abstract

Magnesium-based alloys are promising in biodegradable cardiovascular stent applications. The 

degradation products of magnesium stents may have significant impacts on the surrounding 

vascular cells. However, knowledge on the interactions between magnesium ion and vascular cells 

at the molecular and cellular levels is still largely missing. Vascular smooth muscle cell (SMC) 

plays an important role in the pathogenesis of restenosis and wound healing after stent 

implantation. This study evaluated the short-term effects of extracellular magnesium ion (Mg2+) 

on the cellular behaviors of SMCs. Cellular responses to Mg2+ were biphasic and in a 

concentration-dependent manner. Low concentrations (10 mM) of Mg2+ increased cell viability, 

cell proliferation rate, cell adhesion, cell spreading, cell migration rate, and actin expression. In 

contrast, higher concentrations (40–60 mM) of Mg2+ had deleterious effects on cells. Gene 

expression analysis revealed that Mg2+ altered the expressions of genes mostly related to cell 

adhesion, cell injury, angiogenesis, inflammation, coagulation, and cell growth. Finding from this 

study provides some valuable information on SMC responses toward magnesium ions at the 

cellular and molecular levels, and guidance for future controlled release of magnesium from the 

stent material.

Keywords

magnesium ion; cardiovascular stent; smooth muscle cell; cell morphology; cell migration

INTRODUCTION

Magnesium-based alloys have been demonstrated promising in cardiovascular stent 

applications because of their biodegradability and bioabsorbtion.1–6 In vivo studies have also 

shown the advantages of magnesium-based stents, such as complete and rapid 

endothelialization, low neointima proliferation and minimum inflammatory changes.1,5,6 

The fact that magnesium is the second most abundant intracellular divalent cation makes it 
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an appealing candidate as degradable biomaterial. Moreover, it is the cofactor for many 

enzymes and plays structural roles in the cell membrane and chromosomes.7 However, low 

corrosion resistance is one of main concerns in magnesium-based stent application. Rapid 

corrosion makes magnesium alloys fail to fulfill their remedying functions, that is, 

supporting the remodeling process and the healing process of the damaged tissues.8 In fact, 

fast degradation of magnesium-based implants may lead to a relatively high local 

extracellular magnesium concentration around the implant.7 Thus, the cellular responses to 

high extracellular Mg2+ are essential to evaluate the biocompatibility of magnesium alloys 

and the healing process. Unfortunately, little is known about the interactions between 

vascular cells and Mg2+ at the cellular and molecular levels to date.

Normal ionized magnesium concentration in serum is 0.54–0.67 mM.9 However, when 

magnesium-based stent is implanted, the shear stress induced by restored blood flow will 

increase the degradation rate of magnesium stent.10,11 The continuous blood flow might 

dilute the accumulated Mg2+ concentration, but increased corrosion rate by shear stress may 

also promote the accumulation of Mg2+. High extracellular Mg2+ could still be accumulated 

in the local microenvironment around the stent in a short period of time.

We have studied the effects of Mg, Ca, Zn, Al and rare earth elements including yttrium (Y), 

dysprosium (Gy), neodymium (Nd), and gadolinium (Gd) on cellular responses of 

endothelial cells previously.12 To have a better understanding of how Mg ion affects the 

local tissues for stent application, we further investigated the effects of Mg2+ on human 

primary SMCs in this study. Vascular smooth muscle cell (SMC) plays important roles in the 

pathogenesis of restenosis after stent application and wound healing.13,14 As part of 

responses to stent implantation-induced vascular injury, SMCs migrate from media to the 

intima and proliferate, leading to neointimal thickening and restenosis.15 Vascular SMCs can 

retain remarkable plasticity and undergo dedifferentiation, responding to stimuli. SMCs can 

enable the efficient repair of the vasculature after injury.14 Under normal conditions, 

vascular SMCs exhibit a contractile phenotype, characterized by low levels of proliferative 

activities.15 During migration and proliferation processes, SMCs can switch from a 

contractile to a synthetic phenotype,13 and the phenotype switch is associated with 

morphology change.16,17

Here, we comprehensively studied the short-term cellular responses of SMCs under the 

influence of Mg ion for up to 24 h. Cell adhesion, cell viability, cell proliferation, lactate 

dehydrogenase (LDH) cytotoxicity, cell spreading, cytoskeleton reorganization, and gene 

expression profiles were explored.

EXPERIMENTAL

Ion solution preparation

Stock solutions of 1 M magnesium chloride (MgCl2) and 1 M sodium chloride (NaCl) were 

prepared by dissolving MgCl2 and NaCl into deionized water. Then the solutions were 

centrifuged (Biofuge Stratos, Thermo Electron Corporation) and filtered by 0.22 μm filter 

(BD Biosciences). The stock solution was sterilized by autoclave (Harvey Sterile-Max, 

Thermo Scientific). After that, the solutions were stored in 4ºC refrigerator until use. Before 
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using, the stock solutions were diluted into different concentrations with smooth muscle 

culture medium (SMCM, ScienCell). The pH of diluted solutions was measured by Fisher 

Science Education pH Meter (Fisher Scientific).

Cell culture

Primary human aortic smooth muscle cells (HASMCs, Scien-Cell) were expended in 75 cm2 

flask (BD Bioscience) with SMC medium containing 2% fetal bovine serum (FBS, Scien-

Cell), 1% smooth muscle cell growth supplement (SMCGS, ScienCell) and 1% penicillin/

streptomycin solution (P/S, ScienCell). Cells were incubated at 37ºC, 5% CO2 and 95% 

relative humidity. After cells reached 90% confluence, they were washed by 1× DPBS (MP 

Biomedicals), detached by Trypsin/EDTA solution (Life Technologies), and counted with 

0.4% trypan blue stain (Gibco, Life Technologies) by a hemocytometer (Bright-Line, 

Hausser Scientific). Cells at passages of 4–6 were used in this study.

Cell viability test

The cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)–2,5-diphenyltetrazolium 

bromide test (MTT test). SMCs were seeded into a 96-well plate at density of 5000 cells/

well and allowed to attach for 24 h. Then the medium was replaced by fresh culture medium 

supplemented with different ion solutions (0–60 mM). After 24 h, the ion solutions were 

replaced by fresh medium. Then 10 μL of the 12 mM MTT solution was added to each well 

and incubated at 37ºC for 4 h. After the incubation, 100 μL SDS-HCl solution was added to 

each well and incubated for another 4 h. Then the absorbance was measured at 570 nm by a 

microplate reader (Molecular Devices). Culture medium with and without cells were used as 

positive and negative control, respectively. The cell viability was determined by the 

following formula:

Cell proliferation test

The cell proliferation was evaluated by BrdU cell proliferation kit (Cell Signaling). SMCs 

were seeded into a 96-well plate at density of 5000 cells/well and incubated for 24 h to allow 

attachment. Then medium was replaced by fresh culture medium supplemented with 

different ion solutions (0–60 mM) and incubated for another 24 h. After that, 10 μL 10× 

BrdU solution was added to each well and incubated for 3 h. After the incubation, the 

solutions were removed. 100 μL fixing/denaturing solution was added to each well and the 

plate was kept at room temperature for 30 min. Then the solution was removed and 100 μL 

1×detection antibody solution was added to each well. The plate was kept at room 

temperature for 1 h. After that, the solution was removed and the plate was washed by 1× 

wash buffer for three times. Then 100 μL 1× HRPconjugated antibody solution was added to 

each well and the plate was kept at room temperature for 30 min. Then the plate was washed 

three times by 1× wash buffer. After washing, 100 μL TMB substrate was added to each well 

and incubated at room temperature for 30 min. Finally, 100 μL stop solution was added to 

each well and the absorbance was read at 450 nm by a microplate reader (Molecular 
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Devices). The culture medium with and without cells were used as positive and negative 

control, respectively. The cell proliferation was calculated by the following formula:

LDH cytotoxicity test

SMCs were seeded into a 96-well plate at 5000 cells/well and incubated for 24 h. After the 

incubation, culture medium was replaced by 200 μL fresh culture medium supplemented 

with different ion solutions (0–60 mM) and incubated for another 24 h. Then 100 μL 

solution supernatant was removed and transferred to a corresponding 96-well plate. To 

determine the LDH activity in the supernatant, 100μL reaction mixture was added to each 

well and mixed thoroughly. Then the plate was kept at room temperature for 30 min. After 

the incubation, absorbance was measured at 490 nm (Molecular Devices). The high control 

and low control were SMCs incubated with 1% Triton X-100 medium solution and SMCs 

without any treatment. The LDH cytotoxicity was determined by the following formula:

Cell adhesion test

SMCs were mixed with fresh culture medium supplemented with different ion solutions (0–

60 mM) and seeded into a 24-well plate. The final cell density was 50,000 cell/well. The 

cells were allowed to attach for 2 and 6 h. After 2 and 6 h, the medium was removed and the 

plate was washed three times by 1× DPBS (MP Biomedicals). Cells were fixed by 4% 

paraformaldehyde (Boston BioProducts). The images of adhesive cells were taken by a 

microscope (EVOS, AMG) and the pictures were analyzed by Image J (NIH). At least 10 

different images were used in adhesive cell density calculation for each concentration group.

Cell spreading

SMCs were seeded into 24-well plates at density of 50,000 cells/well. The cells were 

incubated with fresh culture medium supplemented with different ion solutions (0, 20, and 

60 mM). At 0, 2, 4, 6, 8, and 10 h, cells were stained by calcein AM (Life Technologies) and 

imaged by phase contrast microscope (EVOS, AMG). Cell area and perimeter were 

measured by Image J (NIH). At least 50 cells were measured for each magnesium ion 

concentration.

Cell migration

SMCs were seeded into a 24-well plate and after the cells formed a monolayer, the medium 

was removed. A p200 pipette tip was used to create a scratch. The debris were washed by 

DPBS and removed. Then fresh culture medium supplemented with different ion solutions 

(0–60 mM) were added to each well and incubated at 37ºC, 5% CO2 and 95% relative 

humidity. Images were taken at 0 h and 6 h by EVOS microscopy (AMG) and the pictures 

were analyzed by Image J (NIH). At least 10 different fields were chosen for each 

concentration group. The migration rate (MR) was calculated by the following formula:
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Cytoskeleton staining and cell morphology

SMCs were seeded onto cover glasses in a 24-well plate at cell density of 25,000 cells/well 

and incubated with fresh culture medium supplemented with different ion solutions (0, 20, 

and 60 mM) for 24 h. Then culture medium was removed and cells were fixed and 

permeabilized by ImageiT Fixation Permeabilization Kit (Life Technologies). Then one drop 

of Actin Green 488 ReadyProbes Reagent was added to each cover class and incubated at 

room temperature for 30 min. The cells were washed three times by DPBS and one drop of 

SlowFade® Gold antifade reagent with DAPI (Molecular probes, Life Technologies) was 

added to the glass slide and the cover glass was inversely placed on the reagent. Then the 

glass slides were sealed by Cover-Grip Coverslip Sealant (Biotuim) and were incubated at 

room temperature overnight in dark. Images were taken by a phase contrast microscope 

(EVOS, AMG) and analyzed by Image J (NIH). For cell morphology characterization, at 

least 30 different cells were analyzed for each concentration group.

GENE EXPRESSION PROFILE

Total RNA isolation

SMCs were seeded into 60 mm petri dishes and when a monolayer was formed, culture 

medium was replaced with SMCM, supplemented with 20 mM or 60 mM MgCl2 solutions. 

After 24 h, the medium was removed and cells were washed by DPBS for three times. Then 

total RNA was isolated by RNeasy Mini Kit (Qiagen) following the manufacturer’s protocol. 

The quality and concentration of total RNA were determined by a spectrophotometer 

(Nanodrop 2000). A260/A280 ratio was between 2.02 and 2.06 and the A260/A230 ratio was 

between 2.0 and 2.29.

RT-PCR

500 ng total RNA were reversely transcripted into cDNA by RT2 First Strand Kit (Qiagen), 

according to the manufacturer’s protocol. RT-PCR was performed in a CFX96 Touch RT-

PCR Detection System (Bio-Rad) using microarray (Qiagen). The vascular gene array plate 

includes 84 functional genes, 5 housekeeping genes, 1 genomic DNA control, 3 reverse 

transcription controls, and 3 positive PCR controls. Then cDNA was mixed with RT2 SYBR 

Green Master Mix (Qiagen) and RNase-free water. Then 25 μL of the mixture was added to 

96-well PCR array plate. After 10 min incubation at 95ºC, cDNA was amplified according to 

the following parameters: denaturing for 15 s at 95ºC, then annealing for 1 min at 60ºC. The 

cDNA amplification was performed for 40 cycles. After the amplification, Ct values were 

collected and analyzed by Bio-Rad CFX Manager 3.1 (Bio-Rad). The threshold cycle was 

35. ΔΔCt method was used to calculate gene expression fold change.
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Statistical analyses

All data were presented as mean±standard deviation (SD). The statistical studies were 

performed by analysis of variance or one-tailed Student’s t test (Prism 5, Graph Pad 

Software). p<0.05 was considered statistically significant.

RESULTS

Cell viability

Cell viability was examined with a serial of Mg ion concentrations. For all the diluted 

solutions, no significant pH changes were observed after incubation. The NaCl solution, 

with the same chloride ion concentration as MgCl2 solutions, was used to exclude the effects 

of chloride ions. As shown in Figure 1(a), the viability of SMCs increased when cultured in 

lower concentrations of MgCl2 solution (10–40 mM). At higher Mg2+ concentrations (50–60 

mM), cell viability was inhibited. In contrast, the control NaCl solution had no effect on cell 

viability up to 140 mM [Fig. 1(b)].

Cell proliferation

A concentration gradient of Mg ion was also used to check on cell proliferation. As shown 

in Figure 2, cell proliferation rate of SMCs increased at lower Mg2+ concentrations and then 

decreased at higher concentrations. Within 10–20 mM concentration range, cell proliferation 

rate was enhanced with increasing Mg2+ concentration whereas within 40–60 mM 
concentration range, cell proliferation rate was decreased with increasing Mg2+ 

concentration, and was significantly inhibited at 60 mM Mg2+.

LDH cytotoxicity

LDH assay checks on the cell plasma membrane integrity. LDH release was enhanced at first 

for low Mg2+ concentrations (10–20 mM) and then decreased with increasing Mg2+ 

concentrations (30–50 mM). Surprisingly, at 60 mM, the LDH release was again increased 

to 14±5%, comparable to the value of 15±3% at 20 mM. For all Mg2+ concentrations, LDH 

release was significantly higher than the control group (Fig. 3).

Cell adhesion

Next we explored the cell adhesion at different time points with an Mg ion concentration 

gradient. At 2 h, 10 mM Mg2+ enhanced the adhesion of SMCs significantly while cell 

adhesion was significantly inhibited within 30–60 mM concentration range. At 6 h, 10 and 

20 mM Mg2+ increased adherent density of SMCs, and in the contrast, cell adhesion was 

significantly inhibited within 40–60 mM concentration range. In addition, more SMCs were 

attached to the plate at 6 h compared to that of 2 h (Fig. 4).

Cell spreading

Mg ion also influenced cell spreading. Around 8 h, cell spreading reached a steady state. In 

the cell spreading process, 20 mM Mg2+ increased cell area [Fig. 5(a)] and cell perimeter 

[Fig. 5(b)], compared to that of the control group. Interestingly, for 60 mM Mg2+, cell area 

[Fig. 5(a)] and cell perimeter [Fig. 5(b)] were increased at first, and then decreased slightly.
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Cell migration

The relationship between cell migration rate and Mg2+ concentrations was in a bell-shape 

distribution. At 6 h, cell migration rate of SMCs was significantly enhanced by lower Mg2+ 

concentrations up to 30 mM and then inhibited with further increased concentration (40–60 

mM; Fig. 6).

Cell morphology and cytoskeleton staining

The representative images of SMCs treated with different Mg2+ concentrations were shown 

in Figure 7(a). After 24 h treatment, cell spreading was enhanced by Mg2+. At 20 mMMg2+, 

cell area was increased significantly compared to untreated control [Fig. 7(b)]. Cell 

perimeter was increased at 20 mM Mg2+ whereas decreased at 60 mM Mg2+ significantly 

[Fig. 7(c)]. The aspect ratio was enhanced at 20 mM Mg2+ [Fig. 7(d)]. Compared to the 

untreated control group, cells had a smaller circularity for 20 mM Mg2+ but a much larger 

circularity for 60 mM Mg2+ [Fig. 7(e)]. The actin fluorescence intensity was enhanced 

significantly at 20 mM Mg2+ while a significant decrease was observed at 60 mM Mg2+ 

[Fig. 7(f)].

Gene expression profiles

To evaluate how Mg2+ alters gene expression profile, here we used a microarray with 84 

functional genes. As shown in Figure 8(a,b), the gene expression regulations seemed more 

considerable at 60 mM Mg2+, compared to 20 mM Mg2+. The most affected functions were 

cell adhesion, cell injury, cell growth, angiogenesis, inflammation, vessel tone, and 

coagulation [Fig. 8(c,d)]. 24 genes were altered around or more than twofold. Among all the 

significantly regulated genes, SERPINE1, PTGS2, IL1B, and HMOX1 were altered more 

than three times. AGT, PDGFRA, PTGS2, and THDB were upregulated at least twofold, 

while ICAM1, PLG, SELPLG, and SERPINE1 were downregulated at least twofold at 20 

mM Mg2+. For 60 mM Mg2+, ADAM17, AGTP1, F3, FAS, FGF2, HMOX1, IL11, IL1B, 

MMP1, PF4, PTGS2, SELPLG, SERPINE1, SPHK1, and TGFB1 were upregulated at least 

twofold. In contrast, BCL2, CCL2, ICAM1, PLG, and VCAM1 were downregulated at least 

twofold at 60 mM Mg2+ [Fig. 8(e)].

DISCUSSION

Stent implantation has been one of the most effective means for cardiovascular diseases 

treatment.18 Magnesium-based alloys have been frequently explored for stent application 

because of biodegradation. Some animal experiments1,5,6 and clinical results19–22 suggested 

the feasibility and potential of magnesium-based alloys. In this study, we evaluated the acute 

effects of extracellular Mg2+ on the cellular responses of SMCs. We found after 24 h 

incubation, up to 50 mM of Mg2+ had no significant adverse effects on SMC viability and 

proliferation rate. These results were consistent with the study conducted by Drynda et al.,23 

which found that up to ~41.6 mM, Mg2+ showed no significant effects on the metabolic 

activity of SMCs. Another study showed that up to 50 mM, Mg2+ had no significant effects 

on SMCs viability, but SMCs proliferation rate was only ~50% of control at 50 mM.24 The 

discrepancy in proliferation rate between these studies is probably due to other factors, such 

as cell passage and cell type variations.
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The movement of SMCs inwardly from the media to intima depends on the ability of the 

cells to adhere, migrate, and proliferate.25 Integrins play important roles in the adhesion of a 

cell to its environment, mediating the assembly of multimolecular complexes that bridge 

between the extracellular matrix (ECM) and cytoskeleton and focal adhesion sites.26,27 By 

influencing the cytoskeleton, integrins can stabilize cell adhesion and regulate the shape, 

morphology, and movement of cells.27 ITGA5, ITGAV, and ITGB3 are some genes involved 

in integrin synthesis. In this study, at 20 mM Mg2+, ITGA5 was downregulated and ITGAV 

and ITGB3 were upregulated. In contrast, at 60 mM Mg2+, only ITGAV was upregulated. 

The expression profiles of more than 40 genes related to cell adhesion were altered when 

SMCs were treated with Mg2+. Taken together, the overall cell adhesion behavior was 

promoted at lower Mg2+ concentrations (10–20 mM) and inhibited at higher Mg2+ 

concentrations.

Cell spreading is closely related to cellular biomechanics and cell growth.28 Cell spreading 

on adhesive proteins is accompanied by changes in structure and composition of the 

cytoskeleton.29 In addition, cell spreading is also associated with stress fiber formation30 

and cytoskeleton tension. 30,31 Previous studies showed that increasing spreading without 

changing ECM contact area and growth factor signaling constant was sufficient to promote 

endothelial cell proliferation, while preventing cells from spreading had the opposite 

effect,28 which indicated that biophysical signals associated with cell spreading were 

required for cell growth.28,31 In another study, human bone-derived cells were believed to 

have a more pronounced spreading grown on Mg2+-modified alumina.32 In our study, cell 

spreading was promoted at 20 mM Mg2+ and inhibited at 60 mM Mg2+. The result was 

consistent with cell proliferation rate and actin expression level at these two concentrations.

SMC proliferation and migration from media to intima contribute to restenosis.14,33 The 

matrix metalloproteinases (MMPs) are proteases with different specificities for cleaving 

ECM components. The proliferation and migration of SMCs are closely associated with the 

simulation of MMP-2 production and increased MMP-2 expression has been reported in 

atherosclerotic plaques.34 In this study, MMP-2 was significantly upregulated at 20 mM 
Mg2+, which was consistent with the enhanced cell migration rate.

LDH is a cytosolic enzyme that can leak into the culture medium when cell membrane is 

damaged.8 Therefore, the activity of LDH in the culture medium could reflect the 

cytotoxicity of materials35 and LDH test has been widely used in biocompatibility 

evaluation for magnesium-based biomaterials.36–40 In this study, at low Mg2+ 

concentrations, significantly higher LDH cytotoxicity than that of control was also observed. 

It was probably because at low Mg2+ concentrations, SMC proliferation rate was enhanced 

and there were more cells in the low Mg2+ concentration-treated group, leading to an 

increase in spontaneous LDH release. Possible explanation for decrease in LDH cytotoxicity 

for treatment with 20–50 mM Mg2+ was that high concentration of extracellular Mg2+ may 

inactivate the LDH released in the medium.9 At 60 mM Mg2+, the cell membrane was 

damaged and LDH was released into the culture medium completely. Results showed the 

LDH cytotoxicity test might not be suitable for evaluating the biocompatibility of 

magnesium-based alloys.
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We also investigated the cytoskeleton reorganization and cell morphology at 20 mM and 60 

mM Mg2+. Cytoskeleton carries out three main functions: organizing the contents of cell 

spatially; connecting the cell to external environment physically and biochemically; 

generating forces to enable cell to move and change shape.41 Cell shape changes rely on 

dynamic reorganization of the actin cytoskeleton.42 The reorganization of actin fiber 

changed the morphology of SMCs in this study. When treated with 20 mM Mg2+, cells were 

in elongated shape, while cells treated with 60 mMMg2+ tended to be in round shape, 

compared to the control group. The elongated cell morphology resembles the natural state of 

SMCs in vivo, which might suggest the beneficence of low concentrations of Mg2+. The 

morphology changes might also indicate that low concentrations of Mg2+ could promote 

SMC differentiation while high concentrations of Mg2+ inhibit the differentiation process. 

Since actin is required for SMC contraction,43 the enhanced expression level of actin at low 

Mg2+ concentrations might also suggest the phenotype switch from synthetic to contractile 

phenotype. However, the expression of some contractile phenotype markers, such as smooth 

muscle α-actin (SM α-actin), SM22 α, and calponin 1, should be identified in the future 

study to further confirm this phenotype switch.

Mg2+ mainly influenced cell adhesion, cell injury, cell growth, angiogenesis, and 

inflammation functions of SMCs. The expressions of about 24 genes were altered at least 

twofold. The fold changes of F3, HMOX1, IL1B, PTGS2, and SERPINE1 were more than 3 

times. F3 gene encodes for tissue factor, which is a transmembrane protein that mediates 

coagulation, hemostasis, and arterial thrombosis.44 60 mM Mg2+ upregulated F3 gene 

significantly, while 20 mM Mg2+ had no significant effects on F3 gene expression. 

SERPINE 1 gene was significantly downregulated at 20 mM Mg2+ and upregulated at 60 

mM Mg2+. The plasminogen activator inhibitor-1 (PAI-1), encoded by SERPINE 1, is the 

principal inhibitor of tissue plasminogen activator (tPA) and urokinase (uPA), hence 

inhibiting blood clots degradation.45 The downregulation of SERPINE 1 at low Mg2+ 

concentrations and upregulation at high Mg2+ concentrations might be the indicative of the 

beneficent effects of low concentrations of Mg2+ on coagulation. Studies46,47 also showed 

the anticoagulation properties at various low Mg2+ concentrations. These results indicated 

that the low concentrations of Mg2+ had better hemocompatibility. However, platelet 

adhesion test on Mg-based alloys had found that both alloys with high and low corrosion 

rate had anticoagulation properties.3,48,49 Slowly corroded magnesium alloys had low levels 

of platelet aggregation, which was consistent with our observation.

Heme oxygenase-1(HO-1), encoded by HMOX1 gene, is a stress-responsive enzyme and 

can degrade free heme, yielding carbon monoxide (CO), iron, and biliverdin. HMOX1 

serves as a protective gene by virtue of its anti-inflammatory, antiapoptotic, and 

antiproliferation actions.50 The antiproliferation effects of HO-1 on SMC is exerted by 

catalyzing release of CO, which inhibits the mitogenic activity of SMCs.51 High 

concentrations of Mg2+ upregulated HMOX1 gene, which might explain the decreased SMC 

proliferation rate at 60 mM Mg2+.

IL1B gene encodes for interleukin-1β (IL-1β), a major mediators of inflammatory responses 

in atherosclerotic lesions.52 Monocytes, macrophages, T cells and mast cells synthesize a 

variety of proinflammatory cytokines, including IL1β, IL6, and tumor necrosis factor α, 
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contributing to the initiation, development and rupture of atherosclerotic plaques. 53 Besides 

its important role in inflammation responses, IL 1β can also enhance the expression of 

vascular endothelial growth factor (VEGF) in smooth muscle cell,54 indicating the 

angiogenesis potential of IL-1B. PTGS2 gene expression simulated by 60 mM Mg2+ was 

more than 6 fold. It is also believed to play an important role in inflammation.55 The 

significant changes of these two inflammation-related genes might indicate that Mg2+ is 

essential in inflammation responses.

CONCLUSION

The cellular responses of SMCs to extracellular Mg2+ were in a dose-dependent manner. 

Lower concentrations (10 mM) of Mg2+ had beneficial effects on cellular behaviors, while 

high concentrations (40–60 mM) of Mg2+ had adverse effects. The gene expression profiles 

showed that Mg2+ pronouncedly altered the expression of genes related to coagulation, 

inflammation and cell proliferation. In addition, high concentrations of Mg2+ were likely to 

induce coagulation and inflammation, and inhibit SMC proliferation. At low concentration, 

Mg2+ seemed to increase cell proliferation and cell migration rate. This study provides some 

valuable information on how Mg ion released from Mg-based stents degradation may affect 

SMC-associated restenosis and thrombosis.
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FIGURE 1. 
SMC viability analysis. (a) SMC viability was increased by Mg2+, up to 40 mM and 

significantly inhibited at 60 mM. (b) Cl–1 had no effects on SMC viability. SMCs were 

seeded and allowed to attach for 24 h, then treated with medium supplementary with 

different Mg2+ concentrations for 24 h. The viability was measured by MTT test. Values 

were present as mean±SD. *p<0.05 with Student’s t test.
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FIGURE 2. 
SMC proliferation analysis. Mg2+ increased SMC proliferation rate up to 40 mM. SMCs 

were seeded and incubated to allow attachment for 24 h. Then medium was treated with 

fresh medium supplementary with different Mg2+ concentrations for 24 h. The proliferation 

rate was detected by BrdU assay. All values were present as mean±SD. *p<0.05, **p<0.01, 

Student’s t test.
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FIGURE 3. 
SMC LDH cytotoxicity analysis. Both low and high concentrations Mg2+ led to high LDH 

cytotoxicity. SMCs were seeded and attached for 24 h. Then cells were treated with medium 

supplementary with different Mg2+ concentrations for 24 h. LDH cytotoxicity was measured 

by a LDH assay kit. All values were present as mean±SD. **p<0.01, ***p<0.001, Student’s 

t test.
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FIGURE 4. 
SMC adhesion analysis. 10 mM Mg2+ increased SMC adhesion at 2 h. At 6 h, 10 mM and 

20 mM Mg2+ increased SMC adhesion significantly. SMCs were seeded with medium 

supplementary with different Mg2+ concentrations. At 2 h and 6 h, the medium was removed 

and washed by DPBS for three times and the adhered cells were counted. At least 10 

different fields were counted for each sample. All values were present as mean±SD. 

**p<0.01, ***p<0.001, Student’s t test.
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FIGURE 5. 
SMC spreading analysis. 20 mM Mg2+ increased cell area (a) and cell perimeter (b) during 

the cell spreading process. While 60 mM Mg2+ increased cell area and perimeter at first, and 

then were inhibited over time. SMCs were seeded with medium supplementary with 

different Mg2+ concentrations. At different time points, cells were stained with calcein AM. 

Images were taken and analyzed by Image J.
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FIGURE 6. 
SMC migration analysis. SMC migration rate was significantly enhanced by Mg2+, up to 30 

mM while inhibited significantly at 40–60 mM. SMCs were seeded and a monolayer was 

formed. Then a P200 pipette tip was used to create a scratch. After washing by DPBS, cells 

were treated with medium supplementary with different Mg2+ concentrations. At time 0 and 

6 h, the gaps of the scratch were measured and migration rate was calculated based on the 

distance SMC migrated. All values were present as mean±SD. *p<0.05, ***p<0.001, 

Student’s t test.
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FIGURE 7. 
SMC morphology and cytoskeletal analysis. 20 mM Mg2+ enhanced actin expression and 

changed the cell morphology into a more elongated shape, while 60 mM Mg2+ decreased 

actin expression and changed the cell morphology into a more round shape. (a) The 

representative figures of actin staining. (b) Cell area was significantly increased by 20 mM 
Mg2+. (c) Cell perimeter was significantly increased by 20 mM Mg2+ and decreased by 60 

mM Mg2+. (d) Aspect ratio was significantly increased by 20 mM Mg2+. (e) The circularity 

was decreased by 20 mM Mg2+ while increased by 60 mM Mg2+ significantly. (f) The actin 

expression was enhanced by 20 mM Mg2+ while inhibited by 60 mM Mg2+ significantly. 

*p<0.05, **p<0.01, ***p<0.001, Student’s t test. The scale bar was 200 μm.
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FIGURE 8. 
SMC gene expression profile analysis. (a) The scatter plot of gene expression for SMC 

treated with medium supplementary with 20 mM Mg2+. (b) The scatter plot of gene 

expression for SMC treated with medium supplementary with 60 mM Mg2+. (c) The number 

of genes affected for specific functions when SMCs were treated with medium 

supplementary with 20 mM Mg2+. (d) The number of genes affected for specific functions 

when SMCs were treated with medium supplementary with 60 mM Mg2+. (e) Genes were 

altered at least twofold when treated with different concentrations of Mg2+. SMCs were 

seeded and formed a monolayer. Then cells were treated with 20 mM or 60 mM Mg2+ for 24 

h. Total RNAs were isolated and cDNAs were synthesized. Then qPCR was used to analyze 

the gene expression profile. Ct value was <35. *p<0.05, Student’s t test.
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