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Abstract 45 

Objective—Vascular calcification (VC) is an important predictor of cardiovascular morbidity 46 

and mortality. Osteogenic differentiation of vascular smooth muscle cells (VSMCs) is a key 47 

mechanism of VC. Recent studies show that Interleukin-18 (IL-18) favors VC while transient 48 

receptor potential melastatin 7 (TRPM7) channel upregulation inhibits VC. However, the 49 

relationship between Il-18 and TRPM7 is unclear. We questioned whether IL-18 enhances 50 

VC and osteogenic differentiation of VSMCs through TRPM7 channel activation.  51 

Approach and Results—Coronary-artery calcification (CAC) and serum IL-18 were 52 

measured in patients by CT scanning and ELISA respectively. Primary rat VSMCs 53 

calcification were induced by high inorganic phosphate and exposed to IL-18. VSMCs were 54 

also treated with TRPM7 antagonist 2-aminoethoxy-diphenylborate (2-APB) or TRPM7 55 

siRNA to block TRPM7 channel activity and expression. TRPM7 currents were recorded by 56 

patch-clamp. Human studies showed that serum IL-18 levels were positively associated with 57 

coronary artery calcium scores (r=0.91 P<0.001). In VSMCs, IL-18 significantly decreased 58 

expression of contractile markers alpha smooth muscle actin (α-SMA), smooth muscle 22 59 

alpha (SM22α) and increased calcium deposition, alkaline phosphatase activity and 60 

expression of osteogenic differentiation markers bone morphogenetic protein-2 (BMP2), 61 

Runx2, and osteocalcin (P<0.05). IL-18 increased TRPM7 expression through ERK1/2 62 

signaling activation and TRPM7 currents were augmented by IL-18 treatment. Inhibition of 63 

TRPM7 channel by 2-APB or TRPM7 siRNA prevented osteogenic the IL-18 increase of 64 

differentiation and calcification of VSMCs.  65 

Conclusions—These findings suggest that CAC is associated with increased IL-18 levels. In 66 

addition, IL-18 enhances VSMCs osteogenic differentiation and subsequent VC induced by 67 

β-GP via TRPM7 channel activation. Therefore, IL18 may contribute to VC in pro-68 

inflammatory conditions. 69 
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Abbreviations 88 

VC, Vascular calcification 89 

CKD, chronic kidney disease 90 

VSMCs, Vascular smooth muscle cells 91 

IL-18, Interleukin-18 92 

TRPM7, transient receptor potential melastatin 7 93 

β-GP, β-glycerophosphate 94 

ALP, alkaline phosphatase 95 

siRNA, small interfering RNA 96 

α-SMA, alpha smooth muscle actin 97 

SM22α, smooth muscle 22 alpha 98 

BMP2, bone morphogenetic protein-2 99 

2-APB, 2-aminoethoxy-diphenylborate 100 
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Vascular calcification (VC) is a pathological process that occurs in many diseases such as 132 

hypertension, diabetes and chronic kidney disease (CKD) 1. It directly correlates with an 133 

elevated risk of cardiovascular morbidity and mortality 2, 3. Previously, VC was considered as 134 

an inevitable process due to passive precipitation of calcium and phosphate. VC is now 135 

believed to be a complex and actively regulated process sharing similarities with bone 136 

formation 1, 4. Numerous risk factors, including hyperphosphatemia, have been implicated in 137 

VC5. Our recent study demonstrated that β-glycerophosphate stimulation of vascular smooth 138 

muscle cells (VSMCs) induced osteogenic differentiation and calcification6. Although the 139 

primary mechanism of VC is VSMCs transformation to osteo-/chondrocytic-like cells 7, 8, 140 

underlying processes of VC remain elusive in pro-inflammatory conditions. 141 

Inflammation plays a vital role in chronic renal failure (CRF) and is associated with a high 142 

incidence of VC9. Interleukin-18 (IL-18) is a proinflammatory cytokine that belongs to the IL-1 143 

superfamily and is produced by macrophages and other cells including VSMCs 10, 11. IL-18 144 

binds to its IL-18 receptor, and together with IL-12, induces cell-mediated immune 145 

inflammatory response12. Usually, IL-18 is activated by the inflammasome. Previous studies 146 

demonstrated that in CRF, plasma IL-18 levels were elevated and considered as a strong 147 

predictor for poor outcomes of CRF patients13, 14. Interestingly, recent studies showed that 148 

elevated plasma levels of IL-18 were significantly associated with VC in CKD stage 3 and 4 149 

patients 15. Accordingly, IL-18 might be involved in the process of VC, and the underlying 150 

mechanisms need to be further studied. 151 

The transient receptor potential melastatin 7 (TRPM7) cation channel, a member of the 152 

TRP melastatin subfamily, is a Mg2+- and Ca2+- permeable ion channel covalently coupled to 153 

an alpha-type Ser/Thr protein kinase domain. TRPM7 has been found in VSMCs and plays 154 

an important role in the transdifferentiation of the VSMC phenotype16, 17. Montezano AC et al. 155 

demonstrated that TRPM7 is critically involved in VSMCs differentiation to an osteogenic 156 

phenotype, a process that is regulated by magnesium17. In another study, Zhang et al. 157 

showed that up-regulation of TRPM7 channel by angiotensin II (Ang II) contributed to the 158 

development of a proliferative phenotype of aortic VSMCs 18. Similarly, Lin J et al. showed 159 

that TRPM7 channel activation inhibited ox-LDL-induced proliferation and migration of 160 

VSMCs via MEK-ERK pathways19. Thus, all these recent findings indicate that TRPM7 is a 161 

potential and important molecular regulator of VC17, 20. However, whether TRPM7 takes part 162 

in osteogenic differentiation and calcification of VSMCs enhanced by IL-18 has not been 163 

explored.  164 

In the present study, we investigated whether IL-18 enhanced VC and osteogenic 165 

differentiation of VSMCs and explored the potential role of TRPM7 channel in this process. 166 

Materials and Methods 167 

Materials and Methods are detailed in the online-only Data Supplement. 168 

Results 169 

Serum levels of IL-18 are associated with VC in humans 170 

To evaluate the relationship between serum levels of IL-18 and VC, we assessed serum 171 

levels of IL-18 in different VC groups. 64 participants entered into this study. The baseline 172 

characteristics were shown in Table 1. Based on the coronary-artery calcium scores, five 173 

groups were defined. We found that 41 (64%) participants had coronary-artery calcification. 174 

Serum levels of IL-18 were progressively elevated with the increasing severity of VC (Figure 175 
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1A). Moreover, A Spearman correlation analysis showed that the serum IL-18 levels were 176 

significantly associated with the coronary-artery calcium scores (r= 0.91, P<0.001) (Figure 177 

1B).  178 

IL-18 enhances VC in cultured VSMCs 179 

To evaluate whether IL-18 directly promotes VC, VSMCs were incubated in Dulbecco's 180 

modified Eagle's medium without β-GP, and treated with or without IL-18 for 14 days 181 

respectively. The results showed no significant difference of Alizarin red S staining, calcium 182 

deposition and ALP activity, indicating no direct effect of IL-18 on VC (Figure 2A-2C). We 183 

then exposed rat VSMCs to increasing concentrations of IL-18 in calcifying medium 184 

containing β-GP for 14 days. The calcium deposition and ALP activity were assessed to 185 

reflect VC. As shown in Figure 2D, 2E, 5ng/ml IL-18 did not significantly influence calcium 186 

deposition and ALP activity of VSMCs (P>0.05). In contrast, calcium deposition and ALP 187 

activity of VSMCs were gradually enhanced by the supplementation with increasing 188 

concentrations (from 10 to 100ng/ml) of IL-18 (P<0.01). These results indicated that IL-18 189 

augmented VC in a dose-dependent manner. Furthermore, VSMCs were treated with 190 

100ng/ml IL-18 in the β-GP calcifying medium for different time of treatment. IL-18 191 

significantly enhanced calcium deposition and ALP activity at different stimulation time points 192 

compared with the group cultured without IL-18 (P<0.05, Figure 2F, 2G). These results 193 

suggest that IL-18 also enhanced VC in a time-dependent manner.  194 

IL-18-enhances osteogenic differentiation of VSMCs 195 

We further test whether IL-18 enhances osteogenic differentiation of VSMCs. BMP2 is a 196 

wildly used marker for osteogenic differentiation of VSMCs21. Firstly, we demonstrated that 197 

IL-18 alone did not influence the expression of BMP2 (Figure 2H). Then we exposed rat 198 

VSMCs to increasing concentrations of IL-18 in calcifying medium containing β-GP for 14 199 

days. As shown in Figure 2I-2J, compared with the group cultured without IL-18, the mRNA 200 

and protein levels of BMP2 were increased in VSMCs stimulated with increasing IL-18 201 

concentrations (from 10 to 100ng/ml) (P<0.01). However, no significant difference was found 202 

in VSMCs when treated with 5ng/ml IL-18 (P>0.05). Primary rat VSMCs were also treated 203 

with 100ng/ml IL-18 in the calcifying medium for different time periods and results showed 204 

that IL-18 significantly enhanced the mRNA and protein levels of BMP2 at different 205 

stimulation time points (from 4 to 14 days) as compared with the group cultured without IL-18 206 

(P<0.05, Figure 2K-2L). Our findings demonstrated that IL-18 enhanced osteogenic 207 

differentiation of VSMCs both in a dose-dependent and time-dependent manner. 208 

IL-18 upregulates expression of TRPM7 in calcifying VSMCs  209 

We then investigate whether IL-18 affects TRPM7 expression in calcifying VSMCs. 210 

Immunofluorescence analysis showed that TRPM7 expression was significantly increased in 211 

the calcifying medium and IL-18 further amplified this expression (Figure 3A). Similar findings 212 

of TRPM7 expression were found in both in mRNA and protein levels. (Figure 3B-3C, 213 

P<0.05).  214 

IL-18 activates TRPM7 currents in calcifying VSMCs  215 

To evaluate the effect of IL-18 on TRPM7 currents, we performed patch-clamp studies to 216 

examine TRPM7 currents. The results indicated that TRPM7 currents were significantly 217 

activated in VSMCs cultured in the calcifying medium as compared with the control cells 218 

(Figure 4A-4B, P<0.05). Moreover, IL-18 made enhancement onTRPM7 currents (Figure 4A-219 
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4B, P<0.05), which implied that IL-18 activated TRPM7 channels and increased TRPM7 220 

currents in calcifying VSMCs.  221 

Inhibition of TRPM7 ameliorates VC enhanced by IL-18  222 

To evaluate whether Inhibition of TRPM7 ameliorates VC enhanced by IL-18, we inhibited 223 

TRPM7 channel by using a TRPM7 antagonist, 2-aminoethoxy-diphenylborate (2-APB), and 224 

TRPM7 gene knock down by small interfering (si)RNA. Compared with scrambled siRNA, 225 

TRPM7 siRNA significantly reduced expression of TRPM7, indicating efficiency of the system 226 

(Figure 4C). Histologically, we demonstrated that TRPM7 silencing did not cause detectable 227 

spontaneous VSMCs calcification after 14 days culture in the absence of calcifying medium 228 

(see Supplemental Figure I). When exposed to calcifying medium, both TRPM7 siRNA and 229 

TRPM7 inhibitor 2-APB ameliorated calcification deposition and decreased ALP activity of 230 

VSMCs (Figure 4D-F, P<0.05). Moreover, IL-18 enhanced effect on calcium deposition and 231 

ALP activity in VSMCs were inhibited by TRPM7 siRNA and 2-APB (Figure 4D-F, P<0.05).  232 

Inhibition of TRPM7 attenuates IL-18-enhanced osteogenic differentiation of VSMCs  233 

We then determine whether inhibition of TRPM7 suppresses IL-18-stimulated osteogenic 234 

differentiation of VSMCs. Firstly, we demonstrated that TRPM7 silencing did effectively 235 

inhibited osteogenic differentiation of VSMCs after 14 days culture in the calcifying medium 236 

and IL-18 (see Supplemental FigureⅡ). Then the flow cytometry results showed that the 237 

expression of contractile markers of VSMCs, α-SMA and SM22α, was significantly 238 

decreased by β-GP (α-SMA, from 93.4% to 60.4%; SM22α, from 87.2% to 63.6%) and IL-18 239 

further decreased the expression (α-SMA, from 60.4% to 37.9%; SM22α, from 63.6% to 240 

27%, P<0.05 ) (Figure 5A-5C). However, when treated with 2-APB or TRPM7 siRNA, the 241 

percentage of α-SMA and SM22α was elevated (Figure 5A-5C). Moreover, expression of the 242 

osteogenic markers BMP2, Runx2 and osteocalcin were induced by β-GP and further 243 

enhanced by IL-18 (P<0.05, Figure 5D-5F). 2-APB and TRPM7 siRNA significantly prevented 244 

the IL-18 enhanced osteogenic differentiation processes (P<0.05, Figure 5D-5F). The same 245 

findings were also demonstrated by western blot analysis (Figure 5G-5L). Interestingly, we 246 

found from the western results that 2-APB and TRPM7 siRNA , especially TRPM7 siRNA, 247 

mainly inhibited osteogenic differentiation of VSMCs under the calcified condition treated with 248 

IL-18 (Figure 5G-5L). 249 

Inhibition of TRPM7 decreases IL-18-stimulated TRPM7 channel currents of VSMCs  250 

Both 2-APB and TRPM7 siRNA attenuated TRPM7 channel currents in VSMCs cultured with 251 

calcifying medium (P<0.05, Figure 6A-6B). Furthermore, in calcifying VSMCs treated with IL-252 

18, the TRPM7 channel currents were also decreased by 2-APB and TRPM7 siRNA (P<0.05, 253 

Figure 6C-6D). 254 

ERK signaling is involved in the process of IL-18 enhanced TPRM7 expression 255 

We have demonstrated that IL-18 enhanced TRPM7 expression (Figure 3). To explore the 256 

potential role of ERK signaling in IL-18 enhanced TRPM7, we evaluated the expression of p-257 

ERK and total ERK. The results showed that the ratio of p-ERK/total ERK was increased by 258 

β-GP, and further elevated by IL-18 (P<0.05, Figure 6 E). However, this effect was blocked 259 

by ERK1/2 inhibitor U0126 (Figure 6E). Moreover, we found that U0126 decreased IL-18 260 

enhanced TRPMP7 expression, while 2-APB and TRPM7 siRNA had no effect on the ratio of 261 

p-ERK/total ERK (Figure 6 F-G). These findings indicate that IL-18 enhanced TRPM7 262 

expression via ERK1/2 signaling activation. 263 
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Discussion 264 

The main findings of our study demonstrate that IL-18 is associated with VC in humans and 265 

that it enhanced VC and osteogenic differentiation of VSMCs through processes that involve 266 

TRPM7 channel activation. 267 

VC is a dynamic and actively regulated process influenced by various factors, including 268 

inflammatory mediators 22. Recent findings demonstrated that IL-18 is associated with VC in 269 

CKD patients 15, 23 where a decrease in glomerular filtration rate (GFR) is accompanied with a 270 

rise in IL-18 levels. Furthermore, CKD patients with higher concentrations of IL-18 had higher 271 

hospitalization rates, and higher cardiovascular morbidity and mortality 24-26. Valente AJ et al. 272 

found that in vitro IL-18 induced cardiac fibrosis migration and differentiation through 273 

cytoplasmic adapter protein TRAF3IP227. In another study, Harrison et al found that 274 

epithelial-derived IL-18 regulated Th17 cell differentiation28. Their conclusions support the 275 

notion that IL-18 plays a key role in cell differentiation. In this study, we evaluated osteogenic 276 

differentiation of VSMCs by detecting the main osteogenic marker BMP2. Although up-277 

regulation of BMP2 is demonstrated to promote calcification, the crucial mechanism of 278 

calcification is still unclear. Interestingly, our findings showed that IL-18 alone has no direct 279 

effect on VC and BMP2 expression. However, under calcifying condition, the pro-calcific 280 

effect of IL-18 and accelerating osteogenic differentiation of VSMCs were greatly activated. 281 

And such processes mainly involved in TRPM7 channel activation. It indicates that IL-18 282 

plays pro-calcific effect and accelerates osteogenic differentiation of VSMCs should under 283 

calcified condition. 284 

 Increased pulse wave velocity (PWV) is an independent risk of cardiovascular morbidity 285 

and mortality among patients with CKD 29 and is an effective indicator of arterial stiffness and 286 

VC 30. Porazko T et al. firstly reported that IL-18 was positively correlated with PWV 23. 287 

However, whether IL-18 directly enhances VC has not been explored before. In this study, 288 

we demonstrated for the first time that IL-18 directly enhanced VC and osteogenic 289 

differentiation of VSMCs. In the present study, we unravel some novel mechanisms through 290 

TRPM7 in IL-18-mediated VC. Previous studies suggested that IL-18 accelerated arterial 291 

injury in CKD through the induction of lymphocyte differentiation to Th-1 cells which express 292 

IL-18 receptor31. However, this hypothesis has not been confirmed as other findings 293 

demonstrated that the effect of IL-18 was mainly on atherosclerosis 32, 33. Recent studies 294 

have shown that the pathologic process of VC is different from atherosclerosis. The bone-295 

vascular axis is an important mechanism of VC 34. Lowering serum levels of LDL-c by statins, 296 

the most effective method for suppressing atherosclerosis among lipid lowering treatments, 297 

did not attenuate the progression of VC 35. More importantly, recent studies found that statins 298 

promoted VC independent of their plaque-regressive effects 36. In the present study we have 299 

further investigated putative mechanisms of VC, focusing on IL-18 and TRPM7. 300 

Accumulating evidence suggests that VC is a process similar to bone formation1, 4. 301 

TRPM7, a Mg2+- and Ca2+- permeable ion channel, has been found to be involved in the 302 

proliferation and migration of human osteoblasts 37. Interestingly, recent studies also 303 

demonstrated that TRPM7 is a regulator of VSMCs differentiation17, 20 and that it plays a role 304 

in Ang II induced hypertension38. Our data showed that the mRNA/protein levels and the 305 

currents of TRPM7 were significantly increased in calcifying VSMCs, which were further 306 

enhanced by IL-18. These effects were inhibited by TRPM7 inhibitor 2-APB and TRPM7 307 
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siRNA. Furthermore, we found that inhibition of TRPM7 attenuated osteogenic differentiation 308 

of VSMCs induced by β-GP and enhanced by IL-18. Our findings indicated that TRPM7 309 

channel activation was involved in the process of VC and osteogenic differentiation of 310 

VSMCs induced by β-GP and enhanced by IL-18.  311 

TRPM7 is a member of the TRP melastatin subfamily that mediates capacitative Ca2+ and 312 

Mg2+ entry into the cells. TRPM7 combines structural elements of both an ion channel and a 313 

protein kinase39. Through Ca2+ and Mg2+ signals, TRPM7 channels participate in many 314 

physiological and pathological processes such as hypertension, atrial fibrillation, cancer, and 315 

ischemic stroke40, 41. A series of factors have been found to regulate TRPM7 channels 316 

including Mg2＋ or Mg-ATP, extracellular pH, angiotensin II, and bradykinin16, 40, 42. Among 317 

these factors, Mg2+ is the most important regulator. August et al. identified that the 318 

transporter activity of TRPM7 was decreased by calcifying medium containing a high-normal 319 

(3.0mmol/L) level of magnesium17. In that study, TRPM7 was considered to play a protective 320 

role in VC which is in contrast to our study. Loïc Louvet et al. also showed in their study that 321 

inhibition of TRPM7 led to the inefficiency of Mg2+ (1.5 and 2 mmol/L) to prevent VC20. 322 

However, the concentration of magnesium exogenously added in those and other studies 323 

was higher than the values observed in patients taking Mg-based phosphate binders43, 44. . It 324 

is known that physiological concentration of Mg2+ is 0.8 to 1.0mM and in apparently healthy 325 

Western people, the concentration of Mg2+ even ranges between 0.6 and 0.7 mM45. Under 326 

many pathological conditions such as hypertension, heart failure, and atherosclerosis, 327 

patients are prone to magnesium deficiency46. And in these important pathologies, TRPM7 328 

channels are often activated19. It is shown that magnesium deficiency is associated with IL-329 

18 enhancement in insulin resistance47. So, we presume that in the process of IL-18 330 

enhanced VC, extracellular Mg2+ may decrease, and TRPM7 expression compensatory 331 

increase. However, we did not measure the concentration of extracellular Mg2+ and this 332 

hypothesis needs further demonstration43, 44. Moreover, we found that TRPM7 siRNA is more 333 

effectively inhibited osteogenic differentiation of VSMCs than 2-APB especially under the 334 

calcified condition treated with IL-18. This implies that inhibiting TRPM7 expression maybe 335 

more important than inhibiting its activity. Or it indicates that 2-APB, the non-specific inhibitor 336 

of TRPM7, not effectively for inhibiting osteogenic differentiation. Other specific TRPM7 337 

inhibitors are needed to verify our findings. 338 

ERK1/2 signaling is involved in regulating VSMC function including proliferation, cell 339 

survival, inflammation and apoptosis in response to diverse stimuli48. Zhang et al. 340 

demonstrated that Ang II induced increased expression of TRPM7 in VSMCs and that this 341 

effect was required for ERK1/2 signaling18. In another study, Lin et al. demonstrated that 342 

TRPM7 channel regulates ox-LDL-induced proliferation and migration of VSMCs via MEK-343 

ERK pathways. However, whether ERK1/2 signaling is involved in the process of IL-18 344 

enhanced TRPM7 activation in VC has not been explored. It has been shown that IL-18 345 

plays a role in ERK1/2 pathway49. In our study, we found that IL-18 activated ERK1/2 346 

signaling during the process of VC and osteogenic differentiation accompanied with TRPM7 347 

activation. Using the ERK1/2 signaling inhibitor U0126 significantly decreased IL-18 348 

enhanced TRPM7 expression. Hence, our findings showed that IL-18 influenced TRPM7 349 

channel activation and subsequently accelerated VC by activating ERK1/2 signaling. 350 

However, further clarification is needed. 351 
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In summary, we demonstrate that IL-18 enhances VC and osteogenic differentiation of 352 

VSMCs induced by β-GP through TRPM7 activation. IL-18 alone had no direct effect on VC 353 

and osteogenic differentiation of VMSCs. We also found that IL-18 enhanced TRPM7 354 

expression via ERK1/2 signaling activation.  355 

Acknowledgements 356 

None. 357 

Sources of Funding  358 

This work was supported by National Natural Science Foundation of China [81670676, 359 

81422011，81370837 and 81500563] ,Guangzhou science and technology project 360 

[201607010075], Fundamental Research Funds for the Central Universities[2015ykzd09] and 361 

the Natural Science Foundation of Guangdong Province [2014A030313035] to Hui Huang; 362 

Grant [2013]163 from Key Laboratory of Malignant Tumor Molecular Mechanism and 363 

Translational Medicine of Guangzhou Bureau of Science and Information Technology; Grant 364 

KLB09001 from the Key Laboratory of Malignant Tumor Gene Regulation and Target 365 

Therapy of Guangdong Higher Education Institutes；National Natural Science Foundation of 366 

China [81600351] to Kun Zhang and the Guangdong Medical Research Foundation 367 

[B2014129] to Yinyin Zhang. RMT is supported through a British Heart Foundation Chair 368 

(CH/4/29762). 369 

Disclosures 370 

None. 371 

References 372 

1. Demer LL, Tintut Y. Vascular calcification: Pathobiology of a multifaceted disease. 373 

Circulation. 2008;117:2938-2948 374 

2. Rennenberg RJ, Kessels AG, Schurgers LJ, van Engelshoven JM, de Leeuw PW, 375 

Kroon AA. Vascular calcifications as a marker of increased cardiovascular risk: A 376 

meta-analysis. Vasc Health Risk Manag. 2009;5:185-197 377 

3. Proudfoot D, Shanahan CM, Weissberg PL. Vascular calcification: New insights into 378 

an old problem. J Pathol. 1998;185:1-3 379 

4. Johnson RC, Leopold JA, Loscalzo J. Vascular calcification: Pathobiological 380 

mechanisms and clinical implications. Circ Res. 2006;99:1044-1059 381 

5. Joshi PH, Nasir K. Discordance between risk factors and coronary artery calcium: 382 

Implications for guiding treatment strategies in primary prevention settings. Progress 383 

in cardiovascular diseases. 2015;58:10-18 384 

6. Feng W, Zhang K, Liu Y, Chen J, Cai Q, Zhang Y, Wang M, Wang J, Huang H. 385 

Apocynin attenuates angiotensin ii-induced vascular smooth muscle cells osteogenic 386 

switching via suppressing extracellular signal-regulated kinase 1/2. Oncotarget. 387 

2016;7:83588-83600 388 

7. Speer MY, Yang HY, Brabb T, Leaf E, Look A, Lin WL, Frutkin A, Dichek D, 389 

Giachelli CM. Smooth muscle cells give rise to osteochondrogenic precursors and 390 

chondrocytes in calcifying arteries. Circ Res. 2009;104:733-U765 391 

8. Panizo S, Cardus A, Encinas M, Parisi E, Valcheva P, Lopez-Ongil S, Coll B, 392 

Fernandez E, Valdivielso JM. Rankl increases vascular smooth muscle cell 393 

calcification through a rank-bmp4-dependent pathway. Circ Res. 2009;104:1041-1048 394 



10 

9. Turner CM, Arulkumaran N, Singer M, Unwin RJ, Tam FW. Is the inflammasome a 395 

potential therapeutic target in renal disease? BMC Nephrol. 2014;15:21 396 

10. Gerdes N, Sukhova GK, Libby P, Reynolds RS, Young JL, Schonbeck U. Expression 397 

of interleukin (il)-18 and functional il-18 receptor on human vascular endothelial cells, 398 

smooth muscle cells, and macrophages: Implications for atherogenesis. J Exp Med. 399 

2002;195:245-257 400 

11. Gracie JA, Robertson SE, McInnes IB. Interleukin-18. J Leukoc Biol. 2003;73:213-401 

224 402 

12. O'Brien LC, Mezzaroma E, Van Tassell BW, Marchetti C, Carbone S, Abbate A, 403 

Toldo S. Interleukin-18 as a therapeutic target in acute myocardial infarction and heart 404 

failure. Mol Med. 2014;20:221-229 405 

13. Chiang CK, Hsu SP, Pai MF, Peng YS, Ho TI, Liu SH, Hung KY, Tsai TJ, Hsieh BS. 406 

Plasma interleukin-18 levels in chronic renal failure and continuous ambulatory 407 

peritoneal dialysis. Blood Purif. 2005;23:144-148 408 

14. Gangemi S, Mallamace A, Minciullo PL, Santoro D, Merendino RA, Savica V, 409 

Bellinghieri G. Involvement of interleukin-18 in patients on maintenance 410 

haemodialysis. Am J Nephrol. 2002;22:417-421 411 

15. Kiu Weber CI, Duchateau-Nguyen G, Solier C, Schell-Steven A, Hermosilla R, 412 

Nogoceke E, Block G. Cardiovascular risk markers associated with arterial 413 

calcification in patients with chronic kidney disease stages 3 and 4. Clin Kidney 414 

J.7:167-173 415 

16. He Y, Yao G, Savoia C, Touyz RM. Transient receptor potential melastatin 7 ion 416 

channels regulate magnesium homeostasis in vascular smooth muscle cells: Role of 417 

angiotensin ii. Circ Res. 2005;96:207-215 418 

17. Montezano AC, Zimmerman D, Yusuf H, Burger D, Chignalia AZ, Wadhera V, van 419 

Leeuwen FN, Touyz RM. Vascular smooth muscle cell differentiation to an 420 

osteogenic phenotype involves trpm7 modulation by magnesium. Hypertension. 421 

2010;56:453-U243 422 

18. Zhang Z, Wang M, Fan XH, Chen JH, Guan YY, Tang YB. Upregulation of trpm7 423 

channels by angiotensin ii triggers phenotypic switching of vascular smooth muscle 424 

cells of ascending aorta. Circ Res. 2012;111:1137-1146 425 

19. Lin J, Zhou S, Zhao T, Ju T, Zhang L. Trpm7 channel regulates ox-ldl-induced 426 

proliferation and migration of vascular smooth muscle cells via mek-erk pathways. 427 

FEBS letters. 2016;590:520-532 428 

20. Louvet L, Buchel J, Steppan S, Passlick-Deetjen J, Massy ZA. Magnesium prevents 429 

phosphate-induced calcification in human aortic vascular smooth muscle cells. 430 

Nephrol Dial Transplant. 2013;28:869-878 431 

21. Kim JH, Choi YK, Do JY, Choi YK, Ha CM, Lee SJ, Jeon JH, Lee WK, Choi HS, 432 

Park KG, Lee IK. Estrogen-related receptor gamma plays a key role in vascular 433 

calcification through the upregulation of bmp2 expression. Arterioscler Thromb Vasc 434 

Biol. 2015;35:2384-2390 435 

22. Cozzolino M, Brancaccio D, Gallieni M, Slatopolsky E. Pathogenesis of vascular 436 

calcification in chronic kidney disease. Kidney Int. 2005;68:429-436 437 



11 

23. Porazko T, Kuzniar J, Kusztal M, Kuzniar TJ, Weyde W, Kuriata-Kordek M, Klinger 438 

M. Il-18 is involved in vascular injury in end-stage renal disease patients. Nephrol 439 

Dial Transplant. 2009;24:589-596 440 

24. Yogi A, Callera GE, Tostes R, Touyz RM. Bradykinin regulates calpain and 441 

proinflammatory signaling through trpm7-sensitive pathways in vascular smooth 442 

muscle cells. Am J Physiol Regul Integr Comp Physiol. 2009;296:R201-R207 443 

25. Chiang CK, Hsu SP, Pai MF, Peng YS, Ho TI, Liu SH, Hung KY, Tsai TJ. 444 

Interleukin-18 is a strong predictor of hospitalization in haemodialysis patients. 445 

Nephrol Dial Transplant. 2004;19:2810-2815 446 

26. Yano A, Nakao K, Sarai A, Akagi S, Kihara T, Morimoto H, Nakamura A, Hiramatsu 447 

M, Nagake Y, Makino H. Elevated serum interleukin-18 levels might reflect the high 448 

risk of hospitalization in patients on peritoneal dialysis. Nephrology (Carlton). 449 

2005;10:576-582 450 

27. Valente AJ, Sakamuri SS, Siddesha JM, Yoshida T, Gardner JD, Prabhu R, Siebenlist 451 

U, Chandrasekar B. Traf3ip2 mediates interleukin-18-induced cardiac fibroblast 452 

migration and differentiation. Cell Signal. 2013;25:2176-2184 453 

28. Harrison OJ, Srinivasan N, Pott J, Schiering C, Krausgruber T, Ilott NE, Maloy KJ. 454 

Epithelial-derived il-18 regulates th17 cell differentiation and foxp3(+) treg cell 455 

function in the intestine. Mucosal Immunol. 2015;8:1226-1236 456 

29. Blacher J, Safar ME, Guerin AP, Pannier B, Marchais SJ, London GM. Aortic pulse 457 

wave velocity index and mortality in end-stage renal disease. Kidney Int. 458 

2003;63:1852-1860 459 

30. Cecelja M, Hussain T, Greil G, Botnar R, Preston R, Moayyeri A, Spector TD, 460 

Chowienczyk P. Multimodality imaging of subclinical aortic atherosclerosis: Relation 461 

of aortic stiffness to calcification and plaque in female twins. Hypertension. 462 

2013;61:609-614 463 

31. Xu D, Chan WL, Leung BP, Hunter D, Schulz K, Carter RW, McInnes IB, Robinson 464 

JH, Liew FY. Selective expression and functions of interleukin 18 receptor on t helper 465 

(th) type 1 but not th2 cells. J Exp Med. 1998;188:1485-1492 466 

32. Elhage R, Jawien J, Rudling M, Ljunggren HG, Takeda K, Akira S, Bayard F, 467 

Hansson GK. Reduced atherosclerosis in interleukin-18 deficient apolipoprotein e-468 

knockout mice. Cardiovasc Res. 2003;59:234-240 469 

33. Whitman SC, Ravisankar P, Daugherty A. Interleukin-18 enhances atherosclerosis in 470 

apolipoprotein e(-/-) mice through release of interferon-gamma. Circ Res. 471 

2002;90:E34-38 472 

34. Thompson B, Towler DA. Arterial calcification and bone physiology: Role of the 473 

bone-vascular axis. Nat Rev Endocrinol. 2012;8:529-543 474 

35. Henein MY, Owen A. Statins moderate coronary stenoses but not coronary 475 

calcification: Results from meta-analyses. Int J Cardiol. 2011;153:31-35 476 

36. Puri R, Nicholls SJ, Shao M, Kataoka Y, Uno K, Kapadia SR, Tuzcu EM, Nissen SE. 477 

Impact of statins on serial coronary calcification during atheroma progression and 478 

regression. J Am Coll Cardiol. 2015;65:1273-1282 479 



12 

37. Abed E, Moreau R. Importance of melastatin-like transient receptor potential 7 and 480 

magnesium in the stimulation of osteoblast proliferation and migration by platelet-481 

derived growth factor. Am J Physiol Cell Physiol. 2009;297:C360-368 482 

38. Antunes TT, Callera GE, He Y, Yogi A, Ryazanov AG, Ryazanova LV, Zhai A, 483 

Stewart DJ, Shrier A, Touyz RM. Transient receptor potential melastatin 7 cation 484 

channel kinase: New player in angiotensin ii-induced hypertension. Hypertension. 485 

2016;67:763-773 486 

39. Fleig A, Penner R. The trpm ion channel subfamily: Molecular, biophysical and 487 

functional features. Trends Pharmacol Sci. 2004;25:633-639 488 

40. Park HS, Hong C, Kim BJ, So I. The pathophysiologic roles of trpm7 channel. Korean 489 

J Physiol Pharmacol. 2014;18:15-23 490 

41. Du J, Xie J, Zhang Z, Tsujikawa H, Fusco D, Silverman D, Liang B, Yue L. Trpm7-491 

mediated ca2+ signals confer fibrogenesis in human atrial fibrillation. Circ Res. 492 

2010;106:992-1003 493 

42. Callera GE, He Y, Yogi A, Montezano AC, Paravicini T, Yao G, Touyz RM. 494 

Regulation of the novel mg2+ transporter transient receptor potential melastatin 7 495 

(trpm7) cation channel by bradykinin in vascular smooth muscle cells. J Hypertens. 496 

2009;27:155-166 497 

43. de Francisco AL, Leidig M, Covic AC, Ketteler M, Benedyk-Lorens E, Mircescu GM, 498 

Scholz C, Ponce P, Passlick-Deetjen J. Evaluation of calcium acetate/magnesium 499 

carbonate as a phosphate binder compared with sevelamer hydrochloride in 500 

haemodialysis patients: A controlled randomized study (calmag study) assessing 501 

efficacy and tolerability. Nephrol Dial Transplant. 2010;25:3707-3717 502 

44. Turgut F, Kanbay M, Metin MR, Uz E, Akcay A, Covic A. Magnesium 503 

supplementation helps to improve carotid intima media thickness in patients on 504 

hemodialysis. Int Urol Nephrol. 2008;40:1075-1082 505 

45. Verive MJ, Irazuzta J, Steinhart CM, Orlowski JP, Jaimovich DG. Evaluating the 506 

frequency rate of hypomagnesemia in critically ill pediatric patients by using multiple 507 

regression analysis and a computer-based neural network. Critical care medicine. 508 

2000;28:3534-3539 509 

46. Laires MJ, Monteiro CP, Bicho M. Role of cellular magnesium in health and human 510 

disease. Front Biosci. 2004;9:262-276 511 

47. Gunther T. The biochemical function of mg(2)+ in insulin secretion, insulin signal 512 

transduction and insulin resistance. Magnesium research. 2010;23:5-18 513 

48. Pearson G, Robinson F, Beers Gibson T, Xu BE, Karandikar M, Berman K, Cobb 514 

MH. Mitogen-activated protein (map) kinase pathways: Regulation and physiological 515 

functions. Endocr Rev. 2001;22:153-183 516 

49. Kim HJ, Song SB, Choi JM, Kim KM, Cho BK, Cho DH, Park HJ. Il-18 517 

downregulates collagen production in human dermal fibroblasts via the erk pathway. J 518 

Invest Dermatol. 2010;130:706-715 519 

Highlights 520 

 Human serum IL-18 levels were positively associated with coronary artery calcium 521 

scores. 522 

 IL-18 enhanced the β-GP-induced osteogenic differentiation of VSMCs and subsequent 523 
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VC. And during this process, TRPM7 expression was significantly increased. 524 

 Treatment with TRPM7 inhibitor 2-APB and TRPM7 siRNA inhibited IL-18-enhanced VC 525 

and osteogenic differentiation of VSMCs which were induced by β-GP. 526 

  527 



14 

Figure legends 528 

Figure 1. Serum levels of IL-18 are associated with vascular calcification (VC) in humans. 529 

(A) The serum levels of IL-18 in different VC groups. According to the coronary-artery 530 

calcium scores, the degree of VC was divided: 0 (no calcification), 1 to less than 10 (minimal 531 

calcification), 10 to 100 (mild calcification), 101 to 300 (moderate calcification), and more 532 

than 300 (extensive calcification). We found that the serum levels of IL-18 were gradually 533 

increased accompanied with severity of VC. *P<0.05 vs. no calcification group; #P<0.05 vs. 534 

minimal calcification group; & P<0.05 vs. mild calcification group; @ P<0.05 vs. moderate 535 

calcification group. (B) A Spearman correlation analysis showed that the serum levels of IL-536 

18 were significantly associated with the coronary-artery calcium scores (r= 0.91, P<0.001). 537 

 538 

Figure 2. IL-18 enhanced vascular calcification and increases BMP2 mRNA and protein 539 

levels of VSMCs in a dose- and a time-dependent manner. (A, B, C) Quantification of 540 

Alizarin red S staining (×40 magnification), calcium deposition and ALP activity in control 541 

group and IL-18 group (n=5). (D, E) Quantification of calcium deposition and ALP activity in 542 

VSMCs, respectively. VSMCs were treated with different concentration of IL-18 in the 543 

calcifying medium with β-GP for 14 days (n=6). (F, G) Quantification of calcium deposition 544 

and ALP activity in VSMCs, respectively. VSMCs were treated with 100ng/ml IL-18 in the 545 

calcifying medium with β-GP for different time of treatment (n=6). (H) BMP2 protein 546 

expression was measured by western blot in control group and IL-18 group (n=5).  (I, J) 547 

Semi-quantification of relative mRNA and protein levels of BMP2. VSMCs were treated with 548 

different concentration of IL-18 in the calcifying medium with β-GP for 14 days (n=5). (K, L) 549 

Semi-quantification of relative mRNA and protein levels of BMP2. VSMCs were treated with 550 

100ng/ml IL-18 in the calcifying medium with β-GP for different time of treatment (n=5). 551 

Values are means ± SEM, *P<0.05 vs. the group treated in the calcifying medium without IL-552 

18. 553 

 554 

Figure 3. IL-18 upregulated expression of TRPM7 in calcifying VSMCs. (A) IL-18 555 

significantly increased expression of TRPM7 in VSMCs. VSMCs were cultured in the control 556 

medium, calcifying medium and IL-18+ calcifying medium for 14 days, then TRPM7 557 

expression was examined by immunofluorescence method. TRPM7 immunoreactivity (red) 558 

was shown in VSMCs. The cells were simultaneously stained to outline the stress fiber of α-559 

actin (green). Blue indicates nuclei by DAPI staining. The images were taken at 400× 560 

magnification (n=5). (B) Semi-quantification of relative mRNA level of TRPM7. VSMCs were 561 

cultured with different mediums for 14 days (n=6). (C) Semi-quantification of relative protein 562 

level of TRPM7 (n=6). VSMCs were treated with different mediums for 14 days. Values are 563 

means ± SEM, *P<0.05 vs. control group. 564 

 565 

Figure 4. IL-18 activated TRPM7 currents in VSMCs and Inhibition of TRPM7 ameliorated 566 

vascular calcification enhanced by IL-18. (A) Electrophysiological recording of TRPM7 567 

currents in VSMCs. VSMCs were incubated in the control medium, β-GP calcifying medium 568 

and β-GP calcifying medium with IL-18 (100ng/ml) for 14 days respectively (n=6). (B) 569 

Comparison of average density of TRPM7 currents at +100 mV in VSMCs treated with 570 

different mediums. β-GP significantly increased the currents of TRPM7 and IL-18 further 571 
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promoted this effect (n=6). (C) Knockdown TRPM7 by small interfering (si)RNA. Comparing 572 

with the scramble siRNA, TRPM7 siRNA significantly reduced expression of TRPM7 (n=3). 573 

(D) Calcium deposition of VSMCs was shown by Alizarin red S staining. VSMCs were treated 574 

with different mediums for 14 days (n=4). (E) Quantification of calcium deposition in VSMCs. 575 

VSMCs were treated with different mediums for 14 days (n=4). (F) Quantification of ALP 576 

activity in VSMCs (n=4). VSMCs were treated with different mediums for 14 days. Values are 577 

means ± SEM, *P<0.05 vs. control group; # P<0.05 vs. β-GP group; & P<0.05 vs. IL-18+β-578 

GP group. 579 

 580 

Figure 5. Inhibition of TRPM7 attenuated IL-18 enhanced osteogenic differentiation of 581 

VSMCs. (A) Analysis of Flow cytometry for α-SMA, SM22α, BMP2, Runx2 and osteocalcin 582 

(OCN) expressions, respectively. VSMCs were identified by contractile or osteogenic 583 

markers staining (red) versus isotype control (green). X and Y-axis indicates relative 584 

fluoresent intensity and percentage of max, respectively (n=5). (B-F) The comparison among 585 

groups for the expression of α-SMA, SM22α, BMP2, Runx2 and osteocalcin (OCN). (G) 586 

Western blot analysis of protein levels of α-SMA, SM22α, BMP2, Runx2, OCN and (H-L) 587 

semiquantitative analysis (n=5). % units indicates the percentage of positive VSMCs. Values 588 

are means ± SEM, *P<0.05 vs. control group; # P<0.05 vs. β-GP group; & P<0.05 vs. IL-589 

18+β-GP group. 590 

 591 

Figure 6. Inhibition of TRPM7 decreased TRPM7 channel currents of VSMCs enhanced by 592 

IL-18. (A) Electrophysiological recording of TRPM7 currents and (B) the comparison of 593 

average density of TRPM7 currents at +100 mV in VSMCs cultured in calcifying medium for 594 

14 days (n=6). Values are means ± SEM, *P<0.05 vs. β-GP group. (C) Electrophysiological 595 

recording of TRPM7 currents and (D) the comparison of average density of TRPM7 currents 596 

at +100 mV in VSMCs cultured in calcifying medium plus IL-18 (100ng/ml) with or without 2-597 

APB or TRMP7 siRNA for 14 days (n=6). Values are means± SEM, *P<0.05 vs. β-GP+ IL-18 598 

group. (E) p-ERK and total ERK protein expression were measured by western blot (n=5). 599 

Values are means ± SEM, *P<0.05 vs. control group; # P<0.05 vs. β-GP group; &P<0.05 vs. 600 

IL-18+β-GP group. (F) TRPM7 protein expression were measured by western blot (n=5). 601 

Values are means± SEM, &P<0.05 vs. IL-18+β-GP group. (G) p-ERK and total ERK protein 602 

expression in VSMCs cultured in calcifying medium with 2-APB or TRPM7 siRNA. 603 

604 
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Table 1 Demographic characteristic of enrolled patients 605 

Variable Patients (n=64) 

Age 62.2±11.3 

Male/female 35/29 

SBP (mmHg) 148.3±8.4 

DBP(mmHg) 85.5±2.6 

BMI (kg/m2) 24.8±3.4 

Creatinine (umol/L) 125.7±25.2 

UA (μmol/L) 395.7±84.1 

HDL-C(mmol/L) 1.1±0.3 

LDL-C (mmol/L) 3.3±0.9 

TG (mmol/L) 1.7±0.2 

TC (mmol/L) 5.0±1.6 

FPG (mmol/L) 4.8±2.3 

All values are expressed as mean±S.D. BMI, body mass index; DBP, diastolic blood 606 

pressure; FPG, fasting plasma glucose; HDL-C, high-density lipoprotein cholesterol; LDL-C, 607 

low-density lipoprotein cholesterol; SBP, systolic blood pressure; TC, total cholesterol; TG, 608 

triglycerides; UA, uric acid. 609 


