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ABSTRACT 34 

 35 

Hyperphosphatemia is the primary risk factor for vascular calcification, which is 36 

closely associated with cardiovascular morbidity and mortality. Recent evidence 37 

showed that oxidative stress by high inorganic phosphate (Pi) mediates calcific 38 

changes in vascular smooth muscle cells (VSMCs). However, intracellular signalings 39 

responsible for Pi-induced oxidative stress remain unclear. Here, we investigated 40 

molecular mechanisms of Pi-induced oxidative stress related with intracellular Ca2+ 41 

([Ca2+]i) disturbance, which is critical for calcification of VSMCs. VSMCs isolated 42 

from rat thoracic aorta or A7r5 cells were incubated with high Pi-containing medium. 43 

Extracellular signal-regulated kinase (ERK) and mammalian target of rapamycin 44 

were activated by high Pi that was required for vascular calcification. High Pi 45 

upregulated expressions of type III sodium-phosphate cotransporters, PiT-1 and -2, 46 

and stimulated their trafficking to the plasma membrane. Interestingly, high Pi 47 

increased [Ca2+]i exclusively dependent on extracellular Na+ and Ca2+ as well as PiT-48 

1/2 abundance. Furthermore, high Pi induced plasma membrane depolarization 49 

mediated by PiT-1/2. Pretreatment with verapamil, as a voltage-gated Ca2+ channel 50 

(VGCC) blocker, inhibited Pi-induced [Ca2+]i elevation, oxidative stress, ERK 51 

activation and osteogenic differentiation. These protective effects were reiterated by 52 

extracellular Ca2+ free condition, intracellular Ca2+ chelation or suppression of 53 

oxidative stress. Mitochondrial superoxide scavenger also effectively abrogated ERK 54 

activation and osteogenic differentiation of VSMCs by high Pi. Taken together, we 55 

suggest that high Pi activates depolarization-triggered Ca2+ influx via VGCC, and 56 

subsequent [Ca2+]i increase elicits oxidative stress and osteogenic differentiation. 57 
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PiT-1/2 mediates Pi-induced [Ca2+]i overload and oxidative stress, but in turn, PiT-1/2 58 

is upregulated by consequences of these alterations.  59 

 60 

Keywords: Hyperphosphatemia; Oxidative stress; Calcium overload; Voltage-gated 61 

calcium channel; Type III sodium-phosphate cotransporters; Vascular calcification  62 

  63 



4 

 

NEW & NOTEWORTHY  64 

The novel findings of this study are PiT-1/2-dependent depolarization by high Pi, 65 

leading to Ca2+ entry via voltage-gated Ca2+ channel in vascular smooth muscle cells. 66 

Cytosolic Ca2+ increase and subsequent oxidative stress are indispensable for 67 

osteogenic differentiation and calcification. In addition, plasmalemmal abundance of 68 

PiT-1/2 relies on Ca2+ overload and oxidative stress, establishing a positive feedback 69 

loop. Identification of mechanistic components of vicious cycle could provide novel 70 

therapeutic strategies against vascular calcification in hyperphosphatemic patients. 71 

 72 

 73 

Abbreviations 74 

CKD, chronic kidney diseases; Pi, inorganic phosphate; [Ca2+]i- intracellular Ca2+ 75 

concentration, VSMCs, vascular smooth muscle cells; Runx2, runt-related 76 

transcription factor 2; OPN, osteopontin; ER- Endoplasmic reticulum; ROS, reactive 77 

oxygen species; ΔΨp, plasma membrane potential; ΔΨm, mitochondrial membrane 78 

potential; ERK, extracellular signal-regulated kinase; mTOR, mammalian Target of 79 

Rapamycin; NF-ҡR, nuclear factor kappa-light-chain-enhancer of activated B cells; 80 

VGCCs, voltage-gated Ca2+ channels; NAC, N-acetyl-L-cysteine; EGTA-AM, 81 

ethylene glycol-bis (β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid-acetoxymethyl 82 

ester; mtTP, mitoTEMPO; PI3K, phosphatidylinositol-3-kinase  83 
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INTRODUCTION 84 

 85 

Hyperphosphatemia is closely associated with a variety of complications, including 86 

vascular calcification (14, 21), cardiovascular event (38, 40), metabolic diseases and 87 

aging (23, 27). In chronic kidney disease (CKD), defective inorganic phosphate (Pi) 88 

excretion leads to vascular calcification, a serious complication that contributes to 89 

high rates of morbidity and mortality (19, 41, 44). Remarkably, prospective cohort 90 

studies reveal that, even in individuals without CKD, high serum Pi concentration 91 

within the normal range significantly correlates with the prevalence of cardiovascular 92 

disease and diabetes mellitus (16, 18).  93 

Medial arterial calcification, frequently found in CKD patients with elevated serum Pi, 94 

is primarily caused by trans-differentiation of vascular smooth muscle cells (VSMCs) 95 

into osteoblast-like cells (10). This reprogramming is followed by apoptosis-96 

dependent matrix mineralization (24, 35), decreased availability of calcification 97 

inhibitors and remodelling of the extracellular vascular matrix (24, 34). Notably, 98 

several early studies have focused on the role of sodium-phosphate cotransporters 99 

(NaPi) in the pathogenesis of high Pi-induced vascular calcification (25, 43). NaPi 100 

transporters are divided into three families, type I, II and III, based on structure, 101 

tissue expression and biochemical characteristics (39). Type III NaPi (PiT-1 and -2) 102 

transporter is proposed as the predominant route for cellular Pi uptake in vascular 103 

smooth muscle and essential for Pi-elicited osteogenic/chondrogenic phenotype 104 

change as well as matrix mineralization (7). Knockdown of PiT-1 and -2 significantly 105 

diminished expression of the osteogenic differentiation markers, Runt-related 106 

transcription factor 2 (Runx2) and osteopontin (OPN), and reduced vascular 107 

calcification by high Pi both in vitro and in vivo (7). However, functional 108 
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consequences of plasmalemmal Pi transport, including cellular signaling cascades, 109 

has not been clearly elucidated.  110 

Available evidence suggests that elevated Ca2+ is linked to plaque thickness in CKD 111 

patients and vascular calcification (32, 46). However, studies have concentrated on 112 

the serum Ca2+ level, independent of Pi action. Impacts of high Pi on intracellular 113 

Ca2+ concentration ([Ca2+]i) and whether impaired [Ca2+]i homeostasis can initiate 114 

detrimental signaling to develop calcification are not well investigated. Particularly, 115 

the pathological connection between Ca2+ overload and oxidative stress, which may 116 

play an important role in the pathogenesis of vascular calcification, would be 117 

interesting but have not clarified yet.  118 

Previous studies in insulin-secreting cells have demonstrated that high Pi exposure 119 

upregulates PiT-1 and PiT-2 expression and causes cytosolic alkalinization. This 120 

increase in intracellular pH facilitates Pi transport into the mitochondrial matrix and 121 

subsequently accelerates superoxide production, mitochondrial permeability 122 

transition, endoplasmic reticulum (ER) stress and defective insulin secretion (27, 28). 123 

The critical role of mitochondrial reactive oxygen species (ROS) in high Pi-induced 124 

vascular calcification was proposed in the study by Zhao et al., suggesting that ROS-125 

mediated mitochondria-to-nucleus signaling occurs via the nuclear factor-ҡB (NF-ҡB) 126 

pathway (1). Notably, Pi-induced mitochondrial ROS generation is related to 127 

mitochondrial Pi uptake and alterations in mitochondrial membrane potential (ΔΨm) 128 

(28).  129 

 In this study, we demonstrated that high extracellular Pi increased protein 130 

expressions and surface traffickings of PiT-1 and PiT-2 in vascular smooth muscle 131 

cells. Intriguingly, high Pi elevated [Ca2+]i via voltage-gated Ca2+ entry triggered by 132 
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depolarization of plasma membrane potential (ΔΨp). This [Ca2+]i increase by high Pi 133 

was responsible for oxidative stress and calcification in vascular smooth muscle.134 
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MATERIALS AND METHODS 135 

 136 

Chemicals  137 

 Krebs-Ringer bicarbonate buffer solution contains: 5.5 mM glucose; 0.5 mM MgSO4; 138 

3.6 mM KCl; 0.5 mM NaH2PO4; 2 mM NaHCO3; 140 mM NaCl; 10 mM HEPES; and 139 

pH 7.4 adjusted with NaOH. Most of chemicals and drugs including ethylene glycol-140 

bis (β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid-acetoxymethyl ester (EGTA-AM), 141 

rapamycin, and catalase were purchased from Sigma-Aldrich (St. Louis, MO, USA). 142 

UO126 and wortmannin were purchased from Tocris Bioscience (Bristol, UK). 143 

Wogonin was obtained from Cayman chemicals (Ann Arbor, MI, USA).  144 

 145 

Isolation of primary vascular smooth muscle cells and cell culture  146 

Using a protocol for tissue explant, primary VSMCs were isolated from thoracic 147 

aortas of six-week-old male Sprague Dawley rats (150–200g, DBL, Eumseong, 148 

Korea), as described previously (30). Briefly, we anaesthetized rats with an 149 

intraperitoneal injection of ketamine (80 mg/kg) and xylazine (40 mg/kg). Then, 150 

thoracic aortas were removed and transferred to cell culture dishes. Explants were 151 

left undisturbed for 4–5 days. After 5−7 days, cells began to migrate from the edges 152 

of tissue blocks. Once cells achieved confluence, primary VSMCs were transferred 153 

into 60 mm cell culture dishes. VSMCs were maintained in a humidified atmosphere 154 

(37◦C) containing 5% CO2 in complete Dulbecco’s Modified Eagle Medium (DMEM) 155 

medium (Hyclone, Themo Fisher Scientific, Waltham, MA, USA, #HY-SH30243.01) 156 

supplemented with 10% Fetal Bovine Serum (FBS) (Gibco, Themo Fisher Scientific, 157 

#16000-044), 100 U/ml penicillin and 100ug/ml streptomycin (Hyclone, #SV30010). 158 
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All procedures were performed in compliance with the guidelines of the Institutional 159 

Animal Care and Use Committee (IACUC) at Yonsei University, Wonju College of 160 

Medicine (YWC-180424-1). A7r5 cells, a clonal cell line of rat aortic vascular smooth 161 

muscle, were commercially obtained from ATCC (CRL-1444) and maintained in 162 

DMEM medium supplemented with 10% FBS, 1% penicillin and streptomycin. A7r5 163 

cells were used from passage 11 to 25. To induce calcification, pVSMCs and A7r5 164 

cells were incubated in DMEM medium containing high Pi (3mM and 5mM) for 2 165 

days. All the inhibitors including UO126 (10μM), rapamycin (10nM), EGTA-AM (2μM), 166 

NAC (3mM), mtTP (100nM), verapamil (10μM), Wogonin (5μM) were preincubated 167 

into cells 1h prior to Pi treatment.  168 

 169 

Alizarin staining 170 

Primary VSMCs and A7r5 cells were fixed with 4% paraformaldehyde after 171 

incubating in calcific medium, and then washed three times with phosphate-buffered 172 

saline (PBS). Cells were incubated with 2% Alizarin red (ScienCell, Carlsbad, CA, 173 

USA, #223, pH = 4.1~4.3 with 10% ammonium hydroxide or 1M HCl) for 30 min. 174 

Cells were washed with distilled water. For quantitative analysis, DMSO were added 175 

on stained cells to dissolve Alizarin and the absorbance (450 nm) of supernatant was 176 

measured by microplate spectrophotometer (Epoch, Bio-Tek, Winooski, VT, USA). 177 

 178 

Quantitative reverse transcription-polymerase chain reaction (RT-PCR) 179 

Total RNAs were extracted from VSMCs using a Hybrid-RTM total RNA purification 180 

kit (GeneAll, Seoul, Korea, #305-101). The quality of RNA was confirmed by 181 



10 

 

examining ratios of spectrophotometry at 260 nm and 280 nm. Reverse transcription 182 

of total RNA was performed by using a ReverTra Ace (Toyobo, Osaka, Japan, # 183 

FSQ301). Quantitative RT-PCR used an Applied Biosystems QuantStudio 6 Flex 184 

Real-Time PCR system and SYBR Green (AB Bioscience, Concord, MA, USA, 185 

#AB4367659). Primer sequences are listed in Supplementary Table 1. All PCR runs 186 

were repeated three times and PCR data were analyzed using the delta-delta-CT 187 

method with β-actin as an internal reference.  188 

 189 

Western blotting and cell surface biotinylation assay  190 

Primary VSMCs and A7r5 cells seeded on six-well plates were harvested, washed 191 

with PBS three times and lysed with cold RIPA buffer (Pierce, Waltham, MA, USA, 192 

#89900). Lysate buffer contained phosphatase inhibitor cocktail (Roche, Basel, 193 

Switzerland, #4906837001) and protease inhibitor (Roche, #4693159001). After 194 

centrifugation at 13,000 rpm for 20 min, supernatant was collected without disturbing 195 

cell pellets. Protein levels in supernatants were measured using a BCA kit (Pierce, 196 

#23223). Supernatants were then loaded onto SDS-PAGE and subsequently 197 

transferred to polyvinylidene difluoride membranes (Merk Milipore, Billerica, MA, 198 

USA, #IPH00010). Membranes were blocked with 6% skim milk or 5% BSA for 1 h at 199 

room temperature. After blocking, membranes were washed twice with 0.1% TBST 200 

and incubated with primary antibodies overnight at 4 ◦C: p-PERK (Cell signaling, 201 

Danvers, MA, USA, #4370P); t-ERK (Cell signaling, #9102); p-p70S6K (Cell 202 

signaling, #9205S); p70S6K (Cell signaling, #9202); PiT-1 (Proteintech Group, 203 

Chicago, IL, USA, #12423-I-AP) and PiT-2 (Santa Cruz Biotechnology, Dallas, TX, 204 

USA, #sc-68420), β-Actin (Abcam, Cambridge, MA, USA, #ab6276), p-PERK (Cell 205 
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signaling, #3179), t-PERK(Cell signaling, #3192) and CHOP (Cell signaling, #2895), 206 

then with secondary anti-rabbit (Invitrogen, Carlsbad, CA, USA, #31460) or anti-207 

mouse HRP-conjugated antibodies (Invitrogen, #31450) for 1 h at room temperature. 208 

Antibodies were detected by using ECL detection reagent (Amersham, Little Chalfont, 209 

UK, #RPN2235/2232). Each band was quantified with ImageJ software and results 210 

are shown as the ratio of total protein to β-actin and phosphorylated protein to β-211 

actin normalised to controls.  212 

For biotinylation assay, A7r5 cells seeded on 100 mm dishes were washed twice with 213 

ice-cold Ca2+-Mg2+-free PBS. Then, cells were incubated with biotinylation solution 214 

with 1.5 mg/ml Sulfo-NHS-SS-Biotin (Pierce, #21331) overnight at 4 ◦C. Next, 215 

quenching buffer was added into cells and incubated on shaker for 20 min. Then, 216 

cells were washed twice and lysed with ice-cold lysis buffer containing phosphatase 217 

inhibitor cocktail (Roche, #4906837001) and protease inhibitor (Roche, 218 

#4693159001). Supernatant of cell lysate was mixed with streptavidin agarose resin 219 

beads (Thermo Scientific, Cat.no # 20353) and rotated for 1h at 4 ◦C. The mixture 220 

was centrifuged at 6,000 rpm for 10 min and washed with ice-cold Triton X-100-Tris-221 

buffered saline (140 mM NaCl, 10nM Tris-HCl pH 7.4, 5mM KCl, 1% Triton X-100). 222 

Harvested protein including total and biotinylated proteins were then loaded onto 223 

SDS-PAGE with similar steps in western blotting. 224 

 225 

Cell viability and apoptotic assay  226 

For checking cell viability, VSMCs were placed at 104 cells/well in a 96-well plate. 227 

UO126 and rapamycin were pretreated for 1 h prior to 48 h co-incubation with 5 mM 228 
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Pi. MTT solution was prepared by dissolving 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl 229 

tetrazolium bromide (Sigma-Aldrich, #M2128) in fresh DMEM medium at 0.5 mg/ml. 230 

After indicated treatment, cells were incubated with 100 μL of MTT solution in 231 

incubator for 2 h. After removing medium, DMSO was added into each well to 232 

dissolve formazan and gently shake for 10 min. The absorbance was measured at 233 

570 nm by EpochTM Microplate Spectrophometer (Bio-Tek, Winooski, VT).  234 

To detect apoptosis, the amount of DNA fragmentation in VSMCs were quantified 235 

using ELISA assay (Cell Death Detection ELISA Plus kit, Roche Diagnostics, 236 

#11774425001). 104 cells were placed in 96-well plate. After high Pi treatment with or 237 

without UO126/rapamycin, cells were washed twice with warm PBS and added 200 238 

μL of lysis buffer provided in the kit to each well, and incubated for 30 min at room 239 

temperature. After centrifugation, 20 μL supernatant was used for the reactions 240 

following steps in the protocol of manufacturer.  241 

 242 

Intracellular calcium measurement  243 

A7r5 cells were seeded onto 12 mm L-poly-lysine coated coverslips (15,000 244 

cells/coverslip). To measure [Ca2+]i, cells were incubated with 5 μM Fura-2 245 

(Invitrogen, #F1221) in darkness for 40 min at room temperature. After incubation, 246 

cells were washed five times with buffer. Images were continuously captured every 247 

10 s using an IX-73 inverted microscope (Olympus, Tokyo, Japan) equipped with a 248 

camera system (Prime-BSI CMOS camera; Photometrics, USA). Cells were excited 249 

at 340 and 380 nm and emission was detected at 510 nm using MetaFlour 6.1 250 

(Molecular Devices, San Jose, CA, USA). The F340/F380 ratio reflects [Ca2+]i. As an 251 
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alternative method, cells seeded on black-walled 96-well plates with 5,000 cells/well 252 

were loaded with Fura-2 for 40 min at room temperature. F340/F380 ratios were 253 

measured using a multi-well fluorescence reader (FlexStation II, Molecular Devices). 254 

 255 

Plasma membrane potential measurement  256 

Plasma membrane potential (ΔΨp) was measured using DiBAC4(3) (Invitrogen, 257 

#B438). Briefly, cells were seeded onto 12 mm L-poly-lysine coated coverslips and 258 

incubated with 200 nM DiBAC4(3) in darkness for 30 min. Coverslips were then 259 

placed in the chamber and fixed to the inverted microscope (Olympus) with camera 260 

(Photometrics). The fluorophore was excited at 490 nm and emitted fluorescence 261 

was measured at 520 nm. Data were corrected by background subtraction and 262 

analyzed using MetaFluor software (Molecular Devices).  263 

 264 

Cytosolic and mitochondrial ROS measurement 265 

Cytosolic ROS was measured using DCF-DA (Invitrogen, #D399). Primary VSMCs 266 

or A7r5 cells were seeded onto 15 mm coverslips and loaded with 2.5 μM DCF-DA in 267 

normal KRB for 15 min at 37 ◦C. Then, cells were washed twice and fluorescent 268 

images (excitation/emission: 488/530 nm) were collected using the inverted 269 

microscope (Olympus) with camera (Photometrix). All the images were analyzed 270 

using MetaMorph software and each data set was originated from at least three 271 

independent experiments.  272 

As an alternative method, cells seeded on black-walled 96-well plates with 10,000 273 
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cells/well were loaded with DCF-DA for 15 min at room temperature. The 274 

fluorescence intensity was measured using a multi-well fluorescence reader 275 

(FlexStation II, Molecular Devices).  276 

Mitochondrial superoxide generation was measured using mitoSOX (Invitrogen, 277 

#M36008), a red fluorescent dye which carries a positive charge and localizes in 278 

mitochondria. Cells were loaded with 5 μM mitoSOX for 20 min at 37 ◦C and washed 279 

twice with normal KRB. Fluorescent images (excitation/emission: 510/580 nm) were 280 

collected and analyzed by the same as described above. 281 

 282 

Mitochondrial membrane potential measurement 283 

Mitochondrial membrane potential (ΔΨm) was measured using the fluorescent dye, 284 

JC-1 (Invitrogen, #T3168) in permeabilized cells. Cells were seeded on black-walled 285 

96-well flexStation plates with 2 ൈ 104 cells/well. After incubation, cells were washed 286 

twice, then loaded with JC-1 (300 nM) for 30 min at 37 ◦C. Cells were then 287 

permeabilized using Staphylococcus aureus α-toxin (Sigma, #H9395) in intracellular 288 

buffer solution (140 mM KCl, 5 mM NaCl, 7 mM MgSO4, 1 mM KH2PO4, 1.65 mM 289 

CaCl2, 10.2 mM EGTA, 20 mM HEPES, pH 7.0). Mitochondrial membrane potential 290 

was determined based on the ratio of red (540 nm excitation and 590 nm emission) 291 

over green (490 nm excitation and 540 nm emission) fluorescence intensity. These 292 

ratios were measured using a multi-well fluorescence reader (FlexStation II, 293 

Molecular Devices). 294 

 295 

Small interfering RNA transfection  296 
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To knockdown slc20a1 (PiT-1) and slc20a2 (PiT-2), SiGENOME Smartpool siRNA 297 

duplexes were purchased from Bioneer (Daejeon, Korea). Transfection of siRNA was 298 

carried out using DharmaFECT-1 siRNA transfection reagent (Thermo Fisher 299 

Scientific, #T-2001-03). Briefly, cells were seeded into 6-well plates with 5 ൈ 104 300 

cells/well and treated with siRNA (10 nM) with DharmaFECT-1 in Opti-MEM media 301 

(Gibco, #31985-070) based on manufacturer’s instruction. Knockdown efficiencies of 302 

PiT-1 and -2 were assessed by western blotting at 72 h after siRNA transfection. 303 

 304 

Immunofluorescence staining  305 

VSMCs were cultured onto 12 mm coverslips and incubated with Pi for 48 h. Cells 306 

were then washed twice with cold PBS and fixed with ice-cold 100% methanol for 15 307 

min at room temperature. Cells were permeabilized with 0.1% Triton X/PBS for 10 308 

min and incubated with 5% normal goat serum/PBS for 1 h at room temperature. 309 

After blocking, cells were incubated overnight at 4 ◦C with polyclonal anti-NF-ҡB p65 310 

antibody (1:50 dilution; Santa Cruz, #sc-8008) followed by incubation with secondary 311 

antibody, Alexafluor 488 goat anti-mouse IgG (1:100 dilution, Invitrogen, #A-11001). 312 

Then, cells were counterstained with 1 μg/ml 4′,6′-diamidino-2-phenylindole (DAPI; 313 

Invitrogen, #D1306) for 5 min and mounted on a glass slide. Fluorescence images 314 

were obtained by using a confocal laser-scanning microscope (LSM 800; Zeiss, 315 

Oberkochen, Germany). A negative control was prepared using all the above steps, 316 

except incubation with primary antibody.  317 

 318 

Statistical analysis  319 
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All values in the text and figures are expressed as mean ± standard deviation (SD) 320 

or standard error of the mean (SEM). The statistical analysis was performed by 321 

Student’s t-test or one-way analysis of variance (ANOVA), followed by Turkey’s 322 

multiple comparison test. P-values less than 0.05 were considered significant.  323 
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RESULTS 324 

 325 

High phosphate activates ERK1/2-mTOR signaling and induces vascular 326 

calcification  327 

To investigate the molecular mechanism involved in medial calcification, we first 328 

examine the effect of Pi on calcification of primary VSMCs isolated from rat aorta 329 

and A7r5 cells. In VSMCs, Ca2+ precipitation was increased by high Pi in a 330 

concentration-dependent manner (Figure 1A). As an intracellular signaling, 331 

extracellular signal-regulated kinase (ERK) was phosphorylated in calcifying VSMCs 332 

by high Pi. Moreover, p70S6K, a known downstream of mammalian target of 333 

rapamycin (mTOR), was also phosphorylated by high Pi in a pattern similar to 334 

ERK1/2 (Figure 1B and S1). Nuclear factor kappa-light-chain-enhancer of activated 335 

B cells (NF-ҡB) is reported to translocate into nuclei and activate osteoblastic 336 

differentiation of VSMCs (1). As expected, confocal images showed that 337 

immunofluorescence of NF-ҡB is mainly localized in nuclei under high Pi incubation 338 

(Figure 1C). Pre-treatment of a MEK/ERK inhibitor, UO126, or a mTOR inhibitor, 339 

rapamycin, effectively prevented Pi-induced osteogenic genes’ upregulation (Figure 340 

1D). Furthermore, rapamycin effectively inhibited ER stress markers, PERK and 341 

CHOP, elicited by high Pi (Figure 1E) and pretreatment of VSMCs with UO126 or 342 

rapamycin significantly reduced cytotoxicity and apoptotic DNA fragmentation after 343 

elevated Pi incubation (Figure 1F). Finally, pretreatment with UO126, rapamycin and 344 

a NF-ҡB inhibitor, wogonin, all repressed high Pi-induced vascular calcification to a 345 

considerable degree (Figure 1G,1H, and 1I). 346 
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 347 

Elevated phosphate increases expression of PiT-1/-2 and their surface 348 

trafficking 349 

PiT-1 and PiT-2 are required for Pi-induced osteogenic differentiation and 350 

calcification of VSMCs (7). In CKD mice, high Pi diet increased mRNA levels of PiT-1 351 

and calcification in the medial layer of aorta (26). We observed that PiT-1 expression 352 

was the most abundant among NaPi cotransporters in primary VSMCs and A7r5 353 

cells, which was followed by PiT-2 (Figure 2A and S2). Incubation of A7r5 cells with 354 

high Pi-containing medium increased protein levels of PiT-1 and -2, which could 355 

promote additional Pi uptake into the cytoplasm (Figure 2B and 2C). Since mTOR is 356 

important for translational regulation, effects of ERK and mTOR inhibitors on PiT-1/2 357 

upregulation were assessed. Notably, UO126 and rapamycin completely blocked 358 

PiT-1/2 protein upregulation by high Pi (Figure 2D and 2E). Interestingly, short 359 

exposure (< 1 h) of high Pi markedly promoted cell surface trafficking of PiT-1 via 360 

Ca2+-dependent mechanism (Figure 2F, 2G, and S3). This translocation of PiT-1 into 361 

plasma membrane facilitates Pi uptake into cytosol soon (< 15 min) after an increase 362 

in extracellular Pi. Knockdown of PiT-1/2 showed protection against Pi-induced 363 

vascular calcification, further demonstrating the pathophysiologic impact of PiT-1/2 364 

abundance in the development of vascular calcification (Figure 2H). 365 

 366 

High phosphate increases cytosolic Ca2+ which is critical for vascular 367 

calcification  368 

We investigated whether extracellular Pi affects cellular Ca2+ homeostasis by 369 

measuring [Ca2+]i in VSMCs. Exposure to high Pi rapidly induced a considerable 370 
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increase of [Ca2+]i (Figure 3A). These [Ca2+]i changes were tightly dependent on 371 

extracellular Ca2+ concentration over a range of 0 to 1.8 mM, implying that [Ca2+]i 372 

rise originates from the external source (Figure 3B). In the absence of extracellular 373 

Ca2+ or after chelation of cytosolic Ca2+ by EGTA-AM, ERK1/2 activation by Pi was 374 

abolished (Figure 3C). Moreover, extracellular Ca2+ free medium or pre-treatment of 375 

EGTA-AM prevented transcriptional upregulation of Runx2 and OPN (Figure 3D), as 376 

well as calcification of vascular smooth muscle (Figure 3E). These results indicate an 377 

essential role of [Ca2+]i increase on intracellular signaling responsible for high Pi-378 

induced osteogenic differentiation. 379 

 380 

High phosphate depolarizes plasma membrane potential and triggers voltage-381 

gated Ca2+ influx  382 

VSMCs express different kinds of Ca2+ uptake routes, including L-type and N-type 383 

voltage-gated channels (VGCC) (Figure S4) (15). In general, opening of VGCC is 384 

preceded by ΔΨp depolarization. Changes of ΔΨp were therefore assessed using the 385 

membrane potential-sensitive fluorescence dye, DiBAC4(3). Fluorescence intensity 386 

was well correlated with changes of ΔΨp induced by increasing extracellular K+ 387 

concentration based on Nernst equation (Figure 4A). Intriguingly, elevating 388 

extracellular Pi concentration from 1 to 5 mM induced depolarization of ΔΨp (Figure 389 

4B), consistent with the previous observation of net inward current through PiT-1 (28). 390 

Moreover, knockdown of PiT-1 only or both PiT-1 and -2 eliminated Pi-induced ΔΨp 391 

depolarization, demonstrating an exclusive role of PiT-1/2 in Pi-induced 392 

depolarization (Figure 4C). PiT-1 mediates Na+ influx along with Pi and intracellular 393 

Na+ increases by high extracellular Pi concentrations (28). Pi-induced [Ca2+]i change 394 
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triggered by ΔΨp depolarization also relies on Na+ uptake since the increase in 395 

[Ca2+]i by high Pi was absent in extracellular Na+ free medium in which N-methyl-D-396 

glutamine (NMDG) replaced Na+ (Figure 4D). In addition, silencing of PiT-1/2 also 397 

completely inhibited Pi-triggered [Ca2+]i increase (Figure 4E). Importantly, pre-398 

incubation of VSMCs with a VGCC inhibitor, verapamil (10 μM), largely blocked Pi-399 

induced increases in [Ca2+]i (Figure 4F), reflecting an essential role of VGCC in Pi-400 

induced Ca2+ influx. Verapamil also effectively inhibited high Pi-induced ERK1/2 401 

activation as well as osteogenic differentiation of VSMCs via preventing 402 

upregulations of Runx2 and OPN (Figure 4G and 4H). Similarly, other osteogenic 403 

genes including alkaline phosphatase (ALP), Osterix, SRY-Box Transcription Factor 404 

9 (Sox9) and Msh homeobox 2 (Msx2) were regulated by Pi-induced Ca2+ influx via 405 

VGCC (Figure S5). Consequently, pre-treatment of verapamil showed a substantial 406 

reduction in Pi-elicited vascular calcification (Figure 4I).  407 

 408 

Oxidative stress by high Pi is dependent on increased cytosolic Ca2+  409 

Alteration in [Ca2+]i homeostasis may cause cellular stress including augmentation 410 

of ROS production (42). In insulin-secreting cells, Pi elicits significant oxidative stress 411 

both in cytosol and mitochondria (27). Incubation of A7r5 cells in high Pi 412 

concentrations, in this study, triggered cytosolic ROS production, which was blocked 413 

by pre-treatment with N-acetylcysteine (NAC) or catalase (Figure 5A, 5B, figure S6A). 414 

Ca2+ free or EGTA-AM-containing medium prevented cytosolic ROS production, 415 

demonstrating an exclusive role of [Ca2+]i on high Pi-induced oxidative stress (Figure 416 

5C, 5D and figure S6B, S6C). Blockade of VGCC with verapamil also abolished ROS 417 

production by high Pi, consistent with its inhibitory effect on [Ca2+]i changes (Figure 418 
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5E and figure S6D). The critical role of oxidative stress on vascular calcification was 419 

confirmed by pre-incubation with NAC, which entirely abolished high Pi-induced ERK 420 

activation (Figure 5F), upregulation of osteogenic genes (Figure 5G and S5) and 421 

calcium deposition in VSMCs (Figure 5H). 422 

 423 

A mitochondrial superoxide scavenger prevents Pi-induced vascular 424 

calcification 425 

In insulin-secreting cells, mitochondrial superoxide generation triggered by ΔΨm 426 

hyperpolarization is involved in high Pi-induced permeability transition pore opening 427 

and apoptosis (27). In VSMCs, Pi also elicited ΔΨm hyperpolarization in 428 

permeabilized cells (Figure 6A). Mitochondrial superoxide production was chased 429 

using mitoSOX with different time points of Pi incubation and achieved the highest 430 

status at around 6 h (Figure 6B). A mitochondrial ROS scavenger, mitoTEMPO 431 

(mtTP), was pre-treated before Pi incubation, which completely suppressed 432 

mitochondrial superoxide generation (Figure 6C) and partly reduced cytosolic ROS 433 

production (Figure S6E). Oxidative stress is an inducer for the nuclear translocation 434 

of NF-ҡB that initiates osteogenic gene transcription and osteoblast differentiation. 435 

Pre-incubation with mtTP effectively blunted NF-ҡB translocation into nuclei, ERK 436 

activation and PiT-1 upregulation in VSMCs by high Pi (Figure 6D and E). 437 

Consequently, Runx2 and OPN upregulation and calcification were also significantly 438 

inhibited by pre-treatment of mtTP (Figure 6F and G).   439 
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DISCUSSION 440 

 441 

Vascular calcification is a serious complication of hyperphosphatemic patients with 442 

renal failure. However, molecular mechanisms of Pi actions are less understood, 443 

which limit development of successful preventive or therapeutic strategies for 444 

treating vascular calcification. In the present study, we demonstrated for the first time 445 

that high Pi triggers cytosolic Ca2+ influx via VGCC opened by membrane 446 

depolarization. Furthermore, the exclusive role of Ca2+ overload in Pi-induced 447 

oxidative stress leads to the signal activation and osteogenic differentiation, which 448 

also has not been reported yet. High Pi accelerates vascular calcification by 449 

increasing total protein expression of PiT-1 and -2 and their trafficking to the plasma 450 

membrane. Additionally, ERK activation and PiT-1/2 upregulation by Pi-induced 451 

oxidative stress engages pathogenic positive feedback loops that are crucial for 452 

significant calcific changes. All these mechanisms could provide novel therapeutic 453 

targets for the prevention and treatment of vascular calcification.  454 

The molecular mechanism underlying ERK and mTOR activation by high Pi is not 455 

yet clear. In a kinetic study, ERK1/2 and p70S6K as a downstream of mTOR reached 456 

peak values around at 6 h of high Pi exposure and continued till at 24 h (Figure 1B). 457 

However, transient activations of ERK1/2 and mTOR were detected at the earlier 458 

time point, consistent with the previous report by Beck et al. (2). Early 459 

phosphorylation of ERK1/2 could be a consequence of membrane-delimited 460 

signaling, as part of the proposed Raf/MEK/ERK pathway activated by fibroblast 461 

growth factor receptors (47). Delayed ERK activation might be explained by different 462 

sensing mechanisms, for instance, induction of early genes such as c-Fos and Egr-1 463 
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(5). In particular, oxidative stress is an important activator of early gene response, 464 

which takes place within several hours of stimulus (20). Compatible with findings of 465 

previous studies, both inhibitors of ERK signaling (UO126) and of mTOR (rapamycin) 466 

prevent osteogenic gene upregulation and calcification (29, 37, 48). Therefore, Pi-467 

induced ROS generation is suggested to participate in delayed activations of ERK 468 

and mTOR and subsequent calcific changes. 469 

Among membrane phosphate transporters, PiT-1 and -2 are dominant for Pi uptake 470 

in primary VSMCs and A7r5 cells. Similar to previous observations in other tissues, 471 

high Pi exposure increases expression of PiT-1/2 that causes greater uptake of 472 

extracellular Pi (28, 49). Intriguingly, both the total protein levels and cell surface 473 

abundance of PiT-1/2 were augmented. Such changes further accelerate the 474 

detrimental effects of Pi, worsening calcification. Although detailed regulatory 475 

mechanisms for PiT-1/2 cell surface trafficking were not fully explored, previous 476 

works show that phosphatidylinositol-4,5-biphosphaye 3-kinase (PI3K) modulates 477 

intracellular vesicle trafficking via phosphorylation of its major downstream enzyme, 478 

PKB/AKT (3, 45). As expected, high Pi rapidly stimulated phosphorylation of AKT at 479 

serine and threonine sites and wortmannin, a PI3K inhibitor, completely blocked PiT-480 

1 cell surface trafficking (Figure S3A-C). Free Ca2+ medium also blocked PiT-1 481 

surface trafficking suggesting that Ca2+ takes part in this upregulation (Figure S3D).  482 

The essential roles of ERK and mTOR activation in PiT-1/2 upregulation are 483 

demonstrated using signal inhibitors, UO126 and rapamycin. We infer that sequential 484 

activation of ERK and mTOR after Pi treatment may participate in the development 485 

of vascular calcification, which has been provide as an important pathogenic 486 

mechanism of glomerular disease (9). Additionally, activation of mTOR by high Pi 487 
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facilitates ER stress responses, such as PERK phosphorylation and CHOP 488 

upregulation, which were blocked by rapamycin. Increased CHOP, a pro-apoptotic 489 

signal for ER stress, leads to Pi-induced apoptosis, as similarly observed in insulin-490 

secreting cells (27). Apoptotic bodies released from VSMCs accelerate extracellular 491 

calcium phosphate crystal formation and deposition (31). 492 

An interesting finding of this study is that high Pi triggers Ca2+ influx by opening 493 

VGCCs, thus eliciting [Ca2+]i increase in VSMCs. Indeed, sustained [Ca2+]i elevation 494 

by perfusion with a high Pi solution is dependent on extracellular Ca2+ and Pi 495 

concentrations. Moreover, prevention of Ca2+ influx or [Ca2+]i chelation completely 496 

blocks ERK activation, oxidative stress, osteogenic differentiation and calcification. 497 

Recent work by Robenbeck et al. provides evidence that [Ca2+]i in VSMCs is 498 

significantly elevated in concert with the progression of CKD in rats (33). The present 499 

result may provide the mechanism for the higher level of [Ca2+]i in a CKD model. In 500 

VSMCs, L-type VGCC is the most important Ca2+ influx route (13). An appropriate 501 

concentration of verapamil (10 μM), known to selectively block L-type VGCC, 502 

successfully repressed the effect of Pi on [Ca2+]i increase. The main activating 503 

stimulus for VGCC-mediated Ca2+ influx is the depolarization of ΔΨp. Indeed, high Pi 504 

exposure consistently depolarizes ΔΨp that is responsible for opening VGCC.  505 

In this study, an exclusive role of PiT-1 and -2 in Pi-induced depolarization and 506 

subsequent activation of Ca2+ influx was demonstrated. Based on previous 507 

electrophysiologic data in PiT-1-expressing HEK-293 cells, Pi concentration-508 

dependently elicits a net inward current, leading to membrane depolarization (28). 509 

The inward current caused by Pi influx disappeared in a Na+ free medium because of 510 

cotransport with Na+ (28). We suggest that movement of Na+ and Pi via PiT-1/2 511 
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elicits ΔΨp depolarization and [Ca2+]i increase. This mechanism explains why 512 

knockdown of PiT-1/-2 abolished both membrane potential depolarization and Ca2+ 513 

influx by high Pi. The functional properties of PiT-1/2 were characterised by Forster 514 

et al. in oocytes from Xenopus laevis and showed that PiT-1 preferentially transports 515 

monovalent Pi (H2PO4
-) with two Na+ (11, 12). This stoichiometric interpretation 516 

seems consistent with the current hypothesis of total inward transport of cation. 517 

However, previous observation demonstrated that Pi-induced inward current via PiT-518 

1 was less pronounced under pH 6.6 compared with pH 7.0 or 7.4. At this acidic 519 

environment (pH 6.6), the monovalent form of Pi should be more dominant than 520 

divalent form (HPO4
2-), since the pKa between H2PO4

- and HPO4
2- is 7.2. To date, 521 

this issue remains unresolved and further investigation is required. 522 

Increased [Ca2+]i in VSMCs leads to vascular contraction but also initiates 523 

transcriptional regulation for reprogramming to a non-contractile phenotype (22). In 524 

this work, increased [Ca2+]i was tightly coupled with ROS generation. Interaction 525 

between ROS and Ca2+ is considered bidirectional, wherein Ca2+ is likely pivotal for 526 

ROS generation, while ROS can control cellular Ca2+ signaling (17). As another 527 

consequence of [Ca2+]i rise, it is conceivable that mitochondrial Ca2+ could be 528 

increased due to more Ca2+ uptake from cytosol. This elevation of matrix Ca2+ may 529 

stimulate mitochondrial metabolism and subsequently accelerate ROS generation (4). 530 

Remarkably, Pi-induced hyperpolarization of ΔΨm is shown to be followed by 531 

mitochondrial superoxide production, consistent with previous reports in insulin-532 

secreting cells (27). Pharmacologic inhibition of mitochondrial Pi uptake reduced 533 

ΔΨm hyperpolarization and oxidative stress induced by high Pi (27, 28). Thus, 534 

mitochondrial superoxide generation by high Pi may originate from alterations in 535 
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mitochondrial Ca2+ and ΔΨm that collectively contribute to pathogenic cellular 536 

oxidative stress.  537 

Oxidative stress deactivates the inhibitor of κB (IκBα), allowing NF-κB translocation 538 

to nuclei. Transcriptional activation by nuclear NF-κB upregulates osteogenic genes, 539 

which play crucial roles in calcific changes. Present data imply that Ca2+ overload 540 

and oxidative stress elicited by excessive Pi are responsible for ERK1/2 activation, 541 

since Pi-induced ERK1/2 phosphorylation is abolished by lowering either [Ca2+]i 542 

(verapamil, EGTA-AM and Ca2+ free medium) or ROS (NAC and mtTP). Also, the 543 

essential role of ERK activation mediated by PiT-1 is reported to induce VSMC trans-544 

differentiation under calcifying conditions (6, 36). However, higher [Ca2+]i with 545 

calmodulin can directly activate Ras/Raf/ERK signaling, as described previously (8). 546 

The connection between Ca2+ and ERK signaling requires further investigation. 547 

In conclusion, our study provides that aberrant Ca2+ influx by membrane 548 

depolarization is responsible for oxidative stress and osteogenic differentiation by 549 

high Pi in vascular smooth muscle. Further, pathologic positive feedback loops 550 

among Ca2+ overload, ROS generation, ERK-mTOR activation and an abundance of 551 

Pi transporters are critical in Pi-induced calcification. The identification of this vicious 552 

cycle suggests that blocking any step in this process could be effective against 553 

vascular calcification in hyperphosphatemic patients. Additionally, suppression of 554 

ΔΨm hyperpolarization and superoxide generation could be effective strategies which 555 

have not yet been investigated. Identification of mitochondrial Pi transporters and 556 

their downstream consequences responsible for vascular calcification is necessitated 557 

for the development of novel therapeutic approaches.  558 
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FIGURE LEGENDS 736 

 737 

Figure 1. High phosphate accelerates osteogenic differentiation and vascular 738 

calcification via ERK1/2-mTOR pathway. (A) Primary vascular smooth muscle 739 

cells (pVSMCs) isolated from rat thoracic aorta were treated with inorganic 740 

phosphate (Pi; 3 and 5 mM) for 2 days and calcification was detected by Alizarin 741 

staining (N=5). (B) pVSMCs were treated with 5 mM Pi for 24 h followed by western 742 

blotting to detect p-ERK1/2 and p-p70S6K (N=5). (C) Representative confocal 743 

images of pVSMCs showing the location of NF-ҡB (green) after 48 h Pi (5 mM) 744 

incubation (N=3). Cells were counterstained with DAPI (blue). (D) Real-time PCR 745 

was used to assess runt-related transcription factor 2 (Runx2, N=3) and osteopontin 746 

(OPN, N=4) expression in Pi (5 mM)-treated A7r5 cells with UO126 and rapamycin. 747 

(E) Western blot analysis for ER stress markers, PERK and CHOP. (F) Cell viability 748 

and apoptotic DNA fragmentation were estimated using MTT and cell death 749 

detection kit. (G, H, I) Alizarin staining was used to evaluate Pi-triggered calcification 750 

in pVSMCs (N=3) upon UO126 (10μM), Rapamycin (10nM) and Wogonin (5μM) 751 

treatment. Data represent mean ± standard error of the mean (SEM) and N is the 752 

number of independent experiments. P-values of one-way analysis of variance 753 

(ANOVA) are indicated at the top of the bar diagrams and *, **, ***, **** denotes P < 754 

0.05, P < 0.01, P < 0.001 and P < 0.0001. 755 

 756 

Figure 2. Increased protein abundance and surface trafficking of PiT-1/2 by 757 

high phosphate. (A) End-point RT-PCR and western blotting showing the 758 
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expression of sodium-phosphate cotransporters in pVSMCs. Rat kidney was used as 759 

a positive control for NaPi-IIa and IIc. (B, C) Concentration-dependence (B; 24 h; 760 

N=3) and time kinetics (C; 5 mM; N=3) of Pi-induced PiT-1/2 upregulation in A7r5 761 

cells. (D, E) Effects of UO126 (D) and rapamycin (E) on upregulation of PiT-1/2 762 

proteins after high Pi treatment for 24 h in A7r5 cells (N=3). (F, G) Concentration 763 

dependence (F; 1 h) and time kinetics (G; 5 mM) of Pi-induced PiT-1 abundance 764 

changes in the plasma membrane (surface) and cell lysates (lysate) measured by 765 

biotinylation analysis and western blotting in A7r5 cells (N=3). (H) Effects of PiT-1 766 

and -2 knockdown on Pi-induced calcification of pVSMCs were measured using 767 

Alizarin staining (N=3). Data represent mean ± SEM and N is the number of 768 

independent experiments. P-values of one-way ANOVA are indicated at the top of 769 

the bar diagrams and *, **, **** denotes P < 0.05, P < 0.01, and P < 0.0001. 770 

 771 

Figure 3. Cytosolic Ca2+ increase is critical for phosphate-induced vascular 772 

calcification. (A) Changes in intracellular Ca2+ concentration ([Ca2+]i) by varying 773 

levels of extracellular Pi in A7r5 cells seeded on black-walled 96-well plates and 774 

measured by using Fura-2 with the multi-well FlexStation reader. Delta (Δ) Fura-2 775 

ratio was calculated to indicate the magnitude of [Ca2+]i changes (N=4). (B) Effects of 776 

different extracellular Ca2+ concentrations on [Ca2+]i  in A7r5 cells by 5 mM Pi (N=3). 777 

(C, D, E) Representative Immunoblotting of p-ERK1/2 (C, N=3), mRNA levels of 778 

Runx2 and OPN (D, N=3), and calcific changes visualised with Alizarin staining (E, 779 

N=3) were observed in A7r5 cells incubated in high Pi-containing medium with or 780 

without extracellular Ca2+ or EGTA-AM. Data represent mean ± SEM and N is the 781 

number of independent experiments. P-values of one-way ANOVA are indicated at 782 
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the top of the bar diagrams and ***, **** denotes P < 0.001, and P < 0.0001. 783 

 784 

Figure 4. High phosphate increases cytosolic Ca2+ by depolarization-activated 785 

Ca2+ uptake. (A) Changes in plasma membrane potential (ΔΨp) were detected by 786 

using DiBAC4(3) fluorescence dye in A7r5 cells exposed to different concentrations 787 

of K+ solution. (B) Effects of 5 mM extracellular Pi on depolarization of ΔΨp were 788 

measured by confocal live cell imaging system and 30 mM KCl was used as a 789 

positive control (N=3, n=52-60). (C) Effects of knockdown of PiT-1 only or PiT-1 and -790 

2 both on Pi-induced ΔΨp depolarization in A7r5 cells (N=5, n=74-87). (D) In A7r5 791 

cells, role of extracellular Na+ on Pi-induced [Ca2+]i increase. [Ca2+]i changes was 792 

monitored by multi-well FlexStation reader. Extracellular Na+ free solution was 793 

prepared by replacing Na+ with NMDG in KRBB (N=4). (E) Effects of PiT-1/2 794 

knockdown on Pi-induced [Ca2+]i increase (N=3, n=27-30). (F) Effect of verapamil, an 795 

inhibitor of voltage-gated Ca2+ channel on Pi-induced [Ca2+]i increase in A7r5 cells 796 

(N=3, n=23-30). (G-I) Protective effect of verapamil on Pi-induced ERK1/2 797 

phosphorylation (G, N=3) upregulation of osteogenic genes, Runx2 and OPN (H, 798 

N=3), and calcific changes visualised with Alizarin staining in A7r5 cells (I, N=3). All 799 

data represent mean ± SD (E, F) or SEM (C, D, H, I). N is the number of 800 

independent experiments and n is the number of analyzed cells. P-values of 801 

unpaired t-test (E, F) or one-way ANOVA (C, D, H, I) are indicated at the top of the 802 

bar diagrams and *, **, **** denotes P < 0.05, P < 0.01, and P < 0.0001. 803 

 804 

Figure 5. Oxidative stress is dependent on cytosolic Ca2+ elevation in 805 
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phosphate-induced vascular calcification: (A-D) Effects of antioxidant NAC (3 806 

mM; A, N=3, n=74-91), Catalase (10 units/ml; B, N=3, n=140-209), Ca2+-free 807 

medium (C; N=3, n=102-116), EGTA-AM (2 μM; D; N=3, n=75-77) and Verapamil (10 808 

μM; E; N=3, n=102-139) on Pi-induced cytosolic ROS generation in A7r5 cells. (F-H) 809 

Effects of NAC on ERK1/2 phosphorylation (F, N=3), upregulation of Runx2 and OPN 810 

(G, N=3) and calcific changes (H, N=4) by high Pi (5 mM) exposure. Data represent 811 

mean ± SD (A-F) or SEM (G, H). N is the number of independent experiments and n 812 

is the number of analyzed cells. P-values of one-way ANOVA are indicated at the top 813 

of the bar diagrams and **** denotes P < 0.0001. 814 

 815 

Figure 6. Mitochondrial superoxide scavenger effectively prevents phosphate-816 

induced vascular calcification. (A) Representative trace of mitochondrial 817 

membrane potential (ΔΨm) of permeabilized A7r5 cells measured by using 300nM of 818 

JC-1 fluorescence dye. Extramitochondrial Pi increased JC-1 ratio, reflecting 819 

hyperpolarisation of ΔΨm (N=3). (B) In A7r5 cells, mitochondrial superoxide 820 

production measured by using mitoSOX fluorescence dye (N=2, n=11-20). (C) Pi-821 

induced superoxide production was prevented by pretreatment of mitoTEMPO (mtTP, 822 

100 nM), a mitochondrial superoxide scavenger (N=3, n=36-39). (D) Representative 823 

confocal images of NF-ҡB (green) translocation in pVSMCs by 5 mM Pi exposure 824 

with or without mtTP pretreatment (N=3). Cells were counterstained with DAPI (blue). 825 

(E-G) Effects of mtTP (100 nM) on Pi-induced upregulation of PiT-1 total protein and 826 

ERK1/2 phosphorylation (E, N=3), transcriptional activation of Runx2 and OPN (F, 827 

N=4) and calcium deposition (G) in pVSMCs. Data represent mean ± SD (B, C) or 828 

mean ± SEM (F, G). (H) The diagram depicts high extracellular phosphate (Pi) 829 
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activates ERK and mTOR resulting in ER stress and apoptosis of VSMCs. High Pi 830 

depolarizes plasma membrane potential (ΔΨp) via PiT-1 and -2, then subsequently 831 

opens voltage-gated Ca2+ channels allowing intracellular Ca2+ elevation. Both 832 

cytosolic Ca2+ and Pi increases are responsible for oxidative stress and nuclear 833 

translocation of NF-ҡB, turning on osteoblast differentiation. Elevated Pi upregulates 834 

total proteins of PiT-1/2 via ERK1/2-mTOR and their surface trafficking. N is the 835 

number of independent experiments and n is the number of analyzed cells. P-values 836 

of one-way ANOVA analysis are indicated at the top of the bar diagrams. *, **, **** 837 

denotes P <0.05, P <0.01 and P <0.0001.  838 
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Supplementary Figure S1: https://doi.org/10.6084/m9.figshare.12732317 840 

Supplementary Figure S2: https://doi.org/10.6084/m9.figshare.12732326 841 
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Supplementary Figure S4: https://doi.org/10.6084/m9.figshare.13019528 843 
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Supplementary Figure S6: https://doi.org/10.6084/m9.figshare.12733226 845 
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