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1. Introduction 

1.1 Vascular calcification (VC) 

1.1.1 Background 

VC is the ectopic deposition of hydroxyapatite crystals in the vascular system 

(Schlieper et al., 2016). VC is divided into two main types according to the 

location of calcium deposits in the vascular wall: medial vascular calcification 

(VCm) and intimal vascular calcification (VCi) (Figure 1). VCi is often associated 

with atherosclerotic plaques, which are strongly correlated with an elevated risk 

of ischemic coronary syndromes (Fuster et al., 1990). VCm was formerly referred 

to as Mönckeberg’s medial sclerosis but is currently defined as several 

pathological conditions with disparate origins but a similar result (medial 

calcification), particularly without luminal narrowing (Goldsmith et al., 2004). 

Although both types of VC exist in the population with chronic kidney disease 

(CKD), VCm is a more specialized vascular pathology prevalent in this population 

(Amann, 2008, Shroff et al., 2008). It induces arterial stiffness, which results in 

decreased cardiac perfusion, systolic hypertension, and heart failure (London et 

al., 2005, London, 2011), thus increasing CKD mortality. VCm develops quickly, 

particularly in patients on dialysis (Bellasi et al., 2009), and is linked to a further 

decline in cardiovascular function, culminating in cardiovascular mortality in 

young adults comparable to that in the average very elderly population (Foley 

and Parfrey, 1998, Goodman et al., 2000, Mitsnefes, 2012). Thus, in patients with 

CKD, VCm is a powerful predictor of both cardiovascular and all-cause death 

(Block et al., 2004, Go et al., 2004, Young et al., 2005, Demer and Tintut, 2008, 

Guerin et al., 2008, Mizobuchi et al., 2009). 

VCm was initially presumed to result from passive hydroxyapatite deposition 

caused by supersaturation of serum calcium and phosphate concentrations, a 

noncellularly regulated degenerative process. However, our understanding of 

VCm has been considerably improved by research conducted over the past two 



2 

 

 

decades. It is a bone-like ossification process intimately linked to vascular smooth 

muscle cells (VSMCs) and mediated via multiple signaling pathways (Iyemere et 

al., 2006, Moe and Chen, 2008, Leopold, 2015, Voelkl et al., 2019) 

 
Figure 1 Simplified terminology for biological calcification. 

The nomenclature is proposed depending on the presence or lack of recognized risk 

factors. Mönckeberg’s medial sclerosis is the most prevalent variant of VCm and is 

commonly associated with CKD, diabetes mellitus, and aging. [Modified from (Lanzer et 

al., 2014)] 

1.1.2 Dysregulation of bone mineral metabolism in individuals with CKD 

Increased serum phosphate levels are an independent risk factor for 
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cardiovascular events and mortality, particularly in populations with CKD (Young 

et al., 2005, Kendrick and Chonchol, 2008, Adeney et al., 2009). Serum 

phosphate concentrations higher than 1.77 mM, which are common in patients 

with end-stage renal disease, are strongly correlated with cardiovascular events 

and sudden death (Block et al., 2004, Noordzij et al., 2006, Tentori et al., 2008). 

Additionally, in the average population with normal renal function or in patients 

with early-stage CKD, a relatively modest increase in serum phosphate levels 

within the normal–high range (1.1-1.45 mM) is associated with increases in 

cardiovascular and all-cause mortality (Tonelli et al., 2005, Foley, 2009, 

Kestenbaum et al., 2009, Tonelli et al., 2009, Eddington et al., 2010). 

The regulation of phosphate excretion by the kidney is critical for maintaining 

the phosphate balance under normal physiological conditions. Kidney damage 

impairs the capacity of mammals to maintain phosphate homeostasis. The serum 

phosphate concentration is normally maintained in a range from 0.8 mM to 1.45 

mM under physiological conditions (Burtis et al., 2012). In the early stages of CKD, 

renal insufficiency results in impaired phosphate excretion and lower α-klotho 

levels, while serum phosphate levels are not elevated, potentially due to 

decreased renal tubular absorption of phosphate via upregulation of parathyroid 

hormone (PTH) and fibroblast growth factor 23 (FGF-23) in bone (Koh et al., 2001, 

Levin et al., 2007, Isakova et al., 2011). However, as renal function deteriorates, 

phosphate excretion further decreases, leading to hyperphosphatemia (CKD 

stage 4-5) (Slatopolsky et al., 1968, Craver et al., 2007). Furthermore, elevated 

serum FGF-23 levels reduce 1,25(OH)2D3 synthesis by inhibiting 1α-hydroxylase 

activity and stimulating 24-hydroxylase activity in the proximal tubules of the 

kidney, in which 1α-hydroxylase converts 25(OH)D3 to 1,25(OH)2D3 and 24-

hydroxylase converts 1,25(OH)2D3 to inactive metabolites (Shimada et al., 2004, 

Perwad et al., 2007). FGF-23, together with decreased 1α-hydroxylase activity 

due to renal damage during CKD, leads to low 1,25(OH)2D3 levels and 
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subsequent hypocalcemia. When both hyperphosphatemia and hypocalcemia 

are present, additional PTH secretion is strongly stimulated, subsequently 

resulting in secondary hyperparathyroidism (sHPT) and bone mineralization 

disorders. These normal compensatory mechanisms eventually fail, and 

dysregulated phosphate metabolism, combined with calcium dysregulation, 

promotes VCm in individuals with CKD (Figure 2). 

 

Figure 2 A summary of mineral metabolism during normal kidney function and 

CKD. 

Ca: calcium; Pi: inorganic phosphate; Mg: magnesium. [from (Ferrè et al., 2020), 

copyright license number 5137900278266, provided by Elsevier and Copyright 

Clearance Center] 

1.1.3 Mechanisms of calcification in individuals with CKD 

With the establishment of VCm models in vivo and in vitro, the main 

mechanisms of VCm currently being considered are (1) inhibitor loss, (2) 

osteo/chondrocytic differentiation, (3) cell apoptosis, (4) dysregulated mineral 

homeostasis, (5) nidus formation, and (6) matrix degradation or modification (Moe 

and Chen, 2008, Sage et al., 2010, Shanahan et al., 2011, Leopold, 2015, Voelkl 

et al., 2019). 

Under physiological conditions, active cellular defense mechanisms 
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efficiently prevent the formation of ectopic calcification, and calcification is highly 

likely to develop when these defense mechanisms are overwhelmed. In 

individuals with CKD, the uremic environment places VSMCs under severe 

calcification stress. Hyperphosphatemia and occasional hypercalcemia may 

overwhelm inhibitory systems. Additionally, various toxins in the uremic 

environment, such as inflammatory factors and lipid oxidation products, 

contribute to oxidative stress and DNA damage in VSMCs (Vaziri, 2004, Yamada 

et al., 2012). Over time, damaged VSMCs gradually lose the ability to produce 

sufficient amounts of inhibitors and undergo phenotypic switching, eventually 

losing their contractile characteristics and converting to synthetic cells. As long 

as unfavorable stimuli persist, these synthetic VSMCs continue to maladaptively 

transdifferentiate into osteo/chondrocytes and release matrix vesicles. These 

matrix vesicles have alkaline phosphatase activity, forming a microenvironment 

that is prone to the formation of alkaline calcium and phosphate deposits that 

contain hydroxyapatite crystals, which are released in a high-phosphate or/and 

hypercalcemic environment (Iyemere et al., 2006, Shanahan, 2007). Moreover, 

VSMCs may undergo apoptosis or necrosis, which increases the local calcium 

concentration, providing an additional nidus for calcification and further depleting 

the ability of VSMCs to produce inhibitors (Shroff et al., 2008). 

1.1.4 Osteo/chondrocytic differentiation of VSMCs 

As previously stated, when VSMCs are exposed to procalcific conditions, 

particularly hyperphosphatemia, they undergo a phenotypic transition 

characterized by increased expression of bone-related genes and loss of 

contractile markers. The osteoinductive transcription factors include core-binding 

factor α-1 (CBFA1), also known as runt-related transcription factor 2 (RUNX2), 

osterix, msh homeobox 2 (MSX2), sry (sex determining region Y)-box 9 (SOX9), 

and alkaline phosphatase (ALPL, encodes the tissue-nonspecific isozyme ALP in 

humans) (Jono et al., 2000a, Steitz et al., 2001, Chen et al., 2002, Tyson et al., 
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2003, Iyemere et al., 2006, Mathew et al., 2008, Speer et al., 2010). Smooth 

muscle protein 22-α (SM22-α) and α-smooth muscle actin (αSMA) are contractile 

markers (Steitz et al., 2001). 

CBFA1 is critical in mediating VSMC phenotypic switching by activating 

bone-related genes and inhibiting lineage-specific gene expression, and CBFA1 

silencing suppresses VSMC osteo/chondrogenic differentiation and VCm 

(Tanaka et al., 2008, Speer et al., 2010, Sun et al., 2012). MSX2 functions as an 

upstream regulator of CBFA1 during osteoblast differentiation, promoting CBFA1 

and osterix expression in VSMCs (Satokata et al., 2000, Lee et al., 2010). CBFA1 

promotes the expression and activation of osterix (Nishio et al., 2006). SOX9 and 

CBFA1 are essential for osteochondral progenitor cells to differentiate into 

chondrocytes or osteoblasts (Komori et al., 1997, Bi et al., 1999, Yamashiro et al., 

2004). SOX9 deficiency abolishes cartilage and bone differentiation, whereas 

CBFA1 deficiency affects only chondrocyte hypertrophy and bone formation 

(Zhou et al., 2006). ALPL is required for accurate calcium and phosphate 

mineralization in bones and teeth (Fedde et al., 1999). 

Furthermore, osteoinductive transcription factors promote the synthesis and 

secretion of proteins involved in bone formation and mineralization, including 

osteocalcin (OCN), bone morphogenetic protein-2 (BMP-2), type I collagen, and 

tissue-nonspecific alkaline phosphatase (TNSALP), in VSMCs (Shanahan et al., 

1999, Shanahan et al., 2011, Lanzer et al., 2014). 

BMP-2 is a potent osteogenic protein that is closely related to VCm. Noggin, 

a BMP-2 inhibitor, was previously shown to block calcification induced by high 

phosphate concentrations while also preventing increased expression of osterix 

in VSMCs (Mathew et al., 2007). Compared with the average population, serum 

BMP-2 levels are considerably higher in patients with end-stage CKD. The serum 

of patients with CKD promotes CBFA1 expression in bovine VSMCs, which is 

subsequently inhibited substantially by noggin (Chen et al., 2006). BMP-2 also 
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increases phosphate uptake in VSMCs, leading to VCm (Li et al., 2008). 

The enzyme TNSALP is critical for promoting normal bone and tooth 

formation. ALPL mutation results in the production of an inadequate amount of 

TNSALP, allowing compounds such as pyrophosphate (PPi) to accumulate and 

impede proper mineralization (Fedde et al., 1999). TNSALP also regulates 

vascular matrix mineralization by inactivating PPi and osteopontin (OPN) to 

relieve their inhibitory effects on mineralization while providing phosphate or free 

phosphorus for hydroxyapatite deposition (Jono et al., 2000b, Lomashvili et al., 

2004, Shanahan et al., 2011). Elevated TNSALP activity is thus a key event in 

the development of VCm (Johnson et al., 2006, Demer and Tintut, 2008). 

Osteo/chondrogenically transdifferentiated VSMCs may facilitate 

calcification by inducing an initial nidus of calcification and the growth of 

hydroxyapatite crystals, therefore promoting VCm. A variety of mechanisms 

centered on VSMCs are described below (Figure 3). 

 

Figure 3 Involvement of multiple factors associated with VSMCs in VCm. 

Elevated phosphorus (P) or calcium (Ca) levels, stress, and vascular injury all contribute 
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to the osteo/chondrogenic differentiation of VSMCs. Inhibitor loss, calcified matrix vesicle 

release, and extracellular matrix degradation contribute to this process. P- or Ca-induced 

apoptosis of VSMCs facilitates the formation of the initial calcification nidus. 

MGP: matrix Gla protein; PPi: pyrophosphate; OPN: osteopontin. (Illustration Credit: 

Cosmocyte/Ben Smith). [from (Shanahan et al., 2011), copyright license number: 

5138920120094, provided by Wolters Kluwer Health, Inc.] 

1.2 Ca2+ signaling 

As a ubiquitous second messenger, Ca2+ plays a vital role in regulating a 

wide variety of physiological processes, including fertilization, heart activity, 

information processing in the brain, memory storage, cell apoptosis, gene 

transcription and translation, and protein modification (Hebert and Brown, 1996, 

Carafoli, 2002, Berridge, 2012). In resting cells, the cytoplasmic Ca2+ 

concentration [Ca2+]i is low (approximately 100 nM), while the extracellular [Ca2+] 

ranges from 1-3 mM (Brini and Carafoli, 2009). Ca2+ signaling is characterized by 

a sudden increase in [Ca2+]i that drives intracellular processes. Since [Ca2+]i is at 

least 10,000 times lower than the extracellular [Ca2+], precise regulation of [Ca2+]i 

is critical. Typically, this [Ca2+]i dynamic is regulated by Ca2+-dependent pumps 

or channels and through binding to Ca2+-binding proteins and transcription factors 

(Clapham, 2007). 

1.2.1 Ca2+ homeostasis in resting cells 

A low [Ca2+]i is maintained through sarco/endoplasmic reticulum Ca2+ 

ATPases (SERCAs), which pump Ca2+ into the endoplasmic reticulum (ER), or 

through plasma membrane Ca2+ ATPases (PMCAs), which pump Ca2+ out of the 

cell. Both of these physiological activities consume ATP (Berridge et al., 2003, 

Kosk-Kosicka, 2005). A second mechanism of cytosolic Ca2+ regulation consists 

of Na+/Ca2+ exchangers (NCXs) or Na+/Ca2+-K+ exchangers (NCKXs). NCXs 

exchange one Ca2+ for three Na+, whereas NCKXs exchange one K+ and one 

Ca2+ for four Na+. In the resting state, Ca2+/K+ extrusion with Na+ entry generally 

occurs, and Ca2+/K+ entry/Na+ extrusion can occur when the ion concentration 
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inside and outside the cell changes (Khananshvili, 2014). PMCAs and 

NCXs/NCKXs are mutually beneficial. PMCAs maintain a relatively low [Ca2+]i for 

an extended period, while NCKs/NCKXs perform the necessary fast changes 

during cardiac action potential generation (Hilgemann et al., 2006). 

1.2.2 Core of the Ca2+ signaling network 

Ca2+ channel opening at the plasma membrane is triggered by voltage 

changes or the binding of intra/extracellular ligands. The initial increase in [Ca2+]i 

triggers the release of more Ca2+, mostly from the ER, via Ca2+-sensitive 

ryanodine receptors (RyRs). Activation of phospholipase C (PLC) by G protein-

coupled receptors (GPCRs) or receptor tyrosine kinases (RTKs) results in the 

hydrolysis of membrane-bound phosphatidylinositol 4,5-bisphosphate (PIP2) to 

generate inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG) (Clapham, 

1995, Berridge, 1997). IP3 then binds to its receptor (IP3R) on the ER and 

mediates Ca2+ release (Clapham, 1995). 

1.2.3 Store-operated Ca2+ entry; the mechanism of Ca2+ release-activated 

Ca2+ channel 

Ca2+ constantly leaks from the ER, while the ER continuously takes up Ca2+ 

from the cytoplasm via SERCAs. If these pumps fail, Ca2+ levels in the ER 

decrease. Additionally, if cells are cultured in medium with a low [Ca2+], PMCAs 

pump leaked Ca2+ out through the cell membrane, depleting Ca2+ in the ER. Ca2+ 

depletion results from IP3R-mediated Ca2+ release from the ER in response to 

receptor activation, since PMCAs pump Ca2+ out through the cell membrane 

faster than it is replaced in the ER. The ER serves as the primary intracellular 

Ca2+ store; when ER [Ca2+] is depleted, Ca2+ entry from the extracellular space, 

referred to as store-operated Ca2+ entry (SOCE), is activated (Putney, 1986, 

Putney, 1990, Putney, 1999, Putney and McKay, 1999, Parekh and Putney, 2005). 

Subsequent research validated this hypothesis by detecting a store-operated 

current, which was highly selective for Ca2+, inwardly rectifying and not voltage 
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dependent, namely, the Ca2+ release-activated Ca2+ channel (CRAC) current 

(ICRAC). (Hoth and Penner, 1992). Notably, ICRAC is triggered in response to a 

reduction in ER [Ca2+], not an increase in [Ca2+]i. 

However, the molecular mechanism of SOCE remains unclear. The transient 

receptor potential (TRP) protein is hypothesized to be closely related to SOCE 

based on research on light transmission in Drosophila. TRP was identified in 1969, 

and its gene encodes a Ca2+-permeable channel component. TRP channels are 

a superfamily of cation channels comprising seven subfamilies. TRPC1-TRPC7 

are seven members of the canonical transient receptor potential (TRPC) gene 

family (Minke, 2006). Studies employing small interfering RNA (siRNA) and 

overexpression techniques have shown that TRPC1 contributes to the molecular 

mechanism of SOCE in VSMCs (Kunichika et al., 2004, Minke, 2006). On the 

other hand, the relationship between pool depletion and SOCE activation remains 

unclear. No significant progress in elucidating the molecular mechanism of SOCE 

was achieved until the identification of two distinct specific components, stromal 

interaction molecule (STIM) (Roos et al., 2005, Zhang et al., 2005b) and calcium 

release-activated calcium modulator (ORAI), which was discovered a year later 

(Feske et al., 2006, Vig et al., 2006). 

The STIM protein mainly includes three parts: 1. an EF-hand motif, located 

at the N-terminus; 2. one transmembrane domain; and 3. a cytoplasmic region 

required for ORAI protein activation at the C-terminus (Figure 4). The N-terminal 

Ca2+-binding EF-hand motif of STIM senses the [Ca2+] in the ER lumen, while its 

sterile α motif (SAM) may promote multimerization (Lewis, 2007, Stathopulos et 

al., 2009). Similarly, the C-terminus of STIM interacts with ORAI, linking ER Ca2+ 

pool depletion to SOCE activation (Wang et al., 2014). STIM has two homologs, 

STIM1 and STIM2, with approximately 61% homology and different expression 

levels in the body; both proteins function as Ca2+ sensors in the ER (Williams et 

al., 2001, Cahalan, 2009, Collins and Meyer, 2011). STIM1 forms homomultimers 



11 

 

 

or heteromultimers with STIM2. But STIM2 has a lower affinity for Ca2+ than 

STIM1, it senses slight changes in the depletion of the ER Ca2+ pool, thus 

possibly serving as a feedback regulator that maintains the fundamental Ca2+ 

homeostasis between the cytoplasm and ER lumen (Brandman et al., 2007). 

The ORAI1 protein contains four transmembrane regions and intracellular N- 

and C-termini (Feske et al., 2006). Two of the four transmembrane regions of 

ORAI1 contain highly conserved glutamic acid residues, which function as Ca2+ 

binding sites. Studies using whole-cell patch clamp techniques revealed that the 

glutamic acid residues of ORAI1 are required for the ion conductance and Ca2+ 

selectivity of CRACs (Prakriya et al., 2006, Vig et al., 2006, Yeromin et al., 2006). 

ORAI1 is structurally related to two other protein homologs, ORAI2 and ORAI3. 

ORAI2 and ORAI3 have not been extensively studied in CRACs, and previous 

research has not drawn clear conclusions. ORAI2 and ORAI3 function similarly 

to ORAI1 in CRACs (Mercer et al., 2006, Lis et al., 2007). ORAI2 slows the ability 

of ORAI1 to guide Ca2+, thus decreasing Ca2+ entry (Vaeth et al., 2017). ORAI3 

responds completely differently to putative CRAC inhibitors than ORAI1 and 

ORAI2 (Zhang et al., 2020). Therefore, ORAI1 is now accepted to play a 

predominant role in mediating CRAC activity (Gwack et al., 2007). 

A potential mechanism of SOCE in most nonexcitable cells is described 

below (Stathopulos et al., 2008, Wang et al., 2008, Schindl et al., 2009, Varnai et 

al., 2009, Roberts-Thomson et al., 2010). In resting cells, ER [Ca2+] interacts with 

the EF-hand motif of STIM to form the EF-hand–SAM domain. When ER [Ca2+] 

is depleted, Ca2+ dissociates from the EF-hand motif, allowing the EF-hand–SAM 

domain to unfold and become extremely unstable, thus activating the STIM1 

protein and inducing its oligomerization. After oligomerization, the STIM1 protein 

translocates from the ER and gradually approaches the ORAI1 protein located 

on the cytoplasmic membrane for interaction. The ORAI1 protein self-assembles 

into a tetramer that forms a channel, activating the CRAC and subsequently 
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allowing extracellular Ca2+ to enter the cell (Figure 4). 

 

Figure 4 Predicted mechanism of action of ORAI1 and STIM1 

ER lumen-localized STIM1 contains a Ca2+-sensing EF-hand domain and a SAM, and 

cytoplasmic STIM1 contains a SOAR, a CDI domain, a regulatory domain (R) and a 

polylysine (K) domain. When the Ca2+ store is depleted, STIM1 rearranges within the ER 

membrane, interacts with the ORAI1 channel protein in the plasma membrane, and 

activates the channel. The ORAI1 protein has a four-transmembrane structure with 

cytoplasmic N- and C-termini. The C-terminus contains a putative coiled-coil structure 

essential for the functional STIM1 interaction. Glutamic acid 106 (E106) is selective for 

Ca2+ and functions as the selectivity filter of CRACs. 

SOAR: STIM1–ORAI-activating region; CDI: Ca2+-dependent inactivation; R: regulatory 

domain; K: polylysine domain. [from (Smyth et al., 2010), copyright license number: 

5143891429415, provided by John Wiley and Sons] 

1.2.4 SERCA inhibitors and SOCE in VSMCs 

The function of SOCE has been investigated using drugs such as 

cyclopiazonic acid (CPA) and thapsigargin (TG). Both permanently block 
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SERCAs, depleting Ca2+ in the ER and therefore initiating SOCE. These drugs 

deplete the ER Ca2+ store without activating G proteins and are used to 

distinguish between Ca2+ entering through CRACs and Ca2+ entering through 

receptor-operated Ca2+ channels (ROCCs). The elevation of [Ca2+]i and cellular 

responses induced by SERCA inhibitors might be interpreted as indications of the 

involvement of SOCE in signaling pathways. 

VSMCs possess contractile activity, which is required for normal vascular 

tone and blood pressure regulation. Extracellular Ca2+ influx or ER [Ca2+] release 

leads to an increase in [Ca2+]i in VSMCs, and increased Ca2+ binding to 

calmodulin results in the binding and activation of myosin light-chain kinase, 

activating myosin ATPase and triggering contraction. SERCA inhibitors also 

increase [Ca2+]i in VSMCs, which may affect vascular tone. Therefore, numerous 

studies have used CPA or TG to assess the function of SOCE in VSMCs and the 

associated calcium channels involved in vasoconstriction. Unlike nonexcitable 

cells, voltage-operated calcium channels (VOCCs) are present in the cell 

membrane of VSMCs, among which L-type VOCCs are the dominant type. 

However, no clear conclusions on whether VOCCs are involved in the function of 

SOCE in VSMCs can be drawn from previous studies. 

An in vitro study reported that TG-induced ER depletion activates SOCE in 

VSMCs and that this Ca2+ influx is independent of IP3 production and L-type 

VOCCs (Xuan et al., 1992). However, additional ex vivo investigations have 

reached inconsistent conclusions. SERCA inhibitor-induced contractions in rat 

retinal, renal and pulmonary arteries are resistant to nifedipine, an L-type VOCC 

inhibitor, while the contractions in the aorta of mice are nifedipine-sensitive 

(Leung et al., 2008). Moreover, the contractions in the femoral and carotid arteries 

of rats and the fundus of mice, cats, and guinea pigs exhibit different sensitivities 

to nifedipine (Leung et al., 2008). Additionally, elevated [Ca2+]i in VSMCs does 

not even necessarily cause contractions (Snetkov et al., 2003, Leung et al., 2008). 
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Until recently, some studies indicated a distinct role for SOCE. CPA-induced 

ER [Ca2+] depletion resulted in a prolonged increase in [Ca2+]i in rabbit cerebral 

arteries in the presence of a VOCC blocker without inducing contractions 

(Flemming et al., 2003), while contraction occurred in the absence of a VOCC 

blocker when the cell membrane was depolarized with a high-K+ solution. 

(Flemming et al., 2003). We may speculate from those two findings that the 

depletion of Ca2+ stores causes SOCE activation, a process that is dominated by 

CRACs and results in a long-lasting increase in [Ca2+]i, which has a limited 

association with vasoconstriction. In contrast, VOCCs are involved in rapid and 

transient increases in [Ca2+]i, which are more relevant to vasoconstriction. 

Therefore, depletion of Ca2+ store-induced SOCE is possibly activated in a 

spatially distinct cellular compartment that is separated from contractile proteins. 

Additional cellular compartments, such as mitochondria and lysosomes, may 

regulate local Ca2+ levels. 

1.3 Phosphate-dependent osteoinductive signaling in VSMCs 

Multiple signaling pathways are involved in osteo/chondrocytic 

transdifferentiation of VSMCs stimulated by phosphate. According to recent 

research, increased [Ca2+]i plays a role in this mechanism. In a CKD rat model, 

the resting [Ca2+]i was increased in freshly isolated VSMCs; mechanistically, this 

increase was attributed to enhanced SOCE and suppressed Ca2+ efflux 

(Rodenbeck et al., 2017). An increased [Ca2+]i is required for osteogenic 

differentiation and calcification (Nguyen et al., 2020). As in other cells, the [Ca2+]i 

in resting VSMCs is closely controlled by PMCAs, SERCAs, and NCXs/NCKXs, 

which are Ca2+ pumps or exchangers. When VSMCs undergo phenotypic 

switching from the contractile to the proliferative-synthetic phenotype, the levels 

of Ca2+-regulating proteins such as RYRs are reduced, and the levels of IP3Rs 

and TRPC channels are increased (Berra-Romani et al., 2008, House et al., 

2008). 
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The osteoinductive signaling cascade was recently shown to be mediated by 

serum- and glucocorticoid-inducible kinase (SGK1) (Tuffaha et al., 2018, Voelkl 

et al., 2018a). Phosphate increases the expression and activity of SGK1 in 

VSMCs, and SGK1 plays a critical role in phosphate-induced VCm (Voelkl et al., 

2018a). Inhibition of SGK1 attenuates phosphate-induced VCm (Voelkl et al., 

2018a). The downstream effectors of SGK1-dependent osteoinductive signaling 

include activating nuclear factor kappa-light-chain-enhancer of activated B cells 

(NF-κB) (Zhao et al., 2012, Yoshida et al., 2017, Zhang et al., 2017, Voelkl et al., 

2018b). As observed in VSMCs and other cells, SGK1 not only phosphorylates 

IκB kinase α (IKKα), which phosphorylates the inhibitory protein IκB (Tai et al., 

2009), but also directly degrades IκBα, leading to the nuclear translocation and 

activation of NF-κB (Lang et al., 2003, Voelkl et al., 2018a). Calcium oscillations 

activate NF-κB, which is accompanied by SOCE (Dolmetsch et al., 1998). NF-κB 

signaling promotes VCm at least partially by inducing increased expression of the 

osteogenic markers CBFA1, MSX2, and ALPL, as well as TNSALP activity, in 

VSMCs. (Lee et al., 2010, Voelkl et al., 2018b). Interfering with the activation of 

the NF-κB pathway inhibits osteo/chondrocytic transdifferentiation of VSMCs and 

VCm (Zhao et al., 2012, Voelkl et al., 2018a, Voelkl et al., 2018b). 

NF-κB was discovered to upregulate the expression of ORAI1, which is 

activated by STIM1, resulting in an increase in SOCE in human embryonic kidney 

293 (HEK293) cells (Eylenstein et al., 2012). SGK1 increases the protein 

expression level of the membrane protein ORAI1 and enhances ICRAC and SOCE 

in HEK293 cells. Consequently, when SGK1 is knocked down, the ORAI1 protein 

expression level and SOCE decrease substantially (Eylenstein et al., 2011). 

Additionally, SGK1 upregulates ORAI1 expression in VSMCs via the NF-κB 

pathway (Walker-Allgaier et al., 2017). 

Our findings suggest a signaling network connecting [Ca2+]i, SGK1, ORAI1, 

STIM1, and SOCE. However, the roles of ORAI, STIM1, and SOCE in 
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orchestrating osteoinductive signaling in VSMCs and VCm remain unclear. 

Therefore, we hypothesize that an increased extracellular phosphate 

concentration induces ORAI1/STIM1 expression in VSMCs, followed by the 

upregulation of SOCE. 

  



17 

 

 

1.4 Study aim 

The purpose of this study was to explore whether ORAI1, STIM1, and SOCE 

are responsive to β-glycerophosphate (BGP), a phosphate donor, in human aortic 

smooth muscle cells (HAoSMCs) and investigate the role of ORAI1-induced 

SOCE in the orchestration of osteogenic signals. 

Additionally, VSMC phenotypic switching involves alterations in VOCCs 

(Munoz et al., 2013); membrane depolarization via VOCCs also increases [Ca2+]i. 

This study investigated whether VOCCs are also involved in this mechanism. 
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2. Materials and Methods 

2.1 Materials 

2.1.1 Cells, medium, and inhibitors  

Table 2.1: List of cells used and medium with additives. 

Name Supplier 

Antibiotic-antimycotic (100x) Invitrogen, Karlsruhe, Germany 

Fetal bovine serum (FBS) Gibco, Grand Island, USA 

HAoSMC Gibco, Grand Island, USA 

Human vascular smooth muscle cell 

basal medium (Medium 231) 

Gibco, Grand Island, USA 

Trypsin-ethylenediaminetetraacetic acid 

(EDTA) (0.25%) 

Gibco, Paisley, UK 

Table 2.2: List of pharmacological inhibitors used. 

2.1.2 Chemicals and reagents 

Table 2.3: List of chemicals used in the project. 

Name Supplier 

2-Aminoethoxydiphenyl borate (2-APB) Tocris, Bristol, United Kingdom 

GSK650394 Sigma, Steinheim, Germany 

MRS1845 Tocris, Bristol, United Kingdom 

TG Invitrogen, Goettingen, Germany 

Name Supplier 

30 % acrylamid/bis-acrylamid (29:1) Carl Roth, Karlsruhe, Germany 

4-(2-Hydroxyethyl)-piperazine-1-

ethanesulfonic acid (HEPES) 

Carl Roth, Karlsruhe, Germany 

Alizarin red S Sigma-Aldrich, St. Louis, USA 

Ammonium persulfate (APS) Carl Roth, Karlsruhe, Germany 

Bovine serum albumin (BSA) Sigma-Aldrich, St. Louis, USA 
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Calcium chloride (CaCl2) Sigma-Aldrich, St. Louis, USA 

Chloroform Carl Roth, Karlsruhe, Germany 

D-(+)-glucose Sigma-Aldrich, St. Louis, USA 

Developer and Replenisher Kodak, USA 

Dimethyl sulfoxide (DMSO) Carl Roth, Karlsruhe, Germany 

Dulbecco’s phosphate-buffered saline (D-

PBS) 

Sigma-Aldrich, St. Louis, USA 

Ethanol 99% Carl Roth, Karlsruhe, Germany 

Ethylene-glycol-bis(β-aminoethyl)-

N,N,Nʹ,Nʹ-tetraacetic acid (EGTA) 

VWR, Leuven, Belgium 

Glycine Carl Roth, Karlsruhe, Germany 

Hydrochloric acid 32% (HCl) Carl Roth, Karlsruhe, Germany 

Isopropanol Carl Roth, Karlsruhe, Germany 

Magnesium sulfate (MgSO4)  Sigma-Aldrich, St. Louis, USA 

Methanol Carl Roth, Karlsruhe, Germany 

N,N,N′,N′-Tetramethylethylenediamine 

(TEMED) 

Carl Roth, Karlsruhe, Germany 

Non-fat milk powder Carl Roth, Karlsruhe, Germany 

Nuclease-free H2O Promega, Hilden, Germany 

Paraformaldehyde (PFA) Sigma-Aldrich, St. Louis, USA 

Phenylmethylsulfonyl fluoride (PMSF) Sigma-Aldrich, St. Louis, USA 

Polyvinylidene fluoride (PVDF) 

membrane 

Carl Roth, Karlsruhe, Germany 

Ponceau S Carl Roth, Karlsruhe, Germany 

Potassium chloride (KCl) Carl Roth, Karlsruhe, Germany 

Roti®-Load 1 (4x) Carl Roth, Karlsruhe, Germany 

Silicone paste Carl Roth, Karlsruhe, Germany 

Sodium chloride (NaCl) Carl Roth, Karlsruhe, Germany 

Sodium dodecyl sulfate (SDS) Carl Roth, Karlsruhe, Germany 

Sodium hydrogen phosphate (Na2HPO4) Carl Roth, Karlsruhe, Germany 

Sodium hydroxide (NaOH) solution 1N Carl Roth, Karlsruhe, Germany 
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Table 2.4: List of reagents used in the project. 

Name Supplier 

ALP colorimetric assay kit Abcam, USA 

Bio-Rad protein assay dye reagent 

Concentrate 

Bio-Rad Laboratories, München, 

Germany 

DNase I Thermo Fisher Scientific, USA 

Fura-2 AM Invitrogen, Goettingen, Germany 

GoScript™ Reverse Transcriptase Promega, Hilden, Germany 

GoTaq® qPCR Master Mix Promega, Hilden, Germany 

Lipofectamine™ transfection agent Invitrogen, Karlsruhe, Germany 

Negative control siRNA D-001810-10-05, Dharmacon, UK 

Negative control siRNA sc-37007, Santa Cruz Biotech, 

USA 

Oligo(dT)15 primers Promega, Hilden, Germany 

ORAI1 siRNA L-014998-00-0005, Dharmacon, 

UK 

ORAI1 siRNA sc-76001, Santa Cruz Biotech, 

USA 

PeqGold TriFast Peqlab, Erlangen, Germany 

PierceTM enhanced chemiluminescence 

(ECL) western blotting substrate 

Thermo Fisher Scientific, USA 

Protein marker Thermo Fisher Scientific, 

Danvers, USA 

QuantiChromTM Calcium Assay Kit  BioAssay Systems, Hayward, CA 

Radioimmunoprecipitation assay (RIPA) 

lysis buffer (10x) 

Cell Signaling Technology, 

Danvers, USA 

Tris-(hydroxymethyl)-aminomethane 

(Tris) 

Carl Roth, Karlsruhe, Germany 

Tween-20 Carl Roth, Karlsruhe, Germany 

β-Glycerophosphate (BGP) Sigma-Aldrich, St. Louis, USA 
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Radom primers Promega, Hilden, Germany 

2.1.3 Primers and antibodies 

Table 2.5 List of primers used for quantitative PCR. 

Name Orientation Sequence Species 

ALPL 
forward 5’-GGGACTGGTACTCAGACAACG-3’ 

Human 
reverse 5’-GTAGGCGATGTCCTTACAGCC-3’ 

CBFA1 
forward 5’-GCCTTCCACTCTCAGTAAGAAGA-3’ 

Human 
reverse 5’-GCCTGGGGTCTGAAAAAGGG-3’ 

GAPDH 
forward 5’-TCAAGGCTGAGAACGGGAAG-3’ 

Human 
reverse 5’-TGGACTCCACGACGTACTCA-3’ 

MSX2 
forward 5’-TGCAGAGCGTGCAGAGTTC-3’ 

Human 
reverse 5’-GGCAGCATAGGTTTTGCAGC-3’ 

ORAI1 
forward 5’-CACCTGTTTGCGCTCATGAT-3’ 

Human 
reverse 5’-GGGACTCCTTGACCGAGTTG-3’ 

SGK1 
forward 5’-AGGAGGATGGGTCTGAACGA-3’ 

Human 
reverse 5’-GGGCCAAGGTTGATTTGCTG-3’ 

SOX9 
forward 5’-AGCGAACGCACATCAAGAC-3’ 

Human 
reverse 5’-CTGTAGGCGATCTGTTGGGG-3’ 

STIM1 
forward 5’-AAGAAGGCATTACTGGCGCT-3’ 

Human 
reverse 5’-GATGGTGTGTCTGGGTCTGG-3’ 

Table 2.6: List of antibodies used in the project. 

Target Lot No. Source Dilution Supplier 

Purified anti-

GAPDH antibody  

2118S Rabbit  1:1000 Cell Signaling Technology, 

Danvers, USA  

Purified anti-

ORAI1 antibody  

13130-

1-AP 

Rabbit  1:1000 Proteintech, Rosemont, 

USA  

Purified anti-

STIM1 antibody  

4916S Rabbit  1:1000 Cell Signaling Technology, 

Danvers, USA  

Purified anti-rabbit 7074S  1:2500 Cell Signaling Technology, 
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horseradish 

peroxidase (HRP)-

conjugated 

antibody 

Danvers, USA 

2.1.4 Solutions and buffers 

Table 2.7 List of solutions and buffers used in the study. 

Solutions or buffers Composition 

Tris-buffered saline (TBS) 

(pH 7.6, 10x) 

Tris-base 500 mM 

NaCl 1.5 M 

Tris buffered saline, with 

tween-20 (TBST) 

1xTBS  

Tween-20 0.1% 

Blocking buffer/Antibody 

dilution buffer 

1xTBS  

Tween-20 0.1% 

Non-fat milk powder/BSA 5% w/v 

Transfer buffer Tris-base 25 mM 

Glycine 200 mM 

Methanol 20% 

Electrophoresis buffer (10x) Tris-base 250 mM 

Glycine 2.5 M 

SDS 1% w/v 

Standard HEPES solution 

(pH 7.4) 

NaCl 125 mM 

KCl 5 mM 

MgSO4 1.2 mM 

CaCl2 1 mM 

Na2HPO4 2 mM 

HEPES 32 mM 

D-(+)-glucose 5 mM 

Ca2+-free HEPES solution  

(pH 7.4) 

NaCl 125 mM 

KCl 5 mM 

MgSO4 1.2 mM 
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Na2HPO4 2 mM 

HEPES 32 mM 

EGTA 0.5 mM 

D-(+)-glucose 5 mM 

2.1.5 Consumables and instruments 

Table 2.8: List of consumables and instruments used. 

Name Manufacturer 

Amersham Hyperfilm™ ECL GE Healthcare, Munich, Germany 

Axiovert 100 microscope Carl Zeiss, Oberkochen, 

Germany 

BioPhotometer Eppendorf, Hamburg, Germany 

BioTekTM PowerWaveTM Microplate 

Spectrophotometer 

BioTek, Bad Friedrichshall, 

Germany 

Borosilicate glass pipettes Harvard Apparatus, UK 

Cell culture plates 6, 12, 24, 48 well Corning incorporated, München, 

Germay 

Centrifuge Andreas Hettich GmbH, 

Tuttlingen, Germany 

CFX96 Connect™ real-time System Bio-Rad, München, Germany 

Corning® Costar® Stripette® serological 

pipettes 5, 10, 25 mL 

Corning incorporated, München, 

Germay 

Cuvettes, Uvette Eppendorf, Hamburg, Germany 

Electrophoresis and blotting system Bio-Rad, Munich, Germany 

Eppendorf 5331 MasterCycler gradient 

thermal cycler 

Eppendorf, Hamburg, Germany 

Eppendorf 5417R refrigerated centrifuge Eppendorf, Hamburg, Germany 

Eppendorf tube 0.5, 1.5, 2.0 mL Eppendorf, Hamburg, Germany 

Heraeus cell culture hood Hera Safe, Osterode, Germany 

Heraeus cell culture incubator Thermo Fisher Scientific, USA 

Inverted optical microscope Nikon, Dusseldorf 
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pH meter SI Analytics, Mainz, Germany 

qPCR 96-well plates VWR, Leuven, Belgium 

Sterile tips 10, 100, 200, 1000 μL Biozyme, USA 

Sterile tubes 15, 50 mL Greiner bio-one, Frickenhausen, 

Germany 

Tissue Culture Flask 25, 75 mL SARSTEDT, Nübrecht, Germany 

Vortex-Genie2 Scientific Industries, New York, 

USA 

Water baths Janke & Kunkel, Staufen, 

Germany 

2.1.6 Software 

Table 2.9: List of software used. 

Software Supplier 

Endnote Version X9, Clarivate Analytics, USA 

GraphPad Prism Version 8.0.2, San Diego, California, USA 

ImageJ Version 1.52, National Institutes of Health, 

Bethesda, MD, USA 

Metafluor Version 7.5, Universal Imaging, Downingtown, 

PA, USA 

SPSS Version 26.0, SPSS Inc., Chicago, IL, USA 

Word/Excel/PowerPoint Version 2016 pro, Microsoft, USA 
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2.2 Methods 

2.2.1 Cell culture 

HAoSMCs were cultured in Medium 231 supplemented with 10% FBS and 

antibiotic-antimycotic (1x) at 37°C in a humidified atmosphere containing 5% CO2. 

The culture medium was replaced every 2 or 3 days. HAoSMCs between 

passages 4 and 10 were utilized in all experiments upon reaching 70-80% 

confluence. 

2.2.2 Drug preparation and in vitro treatment 

The indicated concentrations of BGP were prepared in serum- and antibiotic-

free Medium 231, which is frequently employed instead of phosphate to promote 

calcification (Moe and Chen, 2004). 

Unless specified otherwise, HAoSMCs were treated with BGP for 24 hours 

before quantitative PCR, western blotting, and calcium measurements. Cells 

were exposed to the same concentration of BGP for 7 days before the TNSALP 

activity assay. 

All pharmacological inhibitors (2-APB, MRS1845, GSK650394, and TG) 

were prepared in DMSO (1:1000 final concentration in the cell medium), and all 

relevant control groups were treated with the same amount of DMSO. 

HAoSMCs were treated with 10 mM BGP for 14 days to quantify the 

extracellular calcium content, and alizarin red S staining was used to visualize 

calcified deposits. 

2.2.3 Quantitative PCR 

2.2.3.1 RNA extraction from HAoSMCs  

RNA was extracted from those cell samples using TriFast reagent (1 mL/10 

cm2), and the cell lysate was passed through a pipette multiple times before an 

incubation at room temperature for 5 minutes. 

After the dissociation of cells at room temperature, 0.2 mL of chloroform per 

1 mL of TriFast was added, followed by vigorous vibration for 15 seconds. The 
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samples were mixed well and incubated at room temperature for 2-3 minutes 

before centrifugation at 12000 x g for 20 minutes at 4°C. Following centrifugation, 

the aqueous phase was transferred to a clean RNase-free centrifuge tube. RNA 

was precipitated by adding 0.5 mL of isopropanol per 1 mL of TriFast to the tube. 

After mixing well, the mixture was incubated on ice for 10-15 minutes before being 

centrifuged at 12000 x g for 10 minutes at 4°C. 

After the supernatant was carefully removed, the RNA pellet was washed 

twice with 75% prechilled ethanol and centrifuged at 12000 x g for 10 minutes at 

4°C. 

The RNA pellet was then air-dried at room temperature for approximately 10-

15 minutes after the removal of the supernatant and then dissolved in RNase-

free H2O for 10-15 minutes at 65°C. The concentrations of the RNA samples were 

determined using the BioPhotometer (Eppendorf) at 260 nm and 280 nm after 

dilution at a 1:69 ratio in RNase-free H2O (Sukkar, 2020). 

2.2.3.2 cDNA synthesis 

Reverse transcription of total RNA was conducted with the GoScript™ 

Reverse Transcription System (Promega) according to the manufacturer’s 

protocol. Following DNase digestion, 1 µL of oligo(dT)15 primers, 1 µL of random 

primers and nuclease-free H2O were added to a volume containing 2 µg of RNA 

to a total volume of 5 µL. Each tube was heated to 70°C in the thermocycler 

(Eppendorf) with a hot lid for 5 minutes and was then immediately cooled to 4°C 

for 5 minutes. 

A mixture containing 4.0 µL of 5x GoScript™ reaction buffer, 2.0 µL of MgCl2, 

1.0 µL of PCR Nucleotide Mix, 1.0 µL of GoScript™ reverse transcriptase and 0.5 

µL of recombinant RNasin® ribonuclease inhibitor was prepared, and a total 

volume of 15 µL was reached by adding nuclease-free H2O. 

Each 5 µL mixture of RNA and primers was added to 15 µL of the reverse 

transcription reaction mixture. The final reaction volume per tube was 20 µL. The 
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samples were placed in the thermocycler and incubated at 25°C for 5 minutes, 

42°C for 60 minutes, and 70°C for 15 minutes. 

2.2.3.3 Quantitative PCR 

The transcript levels of target genes were determined using quantitative PCR. 

Samples were processed on ice. The total volume of the reaction mixture (15 µL) 

contained 100 µg of cDNAs, 2x GoTaq® qPCR Master Mix (Promega), 500 nM 

forward and reverse primers (Thermo Fischer Scientific), and nuclease-free H2O. 

Quantitative PCR was conducted using a CFX96 Real-Time System (Bio–

Rad). The cycling program consisted of the following steps: predenaturation at 

95°C for 3 minutes, followed by 40 cycles of 95°C for 15 seconds, 59°C for 30 

seconds, and 72°C for 30 seconds. The primers used for amplification are shown 

in Table 2.5. 

All experiments were performed in duplicate. A melting curve analysis was 

performed to determine the specificity of the PCR products. The relative mRNA 

expression was calculated using the 2-ΔΔCt method and normalized to the control 

group, with GAPDH serving as an internal reference. 

2.2.4 Silencing of ORAI1 

HAoSMCs were transfected with 10 nM validated ORAI1 siRNA (siORAI1; 

Dharmacon & Santa Cruz Biotech) or negative control siRNA (Dharmacon & 

Santa Cruz Biotech) using LipofectamineTM transfection reagent (Invitrogen) to 

silence ORAI1. 

A total of 3.75 μL of Lipofectamine™ transfection reagent in 125 μL of serum- 

and antibiotic-free Medium 231 was added to HAoSMCs cultured in each well. 

Then, 125 μL of the same medium were mixed with 10 nM siORAI1 (prepared 

with RNase-free H2O) or negative control siRNA. Each tube of diluted siORAI1 or 

negative control siRNA was added to a tube of diluted Lipofectamine™ 

transfection reagent (1:1 ratio) and incubated for 10-15 minutes at room 

temperature. Finally, the cells were treated with the combination of siRNA and 
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lipid and incubated at 37°C for 2-4 days. Quantitative PCR and immunoblotting 

were used to assess the silencing efficiency. 

2.2.5 Protein extraction and western blotting 

2.2.5.1 Protein extraction 

HAoSMC samples were washed twice with 4°C precooled D-PBS. After 

adding an appropriate volume of ice-cold RIPA lysis buffer (Cell Signaling 

Technology) containing 1 mM PMSF, the cell lysate was harvested by scraping 

with a cell scraper. The supernatant was collected after an incubation on ice for 

30 minutes, followed by centrifugation at 12000 x g for 10 minutes at 4°C. 

2.2.5.2 Determination of the protein concentration  

The Bradford assay (Bio–Rad) was used to determine the protein content. 

An appropriate volume of protein lysate (obtained using the abovementioned 

protein extraction process, usually 2 µL) was combined with 1 mL of diluted 

Bradford buffer (diluted 1:5 with dH2O), and the protein concentration was 

determined by measuring the absorbance at 595 nm using the BioPhotometer 

(Eppendorf). Roti®-Load 1 was then added to the protein samples and heated for 

5 minutes at 95°C. 

2.2.5.3 Preparation of resolving and stacking sodium dodecyl sulfate (SDS)–

polyacrylamide gels 

Table 2.10: Recipes for the resolving and stacking gels. 

Gel Component Volume 

Resolving gel (10%)/ 15 mL dH2O 6.03 mL 

30% acrylamid/bis-acrylamid 5 mL 

1.5 M Tris (pH 8.8) 3.75 mL 

10% SDS 150 µL 

10% APS 75 µL 

TEMED 7.5µL 

Stacking gel (4%)/ 5 mL dH2O 3 mL 

30% acrylamid/bis-acrylamid 0.66 mL 
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1.0 M Tris (pH 6.8) 1.26 mL 

10% SDS 50 µL 

10% APS 25 µL 

TEMED 5 µL 

Gels were prepared in the format described in the table shown above, 

followed by pouring into a special glass plate device for electrophoresis. 

2.2.5.4 SDS–polyacrylamide gel electrophoresis (PAGE) 

After the protein concentration was calibrated, each well was loaded with 30 

µg of protein from the samples. Electrophoretic separation was started at 80 V 

for 30 minutes and then increased to 100 V for one and a half hours (Sukkar, 

2020). A protein marker (Thermo Fisher Scientific) was used to estimate the size 

of the proteins. 

2.2.5.5 Transfer of proteins to membranes 

Protein transfer to a polyvinylidene fluoride (PVDF) membrane was 

conducted in an ice bath at 100 V (the current was approximately 0.3 A) for 

approximately 1 hour. 

After the transfer was complete, Ponceau S was used to determine whether 

the proteins had been transferred to the membrane, which was then washed with 

distilled H2O until decolorized. 

2.2.5.6 Antibody incubation and protein detection 

Nonspecific binding sites were blocked for 1 hour at room temperature with 

blocking buffer, and the membrane was incubated overnight at 4°C with primary 

antibodies against ORAI1, STIM1, and GAPDH. The detailed information on the 

antibodies is provided in Table 2.6. The next day, the membrane was washed 

three times for 10 minutes each with TBST and then incubated with a secondary 

antibody for one hour, both at room temperature. Following three additional 

washes with TBST, an ECL working solution was prepared (A:B=1:1) and 

incubated with the membrane in the dark for 1-5 minutes. Western blot images 

were digitized and analyzed using ImageJ software (NIH, USA) for protein 
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quantification. 

2.2.6 Ca2+ measurements 

[Ca2+]i was measured using fura-2 AM fluorescence (Bird et al., 2008, 

Schmid et al., 2012), and the cells were treated accordingly and loaded onto 

chambered glass coverslips. 

HAoSMCs were treated with fura-2 AM for 30-45 minutes at 37°C in the dark. 

Variations in [Ca2+]i were measured using the technique outlined below. Cells 

were initially incubated with a standard HEPES solution for 3 minutes and then 

with a Ca2+-free HEPES solution for 3 minutes, followed by 7 minutes of a Ca2+-

free HEPES solution together with TG (1 μM) and an incubation with a standard 

HEPES solution for 7 minutes. During this procedure, cells were excited 

alternately at 340 nm and 380 nm, the intensity was measured at 505 nm through 

an oil objective (Fluor 40×/1.30) of an inverted phase contrast microscope 

(Axiovert 100, Zeiss), and data acquisition (10 second intervals) was performed 

using MetaFluor software (Ma et al., 2019, Ma et al., 2020). 

The extent of SOCE activity was quantified as the peak (delta ratio) and 

slope (delta ratio/s) increase following the readdition of Ca2+ (standard HEPES). 

The solutions are described in Table 2.7. 

2.2.7 TNSALP activity assay 

An ALP colorimetric assay kit (Abcam) was used to measure TNSALP 

activity in HAoSMCs according to the manufacturer’s procedure (Abcam, 2021). 

The kit contained a p-nitrophenyl phosphate (pNPP) solution, an aliquot of ALP 

enzyme, Assay Buffer and Stop Solution. The ALP enzyme converts an 

equivalent quantity of pNPP substrate to colored p-nitrophenol (pNP), and the 

absorbance is measured at 405 nm. A standard curve of pNPP was prepared in 

advance (Abcam, 2021). HAoSMCs lysate was prepared in Assay Buffer, and the 

protein content was determined using the Bradford assay as described above. 

The pNPP solution was then added to each sample well, and ALP enzyme 
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solution was added to each pNPP standard well, followed by an incubation at 

25°C for 60 minutes in the dark. Stop Solution was used to stop the reaction in 

all wells. The plate was gently shaken, and the absorbance was measured at 405 

nm using a microplate reader (BioTek). 

2.2.8 Alizarin red S staining 

A 1% alizarin red S solution was prepared in dH2O (pH 4.5). Cells were fixed 

with 4% paraformaldehyde (PFA) for 30-45 minutes at 4°C and then washed twice 

with dH2O. The cells were then stained with the indicated alizarin red S solution 

for one hour at room temperature and washed three times with dH2O. Finally, 

images of stained cells were acquired using an inverted phase contrast 

microscope (Nikon). 

2.2.9 Calcium content assay 

For this experiment, 0.6 M HCl was used to decalcify HAoSMCs for 24 hours 

at 4°C. The calcium content was determined using the QuantiChromTM Calcium 

Assay Kit (BioAssay Systems). Next, 0.1 M NaOH/0.1% SDS was used to lyse 

cells. The calcium content was reported in units per mg of protein (U/mg protein) 

(Bio–Rad). 

2.2.10 Statistical analysis 

Data are presented as the mean ± SD values. GraphPad Prism (version 

8.0.2) and SPSS (version 26.0) software were used to analyze the data. The 

statistical tests included both paired and unpaired Student’s t tests and one-way 

analysis of variance (ANOVA) with the Bonferroni post hoc test. A p value ≤ 0.05 

was considered statistically significant for all tests. 
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3. Results 

3.1 BGP sensitivity of osteogenic markers in HAoSMCs 

Cells were treated with different concentrations of BGP for 24 hours to 

determine the optimal phosphate concentration required to induce the expression 

of osteogenic markers in HAoSMCs predicted in previous VCm studies (Voelkl et 

al., 2013, Leibrock et al., 2015, Alesutan et al., 2016, Leibrock et al., 2016). The 

quantitative PCR results showed that treatment with 2 mM BGP substantially 

increased CBFA1, MSX2, SOX9, and ALPL transcript levels in HAoSMCs (Figure 

5). 

 

Figure 5 Treatment with 2 mM BGP stimulated osteogenic marker expression in 

HAoSMCs 

A-D. Single values and arithmetic means ± SDs (n = 5) of (A) CBFA1, (B) MSX2, (C) 
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SOX9 and (D) ALPL transcript levels in HAoSMCs without (Control) and with 24 hours 

of exposure to the indicated concentrations of BGP. 

*p<0.05 and **p<0.01 indicate statistically significant differences in HAoSMCs from the 

Control group (ANOVA). 

3.2 Phosphate stimulated ORAI1 and STIM1 mRNA and protein 

expression in HAoSMCs 

HAoSMCs were analyzed using quantitative PCR and immunoblotting at the 

same time point to investigate whether the expression levels of ORAI1 and STIM1 

were affected by 2 mM BGP, which was indicated to be effective at inducing the 

expression of osteogenic markers. As a result, 2 mM BGP significantly stimulated 

ORAI1 and STIM1 expression at both the mRNA and protein levels (Figure 6) 

(Ma et al., 2019). 
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Figure 6 Phosphate stimulated ORAI1 and STIM1 mRNA and protein expression in 

HAoSMCs 

A, B. Single values and arithmetic means ± SDs (n = 5) of (A) ORAI1 and (B) STIM1 

transcript levels in HAoSMCs without (Control) and with 24 hours of exposure to 2 mM 

BGP. 

C. Representative immunoblot showing the abundance of the ORAI1, STIM1 and 
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GAPDH proteins in HAoSMCs without (Control) and with 24 hours of exposure to 2 mM 

BGP. 

D, E. Single values and arithmetic means ± SDs (n = 6) of (D) ORAI1 and (E) STIM1 

protein levels in HAoSMCs without (Control) and with 24 hours exposure to 2 mM BGP. 

GAPDH was used as an internal control. 

*p<0.05 and ***p<0.001 indicate statistically significant differences compared to the 

Control group (Student’s t test). Adapted from (Ma et al., 2019). 

3.3 Phosphate stimulated SOCE in HAoSMCs 

[Ca2+]i was measured by detecting fura-2 AM fluorescence to explore 

whether phosphate-induced upregulation of ORAI1 and STIM1 expression is 

associated with alterations in Ca2+ signaling. As previously described, HAoSMCs 

were pretreated either with or without (Control) 2 mM BGP for 24 hours. We 

assessed SOCE by first treating HAoSMCs with a Ca2+-free HEPES solution and 

then exposing them to the SERCA inhibitor TG in Ca2+-free HEPES solution to 

deplete ER Ca2+ stores. SOCE was assessed by again supplementing the cells 

with extracellular Ca2+ in the continued presence of TG. After the readdition of 

extracellular Ca2+, fura-2 AM fluorescence rapidly increased, and SOCE was then 

assessed as the peak (delta ratio) and slope (delta ratio/s) increase. These 

results showed that BGP did not affect Ca2+ release from the ER significantly but 

considerably increased the slope and peak value of SOCE (Figure 7) (Ma et al., 

2019). Together with the aforementioned quantitative PCR and immunoblotting 

findings, elevated phosphate levels increased the expression of ORAI1 and 

STIM1 mRNAs and proteins in HAoSMCs, with a subsequent increase in SOCE. 

In addition, HAoSMCs were treated with BGP for only 30 minutes to 

investigate whether phosphate can directly act on SOCE, as shown in Figure 8. 

Short-term exposure to BGP did not significantly alter SOCE, indicating that the 

effect of BGP on SOCE was time-dependent (Ma et al., 2019). 
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Figure 7 Phosphate stimulated SOCE in HAoSMCs 

A. Representative tracings of the fura-2 AM fluorescence ratio in the presence of 

physiological Ca2+ concentrations and in the absence of extracellular Ca2+ following the 

addition of TG (1 µM) and the readdition of extracellular Ca2+ in HAoSMCs without 

(Control) and with 24 hours of prior exposure to 2 mM BGP. 

B, C. Single values and arithmetic means ± SDs (n = 28-35 cells from 4 different batches) 
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of the (B) peak and (C) slope increase in the fura-2 AM fluorescence ratio after the 

addition of TG (1 µM) in HAoSMCs without (Control) and with 24 hours of prior exposure 

to 2 mM BGP. 

D, E. Single values and arithmetic means ± SDs (n = 28-35 cells from 4 different batches) 

of the (B) peak and (C) slope increase in fura-2 AM fluorescence ratio after the readdition 

of extracellular Ca2+ to HAoSMCs without (Control) and with 24 hours of prior exposure 

to 2 mM BGP. 

*p<0.05 and **p<0.01 indicate a statistically significant difference compared to the 

Control group (Student’s t test). Figure adapted from (Ma et al., 2019). 
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Figure 8 Thirty minutes of phosphate treatment did not affect intracellular Ca2+ 

release or SOCE in HAoSMCs 

A. Representative tracings of the fura-2 AM fluorescence ratio in the presence of 

physiological Ca2+ concentrations, in the absence of extracellular Ca2+ following the 

addition of TG (1 µM), and after the addition of extracellular Ca2+ in HAoSMCs without 

(Control) and with 30 minutes of prior exposure to 2 mM BGP. 
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B, C. Single values and arithmetic means ± SDs (n = 25-36 cells from 4 different batches) 

of the (B) peak and (C) slope increase in the fura-2 AM fluorescence ratio after the 

addition of TG (1 µM) to HAoSMCs without (Control) and with 30 minutes of prior 

exposure to 2 mM BGP. 

D, E. Single values and arithmetic means ± SDs (n = 25-36 cells from 4 different batches) 

of the (B) peak and (C) slope increase in the fura-2 AM fluorescence ratio after the 

readdition of extracellular Ca2+ to HAoSMCs without (Control) and with 30 minutes of 

prior exposure to 2 mM BGP. 

Figure adapted from (Ma et al., 2019). 

3.4 ORAI1 antagonists inhibited phosphate-stimulated SOCE 

HAoSMCs were treated with or without the ORAI1 antagonists MRS1845 (10 

µM) (Salker et al., 2018, Abdelazeem et al., 2019, Zhu et al., 2021) or 2-APB (50 

µM) (Prakriya and Lewis, 2001, Zhang et al., 2016, Pelzl et al., 2017, Salker et 

al., 2018) for 24 hours in the absence or presence of 2 mM BGP to investigate 

the role of ORAI1 in phosphate-stimulated SOCE. The results from our 

preliminary experiments suggested that the effective concentration of MRS1845 

that inhibited SOCE in HAoSMCs was 10 µM (Figure 9). At this concentration, 

MRS1845 significantly reduced both the slope and peak increase in SOCE in the 

presence of BGP (Figure 10) (Ma et al., 2019). Similarly, the effect of BGP on 

SOCE was abolished by 2-APB (Figure 11). In conclusion, these findings suggest 

that ORAI1 mediates phosphate-stimulated SOCE in HAoSMCs. 
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Figure 9 Inhibition of SOCE by MRS1845 at different concentrations 

A. Representative tracings of the fura-2 AM fluorescence ratio in the presence of 

physiological Ca2+ concentrations, in the absence of extracellular Ca2+ following the 

addition of TG (1 µM) and after the readdition of extracellular Ca2+ to HAoSMCs without 

(Control) and with 24 hours of prior exposure to different concentrations of MRS1845 (5 

µM, 10 µM, or 20 µM). 
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B, C. Single values and arithmetic means ± SDs (n = 35-42 cells from 4 different batches) 

of the (B) peak and (C) slope increase in the fura-2 AM fluorescence ratio after the 

addition of TG (1 µM) to HAoSMCs without (Control) and with 24 hours of previous 

exposure to different concentrations of MRS1845 (5 µM, 10 µM, or 20 µM). 

D, E. Single values and arithmetic means ± SDs (n = 35-42 cells from 4 different batches) 

of the (B) peak and (C) slope increase in the fura-2 AM fluorescence ratio after the 

readdition of extracellular Ca2+ to HAoSMCs without (Control) and with 24 hours of prior 

exposure to different concentrations of MRS1845 (5 µM, 10 µM, or 20 µM). 

*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 indicate a statistically significant 

difference compared to the Control group (ANOVA). 



42 

 

 

 

Figure 10 MRS1845 inhibited phosphate-stimulated SOCE in HAoSMCs  

A. Representative tracings of the fura-2 AM fluorescence ratio in the presence of 

physiological Ca2+ concentrations, in the absence of extracellular Ca2+ following the 

addition of TG (1 µM), and after the addition of extracellular Ca2+ in HAoSMCs without 

(Control) and with 24 hours of prior exposure to MRS1845 (10 µM) in the absence and 

presence of 2 mM BGP (BGP+MRS1845). 
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B, C. Single values and arithmetic means ± SDs (n = 30-42 cells from 4 different batches) 

of the (B) peak and (C) slope increase in the fura-2 AM fluorescence ratio after the 

addition of TG (1 µM) in HAoSMCs without (Control) and with 24 hours of prior exposure 

to MRS1845 (10 µM) in the absence and presence of 2 mM BGP (BGP+MRS1845). 

D, E. Single values and arithmetic means ± SDs (n = 30-42 cells from 4 different batches) 

of the (B) peak and (C) slope increase in the fura-2 AM fluorescence ratio after readdition 

of extracellular Ca2+ in HAoSMCs without (Control) and with 24 hours of prior to exposure 

to MRS1845 (10 µM) in the absence and presence of 2 mM BGP (BGP+MRS1845). 

*p<0.05 and **p<0.01 indicate statistically significant differences compared to the 

Control group, and §§p<0.01 and §§§p<0.001 indicate statistically significant differences 

compared to the respective values from the group treated with BGP treatment (ANOVA). 

Figure adapted from (Ma et al., 2019). 
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Figure 11 2-APB inhibited phosphate-stimulated SOCE in HAoSMCs 

A. Representative tracings of the fura-2 AM fluorescence ratio in the presence of 

physiological Ca2+ concentrations, in the absence of extracellular Ca2+ following the 

addition of TG (1 µM) and after the addition of extracellular Ca2+ to HAoSMCs without 

(Control) and with 24 hours of prior exposure to 2-APB (50 µM) in the absence and 

presence of 2 mM BGP (BGP+2-APB). 
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B, C. Single values and arithmetic means ± SDs (n = 28-38 cells from 4 different batches) 

of the (B) peak and (C) slope increase in the fura-2 AM fluorescence ratio after the 

addition of TG (1 µM) in HAoSMCs without (Control) and with 24 hours of prior exposure 

to 2-APB (50 µM) in the absence and presence of 2 mM BGP (BGP+2-APB). 

D, E. Single values and arithmetic means ± SDs (n = 28-38 cells from 4 different batches) 

of the (B) peak and (C) slope increase in the fura-2 AM fluorescence ratio after readdition 

of extracellular Ca2+ to HAoSMCs without (Control) and with 24 hours of prior exposure 

to 2-APB (50 µM), in the absence and presence of 2 mM BGP (BGP+2-APB). 

*p<0.05 indicates a statistically significant difference compared to the Control group, and 
§p<0.05 and §§p<0.01 indicate statistically significant differences compared to the 

respective values from the group treated with BGP alone (ANOVA). 

3.5 The SGK1 antagonist GSK650394 inhibited phosphate-

stimulated ORAI1 and STIM1 gene expression in HAoSMCs 

We further explored the associations among the transcription of SGK1, 

ORAI1, and STIM1 in HAoSMCs treated with phosphate. A well-recognized 

SGK1 pharmacological inhibitor, GSK650394 (10 µM) (Al-Maghout et al., 2017, 

Pelzl et al., 2017, Sahu et al., 2017, Hosseinzadeh et al., 2020), was added to 

cells together with the BGP treatment described above. As shown in Figure 12, 

SGK1 transcription was upregulated following BGP treatment. In addition, 

GSK650394 had no significant effects on SGK1 expression levels, while it 

considerably inhibited phosphate-stimulated ORAI1 and STIM1 mRNA 

expression in HAoSMCs. 
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Figure 12 GSK650394 inhibited phosphate-stimulated ORAI1 and STIM1 mRNA 

expression in HAoSMCs 

A-C. Single values and arithmetic means ± SDs (n = 5) of (A) SGK1, (B) ORAI1 and (C) 

STIM1 transcript levels in HAoSMCs without (Control) and with 24 hours of previous 

exposure to 2 mM BGP in the absence and presence of GSK650394 (GSK, 10 µM) 

(BGP+GSK). 

*p<0.05, **p<0.01, and ***p<0.001 indicate statistically significant differences 

compared to the Control group, and §p<0.05 and §§p<0.01 indicate statistically significant 

differences compared to the respective values from the group treated with BGP alone 

(ANOVA). 

3.6 The SGK1 antagonist GSK650394 inhibited phosphate-

stimulated SOCE in HAoSMCs 

GSK650394 (10 µM) was also added to HAoSMC samples under the same 

BGP treatment conditions described above to investigate whether the reduction 

in ORAI1 and STIM1 expression caused by SGK1 inhibition correlated with a 

decrease in SOCE. As illustrated in Figure 13, 10 µM GSK650394 significantly 
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inhibited the BGP-induced increase in SOCE (Ma et al., 2019). Thus, SGK1 is 

required for phosphate-induced SOCE activation in HAoSMCs. Taken together, 

these findings indicate that SGK1 participates in phosphate-stimulated ORAI1 

and STIM1 expression and SOCE. 
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Figure 13 GSK650394 inhibited phosphate-stimulated SOCE 

A. Representative tracings of the fura-2 AM fluorescence ratio in the presence of 

physiological Ca2+ concentrations, in the absence of extracellular Ca2+ following the 

addition of TG (1 µM), and after the addition of extracellular Ca2+ to HAoSMCs without 

(Control) and with 24 hours of exposure to 2 mM BGP in the absence and presence of 

GSK650394 (GSK, 10 µM) (BGP+GSK). 
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B, C. Single values and arithmetic means ± SDs (n = 22-35 cells from 4 different batches) 

of the (B) peak and (C) slope increase in the fura-2 AM fluorescence ratio after the 

addition of TG (1 µM) in HAoSMCs without (Control) and with 24 hours of prior exposure 

to 2 mM BGP in the absence and presence of GSK650394 (GSK, 10 µM) (BGP+GSK). 

D, E. Single values and arithmetic means ± SDs (n = 22-35 cells from 4 different batches) 

of the (B) peak and (C) slope increase in the fura-2 AM fluorescence ratio after readdition 

of extracellular Ca2+ to HAoSMCs without (Control) and with 24 hours of prior exposure 

to 2 mM BGP in the absence and presence of GSK650394 (GSK, 10 µM) (BGP+GSK). 

*p<0.05 denotes statistically significant differences compared to the Control group, and 
§p<0.05 denotes statistically significant differences compared to the respective value 

obtained from the group treated with BGP alone (ANOVA). Figure updated from (Ma et 

al., 2019). 

3.7 ORAI1 inhibition blocked phosphate-stimulated 

osteo/chondrogenic signaling and extracellular calcification in 

HAoSMCs 

We next identified whether the observed phosphate-stimulated ORAI1 and 

STIM1 expression, along with SOCE, were associated with osteo/chondrogenic 

signaling in HAoSMCs by measuring previously examined osteogenic markers 

and TNSALP activity again in cells treated with BGP in the absence or presence 

of the ORAI1 antagonist MRS1845 (10 µM)/2-APB (50 µM). Quantitative PCR 

was employed to detect osteogenic markers at the same time points using the 

procedures described above. TNSALP activity in HAoSMCs was determined after 

7 days of the indicated treatment. As a result, MRS1845 (10 µM) significantly 

inhibited both the phosphate-stimulated expression of osteogenic markers and 

TNSALP activity (Figure 14) (Ma et al., 2019). 2-APB treatment (50 µM) similarly 

diminished the phosphate-stimulated expression of osteogenic markers and 

TNSALP activity in HAoSMCs (Figure 15). 
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Figure 14 MRS1845 inhibited phosphate-stimulated osteo/chondrogenic signaling 

in HAoSMCs 

A-D. Single values with arithmetic means ± SDs (n = 5) of (A) CBFA1, (B) MSX2, (C) 

SOX9, and (D) ALPL transcript levels and (E) ALP activity in HAoSMCs without (Control) 

and with 24 hours of prior exposure to 2 mM BGP in the absence and presence of 

MRS1845 (10 µM). 
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E. Single values with arithmetic means ± SDs (n = 5) of ALP activity in HAoSMCs without 

(Control) and with 7 days of previous exposure to 2 mM BGP in the absence and 

presence of MRS1845 (10 µM). 

*p<0.05, **p<0.01, and ***p<0.001 denote statistically significant differences compared 

to the Control group, and §p<0.05 and §§p<0.01 denote statistically significant differences 

from the respective value obtained from the group treated with BGP alone (ANOVA). 

Figure updated from (Ma et al., 2019). 
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Figure 15 2-APB inhibited phosphate-stimulated osteo/chondrogenic signaling in 

HAoSMCs 

A-D. Single values with arithmetic means ± SDs (n = 4) of (A) CBFA1, (B) MSX2, (C) 

SOX9, and (D) ALPL transcript levels and (E) ALP activity in HAoSMCs without (Control) 

and with 24 hours of prior exposure to 2 mM BGP in the absence and presence of 2-

APB (50 µM). 
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E. Single values with arithmetic means ± SDs (n = 4) of ALP activity in HAoSMCs without 

(Control) and with 7 days of prior exposure to 2 mM BGP in the absence and presence 

of 2-APB (50 µM). 

**p<0.01, ***p<0.001, and ****p<0.0001 indicated a statistically significant difference 

compared to the Control group, and §p<0.05 indicates a statistically significant difference 

compared to the respective value obtained from the group treated with BGP alone 

(ANOVA). 

HAoSMCs were treated with 10 mM BGP in the absence or presence of the 

ORAI1 antagonist MRS1845 (5-20 µM) or 2-APB (50 µM) for 14 days and then 

subjected to alizarin red S staining to visualize extracellular calcium deposits. 

Cells were analyzed using a calcium content assay kit (BioAssay Systems) before 

staining to quantify calcium deposits. As indicated in Figure 16, calcium 

deposition was ameliorated by treatment with the ORAI1 antagonists MRS1845 

(10 µM and 20 µM) (Ma et al., 2019) and 2-APB (50 µM). 
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Figure 16 MRS1845 and 2-APB inhibited phosphate-stimulated extracellular 

calcification in HAoSMCs 

A. Calcium deposits (100x) in HAoSMCs treated without (Control) and with BGP prior to 

14 days of exposure to 10 mM BGP in the absence (Veh) and presence of different 

concentrations of MRS1845 (5-20 µM). (Ma et al., 2019) 

B. Single values and arithmetic means ± SDs (n = 5) of calcium content in HAoSMCs 
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treated without (Control) and with BGP prior to 14 days of exposure to 10 mM BGP in 

the absence (Veh) and presence of different concentrations of MRS1845 (5-20 µM). 

C. Calcium deposits (100x) in HAoSMCs treated without (Control) and with BGP prior to 

14 days of exposure to 10 mM BGP in the absence (Veh) and presence of 2-APB (50 

µM). 

D. Single values and arithmetic means ± SDs (n = 5) of calcium content in HAoSMCs 

treated without (Control) and with BGP prior to 14 days of exposure to 10 mM BGP in 

the absence (Veh) and presence of 2-APB (50 µM). 

*p<0.05, **p<0.01, and ***p<0.001 indicate a statistically significant difference 

compared to the Control group, and §p<0.05 indicates a statistically significant difference 

compared to the respective value from the group treated with BGP alone (ANOVA). 

The levels of osteogenic markers were determined after ORAI1 silencing to 

further establish the involvement of ORAI1 in phosphate-induced osteogenic 

signaling in HAoSMCs. Cells were initially silenced with siORAI1 (Dharmacon & 

Santa Cruz Biotech) and were then treated with 2 mM BGP for 24 or 48 hours. 

Quantitative PCR and immunoblotting were adopted to assess the efficiency of 

siORAI1 silencing. Figure 17 shows that ORAI1 expression was effectively 

suppressed by siORAI1 at both the mRNA and protein levels in HAoSMCs (Ma 

et al., 2019). As shown in Figure 18, siORAI1 treatment significantly reduced the 

phosphate-stimulated expression of osteo/chondrogenic markers (Ma et al., 

2019). 
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Figure 17 siORAI1 suppressed ORAI1 mRNA and protein expression in HAoSMCs 

A. Single values and arithmetic means ± SDs (n = 6) of ORAI1 transcript levels in 

HAoSMCs without (Control) or with nontargeting siRNA treatment (Neg) or with targeted 

ORAI1 silencing (siORAI1) in the absence and presence of exposure to 2 mM BGP (BGP) 

for 24 hours (Dharmacon). Figure updated from (Ma et al., 2019). 

B. Single values and arithmetic means ± SDs (n = 5) of ORAI1 transcript levels in 
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HAoSMCs without (Control) or with nontargeting siRNA treatment (Neg) or with targeted 

ORAI1 silencing (siORAI1) in the absence and presence of exposure to 2 mM BGP (BGP) 

for 24 hours (Santa Cruz Biotech). 

C. Representative immunoblots of ORAI1 and GAPDH protein expression in HAoSMCs 

with nontargeting siRNA treatment (Neg) or with targeted ORAI1 silencing (siORAI1) in 

the absence and presence of 48 hours of exposure to 2 mM BGP (BGP). Figure updated 

from (Ma et al., 2019). 

D. Single values and arithmetic means ± SDs (n = 5) of ORAI1 protein expression in 

HAoSMCs with nontargeting siRNA treatment (Neg) or with targeted ORAI1 silencing 

(siORAI1) in the absence and presence of exposure to 2 mM BGP (BGP) for 48 hours. 

**p<0.01, ***p<0.001, and ****p<0.0001 indicate statistically significant differences 

compared to the nontargeting siRNA treatment group (Neg). 



58 

 

 

 

Figure 18 siORAI1 inhibited phosphate-stimulated expression of osteogenic 

markers in HAoSMCs 

A-D. Single values and arithmetic means ± SDs (n = 5) of (A) CBFA1, (B) MSX2, (C) 

SOX9, and (D) ALPL transcript levels in HAoSMCs with nontargeting siRNA treatment 

(Neg) or with targeted ORAI1 silencing (siORAI1) in the absence and presence of 

exposure to 2 mM BGP (BGP) for 24 hours (Dharmacon). 



59 

 

 

E-H. Single values and arithmetic means ± SDs (n = 4) of (E) CBFA1, (F) MSX2, (G) 

SOX9, and (H) ALPL transcript levels in HAoSMCs with nontargeting siRNA treatment 

(Neg) or with targeted ORAI1 silencing (siORAI1) in the absence and presence of the 

exposure to 2 mM BGP(BGP) for 24 hours (Santa Cruz Biotech). 

*p<0.05 and **p<0.01 indicate a statistically significant difference compared to the 

nontargeting siRNA treatment group (Neg), and §p<0.05 and §§p<0.01 indicate a 

statistically significant difference from the respective value for the group treated with both 

BGP and the nontargeting siRNA (BGP+Neg) (ANOVA). Figure updated from (Ma et al., 

2019). 

3.8 High K+ concentrations stimulated osteogenic marker 

expression in HAoSMCs 

HAoSMCs were treated with a physiological concentration (5 mM) or 60 mM 

extracellular K+ for 24 hours to determine whether the expression levels of 

osteo/chondrogenic markers were affected by extracellular Ca2+ influx through 

Ca2+ channels other than CRACs, as an increase in the extracellular K+ 

concentration activates VOCCs. As shown in Figure 19, an increase in the 

extracellular K+ concentration tended to increase CBFA1 transcript levels, 

however, this difference did not reach statistical significance, while the levels of 

the other three osteogenic markers were substantially increased in HAoSMCs 

(Ma et al., 2019). 
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Figure 19 High K+ concentrations stimulated osteogenic marker expression in 

HAoSMCs 

A-D. Single values and arithmetic means ± SDs (n = 5) of (A) CBFA1, (B) MSX2, (C) 

SOX9, and (D) ALPL transcript levels in HAoSMCs with prior exposure to 5 mM 

extracellular K+ (Control) or 60 mM extracellular K+ (high K). 

*p<0.05 indicates statistically significant differences compared to the Control group 

(Student’s t test). Figure updated from (Ma et al., 2019). 
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4. Discussion 

Here, we present a novel effect of phosphate on ORAI1 and STIM1 mRNA 

and protein expression levels, as well as the subsequent SOCE, in HAoSMCs. 

Under the influence of phosphate, pharmacological inhibition of ORAI1 leads to 

a commensurate reduction in SOCE. Both ORAI1 antagonists and siRNA-

mediated ORAI1 silencing abolished phosphate-stimulated osteo/chondrogenic 

signaling in HAoSMCs, ORAI1 antagonists inhibited phosphate-stimulated 

extracellular calcification. Moreover, we further explored the role of SGK1 in this 

process and found that SGK1 at least partially participates in phosphate-

stimulated SOCE, possibly through an interaction with ORAI1 and/or STIM1. This 

finding also supports earlier observations that SGK1 plays a decisive role in VCm 

via NF-κB activation (Voelkl et al., 2018a). Taken together, these findings suggest 

that ORAI1 participates in orchestrating the phosphate-stimulated 

osteo/chondrogenic phenotypic switching of VSMCs and VCm. A schematic 

diagram summarizing our findings is provided in Figure 20. 

 

Figure 20 Schematic representation of the signaling cascade involved in 
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phosphate-stimulated osteo/chondrogenic transdifferentiation of VSMCs and 

VCm 

In VSMCs, phosphate induces upregulation of SGK1, which results in the degradation of 

IκB followed by nuclear translocation and activation of NF-κB. This event results in 

increased ORAI1 and STIM1 expression, as well as increased SOCE, which increases 

[Ca2+]i and ultimately orchestrates the osteo/chondrogenic transdifferentiation of VSMCs. 

4.1 Research models for studying VCm 

We employed an in vitro model that included primary HAoSMCs and 2 mM 

BGP as a calcification stimulator to investigate VCm. VSMCs are critical in VCm 

for two reasons: phenotypic switching and active cell signaling. Thus, VSMCs 

from various animal origins, including human, mouse, rat, and bovine VSMCs, 

have been extensively investigated as in vitro models for VCm (Shioi et al., 1995, 

Speer et al., 2010, Schuchardt et al., 2012, Alesutan et al., 2015, Luong et al., 

2019). Most cells studied in vitro do not undergo spontaneous calcification but 

require external stimulation. VSMC culture medium is often supplemented with 

BGP (1.25-10 mM) (Shioi et al., 1995, Leibrock et al., 2015, Alesutan et al., 2016, 

Voelkl et al., 2018b) or extra inorganic phosphate (sodium phosphate, 1-5 mM) 

(Jono et al., 2000a, Beazley et al., 2012) to mimic hyperphosphatemia in the 

population with CKD, as both stimuli induce VCm in a time- and dose-dependent 

manner. In vitro cell culture experiments are beneficial for screening inducing or 

inhibiting substrates and elucidating the signaling pathways involved. However, 

as cultured VSMCs rapidly lose their contractile characteristics and the tissue 

structure of physiological blood vessel walls and the matrix are not preserved in 

vitro models, the potential interaction of VSMCs with the extracellular matrix 

cannot be studied under these conditions. 

Many markers have been detected to assess VCm. ALPL is a phenotypic 

osteoblast gene and a sensitive marker of VSMC transdifferentiation into 

osteoblast-like cells. The ALPL gene encodes TNSALP, a protein that increases 

the inorganic phosphate concentration in the microenvironment by hydrolyzing 
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phosphate esters and provides adequate substrates for calcium phosphate 

production. TNSALP is also a prominent osteogenic enzyme that mediates the 

mineralization of vascular tissue (Johnson et al., 2006, Demer and Tintut, 2008, 

Voelkl et al., 2019). Additionally, alizarin red S staining was used to visualize 

extracellular calcification. Alizarin red S is an anthraquinone derivative that forms 

an orange–red complex upon binding to calcium salts. It is a sensitive indicator 

for qualitatively measuring the amount of calcification since it detects calcium 

salts at a low concentration. In this study, interference with the function of ORAI1 

effectively inhibited the phosphate-stimulated expression of osteogenic markers, 

including ALPL transcript levels and TNSALP activity, in HAoSMCs; it also 

suppressed extracellular calcification, as determined by calcium content assays 

and alizarin red S staining. These data reveal the feasibility of our in vitro 

calcification model and further indicate the participation of ORAI1 in mediating 

the transcription of genes related to osteo/chondrogenic transdifferentiation, 

osteoblast-like function and phosphate-induced calcification. 

4.2 Signaling pathways involved in VCm 

An increased [Ca2+]i contributes to the osteogenic differentiation of VSMCs 

and VCm (Aghagolzadeh et al., 2016, Nguyen et al., 2020). [Ca2+]i increases with 

CKD progression in rat models, implying the importance of uremic toxins in the 

resting [Ca2+]i of VSMCs. This increase is partially due to both an impaired Ca2+ 

extrusion system and enhanced SOCE (Rodenbeck et al., 2017). Our study 

indicates that enhanced SOCE mediates phosphate-induced VCm. In addition, 

changes in voltage-operated calcium entry (VOCE) occur during phenotypic 

switching of VSMCs. In VSMCs with the proliferative, synthetic phenotype, [Ca2+]i 

increases consistently, SOCE is exceedingly dominant, and VOCE is residual at 

this stage (Munoz et al., 2013). This observation is generally consistent with our 

findings, although the role of VOCE requires further investigation. For this 

analysis, HAoSMCs were treated with a K+-rich medium, resulting in membrane 
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depolarization via VOCE. The upregulation of osteogenic markers induced by the 

high K+ concentration suggests that VOCCs are involved in phenotypic switching 

of HAoSMCs, implying that the effect of VOCCs on VCm cannot be excluded. As 

stated above, cell membrane depolarization caused by a high extracellular K+ 

concentration leads to a prolonged increase in [Ca2+]i, which is related to VSMC-

mediated vasoconstriction (Flemming et al., 2003). When VOCCs are blocked, 

however, depletion of ER Ca2+ stores still leads to a prolonged increase in [Ca2+]i 

(Flemming et al., 2003). Thus, we deduced that SOCE may play a dominant role 

in the sustained increase in [Ca2+]i during the osteo/chondrogenic phenotypic 

switching of VSMCs based on those findings. Additionally, Ca2+ store depletion 

was previously found to activate a biphasic inward current in freshly isolated 

mouse VSMCs (Wayman et al., 1996). One possible explanation is that initial 

Ca2+ release from the ER triggers the opening of Ca-dependent Cl channels 

(CaCCs), resulting in the first phase of the transient current, and activation of 

CaCCs may result in membrane depolarization that facilitates Ca2+ entry via 

VOCCs, forming the second phase. Interestingly, a recent study hypothesized 

that the coupling between SOCE, SERCAs, and IP3 mediates Ca2+ signaling 

between spatially distant effectors (Courjaret and Machaca, 2014). Ca2+ entering 

via SOCE is sequestered into the ER by SERCAs and is then released again by 

IP3Rs to activate remote CaCCs, leading to changes in the cell membrane 

potential via VOCCs. Currently, we speculate that hyperphosphatemia increases 

SOCE, thereby activating VOCCs; thus, the coupling between SOCE, SERCAs, 

and VOCE results in a continuous increase in [Ca2+]i in VSMCs during CKD. 

Other mechanisms may also contribute to the involvement of VOCE, and SOCE 

itself suppresses VOCE. STIM1 modulates the C-terminus of L-type VOCCs via 

its Ca2+ release-activated Ca2+ activation domain, inhibiting gating and causing 

long-term internalization of L-type VOCCs (Park et al., 2010). Upregulation of 

STIM1 thus very likely impairs L-type VOCC activity. However, we must 
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emphasize that we did not measure VOCE or investigate the relationship 

between SOCE and VOCE in HAoSMCs treated with phosphate. 

Furthermore, we showed that SGK1 is involved in the upregulation of SOCE 

in the presence of elevated phosphate concentrations. SGK1 is reported to 

perform a critical function in VCm (Voelkl et al., 2018a). Inhibition or genetic 

silencing of SGK1 abolishes the phosphate-stimulated osteo/chondrogenic 

transdifferentiation of VSMCs and VCm (Voelkl et al., 2018a), and this procalcific 

function of SGK1 is mediated partially by NF-κB activation (Voelkl et al., 2018a). 

Additionally, SGK1 affects the migration of VSMCs via transcriptional regulation 

of ORAI1 expression. This effect depends on the activation of NF-κB, which acts 

downstream of SGK1 (Walker-Allgaier et al., 2017). However, previous research 

has not examined the possibility that ORAI1/STIM1 and SOCE are involved in 

VCm. In other cell types, SGK1 phosphorylates the ubiquitin ligase NEDD4-2 

(neural precursor cell-expressed developmentally downregulated 4-2), and 

phospho-NEDD4-2 then binds to the 14-3-3 protein (Liang et al., 2008), which 

abolishes the ubiquitination activity of NEDD4-2 toward ORAI1, thereby reversing 

the NEDD4-2-induced downregulation of SOCE (Eylenstein et al., 2011). SGK1 

also promotes nuclear translocation and activation of NF-κB (BelAiba et al., 2006, 

Vallon et al., 2006, Tai et al., 2009). SGK1 phosphorylates IκB kinase β (IKKβ), 

leading to IκB phosphorylation and degradation(Zhang et al., 2005a), and SGK1 

also phosphorylates IκB kinase α (IKKα), leading to the activation of IKKβ, which 

subsequently activates the IKK complex (Tai et al., 2009); both processes lead to 

the activation of the NF-κB pathway. Moreover, NF-κB was implicated in the 

regulation of ORAI1 and STIM1. NF-κB inhibition decreases ORAI1 and STIM1 

mRNA expression, and NF-κB activation increases ORAI1 and STIM1 mRNA 

expression; these effects are paralleled by the associated changes in SOCE 

(Eylenstein et al., 2012). 

The ORAI/STIM-mediated Ca2+ signaling pathway modulates various 
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functions of VSMCs. It is required for VSMC proliferation and migration and for 

neointima formation following injury (Potier et al., 2009, Bisaillon et al., 2010, 

Zhang et al., 2011, Walker-Allgaier et al., 2017). Moreover, this pathway is 

involved in the inflammatory response (Feske, 2009, Beech, 2012), and 

inflammation accelerates CKD progression and promotes associated 

complications (Benz et al., 2018, Mihai et al., 2018). Thus, we speculated that 

phosphate-stimulated ORAI1 and/or STIM1 expression and SOCE played a role 

in various pathophysiological alterations in the cardiovascular system during CKD. 

4.3 Interference with functional ORAI1 

We utilized 2-APB and MRS1845 as ORAI1 inhibitors in this study. 2-APB is 

a membrane-permeable compound that was initially reported to inhibit IP3R (IC50 

= 42 μM) (Maruyama et al., 1997); it stimulates SOCE at 1-5 μM while inhibiting 

it at 30-100 μM (Prakriya and Lewis, 2001, Singaravelu et al., 2006, Potier et al., 

2009, Dellis et al., 2011). Although the effect of 2-APB on SOCE has been 

established in numerous cells, different cell-based experiments designed to 

inhibit IP3R and hence decrease internal calcium concentrations have produced 

conflicting results. 2-APB inhibits the IP3-induced release of Ca2+ in certain cells, 

including platelets, VSMCs and neurons. This inhibitory effect may be due to the 

binding of IP3 to a certain site in IP3R or to different sensitivities of IP3R (Bootman 

et al., 2002). Subsequently, an IP3R-deficient cell line was discovered to respond 

to calcium store depletion with normal SOCE, which was inhibited by 2-APB 

(Broad et al., 2001). Although 2-APB also inhibits other channels, including 

voltage-gated K+ channels, capacity-regulated anion channels, and magnesium–

nucleotide-regulated metal cation currents (MagNuMs) (Bootman et al., 2002, 

Wang et al., 2002, Lemonnier et al., 2004), it is relatively selective for CRACs 

(Maruyama et al., 1997, Luo et al., 2001). According to a recent study, 2-APB 

directly inhibits ORAI1 channels by blocking the interaction between ORAI1 and 

STIM1 (Wei et al., 2016). 2-APB inhibits CRACs in rabbit pial arteriole VSMCs at 
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75 mM (66% efficacy) (Flemming et al., 2003). 

Another selective CRAC inhibitor is N-propargyl-nitrendipine, also called 

MRS1845. It inhibits CRACs but does not induce intracellular calcium release 

and calcium influx under some conditions, in contrast to most imidazoles (e.g., 

SKF96365 and miconazole) and tricyclics (e.g., trifluoperazine). Increased 

intracellular calcium levels caused by these agents appear to be associated with 

the generation of inositol phosphates, but MRS1845 did not generate significant 

amounts of inositol phosphates at the concentrations required to inhibit CRACs 

(in HL-60 cells: IC50 1.7 ± 1.3 μM; max CRAC inhibition: 30 μM, 78 ± 12%) (Harper 

et al., 2003). However, the potency of MRS1845 against L-type VOCCs is 

diminished but not abolished (Harper et al., 2003). Despite this phenomenon, 

MRS1845 is frequently utilized as a relatively selective CRAC inhibitor in various 

cell types (Itagaki et al., 2005, McMeekin et al., 2006, Szikra et al., 2008, Salker 

et al., 2018, Abdelazeem et al., 2019). 

In addition to the abovementioned ORAI1 inhibitors, we further confirmed 

that ORAI1 is required for phosphate-stimulated osteo/chondrogenic signaling in 

VSMCs and VCm using siORAI1. 

4.4 Conclusions 

In summary, we found that phosphate stimulates SGK1, ORAI1 and STIM1 

expression in VSMCs, thereby augmenting SOCE. ORAI1 inhibition substantially 

compromises the phosphate-stimulated osteo/chondrogenic transdifferentiation 

of VSMCs. Therefore, ORAI1, STIM1 and SOCE collaborate to regulate VSMC 

osteo/chondrogenic transdifferentiation and VCm in response to 

hyperphosphatemia. However, our findings do not exclude the possibility that 

VOCCs affect osteogenic signaling. The lack of in-depth investigations of the link 

between SOCE and VOCE may limit our understanding of changes in the [Ca2+]i 

during osteogenic signaling in VSMCs. In addition, the underlying relationship 

between ORAI1 and STIM1, as well as their associations with inflammation, 
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require more experimentation. The potential [Ca2+]i coupling (SOCE, SERCA, 

and VOCE) and its association with inflammation in CKD will be examined in a 

future study. 
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5. Summary 

Cardiovascular disease (CVD) is the primary complication associated with a 

significant increase in the death rate of individuals with CKD, and VCm is a major 

risk factor for CVD in patients with CKD. Hyperphosphatemia is a key component 

contributing to the development of VCm when renal function declines. Based on 

accumulating data, VCm is not a simple degenerative change but a highly 

controlled bone-like ossification process. Transdifferentiation of VSMCs into 

osteoblast-like cells is a critical event in this process. In vitro and in vivo 

experiments have shown that when VSMCs are stimulated with high phosphate 

concentrations, the expression of osteogenesis-related genes, such as CBFA1, 

MSX2, SOX9, and ALPL, increases, along with TNSALP activity. 

Previous research has documented that when VSMCs undergo osteogenic 

transdifferentiation, their resting [Ca2+]i increases. SGK1 is essential for VSMC 

transdifferentiation and VCm induced by high phosphate levels, which is 

accomplished partially by NF-κB signaling. In other cells, SGK1 positively 

modulates the expression of ORAI1, the protein that forms the CRAC mediating 

SOCE, as well as STIM1, thus enhancing SOCE activity; NF-κB exerts a similar 

effect. Increased SOCE activity results in a sustained increase in [Ca2+]i. The 

purpose of this study was to determine whether a high phosphate concentration 

upregulates ORAI1 and STIM1 and, accordingly, SOCE function, as well as 

whether the increase in [Ca2+]i includes alternative calcium entry mechanisms. 

For this purpose, the phosphate donor BGP was used as a calcification 

stimulator to treat HAoSMCs. Transcript levels were determined using 

quantitative PCR, protein expression levels were evaluated using immunoblotting, 

TNSALP activity was assessed using colorimetry, [Ca2+]i was measured by 

detecting fura-2 AM fluorescence, and SOCE was calculated as the increase in 

[Ca2+]i following the readdition of extracellular Ca2+ after TG-induced store 

depletion. Additionally, HAoSMCs were cultured in K+-rich medium to activate 
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VOCCs via an increased extracellular K+ concentration. Treatment with BGP 

increased the ORAI1 and STIM1 transcript and protein expression levels and 

enhanced SOCE in HAoSMCs. The ORAI1 inhibitors MRS1845 and 2-APB, as 

well as the SGK1 inhibitor GSK650394, effectively eliminated BGP-stimulated 

SOCE. ORAI1 antagonist treatment and ORAI1 silencing significantly inhibited 

BGP-induced expression of osteogenic markers in HAoSMCs and suppressed 

extracellular calcification. Additionally, activation of VOCCs influenced osteogenic 

signaling in HAoSMCs. 

In conclusion, increased phosphate concentrations stimulate ORAI1 and 

STIM1 expression and enhance SOCE, which, together with VOCCs, play a role 

in orchestrating osteo/chondrogenic signaling in VSMCs. 
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Zusammenfassung 

Herz-Kreislauf-Erkrankungen (HKE) sind primäre Komplikationen, die mit 

einer signifikanten Mortalität bei Menschen mit chronischer Nierenerkrankung 

(englisch "chronic kidney disease; CKD") verbunden sind, und 

Gefäßverkalkungen in der Media (englisch "medial vascular calcification; VCm") 

ist ein Hauptrisikofaktor für HKE bei Patienten mit CKD. Bei abnehmender 

Nierenfunktion ist Hyperphosphatämie eine Schlüsselkomponente bei der 

Entwicklung von VCm. Immer mehr Daten deuten darauf hin, dass VCm keine 

einfache degenerative Veränderung ist, sondern ein hochgradig kontrollierter 

Ossifikationsprozess. Die Transdifferenzierung von vaskulären glatten 

Muskelzellen (englisch "vascular smooth muscle cells; VSMCs") in 

osteoblastenähnliche Zellen ist ein wichtiger Bestandteil in diesem Prozess. In 

vitro und in vivo Experimente haben gezeigt, dass, wenn VSMCs mit hohen 

Phosphatkonzentrationen stimuliert werden, die Expression von Osteogenese-

bezogenen Genen wie CBFA1, MSX2, SOX9 und ALPL zunimmt, ebenso wie die 

Aktivität der Gewebe-unspezifischen alkalischen Phosphatase (englisch "tissue 

non-specific alkaline phosphatase; TNSALP"). 

Frühere Forschungen haben gezeigt, dass, wenn VSMCs einer osteogenen 

Transdifferenzierung unterzogen werden, ihre basale zytosolisches Ca2+ ([Ca2+]i) 

zunimmt. SGK1 ist essenziell für die VSMCs-Transdifferenzierung und VCm, die 

durch hohe Phosphatkonzentrationen induziert werden, was teilweise über NF-

κB erreicht wird. In anderen Zellen wirkt sich SGK1 positiv auf ORAI1 aus. ORAI1 

bildet den Kanal, der den speicher-gesteuerten Ca2+-Eintritt (englisch "store-

operated calcium entry; SOCE") vermittelt. Parallel wird STIM1 stimuliert, 

wodurch die SOCE-Aktivität erhöht wird. NF-κB hat eine ähnliche Wirkung. Eine 

erhöhte SOCE-Aktivität führt zu einem nachhaltigen Anstieg von [Ca2+]i. Ziel 

dieser Arbeit war es, zu bestimmen, ob ein hoher Phosphatgehalt ORAI1, STIM1 
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und dementsprechend die SOCE-Funktion hochreguliert und ob der Anstieg von 

[Ca2+]i alternative Kalziumeintrittsmechanismen einschließt. 

Zu diesem Zweck wurde der Phosphatdonator β-Glycerophosphat als 

Verkalkungsstimulator zur Behandlung von humanen glatten Muskelzellen der 

Aorta (englisch "human aorta smooth muscle cells; HAoSMCs") eingesetzt. Die 

Gentranskriptwerte wurden durch quantitative PCR bestimmt, die 

Proteinexpressionsniveaus wurden durch Immunoblotanalyse bewertet, die 

TNSALP-Aktivität wurde durch Kolorimetrie gemessen, [Ca2+]i wurde durch Fura-

2-Fluoreszenz gemessen und SOCE wurde als Anstieg von [Ca2+]i nach Zugabe 

von extrazellulärem Ca2+ nach Thapsigargin-induzierter Speichererschöpfung 

berechnet. Zusätzlich wurden HAoSMCs in K+-reichem Medium kultiviert, um 

spannungsgesteuerte Ca2+-Kanäle (englisch "voltage operated calcium channels; 

VOCCs") über eine erhöhte extrazelluläre K+-Konzentration zu aktivieren. Die 

Behandlung mit β-Glycerophosphat verbesserte die Transkript- und 

Proteinexpressionsniveaus von ORAI1 und STIM1 und erhöhte SOCE in 

HAoSMCs. Eine zusätzliche Behandlung mit den ORAI1-Inhibitoren MRS1845 

und 2-APB sowie dem SGK1-Inhibitor GSK650394 beseitigte effektiv die 

Wirkungen von β-Glycerophosphat auf SOCE. Die Behandlung mit ORAI1-

Antagonisten und die ORAI1-Stummschaltung hemmten signifikant die β-

Glycerophosphat-induzierte Expression osteogener Marker in HAoSMCs und 

unterdrückten die extrazelluläre Verkalkung. Darüber hinaus beeinflusste die 

Aktivierung von VOCCs die osteogene Signalgebung in HAoSMCs. 

Zusammenfassend lässt sich sagen, dass erhöhte Phosphatspiegel die 

ORAI1- und STIM1-Expression hochregulieren und SOCE verstärken, die 

zusammen mit VOCCs eine Rolle bei der Orchestrierung der osteo/ 

chondogenen Signalgebung in VSMCs spielen. 
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