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Abstract 1 

Abstract 

Vascular calcification (VC) is an independent predictor of cardiovascular events and is 

associated with significant morbidity and mortality. The increased risk of these associa-

tions in chronic kidney disease (CKD) patients is more powerful. Current diagnostic and 

therapeutic approaches to VC are relatively limited and we need better insight into the 

underlying pathological mechanisms of VC as well as more effective intervention strate-

gies. Previous studies have shown that cellular senescence is involved in VC and can 

promote the osteogenic transformation of vascular smooth muscle cells (VSMCs).  

Therefore, the first part of this study was to establish a proper multiplex Western blot 

protocol for subsequent analysis of the signaling pathway in later experiments. The sec-

ond and third parts of this study were designed to investigate the effect of the cellular 

senescence signaling pathway (p21) on vascular calcification in vitro and ex vivo. DOX 

induced senescence in VSMCs and activated the p21 senescence pathway while stimu-

lating the expression of bone-associated molecules, with similar results obtained in ex 

vivo tissues stimulated by high phosphate. This study provides further hints for the p21-

involved senescence pathway in vascular calcification in vitro and ex vivo and that it is 

accompanied by increased expression of multiple bone-associated molecules. 
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Zusammenfassung 

Die Gefäßverkalkung (VC) ist ein unabhängiger Prädiktor für kardiovaskuläre Ereignisse 

und wird mit erheblicher Morbidität und Mortalität in Verbindung gebracht. Das erhöhte 

Risiko dieser Assoziationen bei Patienten mit chronischer Nierenerkrankung (CKD) ist 

noch stärker ausgeprägt. Die derzeitigen diagnostischen und therapeutischen Ansätze 

für VC sind relativ begrenzt. Deswegen brauchen wir einen besseren Einblick in die 

zugrunde liegenden pathologischen Mechanismen von VC und wirksamere Interven-

tionsstrategien. Frühe Studien haben gezeigt, dass zelluläre Seneszenz an VC beteiligt 

ist und die osteogene Transformation von vaskulären glatten Muskelzellen (VSMCs) för-

dern kann.  

Daher bestand der erste Teil dieser Studie darin, ein geeignetes Multiplex-Westernblot-

Protokoll zu erstellen, um im weiteren Verlauf die Signalkaskade und insbesondere die 

Proteinexpression weiter zu untersuchen. Im zweiten und dritten Teil dieser Studie sollte 

die Wirkung des zellulären Seneszenz-Signalwegs (p21) auf die Gefäßverkalkung in vitro 

und ex vivo untersucht werden. DOX induzierte Seneszenz in VSMCs und aktivierte den 

p21-Seneszenz-Signalweg bei gleichzeitiger Stimulierung der Expression von 

knochenassoziierten Molekülen, wobei ähnliche Ergebnisse in ex vivo Geweben erzielt 

wurden, die durch hohen Phosphatgehalt stimuliert wurden. Diese Studie liefert weitere 

Hinweise dafür, dass der p21-Seneszenz-Stoffwechselweg in vivo und in vitro an der Ge-

fäßverkalkung beteiligt ist und mit einer erhöhten Expression mehrerer 

knochenassoziierter Moleküle einhergeht. 



Introduction 3 

1 Introduction 

1.1 Vascular calcification 

Vascular calcification (VC) refers to a sophisticated process causing calcium phosphate 

complexes to be pathologically accumulated within the vasculature, which can occur in 

the vessel wall’s intimal layer and medial smooth muscle layer (1, 2). As a highly prevalent 

vascular patch phenotype, VC is regarded as part of the manifestation of the aging pro-

cess and is related to atherosclerotic heart disease, hypertension, chronic kidney disease 

(CKD) as well as diabetes mellitus (3). 

1.2 Clinical impact 

VC is an independent predictor of cardiovascular events and is associated with significant 

morbidity and mortality (4, 5). The above-mentioned patients with VC usually suffer from 

inflammation and oxidative stress on a cellular level, which causes a greater pathological 

burden of the disease and increases adverse clinical outcomes. From a clinical perspec-

tive, patients with VC are at higher risks of adverse cardiovascular events (6, 7). The 

above-mentioned associations can directly elevate the risk of numerous clinical compli-

cations of VC (e.g., worsening atherosclerosis) and increase the risk of vascular events 

(e.g., myocardial infarction, stroke and vascular occlusion events) (8-10). In a mean of 

10.1 years followup meta-analysis study that recruited 218,080 patients from 30 studies, 

the odds ratio for cardiovascular mortality from calcification individuals versus the pres-

ence of non-calcified ones was calculated as 3.94 (11). As revealed by another cohort 

research, which included 9,715 adults followed up for 15 years, all-cause mortality was 

3% in patients without coronary artery calcification, as compared with 28% in individuals 

with high levels of coronary artery calcification (12). Thus, the presence of VC can be a 

vital surrogate marker for patient-centered outcomes as well. 

1.3 Diagnostic therapy  

On the whole, medial arterial calcification (MAC) is more specific in patients with CKD, 

probably being related to calcium phosphate exposure and abnormal bone and mineral 

metabolism due to decreased renal function and the years of dialysis (13, 14). In clinical 

practice, direct prediction of VC is not easy, and VC is primarily measured with 
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characteristic functional measures and diverse imaging methods. Since MAC primarily 

causes increased arterial stiffness, this is considered as an available proxy for the pres-

ence of vascular calcification (15, 16). Vascular stiffness is measured by pulse wave ve-

locity (PWV), pulse pressure (PP) and ankle brachial index (ABI) (17). ABI, capable of 

indicating peripheral arterial disease, can indirectly measure arterial stiffness as well. Low 

ABI shows a relationship to vascular calcification and atherosclerosis within major arteries, 

whereas high ABI is related to medial calcification in peripheral and distal arteries as a 

sign of peripheral artery disease (18, 19). ABI was considered the preferred setting in 

clinical practice previously, whereas the consistency of ABI in evaluating MAC has been 

questioned (5). In addition, several imaging methods have been used to evaluate VC (e.g., 

optical coherence tomography (OCT) (17), intravascular ultrasound (IVUS), ultrasound, 

magnetic resonance imaging (MRI), electron beam computed tomography (EBCT), mul-

tislice computed tomography (MSCT), dual-energy X-ray absorptiometry (DXA), conven-

tional radiography, as well as breast imaging (20)). Of the above-mentioned methods, 

IVUS or OCT is capable of more effectively distinguishing between MAC and intimal ar-

terial calcification (IAC). However, since they are invasive, both of the methods are only 

applied when clinically indicated for selected patients (5). 

For years, drugs targeting intermediates of bone and mineral metabolisms (e.g., vitamin 

K, phosphate-binding agents, and myo-inositol hexaphosphate) have been used to delay 

and slow VC progress in CKD (21-23). However, none of the evidence has been sufficient 

(21, 24).  Thus, gaining more insights into the pathological mechanisms of VC and inter-

vening in VC at an early stage, or even hindering its progression, may be a more effective 

strategy for VC treatment. 

1.4 Pathophysiological mechanisms   

At the tissue level, the pathogenesis of VC has been found as an active, complex, and 

chronic process (25, 26), which is attributed to the extracellular matrix fragmentation and 

disordering, endogenous inhibitor loss, senescence, or a breakdown in cellular homeo-

stasis, and which occurs as a reaction to trauma, apoptosis, or the resolution of inflam-

matory and infectious insults. Moreover, this active event affects the cell-regulated pro-

cess of mineralization, which is consistent with the bone formation process (10, 27, 28). 
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In accordance with the location and occurrence, VC has fallen into two major types (29). 

A type occurs in the internal layers and is related to atherosclerotic plaques, the result of 

lipid accumulation. Intimal calcification is related to macrophage invasion, smooth muscle 

cell proliferation, and extracellular matrix protein malfunction, in response to chronic ar-

tery inflammation (30). Obstructive vascular disease is attributed to unstable and ruptur-

able plaques that grow on the inner blood artery wall.  As lesions are progressing, the 

formation of lamellar bone and the induction of osteoblast turn out to be progressively 

significant (31, 32). Another type is Mönckeberg's sclerosis, i.e., medial calcification as 

described above, where amorphous mineral can be formed in a circumferential manner 

following, or in one or more of the medial layer’s elastic lamellae. This type has higher 

prevalence among individuals with advanced aging, diabetes mellitus and CKD (33-35) 

1.4.1   Vascular Calcification in CKD 

In CKD, internal and medial calcification can be observed (18, 36), with medial calcifica-

tion being more prevalent (37). The process is induced by a combination of pathological 

factors, in which high phosphate levels are considered as the critical determinants of VC 

in CKD (38), and phosphate has been generally considered a significant direct inducer. 

(39). Two distinct pathways have been postulated for the gaining of more insights into the 

correlation between calcium and phosphate problems and VC: a passive mechanism in-

volving calcium phosphate precipitation in the vasculature and an active process involving 

vascular smooth muscle cells (VSMCs), both of which are of high importance. VSMCs 

can be activated from a static, differentiated condition to an active synthetic and prolifer-

ative phenotype after in vitro stimulation (40), and phosphorus triggers the osteochon-

dral/chondrogenic phenotypic transformation of VSMCs by regulating multiple signaling 

pathways. As revealed by in vitro studies, VSMCs also interact closely with the formation 

of apoptotic vesicles in phosphate-induced phenotype transformation, and the above-

mentioned cells can secrete matrix vesicles, which also increase the risk of apoptosis in 

surrounding cells through vesicle release (41), and that autophagy is involved (42). How-

ever, the correlation between apoptosis and autophagy remains controversial (43), and 

although inhibition of autophagy decreased phosphate-induced apoptosis in VSMCs, it 

may not have been achieved by reducing apoptosis in VSMCs, but rather by lowering 

matrix vesicle release (25, 44). Thus, the process of phosphate-induced VC is controlled 

by an extremely complex network of cellular signaling pathways characterized by 



Introduction 6 

numerous crosstalk and close interactions between the above-mentioned signaling cas-

cades (45, 46). 

1.4.2   Cellular senescence in VC  

According to its definition, cellular senescence refers to the ineffective repair of DNA dam-

age and causes irreversible growth arrest (47). Due to eukaryotic cells’ usual inability to 

maintain telomere length, telomere is progressively shortened with the respective division, 

the DNA damage response (DDR) is activated, and this causes replicative senescence 

to not diminish over time. This pathway binds to the cell cycle protein-dependent kinase 

inhibitor p21, and the tumor suppressor gene p53, which is then stabilized through the 

retinoblastoma protein hypophosphorylation and p16 activation, leading to proliferation-

promoting genes being silenced (48-50). VSMCs senescence complies with typical fea-

tures of senescent cells. During VC, senescent VSMCs located in the media of the vessel 

affect the development of VC by introducing the p53/p21 classical senescence pathway 

(51), which plays an essential role in medial calcification pathophysiology through in-

creased osteoclast transition and upregulation of tissue-nonspecific alkaline phosphatase 

(TNAP), core-binding factor alpha 1 (Cbfa1), and type I collagen (52). There is decreased 

expression of Cbfa1 and reduced calcification after knockdown of p21 siRNA in VSMCs 

(53). In addition, senescent cells acquire extensive morphological and functional changes, 

expressing lysosomal activity-associated senescence-associated β-galactosidase (SA-ß-

Gal) and phospho-histone H2A.X. Another prominent characteristic of senescent cells 

refers to senescence-associated secretory phenotype (SASP) development (54, 55). The 

high phosphorus and calcium status of CKD patients can further increase SASP levels, 

and up-regulated SASP inflammatory markers are related to promoting osteogenic differ-

entiation and calcification in VSMCs (56). At the same time, activation of SASP acts as a 

driver of IL-6 and MCP1 secretion, which in turn promotes calcification (54, 57). 

1.4.3   p21 in Senescence Pathway  

It is well known that p21 is a cell cycle inhibitor that has a physical interaction with cyclin-

CDK4/6, -CDK1 and -CDK2 complexes’ activity for blocking the progression of the cell 

cycle in the transition of G1/S and G2/M. Controlling E2F activity can mediate the cell 

growth regulation using p21 (58-60). CDK and regulatory component cell cycle proteins 

regulate cell cycle progression in mammals, and cell cycle progression is activated by 
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Rb’s partial phosphorylation by CDK-cell cycle proteins, whereas p21 can disrupt the 

above-mentioned relationship and prevent the progression of the cell cycle (61, 62). For 

the p21 gene, it has been initially found that wild-type p53 protein can induce this gene 

(63). Cell cycle arrest within the G1/S phase refers to a p53-dependent mechanism con-

trolled by paclitaxel, transforming growth factor β (TGF-β), and oncogenic Ras. It is pos-

sible that it is linked to the cycle E and cyclin A/CDK genes (64-66). Besides growth arrest, 

p21 can also mediate cellular senescence through p53-dependent pathways, and the 

overexpression of p21 was initially discovered in normal human diploid senescent cells 

(67). As indicated by existing studies, p21 is capable of mediating senescence through a 

ROS-based mechanism that does not require the binding of proliferating cell nuclear an-

tigen (PCNA) or CDK inhibition (68), and that p21 increases intracellular ROS levels in 

p53-negative cancer cells and normal fibroblasts (69). 

1.5 Vascular Calcification Models 

As mentioned above, VC is a complex process that involves complex interactions be-

tween many different cell types and mechanistic signals (70, 71). It is because the devel-

opment of VC may be impacted by multiple factors and the underlying mechanisms of VC 

are not fully revealed that various research models have emerged, which can fall into in 

vitro, ex vivo as well as in vivo models. 

In vitro model reduces the interferences from different cell types and complex interacting 

factors, so insights can be more easily gained into the multiple mechanisms resulting in 

VC (70). A variety of cell types that make up the vascular system, including the external, 

media, intima and circulating, may serve as vehicles for models of VC (72-76). Among 

them, the crucial point of VC should be the cellular transformation of VSMCs to osteo-

blast-like cells (77, 78). Thus, different sources, including human, rat and mouse VSMCs 

are currently the most extensively used in vitro model to investigate medial VC (74, 75, 

77).  

The fact that this animal model is analyzed for the whole organism reflects the physiolog-

ical context, allows for monitoring the progression of calcification in a reasonable time, 

and that a longitudinal study method with the use of the identical animals as controls is 

capable of reducing statistical differences and decreasing the required sample size, the 

above-mentioned points fully demonstrate the advantages of in vivo models for 
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calcification studies. Additionally, ex vivo models may provide a valuable alternative. This 

direct placement of vessels in calcification media allows for elementary and easy experi-

mental procedures and for taking less time to accurately assess vascular calcification 

while maintaining the entire structure of the vessel (79, 80). 

1.6 Aims of the study 

Existing studies have shown that cellular senescence is involved in the process of VC, 

which can facilitate the osteogenic transformation of VSMCs. Besides, phosphate may 

induce ROS production and oxidative stress in VSMCs, exacerbating cellular senescence 

and further facilitating cellular phenotypic transformation. It is a process in which the clas-

sical pathway of p21 cellular senescence may be involved. The high phosphate state, 

playing a critical role in causing VC in CKD patients, is mainly prone to occur after im-

paired renal function, which leads to an elevated risk of death as well as cardiovascular 

events. 

Accordingly, this paper aimed to:  

1) Establish an optimized multiplex Western blot protocol that could be exploited to 

quantify cellular and vascular proteins, and especially to study senescence and 

osteogenic transformation; 

2) Further explore the impact exerted by the cellular senescence signaling pathway 

(p21) on VC in the VSMCs stimulated; and 

3) Validate the modeling of the high phosphate medium in ex vivo and verify the ex-

pression of p21 and bone-related molecules' protein level in the tissue. 
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2 Methods 

2.1    Manufacturer information on reagents, devices and software 

Table 1: Materials for cell culture and ex vivo 

Medium and materials for cell culture Manufacturer 

Dulbecco’s modified Eagle’s medium 
(DMEM) 

Biochrom AG, Berlin, Germany 

Fetal bovine serum (FBS) Biochrom AG, Berlin, Germany 

Penicillin/streptomycin Biochrom AG, Berlin, Germany 

Phosphate-buffered saline (PBS) Biochrom AG, Berlin, Germany 

NaH2PO4 Merck KGaA, Darmstadt, Germany 

Vitamin C Sigma Aldrich, Missouri, USA 

DOX Thermo Fisher Scientific, Massachu-
setts, USA 

 

 

Table 2: Materials for Western Blot 

 Materials Manufacturer 

Electrophoresis Mini-protean® TGX™ Precast Gels, 
12%, 10-well comb, 50ul/well. 

Bio-Rad, California, 
USA 
 
Bio-Rad, California, 
USA 
Bio-Rad, California, 
USA 

Mini-protean® TGX™ Precast Gels, 4-
20%, 10-well comb, 50ul/well. 

Mini-protean® TGX™ Precast Gels, 4-
20%, 10-well comb, 30ul/well. 

Transfer Trans-Blot Turbo, Mini Format, 0.2μm 
PVDF, Single Application. 

Bio-Rad, California, 
USA 

Trans-Blot Turbo, Mini Format, 0.2μm 
Nitrocellulose, Single Application. 

Bio-Rad, California, 
USA 

Trans-Blot Turbo RTA Mini 0.2 µm 
PVDF Transfer Kit. 

Bio-Rad, California, 
USA 

Detection Clarity and Clarity Max ECL Western 
Blotting Substrates. 

Bio-Rad, California, 
USA 
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Table 3: Antibodies  

Antibodies Manufacturer 

Primary Anti-
bodies 

Rabbit-anti-β-Actin  Santa Cruz Biotechnology, Califor-
nia, USA 

Mouse- anti-β-Actin Cell Signaling Technology, Massa-
chusetts, USA 

Mouse-anti-GAPDH Cell Signaling Technology, Massa-
chusetts, USA 

Rabbit-anti-Bmp-2 Abcam, Cambridge, UK 

Rabbit-anti-p21 Abcam, Cambridge, UK 

Rabbit-anti-ALP Invitrogen, Massachusetts, USA 

Rabbit-anti-Runx2 Santa Cruz, Texas, USA 

Secondary 
Antibodies 

IgG-goat anti-rabbit-Star-
Bright Blue700 

Bio-Rad, California, USA 

IgG-goat anti-mouse-Star-
Bright Blue700 

Bio-Rad, California, USA 

IgG-goat anti- mouse-Star-
Bright Blue520 

Bio-Rad, California, USA 

goat anti-rabbit-Alexa Fluor 
555 IgG 

Bio-Rad, California, USA 

IgG- rabbit anti-goat Bio-Rad, California, USA 

 

 
Table 4: Reagents for qRT-PCR  

  Reagents   Manufacturer  

  
  
mRNA isolation  

RLT Buffer  QIAGEN, Venlo, Netherlands 
QIAGEN, Venlo, Netherlands 
QIAGEN, Venlo, Netherlands  
QIAGEN, Venlo, Netherlands 

ß-mercaptoethanol  

RNeasy Kit  

  
  
  
cDNA synthesis  

RT-Buffer  Thermo Fisher Scientific, USA  

dNTP’s  Thermo Fisher Scientific, USA  

Random Primer  Thermo Fisher Scientific, USA  

MultiScribe RT  Bio-Rad, CA, USA  

  
PCR  

iQ SYBR Green Supermix  Bio-Rad, CA, USA  

Primers  TIB Molbiol, Berlin, Germany  
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Table 5: Primers for PCR 

Gene Fwd 5 -́3  ́
Rev 5 -́3  ́

Manufacturer 

β-Actin TCG CTG ACA GGA TGC AGA AG 
CTC AGG AGC AAT GAT CTT GAT 

Tib Mol, Berlin, Ger-
many 

p21 TAT GTA CCA GCC ACA GGC AC 
ATC GGC GCT TGG AGT GAT AG 

Tib Mol, Berlin, Ger-
many 

Cbfa1 GCC GGG AAT GAT GAG AAC TA 
GGA CCG TCC ACT GTC ACT TT 

Tib Mol, Berlin, Ger-
many 

ALP TCC GTG GGT CGG ATT CCT 
GCC GGC CCA AGA GAG AAA 

Tib Mol, Berlin, Ger-
many 

 
 
Table 6: Other reagents 

Reagents Manufacturer 

Invitrogen™ NP40 Cell Lysis Buffer Thermo Fisher Scientific, Mas-
sachusetts, USA 

RIPA Lysis and Extraction Buffer Thermo Fisher Scientific, Mas-
sachusetts, USA 

Colorimetric Calcium Assay Kit Sciencell Research Laborato-
ries, Faraday, USA 

Pierce™ BCA Protein Assay Thermo Fisher Scientific, Mas-
sachusetts, USA 

Roti®-Block Carl Roth, Karlsruhe, Germany 

4x Laemmli Sample Buffer Bio-Rad, California, USA 

Ponceau S Staining Solution Sigma Aldrich, Missouri, USA 

cOmplete Mini Protease inhibitor Merck KGaA, Darmstadt, Ger-
many 

Total Protein Extraction Kit for Blood Vessels Invent Biotechnologies, Minne-
sota, USA 

 

 

Table 7: Materials used in Alizarin red staining 

Materials Manufacturer 

Formalin Sigma Aldrich, Missouri, USA 

Alizarin Red S solution Sigma Aldrich, Missouri, USA 

Lab Tek slide Merck KGaA, Darmstadt, Germany 

 

 

 

 

 



Methods 12 

Table 8: Devices and software 

Devices Manufacturer Software Manufacturer 

Plate reader Multiskan Spectrum Bio-Plex Man-
ager software 
6.1 

Bio-Rad, CA, USA 

Axiovert 200M mi-
croscope 

Zeiss, Jena, Germany GraphPad 
Prism statisti-
cal software 
v6.0 

GraphPad, CA, USA 

Bio-Rad T100 and 
C1000 Thermal 
Cycler 

Bio-Rad, CA, USA ZEN 2 (blue 
edition) soft-
ware 

Zeiss, Jena, Germany 

Eppendorf thermo-
mixer 5436 

Eppendorf, Hamburg, 
Germany 

BioRad CFX 
Manager Soft-
ware 3.1 

Bio-Rad, CA, USA 

QiaCube QIAGEN, Venlo, 
Netherlands 

Fluoroskan 
Ascent® 

Thermo Fisher Scien-
tific, Massachusetts, 
USA 

Trans-
Blot®Turbo™ 
Transfer System 

Bio-Rad, CA, USA  Image Lab 
Software 
5.2.1 

Bio-Rad, CA, USA 

ChemiDoc Imag-
ing Systems 

Bio-Rad, CA, USA Image Lab 
touch Soft-
ware  

Bio-Rad, CA, USA 

iEMS Reader MF Thermo Fisher Scien-
tific, Massachusetts, 
USA 
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2.2    Animals 

All animal experiments were performed under conditions that alleviated the suffering of 

animals to the greatest extent based on the EU Directive 2010/63/EU. After we intraperi-

toneally injected sodium pentobarbital (400 mg/kg body weight) and verified the missing 

reflexes, the abdominal skin of the rat was disinfected with 70% ethanol and fixed on an 

operating table. The rats were dissected layer by layer with sterilized instruments and the 

aorta (i.e., the thoracic aorta and aortic arch) was completely removed. The aorta were 

washed with PBS + penicillin (100 U/ml) and streptomycin (0.1 mg/ml). The outer mem-

brane and connective tissue from the aorta were removed in the solution culture dish. 

Afterwards, we transferred the aorta to a novel petri dish in which streptomycin (0.1 mg/ml) 

solution and fresh PBS + penicillin (100 U/ml) were contained to perform the next step. 

2.2.1 Isolating primary cells 

For the culture of primary VSMCs, the outgrowth method was used. After removal of 

the adventitia, the aortas were incised longitudinally on tin foil with a small amount of 

culture medium (Dulbecco's Modified Eagle Medium (DMEM) covering 1 g/l glucose 

with 0.1 mg/ml streptomycin, 100 U/ml penicillin, as well as 15% fetal calf serum (FCS)) 

and gently scraped off with a sterile knife lining, taking care to keep the vascular tissue 

moist. Medium was pre-added (DMEM containing 1 g/l glucose with 0.1 mg/ml strepto-

mycin, 100 U/ml penicillin, as well as 15% fetal calf serum (FCS)) to the culture flask 

and the aortas were cut into small pieces (approximately 4 mm2 each), transfered to 

the bottom of the culture dish and unfolded. This was incubated obliquely for 5 min at 

37°C in a 5% CO2 incubator. After ensuring that we attached all tissue pieces to the 

flask bottom, we laid the flask flat so that all tissue pieces were immersed in the medium 

solution for incubation. Then we placed the flask in the incubator for 5-7 d and obtained 

the primary cells migrated from the medium explants. Figure 1 illustrates the flow chart. 
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Figure 1: Flow chart of isolated primary cells. (Figure created by author using Servier Medical 

Art.) 

2.2.2 Ex vivo preparation 

For ex vivo settings, after removing the adventitia, the aortas were taken one by one from 

the PBS, a 10 μl pipet tip was put through the aortic ring and the rings were gently moved 

down along the tip for three times to remove endothelium. Subsequently, the aortas were 

cut with the use of a scalpel in 3-4 mm rings and placed in an 8-well plate filled with 

incubation media (500 µl). We placed the 8-well plate within the incubator based on a 5% 

humidified CO2 atmosphere at the temperature of 37 °C. Figure 2 illustrates the flow chart. 

 

Figure 2: Flow chart of ex vivo preparation. (Figure created by author using Servier Medical Art.) 
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2.3    Cell culture 

We cultured VSMCs within DMEM of 1 g/l glucose containing 0.1 mg/ml streptomycin, 

100 U/ml penicillin, as well as 10% fetal calf serum (FCS). We cultured the cells using a 

humidified incubator with 5% carbon dioxide at 37°C.  4 to 6 passages of cells were used 

for experiments. 

2.4    Stimulation 

2.4.1 Long stimulation in vitro 

In the in vitro experiments, we induced the calcification by exposing cells to DMEM made 

up of 4.5 g/l glucose and stable glutamine, and we added 0.1 mg/ml streptomycin, 100 

U/ml penicillin, 5 mmol/l inorganic phosphate, 284 mol/l ascorbic acid and 15% FCS to 

the mix. High-phosphate Medium (High-Pi M) or VSMCs were stimulated with 10nM DOX, 

100nM DOX for 14 d in High-Pi M. We carried out the culture of the controls using DMEM 

of 4.5 g/l glucose and supplemented with 0.1 mg/ml streptomycin, 100 U/ml penicillin and 

15% FCS (Control Medium (Ctrl M)). The cells achieved growth to confluence before in-

duction of calcification. Calcification was assessed after stimulation for 14 days. 

2.4.2 Short stimulation in vitro 

VSMCs were stimulated with 500nM DOX, 1000nM DOX for 24 h, 48h and 72h. 

2.4.3 Stimulation ex vivo 

In ex vivo experiments, calcification was assessed 14 days by exposing the cells and 

aortic rings to DMEM without glutamine, with the rest of the added material being the 

same as the cell culture medium. 

2.5    Alizarin red staining and calcium content 

2.5.1 In vitro experiments 

To produce 2% Alizarin Red S solution, 2 g of Alizarin Red S was dissolved in 100 mL 

distilled water, and the pH was adjusted to 4.1- 4.3. The cells were fixed for 10-15 min in 

4% buffered formaldehyde, then rinsed in distilled deionized water and PBS. Next, the 

cells received a treatment using alizarin red solution (2%, pH 4.2) for 20 min before being 
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washing again.  Lab Tek slides were embedded by embedding for each well and covered 

with glass. The imaging was done with a Zeiss Axiovert 200M microscope and ZEN 2 

(Blue edition) software.  

For quantification of calcification, VSMCs decalcified in 0.6 mol/l HCl overnight. After de-

calcification, cells were washed with PBS and lysed in 0.1 mol/l NaOH/0.1% SDS buffer. 

The protein content was quantified using BCA protein assay kit. According to the manu-

facturer's recommendation, calcium content was quantified using the colorimetrical o-

cresolphthalein method. Protein content was used for normalization. 

2.5.2 Ex vivo experiments 

The aortic rings were fixed throughout the night, transported in 70% ethanol, and auto-

matically placed in paraffin. We deparaffinized and hydrated the paraffin sections using 

70% alcohol and rinsed the sections with distilled water (ddH2O). Subsequently, we 

stained the sections using alizarin red (pH 4) for from 30 sec to 5 min. The reaction was 

checked under the microscope, then the excess dye and blotted portions were shaked 

off. Afterward, we dehydrated the slices and then cleaned them in xylene and fixed them 

in a synthetic mounting medium. We conducted the imaging under a Zeiss Axiovert 200M 

microscope and using ZEN 2 (Blue edition) software. 

Quantitative of calcification content was performed similarly to in vitro, aortic rings were 

decalcified in 0.6 mol/l HCl for 24 hours. After decalcification, they were washed with PBS 

and lysed in 0.1 mol/l NaOH/0.1% SDS buffer. Protein and calcification were quantified 

using the same approach as for cells. Protein content was used for normalization. 

2.6    Extract Protein 

2.6.1 For Cells 

We washed the cells in the culture flasks using cold PBS and repeated the washing twice, 

with the flasks always kept on ice. The culture flasks were filled with RIPA buffer (300 

µl/bottle, RIPA buffer 6.5 ml with 1/2 table protease inhibitor) and incubated on ice for 5 

min. Cells were scraped from the bottom of the culture flask into Eppendorf tubes using 

a 300 mm spatula. Eppendorf tubes were incubated on ice for 30 min, with vortexing for 

20 sec at 10 min intervals. Finally, the Eppendorf tubes were centrifuged for 20 min at 
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16,000 rpm, at 4℃. The supernatant was transferred into fresh tubes (this being extracted 

total protein). 

2.6.2 For Tissue 

For protein extraction from vascular tissues, we made various attempts, including with 

TissueRuptor, liquid nitrogen milling and an Invent kit. Due being impacted by the small 

tissue samples and the unique structure of vessels, the tissues were not adequately ho-

mogenized when TissueRuptor was applied. For this reason, the method above was elim-

inated first. The liquid nitrogen milling method and the Invent kit protocol were respectively 

used to extract vascular tissue proteins during the experiment. 

The first method was liquid nitrogen milling, in which the artery rings were frozen and 

milled in a pre-frozen mill with liquid nitrogen. Subsequently, the NP40 buffer (3.5 ml ali-

quot NP40 + 1/2 table protease inhibitor + 0.5 mM phenylmethylsulfonyl fluoride (PMSF)) 

was added after sufficient milling, during which the liquid nitrogen was added after evap-

oration. The tissue was mixed with the lysate buffer and transferred to an Eppendorf tube, 

incubated on ice for 20 min, and then placed in a pre-chilled ultrasonic water bath with 

ice for 10 sec. Lastly, the Eppendorf tubes were centrifuged for 10 min at 12,000 rpm at 

4℃. The supernatant was transferred into fresh tubes (extracted total protein). 

The second method that we used to extract tissue proteins was with the Invent Kit, in 

which arterial rings were cut with scissors into small pieces (1x1 mm or smaller) at RT 

and placed in a filter cartridge with a collection tube. Protein extraction powder was intro-

duced onto the top of the tissue pieces, and then a denaturing buffer was added. The 

tissue mixture was fully milled in the collection tube and incubated at RT for 10 min. Finally, 

the collection tubes were centrifuged for 1 min at 12,000 rpm at RT. The filter was re-

moved and discarded. The supernatant was transferred to fresh tubes (this was the total 

protein extracted). 

2.7    BCA assay 

The BCA Protein Assay combines protein-mediated reduction of Copper (Cu)2+ to Cu1+ 

with colorimetric detection using a bicinchoninic acid-containing reagent.  The response 

generally falls into the two stages below. The chelation of copper with protein in the alka-

line environment generated is the first stage in the process, resulting in a light blue 
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complex. At the second stage, the purple color shift is attributed to two molecules of Bi-

cinchonininc acid reacting with the reduced cation produced in step one (the reaction is 

presented in Figure 3). The experiment was performed in accordance with procedure, 

including preparing the working reagent, mixing the samples and working reagent, and 

incubating for 30 min at 37°C. Lastly, the plates were read at a wavelength of 560 nm. By 

adjusting to the standard curve, the outcome was calculated.  

     

Figure 3: The response of bicinchoninic acid in the assay.  

(https://thepencillog.wordpress.com/2020/01/01/the-principle-of-the-bca-assay/) 

2.8    Establishment of multiplex Western Blot Protocol 

We used sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to per-

form the Western blot assay for the separation of proteins of different molecular weight 

sizes. Next, we placed the proteins in a solid-phase carrier. The carrier adsorbed proteins 

within a non-covalent bond. The peptide under the separation using electrophoresis had 

intact biological activity and the kept type. We employed the protein or peptide on the 

solid-phase carrier as an antigen. The antigen was immunoreacted with the correspond-

ing primary antibody and then had a reaction with enzyme or isotope-labeled secondary 

antibody for a specific detection through substrate development or radiolucent autoradi-

ography (81, 82).  

The conventional Western blot method requires sample preparation, gel preparation, 

electrophoresis, membrane transfer, blocking, as well as antibody incubation and devel-

opment, for which it usually takes 2-3 days to complete the whole operation process. 

Using a combination of the Rapid Blotting Workflow provided by Bio-rad and the individual 

situation of our laboratory, we established an individualized fluorescence Western Bolt 

Procotol, retaining the advantages of conventional Western blot methods with more 

streamlined steps (e.g., electrophoresis and membrane transfer, digital fluorescence im-

aging technology and total protein normalization), which improved the sensitivity and 

https://thepencillog.wordpress.com/2020/01/01/the-principle-of-the-bca-assay/
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reliability of the results. The following are the major steps and equipment for the protocol 

established in this paper (Figure 4). 

2.8.1 Preparation 

The corresponding buffers required for Western blot were configured in accordance with 

the recipe below. We selected 1x Tris-Glycine-SDS (TGS) as the running buffer and 1x 

Tris-buffered saline (TBS) -Tween (T) as the washing buffer in our protocol. 

 

 
Figure 4: Diagram (A) and materials (B) in Western Blotting Procedure: 1. Eppendorf thermo-

mixer, 2. Bio-rad electrophoresis chamber, 3. Bio-rad power supply, 4. Precast TGX gel, 5. Trans-

Blot Turbo, 6. Trans-Blot® Turbo™ Transfer System, 7. ChemiDoc Imaging System. Figure 4 (A) 

created using BioRender by the author. 
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2.8.2 Electrophoresis with Gels 

With Precast TGX gel, we reduced the steps of gel preparation, unified the quality of the 

gel, and tested the protein separation effect of 12% and 4-20% precast (or stain-free) gel. 

4-20% gel was found to be suitable for separating polypeptides from 2-400kD, and 12% 

of the gluing could be suitable for separating polypeptides from 12-200kD. At this point, if 

we were using the stain-free gel, we would develop it on ChemiDoc before transfer. 

2.8.3 Transfer to the membrane 

We used the Trans-Blot®Turbo™ Transfer System, which significantly reduced the time 

taken and provided more stable results than conventional tank blotting. Since we aimed 

to establish a multiplex Western blot protocol, multiple antibodies needed to be incubated 

in one membrane. We tested PVDF and Nitrocellulose membranes in our Western blot. 

2.8.4 Antibody Incubation 

To establish a multiplex Western blot protocol, we attempted to incubate primary antibod-

ies simultaneously (e.g., incubating different target proteins from host-rabbit and host-rat 

in one blot) and selected the secondary antibodies corresponding to each of them for 

incubation to fulfill our aim. 

2.8.5 Imaging and Protein quantification 

After transferring from stain-free gel, we used the ChemDoc MP imaging system to image 

the total protein amount. After the immunoblot, we used the ChemDoc MP imaging sys-

tem again to image the target protein. For protein quantification, the intensity of the blotted 

bands was analyzed with Image Lab (version 5.2) software. Using the above-mentioned 

methods, we determined the p21, ALP, Cbfa1 protein and Housekeeper proteins (HKPs) 

contents. 

2.8.6 Ponceau S staining 

The membrane before blocking was immersed in sufficient ponceau S staining solution 

(50ml tube) and then stained for 5 min. Subsequently, the membrane was rinsed with 

distilled TBS-T box till the background was clear and observed. 
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2.9     Gene expression 

The levels of p21, ALP, Cbfa1, IL-1β and IL-6 mRNA were tested through qRT-PCR. 

VSMCs were serum starved for 24 h in flasks before total mRNA was extracted using the 

Qiagen RNeasy Kit following the manufacturer's instructions. The surgery was carried out 

with a QiaCube or by hand. The cells were washed twice with ice-cold PBS before they 

were lysed in 350 µl RLT Buffer supplemented with 1%-mercaptoethanol. After each kit 

was introduced to the RNeasy spin column and cryopreserved at -80°C for 2 h, the mRNA 

was extracted by numerous short centrifugations, and then the mRNA was washed down 

from spin columns with 50 µl RNase-free water into collection tubes. Afterward, we used 

random primers to produced cDNA from mRNA. The reaction time was 10 min at 25°C 

and 2 h at 37°C. Lastly, using specified primers, the target and housekeeping genes were 

measured by PCR. Each well (384-well plate) had a 10 µl reaction volume. The PCR 

settings were 3 min at 95°C initial denaturation, 15 sec at 95°C denaturation for 39 cycles, 

primer annealing for 15 sec at 60°C, and DNA extension for 1 min at 72°C. The Bio-Rad 

CFX Manager Software 3.1 was used to assess the data. 

2.10 Statistical analyses 

We performed the experiments in at least three separate experiments to ensure that the 

results were repeatable. The figure legend lists the number of experiments for the respec-

tive subject. Unless otherwise stated, data were expressed as means with standard error 

(SE).  The results for Western blot were regulated expression volumes for the validation 

of targets' expression. We used GraphPad Prism program 8.0 (GraphPad Software Inc, 

La Jolla, CA, USA) to determine statistical significance. A statistically significant p value 

<0.05 was adopted. 
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3. Results 

3.1    Establishment of multiplex Western Blot and Optimization conditions   

The Western blot process can fall into the stages of sample preparation, boiling, loading, 

electrophoresis, transfer and immunoassay. At the first stage, clear and regular bands 

were not obtained using conventional methods. Lastly, through conducting the trial and 

by exploring various factors, we finally achieved the following optimizations:  

1) Boiling time: the final setting was 15 min. Most target proteins were small molecular 

weight proteins, less than 25 kDa. After the repeated trials, the protein was completely 

denatured and depolymerized, which broke intra- and intermolecular hydrogen bonds and 

completely disrupted the secondary and tertiary structure of the protein molecule.  

2) Loading: we ensured the regularity of the bands. To prevent oversaturation of HKPs, 

we performed several gradient tests and finally achieved a loading of 10 µg per well to 

ensure clear target bands and to ensure the HKPs were not overexpressed to the detri-

ment of quantification.  

3) Electrophoresis: the final setting was to electrophoresis at 120 V in ice. After reaching 

the separating gel, the voltage was turned to 140 -160 V till the blue line reached the 

bottom of the gel. It was ensured that this process was performed in the ice, reducing the 

distortion of the protein bands.  

4) Transfer: it was ensured that the desired target proteins could be completely trans-

ferred from the gel to the PVDF membrane with a low energy transfer for 30 min, which 

was verified with the use of stain-free gel (Figure 5). By performing the current protocol, 

it was essentially ensured that proteins below 250 kDa could be successfully transferred 

to the membrane, leaving only part of the protein above 250 kDa remaining on the trans-

ferred gel (the proteins on the membrane after the transfer are presented in Figure 7 C). 
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Figure 5: Detection of total protein on gel and membrane: (A) gel before transfer; (B) gel after 

transfer. 

3.1.1 Loading control and housekeeper proteins 

In the assessment of the results of Western blot, it should be ensured that the quantitative 

data originated from independent samples of an experiment and that it permits accurate 

quantification, and multiple factors should be considered to ensure the accuracy and qual-

ity of the blot. A critical factor is the equivalent protein load in the respective lane, which 

can vary depending on the protein concentration assay, loading volume, or transfer effi-

ciency, and the amount of target protein should be corrected for the above-mentioned 

potential differences with the use of loading controls to correct for the amount of protein 

present in each lane. Since HKPs are relatively stable in tissue expression, they have 

been generally used as internal loading controls (83, 84).β-actin and 3-phosphoglycerate 

dehydrogenase (GAPDH) are the two most frequently applied loading controls (85). Thus, 

at the beginning of our Western blot protocol establishment, we selected β-actin and 

GAPDH as the loading control to permit accurate quantification. 

Three of the HKPs (mouse anti-GAPDH, mouse anti-β-actin and rabbit anti-β-actin) were 

selected for testing. Moreover, since the later target proteins came to group host rabbit 

and host mouse antibodies, respectively, we selected HKPs of different genera to prepare 

for later multiple staining. We obtained the bands of HKPs in optimized conditions, and 

the target bands in the blots were regular and clear with low background, no ghosting and 

tailing. Figure 6 presents the results. 
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Figure 6: Different HKPs in blots: mouse anti-GAPDH, mouse anti-β-actin, rabbit anti-β-actin in 

blots were regular and clear with low background, no ghosting and tailing. Dilution concentration 

of primary Ab was 1:5,000, 4-20%gel, 10 µg protein per well. 

3.1.2 Detection of total protein  

Although HKPs in histology have a relatively consistent expression, the bands from our 

detection of HKPs indicated that different HKPs in the same cells had different expres-

sions, and there could be slight differences in the expression of equivalent proteins in 

different stimulation groups as well. Thus, we planned to detect the total protein for further 

quantification. We applied two methods (i.e., stain-free gel and ponceau S staining) for 

total protein detection. Ponceau S is the conventional way of total protein detection, which 

has a relatively low cost and is simple to perform. However, it is affected by different 

external conditions, especially the time after staining (Figure 7 A, B). Accordingly, we 

preferred stain-free gel for total protein quantification. The stain-free bands were not de-

pendent on the duration of staining or decolorization. The intensity of the bands on the 

stain-free blots was not reduced over time. Even when comparing the total protein bands 

on the membrane before and after blocking and immunostaining, no more pronounced 

decrement was reported (Figure 7 C, D).  
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Figure 7: Total protein bands in blots: (A) Membrane after ponceau S staining is detected imme-

diately; (B) Membrane after ponceau S staining 10 min; (C) Membrane after transfer and before 

blocking; (D) Membrane after blocking and immunostaining.  

3.1.3 Multiplex blot for two target proteins  

Using an optimized Western blot protocol combined with immunofluorescence Western 

blot methods, we obtained the possibility of presenting multiple targets in one blot.  

An optimized protocol and imaging modality should meet the requirements of conforming 

the primary antibodies of different species (mouse, rabbit, goat or others) in combination 

with secondary antibodies attached to different fluorochromes. In addition, the fluorescent 

antibodies attached to the secondary antibodies should be in different channels. For the 

specific wavelength and channel of fluorescent staining, the company's information 

should be referenced. To establish multiple blots, we needed to create images of different 

channels. After blocking, the PVDF membrane was incubated with primary and second-

ary antibodies. We aimed to achieve simultaneous incubation of at least two antibodies 

that would not interfere with each other during imaging. For instance, for mouse anti-β-

actin (1:5,000) and rabbit anti-Bmp-2 (1:5,000), in which mouse anti-β-actin (1:5,000) 
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bound specifically to IgG-goat anti-mouse-Star Bright Blue 700 (1:2,500) and rabbit anti-

Bmp-2 (1:5,000) bound specifically to goat anti-rabbit-Alexa Fluor 555 IgG (1:2,500); both 

secondary antibodies were coupled fluorescent dyes in special channels for imaging and 

visualized in special channels. The total protein uptake channel was the "stain free blot", 

which did not overlap with the channels above, so that the total protein channel could be 

incorporated into the image to give a richer multiplex result as well (Figure 8). 

3.1.4 Targets for Western Blots 

Total proteins from cells and vascular tissue were extracted and tested on various target 

proteins, some of which worked well with antibodies to the target proteins and some of 

which did not (Table 9), and all the antibodies, except for SIRT2, that were not in multiplot 

experiments, had high performance in multiple bolts. 

 

Table 9: Target proteins for Western Blot 

Target antibodies Company and number For 
cells 

For 
tissue 

Notes 

Raabit-β-ACTIN  Santa cruz, sc-7210 √ √  

Mouse-β-ACTIN Cell Signaling Technol-
ogy, 8H10D10, 

√ √  

Rabbit-GAPDH Cell Signaling Technol-
ogy, D4C6R 

√ √  

Rabbit-Bmp-2 Abcam, ab214821,  √ √  

Rabbit-P21 Abcam, ab109199,  √ √ 75kda,15kda specific bands for 
rVsmc, and bands for ex vivo tis-
sue are very inconspicuous 

Rabbit-RUNX2 Santa cruz, sc-10758 √ √ Some specific bands for rVsmc 

Rabbit-ALP Invitrogen, 7H11L3 √ √ 50kda specific bands for rVsmc 

Mouse-SIRT1 Abcam, ab110304, √ --  

Rabbit-SIRT2 Abcam, ab211033, √ -- Some specific bands for rVsmc. 

Mouse-SIRT3 Abcam, ab246522, x --  

Goat-IL-6 Bio-Rad, AAR35 x x  

Rabbit-IL-1β Bio-Rad, AAR15G x x  

√, works with positive control; X, no bands; --, was not tested 
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Figure 8: Multiplex blot for two target proteins (merge): (A) Only mouse anti-β-actin (1:5,000) + 

StarBright Blue 700 goat anti-mouse IgG, detected in the “Bright Blue 700” channel; (B) Only 

rabbit anti-Bmp-2 (1:5,000) + goat anti-rabbit-Alexa Fluor 555 IgG, detected in the “Alexa Fluor 

546” channel; (C) Merge channel “Bright Blue 700” (Red) and “Alexa Fluor 546” (Blue). (D) Merge 

channel “Bright Blue 700” (Red), “Alexa Fluor 546” (Blue) and “stain free blot” channel (Green). 

All secondary antibodies at 1:2500 dilution.12% Stain-free gel, 10ug protein per well. 
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3.2    Detection of calcification and senescence in vitro 

3.2.1 Established in vitro model 

In this paper, we used high phosphorus (Pi) medium to investigate whether high phos-

phorus concentrations directly stimulate VSMCs and arterial tissue to cause calcification. 

In comparison with control cells, calcification of VSMCs was significantly increased after 

14 d of exposure to high phosphorus medium. In parallel, when DOX was added to the 

high phosphate medium, calcification increased and was significantly higher than in the 

blank high phosphate group when added at 100 nmol/l as indicated by Alizarin red S 

staining (Figure 9). By contrast, no mineral deposition was detected in the control medium.  

 

Figure 9: High phosphate medium and DOX promoted calcification: High phosphate concentra-

tions facilitated calcification in vitro. VSMCs were exposed to control medium, high-Pi medium, 

high-Pi medium+10 nmol/l or high-Pi medium+100 nmol/l for 14 d, and Alizarin red staining was 

performed to visualize calcification. *P<0.05 vs control; #P<0.05 vs High-Pi medium. The results 

partially reference our publication (86).  

3.2.2 p21 upon DOX stimulation 

Since p21 is the classical senescence pathway, we aimed to determine whether there is 

a correlation between VSMCs and the p21 senescence pathway. First, we stimulated 

VSMCs by DOX to clarify whether there is an activation of p21. According to the results 

of qPCR, the mRNA expression of the senescence marker p21 was significantly higher 
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in VSMCs cells stimulated by DOX than in the control cells (Figure 10 A). After conducting 

an optimized protein measurement, we started to explore the protein level. Next, we ex-

amined p21 protein expression levels and found that p21 expression also tended to in-

crease in DOX-stimulated VSMCs in comparison with control cells under DOX stimulation 

(Figure 10 B). Overall, the above-mentioned findings suggest that p21 is involved in DOX-

stimulated VSMCs senescence and validated at the translational level. 

 

Figure 10:  Expression of p21 by stimulation with doxorubicin: DOX stimulation induced high 

expression and protein of p21: (A) VSMCs were stimulated with quiescence medium (Ctrl.), 100 

nmol/l DOX, 500 nmol/l DOX or 1000 nmol/l DOX for 48h, and mRNA expression of p21 was 

measured through quantitative real-time qPCR. (B) VSMCs were stimulated with control medium 

(Ctrl.)  or 1000 nmol/l DOX for 48h, and protein expression of p21 was measured with Western 

blot. Blots were developed using rabbit anti-p21 (1:2500) + IgG-goat anti-rabbit-StarBright 

Blue700 (1:2500) (red), as well as mouse anti-β-actin (1:5,000) + IgG-goat anti-mouse-StarBright 

Blue520 (1:2500) (blue), with 10ug protein per well. Blots showed a representative experiment 

section of n≥3. The results partially reference our publication (86). 

3.2.3 Detection of ALP and Cbfa1 upon DOX stimulation 

We analyzed the induction of DOX at the genetic level using qPCR, finding that mRNA 

expression of the markers ALP and Cbfa1 was significantly higher in VSMCs cells under 

DOX stimulation than in the control (Figure 11 A, 12 A). Likewise, Western blot validation 

at the protein level achieved the same results (Figure 11 B, 12 B). 
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Figure 11: Expression of ALP by stimulation with doxorubicin: (A) VSMCs were stimulated using 

quiescence medium (Ctrl.), 100 nmol/l DOX, 500 nmol/l DOX or 1,000 nmol/l DOX for 72 h, and 

mRNA expression of ALP was measured with quantitative real-time qPCR. The picture shows a 

representative experiment section of n≥3. Data were expressed as means ± SEM. n≥3, *p<0.05 

vs. control. (B) VSMCs were stimulated with control medium (Ctrl.)  or 1,000 nmol/l DOX for 48 h, 

and protein expression of ALP was measured with Western blot. Blots were developed with rabbit 

anti-ALP (1: 500) + IgG-goat anti-rabbit-StarBright Blue700 (1:2,500) (red), as well as mouse anti-

β-actin (1:5,000) + IgG-goat anti-mouse-StarBright Blue520 (1:2,500) (blue), with 10 µg protein 

per well. Blots showed a representative experiment section of n≥3. The results partially reference 

our publication (86). 
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Figure 12: Expression of Cbfa1 by stimulation with doxorubicin: (A) VSMCs were stimulated us-

ing quiescence medium (Ctrl.), 100 nmol/l DOX, 500 nmol/l DOX or 1,000 nmol/l DOX for 48 h, 

and mRNA expression of Cbfa1 was measured with quantitative real-time qPCR. The picture 

shows a representative experiment section of n≥3. Data were expressed as means ± SEM. n≥3, 

*p<0.05 vs. control. (B) VSMCs were stimulated with control medium (Ctrl.)  or 1,000 nmol/l DOX 

for 48h, and protein expression of Cbfa1 was measured with Western blot. Blots were developed 

with rabbit anti-Runx2 (1:1,000) + IgG-goat anti-rabbit-StarBright Blue700(1:2,500) (red), as well 

as mouse anti-β-actin (1:5,000) + IgG-goat anti-mouse-StarBright Blue520 (1:2,500) (blue), with 

10 µg protein per well. Blots showed a representative experiment section of n≥3. The results 

partially reference our publication (86). 

3.3    Detection of calcification in ex vivo model 

3.3.1 Establishment of vascular calcification ex vivo model 

The calcification ex vivo model was also validated by quantifying the calcium content of 

aortic rings as significantly higher than controls after 14 d of stimulation and assessing 

the localization of calcification with alizarin red staining (Figure 13). The above results 

show that this paper successfully constructed an ex vivo model of VC by exposure to high 

phosphorus conditions. Moreover, samples from a new ex vivo method of the isolated-

perfused aorta (IPA) that was recently developed by our team were included in the West-

ern blot detection of current study.  
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Our existing studies have confirmed that when using intravascular measurement of per-

fusion medium for 14 d, both H/E and Alizarin red staining showed significant mineraliza-

tion of the vessel wall in the perfused high phosphorus medium group in comparison with 

the perfused control medium (87). 

 

Figure 13: High phosphate medium promoted calcification in ex vivo: Aortic rings were cultured 

in either control or high-Pi medium for 14 days, and the calcium content was determined with 

Alizarin red S staining, which showed a significant increase in high-Pi medium (P <0.05). The 

results partially reference our previous publication (86). 

3.3.2 Quantification of proteins in tissues  

After establishing the ex vivo calcification model, we explored its correlates of aging and 

calcification. As reported by existing studies, aortic tissue induces calcification following 

IPA and the expression of relevant indicator mRNAs in the tissue was measured (87), 

and then protein expression in the tissue was quantified. 

To confirm the osteoblastic transition and senescence of aortic cells, p21, Cbfa1 and ALP 

were examined using Western blot. As revealed by the Western blot result, p21 protein 

expression was higher in isolated arterial rings in high phosphorus medium than in the 

control (Figure 14 A). High phosphate medium also increased the trend of both ALP (Fig-

ure 15 A) and Cbfa1 (Figure 14 B) protein expression within isolated arterial rings. Con-

sistently to our previous detection of ALP mRNA expression in IPA tissue (87), arteries 

perfused with high phosphate in IPA exhibited higher ALP expression when compared 

with the control (Figure 15 B). 
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Figure 14: Protein expression of p21 and Cbfa1 by stimulation with high-phosphate medium ex 

vivo: We cultured aortic rings using either control (Ctrl.) or high-phosphate (High-Pi) medium for 

14 d; (A) Protein expression of p21 was measured using Western blot. Blots were developed with 

rabbit anti-p21 (1:2,500) + IgG-goat anti-rabbit-StarBright Blue700 (1:2,500) (red), as well as 

mouse anti-β-actin (1:2,500) + IgG-goat anti-mouse-StarBright Blue520 (1:2,500) (blue). (B) Pro-

tein expression of Cbfa1 was measured with Western blot. Blots were developed with rabbit anti-

Runx2 (1:2,500) + IgG-goat anti-rabbit-StarBright Blue700 (1:2,500) (red), as well as mouse anti-

β-actin (1:2,500) + IgG-goat anti-mouse-StarBright Blue520 (1:2,500) (blue), with 10ug protein 

per well. Blots showed a representative experiment section of n≥3. 
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Figure 15: Protein expression of ALP in aortic tissue: (A) We cultured aortic rings using control 

(Ctrl.) or high-phosphate (High-Pi) medium for 14 d, and measured the protein expression of ALP 

using Western blot. Blots were developed with rabbit anti-Runx2 (1:2,500) + IgG-goat anti-rabbit-

StarBright Blue700 (1:2,500) (red), as well as mouse anti-β-actin (1:2,500) + IgG-goat anti-

mouse-StarBright Blue520 (1:2,500) (blue). Blots showed a representative experiment section of 

n≥3, with 10 µg protein per well; (B) Comparison of ALP protein expression in aortic tissue after 

perfusion for 7d with a control medium (Ctrl.) and high-phosphate (High-Pi). Blots were developed 

with rabbit anti-Runx2 (1:2,500) + IgG-goat anti-rabbit-StarBright Blue700 (1:2,500) (red), as well 

as mouse anti-β-actin (1:2,500) + IgG-goat anti-mouse-StarBright Blue520 (1:2,500) (blue), with 

15 µg protein per well.  
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4. Discussion 

VC refers to a widespread vascular pathology showing significant relationships to dis-

eases (e.g., CKD, diabetes mellitus, hypertension, and atherosclerotic heart disease). In 

most cases, patients with calcification are at elevated risks of adverse cardiovascular 

events and death, with an even greater increase in the risk of the above-mentioned as-

sociations in patients with CKD. Existing diagnostic and therapeutic methods for VC have 

been relatively limited. For this reason, gaining more insights into the underlying patho-

logical mechanisms of VC and early intervention may be more effective strategies for VC 

treatment. However, vascular tissue in animals is limited, and we obtained a small amount 

of vascular tissue in rats or mice, so being able to obtain more targets with a lower amount 

of tissue protein would lead to a much better result. Thus, the first part of this paper es-

tablishes a reasonable Western blotting protocol that could detect multiple target proteins 

simultaneously based on fluorescence detection and add total protein detection, which 

could provide better quantification. Since existing studies reported that senescence and 

secreted SASP may be involved in VC in CKD patients, the second part of this paper 

explored the activation of senescence signaling (p21). Lastly, since calcification studies 

cannot be conducted directly in humans, exploring a more appropriate model of calcifica-

tion that meets the 3Rs principle, as well as preliminarily exploring the role of senescence 

factor p21 and some biochemical markers for calcification (Cbfa-1 and ALP) was in the 

third part of this paper. 

4.1    Optimization and quantification in Western Blot 

Western blotting has been a widely used method to quantify protein levels, and it is avail-

able to accurately semi-quantify the quantitation of specified proteins in complex samples. 

Thus, for nearly three decades, HKPs, highly abundant in the samples and capable of 

serving as representatives of the entire protein population, have been extensively used 

to select lane normalization to correct for errors related to variations in sample loading 

and transfer (88-90). 

However, as clarified by recent studies, the above-mentioned HKPs had some limitations 

in serving as loading controls, and the three common HKPs (β-actin, GAPDH and β-tu-

bulin) differed significantly in different tissues or disease states under many conditions 

(84, 91). Besides, because of the high abundance of HKPs, when the target proteins are 
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less expressed (e.g., the secreted proteins in our experiments), we would load more total 

protein, which would lead to an overload of abundant HKPs. Moreover, GAPDH and Actin 

in most experiments were prone to oversaturation when used as loading controls, which 

could affect the final standardization (84). Accordingly, the immediate effect of poor nor-

malization is evident, so the purpose of data standardization cannot be met. Over the 

past few years, the total density of blotted transferred proteins has been demonstrated 

as a means of standardizing data, and there are various stains available for visualizing, 

imaging and quantifying proteins transferred on blots (e.g., ponceau S, deep purple and 

the stain-free system), and it has been found to be a better normalization control than 

HKPs for several cells and tissues (92, 93).  This paper used the protocol with total pro-

teins and HKPs as the loading controls, so normalization was no longer dependent on 

the expression of a single protein and they could be validated against each other to 

achieve the optimal results. In the establishment of the protocol, we used ponceau S 

staining staining and Stain-free gel to detect total proteins. To be specific, ponceau S is 

the most common total protein stain with the highest sensitivity for protein detection, and 

using ponceau S is an easy and inexpensive way to detect total proteins, which is char-

acterized by simple handling and reversible staining (94, 95). However, according to our 

results, the strength of the stained bands decreased significantly over time when mem-

branes were stained with ponceau S, which increased the difficulty in handling and 

caused poor color development and substandard quantification if the staining was not 

done in a timely manner (96). We proceeded to use stain-free precast gels, which could 

also be a fast and simple method to detect proteins in the gels before and after transfer. 

On the one hand, the transfer of proteins from gel to the membrane could be verified. On 

the other hand, this staining method could be stable, unaffected by time extension, con-

tainment and immunoassay, which is a very well-established method for measuring total 

protein. The prominent total protein bands and high-quality images obtained by our ex-

periments using the stain-free method prompted us to determine the suitability of the 

method as a loading control for the blots of VSMCs protein (vascular tissue by the In-

ventTM extraction method) commonly performed in our Western blot. 

4.2     Modeling and optimization for the study of calcification 

Since the precise underlying mechanisms of VC have not been clarified thus far, re-

searchers have mostly resorted to in vitro and in vivo models of VC for a more in-depth 
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mechanistic comprehension of the VC process. Our team previously summarized the cur-

rent cellular and animal models (70, 97) applied for VC research by review, and the VC 

model formed in this paper benefited from previous experience. The investigation of 

VSMCs osteogenic transition is considered as one of the most extensive in vitro studies, 

whereas VSMCs do not in general calcify spontaneously and require calcification stimu-

lation before the formation of a VC model. In this paper, we also built in vitro models after 

the stimulation of VSMCs with high phosphorus medium for 14 d after the calcification 

model.  

The extraction of cellular proteins for Western blot with the use of extracted VSMCs in in 

vitro studies is an essential part of the current study. With the multiple staining Western 

blot in this study, we could achieve multiple target proteins in one blot. In other words, we 

visualized the variations of multiple parameters in one blot. The tissue organization of 

cells is lost in cell models in vitro and processes involving cooperative interaction with the 

extracellular matrix cannot be well investigated. Thus, animal models have been estab-

lished for the assessment of VC. Models using the in vitro environment of aortic tissue to 

simulate the induced in vivo environment are termed in vitro models, which are capable 

of simulating different aspects of the pathophysiological mechanisms involved in the VC 

process. This paper also used an ex vivo arterial model mimicking the calcification in-

duced by a high phosphorus environment in vivo. Additionally, our group published a 

methodology nearer to the in vivo physiological environment, i.e., IPA, in which the high 

phosphate medium only contacts and stimulates the lumen and endothelium of the aortic 

vessels, recreating the hyperphosphatemic state in vivo. This model can overcome the 

disadvantage that in vitro models do not involve cooperative interactions with the extra-

cellular matrix (ECM) (87), and it is closer to the physiological environment of human VC 

than a purely in vitro model. However, the size of ex vivo tissues (e.g., incubated arterial 

rings or IPA tissues) was minimal, and usually only 3-5 mg of tissue was available for the 

experiment, and in the case of mouse arteries, even smaller amounts of less than 1 mg. 

According to the previous typical protocol for Western blot, protein quantification would 

require considerable tissue for experiments. Using the improved tissue protein extraction 

method and the improved Western blot protocol, we were able to analyze multiple param-

eters in a single blot even with 5 mg of tissue, saving the amount of tissue and meeting 

the experimental needs. This protocol was also suitable for animal tissues and reduced 

the number of animals required, which is another aspect of the 3R principle (98). 
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4.3    Cellular senescence and p21 pathway for vascular calcification in vitro and ex 

vivo  

Cellular senescence is a state of permanent proliferation arrest which is accompanied by 

cell morphology, function and metabolism variations, and even cell phenotype variations 

(99). Senescent cells can impair functions, while affecting surrounding cells and tissues 

based on different mechanisms, thereby causing tissue dysfunction. According to a grow-

ing number of in vivo and in vitro studies, cellular senescence is of high importance to the 

development of related diseases (100-102). VSMC senescence is closely related to the 

development of atherosclerosis. According to Noureddine et al., pulmonary artery smooth 

muscle cell senescence is a central mechanism in the development of pulmonary hyper-

tension in chronic lung disease (103). Moreover, VSMC senescence facilitates athero-

genesis and increases atheromatous plaque instability (104). The importance of VSMC 

senescence in the pathogenesis of relevant cardiovascular diseases has been well con-

firmed. However, the mechanisms underlying the progression of disease due to VSMC 

aging remain unclear. DOX, a compound belonging to the anthracycline family, is found 

as a common anticancer drug, which is widely applied in chemotherapy for various can-

cers. DOX induces cellular senescence by different mechanisms (e.g., the ability of pro-

teins involved in DNA replication and transcription to embed in the DNA helix and/or bind), 

thereby inhibiting: macromolecular synthesis; oxidative stress-induced free radical pro-

duction, leading to leading to DNA damage and/or lipid peroxidation; and, alteration of 

decapping enzyme activity and induction of DNA damage by inhibiting topoisomerase II 

(105, 106). It can also induce cellular senescence and apoptosis directly through cytotoxic 

mechanisms including interference with its nuclear, autophagy, calcium stability and nitric 

oxide synthase activities as well as mitochondrial dysfunction (107, 108). Accordingly, 

Adriamycin has been commonly considered as an essential factor in the induction of cel-

lular senescence.  

Consistently with existing studies (109), p21, a classical pathway of the senescence path-

way, may impact the regulation of the senescence process in VSMCs. p21 is capable of 

inhibiting cell proliferation directly by binding which inhibits cyclin-CDK complexes (110) 

and PCNA, or indirectly at the transcriptional level (111). p53 has been found to be the 

main activator of p21 transcription. p21 contains two conserved P53 response elements 

in its promoter (112). Different stresses (e.g., DNA damage and oxidative stress) up-
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regulate p53 activity, thereby leading to p21 expression (113). Considerable numbers of 

inflammatory cytokines, tumor suppressors and nutrients are capable of inducing p21 

transcription (114). Furthermore, several studies reported that p21 can promote apoptosis 

and activate autophagy to accelerate cell death in cancer cells (115). As identified in se-

nescent human diploid fibroblasts, p21 is capable of further inducing senescence in nor-

mal cells. Under cell cycle arrest or considerable withdrawal, cells enter a quiescent or 

senescent state, which is usually accompanied by up-regulated p21 expression (116). 

According to other in vitro experiments, senescent VSMCs, like other cells, are accom-

panied by DNA damage and loss of telomeres, the expression of the cell cycle protein-

dependent kinase inhibitor p21, as well as the expression of Sa-β-Gal (117). According 

to existing studies, senescence of VSMCs can induce osteoblast-like transformation 

(118). In this paper, we induced senescence of VSMCs after short-term stimulation using 

DOX as an inducer. After DOX Stimulation, in comparison with unstimulated VSMCs, the 

cells in the DOX group became flattened and enlarged, with clearly visible sarcomeres 

typical of senescent cells. Moreover, in a parallel study in our group, H2AX and β-gal 

staining of VSMCs were elevated after DOX stimulation, indicating the development of 

senescence in VSMCs after DOX stimulation.  

Additionally, this costimulation of calcification was significantly increased when superim-

posed with graded concentrations of DOX in a high phosphate medium. The results of 

Alizarin red staining and calcium content quantification revealed that VSMCs in the DOX 

group had a more pronounced calcification than cells in the non-DOX group, and that the 

extent of VSMC calcification in vitro increased in a dose-dependent manner with DOX. 

The senescence-associated p21 gene and protein were both up-regulated in VSMCs af-

ter DOX induction, with a significant difference in the upward trend after 48 h.  

To further validate the generality of the correlation between cellular senescence and cal-

cification, we analyzed the correlation between hyperphosphate-induced senescence and 

calcification in vascular tissue as well. We observed a trend towards increased p21 pro-

tein expression in the high phosphate group in comparison with normal controls ex vivo, 

which was confirmed by existing studies on the correlation between the senescence path-

way and vascular calcification. p21, a key proponent downstream of p53, has been found 

as a vital regulator of the cell cycle checkpoint, and it is of high importance to G2/M tran-

sition and mitotic progression (119, 120). p21 is involved in several critical roles in 
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apoptosis, differentiation, DNA repair, transcription as well as cell migration for apoptosis, 

differentiation and reprogramming (121). Moreover, the calcification of the middle layer of 

aortic explants was induced when phosphate concentrations in the medium mimicked 

hyperlipidemic conditions, and this calcification was related to fibrosis and apoptosis-re-

lated media calcification (25), which revealed that high phosphorus-induced calcification 

of the media of the aortic rings may be involved in the fibrosis and the apoptosis, and may 

be subordinate to cellular transdifferentiation of the osteoblast phenotype (122). As re-

ported by a wide range of existing studies, hyperphosphate is of high importance to the 

mechanisms of VC (123-125). Most of the existing ex vivo systems of studying VC cover 

the use of high concentrations of phosphate, for which phosphate is confirmed as a fun-

damental parameter (87, 126). As confirmed by existing studies, phosphate-induced oxi-

dative stress can be transduced via multiple downstream signaling pathways to mediate 

osteogenesis/chondrogenesis and calcification in VSMCs, which includes the promotion 

of osteoinduction in VSMCs via the ERK1/2 map-kinase (127) and the p38 Map-kinase 

pathway (128), as well as the activation of nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-ĸB) (129) and NF-ĸB-dependent osteoinductive signaling pathways 

(130), which promote inflammatory responses in VSMCs and further promote calcification.  

Oxidation is of high importance to cellular senescence, with senescent VSMCs achieving 

higher levels of ROS than young VSMCs (52). High levels of ROS may cause DNA dam-

age response pathways that activate p53/p21 effector proteins by NF-κB signaling, in-

ducing senescence in VSMCs (131), as well as ROS generation resulting in loss of mito-

chondrial function (132) and telomere shortening (133), which further facilitates cellular 

senescence.  

4.4    Biomarkers of Vascular Calcification  

Osteoblastic transformation of VSMCs and induction of calcification in ex vivo was con-

firmed by detecting calcification-related regulators. In this paper, significantly higher cal-

cification indices (Alizarin red staining and quantification of calcium content) were found 

in DOX-induced VSMC and high phosphorus-induced isolated vascular tissues than in 

the controls, accompanied by the up-regulated expressions of related regulators ALP and 

Cbfa1. 

Cellular senescence induced by DOX or high phosphorus stimulation leads to permanent 

cell cycle stagnation and may stimulate the secretion of various SASPs, whereas the 
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presence of SASPs accelerates the senescence-associated calcification (56, 134) and 

up-regulates several bone-related transcription factors, as well as their relevant bone and 

chondrocyte proteins. To be specific, Cbfa1, i.e., Runt-related transcription factor 2 

(Runx2), can activate and initiate the differentiation of bone marrow mesenchymal stem 

cells (MSCs) into osteoblasts and regulate osteoblast maturation, thereby controlling in-

tramembranous and endochondral osteogenesis (135). Cbfa1 knockout mice did not form 

mineralized bone and had significant skeletal defects (136), which could be a specific 

transactivator of osteoblastogenesis as well as differentiation and the initiator of differen-

tiation of MSCs into osteoblasts (137, 138). According to in vitro studies, high phosphorus 

levels in extracellular cells actuated VC after entering smooth muscle cells via Napi 

transport/Pit-1 in blood-weeping smooth muscle cells and up-regulating Cbfa1 expression. 

High phosphorus culture of VSMCs inhibited the activation of Pit1, while blocking the 

expression of Cbfa1 by small interfering RNA (siRNA) (139). In this experiment, we used 

high phosphorus medium to induce aortic ring tissue, through which an ex vivo model of 

calcification was built. Arterial rings in high phosphorus medium showed higher calcium 

deposition and expressed more Cbfa1. 

Some bone-related molecules, located downstream of Cbfa1, up-regulate the expres-

sions of other bone-associated proteins, including osteocalcin and ALP (140-142). ALP 

is a functional phenotypic marker of osteoblasts, whereas its activity has been commonly 

exploited as a molecular marker of vascular calcification, which has a biological role in 

mineralization in vitro by releasing free phosphorus during β-glycerophosphate hydrolysis 

(143). During endochondral ossification, through hydrolysis of pyrophosphate, ALP activ-

ity is of high significance to hydroxyapatite formation, which generates the necessary 

phosphate for hydroxyapatite formation by similarly reducing inhibition of PPi crystalliza-

tion (144). The activity of ALP was consequently confirmed to be critical to bone mineral-

ization. In our present experiment, the up-regulated vascular ALP expression in vitro un-

der high phosphate conditions was further confirmed with the use of Western blot as well. 

In addition, this experiment revealed an elevation of ALP in the high phosphorus group 

through an optimized IPA calcification model. Based on the up-regulated vascular ALP 

expression in the CKD mice model, we hypothesized that high phosphorus has a signifi-

cant effect on VC in mice with CKD. It is also assumed that high phosphorus may be 

involved in the development of VC by up-regulating of ALP expression. In another parallel 

experiment by our group, female DBA2/N mice fell into 2 groups: one group was fed an 
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adenine-rich diet supplemented with 0.2% adenine, 6% protein, 1% calcium and 1% 

phosphate to successfully build a CKD mouse model; mice in the other group were pro-

vided with a similar diet without adenine and served as a normal control. In this paper, 

mRNA and protein levels of ALP were increased in the adenine-fed CKD mice. It was 

reported that renal failure up-regulates ALP expression in vascular smooth muscle, a 

process initially considered to promote calcification by providing inorganic phosphate 

from organic phosphate, but later found to be related to the hydrolysis and reduction of 

extracellular pyrophosphate levels. Mice deficient in ALP had up-regulated levels of  py-

rophosphate and mineralization defects (145). In vivo, the above-mentioned can be cor-

rected by crossing them with mice defective in extracellular pyrophosphate production 

due to the absence of extracellular nucleotide pyrophosphorylase or the putative pyro-

phosphate translocator protein Ank (146). Accordingly, the overexpression of ALP in-

duced ectopic calcification, further increasing the actions of VC (147).  
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5. Conclusions  

A multiplex Western blot protocol was developed, which is not only more time-efficient 

than the normal Western blot protocol, but which can detect multiple target protein bands 

(up to three) from different complementary interference channels, and the final result can 

merge one single blot. Besides quantification of HKPs, total protein quantification for val-

idation enables more accurate detection of protein levels. This protocol also has the ad-

vantage that multiplex can be performed when having less material such as mice aortic 

tissue. 

Using this new protocol, the protein expression level of several osteogenic proteins such 

as ALP, Cbfa1 and senescence protein as p21 could be detected in calcified VSMCs and 

calcified aortic tissue. Additionally, we preliminarily explored the VC process involved in 

the senescence pathway.
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