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Abstract. The underlying mechanisms of arterial remodeling 
(AR) remain unclear. Studies have indicated that decellularized 
scaffolds stimulate the differentiation of fibroblasts into 
myofibroblasts and promote the accumulation of the extracellular 
matrix (ECM). In the present study, the impact of ECM changes 
following AR on vascular smooth muscle cell (VSMC) phenotypes 
was investigated. VSMCs were co‑cultured with normal or 
calcified decellularized arterial scaffolds. The expression levels 
of α‑smooth muscle actin (α‑SMA) and osteopontin (OPN) were 
measured at 2, 5, 10, 15 and 21 days following the establishment of 
the co‑culture systems. The expression of α‑SMA in the normal 
co‑culture group was significantly increased compared with that 
in the calcified arterial decellularized scaffold co‑culture group 
(P<0.05 and P<0.001). In addition, the expression of OPN in 
the AR co‑culture group was significantly increased compared 
with the normal co‑culture group (P<0.05 and P<0.001). To 
conclude, the calcified decellularized arterial scaffolds impact 
VSMC transformation by downregulating α‑SMA expression 
and upregulating OPN expression (P<0.001). To the best of our 
knowledge, the present study is the first study that co‑cultured 
VSMCs with normal or calcified decellularized arterial scaffolds.

Introduction

Vascular calcification increasingly affects the aging 
and dysmetabolic population worldwide  (1,2). Vascular 

calcification, which occurs in the intima and media of the artery, 
is considered an independent risk factor of cardiovascular and 
cerebrovascular diseases (1). Although angiotensin‑converting 
enzymes and statins can stabilize atherosclerosis, they cannot 
reverse vascular calcification (3,4). The molecular complexity 
involved in the regulation of vascular calcification is still 
unclear (4,5). Notably, the arterial remodeling (AR) process 
serves an important role in the pathogenesis of vascular calci-
fication (6).

The AR process includes smooth muscle cell (SMC) 
migration and proliferation, and extracellular matrix (ECM) 
production (7). During the AR process, the phenotypic trans-
formation of vascular smooth muscle cells (VSMCs) causes 
abnormal development of the ECM in blood vessels  (7). 
Studies have indicated that elevated extracellular calcium 
and phosphate levels impact the survival and phenotype of 
VSMCs, which results in cellular adaptations and damage that 
ultimately promotes calcification (8). As a result, the normal 
contractile SMCs are converted into synthetic SMCs (9), with 
significantly decreased α‑SMA expression and significantly 
increased OPN expression (10).

Little is known regarding how the alterations in ECM 
composition and VSMCs impact vascular calcification, 
even though >50% of the neointimal hyperplasia consists of 
ECM proteins (7). Furthermore, the mechanisms of VSMC 
activation in the AR process remain unclear. Studies have 
indicated that VSMCs can be activated by persistent injury 
or other factors, including the renin‑angiotensin aldosterone 
system (11), transforming growth factor‑β (12), connective 
tissue growth factor (13) and matrix metalloproteinases (14). 
In addition, the change in the proportion of ECM components 
of the vascular wall is also vital for the transformation of the 
VSMC phenotype (9).

ECM is a complex mixture of structural and functional 
proteins, glycoproteins, and proteoglycans arranged in 
a unique, tissue specific three‑dimensional (3D) ultra-
structure (15). The natural 3D spatial structure provides a 
convenient platform for cells to regenerate (16). Similar to the 
native ECM (17‑19), decellularized scaffolds are completely 
depleted of cells and their components by chemical or physical 
methods, but preserve the majority of the 3D spatial structures 
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of tissues and organs (20). The decellularized scaffolds have 
a good biological capacitance, low immunogenicity, and are 
widely used in the field of tissue engineering (21). Due to 
the complexity of the ECM components and the spatial struc-
ture of the vascular wall, it is difficult to elucidate the impact 
of the ECM on VSMC phenotypic transformation following 
artery reconstruction in vitro (22,23). Therefore, in the current 
study, decellularized vascular scaffolds were used to determine 
whether ECM could impact the phenotypic transformation of 
VSMCs following AR in vascular calcification.

Materials and methods

Rat model of vascular calcification. The rat model of 
arterial calcification was constructed as described previ-
ously (17). A total of 22 male 6‑week‑old Sprague Dawley 
rats (Animal Experimental Center of Wenzhou Medical 
University, Wenzhou, China) with mean body weight of 
~180 g were used to evaluate the effects of arterial calcifica-
tion. Animals were maintained at a controlled temperature 
(22±2˚C) and humidity (55±5%) with a 12‑h light/dark 
cycle under specific‑pathogen‑free conditions with free 
access to food and water. Following a week acclimation 
period, 22 rats were divided into the arterial calcification 
group (experimental group; n=16) and normal arterial 
group (control group; n=6). The animals in the arterial 
calcification group were injected with vitamin K (Chengdu 
Bite Pharmaceutical Group Co., Ltd.) 11.5 mg/(100 g body 
weight/day) subcutaneously from the first day to the sixth, on 
the third day, subcutaneous injection of vitamin D3 (Beijing 
Solarbio Science & Technology Co., Ltd.; 30,000 U/(100 g 
body weight/day) was continued once per day until the fifth 
day, and warfarin (Sangon Biotech Co., Ltd.) 150 mg/kg 
was administered twice per day orally until the sixth day; 
and normal arterial group were injected with 0.9% saline 
of the same volume with the same method. All rats were 
anesthetized with 300 mg/kg 10% chloral hydrate (cat. no. 
A600288; Sangon Biotech Co., Ltd., Shanghai, China) and 
euthanized by cervical dislocation on the 7th day following 
the model establishment. Following sacrifice, the rats were 
immersed in 75% alcohol for 5 min at room temperature. 
The thoracic cavity of the rats was opened on a sterile 
clean bench. The thoracic aorta and abdominal aorta were 
removed as soon as possible, and the residual blood clots 
were washed with PBS at 4˚C three times, and PBS was 
exchanged every 5 min. A small section of each segment of 
the vessels (the normal and the calcifiated vessels) was fixed 
with 4% paraformaldehyde for ~30 min at room temperature 
using for Von Kossa staining. The remaining samples were 
dried using a Drying Oven (model DHG‑9023A) for 15 min 
and stored in at ‑20˚C until use.

Von Kossa staining. Aortic vessels were examined by Von 
Kossa staining as follows: The sections (8‑µm‑thick) were 
attached to a glass slide in a 37˚C water bath, and dried at 37˚C 
for 30 min. The sections were incubated with 1% silver nitrate 
for 1 h at room temperature under a UV lamp, then rinsed 
with distilled water >3 times, washed off the black material 
on the surface with distilled water, then incubated with 5% 
sodium thiosulfate at room temperature for 2 min. Samples 

were subsequently counterstained with 1% neutral red at room 
temperature for 10 min and images were captured under a 
fluorescent microscope (Olympus Corporation).

Preparation of aortic decellularized biological scaffold. Half 
of the normal and calcified blood vessels were continuously 
perfused (perfusion pressure, 3.6 mmHg) with 0.1% trypsin 
solution and 0.5‑1% SDS solution at 37˚C for 12 h. The decel-
lularization solution (trysin and SDS) was refreshed every 6 h. 
The color and shape of the blood vessels at various time points 
(0, 30, 60, 120, 180 and 240 min) were observed during perfu-
sion in vitro. When the vessels became clean and transparent, 
the decellularization solution was replaced with 0.9% saline at 
room temperature for 1 h before use.

To confirm that decellularized scaffolds were successfully 
obtained, the DNA band in the normal arterial and calcified 
arterial decellularized scaffolds was detected by agarose 
gel electrophoresis. Total DNA was purified from normal 
arterial decellularized or non‑decellularized scaffolds 
and calcified arterial decellularized or non‑decellularized 
scaffolds, using a Mammalian genomic DNA extraction kit 
(Beyotime Institute of Biotechnology). Extracted DNA was 
applied to 1% agarose gel 100 V for 1 h at room temperature. 
The gel with DNA fragments was visualized and analyzed 
on the ChemiDoxTM XRS+ system (Bio‑Rad Laboratories, 
Inc.).

Co‑culture conditions. Direct co‑cultures were established 
by adding VSMCs to normal arterial decellularized scaffolds 
or calcified arterial decellularized scaffolds in 24‑well plates. 
Briefly, normal and calcified arterial decellularized scaffolds 
were perfused with 2% agarose solution at 37˚C, chilled at 
4˚C and sectioned into 5x5 mm squared sections. Following 
removal of agarose, the arterial decellularized scaffolds were 
stored in PBS at 4˚C. VSMCs (A‑10; American Type Culture 
Collection, Manassas, VA, USA) were suspended at a concen-
tration of 1x107/ml. A total of 10 µl of cell suspension was added 
onto the arterial decellularized scaffold slices and incubated 
for 30 min at room temperature. The slices were transferred 
to 24‑well plates. Cells were cultured in high‑glucose 
Dulbecco's modified Eagle medium (Sigma‑Aldrich; Merck 
KGaA) supplemented with 10% fetal bovine serum (Royacel) 
at 37˚C in an incubator containing 5% CO2 for 9 days. The 
media were changed every 3 days. Each co‑culture experi-
ment was performed three times. The mixed culture system 
of VSMC‑arterial decellularized scaffolds was constructed. 
Specimens were obtained at 2, 5, 10, 15 and 21 days following 
co‑culture. Subsequently, the expression of α‑SMA and OPN 
were detected.

Western blot analysis. The assay was performed using the 
following primary antibodies: Rabbit polyclonal anti‑α‑SMA 
(cat. no. ab72583; Abcam), anti‑OPN (cat. no. ab8448; Abcam), 
and anti‑GAPDH (cat. no.  AG019; Beyotime Institute of 
Biotechnology). Glass plates (1.5  mm) were washed and 
dried for use. Total protein was extracted with RIPA and was 
quantified using a BCA Protein Assay kit (Beyotime Institute 
of Biotechnology) and 30 µg protein/lane was separated via 
SDS‑PAGE on a 10% gel. After electrophoresis, proteins on 
the gel were transferred to a PVDF membrane, which was 
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incubated with 5% skim milk powder for 1 h at room tempera-
ture. All primary antibodies were incubated overnight at 4˚C, 
with a dilution ratio of 1:1,000, and then washed with TBST 
3 times (5 min each time). Secondary antibody (HRP‑labeled 
Goat Anti‑Rabbit IgG; 1:2,000; cat. no. A0208; Beyotime 
Institute of Biotechnology) was added for 1  h at room 
temperature, then samples were washed 3 times with TBST. 
Visualization was performed with ECL (BeyoECL Star kit, 
Beyotime Institute of Biotechnology) for 2‑5 min followed 
by exposure to a chemiluminescence imager (ChemiDoc™ 
XRS+; Bio‑Rad Laboratories, Inc.).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) detection of α‑SMA and OPN. Total cellular RNA 
from VSMC co‑cultured with scaffolds was purified using 
TRIzol reagent (Thermo Fisher Scientific, Inc.), and comple-
mentary DNA (cDNA) was synthesized using a ReverTra Ace® 
qPCR RT kit (Toyobo Life Science) at 37˚C for 15 min and at 
95˚C for 5 min. cDNA samples were placed immediately on 
ice and transferred to ‑20˚C prior to subsequent qPCR detec-
tion. The following 10‑µl reaction system was used for qPCR: 
0.1 µl cDNA template, 0.2 µl of each primer, 4.5 µl of 0.1% 
DEPC water and 5 µl of SYBR Green qPCR premix (Takara 
Biotechnology Co., Ltd.). The following thermocycling 
conditions were used: Initial denaturation at 95˚C for 30 sec; 
40 cycles of 95˚C for 5 sec and 60˚C for 30 sec. Using GAPDH 
as an internal reference gene, 2‑ΔΔCq was used to calculate the 
expression level of each gene of interest (24). The following 
primer sequences were used: α‑SMA forward, 5'‑AGG​GAC​
TAA​TGG​TTG​GAA​TGG‑3' and reverse, 5'‑CAA​TCT​CAC​
GCT​CGG​CAG​TAG‑3'; OPN, forward, 5'‑CTG​ATG​CTA​CAG​
ACG​AGG​AC‑3' and reverse, 5'‑CAA​TCT​CAC​ACT​ATC​AAT​
CAC​ATC​GGA​AT‑3'; GAPDH forward, 5'‑GCA​AGT​TCA​
ACG​GCA​CAG‑3' and reverse, 5'‑CGC​CAG​TAG​ACT​CCA​
CGA​C‑3'.

Statistical analysis. All statistical analyses were performed 
using SPSS software (version 11.0; SPSS, Inc. Chicago, IL, 
USA). Results are presented as the mean ± standard error of 
the mean. Significant differences was estimated using one‑way 
analysis of variance followed by Student‑Newmann‑Keuls 

multiple comparison tests. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Rat model of vascular calcification. Von Kossa staining 
results indicated that there was no calcification in the aorta 
of normal rats (Fig.  1A). However, there were strongly 
positively stained, black calcified nodules in the thoracic 
aorta of rats with vascular calcification (Fig. 1B), indicating 
the successful construction of the rat model of vascular 
calcification.

Decellularized arterial biological scaffold. There were 
numerous of nuclei both in normal arteries and calcified 
arteries (Fig. 2A and C; black arrows); however, no nuclei 
were found in the normal arterial decellularized scaffolds 
and calcified arterial decellularized scaffolds, and the elastic 
fiber structures were complete and arranged in an orderly 
manner (Fig. 2B and D; black arrows). Furthermore, there 
was no DNA band detected in the normal arterial decellular-
ized scaffolds and calcified arterial decellularized scaffolds 
according to agarose gel electrophoresis results (Fig.  3), 
indicating the successful construction of decellularized 
biological scaffolds.

Expression of α‑SMA and OPN. The expression of α‑SMA 
mRNA was significantly increased in the normal decellular-
ized arterial scaffold + VSMCs co‑culture group compared 
with the calcified decellularized scaffold+VSMCs co‑culture 

group on days 5, 10, 15 and 21 following establishment of the 
co‑culture systems (P<0.05 and P<0.001; Fig. 4). Notably, the 
expression of OPN mRNA in the AR co‑culture group was 
increased when compared with the normal co‑culture group. 
This difference was statistically significant on days 15 and 21 
following establishment of the co‑culture systems (P<0.001; 
Fig. 4). Western blot analysis revealed similar results. The 
results indicated that the phenotype of VSMCs was regulated 
by vascular calcification‑induced AR may via downregula-
tion of the expression of α‑SMA and upregulating the 
expression of OPN.

Figure 1. Von Kossa staining of aortas. (A) Von Kossa staining revealed no calcification in the thoracic aorta of normal rats (magnification, x40). (B) There 
were strongly positively stained black calcified nodules (white arrows) present in the thoracic aorta of rats with vascular calcification (magnification, x40).
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Discussion

AR is a pathological manifestation of vascular disease 
complicated by hypertension, diabetes and other chronic 
diseases (7). AR is an important pathophysiological process 
in the development of vascular calcification (7). Notably, arte-
rial calcification primarily occurs in the intima and middle 
membrane of the large artery and middle artery wall, which 

increases the probability of acute and chronic cardiac and 
cerebrovascular events, such as acute myocardial infarction, 
stroke, aneurysm rupture and bleeding, and seriously endan-
gers the health and safety of individuals (1,6). Therefore, an 
improved understanding of the pathogenesis of the AR process 
could provide useful information for the prevention and treat-
ment of complications caused by vascular calcification. The 
AR process includes SMC migration and proliferation, and 
ECM production (7). However, little is known with regard to 
the changes that occur in ECM composition and SMCs during 
vascular calcification, even though >50% of the neointimal 
hyperplasia consists of ECM proteins (7).

The mechanical properties of the ECM serve a critical 
role in regulating signaling pathways that underlie cell adhe-
sion, migration, proliferation and differentiation  (18,19). 
Hypertension and other factors lead to changes in the propor-
tion of ECM components in blood vessels, including an 
increase of collagen and fibrous adhesive protein, degradation 
of elastin and abnormal expression of matrix proteins, such 
as osteopontin (3), which lead to the thickening of the arterial 

Figure 3. DNA band detection via agarose gel electrophoresis. There were 
DNA bands in both normal aortas and calcified aortas, while no DNA band 
was detected in the normal arterial decellularized scaffolds and calcified 
arterial decellularized scaffolds. Normal, normal aortas; N + decellularized, 
normal arterial decellularized scaffolds; Calcified, calcified aortas; Cal + 
decellularized, calcified arterial decellularized scaffolds.

Figure 4. mRNA and protein expression of α‑SMA and OPN via reverse 
transcription‑quantitative polymerase chain reaction and western blot anal-
ysis. (A) In the normal co‑culture groups, the mRNA expression of α‑SMA 
was increased compared with the AR co‑culture groups. (B) Furthermore, 
the mRNA expression of OPN in the AR co‑culture groups was increased 
compared with the normal co‑culture groups. (C) Western blot analysis indi-
cated similar findings with regard to α‑SMA and OPN protein expression 
in the normal +VSMCs and calcified +VSMCs co‑culture groups. **P<0.05 
and ***P<0.001 as indicated. OPN, osteopontin; α‑SMA, α‑smooth muscle 
actin. Normal + VSMCs, normal arterial decellularized scaffolds + VSMCs 

co‑culture group; Calcified + VSMCs, calcified arterial decellularized scaf-
folds + VSMCs co‑culture group.

Figure 2. Biological scaffolds. (A) There were numerous nuclei in normal 
arteries (black arrows; magnification, x40). (B) There were no nuclei in the 
normal arterial decellularized scaffolds; however, the elastic fiber structure 
was complete and orderly arranged (black arrows; magnification, x40). 
(C) There were numerous nuclei in calcified arteries (white arrows; magnifi-
cation, x40). (D) There were no nuclei in the calcified arterial decellularized 
scaffolds, however, the elastic fiber structure was complete and orderly 
arranged (black arrows; magnification, x40).



EXPERIMENTAL AND THERAPEUTIC MEDICINE  18:  705-710,  2019 709

wall, stenosis of the lumen and a decrease in vascular compli-
ance (3). ECM is primarily composed of collagen and elastin 
and serves various functions that are essential for maintaining 
structural integrity of the cardiovascular wall  (25). ECM 
remodeling is one of the underlying mechanisms in athero-
sclerotic cardiovascular disease, including as atherosclerosis, 
aneurysm formation and restenosis (7). The effect of ECM 
scaffolds in supporting tissue regeneration is mainly associ-
ated with two major characteristics: The maintained 3D 
structure and the bioactive components. The natural 3D struc-
ture of ECM provides structural support and tensile strength, 
attachment sites for cell surface receptors, and a reservoir for 
signaling factors that modulate angiogenesis, cell migration, 
cell proliferation, and orientation (26).

Elevated extracellular calcium and phosphate levels 
impact the survival and phenotype of VSMCs, which results 
in cellular adaptations and damage that ultimately promote 
calcification (8). As a result, the normal contractile VSMCs 
are converted into synthetic VSMCs (9), with significantly 
decreased α‑SMA expression and significantly increased 
OPN expression  (10). The current experimental results 
were also consistent with that conclusion. In the current 
study, the results indicated that the expression of α‑SMA 
in the normal  +  VSMCs co‑culture group was signifi-
cantly increased, compared with the calcified + VSMCs 
co‑culture group. α‑SMA is a specific phenotypic marker of 
VSMCs (27). In the current study, in the normal + VSMCs 
co‑culture group, the scaffolds did not affect the α‑SMA 
expression of VSMCs. However, in the calcified + VSMCs 
co‑culture group, the scaffolds reduced the expression 
of α‑SMA of VSMCs and this phenomenon was more 
pronounced with time. Furthermore, OPN is considered 
as a biomarker of VSMC phenotype switch and an active 
player in the progression of vascular remodeling diseases 
such as atherosclerosis (28). In the cureent study, the expres-
sion of OPN in the calcified + VSMCs co‑culture group was 
significantly increased, compared with the normal + VSMCs 
co‑culture group. The normal decellularized arterial scaf-
folds did not affect the expression of OPN in the normal + 
VSMCs co‑culture group; while in the calcified + VSMCs 
co‑culture group, the decellularized arterial scaffolds 
increased the expression of OPN, and this phenomenon was 
more pronounced with time.

To the best of our knowledge, the present study is the first 
to investigate the impact of normal and calcified decellular-
ized arterial scaffolds on VSMCs. By constructing 3D arterial 
decellularized biological scaffolds and combining these with 
VSMCs, the impact of the changes in ECM on the VSMC 
phenotype could be studied. This study provides a novel 
platform for VSMC in vitro culture and associated disease 
mechanism research.

In a further study, the mechanisms of VSMC transforma-
tion induced by calcified arterial decellularized scaffolds 
and normal scaffolds will be investigated. Furthermore, the 
components and structures of the arterial decellularized 
biological scaffolds that can be used as possible therapeutic 
targets in vascular calcification will be explored.

In conclusion, arterial decellularized scaffolds may affect 
the transformation of VSMCs by downregulating the expres-
sion of α‑SMA and upregulating the expression of OPN. Future 

studies should be performed to investigate the overexpression 
of α‑SMA or knockdown of OPN to verify our hypothesis.
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