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Abstract. The aim of the present study was to investigate the 
effect and possible mechanism of pioglitazone (PIO) on the 
calcification of rat vascular smooth muscle cells (VSMCs) 
in  vitro. β‑glycerophosphate (β‑GP; 10 mmol/l) was used 
to induce calcification of VSMCs treated with a range of 
concentrations (5, 10, 15 and 20 µmol/l) of PIO for 12 days. 
Calcium deposits were revealed by Alizarin red staining. 
Extracellular calcium content was detected using a calcium 
assay kit. Western blotting was used to measure the expression 
of α‑smooth muscle actin (α‑SMA), runt‑related transcription 
factor 2 (Runx2), bone morphogenetic protein‑2 (BMP2), 
β‑catenin, glycogen synthase kinase‑3β (GSK‑3β), phosphory-
lated (p)‑GSK‑3β and cyclin‑D1. A total of 10 mmol/l β‑GP, 
20 µmol/l PIO and 20 µmol/l peroxisome proliferator‑activated 
receptor γ (PPAR γ) antagonist GW9662, was added to the cell 
culture media. The changes of the above indexes were observed. 
The calcium content in the calcification group, treated with 
high phosphorus, increased significantly compared with the 
controls (P<0.05) and all different concentrations of PIO 
reduced extracellular calcium content (P<0.05). Alizarin red 
staining was positive in calcified VSMCs and PIO (20 µmol/l) 
intervention group was almost negative. The expressions of 
Runx2, β‑catenin, p‑GSK‑3β, BMP2 and cyclin‑D1 increased 
significantly in the calcification group, and treatment with 
20 µmol/l PIO downregulated the expression of all the above 
proteins, while upregulating the expression of α‑SMA. The 
PPAR γ antagonist GW9662 could partly inhibit the effect 

of PIO on calcified VSMCs. The results of the present study 
indicated that PIO can alleviate the calcification of rat aortic 
VSMCs induced by β‑GP via inhibiting the activity of the 
Wnt/β‑catenin signaling pathway.

Introduction

A number of studies have demonstrated that calcium and 
phosphorus metabolism disorders that promote vascular calci-
fication (VC) and mediate the development of cardiovascular 
disease, affect the survival of patients with chronic kidney 
disease (CKD)  (1‑3). VC used to be considered a passive 
process of deposition of calcium in the extracellular matrix; 
however, more studies (4,5) have demonstrated that VC is a 
similar process to bone formation, which is regulated by 
various factors and its central point is the change of the pheno-
type of vascular smooth muscle cells (VSMCs) to osteogenic 
cells. High phosphorus (HP) is one of the most important risk 
factors and contributors of VC in CKD condition (6).

VC of media, also known as Monckeberg's calcification, 
is the characteristic VC that appears in patients with CKD, 
which results in hardening of the whole vasculature, decreased 
blood vessel elasticity and hemodynamic alterations  (7). 
Furthermore, patients with CKD frequently present with calci-
fied heart valves and calciphylaxis (8).

Peroxisome proliferator‑activated receptor γ (PPAR γ) is 
a nuclear receptor, which is involved in fatty acid and energy 
metabolism. A PPAR γ agonist is a type of insulin‑sensitizing 
agent and the range of clinical uses has increased in recent 
years. The activation of PPAR γ can regulate metabolism, 
reduce inflammation, affect the balance of immune cells, 
inhibit apoptosis, oxidative stress and improve endothelial 
cell function (9). PPAR γ agonists have many potential thera-
peutic effects, including regulation of bone remodeling, due 
to their pleiotropic activity (10). A previous study identified 
that upregulation of the activity of PPAR γ receptor could 
reduce VC induced by diabetes (11). Pioglitazone (PIO) is 
a novel generation of PPAR γ agonist. The present study 
aimed to investigate whether PIO could alleviate calcifica-
tion of VSMCs induced by HP and to elucidate its possible 
mechanism.
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Materials and methods

Reagents. PIO and the PPAR γ inhibitor GW9662 were 
bought from Selleck Chemicals (Houston, TX, USA). The 
calcium deposition assay (Calcium Assay kit) was from 
Nanjing Jiancheng Bioengineering Institute (Nanjing, China). 
β‑glycerophosphate (β‑GP) was purchased f rom 
Sigma‑Aldrich (Merck KGaA, Darmstadt, Germany). 
Antibodies for α‑smooth muscle actin (α‑SMA; cat. 
no. 14395‑1‑AP), runt‑related transcription factor 2 (Runx2; 
cat. no. 20700‑1‑AP), and GAPDH (cat. no. 10494‑1‑AP) 
were from Wuhan Sanying Biotechnology (Wuhan, China). 
Antibodies for bone morphogenetic protein‑2 (BMP2; cat. 
no.  ab14933), glycogen synthase kinase‑3β (GSK‑3β; cat. 
no. ab32391), phosphorylated (p)‑GSK‑3β (cat. no. ab30619) 
and β‑catenin (cat. no.  ab16051) were from Abcam 
(Cambridge, UK). The antibody against cyclin D1 (cat. 
no. 2922) was purchased from Cell Signaling Technology, 
Inc. (Danvers, MA, USA). Anti‑histone deacetylase (HDAC1; 
cat. no. PA1‑860) was from Thermo Fisher Scientific, Inc., 
(Waltham, MA, USA). The horseradish peroxidase‑conju-
gated secondary antibody (cat.no.  ZB‑2301) was from 
OriGene Technologies, Inc. (Beijing, China).

Cell culture. The rat VSMC A7r5 cell line was purchased 
from the American Type Culture Collection (Manassas, 
VA, USA). The VSMCs were cultured serially in Dulbecco's 
modified Eagle medium (DMEM; Gibco, Thermo Fisher 
Scientific, Inc.) containing 10% fetal bovine serum (FBS; 
Hyclone; GE Healthcare Life Sciences, Logan, UT, USA), 
100 U/ml penicillin and 0.1 mg/ml streptomycin. Cultures 
were maintained at 37˚C in a humidified atmosphere of 
5% CO2 and 95% air. The VSMCs were divided into 5 
groups: i) Control, which was cultured in ordinary medium; 
ii) control + dimethylsuphoxide (DMSO; 25 mg/ml); iii) HP, 
which was cultured in media with 10 mM β‑GP; iv) HP + 
DMSO (25 mg/ml); v) HP + PIO, HP group with 5, 10, 15 
or with 20 µM PIO was dissolved in DMSO respectively; 
and vi) HP + PIO + GW9662, culture medium containing 
10  mM β‑GP, 20  µM PIO and 20  µM GW9662. When 
VSMCs were at 70‑80% confluence in ordinary media, the 
cells were switched to the calcification medium, i.e., DMEM 
growth medium containing 10 mM β‑GP, 50 µg/ml vitamin 
C and 1x10‑7 mol/l insulin (Sigma‑Aldrich; Merck KGaA) for 
12 days. The medium was replaced every 3 days.

Detection of VSMC calcification. Following 12 days of the 
VSMCs being cultured, the deposition of calcium in cells 
was detected using 2% Alizarin red staining for 2  min 
at 4˚C. To determine the calcium concentrations in the 
VSMCs, cells were decalcified with 0.6 M HCl for 24 h at 
37˚C. Calcium content of culture supernatant was tested by 
the o‑cresolphthalein complexone and then normalized to 
protein content.

Western blot analysis. Cells were lysed in lysis buffer, 
containing 25 mM Tris‑HCl (pH 7.5), 150 mM NaCl, 1% 
Triton X‑100, 5  mM EDTA, 5  mM EGTA, 10  mM apro-
tinin, 10 mM leupeptin and 100 mM phenylmethylfluoride 
(Nanjing KeyGen Biotech Co., Ltd., Nanjing, China). Protein 

concentration was determined using a bicinchoninic acid 
protein assay (Nanjing KeyGen Biotech Co., Ltd.). Equal 
amounts of extracted protein samples (60 µg) were separated 
by 10% SDS‑PAGE and transferred onto polyvinylidene 
fluoride membranes (EMD Millipore, Billerica, MA, USA). 
The membranes were blocked with 5% non‑fat dry milk in 
TBS 0.02% Tween‑20 (TBST) for 2 h at room temperature 
and then incubated overnight at 4˚C with the following 
primary antibodies: Anti‑α‑SMA, anti‑BMP2, anti‑GSK‑3β, 
anti‑p‑GSK‑3β, anti‑β‑catenin, anti‑cyclin D1, anti‑HDAC 
(dilution, 1:1,000), anti‑Runx2 (dilution, 1:500), anti‑β‑catenin 
(dilution, 1:2,000) and anti‑GAPDH (dilution, 1:5,000). The 
membranes were then incubated for 1 h at room temperature 
under agitation with the secondary antibody (dilution, 1:8,000). 
The membranes were washed 3 times for 10 min each with 
TBST at room temperature, and protein bands were visualized 
with enhanced chemiluminescence (Thermo Fisher Scientific, 
Inc.) on a Bio‑Rad imaging system (Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA). Blots were semi‑quantified by 
densitometry using Image Lab software version 3.0 (Bio‑Rad 
Laboratories, Inc.). All experiments were repeated at least 
three times.

Statistical analysis. Statistical analyses were performed using 
SPSS software version 19.0 (SPSS, Inc., Chicago, IL, USA). 
All quantitative data were presented as the mean ± standard 
deviation. Multiple comparisons were evaluated using one‑way 
analysis of variance and significant differences between two 
groups were analyzed using the Student‑Newman‑Keuls test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Calcification of VSMCs. Following culture for 12  days, 
Alizarin red staining demonstrated that the cell matrix was not 
colored and the reaction of calcified nodules was negative in the 
control group, while Alizarin red staining verified the forma-
tion of mineralized nodules in the HP group. DMSO itself had 
no effect on calcification. Compared with the HP group, the 
extent of calcification of the extracellular matrix in HP + 5 µM 
PIO group and HP + 10 µM PIO group was less than that of HP 
group. The HP + 15 µM PIO group and HP + 20 µM PIO group 
almost demonstrated no calcium deposition (Fig. 1). Following 
12 days of culture, the calcium content of the extracellular 
matrix (mmol/g) in HP group (1.7509±0.0364) was increased 
compared with the control group (1.3209±0.19567). Following 
treatment with 5, 10, 15 and 20 µM PIO, the calcium content 
of the extracellular matrix was 1.2791±0.0694, 1.3873±0.0996, 
1.2660±0.0828 and 1.3857±0.0634 respectively, which were 
all decreased compared with the HP group. The four different 
concentrations of PIO all significantly reduced the calcification 
of rat VSMCs (P<0.01; Fig. 2A). The calcium content increased 
significantly in the group treated with HP + PIO + GW96620 
compared with the control (P<0.01; Fig. 2B).

Expression levels of α‑SMA, BMP2 and Runx2. Compared 
with the control group, the protein level of α‑SMA in the HP 
group was significantly reduced. Compared with the HP group, 
the expression of α‑SMA in the group treated with 20 µM 
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PIO increased (Fig. 3A). The expression levels of BMP2 and 
Runx2 in the HP group were increased compared with the 
control group. Compared with the HP group, levels of BMP2 
and Runx2 in the group treated with 20 µM PIO decreased 
relatively (Fig. 3B and C).

PIO and the Wnt/β‑catenin signaling pathway. To investigate 
whether PIO reduced VC via the Wnt/β‑catenin signaling 
pathway, the expression of the associated proteins β‑catenin, 
p‑GSK‑3β, GSK‑3β and cyclin‑D1 was observed. The levels of 
β‑catenin, p‑GSK‑3β/GSK‑3β and cyclin‑D1 increased in the 

Figure 1. Alizarin red (2%; pH 4.2) staining of cells (magnification, x4). (A) Control group, (B) HP (10 mM β‑glycerophosphate), (C) HP + 5 µM PIO, (D) HP 
+ 10 µM PIO, (E) HP + 15 µM PIO and (F) HP + 20 µM PIO. PIO was dissolved in DMSO. The results demonstrated DMSO itself exhibited no effect on 
calcification. HP, high phosphate; DMSO, dimethylsulphoxide; PIO, pioglitazone.

Figure 2. Analysis of the calcium content of the extracellular matrix. (A) Rat VSMCs treated with: Control; HP (10 mM β‑GP); HP + 5 µmol/l PIO; 
HP + 10 µmol/l PIO; HP + 15 µmol/l PIO; and HP + 20 µmol/l PIO. (B) Rat VSMCs treated with: Control; control + 20 µmol/l PIO; HP: (10 mM β‑GP); 
HP + 20 µmol/l PIO; and HP + 20 µmol/l PIO + 20 µmol/l GW9662. *P<0.01 vs. control group; **P<0.01 vs. HP group; #P<0.01 vs. HP + 20 µmol/l PIO group. 
HP, high phosphate; PIO, pioglitazone; β‑GP, β‑glycerophosphate; VSMCs, vascular smooth muscle cells.
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HP group compared with the controls; while the expressions 
of the above proteins were decreased in the HP + 20 µM PIO 
group compared with those of the HP group (Figs. 3 and 4).

Effect of PPAR γ inhibitor GW9662 on calcification. The 
calcium content of HP + PIO + GW9662 group increased 
compared with 20 µM PIO intervention group (Fig. 2B). The 
levels of Runx2 and p‑GSK‑3β/GSK‑3β in HP + PIO + GW9662 
group were significantly increased compared with those of 
20 µM PIO intervention group (P<0.01; Fig. 4).

Discussion

VC in patients with CKD is common and considered to be 
associated with an increased risk of mortality  (12). The 

progression of calcification in patients with CKD is linked 
to the serum phosphorus level, phosphate is an integral part 
of hydroxyapatite and also an important signaling cascade 
trigger factor in VC (13). The present study demonstrated that 
10 mM β‑GP induced calcification of rat VSMCs: Alizarin red 
staining revealed calcified nodules, and the calcium content 
of extracellular matrix increased. In addition, compared with 
control group, the expression of α‑SMA decreased, while 
BMP2 and Runx2 increased, consistent with previous study 
results (14,15).

Previous studies suggested that PPAR γ was an important 
regulatory factor in bone remodeling, which served the role 
of molecular switch for the differentiation of mesenchymal 
stem cells (MSCs) into adipocyte and osteoblasts. Increasing 
the expression of PPAR γ and enhancing its activity, may 

Figure 3. α‑SMA, Runx2 and BMP2 expression were analyzed by western blotting using GAPDH as the loading control. The quantification of the expression 
levels of (A) α‑SMA, (B) Runx2 and β‑catenin, (C) BMP2, and (D) cyclin D1/HDAC1 were represented as the mean ± standard error (n=5/group) for each 
group in its respective column. *P<0.05 vs. control group; **P<0.05 vs. HP group. HP, high phosphate; α‑SMA, α‑smooth muscle actin; Runx2, runt‑related 
transcription factor 2; BMP2, bone morphogenetic protein‑2; PIO, pioglitazone; HDAC1, histone deacetylase 1; C, cytoplasmic; N, nuclear.
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inhibit the differentiation of MSCs to the osteogenic cells (10). 
Embryonic stem cells with a homozygous PPAR γ defection 
cannot differentiate into fat cells; however, can spontane-
ously differentiate into osteoblasts (16). A number of studies 
confirmed that PPAR γ could reduce VC induced by high 
fat and glucose (17,18). The aim of the present study was to 
investigate whether regulating the activity of PPAR γ could 
reduce the VC induced by HP levels. The results demonstrated 
that PIO intervention could decrease the calcium content of 
extracellular matrix to the level where Alizarin red staining 
was negative. The expression level of α‑SMA increased while 
the levels of BMP2 and Runx2 decreased when treated with 
PIO. These results demonstrated that PIO could reduce the 
calcification of rats VSMCs induced by HP and inhibit the 
differentiation of VSMCs into osteoblast‑like cells.

Wnt signaling pathway has a key role in bone formation. 
Low density lipoprotein receptor (LRP)‑related protein 5 is a 
co‑receptor of Wnt signaling pathways (19). Mouse models of 
the activation of the Wnt signaling pathways demonstrate that 
it can increase bone mass (20). Further studies demonstrated 
that inhibiting or reducing the antagonists of the Wnt signaling 
pathways, including secreted frizzled‑related protein 1 (sfrp1), 
adenomatosus polyposis coli protein and dickkopf‑related 
protein 1 (Dkk1) can increase the trabecular bone (20‑24); 
while overexpression of antagonists including Dkk1 may 
reduce bone mineral density (24‑26). The key process of VC is 
the phenotype transformation from VSMCs to osteoblast (4,5). 
The aim of the present study was to investigate whether there 
was an association between the Wnt signaling pathway and 
VC.

The canonical Wnt signaling pathways are also known 
as the Wnt/β‑catenin signaling pathways. When Wnt ligands 
bind to frp, it can interact with disheveled, a cytoplasmic 
protein that acts upstream of β‑catenin and GSK‑3β. Then 
GSK‑3β becomes phosphorylated and the complex dissociates. 

β‑catenin cannot be degraded in the cytoplasm and therefore 
steadily accumulates and then enters the nucleus, combining 
with transcription factor‑4/lymphoid enhancer‑binding factor 
1 (TCF/LEF, respectively) and activates the expression of 
Wnt signaling pathway targeted genes, and participates in a 
variety of physiological mechanisms (27). The downstream 
targeted genes of the canonical Wnt signaling pathways 
includes several associated with cell proliferation, such as 
protooncogene c‑myc and cyclin D1  (28). The expression 
level of cyclin D1 can reflect the activity of the Wnt signaling 
pathway. Woldt et al (17) demonstrated that a PPAR γ agonist 
could reduce the VC induced by LRP1 via inhibiting the Wnt 
5a signaling pathway. A PPAR γ agonist could activate Wnt 5a 
signaling pathway antagonist sfrp2. β‑catenin in canonical Wnt 
signaling pathways is encoded by the CTNNB1 gene. Certain 
researchers demonstrated that the mRNA levels of CTNNB1 
were downregulated in adipocytes and murine adipose tissue 
following treatment with a PPAR γ agonist, and β‑catenin was 
also a transcriptionally targeted gene of PPAR γ (29). All the 
above results suggested that the PPAR γ agonist inhibited the 
expression of CTNNB1. Liu et al (30) confirmed that PPAR γ 
and β‑catenin exhibited a direct interactive effect. The authors 
suggested that PPAR γ can suppress Wnt signaling pathways 
in normal cells by directing p‑β‑catenin to the proteasome 
through a process involving its catenin binding domain. By 
contrast, oncogenic β‑catenin resists proteasomal degradation 
by inhibiting PPAR γ activity, which requires its TCF/binding 
domain. In the present study addition of 20 mM PIO in the 
HP medium, resulted in the expression of β‑catenin and cyclin 
D1 and the ratio of p‑GSK‑3β/GSK‑3β all to be decreased. In 
addition, the present study also demonstrated that the effect of 
PIO on calcification and the Wnt/β‑catenin signaling pathway 
was reduced when adding the PPAR γ antagonist GW9662. 
Therefore, it was inferred that PIO alleviated VC induced by HP 
levels, and its mechanism was through its activation of PPAR 

Figure 4. Effect of GW9662 on calcification. The expressions of (A) Runx2, and (B) p‑GSK‑3β and GSK‑3β were analyzed by western blotting using GAPDH 
as the loading control. The quantification of the expression levels of Runx2, p‑GSK‑3β/GSK‑3β were represented as the mean ± standard error (n=5/group) 
for each group in its respective column. *P<0.001 vs. control group; **P<0.01 vs. HP group; #P<0.05 vs. HP + 20 µmol/l PIO + 20 µmol/l GW9662. Runx2, 
Runt‑related transcription factor 2; GSK‑3β, glycogen synthase kinase‑3β; p, phosphorylated; HP, high phosphate; PIO, pioglitazone.
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γ and downregulation of the activation of the Wnt/β‑catenin 
signaling pathway.

In conclusion, the present study confirmed that PIO can 
suppress the calcification of VSMCs induced by HP via down-
regulation of the activation of the Wnt/β‑catenin signaling 
pathway. These results provided a novel strategy for the preven-
tion and treatment of VC in CKD. The specific and detailed 
molecular mechanism of how PPAR γ affected Wnt/β‑catenin 
signaling pathway remain unknown and requires further study 
in vivo.
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