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Abstract. Cardiovascular diseases are common in patients 
with chronic kidney disease. One of the key symptoms is the 
calcification of the vascular smooth muscle cells (VSMCs), 
which is induced by dysregulated mineral metabolism with 
high circulating levels of inorganic phosphate (Pi) and calcium. 
Klotho, which was originally identified as an aging suppressor 
gene, has been shown to be associated with vascular calcifica-
tion. Since Klotho was recently identified as a target for nuclear 
receptor peroxisome proliferator‑activated receptor (PPAR) γ, 
the present study aimed to determine whether PPARγ regulates 
VSMC calcification through modulating the expression levels 
of Klotho. It was demonstrated that the expression of PPARγ 
was downregulated during Pi‑induced VSMC calcification. In 
addition, treatment with PPARγ agonists inhibited the calcifi-
cation and enhanced the expression of Klotho in VSMCs in a 
PPARγ‑dependent manner. Of note, loss of Klotho expression 
by RNA interference abolished the ability of PPARγ activa-
tion to inhibit VSMC calcification. Furthermore, activation of 
Klotho as well as PPARγ inhibited the expression of Pi trans-
porter 1/2 and reduced Pi influx into VSMCs. To the best of 
our knowledge, the present study was the first to demonstrate 
that PPARγ regulates VSMC calcification through activating 
Klotho.

Introduction

Cardiovascular diseases are the leading cause of mortality in 
patients with chronic kidney disease (CKD) (1). Studies have 
demonstrated that declining renal function in CKD is asso-
ciated with an elevated risk of cardiovascular disease (2,3). 
One of the key factors leading to the increased burden of 

cardiovascular disease is the calcification of the vascular 
smooth muscle cells (VSMCs) lining the vessel wall, and the 
severity and histoanatomic type of vascular calcification are 
predictors of subsequent vascular mortality (4). The preva-
lence and progression of vascular calcification are markedly 
increased in patients with advanced CKD (5). Vascular calcifi-
cation in CKD patients is known as medial artery calcification, 
which is distinct from that found in patients with atheroscle-
rosis, and is characterized by amorphous minerals forming 
along one or more elastic lamellae of the medial layer (6,7). For 
a long period, vascular calcification was thought to be a passive 
process resulting from elevated phosphate (Pi) levels and 
increased calcium Pi products in the plasma (8‑10). However, 
other studies have established that vascular calcification in 
CKD is a highly regulated cell‑mediated process that involves 
the entry of VSMCs into a transdifferentiation program of 
osteogenesis, during which numerous key regulators of bone 
formation and bone structural proteins are expressed (11‑14).

Despite these findings, dysregulated mineral metabolism 
with high circulating levels of Pi and calcium have been demon-
strated to be the most important factors for the initiation and 
progression of the calcification process in CKD patients (1,15). 
Extracellular Pi promotes VSMC mineralization in a concen-
tration‑ and time‑dependent manner by increasing Pi influx 
via the sodium‑dependent Pi co‑transporters, Pi transporter 
(piT)‑1 and PiT‑2, leading to the induction of osteoblastic 
differentiation factors, including core‑binding factor alpha 1 
(Cbfa1)/runt‑related transcription factor 2 (Runx2) (16). Either 
the blockade of PiT‑1/2 or inhibition of PiT‑1/2 activity by 
small interfering (si)RNA prevents the induction of Cbfa1/
Runx2 and osteoclast expression in VSMCs even under high 
extracellular Pi concentrations (17), suggesting that elevated 
extracellular Pi concentrations induce the mineralization 
of VSMCs through the activation of PiT‑1/2. In addition to 
extracellular Pi, calcium accelerates the mineralization of 
VSMCs (18,19). In addition, calcium‑induced mineralization 
has been demonstrated to be also dependent on the function 
of PiT‑1/2 (19).

A growing body of evidence has demonstrated that the 
function of Klotho is associated with vascular calcifica-
tion. The Klotho gene was originally identified as an aging 
suppressor gene in mice  (20). It encodes a single span 
transmembrane protein and is expressed primarily in renal 
tubular epithelial cells  (20). Studies have indicated that 
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Klotho deficiency promotes calcification and osteoblastic 
differentiation of VSMCs (21,22), whereas Klotho transgenic 
mice have better preserved renal function and markedly less 
calcification compared with wild‑type mice with CKD (21). 
It has been suggested that Klotho suppresses osteoblastic 
transdifferentiation and calcification of VSMCs by inhibiting 
PiT‑1/2‑dependent Pi uptake, thus repressing the expression 
of Cbfa1/Runx2 (21). Klotho has been identified as a target 
for nuclear receptor peroxisome proliferator‑activated receptor 
(PPAR)γ  (23). Thiazolidinediones, which act as PPARγ 
agonists, increase Klotho expression in HEK293 cells several 
renal epithelial cell lines at the mRNA and protein level. This 
induction was blocked by siRNA‑mediated gene silencing 
of PPARγ or PPARγ antagonists, which have been shown 
to attenuate high glucose‑induced VSMC calcification (24). 
However, the underlying mechanisms of the increased expres-
sion of Klotho have remained elusive.

The present study demonstrated that the expression of 
PPARγ was downregulated during Pi‑induced VSMC calcifi-
cation. In addition, treatment with PPARγ agonists was found 
to inhibit the calcification and enhanced the expression of 
Klotho in VSMCs in a PPARγ‑dependent manner. Of note, 
loss of Klotho expression by RNA interference abolished the 
ability of PPARγ activation to inhibit VSMC calcification. 
To the best of our knowledge, the present study was the first 
to demonstrate that PPARγ regulates VSMC calcification 
through activating Klotho.

Materials and methods

Cell culture. Vascular smooth muscle cells (VSMCs) were 
obtained by a previously described explant method (25,26). 
In brief, tissue was separated from simmental bovine aorta 
segments (Harbin Bin Good Animal Husbandry Co., Ltd., 
Harbin, China). Small pieces of tissue (1‑2 mm3) were placed 
into a 10‑cm culture dish and cultured for several weeks in 
Dulbecco's modified Eagle's medium (DMEM) containing 
4.5 g/l glucose (Invitrogen; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) supplemented with 15% fetal bovine 
serum and 10 mM sodium pyruvate (both Invitrogen; Thermo 
Fisher Scientific, Inc.) in a humidified atmosphere containing 
5% CO2 at 37˚C. Cells that had migrated from the explants 
were collected and maintained in DMEM containing 1.0 g/l 
glucose (Invitrogen; Thermo Fisher Scientific, Inc.), 15% FBS 
supplemented with 10 mM sodium pyruvate. For calcification 
experiments, cells of up to passage 8 were used.

Induction of calcification. VSMCs were seeded on 24‑well 
plates at a density of 5x104/well. At confluence, cells were 
incubated in calcification medium (DMEM containing 15% 
FBS and 1 mM sodium pyruvate in the presence of 3 mM inor-
ganic P (Pi; Invitrogen; Thermo Fisher Scientific, Inc.) for up 
to 9 days. Every 2 days, the medium was replaced with fresh 
medium. For time‑course experiments, the first day of culture 
in calcification medium was defined as day 0. Cells incubated 
in calcification medium with 1 mM Pi were used as controls.

Activation of PPARγ. VSMCs were administered with various 
concentrations (0, 4, 8, 12, 16 or 20  µM) of the PPARγ 
agonists rosiglitazone (RGZ; Santa Cruz Biotechnology, Inc., 

Dallas, TX, USA) and thiazolidinedione (TZL; Santa Cruz 
Biotechnology, Inc.) in the presence of 3 mM Pi for 9 days. 
VSMCs were subsequently administered with RGZ or TZL in 
the absence or presence of PPARγ inhibitor GW9662 (10 µM; 
Santa Cruz Biotechnology, Inc.) to confirm the role of PPARγ 
in Pi‑induced calcification.

Quantification of calcium deposition. Cells were decalcified 
with 0.6 N HCl for 24 h. Subsequently, the cells were solu-
bilized with 0.1 N NaOH/0.1% SDS. The calcium content 
was determined colorimetrically by the o‑cresolphthalein 
complexone method (Calcium kit; Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China). The protein content 
was measured with a bicinchoninic acid (BCA) protein assay 
kit (Thermo Fisher Scientific, Inc.). The calcium content was 
normalized to protein content.

Von Kossa staining. Cells were fixed with 0.1% glutaraldehyde 
in Pi‑buffered saline for 15 min at room temperature, and 
were then washed 3 times with double distilled H2O. Cells 
were incubated with 5% silver nitrate solution and exposed 
to sunlight for 30 min, washed with distilled water for 5 min 
and treated with 5% sodium thiosulfate for 2 min. Images of 
calcium particles were captured at 40x magnification (C‑5060; 
Olympus Corp., Tokyo, Japan) under a microscope (TH4‑200; 
Olympus Corp.).

Alkaline phosphatase staining and activity assay. Alkaline 
phosphatase (ALP) staining and activity assay were performed 
using a 5‑bromo‑4‑chloro‑3‑indolyl Pi/nitro‑blue tetrazolium 
Alkaline Phosphatase Staining kit and an Alkaline Phosphatase 
Assay kit (Beyotime Institute of Biotechnology, Shanghai, 
China), respectively, according to the manufacturer's protocol. 
Images of samples stained for ALP were captured at 40x 
magnification (C‑5060; Olympus Corp.) under a microscope 
(TH4‑200; Olympus Corp.). ALP activity was normalized 
to the total protein concentration determined using the BCA 
protein assay (Thermo Fisher Scientific, Inc.).

Reverse‑transcription quantitative polymerase chain reac‑
tion (RT‑qPCR) analysis. Total RNA from VSMCs was 
isolated using TRIzol reagent (Invitrogen). Complementary 
DNA was generated from 2 µg RNA with Oligo‑dT primers 
by using the SuperScript III First Stand Synthesis System 
(Thermo Fisher Scientific, Inc.) according to the manufac-
turer's protocol. Real‑time PCR was performed in a 20‑µl 
reaction mixture containing 1 µl cDNA, 9 µl water and 10 µl 
2X TaqMan PreAmp Master Mix (Invitrogen). Amplification 
was performed in an ABI 7300 system (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) with Taqman green fluores-
cence (Invitrogen). The forward and reverse PCR primers, 
and their respective probes were as follows: PPARγ (forward: 
5'‑CAT​AAT​GCC​ATC​AGG​TTT​GG‑3'; reverse: 5'‑GTC​AGC​
AGA​CTC​TGG​GTT​CA‑3'; probe: 5'‑CTT​CTC​GGC​CTG​
TGG​CAT​GC‑3'), Klotho (forward: 5'‑GGT​GGA​TGT​CAT​
TGG​GTA​CA‑3'; reverse: 5'‑AGA​GTC​CAC​GTC​TGA​TGC​
TG‑3'; probe: 5'‑CGG​TGC​CAC​TCG​AAG​CCA​TC‑3'), Runx2 
(forward: 5'‑ATG​GTT​AAT​CTC​CGC​AGG​TC‑3'; reverse: 
5'‑TGG​TGT​CAC​TGT​GCT​GAA​GA‑3'; probe: 5'‑CCA​GCC​
ACC​GAG​ACC​AAC​AGA‑3'), Msh homeobox 2 (Msx2) 
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(forward: CCA​GCT​CTC​TGA​ACC​TCA​CA‑3'; reverse: 
5'‑AGT​TCT​GCC​TCC​TGC​AGT​CT‑3'; probe: 5'‑CGC​CTT​
GGC​TCT​TCG​GTT​CTG‑3'), osteocalcin (OCN) (forward: 
5'‑GAG​CTC​AAC​CCT​GAC​TGT​GA‑3'; reverse: 5'‑CTA​GAC​
TGG​GCC​GTA​GAA​GC‑3'; probe: 5'‑CCA​CAT​CGG​CTT​
CCA​GGA​AGC‑3'), matrix gla protein (MGP) (forward: 
5'‑GAG​AAC​TCA​ACA​AGC​CTC​A‑3'; reverse: 5'‑TCG​TAG​
GCA​GCA​TTG​TAT​CC‑3'; probe: 5'‑CAA​GCT​TCC​CGG​TTG​
AGC​TCG‑3'), SM22α (forward: 5'‑AGC​AAG​CTG​GTC​AAT​
AGC​CT‑3'; reverse: 5'‑CTC​CAT​CTG​CTT​GAA​GAC​CA‑3'; 
probe: 5'‑CGG​GCA​CCT​TCA​CTG​GCT​TG‑3') and α‑actin 
(forward: 5'‑GGT​GAC​TCT​CCA​AGG​TGG​AT‑3'; reverse: 
5'‑TGC​AAA​GGC​TGA​ACA​AAC​TC‑3'; probe: 5'‑CCT​TGG​
CTG​GGC​ATC​ACC​CT‑3'), PiT1 (forward: 5'‑GAT​GTC​
CAC​AGC​AAC​AGG​AC‑3'; reverse: 5'‑ACT​CAA​CGT​GTG​
GTC​AGG​AA‑3'; probe: 5'‑AAG​CTC​CCT​GCC​ATC​ACG​
CC‑3'), PiT2 (forward: 5'‑GGG​AGG​GTT​GAC​CTG​TTA​
GA‑3'; reverse: 5'‑AGT​CGT​ACT​TCC​TCC​CGC​TA‑3'; probe: 
5'‑AGC​AAC​CAG​GGA​TGC​TCC​GC‑3'). β‑actin (forward: 
5'‑AGC​AGA​TGT​GGA​TCA​GCA​AG‑3'; reverse: 5'‑TAA​CAG​
TCC​GCC​TAG​AAG​CA‑3'; probe: 5'‑CCT​CCA​TCG​TCC​ACC​
GCA​AA‑3'). All primers were obtained from Thermo Fisher 
Scientific, Inc., and the following thermocycling conditions 
were used: 95˚C for 8 min, 40 cycles of 95˚C for 20 sec, and 
60˚C for 1 min. The relative expression levels of mRNA 
were calculated using the 2‑ΔΔCt methods as described previ-
ously (27).

Western blot analysis. Cells were lysed in radioimmu-
noprecipitation buffer supplemented with a protease and 
phosphatase inhibitor cocktail (Thermo Fisher Scientific, 
Inc.). The protein concentration was determined using 
the BCA protein assay. Proteins were subjected to 
SDS‑polyacrylamide gel electrophoresis and subsequently 
transferred onto a nitrocellulose membrane. Following 
blocking with 3% bovine serum albumin, the membrane was 
incubated with primary antibodies, including anti‑PPARγ 
(1:500; ab66343; Abcam, Cambridge, UK), anti‑Klotho 
(1:1,000; ab203576; Abcam) and anti‑β‑actin (1:500; 
ab1801; Abcam) overnight at 4˚C. Subsequently, membranes 
were incubated with horseradish peroxidase‑conjugated 
secondary antibody (1:10,000; BM2006; Wuhan Boster 
Biological Technology, Ltd., Wuhan, China) for 1  h at 
room temperature. Protein bands were detected using an 
enhanced chemiluminescence western blotting detection kit 
(Thermo Fisher Scientific, Inc.), followed by exposure of the 
membranes to X‑ray film. Image J software (version 1.140; 
US National Institutes of Health, Bethesda, MD, USA) was 
used to quantify the blot intensity.

Small interfering RNA (siRNA) and transfection. PPARγ 
siRNA, Klotho siRNA and control scrambled siRNA 
(Invitrogen; Thermo Fisher Scientific, Inc.) were transfected 
with Lipofectamine RNAiMAX (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions. 
Cells were seeded in 24‑well plates at 5x104/well and were 
grown overnight to reach ~80% confluence. The cells were 
transfected with 30 pmol siRNA and incubated for 48 h, and 
used for subsequent experiments after the transfection effi-
ciency was confirmed by western blot analysis.

Statistical analysis. Values are expressed as the mean ± stan-
dard error of the mean. Differences among groups were 
analyzed by analysis of variance followed by Bonferroni 
post‑hoc analyses as appropriate. P<0.05 was considered to 
indicate a statistically significant difference. All statistical 
analyses were performed using SPSS 18.0 Version software 
(SPSS, Inc., Chicago, IL, USA).

Results

PPARγ expression is downregulated in VSMCs with Pi‑induced 
calcification. In order to investigate the role of PPARγ activa-
tion in VSMC calcification, the expression levels of PPARγ 
during Pi‑induced VSMC calcification were examined. While 
low ambient Pi (1 mM) had little effect on calcium deposition, 
high ambient Pi (3 mM) markedly increased calcium depo-
sition in VSMCs in a time‑dependent manner. The calcium 
content in these cells was elevated from 21±3.4 µg/ml on day 
0 to 386±31.7 µg/ml on day 9 (Fig. 1A). During Pi‑induced 
calcification in VSMCs, the mRNA (Fig. 1B) and the protein 
levels (Fig. 1C) of PPARγ were significantly downregulated.

PPARγ agonists inhibit Pi‑induced VSMC calcification. 
To examine whether PPARγ activation can suppress the 
calcification of VSMCs, the cells were treated with various 
concentrations of the PPARγ agonists RGZ and TZL in the 
presence of 3 mM Pi for 9 days. The results showed that RGZ 
and TZL decreased Pi‑induced calcium deposition in VSMCs 
in a dose‑dependent manner, with a mean effective dose of 
7.14 µM for RGZ and 8.98 µM for TZL (Fig. 2A). Consistently, 
Von Kossa staining (28), ALP staining (29) (Fig. 2B) and the 
ALP activity assay (Fig. 2C) also revealed that Pi‑induced 
calcification in VSMCs was inhibited by RGZ and TZL.

To further investigate whether PPARγ agonists modulate 
VSMC transdifferentiation, the mRNA levels of osteogenic 
genes and smooth muscle lineage markers were examined 
in VSMCs by RT‑qPCR. While Pi significantly increased 
the expression of the osteogenic differentiation marker genes 
Runx2, Msx2 and OCN, the expression of these osteogenic 
genes was suppressed by RGZ and TZL (Fig. 2D). Conversely, 
the mRNA levels of calcification inhibitor gene MGP and 
smooth muscle differentiation marker genes SM22α and 
α‑actin were significantly reduced during Pi‑induced calci-
fication, but were upregulated by the treatment with PPARγ 
agonists (Fig. 2E).

In order to confirm that the inhibition of calcification by 
RGZ and TZL was specifically mediated by PPARγ, VSMCs 
were treated with a selective PPARγ antagonist, GW9662, 
together with RGZ or TZL. In the presence of GW9662, 
neither RGZ nor TZL inhibited the calcification of VSMCs 
(Fig. 2F). Taken together, these results indicated that activa-
tion of PPARγ specifically inhibited Pi‑induced calcification 
in VSMCs.

PPARγ regulates the expression of Klotho in VSMCs. Since it 
has been reported that Klotho is a target gene of PPARγ (23) 
and that the deficiency of Klotho may cause vascular calcifi-
cation (21,22), it was hypothesized that activation of PPARγ 
inhibits Pi‑induced calcification in VSMCs via stimulation of 
Klotho. To test this hypothesis, Klotho expression levels were 
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first analyzed in VSMCs treated with PPARγ agonists RGZ 
and TZL during Pi‑induced calcification. It was found that 
the expression levels of Klotho were significantly reduced in 
the presence of Pi, but were upregulated by RGZ and TZL 
treatment (Fig.  3A). As expected, treatment with PPARγ 
inhibitor GW9662 prevented RGZ and TZL from increasing 
the expression levels of Klotho (Fig. 3A).

Furthermore, PPARγ siRNA was introduced into VSMCs 
to knockdown PPARγ, and the protein levels of endogenous 
PPARγ were reduced by ~80% (Fig.  3B). Knockdown of 
PPARγ further decreased Klotho expression during VSMC 
calcification (Fig. 3C). Importantly, when PPARγ expression 
was knocked down, RGZ and TZL could no longer upregulate 
the expression of Klotho, suggesting that the effects of RGZ 
and TZL in regulating Klotho expression were specifically 
mediated by PPARγ.

PPARγ regulates VSMC calcification through activating Klotho. 
In order to determine whether the inhibitory effects on VSMC 
calcification by PPARγ activation were dependent on Klotho 
upregulation, siRNA targeting Klotho was introduced into 
VSMCs. With this treatment, the protein levels of endogenous 
Klotho were decreased by ~80% (Fig. 4A). Consistently with 
previously reported results, Klotho knockdown led to elevated 
levels of Pi‑induced calcification (Fig. 4B). Of note, in VSMCs 
with Klotho knockdown, PPARγ agonists were no longer able to 
inhibit calcification (Fig. 4B), indicating that PPARγ activation 
inhibited VSMC calcification through activating Klotho.

It has been proposed that Klotho inhibits Pi‑induced 
VSMC calcification by inhibiting PiT‑1/2 expression, thus 
preventing PiT‑1/2‑dependent Pi influx (21). In line with this 
theory, PPARγ activation induced by RGZ and TZL, as well 
as treatment with soluble Klotho, reduced Pi influx (Fig. 4C) 
and inhibited PiT‑1/2 expression (Fig. 4D and E). The fact that 
PPARγ activation and Klotho reduced Pi influx and inhibited 
PiT‑1/2 expression further suggested that the PPARγ activation 
inhibits calcification via increasing Klotho expression. Taken 
together, these results indicated that PPARγ activation amelio-
rated VSMC calcification through upregulation of Klotho.

Discussion

Patients with CKD have a disproportionately high occurrence 
of vascular calcification compared to the general population. 
One theory to explain this observation is the dysregulated 
calcium and Pi metabolism that is common in these patients. 
Klotho was recently found to be associated with vascular 
calcification  (21,22), possibly via its function to maintain 
mineral homeostasis and to regulate Pi influx into cells. 
PPARγ has emerged as a regulator of Klotho  (23). In this 
context, it is important to investigate whether PPARγ regulates 
VSMC calcification through modulating the expression levels 
of Klotho.

The present study revealed that the expression of PPARγ 
was significantly reduced during Pi‑induced VSMC calcifica-
tion. This finding suggested a physiological role for PPARγ 

Figure 1. PPARγ expression is downregulated in VSMCs with Pi‑induced calcification. (A) Calcium content in VSMCs treated with 1 or 3 mM Pi for 0, 3, 5, 7 
and 9 days. (B) PPARγ mRNA levels in VSMCs treated with 3 mM Pi at the indicated time points, analyzed by reverse‑transcription quantitative polymerase 
chain reaction. (C) The protein levels of PPARγ in VSMCs treated with 3 mM Pi as determined by western blot analysis. Quantified PPARγ protein levels are 
shown in the right panel. β‑actin was used as the loading control. *P<0.05, **P<0.01 and ***P<0.001 vs. cells at day 0. Values are expressed as the mean ± stan-
dard error of the mean of three independent experiments. VSMC, vascular smooth muscle cell; PPAR, peroxisome proliferator‑activated receptor; Pi, inorganic 
phosphate.
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in the process of VSMC calcification. In fact, PPARγ is a 
transcription factor known to act as a sensor that translates 
environmental stimuli into adaptive cellular responses, and has 
been shown to be a key repressor of osteoblastogenesis (30,31). 
In addition, a previous study demonstrated that PPARγ coun-
teracted vascular calcification by inhibiting Wnt5a signaling in 
atherosclerotic lesions (32). However, the mechanism of action 

for PPARγ in regulating Pi‑induced vascular calcification have 
largely remained elusive.

The present study found that treatment with PPARγ agonists 
inhibited calcification in VSMCs in a PPARγ‑dependent 
manner. The calcification of VSMC was characterized not only 
by increased cellular calcium content, but also by phenotypic 
transition involving the expression of osteogenic genes. It is 

Figure 2. PPARγ agonists inhibit Pi‑induced VSMC calcification. (A) Calcium content in VSMCs exposed to 3 mM Pi for 9 days treated with the indicated 
concentrations of RGZ or TZL. **P<0.01 vs. 3 mM Pi only group, ***P<0.001 vs. 3 mM Pi only group. VSMCs were subjected to Pi‑induced calcification 
and treated with RGZ or TZL (10 µM each), followed by (B) von Kossa (upper panel) and ALP staining (lower panel; magnification, x40; white arrows 
indicate calcification); (C) assessment of ALP activity; (D) determination of the mRNA expression levels of osteogenic genes Runx2, Msx2 and OCN, 
and calcification inhibitor MGP as well as (E) VSMC lineage markers SM22α and α‑actin by reverse‑transcription quantitative polymerase chain reac-
tion analysis; and (F) assessment of the calcium content in the absence or presence of PPARγ inhibitor GW9662 (10 µM). Values are expressed as the 
mean ± standard error of the mean of three independent experiments. (C‑F) *P<0.05, **P<0.01 vs. cells in 1 mM Pi group. #P<0.05 vs. cells in 3 mM Pi 
only group. VSMC, vascular smooth muscle cell; Pi, inorganic phosphate; PPAR, peroxisome proliferator‑activated receptor; TZL, thiazolidinedione; 
RGZ, rosiglitazone; Runx2, runt‑related transcription factor 2; Msx2, Msh homeobox 2; OCN, osteocalcin; MGP, matrix gla protein; ALP, alkaline 
phosphatase.
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known that VSMCs can undergo phenotypic changes (33), and 
that they have important roles in the initiation and progres-
sion of vascular calcification (34), which is associated with a 
decrease in smooth muscle lineage markers and an increase 
in osteogenic markers (35). The present study also found that 
PPARγ regulated the gene expression of Klotho in VSMCs. 
Activation of PPARγ led to increased expression of Klotho, 
while knockdown of PPARγ resulted in decreased levels of 
Klotho. These results were consistent with a previous study 
using kidney cell lines (23).

The most important findings of the present study were 
that Klotho was required for the regulation of Pi‑induced 
vascular calcification by PPARγ. It was demonstrated that 
knockdown of Klotho abolished the ability of activated PPARγ 
to inhibit calcification in VSMCs. These findings shed light 
on the underlying mechanisms via which PPARγ regulates 
Pi‑induced vascular calcification. Of note, there are two major 
types of vascular calcification, which are distinguished by their 
location and association with atherosclerotic plaque formation. 

Atherosclerotic calcification is located in the intimal layer 
and is associated with cellular necrosis, lipid deposition and 
inflammation. As lesions progress, osteogenesis becomes 
increasingly evident. The other type of vascular calcification 
is called Monckeberg sclerosis and is characterized by amor-
phous mineral forming along elastic lamellae of the medial 
layer. This type of calcification is therefore also known as 
medial artery calcification, and is more prevalent in patients 
with CKD  (6,7). The fact that Klotho is required for the 
regulation of Pi‑induced vascular calcification by PPARγ in 
medial artery calcification, which is commonly seen in CKD 
patients, does not exclude the possibility of further molecules 
mediating the regulation of vascular calcification by PPARγ in 
atherosclerotic lesions.

In conclusion, the present study showed that PPARγ 
regulates Pi‑induced calcification and Klotho expression in 
VSMCs. Moreover, loss of Klotho expression abolished the 
ability of activated PPARγ to inhibit VSMC calcification. To 
the best of our knowledge, the present study was the first to 

Figure 3. PPARγ agonists enhance Klotho expression in VSMCs. (A) VSMCs were subjected to Pi‑induced calcification and treated with RGZ or TZL (10 µM 
each) in the absence or presence of PPARγ inhibitor GW9662 (10 µM). The expression levels of Klotho were determined by reverse‑transcription quantita-
tive polymerase chain reaction analysis. (B) The protein levels of PPARγ in VSMCs treated with siRNA targeting PPARγ were determined by western blot 
analysis. Quantified PPARγ protein levels are shown in the right panel. β‑actin was used as the loading control. **P<0.01 vs. control siRNA‑transfected cells. 
(C) Expression levels of Klotho in VSMCs subjected to Pi‑induced calcification treated with RGZ or TZL (10 µM) in the absence or presence of PPARγ siRNA. 
Values are expressed as the mean ± standard error of the mean of three independent experiments. *P<0.05, **P<0.01 vs. cells in 1 mM Pi group. #P<0.05 vs. 
cells in 3 mM Pi only group. VSMC, vascular smooth muscle cell; Pi, inorganic phosphate; PPAR, peroxisome proliferator‑activated receptor; TZL, thiazoli-
dinedione; RGZ, rosiglitazone; siRNA, small interfering RNA.
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demonstrate that PPARγ regulates VSMC calcification through 
activating Klotho.
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