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Abstract Receptor for advanced glycation end products

(RAGE) is associated with inflammation and the progression of

cardiovascular diseases. The current study tested the hypothe-

sis that RAGE is involved in the pathogenesis of aortic valve

(AV) calcification. Pioglitazone attenuated AV calcification in

experimental hypercholesterolemic rabbits via down-regula-

tion of RAGE. Male New Zealand rabbits weighing 2.5–3.0 kg

were randomly divided into three groups: control group, high

cholesterol ? vitamin D2 (HC ? vitD2) group and HC ?

vitD2 supplemented with pioglitazone group. Compared

with HC ? vitD2 group, pioglitazone significantly inhibited

the progression of AV calcification assessed by

echocardiography. HC ? vitD2 diet markedly increased

RAGE expression, oxidative stress, inflammatory cells infil-

tration and osteopontin expression. These changes were also

significantly attenuated by administration of pioglitazone.

Cultured porcine aortic valve interstitial cells (VICs) were

used as in vitro model. We found that advanced glycation end

products of bovine serum albumin markedly increased the

expression of RAGE, induced high levels of production of

pro-inflammatory cytokines and promoted osteoblastic dif-

ferentiation of VICs. However, these effects were found to be

remarkably suppressed by siRNA silencing of RAGE and

pioglitazone as well. Our data provide evidence that RAGE

activation-induced inflammation promotes AV calcification

in hypercholesterolemic rabbits, which can be attenuated by

pioglitazone treatment. This beneficial effect is associated

with remarkable down-regulation of RAGE expression.

Keywords Aortic valve calcification � Receptor for

advanced glycation end products � Inflammation �
Osteoblastic differentiation � Pioglitazone � Valvular

interstitial cells

Introduction

Aortic valve (AV) calcification is a common clinical

problem with increased morbidity and mortality: approxi-

mately 2.8 % of adults over 75 years old have some degree

of AV calcification [5, 34], and up to 25 % of adults over

65 have valvular sclerosis [3]. Currently, treatment strate-

gies for symptomatic AV calcification only include careful

monitoring and judicious timing of AV replacement, yet

not everyone is fit or well tolerated for surgery.

AV calcification has traditionally been considered as a

degenerative disorder. It involves passive deposition of
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calcium on AV leaflets. Recently, studies have demonstrated

that AV calcification has many features characteristic of an

active pathobiological process akin to atherosclerosis,

including chronic inflammation, endothelial dysfunction,

lipoprotein deposition and extracellular matrix remodeling

[36, 37]. Despite these considerable advances, the mecha-

nisms for AV calcification remain to be elucidated.

Receptor for advanced glycation end products (RAGE)

is a multi-ligand receptor expressed in a range of cell types,

including endothelial, smooth muscle, mesangial and

mononuclear cells [6, 33]. The associations among RAGE,

inflammation and arterial calcification have been well

documented [8, 16, 27]. However, the potential role of

RAGE activation in AV calcification has not yet been

investigated. Previous studies have shown that metabolic

syndrome and diabetes are associated with increased risks

of the development of AV calcification [24], and these

patients demonstrate significantly increased levels of

advanced glycation end products (AGEs) in plasma and

tissues. In addition, circulating soluble RAGEs, the extra-

cellular ligand binding domain of RAGE, which prevent

AGEs from binding to tissue RAGEs, were found to be

significantly lower in the plasma of patients with AV cal-

cification [2]. All these observations imply that RAGE

activation may participate in the pathogenesis of AV

calcification.

Peroxisome proliferator-activated receptor c (PPARc), a

nuclear receptor, is highly expressed in all cells involved in

vascular pathologies, including macrophages, endothelial

cells, and smooth muscle cells (SMCs) [17]. PPARc ago-

nists possess anti-inflammatory and anti-oxidant properties

[40]. Accumulating data indicate that PPARc agonists can

down-regulate the expression of RAGE both in vitro and

in vivo [18, 49]. However, as far as we know, it remains

unclear whether PPARc agonists can protect against the

progression of AV calcification.

In this study, we investigated whether RAGE activation

is involved in the pathogenesis of AV calcification by

promoting inflammatory pathways; and whether pioglitaz-

one, a predominant PPARc agonist, can alleviate the pro-

gression of AV calcification by down-regulating RAGE

and inhibiting RAGE-mediated osteoblastic differentiation

of valve interstitial cells (VICs).

Materials and methods

Experimental rabbit model

The Institutional Animal Research Committee of Tongji

Medical College approved the study protocol, and all ani-

mal care conformed to the Guide for the Care and Use of

Laboratory Animals. Twenty male New Zealand rabbits

(weighing 2.5–3.0 kg) were randomly divided into three

groups: (1) Control group (Control; n = 6), rabbits were

fed normal rabbit chow without any dietary supplement;

(2) High cholesterol ? vitamin D2 group (HC ? vitD2,

n = 7), rabbits were fed 0.5 % cholesterol-enriched chow

plus 50,000 IU/day vitamin D2 in drinking water; (3)

Pioglitazone treatment group (HC ? vitD2 ? Pio, n = 7),

some HC ? vitD2 rabbits concomitantly received 3 mg/kg

pioglitazone daily by oral gavage. All animals were housed

at room temperature with a 12-h light–dark cycle and fed

ad libitum for 12 weeks.

Echocardiography and tissue processing

Transthoracic echocardiography was performed at baseline

and at the end of a 12-week intervention. Animals were

sedated with intramuscular injection of ketamine (30 mg/kg)

and xylazine (3.5 mg/kg). The anterior thorax was shaved

for better echo imaging. Images were acquired with a

10 MHZ phased-array probe connected to a GE Vivid 7

ultrasound system (GE Healthcare, UK). Echocardio-

graphic data and related calculations were performed by an

experienced operator blind to the assignments as previ-

ously described [25]. Aortic valve area (AVA) index was

calculated by AVA divided by total body surface area.

After the final echocardiography examination, rabbits

were euthanized by a lethal dose of penthobarbital sodium.

Immediately after removal from the heart, AV were fixed

in 4 % paraformaldehyde for 24 h and then embedded in

paraffin for morphological and immunohistochemical

examinations.

Cell culture and treatment

Porcine aortic VICs were isolated from AV leaflets of pigs

from a local abattoir using collagenase digestion as previ-

ously described [19, 42]. Briefly, isolated leaflets were

digested in DMEM (Gibco, Carlsbad, CA, USA) contain-

ing 1 mg/ml collagenase type II (Invitrogen, Carlsbad, CA,

USA) at 37 �C for 30 min. After removal of endothelial

cells by vortexing, the leaflets were further digested with a

fresh solution of 1 mg/ml collagenase medium for 4–6 h at

37 �C. After vortexing and repeated aspirating to break up

the tissue mass, the suspension was spun at 1,000 rpm for

10 min to precipitate cells. Cells were resuspended and

cultured in DMEM, supplemented with 100 mg/ml peni-

cillin, 100 U/ml streptomycin, and 10 % FBS (Gibco) in an

incubator with 5 % CO2 at 37 �C. To characterize VICs,

immunofluorescent staining was applied with antibodies

against a-SMA (1:50 dilution, Sigma-Aldrich, St. Louis,

MO, USA) and vimentin (1:50 dilution, Boster, China)

(Supplemental Fig. 1). All experiments were performed

with cells in passages 2–5. For all experiments, cells were
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grown to 70–80 % confluence, serum-starved overnight,

and then incubated with indicated concentrations of AGE-

modified bovine serum albumin (AGE-BSA, Biovision,

Milpitas, CA, USA), pioglitazone (Sigma-Aldrich) or Bay

11-7082 (Merck, Germany) for indicated periods of time in

the presence of 10 mM b-glycerophosphate (Sigma-

Aldrich), 100 nM dexamethasone (Sigma-Aldrich), and

50 lg/ml ascorbic acid (Sigma-Aldrich).

siRNA knock-down of RAGE expression

A pool of three target-specific 19-nt siRNA designed to

knock down Sus scrofa RAGE (NM_001123218.1) was

synthesized and purified by RiboBio (China). Scramble

siRNA duplexes with non-specific sequences served as

negative controls. Then 30–50 % confluent VICs were

transfected with 50 nM siRNA using Lipofectamine 2000

(Invitrogen) and Opti-MEM (Gibco) according to the

manufacturer’s recommendations. The medium was chan-

ged 6 h after transfection. 72 h later, cells were harvested

for analysis of protein expression.

Real-time polymerase chain reaction (PCR) RNA

analysis

Real-time PCR was used to quantify the expression of mRNAs

encoding interleukin (IL)-6, IL-8, tumor necrosis factor-a
(TNF-a), monocyte chemoattractant protein-1 (MCP-1) with

expression of b-actin as endogenous control. RNA was iso-

lated and reverse transcribed to cDNA as previously described

[7]. Real-time PCR assays were carried out using a

SYBR�Premix Ex TaqTM (Takara) on a StepOnePlusTM

Real-time PCR System (Applied Biosystems, Foster City,

CA, USA). Primers used specially for porcine samples were as

follows: IL-6 (F: 50-ATC AGG AGA CCT GCT TGA TG-30,
R: 50-TGG TGG CTT TGT CTG GAT TC-30), IL-8 (F: 50-
TCC TGC TTT CTG CAG CTC TC-30, R: 50-GGG TGG

AAA GGT GTG GAA TG-30), TNF-a (F: 50-CCA ATG GCA

GAG TGG GTA TG-30, R: 50-TGA AGA GGA CCT GGG

AGT AG-30), MCP-1 (F: 50-GTC ACC AGC AGC AAG TGT

C-30, R: 50-CCA GGT GGC TTA TGG AGT C-30), b-actin (F:

50-GAC CTG ACC GAC TAC CTC-30, R: 50-GCT TCT CCT

TGA TGT CCC-30). The PCR conditions were as follows:

initial denaturation at 95 �C for 3 min, followed by 40 cycles

with melting curve analysis at 95 �C for 15 s, 60 �C for 30 s,

and 72 �C for 30 s. Data were analyzed using a comparative

2�DDCT method.

Western blotting analysis

Cells were harvested and homogenized in RIPA Lysis and

Extraction Buffer with protease and phosphatase inhibitor

cocktails (Pierce, Rockford, IL, USA). Cytosolic and

nuclear proteins were prepared using NE-PER Nuclear and

Cytoplasmic Extraction Reagents (Pierce). All these pro-

cedures were performed according to the manufacturer’s

protocols. Equal amounts of protein were resolved by SDS-

PAGE (10 % resolving gel with 4 % stacking) and trans-

ferred to PVDF membranes. Membranes were blocked

with buffer containing 10 % non-fat milk and 5 % BSA in

TBS-T (50 mM Tris–HCl, pH 8.0, 150 mM NaCl, and

0.1 % Tween-20), and then incubated with the following

antibodies: RAGE (1:2,000 dilution), bone morphogenetic

protein 2 (BMP2, 1:2,000 dilution), osteopontin (1:2,000

dilution), IjBa (1:2,000 dilution), and NF-jB p65 (1:2,000

dilution) from Bioworld Technology, Atlanta, GA, USA;

runt-related transcription factor 2 (Runx2, 1:2,500 dilu-

tion), alkaline phosphatase (ALP, 1:2,000 dilution), lamin

B1 (1:1,000 dilution) and b-actin (1:1,000 dilution) from

Santa Cruz Biotechnology, Santa Cruz, CA, USA. Blots

were washed in TBS-T and incubated with appropriate

HRP-conjugated secondary antibodies. The immune com-

plexes were then visualized using ECL reagent (Beyotime,

China). Specific bands were quantified by densitometry

using Quantity One software (Bio-Rad, Hercules, CA,

USA).

Immunocytofluorescence

VICs were seeded in a 96-well plate and treated with AGE-

BSA with or without pioglitazone, as described earlier.

After treatment, cells were washed with PBS, fixed in 4 %

paraformaldehyde and permeabilized with 0.1 % Triton-X

100 for 10 min at room temperature. Non-specific binding

was blocked in 10 % goat serum followed by incubation

with anti-NF-jB p65 (1:50 dilution, Bioworld Technology)

antibody at 4 �C overnight. Cells were washed and then

incubated with goat anti-rabbit Cy3-conjugated secondary

antibody for 1 h at room temperature. DAPI (Sigma-

Aldrich) was used for nuclear counterstaining. Cells were

then visualized with an Olympus fluorescence microscope.

Image-Pro Plus (Media Cybernetics, Bethesda, MD, USA)

was used to merge the images.

Histological and immunohistochemical staining

AVs were cut into 3-lm-thick slices and stained with

hematoxylin and eosin (H&E) and with alizarin red.

Immunostaining was performed to identify RAGE, a-SMA,

macrophage antigen (RAM11), osteopontin, PPARc,

b-catenin, 3-nitrotyrosine and CD3 expression. Briefly,

sections were deparaffinized using xylene and graded eth-

anol washes, and sodium citrate buffer was used for antigen

retrieval. After blocking in 10 % goat serum, the following

mouse monoclonal antibodies were applied: RAGE (1:100
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dilution, Santa Cruz Biotechnology), PPARc (1:100 dilu-

tion, Santa Cruz Biotechnology), a-SMA (1:100 dilution,

Sigma-Aldrich), osteopontin (1:50 dilution, Zsbio, China),

b-catenin (1:100 dilution, Santa Cruz Biotechnology),

3-nitrotyrosine (1:100 dilution, Santa Cruz Biotechnology),

CD3 (1:100 dilution, Santa Cruz Biotechnology) and

RAM11 (1:100 dilution, Dako, Carpinteria, CA, USA),

overnight at 4 �C. Then, a Two-Step HRP-conjugated anti-

mouse kit (Zsbio) was used. Final staining was performed

through reaction with DAB (Zsbio) and counterstaining

with hematoxylin (Sigma-Aldrich). Image-Pro Plus (Media

Cybernetics) was applied to determine quantitative results

(positive staining area/total AV area) for two slices of each

AV leaflet, and at least two of the three AV leaflets were

analyzed per rabbit. The investigators who performed the

analysis were blind to the study groups.

Detection of serum cholesterol, LDL, triglyceride,

and glucose levels

Rabbits were subject a 12-h fast before collection of blood

samples. Serum total cholesterol (TC), LDL, triglyceride (TG),

and glucose levels were determined using indicated kits from

Biosino, China, according to the manufacturer’s instructions.

Statistical analysis

Data are expressed as mean ± SD. After confirming that

all variables were normally distributed using the

Kolmogorov–Smirnov test, statistical differences between

groups were evaluated by ANOVA followed by Bonfer-

roni’s multiple comparison test. P \ 0.05 was accepted as

statistically significant.

Results

Development of AV calcification

and echocardiographic data in rabbits

Serial echocardiographic examination showed that rabbits

fed the cholesterol-enriched diet plus vitD2 developed AV

calcification. This is consistent with previous observations

[10]. The valves of rabbits in the control group remained

normal. Compared with the normal controls, echogenicity

was significantly increased in HC ? vitD2 rabbits (Fig. 1a,

b, d), AVA and AVA index in HC ? vitD2-fed rabbits also

decreased markedly (Fig. 2a). However, no significant

differences in transvalvular systolic velocity were observed

among groups (Fig. 2c). Rabbits given pioglitazone daily

demonstrated significant reduction in echogenicity

(Fig. 1b–d) in AV compared with rabbits in HC ? vitD2

group. Pioglitazone treatment also prevented the reduction

of AVA index and the difference between final and base-

line AVA (Fig. 2b, c).

Previous studies suggested that thiazolidinediones, used

for the treatment of patients with type 2 diabetes mellitus

(DM2), are associated with an increased incidence of heart

failure [15]. However, compared with rosiglitazone, piog-

litazone are less prone to induce heart failure [11, 28]. In

the present study, there is no evidence that pioglitazone

induced heart failure (Supplemental Table 1).

We also compared blood biochemical parameters among

groups. After 12 weeks of HC ? vitD2 diet, significant

increases in serum cholesterol and LDL levels were

observed. Pioglitazone treatment did not alter the lipid

profiles or glucose levels (Supplemental Table 2).

Altogether, these results suggest that pioglitazone

administration exerts a protective effect against the

Fig. 1 Echocardiographic data in the rabbit model. a–c Representa-

tive echocardiographic images of AV in parasternal short-axis (a1–c1,

a2–c2) and long-axis (a3–c3, a4–c4) after 12 weeks of intervention.

d Echogenicity enhanced in AV from HC ? vitD2 rabbits compared

with the control group, and pioglitazone significantly attenuated this

effect (Control: n = 6; HC ? vitD2: n = 7; HC ? vitD2 ? Pio:

n = 7; **P \ 0.01)
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progression of AV calcification. This beneficial effect is

independent of changes in serum lipid concentration and in

glucose metabolism.

Morphological and immunohistochemical staining

Transition from VICs to myofibroblasts is a critical step in

valvular pathology [39]. We examined myofibroblasts

using immunohistochemical staining with a-SMA anti-

body. High-cholesterol diets markedly increased the

a-SMA-positive area, but the pioglitazone treatment group

showed significantly fewer myofibroblasts in the valve

leaflets (Fig. 3).

We next evaluated the staining of osteopontin, an

important type of bone matrix protein, and found that it

presented at high levels in the AV of hypercholesterolemic

rabbits. Osteopontin expression was significantly decreased

by pioglitazone treatment (Fig. 4a1–c1, d). AV calcifica-

tion was assessed using alizarin red staining. Calcium

deposits in the leaflets were increased in HC ? vitD2

group, compared with normal controls. However, only mild

calcification was observed when HC ? vitD2-fed rabbits

were given pioglitazone (Fig. 4a2–c2, e).

BMP and Wnt/b-catenin signaling pathways have been

reported to be associated with AV calcification [35].

We also found that hypercholesterolemia increased AV

b-catenin expression, and that pioglitazone eliminated

much of this effect, as shown in Supplemental Fig. 2.

Reactive oxygen species (ROS) were proved to be involved

in progression of AV calcification [25]. In HC ? vitD2 rab-

bits, obvious levels of nitro/oxidative stress were observed in

AV, as indicated by increased levels of 3-nitrotyrosine

immunostaining, which decreased significantly upon pioglit-

azone administration (Supplemental Fig. 3).

We then examined whether RAGE activation was also

induced in the AV calcification model. In accordance with

observations made earlier in the project, dietary cholesterol

was associated with a significant increase in leaflet RAGE

immunostaining, which was dramatically lowered by

pioglitazone treatment (Fig. 4a3–c3, f).

Finally, we determined whether hypercholesterolemia or

pioglitazone treatment altered PPARc expression in vivo.

No significant change in PPARc expression was detected

after 12 weeks of HC ? vitD2 diet induction. As expected,

pioglitazone treatment markedly up-regulated AV PPARc
expression in vivo (Supplemental Fig. 4).

Fig. 2 Echocardiographic data in the rabbit model. a Absolute AVA

after 3 months of intervention: HC ? vitD2 diet reduced the absolute

value of aortic valve area (AVA) compared with the controls.

Pioglitazone treatment attenuated this only slightly. b Differences

between final AVA and baseline AVA: increased loss in final AVA

versus baseline AVA in HC ? vitD2 rabbits compared with the

control group, which was significantly protected by pioglitazone

administration. c Statistical analysis of AVA index: AVA index

reduced significantly in HC ? vitD2 treated animals, while pioglit-

azone prevented this effect. d No significant differences in transval-

vular systolic velocity were observed among groups (Control: n = 6;

HC ? vitD2: n = 7; HC ? vitD2 ? Pio: n = 7; *P \ 0.05 and

**P \ 0.01)
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Necessity of RAGE for AGE-BSA-induced osteoblastic

differentiation of VICs

These findings showed RAGE activation to be involved in

AV calcification. This led us to hypothesize that RAGE

activation triggers the intracellular signaling that results in

osteoblastic differentiation of VICs. To confirm this, we

incubated VICs with AGE-BSA (0, 10, 50, and 100 lg/ml),

a predominant RAGE ligand, for 72 h. We then examined

expression of RAGE and several typical osteoblast phe-

notypic markers. RAGE and osteopontin levels increased

in a dose-dependent manner with increasing concentrations

of AGE-BSA (Fig. 5a–c). To explore the mechanism by

which RAGE activation leads to the osteoblastic differen-

tiation of VICs, we assessed the expression of BMP2 and

Runx2. We observed marked elevation of BMP2 and

Runx2 levels after the stimulation (Fig. 5a, c). To validate

this, siRNA targeting RAGE was introduced. RAGE

siRNA specifically and efficiently knocked down expres-

sion of RAGE (Fig. 5d), blunting the up-regulatory effect

of AGE-BSA on Runx2, osteopontin (Fig. 5e, f) and ALP

expression (Supplemental Fig. 5c). Collectively, our

results suggest that activation of RAGE mediates the AGE-

BSA-induced osteoblastic differentiation of VICs.

Effects of pioglitazone on RAGE-mediated osteoblastic

differentiation of VICs

Preliminary studies have shown that alleviation of AV cal-

cification and decreased RAGE activation could be achieved

by pioglitazone administration in hypercholersterolemic

rabbits. We reasoned that pioglitazone was able to prevent

RAGE-mediated osteoblastic differentiation of VICs. VICs

were pretreated with different concentrations of pioglitazone

(50, 100 lM) for 1 h and then stimulated with AGE-BSA

(100 lg/ml) for 72 h. Not surprisingly, pioglitazone down-

regulated RAGE expression of VICs (Fig. 5g, h), which was

in line with in vivo results (Fig. 4a3–c3, f). The levels of

expression of pro-osteogenic factors, Runx2, osteopontin,

and ALP were also significantly reduced (Fig. 5g, i,

Supplemental Fig. 5b).

In vitro effects of AGE-BSA and pioglitazone on VICs

inflammatory responses

The critical role of inflammation in the development of

AV calcification is widely accepted. RAGE activation

leads to persistent inflammation in a variety of cells.

Given these findings, we sought to determine whether

RAGE activation induces inflammatory response in VICs.

We stimulated VICs with AGE-BSA (100 lg/ml) and

measured inflammatory cytokine levels 24 h later. Under

basal conditions, cultured VICs released low levels of

IL-6, IL-8, TNF-a and MCP-1. However, treatment with

AGE-BSA significantly augmented the production of

IL-8, TNF-a and MCP-1. This augmentation was blocked

when RAGE expression was inhibited by siRNA silencing

(Fig. 6a–c).

Next, to determine whether pioglitazone could relieve

the inflammation, we pretreated VICs with pioglitazone

(50, 100 lM) 1 h before incubation with AGE-BSA.

The production of IL-8, TNF-a and MCP-1 decreased

Fig. 3 Representative light microscopy images of rabbit AV.

a–c H&E and a-SMA staining of AV in different groups. Scale bar
200 lm, and arrow indicates 9200 magnification. d Quantification

data showed that the HC ? vitD2 diet markedly increased the number

of myofibroblasts in AV compared with the control, but pioglitazone

significantly inhibited this effect (Control: n = 6; HC ? vitD2:

n = 7; HC ? vitD2 ? Pio: n = 7; **P \ 0.01.)
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(Fig. 6d–f), indicating that pioglitazone inhibited AGE-

BSA-induced cellular inflammation.

Pioglitazone inhibits AGE-BSA-induced activation

of NF-jB in VICs

To uncover the signal transduction underlying the above

observations, we explored whether the NF-jB pathway, the

key transcription factor responsible for the production of

pro-inflammatory cytokines, was involved in the process.

As shown in Fig. 7, stimulating cells with AGE-BSA

(100 lg/ml) for 2 h led to significant NF-jB p65 intranu-

clear translocation (Fig. 7b), as well as increased degra-

dation of IjBa (Fig. 7a). Both effects were inhibited by

pioglitazone pretreatment (100 lM). This was further

confirmed by Immunocytofluorescence as shown in

Fig. 7c–e.

We used Bay 11-7082, an inhibitor of NF-jB, to con-

firm whether NF-jB signaling functionally mediates

RAGE-induced osteoblastic differentiation of VICs. In the

Fig. 4 Immunohistochemical staining of rabbit AV in different

groups. a–c Representative images of immunohistochemical staining

of osteopontin (a1–c1) and RAGE (a3–c3); and alizarin red staining

(a2–c2) of calcium deposition in AV leaflets. Scale bar 200 lm, and

arrow indicates 9200 magnification. Pioglitazone administration

notably reduced osteopontin expression (d), calcified area (e), and

RAGE expression (f) induced by HC ? vitD2 diet (Control: n = 6;

HC ? vitD2: n = 7; HC ? vitD2 ? Pio: n = 7; **P \ 0.01 and

*P \ 0.05.)

Basic Res Cardiol (2012) 107:306 Page 7 of 14

123



presence of Bay 11-7082 (10 lM), AGE-BSA-induced

elevation of Runx2 and osteopontin was significantly

inhibited (Supplemental Fig. 6).

In vivo anti-inflammatory effect of pioglitazone

on AV leaflets

After demonstrating the anti-inflammatory effect of pio-

glitzone by inhibiting RAGE activation, we next evaluated

whether pioglitazone exerts protective effects against

inflammation in AV leaflets in vivo. Therefore, we iden-

tified infiltrating inflammatory cells. HC ? vitD2-fed rab-

bits showed markedly increased macrophages (Fig. 8b, d)

and T lymphocytes (Supplemental Fig. 7b, d) infiltration.

Concomitant with reduced RAGE activation in AV leaflets

(Fig. 4a3–c3, f), pioglitazone treatment greatly attenuated

this HC ? vitD2-induced effect (Fig. 8c, d, Supplemental

Fig. 7c, d). These results suggest that the protective role of

pioglitzaone against AV calcification can be probably

attributed to its anti-inflammatory effect.

Fig. 5 Pioglitazone inhibited RAGE-mediated osteoblastic differen-

tiation of VICs. a Immunoblotting for RAGE, pro-osteogenic signals

and osteogenic phenotype markers of VICs exposure to AGE-BSA.

AGE-BSA induced RAGE activation (b), BMP2, Runx2 and osteo-

pontin expression (c) in a dose-dependent manner. (n = 3 for each

experiment; *P \ 0.05 vs. control; **P \ 0.01 vs. control). RAGE

siRNA significantly reduced RAGE protein (d), and blocked AGE-

BSA induced up-regulation of Runx2 and osteopontin (e and f).
(n = 3 for each experiment; **P \ 0.01 vs. Scramble siRNA;
##P \ 0.01 vs. AGE-BSA ? Scramble siRNA). Pioglitazone abol-

ished RAGE activation (g and h), and decreased augmentation of

Runx2 and osteopontin protein levels induced by AGE-BSA (g and

i) (n = 3 for each experiment; **P \ 0.01 vs. control; #P \ 0.05 vs.

AGE-BSA; ##P \ 0.01 vs. AGE-BSA)
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Discussion

The present study shows that oral administration of piog-

litazone attenuates the progression of AV calcification in

hypercholesterolemic rabbits without significantly altering

blood glucose levels. This effect is accompanied by

reduced RAGE expression, b-catenin expression, oxidative

stress, inflammatory cells infiltration, and osteoblastic

markers. Our in vitro studies evaluating the effects of

pioglitazone on AGE-BSA stimulated VICs showed that

pioglitazone significantly reduced RAGE activation and

inhibited NF-jB p65 intranuclear translocation, inflam-

matory cytokines production, and pro-osteogenic signaling

cascades. To our knowledge, the present findings provide

the first evidence that pro-inflammatory effects induced by

RAGE/ligand interaction in VICs contribute to the devel-

opment and progression of AV calcification, and that

pioglitazone exerts these protective effects against AV

calcification by inhibiting RAGE activation and its asso-

ciated inflammatory responses.

RAGE is a member of the immunoglobulin superfamily

which is able to bind to a chemically diverse range of

AGEs and other non-AGE ligands, including high-mobility

group box-1 protein, S100/calgranulins and b-sheet fibrils

[47, 48]. Previous studies have shown that S100A12

transgenic Apoe-Null mice has increased vascular calcifi-

cation, and S100A12 has been shown to promote osteo-

blastic gene BMP2, dentin matrix acidic phosphoprotein 1

(Dmp1) and Runx2 expression in vascular SMCs when

exposed to an inflammatory environment. In contrast,

pretreatment with soluble RAGE, which prevents activa-

tion of cell surface receptors such as RAGE, significantly

attenuated the expression of osteoblastic genes [16]. Acti-

vation of RAGE by AGEs and adenovirus transfection also

induced osteoblastic differentiation of vascular SMCs [43,

46]. We therefore explored whether VICs transformed into

osteoblast-like cells in response to RAGE activation

induced by AGE-BSA. We assessed the expression of

BMP2 and Runx2 in cultured VICs after stimulation with

AGE-BSA. BMP2 is a potent pro-osteogenic factor related

with AV calcification [21], and Runx2 is an essential

transcription factor associated with osteoblast differentia-

tion [38]. In this study, expression of BMP2 and Runx2

was up-regulated after stimulation with AGE-BSA,

increasing synthesis of bone matrix protein, osteopontin.

Introduction of siRNA to knock down RAGE expression

blocked this effect. This implied that RAGE activation is

associated with osteoblastic differentiation of VICs.

Fig. 6 Pioglitazone relieved RAGE-mediated inflammation in VICs.

Quantitative PCR analysis of AGE-BSA induced expression of

inflammatory gene mRNA in VICs. AGE-BSA markedly augmented

mRNA expression of IL-8 (a), TNF-a (b) and MCP-1 (c), and RAGE

silencing blocked these effects. (n = 3 for each experiment;

**P \ 0.01 vs. Scramble siRNA; #P \ 0.05 vs. AGE-BSA ?

Scramble siRNA; ##P \ 0.01 vs. AGE-BSA ? Scramble siRNA).

Pioglitazone pre-incubation significantly decreased expression of IL-8

(d), TNF-a (e) and MCP-1 (f) Mrna stimulated by AGE-BSA (n = 3

for each experiment; **P \ 0.01 vs. control; #P \ 0.05 vs. AGE-

BSA; ##P \ 0.01 vs. AGE-BSA)
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An abundance of studies have confirmed the crucial role

of chronic inflammation in the pathogenesis of AV calci-

fication. Humans and animals with AV calcification both

show markedly elevated inflammatory cells infiltration and

production of pro-inflammatory cytokines. Normal AV are

devoid of inflammatory cells, but, calcified valves have

large numbers of accumulated cells including macro-

phages, T lymphocytes and mast cells [14, 36, 37, 45].

Inflammation-associated molecules, IL-1b, 5-lipoxygenase,

MCP-1, TNF-a have also been identified in calcified valves

and they have been correlated with the severity of AV

calcification [22, 23, 32].

Observations and experimental evidence strongly sug-

gest that RAGE signaling results in profound inflammation

[9, 26]. Previous studies have indicated that the vascular

and inflammatory stresses mediated by interaction between

RAGE and its ligands, such as AGEs, play a central role in

the development of accelerated atherosclerosis [13].

Strategies targeting to inactivate RAGE promote plaque

stabilization and inhibit the progression of atherosclerotic

changes [29, 41, 44]. Our data support the conclusion that,

RAGE-mediated pro-inflammatory pathway is involved not

only in atherosclerosis but also in AV calcification. We

have shown that, RAGE activation is accompanied by

enhanced inflammatory cells infiltration in the calcified AV

in hypercholesterolemic rabbits.

Our in vitro data demonstrated that AGE-BSA activated

RAGE and induced RAGE-mediated signaling pathways in

VICs, subsequently evoking the increased production of

pro-inflammatory cytokines IL-8, TNF-a and MCP-1. We

Fig. 7 Pioglitazone attenuated

AGE-BSA induced NF-jB

signaling in VICs.

a Pioglitazone prevented AGE-

BSA induced degradation of

IjBa, as shown by the increase

in IjBa levels in cytosolic

extract relative to AGE-BSA

treatment alone. b Pioglitazone

inhibited AGE-BSA induced

intranuclear translocation of

NF-jB p65, as shown by a

decrease in NF-jB p65 levels in

nuclear extract relative to

AGE-BSA treatment alone.

c–e Representative

immunocytofluorescence

staining of NF-jB p65 in VICs.

NF-jB p65 intranuclear

translocation was detected in the

nuclei of cells exposed to AGE-

BSA alone (d1, d3) whereas

pioglitazone pretreatment

inhibited this translocation (e1,

e3) (n = 3 for each experiment;

**P \ 0.01 vs. control;
#P \ 0.05 vs. AGE-BSA;
##P \ 0.01 vs. AGE-BSA)
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also observed that RAGE siRNA suppressed AGE-BSA-

stimulated up-regulation of these cytokines. In summary,

RAGE activation in VICs induced inflammatory conse-

quences. The role of TNF-a in inflammation-induced cal-

cification has been confirmed, as TNF-a neutralizing

antibody, infliximab, inhibits aortic BMP2-Msx-Wnt cal-

cification cascade in Ldlr-/- mice [1]. In addition, TNF-a
accelerates the calcification of VICs from patients with AV

calcification [51]. MCP-1 has also been associated with

macrophages infiltration in a rabbit model of AV calcifi-

cation model [42]. These data suggest that inflammation

appears to be a key mediator between RAGE activation and

AV calcification.

Activation of RAGE relays cell surface signals to vari-

ous intracellular pathways including the NF-jB pathway

[47]. NF-jB pathway is a canonical pathway responsible

for the production of pro-inflammatory cytokines. The key

step in NF-jB activation is the stimulus-dependent, resi-

due-specific phosphorylation of NF-jB inhibitors, IjBs. In

our experiment, we showed that RAGE activation induced

IjBa degradation and enhanced NF-jB p65 intranuclear

translocation. Pre-treatment with NF-jB inhibitors Bay

11-7082 significantly inhibited RAGE-mediated up-regu-

lation of Runx2 and osteopontin. These results indicate that

NF-jB activation mediates AGE-BSA-induced pro-

inflammatory effects and osteoblastic differentiation of

VICs. Pioglitazone also inhibited NF-jB activation.

However, there are data also supporting a crosstalk

between the canonical NF-jB and Notch signaling path-

ways inhibits PPARc expression and promotes pancreatic

cancer progression [30].

Our in vivo data demonstrated several beneficial effects

of pioglitazone administration on the AV, including

attenuated progression of AV calcification, reduced

inflammatory cells infiltration, and reduced oxidative

stress. Previous studies have already shown the protective

effect against some cardiovascular pathology [4, 18, 50].

Joner et al. [20] demonstrated that oral administration of

pioglitazone suppressed in-stent neointimal growth by

limiting local inflammatory pathways. Similarly, we found

that pioglitazone inhibited AGE-BSA-induced inflamma-

tion and osteoblastic differentiation within VICs in vitro.

All these effects were concomitantly accompanied with

reduction of RAGE expression. As demonstrated in the

present study, suppression of RAGE activation is probably

a molecular target of attenuated AV calcification after

pioglitazone treatment. Previous studies do support the

conclusion that PPARc agonists lower the expression of

RAGE both in vivo and in vitro [18, 31, 49]. Wang et al.

[49] reported that PPARc agonists suppressed neointimal

hyperplasia after balloon angioplasty in both diabetic and

non-diabetic rats, and reduced RAGE expression and

S100-induced SMC proliferation. Marx et al. [31] reported

that rosiglitazone and pioglitazone diminished RAGE

protein expression in human endothelial cells, decreasing

AGE-BSA and b-amyloid-induced MCP-1 production.

Fig. 8 Pioglitazone

administration diminished AV

macrophages infiltration

induced by HC ? vitD2 diet in

rabbits. RAM11 (macrophage

marker) staining in AV leaflets

in control group (a),

HC ? vitD2 group (b) and

HC ? vitD2 supplemented with

pioglitazone group (c). Scale
bar 200 lm, and arrow
indicates 9200 magnification.

d Quantification of RAM11-

stained area showed that

HC ? vitD2 diet significantly

increased AV macrophages

infiltration compared with

control group, but pioglitazone

suppressed this (Control: n = 6;

HC ? vitD2: n = 7;

HC ? vitD2 ? Pio: n = 7;

**P \ 0.01)
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The present study extends previous findings. To our

knowledge, this is the first to show favorable effects of

pioglitazone against AV calcification. These effects are

contributed to pioglitazone’s ability to inhibit RAGE

activation and inflammatory responses. The mechanism

underlying the down-regulation of RAGE expression by

pioglitazone was not investigated in this study.

In conclusion, the present study highlights the detri-

mental role of RAGE activation and RAGE signaling in the

development and progression of AV calcification. Our data

suggest that RAGE activation in VICs results in enhanced

production of pro-inflammatory cytokines and osteoblast-

like differentiation. Oral pioglitazone treatment in

hypercholersterolemic rabbits caused significant alleviation

of AV calcification. This beneficial effect may be

explained in part by targeted reduction of RAGE activation

and reduced inflammatory response. Our data provide new

insight into how PPARc agonists, might slow the devel-

opment of AV calcification. Further studies are warranted

to elucidate other possible mechanisms.

Limitations

For both ethical reasons and the cell growth rate, we used

porcine instead of human aortic VICs. Some of these

results may not be able to explain the actual mechanisms

underlying this or any process in human. We showed that

pioglitazone inhibited AGE-BSA-induced NF-jB activa-

tion in VICs, but one previous study did not show piog-

litazone to have any effect on NF-jB in humans [12]. This

indicates that this effect may only take place in other

animals or in vitro.
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