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Abstract

Background Calcification of the aortic valve leads to increased leaflet stiffness, and 
consequently to the development of calcific aortic valve disease (CAVD); however, the 
underlying molecular and cellular mechanisms of calcification remain unclear. Here, we 
identified that dipeptidyl peptidase-4 (DPP-4, also known as CD26) increases valvular 
calcification and promotes CAVD progression.  
Methods We obtained the aortic valve tissues from humans and murine models (wild type and 
eNOS-/- mice), and cultured the valvular interstitial cells (VICs) and valvular endothelial cells 
(VECs) from the cusps. We induced osteogenic differentiation in the primary cultured VICs and 
examined the effects of the DPP-4 inhibitor on the osteogenic changes in vitro and aortic valve 
calcification in eNOS-/- mice. We also induced calcific aortic stenosis in male New Zealand 
rabbits (weight, 2.5–3.0 kg) via a cholesterol-enriched diet+vitamin D2 (25,000 IU, daily). 
Echocardiography was performed to assess the aortic valve area, and the maximal and mean 
trans-aortic pressure gradients at baseline and at 3-week intervals thereafter. After 12 weeks, we 
harvested the heart and evaluated the aortic valve tissue using immunohistochemistry.
Results We found that nitric oxide depletion in human VECs activates NF- B in human VICs.
Consequently, the NF- B promotes DPP-4 expression, which then induces the osteogenic 
differentiation of VICs by limiting autocrine insulin-like growth factor-1 (IGF-1) signaling. The 
inhibition of DPP-4 enzymatic activity blocked the osteogenic changes in VICs in vitro and 
reduced the aortic valve calcification in vivo in a mouse model. Sitagliptin administration in a 
rabbit CAVD model led to significant improvements in the rate of change in aortic valve area,
transaortic peak velocity, and maximal and mean pressure gradients over 12 weeks. 
Immunohistochemistry staining confirmed the therapeutic effect of Sitagliptin in terms of 
reducing the calcium deposits in the rabbit aortic valve cusps. In rabbits receiving Sitagliptin, the 
plasma IGF-1 levels were significantly increased, in line with DPP-4 inhibition. 
Conclusions DPP-4-dependent IGF-1 inhibition in VICs contributes to aortic valve 
calcification, suggesting that DPP-4 could serve as a potential therapeutic target to inhibit CAVD
progression.  

Key-Words: aortic stenosis; aortic valve calcification; insulin-like growth factor-1; Dipeptidyl 
Peptidase-4, Valvular interstitial cell   

Consequently, the NF B promotes DPP 4 expression, which then induces the osteogogenic 
differentiation of VICs by limiting autocrine insulin-like growth factor-1 (IGF-1) sisiigngngnalallinining.g.g. ThThThe
nhibition of DPP-4 enzymatic activity blocked the osteogenic changes in VICs in vvvititi roroo aaandndnd 
educed the aortic valve calcification in vivo in a mouse model. Sitagliptin administration in a 
abbit CAVD model led to significant improvements in the rate of change in aortic valve area,
ransaortic pepp ak velocity, and maximal and mean pppressure gradients over 12 weeks. 
mmumumunononohihhisttstococochehh mimistry staining confirmed the theeraapeutic effect of Sittaagliptin in terms of 
eduduuccic ng the caaalllciuuumm m dededepopoposis tststs iiinnn thththe ee raabbbbit aorrrtitic vavalveee cucucuspspsps.s.s In n rararabbbbittss recececeivivivinining g g Sitagagaglililiptptp ininin, the

plaasa mma IGF-1 leveels wweere e siiiggng ificannnttlt yy iincreasesed, inn llinine withthth DPPPP-4 inhnhibbbititition. 
Concncnclusions DPDPD PP-44--depenenendent IGGGF-1-1 inhibbbittionn innn VVVICICICs ccoontrribbutess tto aaoa rtic valalalveve 
calcififificicicatata ioioonnn,, sususugggeestingng thattt DPDPDPPPP-4-4-4 couououldldld seseservrvrvee aas a pppotototenenentititialala tttheeerararapep ututic tttararargegegettt ttto oo inhihibit tt CAAVVD
progression.  

 by guest on February 8, 2017
http://circ.ahajournals.org/

D
ow

nloaded from
 

http://circ.ahajournals.org/


10.1161/CIRCULATIONAHA.116.024270

3 

Clinical Perspective

What is new?

Reciprocal interactions between valvular endothelial cells and interstitial cells (VICs)

are critical for development of calcific aortic valve disease (CAVD), but its molecular

mechanisms remain elusive.

We revealed previously unidentified roles of dipeptidyl pedtidase-4 (DPP-4) and insulin-

like growth factor-1 (IGF-1) as key proteins of valvular calcification process and crucial

targets for protecting CAVD development.

Endothelial dysfunction increased the DPP-4 expression and promoter binding in aortic

VICs with increased degradation of IGF-1 resulting in osteogenic differentiation of

VICs.

Treatment with a DPP-4 inhibitor was protective against the progression of aortic valve

calcification in animal models of CAVD.

What are the clinical implications?

We elucidated the mechanisms underlying the deleterious effects of endothelium-

dependent activation of DPP-4 activity in inducing IGF-1 deficiency, leading to

valvular calcification and development of CAVD.

The DPP-4–IGF-1 axis is a promising therapeutic target considering favorable

evidences supporting potential role of DPP-4 inhibitors in animal experiments and

their availability in the current clinical practice.

For successful drug repositioning of DPP-4 inhibitors, further studies are necessary to

determine optimal dose and timing of medical intervention to prevent CAVD

progression.

Treatment with a DPP-4 inhibitor was protective against the progression ofoff aaororortititiccc vavavallvl e

calcification in animal models of CAVD.

WWWhahahatt arararee e thee clc inical implications?

We eluuccidaateteed d d ththee e mmemechchchanaa ismms undddeerlyyiing g g thththee dededelelel teterirr ouoouss efeffectctcts s s ofofof eeendndndothehehelililiumumum-

depepependdeentt aactivvattit on of DPPPP-4 acttivvityy in ininindududucicicingnng IGFGF-1 ddeefiiciiency, leaeae ddinng to

vavavalvlvlvularar calalcificaaatititiononon aaandndnd dddevevevelele opopopmmem nnt of ff CACACAVDVDVD...

Th DPP 4 IGF 1 i i i i th ti t t id i f bl
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Introduction

Calcific aortic valve disease (CAVD) is characterized by valvular calcification, followed by 

aortic stenosis and subsequent heart failure.1, 2 CAVD progression is accompanied by highly 

regulated biological changes, including fibrous thickening and osteogenic changes in the aortic 

valve,3-6 wherein inflammation is the initiating event.3, 4, 7 Although CAVD shares similar 

pathological features with atherosclerosis in terms of lipid deposition and inflammation,7

previous trials with cholesterol-lowering statin therapy failed to prevent CAVD progression.8, 9

Recent investigations identified reciprocal interactions between valvular endothelial cells 

(VECs) and valvular interstitial cells (VICs), which are critical for osteogenic changes in aortic 

valve tissues.1, 4, 10, 11 However, the molecular mechanisms or targets for nonsurgical treatments,

to prevent or slow the progression of CAVD, remain elusive.12

Dipeptidyl peptidase-4 (DPP-4, also known as CD26)—a multifunctional enzyme—is 

found in the catalytically active soluble form in plasma and on the surface of most cell types.13, 14

DPP-4 cleaves the N-terminal dipeptides, i.e., proline or alanine residues, from its substrates.

Because most DPP-4 substrates are incretin hormones, DPP-4 has become a major target for the 

treatment of type 2 diabetes mellitus; accordingly, the prescription of DPP4-inhibitors, a new 

class of oral hypoglycemics, has markedly increased over the past few years.15, 16 Nevertheless, 

DPP-4 has a wide range of biologic functions, and can bind with numerous peptides that serve as 

potential substrates for DPP-4. The non-glycemic actions of DPP-4 and its inhibitor, particularly 

in cardiovascular disease involving the myocardium or heart valves, have not been fully 

characterized, and further studies are required.  

In the present study, we assessed whether DPP-4 can serve as a molecular therapeutic 

target for aortic valve calcification. DPP-4 increases valvular calcification and promotes CAVD 

valve tissues.1, 4, 10, 11 However, the molecular mechanisms or targets for nonsurgiicacaalll trtrreaeaeatmtmtmenenenttst ,

o prevent or slow the progression of CAVD, remain elusive.12

Dipep ptidyl peptidase-4 (DPP-4, also known as CD26)—a multifunctional enzyme—is 

founnddd in the caaatatatalyyytitt caaallllly y y acaca tiiveveve sssolololubuu lee form ininin plalasmaaa aaandndnd ooon ththhe aa susurffaca e ofofof mmmososost tt celllll tttypypypeseses.13, 14

DPPPP---4 cleavesss thththee NN-teterminnnaala  dipeppptiddes, i.e., pprolilineee ooorrr allalannine reresiduuees, frfrfrom its suubsbstrates..

Because most DPP-4 substrates are incretin hhormones, DPP-4 hah s become a major target for theh  
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progression by limiting autocrine insulin-like growth factor-1 (IGF-1) signaling via the enzymatic 

degradation of IGF-1 in human VICs and inducing the subsequent osteogenic transdifferentiation 

of these cells to calcifying cells. In particular, we aimed to demonstrate that the DPP-4–IGF-1 

axis is an important mechanism to explain the reciprocal interactions between VECs and VICs,

which play a critical role in valve homeostasis, and that this axis can be an effective therapeutic 

target for the prevention of CAVD progression.

Methods

Human Subjects

Human aortic valve tissues were obtained from patients with CAVD who underwent aortic valve 

replacement (n=10) and from extracted recipient hearts for use as non-CAVD controls (n=8) 

(Supplementary Table 1). Half of each sample specimen was used to prepare VECs and VICs, or 

was immediately stored in RNAlater (Life Technologies), whereas the other half was fixed in 

OCT compound (Sakura Finetek). The Institutional Review Board (IRB) of Asan Medical Center 

(Seoul, Korea) approved the study protocol for the collection of human samples (reference No.

2013-0442) and all patients provided written informed consent. 

Animal Experiments

Mice 

All animal experiments were performed according to the protocols approved by the Institutional 

Committee for the Use and Care of Laboratory animals. eNOS-/- mice with a C57BL/6 

background were obtained from Jackson Laboratories. Wild-type (WT) and eNOS-/- mice (8 

weeks of age) were randomly assigned and administered saline or Sitagliptin (15 mg/kg/day,

Selleckchem) orally for 12 weeks. Mice were maintained on a 12 h 

Human aortic valve tissues were obtained from patients with CAVD who underweweentntntr aoaoaortrtrticicic vvvalalalvve 

eplacement (n=10) and from extracted recipient hearts for use as non-CAVD controls (n=8) 

Supplementary Table TT 1). Half of each sample specimen was used to prepare VECs and VICs, or 

wass imimimmediatelelelyy y stststorededed iiinn n RNRNNAlAlA atataterere  (LiLife Teccchnhh ololoogieiees)s)s),, whwhwherreaeaasss ththe oto her r r hahahalflflf wwwas fffixixxededed iiinn n

OCCCT T T compoundndnd (SaSakuurra Finenenetek). The IInstitutttioonaall ReReReviviviewew BBoardrd (IRB)B oooff f Asan MMMeddiical Cenenter

Seoul, Korea) approved the study protocol ffor the collection of human samples (reference No.
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anesthesia, the mice were perfused with phosphate-buffered saline (PBS), followed by 4% 

buffered paraformaldehyde. Mice were euthanized, and blood and aortic valve samples were 

collected for analysis. The hearts were dissected, fixed overnight, and paraffin embedded. Serial 

sections (5 m) were cut from the entire aortic valve area.

Rabbits  

Twenty-nine male New Zealand white rabbits (weight, 2.5–3.0 kg) were used in this study. They 

were divided into 3 groups based on the diet and were followed for 12 weeks: 1) rabbits fed 

normal chow (control group, n=5); 2) rabbits fed 0.5% cholesterol-enriched chow (Dytes Inc.) 

plus 25,000 IU/day vitamin D2 (Vit.D2, Santa Cruz Biotechnology) in drinking water 

(Chol+Vit.D2 group, n=9); and 3) rabbits fed high cholesterol diet+vitamin D supplements and 

also administered Sitagliptin orally for 12 weeks (Sitagliptin group, n=15). Rabbits in the

Sitagliptin group were again randomized according to the Sitagliptin dose: 4, 8, or 15 mg/kg/day.

Blood samples were obtained via the marginal vein of the rabbit ear at baseline, and every 3 

weeks thereafter. After 12 weeks, the rabbits were euthanized, and blood and aortic valve tissue 

samples were collected for analysis.

Statistical Analysis 

All quantitative experiments were performed in triplicate (at a minimum). Data are presented as 

means standard deviation. The Osteosense imaging and enzyme-linked immunosorbent assays 

(ELISAs) were performed by individuals blinded to the allocation during outcome assessment. In 

vitro data were normally distributed, with similar variances between the groups. Because of the 

small number of animals in each group and because some of the distributions were not normal in 

the animal study, a nonparametric analysis of variance was used to compare continuous variables 

between the groups. A two-tailed Student’s t-test or nonparametric Kruskal-Wallis, Mann-

Chol+Vit.D2 group, n=9); and 3) rabbits fed high cholesterol diet+vitamin D supppplelelememementntntsss aaandndnd 

also administered Sitagliptin orally for 12 weeks (Sitagliptin group, n=15). Rabbits in the

Sitagliptpp in gggroup were again randomized according gg to the Sitagliptin dose: 4, 8, or 15 mg/kg/day

Bloooooodd d samples ss wewewereere obobo tatatainini ededd vvviaiaia thththe ee mamarginalll vveiinn offf tthehehe rrrabababbiit t eaeaearr at bbaselelelinininee, ananand eveveverereryyy 333

weekekekss thereafttterrer. AfAfteer 12 weweweeks, theheh  raabbbits wewew ree eeuttthahahaniinizedd,, annd blooodd ananand aorticcc valalvve tisssuue 

amples were collected for analysis.
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Whitney, and Wilcoxon’s signed rank tests were used to assess statistical significance. 

Bonferroni correction was performed to adjust for the multiple comparisons. A value of p <0.05 

was considered statistically significant.

The Supplemental Methods section in the online-only Data Supplement provides a

detailed description of the global gene expression analysis; cell culture; osteogenic 

differentiation; alkaline phosphatase, alizarin red (AR), and Von Kossa (VK) staining; calcium 

assay; reporter assays; alkaline phosphatase activity assays; fluorescence reflectance imaging in 

vivo; immunohistochemistry; immunofluorescence staining; quantitative real-time polymerase 

chain reaction; immunoblot assay; ELISAs; determination of DPP-4 activity; and 

echocardiography.

Results

DPP-4 Expression is Upregulated in the Aortic Valves of Patients with CAVD

To determine the key factors for CAVD, we investigated the global gene expression profiles 

involved in human CAVD using Affymetrix Gene Chip microarrays. The genes associated with 

calcification, fibrosis, and inflammation were upregulated in the aortic valve tissue of patients 

with CAVD, as compared to those of age-matched non-CAVD controls (Figure 1A). In particular, 

DPP-4 was significantly up-regulated in CAVD patients (Figures 1A and 1B). High DPP-4 

protein expression was observed in the regions of the CAVD aortic valves with prominent 

calcified lesion formation, as demonstrated by AR and VK staining, and was localized in VICs, 

as indicated by the co-expression of DPP-4 and alpha-smooth muscle actin ( -SMA), a marker 

of activated myofibroblast-like VICs (Figures 1C, 1D, 1E and 1F). In contrast, the DPP-4 

expression in non-CAVD human aortic valve tissue was negligible (Figure 1F). 

echocardiography.

Results

DPPPP--4-  Expressssssion n n is UUUprprpregeggulululatatatededed in ththe Aorrrtit c VValvvveseses ooof f f PPPattieieentntn s s wiwith CCCAVAVAVDDD

To dddeeetermine thththee e kekey fafactorrrs for CAVDD,, we invnvn esstiigaaateteteddd thththee gglobbaal gennee exexexpressionono pproofiles

nvolvedd in huh man CACAVDV  using AAffymetrix Gene CChip microarrays. Thhe genes associai ted wiithh 
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Endothelial Nitric Oxide Deficiency Up-regulates DPP-4 Expression in Aortic Valvular 

Interstitial Cells 

Two types of cells, VECs and VICs, in the human aortic valve contribute to normal aortic valve 

function.17 To define which cell type is involved in the CAVD phenotype, we isolated the VECs 

and VICs from human aortic valve tissues in CAVD patients and non-CAVD controls. Only the 

human valvular interstitial cells (hVICs) expressing alpha-actin 2 (ACTA2) and cardiac beta 

myosin heavy chain 7 (MYH7) in CAVD patients exhibited a marked elevation of the osteogenic 

marker, alkaline phosphatase (ALP) mRNA (Figure 2A), which coincided with an increase in 

both DPP-4 mRNA expression (Figure 2A) and the DPP-4 protein level (Figure 2B). In contrast, 

human valvular endothelial cells (hVECs) expressing platelet endothelial cell adhesion molecule 

(PECAM1) showed minimal differences in the DPP-4 mRNA levels between CAVD patients and 

non-CAVD controls (Figure 2A). The hVECs from CAVD aortic valves expressed lower levels 

of endothelial nitric oxide synthase (eNOS) mRNA (Figure 2A) and protein (Supplementary 

Figure 1), as compared to those in the controls. These results suggest that prominent dysfunction 

in VECs and osteogenic changes in VICs are characteristic features of patients with CAVD.

Given that the administration of N -Nitro-L-arginine methyl ester, an inhibitor of nitric 

oxide (NO) biosynthesis, enhances DPP-4 expression in the aorta18, we reasoned that NO 

depletion would trigger DPP-4 expression. NO supplemented with DETA-NONOate (DETA-

NO) decreased DPP-4 mRNA expression (Figure 2C) and DPP-4 protein expression in a dose-

dependent manner in hVICs (Figure 2D). Moreover, DPP-4 protein secretion was higher in 

hVICs from CAVD patients than in hVICs from non-CAVD controls, and was suppressed by 

DETA-NO supplementation (Figure 2E). 

human valvular endothelial cells (hVECs) expressing platelet endothelial cell adhehesisisiononon mmmolololecececuluu e

PECAM1) showed minimal differences in the DPP-4 mRNA levels between CAVD patients and

non-CAVD controls (Figure 2A). The hVECs from CAVD aortic valves expressed lower levels 

of enenendddothelial nininitricicic oxixixidedede ssynynynthththasasaseee (((eNNOSO ) SS mRRRNAA (Fiigugugureree 2A2A2 )) ananandd prprototein n n (S(S(Supupupplplplemmmenenntatataryryy 

Figuguurrer  1), as cooompmpm aared to thhhooso e in the ccoontrolss.s  Thheese e e rereresusus lltsts ssuggegest thahat pprp ominenenntt dydysfuncttion

n VECs and d osteogenic changes in VICs are chharacteristic features of patients with CACAVD.
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DPP-4 Expression is Directly Regulated by NF- B Activity, and DPP-4 Activation Results 

in the Osteogenic Differentiation of Aortic Valvular Interstitial Cells 

NF- B activity is known to be suppressed by NO, which is derived from endothelial cells.19

Because the DPP4 promoter contains a putative NF- B binding site, we tested whether NF- B

activity directly regulates DPP-4 promoter activity. The elevation of DPP-4 promoter activity 

was reduced by DETA-NO supplementation in hVICs as well as HEK293 cells (Figure 3A and 

Supplementary Figure 2); however, mutating the NF- B binding site in the DPP-4 promoter led 

to a significant inhibition of DPP-4 promoter activity, even in the absence of DETA-NO (Figure 

3A). These results demonstrate that NO depletion leads to the induction of DPP-4 expression via 

the activation of NF- B, suggesting a regulatory link between VECs and VICs. To obtain more 

direct evidence of the regulation of DPP-4 expression by NF- B, we examined the effect of the 

NF- B inhibitor on DPP-4 protein expression in hVICs. We found that the NF- B inhibitor 

significantly reduced DPP-4 expression in hVICs in CAVD patients (Figure 3B).  

The high levels of DPP-4 expression in hVICs from the aortic valves of CAVD cases 

suggest that DPP-4 plays a role in osteogenic transition, particularly in the phenotypic change 

from VICs to calcifying cells.20 Thus, we examined the effects of the DPP-4 inhibitor in hVICs 

from CAVD patients and age-matched non-CAVD controls. Sitagliptin is a highly selective DPP-

4 inhibitor that has been used for the treatment of human type 2 diabetes mellitus.21 Sitagliptin 

treatment significantly attenuated the osteogenic changes in hVICs from CAVD patients in vitro 

(Figure 3C and 3D), which coincided with a decrease in the mRNA expression of osteogenic 

markers including ALP, runt-related transcription factor 2 (RUNX2), Sp7 transcription factor 

(also known as osterix) and bone gamma-carboxyglutamic acid-containing protein (BGLAP; also 

known as osteocalcin) (Figure 3E). Moreover, we confirmed the attenuation of in vitro

he activation of NF- B, suggesting a regulatory link between VECs and VICs. ToToo obobo tataaininin momomorer  

direct evidence of the regulation of DPP-4 expression by NF- B, we examined the effect of the 

NF- BB B inininhihihibibibitototor onon DPP-4 protein expression in hVhVVICs. We founnd d thatt tht e NF- B inhibitor 

ignnniifi icantly reduceced DPDPDPP-444 eeexpressssssioii nn in hVICCs inn CACACAVD papapatienntts (FFigugurerere 3B).  

The e hihihigghg lleeveelss of DDDPPPPPP-4 eeexxpx rereessss ion n n iniin hVIV CsCsCs from m m thhthe aoaoaortic vvallveveves ss of CCCAVAVA DD casess 

h DPP 4 l l i i i i i l l i h h i h
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calcification in DPP-4 knockout mouse VICs (mVICs). When compared to WT mVICs, the ALP 

staining and activity were significantly diminished in DPP-4 knockout mVICs, even after 

osteogenic stimulation (Supplementary Figure 3).

DPP-4 Induces the Osteogenic Transition of Aortic Valvular Interstitial Cells by 

Inactivating Insulin-Like Growth Factor-1 (IGF-1)-Mediated Signaling

We believe that the peptidase activity of DPP-422, 23 might promote osteogenic changes in VICs. 

The addition of DPP-4 and its substrate, insulin-like growth factor-1 (IGF-1), to hVICs induced 

osteogenic differentiation; however, none of the other DPP-4 substrates affected VIC 

calcification (Figure 4A). IGF-1 is known to inhibit osteogenic changes in vascular smooth 

muscle cells by binding to the IGF-1 receptor (IGFR) via extracellular signal-regulated protein 

kinase (ERK) and phosphatidylinositol 3-kinase (PI3K) activation.24-26 The phosphorylation of 

ERK and Akt upon IGF-1 stimulation in hVICs was suppressed by DPP-4 (Figure 4B). A 

truncated form of IGF-1, resulting from DPP-4-mediated proteolytic cleavage, displays reduced 

binding to IGFR23 and fails to activate the autocrine system for IGF-1 production.27 Moreover, 

we found that IGF-1 production was inhibited by DPP-4, but recovered following Sitagliptin 

treatment (Figure 4C and 4D). DPP-4 treatment increased the osteogenic potential of hVICs in 

the presence of IGF-1, and this effect was abrogated by Sitagliptin treatment (Figures 4E and 

4F). 

The IGF-1 mRNA levels in hVICs from CAVD patients were ~2.5-fold lower than those 

from non-CAVD controls (Figure 4G). These findings suggest that DPP-4 limits autocrine IGF-1 

signaling via the enzymatic degradation of IGF-1, thus leading to VIC calcification. Therefore, 

we hypothesized that IGF-1 levels could be associated with CAVD progression, and analyzed the 

tissue levels of IGF-1 in CAVD patients. The expression of IGF-1 protein in the aortic valve 

muscle cells by binding to the IGF-1 receptor (IGFR) via extracellular signal-regululatatatededed ppprorooteteteininin 

kinase (ERK) and phosphatidylinositol 3-kinase (PI3K) activation.24-26 The phosphorylation of 

ERK and Akt upon IGF-1 stimulation in hVICs was suppressed by DPP-4 (Figure 4B). A 

runncacacated formmm ooof IGIGIGFFF-1- ,,, rerer suuultltltinining g g frfrf omm DPP-444--mmeddiatttededed ppprororotet ololytytyticic cleleavagagageee,, didid spspsplaysysys rrredededucucuced

bindnddinini g to IGFRFRFR233 aandd fails tototo activate thhe autoooccrinnee sysysystststememe fffoor IGFG -1 pprooodudud ction.2272 MMooreoveer,, 

we found that IGFF-1 production was inhiibited byb DDPP-4, but recovered following Sitagliptin 

 by guest on February 8, 2017
http://circ.ahajournals.org/

D
ow

nloaded from
 

http://circ.ahajournals.org/


10.1161/CIRCULATIONAHA.116.024270

11

(Figure 4H) was lower than those in non-CAVD controls, indicating a negative association 

between IGF-1 levels and CAVD.  

Sitagliptin, a DPP-4 Inhibitor, Reduced Calcified Lesion Formation in eNOS-/- Mice by 

Restoring IGF-1 Signaling 

Endothelial nitric oxide synthase-deficient (eNOS-/-) mice are used as an animal model of aortic 

valve calcification.3, 28 DPP-4 was found to be up-regulated in the calcified regions of the aortic 

valve leaflets of eNOS-/- mice, as demonstrated by VK-positive staining (Figure 5A). The DPP-4

mRNA expression in the aortic valve (Figure 5B) and circulating DPP-4 protein levels (Figure 

5C) were higher in eNOS-/- mice than in WT mice. Thereafter, we evaluated the efficacy of DPP-

4 inhibitors for treating aortic valve calcification in eNOS-/- mice. Fluorescence reflectance 

imaging, with a bisphosphonate-conjugated molecular imaging agent, showed that eNOS-/- mice 

had much higher levels of calcification of the aortic root and valve than WT mice (Figures 5D, 

5E and 5F). The oral administration of Sitagliptin decreased in vivo calcification (Figure 5D) as 

well as VK-stained regions and calcium deposition in the aortic valves of eNOS-/- mice, as 

compared to those receiving vehicle treatment (Figure 5E and 5F). 

Moreover, Sitagliptin treatment significantly inhibited osteogenic changes in eNOS-/-

mouse VICs (mVICs) in vitro (Figures 6A and 6B) and decreased the mRNA expression of ALP,

RUNX2, Sp7 and BGLAP (Figure 6C), similar to that noted in hVICs. IGF-1 treatment attenuated 

the osteogenic changes in eNOS-/- mVICs, which was diminished by DPP-4 treatment (Figures 

6D and 6E). Sitagliptin treatment significantly inhibited DPP-4-mediated osteogenic 

differentiation (Figures 6D and 6E). Moreover, the plasma IGF-1 levels in eNOS-/- mice were ~3-

fold lower than those in WT mice, but increased following Sitagliptin treatment (Figure 6F). 

4 inhibitors for treating aortic valve calcification in eNOS-/-SS mice. Fluorescence reeflflececectatatancnncee e

maging, with a bisphosphonate-conjugated molecular imaging agent, showed that eNOS-/-SS mice 

had much higher levels of calcification of the aortic root and valve than WT mice (Figures 5D, 

5E aannnd 5F). Thhhee e orararal adadadmimimininn ststtrararatititiononon of f SSitagliptptp in ddecrerereasasasededed ini vviivivooo cac lclcificccatatatioioion n n (((FiF guuureree 5D5D5D))) as

welllll aas VK-staaaininnedd reggiions aaandn  calciumm deposssittion n innn ttthehehe aaorrttic vavalvess oof eNeNeNOS-/-SS mimm cce, as 

compared to those receiving vehiclle treatment ((Fiigure 5E and 55F). 
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Calcific Aortic Valve Stenosis can be Prevented by DPP-4 Inhibition with Sitagliptin in a

Rabbit Model of CAVD

We induced aortic valve stenosis and significant calcium deposition through a combination diet 

with high cholesterol and vitamin D (vit.D2) supplements in rabbits, as described previously.29, 30

The rabbits were divided into 3 groups based on the diet and were followed for 12 weeks: 1) the 

control group (fed a normal diet); 2) the cholesterol-vit.D2 group, and 3) the Sitagliptin group 

(treated with 15 mg/kg/day of Sitagliptin, with a cholesterol-vit.D2 diet). Supplementary Table 2

summarizes the clinical and echocardiographic characteristics over the study period in all 3

groups. There was no significant difference in animal weight among the 3 groups at the time of 

sacrifice. The baseline echocardiographic measurements were also comparable in all 3 groups 

(Supplementary Table 2).  

Although aortic valve cusps were thickened and became hyperechogenic after 12 weeks 

in the cholesterol-vit.D2 group, the administration of Sitagliptin markedly reversed cusp

morphology similar to that observed in the control group (Figure 7A). Moreover, the aortic valve 

area (AVA), measured using the standard continuity equation, remained unchanged in the 

Sitagliptin group, but significantly decreased in the cholesterol-vit.D2 group (Figure 7B). 

Continuous-wave Doppler assessment of aortic valve function indicated that the cholesterol-

vit.D2 group had much higher levels of transaortic maximal velocity at the time of 12 weeks 

(Figure 7C and 7D). The mean transaortic pressure gradients were also significantly increased in 

the cholesterol-vit.D2 group (Figure 7E). However, when Sitagliptin was orally administered, no 

change in the Doppler parameters was noted (Figure 7C, 7D and 7E), indicating the therapeutic 

effect of DPP-4 inhibition via the attenuation of cholesterol-vit.D2 diet-induced aortic valve 

stenosis in a rabbit model. These results support our hypothesis that the inhibition of DPP-4 can 

acrifice. The baseline echocardiographic measurements were also comparable inn aallllll 333 grgrgrouououpspsps 

Supplementary Table 2).  

Although aortic valve cusps were thickened and became hyperechogenic after 12 weeks 

n thehee cholestererroool-viviv t.D2D2D2 gggroroupupup,,, ththhee e admim nistraaatitiionn oof SSSitititagagaglililiptptp inn mmmararkekedld y rererevevev rsrsrsededed cuuuspspp

morprprphology siimimm laarr too tthat obobobserved inn tthe contntn roll grgrouououppp (F(F( igiiguure 77A). MMorororeeoe ver, ththhee aaoortic vallve

area (AVAV ), measuredd using the standard dd continuiity equation, remained unchah nged in the 
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resolve aortic valve calcification and significant aortic stenosis in vivo.

The therapeutic effects were observed in a dose-dependent manner, and were generally 

greater for rabbits receiving a higher dose (8 or 15 mg/kg) of Sitagliptin than for rabbits

receiving a relatively lower dose (4 mg/kg) (Supplementary Figure 4). Despite treatment with

high-dose Sitagliptin, the rabbits did not show any evidence of hypoglycemia (Supplementary 

Figure 5). Although the blood glucose levels were significantly higher in the cholesterol-vit.D2 

group, as compared to the control group, the levels were decreased in the Sitagliptin group and 

remained within the normal range for rabbits at 3 weeks (Supplementary Figure 5A) and at 12 

weeks (Supplementary Figure 5B) 

Hematoxylin-eosin (H-E) staining demonstrated the marked thickening of the aortic 

valve cusps, related to increased cellularity (Masson trichrome [MT] stain), in the cholesterol-

vit.D2 group, as compared to the control group (Supplementary Figure 6, Figure 8A and 8B). In 

contrast, the cusps from the Sitagliptin group were relatively thin, and calcium deposits (AR 

stain) were localized to a much lesser extent than in the cholesterol-vit.D2 group (Supplementary 

Figure 6, Figure 8A and 8B). A greater number of macrophages infiltrated the aortic side of the 

cusp in the cholesterol-vit.D2 group, whereas only a few macrophages were detected in the aortic 

cusps of rabbits treated with Sitagliptin (Supplementary Figure 6, Figure 8A and 8B). The 

plasma DPP-4 activity in the cholesterol-vit.D2 group showed a marked elevation, as compared 

to that in the control group at 6 and 12 weeks (Figure 8C, Supplementary Figure 7A and 8), 

which was associated with lower plasma IGF-1 level (Figure 8D and Supplementary Figure 7B). 

However, the rabbits treated with Sitagliptin displayed high plasma IGF-1 levels (Figure 8D and 

Supplementary Figure 7B) and significantly suppressed DPP-4 activities over a 12-week period 

(Figure 8C, Supplementary Figure 7A and 8). This result supports our hypothesis that low 

Hematoxylin-eosin (H-E) staining demonstrated the marked thickening ofof thththee e aoaoaortrtrticicic  

valve cusps, related to increased cellularity (Masson trichrome [MT] stain), in the cholesterol-

vit.D2 group, as compared to the control group (Supplementary d Figure 6, Figure 8A and 8B). In 

contntrararast, the cuuussps sss frff omomom ttthehehe SSSitititagagaglililiptptp inn ggroup wwweree relaaatititivevevelylyly thihinnn, anand cac lciuiuium m m dededepopp siiitsts (((ARARAR 

taiiin)n)n) were loccacalill zezed toto a mmmuucu h lesser eexxtent thhhaan inn ththhe ee chchchollolessterrol-vitt.D2D22 gggroup ((SuSuS pppplemenntaary

Figure 6,6 Figure 8A8A andd 8B). A greater numbber of f macrophages infif ltrated the aortic sidide of theh  
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plasma IGF-1 levels are associated with CAVD progression, and that Sitagliptin treatment 

significantly increased plasma IGF-1 levels, which subsequently diminished the osteogenic 

changes in the aortic valve leaflets and prevented CAVD progression in vivo.

Discussion 

In the present study, we observed a novel mechanism wherein endothelial cell dysfunction,

resulting in significantly low NO levels, increased the DPP-4 expression via NF-kB signaling 

and promoter binding in aortic VICs. Furthermore, we found that IGF-1 is a potential substrate 

for DPP-4 that mediates calcification, and showed that treatment with a DPP-4 inhibitor is 

protective against the progression of aortic valve calcification in animal models. Thus, these 

findings reveal potential new mechanisms of aortic valve calcification, which suggest DPP-4 and 

IGF-1 as mediators of osteogenic transformation in VICs.  

Recently, the non-glycemic effect of DPP-4 has been reported to be beneficial in a broad 

spectrum of cardiovascular diseases. Genetic deletion or pharmacological inhibition of DPP-4 

protects against myocardial infarction31, ischemia/reperfusion injury32, and cardiac hypertrophy33

in animal models. DPP-4 inhibitors have also been found to improve endothelial dysfunction34

and attenuate inflammation and subsequent plaque development in the vascular systems of 

human patients35, thus leading to therapeutic benefits in cardiovascular disease. However, the 

issue of the potential association with heart failure is unclear. In a recent, large randomized 

study,36 no difference was observed in the risk of hospitalization for heart failure. Moreover, a 

retrospective, large cohort study37 also found no evidence of an increased risk of hospitalization 

for heart failure with DPP-4 inhibitors, among both patients with and without cardiovascular 

disease history at baseline. These reports support previous observations of the potential 

protective against the progression of aortic valve calcification in animal models. TThuhuhuss,, thththesesese e e

findings reveal potential new mechanisms of aortic valve calcification, which suggest DPP-4 and

GF-1 as mediators of osteogenic transformation in VICs.  

Recentntntllly, thththe nononon-n-n glgg ycycycemememicicic efffece t of DDDPPPP-44 hasasas bbbeeeeeen nn reeppoportrtr eded tto beee bbbenenenefefeficiaaall ininin aaa brbrbroao d

peccctrtrt um of caaardrdrdioovvasscular dddiseases. GGeenetic dddeelettiion n n ororor pphaharmmaccoologicical iinnhn ibitiooonn ofof DPP-44 

protects agaiinst myocardial infarction3131, ischhemia/r/ eperfusion iinjury3232, and cardiai c hypertrophhy3333
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beneficial effects of DPP-4 inhibition on heart failure.38, 39 To our knowledge, this is the first 

report on the non-glycemic function of DPP-4 as part of the mechanism of valvular heart disease, 

particularly in aortic valve calcification. We suggest that the main mechanisms of CAVD 

development and progression are the DPP-4 overexpression which is triggered by endothelial 

dysfunction, and the increased enzymatic activity which leads to the suppression of IGF-1 

activity.

IGF-1 is an anabolic growth hormone with pleiotropic actions on the cardiovascular 

system.40 IGF-1 signaling regulates contractility, metabolism, hypertrophy, autophagy, 

senescence, and apoptosis in the heart. IGF-1 deficiency is associated with an increased risk of 

cardiovascular disease, whereas the cardiac activation of the IGF-1 receptor protects against the 

detrimental effects of a high fat diet and myocardial infarction.41 Moreover, IGF-1 was found to 

protect against endothelial dysfunction, atherosclerotic plaque development, and metabolic 

syndrome, thus indicating that IGF-1 can serve as a vascular protective factor.42 The protective 

effect of IGF1 on the proliferation and osteoblastic differentiation of calcifying vascular smooth 

muscle cells has already been reported.43,44 Along with the coincidental vascular calcification 

with bone loss or osteoporosis, regulatory mechanisms of IGF1 on vascular smooth muscle cell 

phenotypic transformation to osteogenic-like cells were considered to have potential clinical 

implication for osteoporosis therapy.44 However, its potential implication for regulation of 

osteogenic differentiation of VICs has yet to be reported. In the present study, we sought to 

identify the other important roles of IGF-1 signaling in the onset and progression of CAVD. In 

particular, we determined the critical role of IGF-1 signaling in the downstream mechanism after 

DPP-4 activation in CAVD through mechanistic studies on cultured human VICs. The addition of 

DPP-4 and IGF-1, as its substrate, to human VICs induced osteogenic differentiation; however, 

cardiovascular disease, whereas the cardiac activation of the IGF-1 receptor protecectststs agagagaiaiainsnsnst t t thththe

detrimental effects of a high fat diet and myocardial infarction.41 Moreover, IGF-1 was found to 

protect aggainst endothelial dysfunction, atherosclerotic plaque development, and metabolic 

yndndndrrrome, thususs iindddicii atata inining g g thtt atatat IGIGIGFFF-1- cacan n serve e e as aa vasasascucuculalaarr r prprototteccctitivee factototor.r.r.42422 ThThT e prprp otototecece tititivevv

effeeectctct of IGF1 ooon thhe pprrolifefeferrar tion and oosteoblllaastic diiifffffferererenentiitiaationn of calalciiifyyfying vascscs ullaar smoototh 

muscle cells has alrl eadyd  been reported.43433,44 AAlong with the coincided ntal vascular calcififici ation 
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none of the other DPP-4 substrates affected VIC calcification. We found that IGF-1 production 

was inhibited by DPP-4, which recovered following the administration of a specific DPP-4 

inhibitor, Sitagliptin. Furthermore, the administration of the DPP-4 inhibitor reduced the 

osteogenic changes in hVICs and mVICs by re-establishing the activity of IGF-1 (Supplementary 

Figure 9) and direct inhibition of IGF1 signaling using IGF-1 receptor antagonist resulted in 

enhancement of in vitro calcification of hVICs and increased aortic valve calcification in eNOS-/-

mice (Supplementary Figure 10). These observations suggest direct relationship between DPP-4 

and IGF-1, thereby adding support to the notion that DPP-4 and IGF-1 are key proteins 

regulating valvular calcification. Considering the current lack of medical therapy for CAVD, 

these findings have potential clinical implications suggesting a novel target of CAVD with a new 

molecular mechanism. As IGF-1 also protects against fibrosis41,45 an earlier pathologic process in 

CAVD progression46, targeting the IGF-1 pathway to protect both fibrosis and calcification 

provides a theoretical advantage to prevent CAVD development and progression, as compared to 

targeting other pathways that affect calcification alone.47, 48 

The most interesting finding in the present study is a regulatory link between VECs and 

VICs that plays a critical role in the osteogenic transformation of VICs and CAVD progression

(Supplementary Figure 8). The functional relationship between VECs and VICs in the aortic 

valve is intrinsic to the maintenance of aortic valve tissue homeostasis and the prevention of 

calcification.49, 50 In the present study, we found that NO depletion in human VECs leads to the 

induction of DPP-4 expression via NF-kB activation in human VICs. Moreover, we noted that 

the alteration of DPP4 activity induces the suppression of IGF-1 signaling, which leads to the 

transdifferentiation of VICs to osteogenic cells. These results suggest that the interaction 

between VECs and VICs is important in regulating DPP-4 activity and IGF-1 signaling as novel 

hese findings have potential clinical implications suggesting a novel target of CAVAVVD D D wiwiwiththth aaa nnneewe

molecular mechanism. As IGF-1 also protects against fibrosis41,45 an earlier pathologic process in

CAVD proggression46, targeting the IGF-1 pathway to protect both fibrosis and calcification 

provvididides a theorororeticicical aadvdvdvanana taaagegege tttooo prpp evvent CAAAVDVD devvvelelelopopopmemementnt aaandndn  prorogresesssisisiononon, asa  comomompapap rerereddd tod

argggeteteting other r r ppap ththwaayys thaaatt t affect callcificationono aaloonenene...444777,, 444888 

The most interesting finding in the present study is a regulal tory link between VEV Cs and 
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mediators of osteogenic transformation of VICs (Supplementary Figure 11). Our findings 

support the hypothesis that endothelial dysfunction contributes to CAVD by initiating the 

calcification of the neighboring VICs in a paracrine manner.51

In summary, we found that DPP-4 was a potential player in aortic valve calcification,

and showed that DPP-4 could serve as a novel molecular therapeutic target for treating CAVD. 

Given that there is no effective treatment option other than invasive valve replacement 

procedures in patients with advanced CAVD, successful repositioning of DPP-4 inhibitors to halt 

CAVD progression is expected to result in a revolutionary paradigm shift in the management of 

patients with CAVD.  

Limitations

We assessed the levels of DPP-4 or IGF-1 in cultured VICs from patients with CAVD and also in 

animal models of aortic valve calcification. However, in the present study, it was not possible to 

fully evaluate whether the plasma levels of DPP-4 and IGF-1 were useful biomarkers for CAVD. 

In particular, such a finding cannot be made through a single observation in a small cohort of 

aortic stenosis patients. Thus, further proof-of-concept studies and applications in a large 

population are needed to obtain sufficient evidence to support the potential use of DPP-4 and 

IGF-1 as biomarkers in CAVD. However, the absence of these supporting data would not 

diminish the importance of the DPP-4–IGF-1 axis in the pathogenesis of CAVD, as we believe 

that the local alterations of DPP-4 activity and IGF-1 signaling in aortic valve tissue, rather than 

the systemic changes in the plasma, would be more important in the pathophysiological 

processes leading to CAVD in humans.  

Although our in vivo observations in mice and rabbits were consistent with in vitro data

using VICs from CAVD patients, the clinical efficacy of DPP-4 inhibitors needs to be further 

Limitations

We assessed the levels of DPP-4 or IGF-1 in cultured VICs from patients with CAVD and also in

animal models of aortic valve calcification. However, in the present study, it was not possible to 

fullly y y evaluate wwwheeethththerrr tthehehe pplaaasmsmsma a a lelelevelsls of DPPPPP-44 aandd IIIGFGFGF-1-1-1 wewererere uuseefuful biiiomomomarararkekk rs fofoorrr CACACAVDVV .

n ppparara ticular, ssucucuchh aa fiinding g g ccac nnot be mam de thrhrh ouuggh aaa sssinininglglee oobseerrvatioion ininin a smallll  cohohort off 

aortic stenosis patiients. Thus, furtheh r proof-of-concept studies andd appliications in a large 
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tested. There may be some differences in the distribution of various DPP-4 inhibitors in organs 

and tissues. Hence, it is crucial to define an adequate dose of a specific DPP-4 inhibitor, in 

compliance with its tissue distribution, that is most effective for attenuating the non-glycemic 

function of DPP-4 to halt CAVD progression. Furthermore, the potential impact of our novel 

pathway on other possible calcification mechanisms, including circulating progenitors52,

endothelial-to-mesenchymal transition53, and non-osteogenic calcification,54 needs to be 

evaluated.

Thus, our results show that DPP-4-dependent IGF-1 inhibition in VICs contributes to the 

osteogenic differentiation of valve cells, and leads to aortic valve calcification. We believe that 

this may be a novel mechanism underlying CAVD, and suggest that DPP-4 could serve as a 

potential therapeutic target to halt CAVD progression.
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Figure Legends

Figure 1. Upregulation of Dipeptidyl Peptidase-4 (DPP-4) Expression in Human Aortic 

Valve Tissue from a Calcific Aortic Valve Disease (CAVD) Patient  

(A) Gene expression profiles of calcification, fibrosis, and inflammation in aortic valve tissue. 

Upregulated and downregulated transcripts are shown in red and green, respectively. The 

columns correspond to aortic valve samples without (non-CAVD #1–3) and with (CAVD #1–3) 

CAVD. The heat map is scaled at the row level to compare expression profiles between samples 

for a given probe set.  

(B) mRNA level of human DPP-4 (hDPP-4) was validated by performing qRT-PCR in aortic 

valves from non-CAVD (n=8) and CAVD samples (n=10). The expression values of the samples 

are shown relative to that of the GAPDH reference gene. Values represent fold changes of the 

mean value measured in the non-CAVD controls.  

(C) Aortic valves from non-CAVD and CAVD patients were stained with alizarin red (AR), Von 

Kossa (VK), 4 ,6-diamidino-2-phenylindole (DAPI), hDPP-4, and alpha-smooth muscle actin ( -

SMA) staining. Merged images (DAPI, hDPP-4, and -SMA) are shown. Nuclei were stained 

with DAPI (blue). Scale bar, 100 m. (D) The bar graph presents the AR-positive area and (E) 

VK-positive area measured in each aortic valve from non-CAVD (n=8) and CAVD samples 

(n=10). (F) The DPP-4 expression level in the aortic valve is represented as a percentage of 

immunoreactive cells in the aortic valves of non-CAVD (n=8) and CAVD samples (n=10). Error 

bars represent the standard deviation. p values were obtained using Student’s t tests.

B) mRNA level of human DPP-4 (hDPPhh -4) was validated by performing qRT-PCCR R R iin nn aoaoa rtrtrticicic 

valves from non-CAVD (n=8) and CAVD samples (n=10). The expression values of the samples 

are shown relative to that of the GAPDH reference gene. Values represent fold changes of the 

meanann value meaeaeasuuurerr d ininn ttthehehe nononon-n-n CACACAVDD contrololols.  

C) ) AAoA rtic valveveves frfromm non--CCAC VD andd CCAVDDD ppattienentststs wwweere sstainened wwitth aallil zarin rerer d (A(AR), VoVon 

Kossa (VK), 4 ,6-diamidi ino-2-phenylinddole (DAPI), hDPP-4, and alpha-smooth musclle actin (( --
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Figure 2. Induction of DPP-4 Expression in Aortic Valve Cells via Nitric Oxide Deprivation

(A) qRT-PCR analysis of PECAM1, ACTA2 ( -SMA), MYH7, ALP, DPP-4, and eNOS from 

hVECs and hVICs in non-CAVD controls (n=8) and CAVD patients (n=10). Values represent 

fold changes of the mean value measured in the non-CAVD hVEC group.  

(B) The levels of hDPP-4 protein in conditioned media (CM) were measured in hVECs and 

hVICs of non-CAVD and CAVD patients, using ELISA.  

(C) hDPP-4 mRNA levels in hVICs treated with DETA-NO, as determined by qRT-PCR. Values 

represent the fold changes of the mean value measured in the vehicle. 

(D) Immunoblot analysis of hDPP-4 and -actin from hVICs treated with DETA-NO for 48 h. 

Quantification of the hDPP-4 density relative to -actin. Values represent fold changes of the 

mean value measured for vehicle treatment. 

(E) hDPP-4 protein levels in CM from non-CAVD and CAVD patients. hVICs treated with 

DETA-NO were assessed using ELISA. Data represent the mean standard deviation. p values 

were obtained using Student’s t tests.

Figure 3. DPP-4 Upregulation via Nitric Oxide Deprivation-Dependent NF- Activation

Results in Osteogenic Transdifferentiation of Aortic Valve Interstitial Cells 

(A) Schematic of the putative NF- -4 promoter. The underlined letters 

indicate mutations (MT) in the NF-  hDPP-4 promoter activity was measured in 

VICs after transfection with either the luciferase constructs of the wild-type (WT) or MT hDPP-

4 promoters followed by treatment with DETA-NO. 

(B) hDPP-4 levels in CM from non-CAVD and CAVD patients. hVICs treated with an NF- B

transcriptional activation inhibitor were measured using ELISA. 

Quantification of the hDPP-4 density relative to -actin. Values represent fold chanangegg ss ofofof ttthehehe 

mean value measured for vehicle treatment.

E) hDPPPPP -4-4-4 ppproteinin levels in CM from non-CAVDDD and CAVD patientss. hVICs treated with 

DEETATATA-NO were aasssesssssededed uusisisingngng EEELILILISASAS . Data rreepreresentntnt ttthhe mmmeaeae nn stsstaandadarddd dddeveveviaiaiatititionoo . ppp vavav luluueseses 

wereee ooobtained d d uuusinngg SStuudennnt’t’t’sss t testtts.s.s
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(C) AR staining of non-CAVD and CAVD patient hVICs in the presence or absence of Sitagliptin 

(100 M) after 4 weeks of osteogenic stimulation. The bar graph presents the AR-positive area 

measured in each culture dish.  

(D) The calcium concentration in the cells from Figure 3C was measured, as described in the 

Supplemental Methods section in the online-only Data Supplement.  

(E) qRT-PCR analysis of ALP, RUNX2, Sp7 and BGLAP mRNA from hVICs of non-CAVD and 

CAVD patients, followed by treatment with Sitagliptin. Data represent the mean standard 

deviation. p values were obtained using Student’s t tests.

Figure 4. DPP-4 Inactivates IGF-1-Mediated Signaling to Induce Osteogenesis in Human 

Valvular Interstitial Cells (hVICs) in vitro  

(A) Alkaline phosphatase (ALP) activity was determined in hVICS of non-CAVD and CAVD 

patients after treatment with substrates alone or with substrates pretreated with DPP-4 after 1 

week of osteogenic stimulation. White bars: vehicle, Black bars: DPP-4 treatment. Mock, 

Endomorphin-2, gastrin-releasing peptide (GRP), peptide histidine methionine 27 (PHM27), 

glucagon-like peptide-2 (GLP-2), peptide YY, chromogranin A, Substance P, aprotinin, 

bradykinin, neuropeptide-Y (NPY), glucagon-like peptide-1 (GLP-1), or insulin-like growth 

factor-1 (IGF-1) (concentration of all substrates was 200 ng/ml) in the presence or absence of 

DPP-4 (50 ng/ml).  

(B) Immunoblot analysis of pERK, ERK, pAkt, Akt, and -actin expression in hVICs treated 

with IGF-1 (50 ng/ml) or IGF-1+DPP-4 (50 ng/ml each) at the indicated times. Quantification of 

the pERK, ERK, pAkt, and Akt densities relative to -actin. Values represent the fold changes of 

the mean value measured at 0 min.  

Figure 4. DPP-4 Inactivates IGF-1-Mediated Signaling to Induce Osteogenesisis s ininin HHHumumumana  

Valvular Interstitial Cells (hVICs) in vitro  

A) Alkakalilinenene pphosppphah tase (ALP) activity was deteermined in hVICS of non-CAVD and CAVD 

patiiieneents after treatttmem ntnt wwwititi hh sususubsbbstrtrtratatates aalone oorr wwitth sususubsbsb trtrtratatatesee pprereretrtreaeateed wiwiwiththth DDDPPPPP -444 afafafteteterr 111

weekekek of osteogoggeene icic stiimmulatititionoo . Whhhititte bbars: vvevehhicclee, BBBlalalack bbaars: DDPP-4-4 trerereataa ment... MoMoM cck, 

Endomorphin-2, gastrin-releasing peptide (GRP), peptide histidine methionine 27 (PHM27), 
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(C) hIGF-1 mRNA expression, as determined by qRT-PCR, in the hVICs after 24 h treatment 

with IGF-1 (50 ng/ml) alone or with IGF-1+DPP-4 (50 ng/ml each) in the presence or absence of 

Sitagliptin (100 M). Values represent the fold changes of the mean value measured in the 

controls.  

(D) hIGF-1 protein levels in CM from hVICs treated with DPP-4 (50 ng/ml) in the presence or 

absence of Sitagliptin.

(E) Alizarin red (AR)-positive areas were determined after 4 weeks of osteogenic stimulation 

(OM) in the hVICs treated as in (C). Values represent the percentage of AR-positive areas 

compared to the control.  

(F) The calcium concentration in the cells from Figure 4D was determined. 

(G) qRT-PCR analysis of IGF-1 from hVECs and hVICs of non-CAVD and CAVD patients. 

Values represent the fold changes of the mean value measured in the non-CAVD hVEC. Data 

represent the mean standard deviation. p values were obtained using Student’s t tests.

(H) Immunofluorescence staining of IGF-1 in the aortic valves of non-CAVD and CAVD 

patients. Nuclei were stained with DAPI (blue). Merged images (DAPI and IGF-1) are shown. 

Scale bar, 100 m.

Figure 5. Attenuation of in vivo Calcification by DPP-4 Inhibition  

(A) Paraffin-embedded cross sections of the aortic valve from WT and eNOS-/- mice stained with 

Von Kossa (VK) and antibodies against murine DPP-4 (mDPP-4). H-E, hematoxylin and eosin; 

MT, Masson’s trichrome stain. The arrows indicate the calcified lesions. The arrowheads indicate 

the mDPP-4-positive area. Scale bar, 100 m.

(B) mDPP-4 mRNA expression in the aortic valve, as determined by qRT-PCR. Values represent 

F) The calcium concentration in the cells from Figure 4D was determined.

G) qRT-TT PCR analysis of IGF-1 FF from hVECs and hVICs of non-CAVD and CAVD patients.

Values repppresent the fold changes of the mean value measured in the non-CAVD hVEC. Data 

eprprreese ent the mememeann stttananndadadardrd dddeveveviaiaiatititionon. pp valuuess wewere ooobtbtbtaiaiinenened ussusininingg StStudenenent’t’t’ss ttt tetetests..

H) ) ImImImmunoflluououoreesscenncce statataiini ing ofofof IGFGF-1 in n thhe aaortrtrticicic valvevev s off nnon--CACAAVVDV and CACAC VDV  

patients. Nuclei were stained with DAPI (blue). Merged images (DAPI and IGF-1) are shown. 
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the fold changes of the mean value measured in the controls (n=7 per group). 

(C) Comparison of the plasma levels of mDPP-4 in WT and eNOS-/- mice, as determined using 

ELISA (n=7 per group).  

(D) WT and eNOS-/- mice were administered with vehicle or Sitagliptin (15 mg/kg/day) orally for 

12 weeks. Molecular imaging of aortic valve calcification in vivo after the injection of a 

fluorescent agent (Osteosense680) and quantification of fluorescence in WT and eNOS-/- mice 

(n=7 per group). Values represent the fold changes of the mean value measured in vehicle 

treatment. 

(E) Aortic valve cusp sections were stained with VK to detect prominent calcified lesions. The 

arrows indicate the calcified lesions. Scale bar, 100 m. Quantification of the VK-positive areas 

(% of the aortic valve). Values represent the percentage of VK-positive areas compared to the 

vehicle treatment.

(F) Calcium content in the aortic valve cusp was measured (n=7 per group). Data represent the 

mean standard deviation. p values were obtained using Student’s t tests.

Figure 6. Attenuation of in vitro Calcification is Associated with an Increase in the IGF-1 

Level by DPP-4 Inhibition  

(A) Alizarin red (AR) staining of WT and eNOS-/- mVICs in the presence or absence of 

Sitagliptin (100 M) after 4 weeks of osteogenic stimulation (OM). The bar graph presents the 

AR-positive area measured in each culture dish. 

(B) The calcium concentration in the cells from Figure 6A was determined. 

(C) qRT-PCR analysis of ALP, RUNX2, Sp7 and BGLAP from mVICs of WT and eNOS-/- mice,

followed by treatment with Sitagliptin. 

arrows indicate the calcified lesions. Scale bar, 100 m. Quantification of the VKKK-popoposisiititiiveveve aarerereasaa  

% of the aortic valve). Values represent the percentage of VK-positive areas compared to the 

vehicle treatment.

F) CaCaCalcium cooonnntenenent innn tthehehe aaororortititic c c vavavalvl e e cuc sp wwwasa mmeasususurereredd (((ddd nnn=77 ppperere  groroup).).. DaDaDatatata rreprerer sesesentntn tttheheh  

meananan standarddd dddeveviattioon. ppp vvvalues weww rere obtainenen d uusinnng gg StStStuddudeent’ss tt testtss.
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(D) AR-positive areas were determined after 4 weeks of OM in eNOS-/- mVICs treated with IGF-

1 (50 ng/ml) alone, or IGF-1+DPP-4 (50 ng/ml each) in the presence or absence of Sitagliptin 

(100 M). Values represent the percentage of AR-positive areas compared to the control. 

(E) The calcium content in the cells from Figure 6D was measured.

(F) The levels of mIGF-1 in plasma were measured in WT and eNOS-/- mice treated with vehicle 

or Sitagliptin (n=7 per group). Data represent the mean standard deviation. p values were 

obtained using Student’s t tests. 

Figure 7. Effect of Sitagliptin on the Aortic Valve in a CAVD rabbit model, as Determined 

by Echocardiographic Assessment

(A) Representative two-dimensional echocardiographic images of the aortic valve cusp at 12 

weeks after treatment initiation. The aortic valves were imaged in the parasternal short axis 

(upper panels) and long axis (lower panels) views to assess valve morphology. In the control 

group fed a normal diet, the aortic valve shows a thin structure that was barely visible. However, 

in rabbits fed with high cholesterol and vitamin D2 supplements (Chol+Vit.D2), the aortic cusps

had become thickened and hyperechogenic (arrows). Treatment with Sitagliptin (Chol+Vit.D2

+Sitagliptin) could reverse the valve morphology to a similar state as in the control group. 

(B) The aortic valve area (AVA) was measured using the standard continuity equation. 

(C) Continuous-wave Doppler was used to measure the integral of the transvalvular flow to be 

utilized in the continuity equation for AVA calculation, and to record the trans-aortic (D) peak 

velocity (Vmax), and (E) mean pressure gradients. Data represent the mean standard deviation. 

p values were obtained using nonparametric matched data analysis; Wilcoxon’s signed rank test. 

by Echocardiographic Assessment

A) Representative two-dimensional echocardiographic images of the aortic valve cusp at 12 

weeks afafteteerr r trtt eatmene t initiation. The aortic valves wew re imaged in the ppara asternal short axis 

upppppeeer panels) anddd lllonng g g axaxaxiis (((lololowewewer rr papp nenels) viewews tto aaassssesesesssss vavvalvve ee momom rpphoh looogygygy. InInIn ththt e cooontntntrorool l l 

grouuup p p fed a nooormrmrmaal dieett, theee aaaortic vvvalaa veve showwsw  a tthhin n n stststructururu ee thhaat waas barararely visisiibblb ee. Howeevev r,

n rabbits fed with high cholesterol and vitamin D2 supplements (Chol+Vit.D2), the aortic cusps
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Figure 8. Immunohistochemical Staining of Rabbit Aortic Valve Cusps, with Measurements 

of the Plasma DPP-4 Activity and IGF-1 Level

(A) Light microscopy of the cross-sectional tissue of rabbit aortic valve with immuno-

histochemical staining (Scale bar, 100 m). A low-magnification view of these images was 

provided in Figure S5. (B) Longitudinal section of rabbit aortic cusps attached to the aortic root. 

An asterisk indicates the aortic side of the cusp (Scale bar, 200 m). Hematoxylin-eosin (H-E) 

staining demonstrates marked thickening on the aortic side of the cusp in the Chol+Vit.D2 

group. This thickening is associated with an increase in cellularity (Masson trichrome stain: 

MT), macrophage infiltration (RAM-11 immunostain), and calcification (alizarin red stain: AR).

(C) Plasma DPP-4 activity and (D) IGF-1 levels were measured at baseline and at 3, 6, or 12 

weeks. There were at least 5 animals in each group. Data represent the mean standard deviation. 

p values were obtained using nonparametric Mann-Whitney test.

C) Plasma DPP-4 activity and (D) IGF-1 levels were measured at baseline and at t 3,3,3 666, ororo 111222

weeks. There were at least 5 animals in each group. Data represent the mean standard deviation.

p values were obtained using nonparametric Mann-Whitney test.
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SUPPLEMENTAL MATERIAL  

Online-only Data Supplement for the following Circulation article 

 

TITLE: Dipeptidyl Peptidase-4 (DPP-4) Induces Aortic Valve Calcification by Inhibiting 

Insulin-like Growth Factor-1 Signaling in Valvular Interstitial Cells 

 

AUTHORS: Bongkun Choi, PhD; Sahmin Lee, MD, PhD; Sang-Min Kim, MS; Eun-Jin Lee, PhD; 

Sun Ro Lee, BS; Dae-Hee Kim, MD, PhD; Jeong Yoon Jang, MD; Sang-Wook Kang, PhD; Ki-Up 

Lee, MD; Eun-Ju Chang, PhD; Jae-Kwan Song, MD, PhD 

 

 

Supplemental Methods 

Global Gene Expression Analysis  

Expression studies of aortic valve specimens of calcific aortic valve disease (CAVD) human 

patients and non-CAVD human controls were performed using Affymetrix GeneChip®  Human 

Gene 2.0 ST Arrays (Affymetrix). Quantile normalization and analysis of the raw data were 

performed using Affymetrix GCOS software (Affymetrix). The complete data set is available 

with NCBI GEO accession number GSE7728. 

 

Cell Culture  

Human valvular endothelial cells (VECs), human valvular interstitial cells (VICs), and murine 

VICs were prepared from aortic valve leaflets and maintained as previously described
1, 2

. VICs 



2 

 

were isolated from the human or murine aortic valve leaflets by enzyme isolation and were 

grown in Dulbecco’s Modified Eagle’s Medium (DMEM, Thermo Scientific) supplemented with 

10% fetal bovine serum (Thermo Scientific), penicillin (100 U ml
-1

, Life Technologies), and 

streptomycin sulfate (Life Technologies), as previously described
3
. VECs were grown in DMEM 

complete medium supplemented with a EC growth supplement (0.1 mg ml
-1

, BD Biosciences). 

Cells at passage 2 to 10 were used for experiments, and induction of calcification of VICs was 

performed as previously described
4
. Cells were cultured with NO donor DETA-NONOate (Enzo 

Life Sciences), IGF-1 (R&D), DPP-4 (R&D), NF-B activation inhibitor (Calbiochem), NF-κB 

transcriptional activation inhibitor (6-Amino-4-(4-phenoxyphenylethylamino)quinazoline, 

Calbiochem), or Sitagliptin at the indicated concentrations
5
. 

  

Osteogenic Differentiation  

Osteogenic differentiation of primary murine VICs isolated from the aortic valves of WT, eNOS
-/-

, 

and DPP-4
-/- 

mice was induced in osteogenic media (minimum essential medium  (-MEM, 

Thermo Scientific) supplemented with 0.25 mM L-ascorbic acid (Sigma) and 10 mM -

glycerophosphate (Sigma)) for the indicated times.
6
 DPP-4

-/-
mice were obtained from Institut 

National de la Sante st la Recherche Medicale (France). To induce osteogenic differentiation of 

primary human VICs, 0.25 mM L-ascorbic acid, 10 mM -glycerophosphate, and 10 nM 

dexamethasone were added to complete medium (DMEM, Thermo Scientific) as previously 

described.
1
 Osteogenic medium was changed every 3 days.  

 

Alkaline phosphatase (ALP), Alizarin red (AR), and Von Kossa (VK) Staining 
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Osteogenic transdifferentiation and calcification was determined by ALP, AR, and VK staining 

as previously described.
7
 ALP staining was performed using an Alkaline Phosphatase Kit (Sigma) 

according to the manufacturer’s instructions. For AR staining, cells were washed three times 

with PBS, fixed with 4% formaldehyde for 30 min, washed three times with PBS, and exposed to 

2% AR staining (Aqueous, Sigma) for 10 min. For VK staining, cells were incubated with 5% 

silver nitrate (Amresco) solution for 30 min, exposed to bright sunlight for 1 h, washed, and then 

treated with 5% sodium thiosulfate (Sigma).  

 

Calcium Assay 

Calcium concentration was quantified colorimetrically by the o-cresolphthalein method in 0.1 M 

HCL extracts from cultured cells or from aortic valve cusp. Calcium content was normalized 

either to total cellular protein or weight of aortic valve cusp and expressed as microgram calcium 

per milligram weight. 
8
 

 

Reporter Assays  

For reporter assays, hVICs or human embryonic kidney (HEK) 293 cells (ATCC) plated on 6-

well plates were grown to 80% confluency and then transfected with DPP-4 reporter vectors 

containing either wildtype (control) or mutated NF-B binding sites using Lipofectamine 2000 

(Life Technologies). Twenty-four hours post-transfection, firefly and Renilla luciferase activities 

were measured using the Dual-Glo Luciferase Assay System (Promega) according to the 

manufacturer’s instructions. Firefly luciferase activity was normalized using Renilla luciferase 

activity. PCR was used to perform site directed mutagenesis at the NF-B binding site 
9
 using the 

following primers: 5’-CCTGCAAGACAATCGCCAAATTCCCTAGGGAG- 3’ and 5’-
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CTCCCTAGGGAATT TGGC GATTGTCTTGCAGG-3’.  

 

Alkaline Phosphatase (ALP) Activity Assays  

ALP activity was determined as previously described 
7
. After 1 week of osteogenic stimulation, 

ALP activity was determined in hVICs treated with the following substrates, which had been 

incubated either alone or with DPP-4 (50 ng ml
-1

, R&D): Vehicle (Mock), Endomorphin-2 

(R&D), GRP (Gastrin-releasing peptide, R&D), PHM27 (peptide histidine methionine 27, R&D), 

GLP-2 (Glucagon-like peptide-2, R&D), Peptide YY (R&D), Chromogranin A (Sigma), 

Substance P (R&D), Aprotinin (Sigma), Bradykinin (Sigma), NPY (neuropeptide-Y, R&D), 

GLP-1 (Glucagon-like peptide-1, R&D), or IGF-1 (insulin-like growth factor-1, R&D) (each at 

200 ng ml-1). ALP activity was also determined in DPP-4 knockout mouse mVICs after 1 week 

of osteogenic stimulation. 

 

Fluorescence Reflectance Imaging in vivo  

Bisphosphonate-conjugated imaging agent (Osteosense680, VisEn Medical Inc.) was injected 

into tail veins of mice to detect osteogenic activity 
10, 11

. Osteosense680 binds to sites of 

calcification in vivo, particularly to hydroxyapatite, and serves as an imaging agent for the 

detection of osteoblastic activity. Mice were euthanized, and the heart and aorta was dissected 

and imaged with OptixMX3 (ART Advanced Research Technologies Inc.). 

 

Immunohistochemistry  

Serial 5-m paraffin-embedded or frozen cross sections were incubated with anti-DPP-4 

antibody (Abcam) or rabbit anti-macrophage antibody (Dako) and developed using the Dako 
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REAL
TM

 EnVision
TM

 Detection System Peroxidase/DAB+ kit (Dako) according to the 

manufacturer’s instructions. Hematoxylin /eosin (H/E) and masson’s trichrome (MT) stains were 

performed according to manufacturer’s instructions (Sigma). 

 

Immunofluorescence staining 

For immunofluorescence staining, Alexa Fluor 647 or Cy3-conjugated secondary antibodies 

were used after an overnight incubation of the lesions with the primary antibodies: anti-DPP-4, 

anti-alpha-smooth muscle actin (-SMA) (Abcam), anti-eNOS (Abcam), or anti-IGF-1 

(Mybioscience) antibody. 4’,6-diamidino-2-phenylindole (DAPI) was used for counterstaining. 

Nonspecific primary antibodies were used as negative controls. Digital images were acquired 

using a confocal laser-scanning microscope (LSM 710, Carl Zeiss).  

 

RT-PCR and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)  

Total RNA extraction, RT-PCR, and qRT-PCR were performed as previously described.
6
 Briefly, 

total RNA was isolated using a RNeasy Lipid Tissue kit (Qiagen) according to the 

manufacturer’s instructions. cDNA was synthesized using the RevertAid First strand cDNA 

Synthesis kit (Thermo Scientific, EU) and PCR was performed in a BIO-RAD T100
TM

-Thermal 

Cycler. qRT-PCR analysis was conducted in optical 96-well plates using the Power SYBR Green 

1-Step kit and an ABI 7000 Real Time PCR System (Applied Biosystems) according to the 

manufacturer’s instructions. Gene expression was normalized to that of GAPDH, which was used 

as an internal control. 

 

Immunoblot Assays 
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Equal amounts of total protein per sample were subjected to sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and western blot analysis as described 

previously.
12

 Cell lysates were resolved on SDS-PAGE gels and then transferred to 

polyvinylidene difluoride membranes. Proteins were detected using rabbit polyclonal antibodies 

against DPP-4 (Abcam), pERK, ERK, pAkt, Akt (Cell Signaling Technology), and -actin 

(Sigma). Protein bands were visualized using an enhanced chemiluminescence detection system 

(Pierce). 

 

Enzyme-linked immunosorbent assays (ELISAs) 

Plasma concentrations of DPP-4 (R & D) and IGF-1 (R & D) were measured in patients admitted 

to Asan Medical Center (Seoul, Korea) using an ELISA according to the manufacturer’s 

instructions. A total of 141 patients with or without calcified lesion formation were recruited with 

written informed consent. The levels of DPP-4 (R&D), IGF-1 (R&D) in plasma from mice, and 

rabbit IGF-1 (MyBioSource) were also measured using ELISA according to the manufacturer’s 

instructions. Absorbance at 450 nm was measured using a microtiter plate reader (Bio-Rad).  

 

Determination of DPP-4 Activity 

DPP-4 activity in human plasma was determined using a DPP-4 activity assay kit (Calbiochem) 

according to manufacturer’s instructions. 

 

Echocardiography 

Echocardiography of CAVD rabbit model was performed at baseline and every 3 weeks after the 

beginning of treatment. Rabbits were anesthetized with an intramuscular injection of using 
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ketamine (30 mg/kg) and xylazine (6 mg/kg). Aortic valve area and transvalvular gradient were 

measured as described previously.
13

 Both parasternal long axis view and parasternal short axis 

view were used to observe leaflet morphology and opening of aortic valve. Aortic valve area was 

measured by the standard continuity equation. The diameter of the left ventricular outflow tract 

was measured in parasternal long axis view. The stroke volume with pulsed-Doppler proximal to 

the aortic valve was measured in an apical five chamber view as is routinely done in humans. In 

addition, continuous-wave Doppler was obtained to measure the integral of transvalvular flow to 

be used in the continuity equation for aortic valve area calculation, as well as to record maximal 

and mean trans-aortic pressure gradients. 
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Supplemental Tables 

Supplementary Table 1. Characteristics of non-CAVD cardiac transplant recipients 

  non-CAVD cardiac transplant 

recipients (n=8) 

Age, y
*
 49 ± 17 

Male, n
†
 6 (75) 

Heart disease  

  Dilated cardiomyopathy 6 (75) 

  Ischemic cardiomyopathy 1 (12.5) 

  Others (i.e. chronic rejection) 1 (12.5) 

Height, cm 166 ± 9.6 

Weight, kg 63 ± 13.8 

Body surface area, m
2
 1.7 ± 0.2 

Body mass index, kg/m
2
 23.0 ± 4.2 

Left ventricular diastolic dimension, mm 70 ± 8.2 

Left ventricular ejection fraction, % 26 ± 11.3 

Transaortic peak velocity, m/s  1.0 ± 0.3 

Hypertension, n 1 (12.5) 

Diabetes, n  2 (25) 

Dyslipidemia, n 1 (12.5) 

Renal insufficiency, n 1 (12.5) 

Previous stroke, n 2 (25) 

The values are presented as frequencies, percentages, and mean  standard deviation. Values in 

parentheses are percentages. 
*
 year; 

†
number. 
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Supplementary Table 2. Changes in Clinical and Echocardiographic Characteristics Over 

Study Period According to Experimental Rabbit Group 

  Control  

group 

Chol + VitD2 

group 

Sitagliptin 

group 

p value 

Body weight, kg      

Baseline  2.82  0.39 2.90  0.38 2.91 0.32 0.949 

12 weeks 3.34  0.10 3.01  0.42 3.01  0.17 0.051 

Blood glucose, mg/dl     

Baseline  154.8  8.9 154.8  69.7 154.3  9.1 0.990 

12 weeks 153.0  19.6 199.0  10.3 113.7  9.3 0.008 

Posterior wall thickness, mm     

Baseline  2.44  0.29 2.40  0.14 2.52  0.22 0.468 

12 weeks 2.56  0.09 2.77  0.14 2.68  0.16 0.173 

Septum thickness, mm     

Baseline  2.72  0.16 2.54  0.30 2.44  0.27 0.223 

12 weeks 2.62  0.13 2.81  0.10 2.92  0.22 0.047 

LV
 *
 diastolic dimension, mm     

Baseline  11.7  0.51 12.2  1.56 12.0  0.92 0.761 

12 weeks 12.6  0.72 13.4  1.49 12.4  1.35 0.610 

LV mass, g     

Baseline  3.27  0.41 3.28  0.42 3.22  0.41 0.914 

12 weeks 3.62  0.36 4.30  0.55 3.89  0.49 0.131 

Aortic valve area, cm
2
     

Baseline  0.24  0.02 0.25  0.05 0.22  0.02 0.266 

12 weeks 0.25  0.03 0.18  0.04 0.21  0.03 0.037 
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Maximal transaortic velocity, m/s     

Baseline  0.85  0.11 0.89  0.05 0.94  0.13 0.289 

12 weeks 0.94  0.11 1.16  0.07 0.98  0.08 0.020 

Maximal gradient, mmHg     

Baseline  3.04  0.74 3.26  0.23 3.74  0.95 0.363 

12 weeks 3.20  0.60 5.00  0.68 3.44  1.00 0.014 

Mean gradient, mmHg     

Baseline  1.30  0.37 1.38  0.08 1.64  0.45 0.286 

12 weeks 1.46  0.36 2.24  0.32 1.62  0.50 0.035 

Plasma DPP-4
 †
 activity, pmole/min/ml     

Baseline  2.31  0.48 2.62  0.23 2.31  0.54 0.430 

12 weeks 1.78  0.31 3.61  0.33 0.24  0.09 0.008 

Plasma IGF-1
 ‡

, ng/mL     

Baseline 82.3  17.6 76.6  22.2 76.2  19.3 0.852 

12 weeks 48.2  15.2 16.0  4.6 91.0  24.1 0.010 

*
LV, left ventricle; 

†
DPP-4, dipeptidyl peptidase-4; 

‡
IGF-1, insulin-like growth factor-1. All 

statistical analyses were performed using the nonparametric Kruskal-Wallis test. The statistics 

are presented as mean  standard deviation. A value of p0.05 was considered significant. 
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Supplemental Figures 

Supplementary Figure 1. 

 

 

Reduction of eNOS expression and induction of NF-B expression in aortic valve tissue of 

CAVD patient  

Immunofluorescence staining of eNOS (A) and NF-B (B) in aortic valve tissues from non-

CAVD controls and CAVD patients. For immunofluorescence staining, serial 5-m cross 

sections of aortic valve were incubated with anti-eNOS (A) and anti-NF-B (B) antibodies. 

Alexa Fluor 647-conjugated secondary antibody was applied for visualization after an overnight 

incubation of the lesions with the primary antibody. Nuclei were stained with 4’,6-diamidino-2-

phenylindole (DAPI, blue). Digital images were acquired using a confocal laser-scanning 

microscope. Scale bar, 100 m. 
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Supplementary Figure 2. 

 

hDPP-4 promoter activity which was measured in HEK293 cells after transfection with either 

the luciferase constructs of the wild-type (WT) or mutations (MT) hDPP-4 promoters followed 

by treatment with DETA-NO. 
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Supplementary Figure 3. 

 

 

Attenuation of in vitro calcification associated with down-regulation of DPP-4 

Alkaline phosphatase (ALP) activity (upper panel) was determined and ALP staining (lower 

panel) was performed in wild-type and DPP-4 knockout mVICs after 1 week of osteogenic 

stimulation (OM). The bar graph presents the ALP activity measured in each culture dish. Data 

represent the meanstandard deviation. p values were obtained using Student’s t tests. 
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Supplementary Figure 4. 

 

 

Alterations in aortic valve area of rabbits treated with different doses of Sitagliptin 

In animal study using a rabbit CAVD model induced by high cholesterol diet with vitamin D2 

supplementation, rabbits were given Sitagliptin orally at doses of 4, 8 or 15 mg/kg per day to 

determine the most effective dosage for attenuating aortic valve stenosis. The results were 

expressed as the ratio of aortic valve area (AVA) measured at the time of 3, 6, or 12 weeks to the 

AVA at baseline in each group. There were at least five animals in each group.  
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Supplementary Figure 5.  

 

 

Blood glucose levels in rabbits challenged with high dose Sitagliptin 

The levels of blood glucose were measured in rabbits at 3 weeks (A) and at 12 weeks (B). Even 

in rabbits treated with high dose Sitagliptin (8 or 15 mg/kg), the glucose levels remained within 

the normal rage without any evidence of hypoglycemia. Data represent the meanstandard 

deviation. p values were obtained using Student’s t tests. 
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Supplementary Figure 6. 

 

 

Low-magnification view of cross-sectional images of rabbit aortic valves 

Aortic valves from rabbits fed high cholesterol and vitamin D2 supplements (Chol+Vit.D2) are 

characterized by increased valve thickness (H-E) and cellularity (MT), and development of 

calcification nodules (AR). The treatment of Sitagliptin can reverse the leaflet morphology like 

that in the control group fed normal diet (Normal diet). Figure 8A shows magnified views of box 

in these cross-sectional images. 
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Supplementary Figure 7. 

 

 

Alterations in plasma DPP-4 activity and IGF-1 level over the 12 week study period. 

(A) Plasma DPP-4 activity and (B) IGF-1 levels were measured at baseline and at 3, 6, or 12 

weeks in each group. Time-dependent decrease in plasma IGF-1 levels was observed in the 

cholesterol-vit.D2 group, which was associated with high DPP-4 activities. In contrast, IGF-1 

levels remained steady with low DPP-4 activities in the Sitagliptin group over the 12 week study 

period. Data represent the meanstandard deviation. Statistical analyses were performed using a 

linear mixed model. 
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Supplementary Figure 8. 

 

Alterations in DPP-4 activity of animal models treated with sitagliptin (A-B) In a rabbit 

CAVD model induced by high cholesterol diet with vitamin D2 supplementation, plasma DPP-4 

activity in rabbits given Sitagliptin orally at doses of 2, 4, 8, 15 or 25 mg/kg per day was 

measured to determine the most effective dosage for attenuating aortic valve stenosis. There 

were at least five animals in each group. (C) The plasma DPP-4 activity in WT and eNOS-/- 

mice given Sitagliptin orally at doses of 15 mg/kg per day was measured. Data represent the 

meanstandard deviation. 
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Supplementary Figure 9.  

 

 

Proposed model of DPP-4 action to promote VIC osteogenic differentiation 

DPP-4 cleaves IGF-1, resulting in the induction of VIC osteogenic differentiation via the 

inhibition of IGF-1-IGFR signaling. Inhibiting DPP-4 prevents VIC osteogenic differentiation by 

allowing full length IGF-1 to bind to the IGFR and promote IGFR signaling. 
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Supplementary Figure 10. 

 

 

IGF-1 receptor antagonist enhances in vitro calcification of hVICs and in vivo calcified 

lesion formation in the aortic valves of eNOS
-/-

 mouse. (A) AR staining of non-CAVD hVICs 

treated with indicated concentrations of IGF-1 receptor antagonist (IGF-1 R ant, 

picropodophyllin) after 2 weeks of osteogenic stimulation. (B) Molecular imaging was used to 

visualize osteogenesis in WT and eNOS
-/-

 mice injected with fluorescent agent (Osteosense680), 

followed by treatment with vehicle or IGF-1 receptor antagonist (IGF-1 R ant, picropodophyllin, 

3 mg/kg/day) for 12 weeks (n = 3 per group). Data represent the meanstandard deviation. p 

values were obtained using Student’s t tests. 
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Supplementary Figure 11. 

 

A schematic figure of suggested mechanism of calcific progression of aortic stenosis 

The low expression of eNOS in valvular endothelial cells (VECs) induces an alteration of DPP-4 

expression via NF-kB activation in valvular interstitial cells (VICs), resulting in the suppression 

of IGF-1 signaling that leads to the osteogenic transfomarion of VICs to valvular osteoblast-like 

cells (VOCs). This suggests a new mechanism of calcific aortic valve disease (CAVD). 
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