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Background: DPP-4 inhibitors exert pleiotropic effects that modulate cardiovascular disease.

Results: The DPP-4 inhibitor vildagliptin stimulates ischemia-induced revascularization through eNOS signaling. The angio-
genic actions of vildagliptin are mediated by both GLP-1-dependent and -independent mechanisms.

Conclusion: DPP-4 inhibitor promotes endothelial cell function via eNOS signaling.

Significance: DPP-4 inhibitor could be beneficial in patients with diabetes-related vascular complications.

Dipeptidyl peptidase-4 inhibitors are known to lower glucose
levels and are also beneficial in the management of cardiovascu-
lar disease. Here, we investigated whether a dipeptidyl pepti-
dase-4 inhibitor, vildagliptin, modulates endothelial cell net-
work formation and revascularization processes in vitro and in
vivo. Treatment with vildagliptin enhanced blood flow recovery
and capillary density in the ischemic limbs of wild-type mice,
with accompanying increases in phosphorylation of Akt and
endothelial nitric-oxide synthase (eNOS). In contrast to wild-
type mice, treatment with vildagliptin did not improve blood
flow in ischemic muscles of eNOS-deficient mice. Treatment
with vildagliptin increased the levels of glucagon-like peptide-1
(GLP-1) and adiponectin, which have protective effects on the
vasculature. Both vildagliptin and GLP-1 increased the differen-
tiation of cultured human umbilical vein endothelial cells
(HUVEC:) into vascular-like structures, although vildagliptin
was less effective than GLP-1. GLP-1 and vildagliptin also stim-
ulated the phosphorylation of Akt and eNOS in HUVECs. Pre-
treatment with a PI3 kinase or NOS inhibitor blocked the stim-
ulatory effects of both vildagliptin and GLP-1 on HUVEC
differentiation. Furthermore, treatment with vildagliptin only
partially increased the limb flow of ischemic muscle in adi-
ponectin-deficient mice in vivo. GLP-1, but not vildagliptin, sig-
nificantly increased adiponectin expression in differentiated
3T3-L1 adipocytes in vitro. These data indicate that vildagliptin
promotes endothelial cell function via eNOS signaling, an effect
that may be mediated by both GLP-1-dependent and GLP-1-
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independent mechanisms. The beneficial activity of GLP-1 for
revascularization may also be partially mediated by its ability to
increase adiponectin production.

Diabetes is closely associated with microvascular rarefaction
and reduced collateralization in ischemic tissues. These circu-
latory changes can accelerate vulnerability to ischemic injury
and impair wound healing, ultimately leading to lower-limb
amputation. In fact, the incidence of diabetes is high in patients
with peripheral arterial disease (1). Promoting the formation of
collateral vessels with therapeutic intervention has potential
clinical benefits in these patients (2).

Dipeptidyl peptidase-4 (DPP-4),? also known as CD26, is a
membrane-bound exopeptidase that cleaves dipeptides from
the N terminus of proline- or alanine-containing polypeptides
such as glucagon-like peptide-1 (GLP-1). GLP-1 is a potent
incretin hormone primarily secreted into the gut by intestinal L
cells in response to the presence of nutrients (3). DPP-4 inhib-
itors are widely used as novel anti-hyperglycemic drugs for the
treatment of type 2 diabetes. These drugs inhibit DPP-4, thus
increasing concentrations of GLP-1.

DPP-4 inhibitors have a glucose-lowering effect, and recent
experimental and clinical studies have also shown that DPP-4
inhibitors such as sitagliptin and alogliptin exert pleiotropic
effects that modulate cardiovascular disorders (4—8). Treatment
with sitagliptin attenuated intimal hyperplasia in response to vas-
cular injury in rats (9), and both sitagliptin and alogliptin
reduced atherosclerotic lesions in a mouse model (10, 11).
Alogliptin treatment was also found to modulate endothelium-
dependent vasodilation in mouse aortic segments (12), and sita-

3 The abbreviations used are: DPP-4, dipeptidyl peptidase-4; eNOS, endothelial
nitric-oxide synthase; GLP-1; glucagon-like peptide-1; LDBF, laser Doppler
blood flowmetry; HUVEC, human umbilical vein endothelial cell; APN-KO,
adiponectin-deficient; L-NAME, Nw-nitro-L-arginine methyl ester; PP2,
4-amino-5-(4-chlorophenyl)-7-(dimethylethyl)pyrazolo[3,4-d]pyrimidine.
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gliptin augments neovascularization by increasing circulating
endothelial progenitor cells in vivo (13). Treatment with sita-
gliptin in diabetic patients reverses vascular endothelial dys-
function as assessed by increased flow-mediated dilation and
also increases circulating adiponectin levels (14). This drug has
also been shown to increase circulating endothelial progenitor
cells in type 2 diabetic patients (15).

In this study, we investigated the effects of the DPP-4
inhibitor vildagliptin on ischemia-induced revascularization
processes in vivo. We also examined the potential involve-
ment of GLP-1 and adiponectin, which have vasculature pro-
tective actions, in the regulation of the vildagliptin-mediated
revascularization.

EXPERIMENTAL PROCEDURES

Materials—The following primary antibodies were pur-
chased from Cell Signaling Technology: phospho-Akt (Ser-
473) antibody, Akt antibody, phospho-eNOS (Ser-1177) antibody,
eNOS antibody, and B-actin antibody. Human DPP-4 antibody
was purchased from Abcam (Cambridge, UK). LY294002 was
purchased from Calbiochem. Recombinant human GLP-1 and
L-NAME were purchased from Sigma. PP2 was purchased from
Merck Millipore (Darmstadt, Germany). Recombinant human
adiponectin protein generated by a mammalian cell expression
system was purchased from BioVendor (Asheville, NC). Vilda-
gliptin was provided as a generous gift by Novartis Pharm AG
(Basel, Switzerland).

Animals and Experimental Protocol—Wild-type C57BL6/]
mice at 8 -10 weeks of age were obtained from SLC Co., Ltd.
(Nagoya, Japan). Age-matched eNOS-deficient (eNOS-KO)
and adiponectin-deficient (APN-KO) mice on a C57BL/6]
background obtained from the same source were also used in
this study. All study protocols were approved by the Institu-
tional Animal Care and Use Committee of the Nagoya Univer-
sity School of Medicine. All mice were housed on a 12-h light/
dark cycle with food and water ad libitum. Mice were given
vildagliptin in the drinking water (0.6 mg/ml-day "*mouse™ ') 3
days before the hind limb ischemia operation, and vildagliptin
administration was continued for up to 3 weeks following sur-
gery. To create hind limb ischemia, mice were anesthetized
with sodium pentobarbital (30 mg/kg intraperitoneally), and
the proximal portion of the femoral artery and the distal por-
tion of the saphenous artery were ligated and excised. At five
time points (before surgery and postoperative days 3, 7, 14, and
21), we measured the ratio of the ischemic/normal hind limb
blood flow using a laser Doppler blood flowmetry (LDBF)
(Moor LDI, Moor Instruments, Inc.) as described previously.
To minimize variations due to ambient light, blood flow was
expressed as the ischemic/normal hind limb LDBEF ratio.

Histological Analysis—At day 21 after surgery, mice were
killed by overdose with anesthetics, and adductor muscle tis-
sues were excised. Frozen sections of 5-um thickness were pre-
pared and stained with an anti-CD31 mAb (BD Biosciences) to
detect capillary endothelial cells. Capillary endothelial cells
were counted using fluorescence microscopy (X200). Five
fields from five different muscle samples of each animal were
randomly selected for the capillary density analysis.
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Cell Culture and Differentiation of 3T3-L1 Fibroblasts into
Adipocytes—Human umbilical vein endothelial cells (HUVECs)
were purchased from Cambrex Bio Science Walkersville, Inc.
(Walkersville, MD). HUVECs were cultured in endothelial cell
basal medium-2; Clonetics) supplemented with EGM-2 MV at
37 °C, 5% CO,. Mouse 3T3-L1 fibroblasts (American Type Cul-
ture Collection) were cultured in DMEM containing 10% fetal
bovine serum and then differentiated into adipocytes by
DMEM supplemented with 5 ug/ml insulin, 0.5 mm 1-methyl-
3-isobutylxanthine, and 1 umM dexamethasone as described pre-
viously (16).

Tube Formation Assay—The formation of vascular-like struc-
tures by HUVECs on growth factor-reduced Matrigel (BD Bio-
sciences) was assessed according to the manufacturer’s instruc-
tions as described previously (17, 18). Before the experiment,
HUVECs were placed in endothelial cell basal medium-2 for
15 h for serum starvation, and then cells were pretreated with
LY294002 (50 um), L-NAME (1 mmol/liter) for 60 min.
HUVECs were seeded on Matrigel-coated plates at 5 X 10*
cells/cm? in endothelial cell basal medium and incubated with
either vildagliptin (1 nm, 5 nm or 10 nm) or GLP-1 (1 nMm, 5 nM or
10 nm) at 37 °C for 6 h. In some experiments, HUVECs were
treated with combination of vildagliptin (5 nm) and GLP-1 (5
nMm). For gene ablation studies, HUVECs were transfected with
small interfering RNAs (siRNAs) targeting human DPP-4
(CD26) or unrelated siRNAs (Santa Cruz Biotechnology) by
Lipofectamine 2000 reagent (Invitrogen) according to the man-
ufacturer’s instructions. After transfection, tube formation
assay was performed. Network formation was assessed using an
inverted phase contrast microscope (Olympus, Tokyo, Japan),
and photomicrographs were taken at X40 magnification. The
degree of tube formation was quantified by measuring the
length of tubes in five randomly chosen fields from each well
using the Image] program. Each experiment was repeated three
times.

Plasma Glucose Levels and ELISA Analysis—Plasma glucose
levels on postoperative days 7 and 21 were measured using a
NIPRO FreeStyle Blood Glucose Monitoring System (NIPRO,
Osaka, Japan). Plasma GLP-1, stromal cell-derived factor-1l«
(SDF-1a), and adiponectin levels on days 7 and 21 after hind
limb ischemia were measured by GLP-1 (Active) ELISA kit
(Millipore, Billerica, MA), mouse SDF-1« ELISA kit (R&D Sys-
tems), and mouse adiponectin ELISA kit (Otsuka Pharmaceu-
tical Co., Ltd., Tokyo, Japan) according to the manufacturer’s
instructions (19, 20).

Real-time RT-PCR Analysis—Differentiated 3T3-L1 adipocytes
were incubated with GLP-1 or vildagliptin (1, 10, and 100 nm) for
24 h, and then total RNA was isolated from cells. Reverse tran-
scription was performed using 1 pug of RNA, random primers, and
Moloney murine leukemia virus reverse transcriptase (Rever-
TraAce-a TOYOBO, Osaka, Japan). Quantitative real-time PCR
was performed with the Stratagene Mx3000P System (Agilent
Technologies) and Power SYBR Green PCR kit (Applied
biosystems). Primers used in this study were as follows: adi-
ponectin, 5'-GTTGCAAGCTCTCCTGTTCC-3’ (sense) and
5'-TCTCCAGGAGTGCCATCTCT-3" (antisense); GAPDH,
5'-ACCCAGAAGACTGTGGATGG-3' (sense) and 5'-CAC-
ATTGGGGGTAGGAACAC-3' (antisense).
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FIGURE 1. Vildagliptin promotes revascularization following hindlimb ischemia in mice. A, representative images of LDBF for wild-type (WT) mice subjected to
surgery-induced hind limb ischemia and treated with vildagliptin or vehicle. B, quantitative analysis of the ischemic/normal LDBF ratio in the vildagliptin or vehicle-
treated mice on postoperative days 3,7, 14,and 21 (n = 10in each group). *, p < 0.05 versus vehicle control. C, microscopic photographs of capillary density in ischemic
adductor muscles 21 days after surgery. Capillaries were immunostained with anti-CD31 antibody. Red, CD31; blue, DAPI. Scale bar, 50 um. D, quantitative analysis of
the capillary density of ischemic muscles in vildagliptin or vehicle-treated mice (n = 5). Results are presented as mean = S.D. N.S, not significant.

Immunoblotting Analysis—At day 7 after surgery, ischemic
adductor muscle tissues were excised and lysed in radioim-
mune precipitation assay lysis buffer (Thermo Scientific), and
the lysate was used for immunoblotting analysis as described
previously (21). HUVECs were incubated with 5 nm GLP-1
(Sigma) or 5 nm vildagliptin for various times, and then cells
were lysed in radioimmune precipitation assay lysis buffer, and
cell lysates were subjected to immunoblotting. The following
antibodies were used: anti-Akt, anti-phospho-Akt (Ser-473),
anti-eNOS, anti-phospho-eNOS (Ser-1177), and anti-B-actin
(Cell Signaling).

Statistical Analysis—The data are presented as mean * S.D.
values. Comparisons between two groups were made using
Student’s ¢ test. Statistical analysis for multiple comparisons
among the groups was performed using one-way analysis of
variance. p < 0.05 was considered to indicate a statistically sig-
nificant difference.

RESULTS

Vildagliptin Enhances Ischemia-induced Revascularization
in Vivo—We first examined the effect of vildagliptin on revas-
cularization processes in response to ischemia. WT mice were
subjected to unilateral surgery-induced hind limb ischemia and
then treated with either vildagliptin or the vehicle control. All
mice survived surgery and appeared healthy during the fol-
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low-up period. Fig. 1A shows representative LDBF images of
hind limb blood flow at different time points after surgery in
vildagliptin-treated mice and controls. Blood flow recovery in
the ischemic hindlimb appeared to be accelerated in mice
treated with vildagliptin compared with mice treated with vehi-
cle alone. Quantitative analysis of hindlimb perfusion showed
that treatment with vildagliptin significantly increased blood
flow in the ischemic limbs compared with controls on postop-
erative days 7, 14, and 21 (Fig. 1B).

To investigate the extent of revascularization at the micro-
circulatory level, we also measured capillary density in histolog-
ical sections harvested from ischemic adductor muscles. Fig. 1C
shows representative photomicrographs of muscle tissue stained
with the endothelial cell marker CD31. Quantitative analysis of
CD31-positive cells revealed that on postoperative day 21, the
capillary density in the ischemic adductor muscle was signifi-
cantly higher in vildagliptin-treated mice compared with
vehicle-treated controls (Fig. 1D). Vildagliptin treatment did
not affect capillary density in the non-ischemic adductor mus-
cle (Fig. 1, Cand D).

eNOS Activation Is Essential for Vildagliptin-induced Revas-
cularization in Vivo—Akt-eNOS signaling plays an important
role in revascularization following hind limb ischemia (22, 23).
To examine the participation of Akt-eNOS signaling in the

JOURNAL OF BIOLOGICAL CHEMISTRY 27237
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FIGURE 2. eNOS signaling is essential for vildagliptin-induced revascularization. A,immunoblotting with the indicated antibodies was performed on the
ischemic adductor muscle of mice treated with vildagliptin or vehicle 3 days after surgery. Representative blots are shown. B, quantitative analysis of relative
changes in phosphorylated Akt (left) and eNOS (right). Relative phosphorylation levels were normalized to total protein signal (n = 4). Results are presented as
mean * S.D. C, representative images of LDBF for WT and eNOS-KO mice treated with vildagliptin or vehicle control. D, quantitative analysis of the ischemic/
normal LDBF ratio in vildagliptin or vehicle-treated WT and eNOS-KO mice on postoperative days 3, 7, 14,and 21 (n = 5 in each group). *, p < 0.05 versus vehicle

controls (WT). Results are presented as mean =+ S.D. N.S, not significant.

observed improvements in revascularization following vilda-
gliptin treatment, the expression and phosphorylation of Akt at
Ser-473 and eNOS at Ser-1179 in the ischemic adductor muscle
were assessed by Western blot analysis on day 3 after surgery.
The expression of total Akt and eNOS protein in ischemic mus-
cles were similar between vildagliptin- and vehicle-treated
mice. The extent of phosphorylation of both Akt and eNOS in
the ischemic muscle, however, was significantly higher in vilda-
gliptin-treated mice compared with those treated with vehicle
control (Fig. 2, A and B). Vildagliptin treatment did not affect
the phosphorylation of Akt and eNOS in the non-ischemic
adductor muscle (Fig. 2, A and B).

To further analyze the potential involvement of eNOS, we
also examined the impact of vildagliptin treatment on the
revascularization of ischemic muscles in eNOS-KO mice.
Treatment with vildagliptin did not improve blood flow recov-
ery in the ischemic limbs of eNOS-KO mice throughout the
experimental period (Fig. 2, C and D). As expected from previ-
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ous studies, vascularization was also significantly greater in WT
versus eNOS-KO mice treated only with vehicle controls. These
data reinforce the importance of eNOS signaling for revascu-
larization after ischemia and suggest that the positive effect of
vildagliptin on revascularization following surgery-induced
ischemia is dependent on eNOS activity.

Effect of Vildagliptin on Plasma Levels of GLP-1 and Adip-
onectin—Treatment of mice with vildagliptin has been
reported to increase circulating GLP-1, SDF-1¢, and adi-
ponectin (24 —26), which have protective effects on vascula-
ture. We therefore assessed plasma levels of active GLP-1,
SDF-1e, and adiponectin in WT mice treated with or with-
out vildagliptin for 7 and 21 days after induced hind limb
ischemia. Vildagliptin treatment did not affect blood glucose
levels on days 7 and 21 following surgery in non-diabetic WT
mice, as described in previous reports (27). There were sig-
nificant increases in active GLP-1 and adiponectin, but not
SDF-1a in the plasma of WT mice following treatment with
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TABLE 1
Effect of vildagliptin on plasma levels of GLP-1 and adiponectin

Plasma glucose and GLP-1 (active), adiponectin, and SDF-1a levels were measured in mice treated with vildagliptin or vehicle on postoperative days 7 and 21 (# = 10 in
each). Results are presented as mean = S.D. *, p < 0.05 vs. vehicle control at the same time point.

Day 7 Day 21
Vehicle Vildagliptin Vehicle Vildagliptin
Glucose (mg/dl) 117.1 £ 20.6 124.3 + 21.1 123.6 + 31.8 127.9 + 23.7
GLP-1 (pm) 2.70 = 0.46 3.82 = 0.42% 2.81 £0.33 3.68 = 0.37*
Adiponectin (ug/ml) 14.7 = 1.32 19.4 + 1.57* 15.8 +2.10 22,9 *+ 1.86*
SDF-1la (ng/ml) 219 +0.19 191 £ 0.18 2.38 £0.21 2.20 = 0.13
Vildagliptin (5 nM)

Control Vildagliptin (5 nM) GLP-1 (5 nM)
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FIGURE 3. Vildagliptin promotes endothelial cell differentiation. A, representative photomicrographs of network formation of HUVECs treated with 5 nm
vildagliptin and/or 5 nm GLP-1. B, quantitative analyses of network tube length are shown (n = 3).*, p < 0.05. HUVECs were seeded on Matrigel-coated plates
incubated with vildagliptin (1, 5, or 10 nm) and/or GLP-1 (1, 5, or 10 nm) at 37 °C for 6 h (n = 3).*, p < 0.05. C, the representative immunoblots in DPP-4 in the
presence of siRNA targeting DPP-4 or unrelated siRNA in HUVECs. D, effect of knockdown of DPP-4 on the network tube length. Results are shown as the
mean * S.D. (n = 3). N.S, not significant.
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FIGURE 4. eNOS signaling participates in endothelial cell responses to vildagliptin. A and B, time-dependent changes in the phosphorylation of Akt and
eNOS signaling in HUVECs treated with 5 nm vildagliptin and/or 5 nm GLP-1. Shown are quantitative analysis of relative changes in phosphorylated Akt and
eNOS. Relative phosphorylation levels were normalized to each total protein signal (n = 3). *, p < 0.05 versus control (0 min). C, contribution of PI3K and eNOS
to vildagliptin-mediated endothelial cell differentiation. HUVECs were pretreated with LY294002 (50 wmol/liter), .L-NAME (1 mmol/liter), or vehicle (dimethyl
sulfoxide), and treated with 5 nm vildagliptin and/or 5 nm GLP-1 at 37 °Cfor 6 h (n = 3). The Matrigel assay was performed. Quantitative analyses of the network
tube length are shown. Results are shown as the mean = S.D. (n = 5).*, p < 0.05; **, p < 0.01.

vildagliptin compared with treatment with vehicle control
on postoperative days 7 and 21 (Table 1).

Vildagliptin Promotes Endothelial Cell Differentiation in
Vitro—First, we assessed whether GLP-1 is produced by
HUVECs or contaminated in the culture medium. After
HUVECs were cultured for 24 h, we collected the conditioned
medium and assessed active GLP-1 levels in the medium. How-
ever, active GLP-1 could not be detected in the medium.

We next examined whether vildagliptin and/or GLP-1 mod-
ulates endothelial cell differentiation into vascular-like struc-
tures using HUVECs plated on a Matrigel matrix. HUVECs
were treated with vildagliptin, recombinant human GLP-1, or

27240 JOURNAL OF BIOLOGICAL CHEMISTRY

vehicle control. Treatment with vildagliptin or GLP-1 pro-
moted the formation of vascular-like tubes (Fig. 34). Quantita-
tive analysis of endothelial cell networks revealed that treat-
ment with vildagliptin or GLP-1 significantly increased the tube
length compared with control cultures. The fold change in tube
length resulting from GLP-1 treatment was also significantly
greater than the change resulting from treatment with vilda-
gliptin in a dose-dependent manner (Fig. 3B).

We also assessed whether vildagliptin enhances GLP-1-stim-
ulated vascular-like structure. Combination treatment with
vildagliptin (5 nm) and GLP-1 (5 nm) significantly increased the
tube length relative to GLP-1 treatment (5 nm) (Fig. 3, A and B).
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assay was performed. * p < 0.05. B, effects of PP2 on vildagliptin or GLP-1 stimulated phosphorylation of Akt and eNOS. HUVECs were pretreated with PP2 (10
um) for 30 min and treated with vildagliptin (5 nm) or GLP-1 (5 nm) at 37 °C for 60 min. Relative phosphorylation levels were normalized to total protein signal

(n = 4). Results are presented as mean = S.D. N.S., not significant.

Furthermore, to corroborate these data, knockdown experi-
ments were performed with siRNA against DPP4. Transfection
with siRNA targeting DPP4 resulted in 78% reduction of DPP4
expression by Western blot analysis (Fig. 3C). Knockdown of
DPP4 significantly increased endothelial cell differentiation
into vascular-like structure (Fig. 3D).

eNOS Signaling in Vildagliptin-stimulated Endothelial Cell
Differentiation in Vitro—It has been reported that GLP-1 can
activate Akt-eNOS signaling (28, 29), so we also assessed the
effects of vildagliptin or GLP-1 on the phosphorylation of Akt
and eNOS in HUVECs by Western blot analysis. Treatment
with vildagliptin slightly increased the phosphorylation of Akt
and eNOS (Fig. 44). In contrast, GLP-1 treatment strongly
stimulated the phosphorylation of Akt and eNOS in a time-de-
pendent manner (Fig. 4B). Furthermore, combination treat-
ment with vildagliptin and GLP-1 enhanced the phosphoryla-
tion of Akt and eNOS compared with GLP-1 treatment (Fig. 4,
A and B). Neither vildagliptin or GLP-1 had any effect on Akt
and eNOS protein levels.

To investigate whether Akt-eNOS signaling participates in
vildagliptin- or GLP-1-induced endothelial cell tube formation,
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HUVECs were treated with the PI3K inhibitor, LY294002, or
the NOS inhibitor, L-NAME, and endothelial cell differentia-
tion was assessed. Treatment with LY294002 or L-NAME abol-
ished both vildagliptin- and GLP-1-mediated HUVEC differen-
tiation into vascular-like structures (Fig. 4C).

Involvement of Src Kinase in Endothelial Cell Response to
Vildagliptin—It has been reported that DPP-4 inhibition medi-
ates rapid vascular relaxation through activation of Src-Akt-eNOS
signaling that is independent of GLP-1(12). To determine whether
Src kinase is involved in vildagliptin-stimulated endothelial cell
network formation, HUVECs were pretreated with a Src kinase
inhibitor, PP2, followed by treatment with vildagliptin or GLP-1.
Treatment with PP2 abolished the stimulatory actions of vildaglip-
tin or GLP-1 on HUVEC differentiation into vascular-like struc-
ture (Fig. 5A4). Treatment with PP2 also reduced vildagliptin- or
GLP-1-stimulated phosphorylation of Akt and eNOS (Fig. 5B).
Thus, Src kinase contributes in both vildagliptin- and GLP-1-me-
diated endothelial cell network formation.

Role of Adiponectin in Vildagliptin-mediated Revascular-
ization—In addition to GLP-1, we showed that treatment with
vildagliptin enhanced circulating adiponectin levels in limb
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FIGURE 6. Role of adiponectin in the vildagliptin-induced angiogenicresponse. A, representative images of LDBF in WT and adiponectin-KO (APN-KO) mice
treated with vildagliptin or vehicle control. B, quantitative analysis of the ischemic/normal LDBF ratio in vildagliptin or vehicle-treated WT and APN-KO mice on
postoperative days 3,7, 14,and 21 (n = 5in WT, n = 4in APN-KO). ¥, p < 0.05 versus vehicle (WT); #, p < 0.05 versus vildagliptin treatment (APN-KO). Results are
presented as mean = S.D. C, quantitative analyses of network tube length are shown. HUVECs were treated with adiponectin (30 pg/ml) and/or GLP-1 (5 nm)
at 37°Cfor 6 h (n = 3). The Matrigel assay was performed. Results were expressed relative to the values compared with control. *, p < 0.05. D, effects of
adiponectin on phosphorylation of Akt and eNOS. HUVECs were treated with adiponectin (30 wg/ml) and/or GLP-1 (5 nm) at 37 °C for 60 min. Relative
phosphorylation levels were normalized to total protein signal (n = 4). Results are presented as mean = S.D. *, p < 0.05. E and F, expression of adiponectin in
differentiated 3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes were incubated with vildagliptin (0, 1, or 100 nm) or GLP-1 (0, 1, or 100 nm) for 24 h, then

adiponectin mRNA expression was determined by real-time RT-PCR (n = 3 in each group). Results are presented as mean = S.D. N.S, not significant.

ischemic mice (Table 1), so we examined the role of adiponectin
in the vildagliptin-mediated improvement of ischemia-induced
revascularization. APN-KO mice treated with or without vilda-
gliptin were subjected to hind limb ischemia. Recovery of blood
flow in the ischemic limbs of mice treated with vehicle control
was greatly reduced in APN-KO mice compared with WT.
Treatment with vildagliptin only partially increased the limb
flow of ischemic muscle in APN-KO mice (Fig. 6, A and B).
We next examined the effect of adiponectin on endothelial
cell tube formation and phosphorylation of Akt and eNOS.
Treatment with a physiological concentration of adiponectin
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promoted the capillary-like tube formation of endothelial cells,
consistent with previous reports (30). The effect of adiponectin
on enhancement of endothelial cell tube formation was similar
to that of recombinant human GLP-1 treatment. Combination
of adiponectin and GLP-1 significantly promoted the vascular-
like tube formation compared with GLP-1 alone (Fig. 6C).
Treatment of HUVECs with adiponectin also led to an
increase in Akt and eNOS phosphorylation consistent with pre-
vious reports (30). The phosphorylation level of Akt and eNOS
in response to adiponectin stimulation was similar to that seen
with GLP-1 treatment. GLP-1-induced phosphorylation of Akt
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and eNOS was further enhanced by combination treatment
with adiponectin and GLP-1 (Fig. 6D). Thus, co-treatment with
adiponectin and GLP-1 led to an additive increase in endothe-
lial cell tube formation and phosphorylation of Akt and eNOS.

Finally, we investigated whether vildagliptin and GLP-1
directly induced adiponectin expression. Cultured 3T3-L1 adi-
pocytes were treated with vildagliptin or GLP-1, and adiponec-
tin mRNA expression was assessed. Treatment with 1 nm or 100
nM vildagliptin for 24 h did not significantly affect adiponectin
mRNA expression in 3T3-L1 adipocytes (Fig. 6E). In contrast,
GLP-1 treatment increased adiponectin mRNA expression in a
dose-dependent manner in these cells (Fig. 6F). The ability of
vildagliptin to increase adiponectin levels in mice may there-
fore be dependent on GLP-1.

DISCUSSION

The present study shows that the DPP-4 inhibitor vildagliptin
promotes endothelial cell network formation and revasculariza-
tion under conditions of ischemic stress. WT mice treated with
vildagliptin had greater recovery of limb perfusion and enhanced
capillary density compared with untreated mice, and this improve-
ment was accompanied by increased levels of circulating GLP-1.
Treatment with vildagliptin or GLP-1 also led to enhanced endo-
thelial cell differentiation. DPP-4 inhibitors therefore improve
revascularization under ischemic conditions.

It is well established that eNOS is beneficial for various types
of vascular disease (22, 23). We showed that vildagliptin
increased phosphorylated eNOS levels in ischemic muscles and
that the ability of vildagliptin to enhance revascularization was
abrogated in eNOS-KO mice. Consistent with these observa-
tions, previous studies have shown that phosphorylation of
eNOS in heart tissue was increased in linagliptin-treated
Zucker obese rats (31) and that sitagliptin increased eNOS acti-
vation in ischemic muscle (13). It was also reported that treat-
ment of GLP-1 regulated eNOS activity in endothelial cells in
vitro (28). Collectively, these data suggest that vildagliptin pro-
motes revascularization in the ischemic state by activating
eNOS signaling.

A number of studies have shown that GLP-1 attenuates isch-
emia-induced myocardial damage and atherosclerotic lesion
formation (3) and promotes angiogenesis in endothelial cells
through the Akt, PKC, and Src pathways (29). Previous reports
also indicate that inhibition of DPP-4 directly regulates the
endothelial cell growth and migration induced by inflammatory
cytokines (32). In the present study, vildagliptin increased cir-
culating GLP-1 levels 1.8-fold in WT mice, in agreement with
previous reports (27, 33). In HUVECs, GLP-1 enhanced Akt-
eNOS signaling and promoted the formation of capillary-like
structures to a greater extent than vildagliptin, but the ability of
vildagliptin to mediate these effects with no GLP-1 in HUVECs
suggests that the vasculo-protective effects of vildagliptin occur
at least partially through a mechanism that is independent of
GLP-1. Inhibition of Akt-eNOS signaling effectively abrogated
both vildagliptin- and GLP-1-mediated endothelial cell differ-
entiation, indicating that the activity of both these agents is
dependent on this signaling pathway.

The ability of GLP-1 to increase adiponectin levels is likely to
contribute to revascularization in our experimental design.
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FIGURE 7. Proposed scheme for the angiogenic actions of vildagliptin.
The DPP-4 inhibitor, vildagliptin, stimulates revascularization through an
eNOS-dependent mechanism. The angiogenic actions of vildagliptin are
mediated by both the GLP-1-dependent effects and the direct actions of
vildagliptin. The beneficial actions of GLP-1 on revascularization are medi-
ated partly through its ability to increase adiponectin production.

Adiponectin is an adipocytokine that is down-regulated in obe-
sity-linked diseases and exerts protective actions on a variety of
metabolic and cardiovascular disorders (30, 34-36). Experi-
mental studies have shown that adiponectin has favorable
effects on vascular function by direct action on vascular com-
ponent cells. Vildagliptin-induced revascularization was asso-
ciated with increased levels of GLP-1 and adiponectin, and
APN-KO mice exhibited impaired revascularization in
response to hind limb ischemia. Adiponectin also stimulates
phosphorylation of eNOS, which is associated with enhanced
endothelial cell migration and differentiation into capillary-like
structures (30). In the present study, treatment with GLP-1, but
not vildagliptin, significantly increased adiponectin expression
in differentiated 3T3-L1 adipocytes. Furthermore, treatment
with vildagliptin in APN-KO mice did not restore overall ische-
mic limb perfusion. Consistent with these findings, the GLP-1
receptor agonist exendin-4 was found to directly induce the
expression of adiponectin in differentiated 3T3-L1 adipocytes
(37). Clinically, sitagliptin treatment has been shown to
improve vascular endothelial function, which was accompanied
by increase in circulating adiponectin levels in diabetic patients
(14). The beneficial actions of GLP-1 on the protection of car-
diovascular tissues to stress might therefore be mediated, at
least in part, by its ability to increase adiponectin production.
In conclusion, our data demonstrated that the DPP-4 inhib-
itor vildagliptin stimulates ischemia-induced revascularization
via an eNOS-dependent mechanism. The vasculo-protective
activities of vildagliptin in vivo are mediated by both GLP-1-de-
pendent effects and the direct actions of vildagliptin. The ben-
eficial actions of GLP-1 on revascularization in vivo are medi-
ated, partly through its ability to increase adiponectin
production (Fig. 7). In addition to its glucose lowering effect,
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DPP-4 inhibitors could be beneficial in patients with diabetes-
related vascular complications.
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