
Chronic Psychological Stress Accelerates Vascular Senescence and
Impairs Ischemia-Induced Neovascularization: The Role of Dipeptidyl
Peptidase-4/Glucagon-Like Peptide-1-Adiponectin Axis
Limei Piao, MD; Guangxian Zhao, MD, PhD; Enbo Zhu, MD, PhD; Aiko Inoue, PhD; Rei Shibata, MD, PhD; Yanna Lei, MD; Lina Hu, PhD;
Chenglin Yu, MD; Guang Yang, MD, PhD; Hongxian Wu, MD, PhD; Wenhu Xu, MD; Kenji Okumura, MD, PhD; Noriyuki Ouchi, MD, PhD;
Toyoaki Murohara, MD, PhD; Masafumi Kuzuya, MD, PhD; Xian Wu Cheng, MD, PhD, FAHA

Background-—Exposure to psychosocial stress is a risk factor for cardiovascular disease, including vascular aging and
regeneration. Given that dipeptidyl peptidase-4 (DPP4) regulates several intracellular signaling pathways associated with the
glucagon-like peptide-1 (GLP-1) metabolism, we investigated the role of DPP4/GLP-1 axis in vascular senescence and ischemia-
induced neovascularization in mice under chronic stress, with a special focus on adiponectin -mediated peroxisome proliferator
activated receptor-c/its co-activator 1a (PGC-1a) activation.

Methods and Results-—Seven-week-old mice subjected to restraint stress for 4 weeks underwent ischemic surgery and were kept
under immobilization stress conditions. Mice that underwent ischemic surgery alone served as controls. We demonstrated that
stress impaired the recovery of the ischemic/normal blood-flow ratio throughout the follow-up period and capillary formation. On
postoperative day 4, stressed mice showed the following: increased levels of plasma and ischemic muscle DPP4 and decreased
levels of GLP-1 and adiponectin in plasma and phospho-AMP-activated protein kinase a (p-AMPKa), vascular endothelial growth
factor, peroxisome proliferator activated receptor-c, PGC-1a, and Sirt1 proteins and insulin receptor 1 and glucose transporter 4
genes in the ischemic tissues, vessels, and/or adipose tissues and numbers of circulating endothelial CD31+/c-Kit+ progenitor
cells. Chronic stress accelerated aortic senescence and impaired aortic endothelial sprouting. DPP4 inhibition and GLP-1 receptor
activation improved these changes; these benefits were abrogated by adiponectin blocking and genetic depletion.

Conclusions-—These results indicate that the DPP4/GLP-1-adiponectin axis is a novel therapeutic target for the treatment of
vascular aging and cardiovascular disease under chronic stress conditions. ( J Am Heart Assoc. 2017;6:e006421. DOI: 10.
1161/JAHA.117.006421.)
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E xposure to chronic psychosocial stress is a risk factor
for many diseases, including vascular aging and cardio-

vascular disease.1–3 Stress upregulates inflammatory gene
expression in leukocytes through a b-adrenergic induction of
myelopoiesis.4 Comprehensive review articles have high-
lighted the close linking between chronic psychological stress

and atherosclerosis-based cardiovascular disease.5,6 Patients
under moderate or high stress at the time of an acute
myocardial infarction exhibited increased 2-year mortality
compared with control subjects under low levels of stress.7 It
was also reported that endothelial cells (ECs) and endothelial
progenitor cells (EPCs) are sensitive to various pathological
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stressors.8–10 However, the changes in vascular aging and
regenerative capacity under chronic stress conditions remain
largely unknown.

Dipeptidyl peptidase 4 (DPP4) is a complex enzyme that acts
as a membrane-anchored cell surface exopeptidase that trans-
mits intracellular signals througha small intracellular tail.11DPP4
has gained considerable interest as a therapeutic target, and a
variety of DPP4 inhibitors that prolong the insulinotropic effects
of glucagon-like peptide-1 (GLP-1) are widely used in clinical
settings as a new class of antidiabetic drugs.12–14 In addition to
GLP-1-dependent effects on the cardiometabolic risk profile,
DPP4 inhibition exhibits vascular protective benefits via the
regulation of several substrate factor activities (eg, stromal cell–
derived factor-1a and granulocyte colony-stimulating factor).15–
17A recent study reported a close link between increased plasma
DPP4 activities and inflammatory and metabolic disorders.18

Moreover, chronic stress increased plasma and tissue DPP4
activities in mice and rats.14,19

The peroxisome proliferator-activated receptor-c (PPAR-c)
is a member of the typical nuclear receptor superfamily of
ligand-inducible transcription factors.20 By binding to PPAR-
responsive regulatory elements as obligate heterodimers with
retinoid X receptor, PPAR-c controls the expression of
networks of genes involved in angiogenesis, inflammation,
and maintenance of metabolic homeostasis.20 Adiponectin is
an important adipocytokine that is downregulated in obesity-

related metabolic and cardiovascular disorders.21 Many
studies suggested that adiponectin as well as PPAR-c ligands
have beneficial effects on cardiac and muscle injuries and
angiogenesis.22–27 In in vitro experiments, the activation of
adiponectin-mediated PPAR-c/its coactivator 1a (PGC-1a)
pathway has been implicated in the regulation of a variety of
cellular biological events such as cell differentiation, migra-
tion, apoptosis, and proliferation.24,28 PGC-1a deficiency
causes vascular dysfunction by oxidative stress and vascular
inflammation.29 Accordingly, we first investigated whether
adiponectin-mediated PPARc/PGC-1a signal pathways are
involved in the process of ischemia-induced neovasculariza-
tion in mice under chronic stress.

Here we examined the hypothesis that increased DPP4
activity may negatively modulate ischemic neovascularization
via an adiponectin-PPARc/PGC-1a-dependent mechanism
that is mediated by the reduction of GLP-1 in mice that have
been subjected to chronic stress.

Materials and Methods

Antibodies and Reagents
The following commercially available antibodies were used:
Anti-PECAM-1 (CD31, sc-1506), anti-PPAR-c (sc-7196), and
anti-GAPDH (sc-20357) antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Anti-Sirt1 (cat:
AP20849c) was from Abgent/Wuxi AppTec (San Diego, CA).
Anti-AMP-activated protein kinase (AMPK) (#2532), anti-
pAMPKathr172 (#2535), and anti-rat IgG antibodies (Alexa
Fluor 488 conjugate, 1:100) were from Cell Signaling
Technology (Danvers, MA). Anti-PGC-1a (ab54481), neutraliz-
ing anti-adiponectin (ab3455) and rabbit control IgG
(ab37415) antibodies were purchased from Abcam (Cam-
bridge, MA). Anti-Mac-3 (M3/84, 1:50), fluorescein isothio-
cyanate–conjugated rat anti-mouse CD31 (MEC13.3, 1:100),
and R-phycoerythrin-conjugated rat anti-mouse c-Kit (CD117,
2B8, 1:100) antibodies were purchased from BD Pharmingen
(San Diego, CA). Rabbit anti-mouse IgG (Alexa Fluor 594
conjugate) antibody was from Molecular Probes (Eugene, OR).
Anti-b-actin (AC-15, A1978) and human recombinant DPP4
(1083) was purchased from Sigma-Aldrich (St. Louis, MO).
Anti-proliferating cell nuclear antigen (clone: PC10, 1:100)
was from Merck Millipore (Darmstadt, Germany). Fluorescein
Lycopersicon Esculentum (tomato) lectin (cat. FL-1171) was
from Vector Laboratories (Burlingame, CA).

The DPP4-Glo assay kit and DPP4 inhibitor anagliptin were
purchased from Promega (Madison, WI). The ELISA kits for
GLP-1 were from EMD Millipore (EZGLP1T-36K; Billerica, MA)
and adiponectin was from R&D Systems (PMRP300; Min-
neapolis, MN). Endothelial basal medium-2 and endothelial

Clinical Perspective

What Is New?

• Chronic psychological stress resulted in an unbalance
between plasma DPP4 and GLP-1 levels in animals under
ischemic conditions.

• Stress decreased GLP-1-induced adiponectin production,
leading to the reduction of AMP-activated protein kinase–
dependent peroxisome proliferator activated receptor-c and
PGC-1a expressions in the vessels and ischemic muscles in
mice; and these changes were rectified by genetic and/or
pharmacological interventions toward DPP4 or GLP-1R.

• DPP4 inhibition and GLP-1R activation prevented stress-
related neovascularization impairment associated with
endothelial senescence and endothelial progenitor cell
mobilization failure and dysfunction.

What Are the Clinical Implications?

• Targeting toward the interaction between DPP4-mediated
GLP-1/GLP-1R and peroxisome proliferator activated recep-
tor-c/PGC-1a axes can be potential therapeutic avenues of
chronic stress-related cardiovascular disease.

• Alterations in plasma DPP4 and GLP-1 levels are closely
linked with the presence of stress in animals.
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growth medium-2 SingleQuots were purchased from Lonza
(Walkersville, MD). Nitrocellulose transfer membrane was
from Amersham Bioscience (Piscataway, NJ). RNeasy Micro
Kits and SYBRTM Green Master Mix were from Qiagen (Hilden,
Germany). The DCTM protein assay kit (cat. 500-0114) was
purchased from Bio-Rad Laboratories (Hercules, CA). Recom-
binant human vascular endothelial growth factor (VEGF,
354107) and growth factor-reduced Matrigel Matrix were
from BD Bioscience (Bedford, MA). The SuperScript III First
Strand was purchased from Invitrogen (Carlsbad, CA). The
Amersham ECL Prime Western Blotting Detection kit was from
GE Healthcare (Freiburg, Germany). CD117 MicroBeads and
MACS were from Miltenyi Biotec (Bergisch Gladbach, Ger-
many). The In Situ Cell Death Detection Kit (Lot. 10131400),
complete and Mini protease inhibitor cocktail, and beta-
galactosidase. staining set (Lot. 10652800) were purchased
from Roche Diagnostics (Mannheim, Germany).

Animals
Six-week-old C57BL/6J male mice and 5-week-old male
DPP4+/+ rats (F344/Jcl, Chubu Kagaku Shizai, Nagoya, Japan)
and 5-week-old male DPP4-deficient rats (DPP4�/�, F344/

DuCr1Cr1j, Charles River Laboratories Japan, Yokohama,
Japan) were provided with a standard diet and tap water
ad libitum. Adiponectin-deficient mice (adiponectin�/�30) on
a C57BL/6J background obtained from the same source were
used in this experiment. The animal protocols were approved
by the Institutional Animal Care and Use Committee of
Nagoya University Graduate School of Medicine (Protocol
Number 27304) and performed according to the Guide for the
Care and Use of Laboratory Animals published by the US
National Institutes of Health.

Model of Revascularization With or Without
Stress
Seven-week-old mice (21–24 g) and 6-week-old rats (90–
105 g) were given immobilized stress in which their move-
ments were restricted by placing them in an appropriately
sized animal holder (155-BSRR for mice; KN-325-B Square Rat
Holder with 3 sluices for rats; both from Natsume Seisakusho,
Tokyo; Figure 1A) for 4 hours per day without food and water
intake. Control animals were left undistributed and allowed
contact with each other, as described.31 After they underwent
the immobilization stress for 4 weeks, the stressed mice and
control mice were subjected to unilateral hindlimb ischemic
surgery, and we compared the recovery of the ischemic/
nonischemic blood-flow ratio between the stressed and
control groups during the follow-up period.

For the mechanistic studies, 5 independent experiments
were performed as follows: (1) In separate DPP4 inhibitor
experiments, mice that underwent stress for 4 weeks were
assigned to 1 of 3 groups and given (by oral gavage) vehicle
(distilled water, Stress), a low dose (30 mg/kg per day, S-DL) or
a high dose of the DPP4 inhibitor anagliptin (60 mg/kg per day,
S-DH, a generous gift from Sanwa Kagaku Pharmaceutical, Mie,
Japan) every day for 21 dayswith continued daily immobilization
stress; (2) In specific GLP-1 receptor agonist experiments, mice
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Figure 1. The effects of chronic stress on the levels of DPP4
activities and targeted molecule proteins or genes in the
nonstressed and stressed mice. A, The mouse/rat immobilized
stress model. B and C, The levels of plasma and muscle DPP4
levels. D and E, ELISA data show the levels of plasma GLP-1 and
adiponectin levels. F, Quantitative real-time PCR revealed that
chronic stress reduced the adiponectin expression in subcuta-
neous adipose tissue. Values are mean�SE (n=5–7). *P<0.01 vs
corresponding controls; NS, not significant by ANOVA and Tukey’s
post hoc tests. ANOVA indicates analysis of variance; APN
adiponectin; DPP4, dipeptidyl peptidase-4; GAPDH, glyceralde-
hyde-3-phosphate-dehydrogenase; GLP-1, glucagon-like peptide-
1; PCR, polymerase chain reaction.

Table 1. Primer Sequences for Mice Used for Quantitative
Real-Time PCR

APN-F GATGGCAGAGATGGCACTCC

APN-R CTTGCCAGTGCTGCCGTCAT

GLUT4-F TCCCTGTTACCTCCAGGTTG

GLUT4-R CCTTGCCCTGTCAGGTATGT

IRS-1-F CCAGAGTCAAGCCTCACACA

IRS-1-R CCCAACTCAACTCCACCACT

GAPDH-F ATGTGTCCGTCGTGGATCTGA

GAPDH-R ATGCCTGCTTCACCACCTTCT

APN indicates adiponectin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GLUT4,
glucose transporter 4; IRS-1, insulin receptor substrate 1; PCR, polymerase chain
reaction.
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that underwent immobilization stress for 4 weeks were
assigned to 1 of 2 groups and administered vehicle (saline;
stress group) or theGLP-1R agonist exenatide (5 lg/kg per day,
S-Exe group; AstraZeneca, London, UK) for 14 days; (3) In rat
experiments, DPP4+/+ and DPP4�/� rats that were subjected to
restraint stress for 4 weeks underwent the hindlimb ischemic
surgery, and the stress was continued for 14 days after the
surgery; (4) In adiponectin blocking experiments, the mice that
were treated with control rabbit IgG (450 lg/kg per day) or
rabbit neutralizing adiponectin antibody (N-adiponectin,
450 lg/kg per day) by subcutaneous injection every week
under restraint stress conditions for 2 weeks were subjected to
the ischemic surgery and continuously received antibodies and

anagliptin (30 mg/kg per day) interventions for 14 days under
stress; (5) adiponectin deficiency (adiponectin�/�) mice that
underwent immobilization stress for 2 weekswere assigned to1
of 2 groups and administered vehicle or a dose of oral anagliptin
(30 mg/kg per day) for 14 days.

At the end of the experiments, all animals were anes-
thetized with an intraperitoneal injection of pentobarbital
sodium (50 mg/kg; Dainippon Pharmaceutical, Osaka, Japan),
and the tissue (muscles, vessels, fats, and femurs) and arterial
blood samples were collected for biological analyses (includ-
ing DPP4 activity, ELISA, gene and protein assays) and
histological analyses. All surgical and sampling procedures
followed were in accordance with institutional guidelines.
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Figure 2. Chronic stress impaired blood flow recovery and capillary formation in ischemic muscles of the
mice. A, Representative laser speckle perfusion imaging showed a low perfusion signal (dark blue) in the
ischemic hindlimbs of stressed mice and a high signal (red) in control mice. The ratio of ischemic to
nonischemic laser speckle blood flow was lower in the stressed mice than in the nonstressed control mice
during the follow-up period. Data are mean�SE (n=6). *P<0.01 by 2-way repeated-measures ANOVA and
Bonferroni post hoc tests. B, Fluorescent staining was performed using tomato lectin to visualize capillaries
in ischemic and nonischemic thigh adductor muscle. Quantitative data showed the reduction of capillary
density as expressed by the capillary-to-myofiber ratio in ischemic muscle of the stressed mice (n=6). Data
are mean�SE. *P<0.05, NS, not significant by Student unpaired t test or ANOVA and Tukey’s post hoc
tests. Scale bar, 50 lm. LSBFI indicates laser speckle blood flow imaging.
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Analysis of Hindlimb Blood Flow
Hindlimb blood flow was detected with laser speckle blood
flow imaging (LSBFI, OMEGAZONE, OZ-1, OMEGAWAVE,
Tokyo). LSBFI analyses were performed on the animals’ legs
and feet before surgery and on postischemic days 0, 4, 7, 14,
and/or 21, respectively. Blood flow is shown as changes in
the laser frequency with differently colored pixels. The results
of the quantitative analysis of blood flow are expressed as the
ratio of left (ischemia) to right (nonischemia) LSBFI.8

Measurement of Capillary Density
Ischemic thigh adductor muscles obtained on the indicated
days were prepared as 4-lm-thick cryosections for the
microscopic analysis of capillary density. Endothelial cells
were recognized by immunohistochemical staining with anti-
mouse CD31 or fluorescent staining with tomato lectin. The
capillary density is expressed as the ratio of the number of
capillaries to the number of muscle fibers per high-power
(9200) field measured in 5 randomly chosen microscopic
fields from 3 independent cross-sections in each tissue block,
as described.8

Levels of Plasma and Tissue DPP4 Activities
DPP4 levels in plasma and tissues were measured by a DPP4-
Glo Protease Assay with aminoluciferin substrate as previ-
ously described.19 Human recombinant DPP4 was used to

drive a standard curve. The luminescence intensity was
calculated using a luminometer. Based on the standard curve,
the plasma and tissue DPP4 levels were derived to represent
as ng/mL.19 All measurements were performed in triplicate.

Western Blot Analysis
Rat and mouse tissue samples were obtained on postis-
chemic day 4. The same amounts of protein (40 lg/line)
extracted from the ischemic adductor muscle and the
descending thoracic aorta vessels were transferred to
polyvinylidene difluoride membranes and immunoreacted with
targeted primary antibodies. The membranes were then
treated with the horseradish peroxidase–conjugated sec-
ondary antibody at 1:10 000 to 15 000 dilutions. The
Amersham ECL Prime Western Blotting Detection kit was
used for the determination of targeted proteins. Protein levels
quantitated from Western blots were normalized by loading
internal controls.

Gene Expression Assay
Whole RNA was harvested from the tissues with the RNAeasy
Mini Kit according to the recommended protocol. The
SuperScript III CellsDirect cDNA Synthesis kit was used to
generate cDNA. Targeted mRNA levels were evaluated by
conducting a TaqMan gene expression assay. Quantitative
real-time polymerase chain reaction was conducted on a
7300 real-time polymerase chain reaction System (Applied
Biosystems, Foster City, CA). All experiments were performed
in triplicate. The sequences of primers for targeted genes are
shown in Table 1. The targeted gene expression was normal-
ized to the internal housekeeping GAPDH gene.

ELISA and Biochemical Analyses
Blood samples were obtained directly from the left ventricles
of mice and rats after a 10-hour fast and/or combined stress
for 2 hours for the ELISA and biochemical analyses. The levels
of plasma GLP-1 and adiponectin were determined using a
commercially available ELISA kit according to the manufac-
turer’s instructions. The levels of mouse and rat plasma
glucose, corticosterone, triglyceride, total cholesterol, high-
density lipoprotein cholesterol, nonesterified fatty acid, cre-
atinine, and blood urea nitrogen were examined at a
commercial laboratory (SRL, Tokyo, Japan).

Gelatin Zymography
On postoperative day 4, the activities of matrix metallopro-
teinase-2 (MMP-2) and MMP-9 in the muscles were deter-
mined by gelatin zymography. First, 20 lg of total tissue

Table 2. Levels of Lipids and Other Parameters in the Control
and Stress Groups at 7 Weeks

Parameter Control Stress

Body weight, g 23.7�0.4 21.5�0.3*

Triglyceride, mg/dL 27.0�5.2 18.9�2.0*

TCh, mg/dL 45.0�3.5 47.8�4.9

HDL-C, mg/dL 30.2�1.7 29.1�1.6

NEFA, lEQ/L 668�50 1143�52*

Blood urea nitrogen, mg/dL 29.4�2.1 28.6�1.4

Creatinine, mg/dL 0.2�0.0 0.1�0.0

Glucose, mg/dL 84.3�6.7 94.0�7.9

Corticosterone, ng/mL 170.5�3.2 76.3�6.2*

Real-time PCR (adipose)

IRS-1, % 14.0�2.4 9.9�1.9*

GLUT4, % 28.4�3.1 17.7�1.7*

Values are mean�SE (n=6–10). GLUT4 indicates glucose transporter 4; HDL-C, high-
density lipoprotein cholesterol; IRS-1, insulin receptor substrate 1; NEFA, nonesterified
fatty acid; PCR, polymerase chain reaction; TCh, total cholesterol.
*P<0.05 by Student t test.
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protein mixed with a SDS sample buffer without reducing
agent were loaded onto a 10% SDS-polyacrylamide gel
containing 1 mg/mL gelatin. After staining with Coomassie
blue, the gelatinase activity was quantified by using ImageJ
software.8

Aorta-Ring Culture for Angiogenesis Assay
An ex vivo angiogenesis assay was performed essentially as
described.9 Following a careful reversal of the descending
thoracic aortas of mice and rats, the aortic rings (1–2 mm)
were prepared. The rings were then immediately inserted into
layers of growth factor–reduced Matrigel and cultured in
endothelial basal medium-2 containing 50 ng/mL of VEGF for
7 days. Endothelial cells characterized as microvascular
sprouting were stained with fluorescein isothiocyanate–

labeled mouse anti-CD31. The sprout length was quantified
by using a BZ-X700 microscope and BZ-X Analyzer (Keyence,
Osaka, Japan). The endothelial cell sprouting density is
expressed as the percentage of pixels per image occupied
by vessels within a defined area.

Bone-Marrow (BM)–Derived c-Kit+ EPC-Like Cell
Isolation
BM-derived mononuclear cells were obtained from mice and
rats (n=5 per group). Following the isolation of lineage�

mononuclear cells, BM-derived c-Kit+ cells were collected by
using MACS and CD117 MicroBeads according to the
manufacturer’s instructions. c-Kit+ EPC-like cells were >90%
positive for CD31+ as described.8 After being cultured on
fibronectin-coated dishes (Wako) in endothelial growth
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medium-2 and 2% fetal bovine serum for 5 days, the EPC-like
c-Kit+ cells were isolated and used for the cellular assays.

Endothelial Cell Tube Formation Assay
BM-derived EPCs (2.59104 cells/well) were seeded on
growth factor–reduced Matrigel in a 24-well plate and
incubated for 24 hours in endothelial basal medium-2
containing 50 ng/mL of VEGF to induce tube formation. The
formation of networks was assessed using a BZ-X Analyzer to
evaluate the number of sprouts in 5 fields (9100) of each
well.8

Vascular Senescence Assay
Both the thoracic aorta and aortic arch from mice and rats
were used for a vascular cellular senescence assay by b-
galactosidase (b-Gal) staining set in accordance with the
manufacturer’s instructions. The degree of vascular cellular
senescence for each aorta was quantified with the positive
area of activated b-Gal as previously described.14

Immunohistochemical Staining
On postischemic 4 day, macrophages that had infiltrated the
ischemic muscles were detected immunohistochemically in 4-
lm-thick cryosections with anti-mouse CD68. Macrophages
were counted in 5 random microscopic fields from 3
independent sections, and the infiltration is expressed as
the number of CD68+ cells per high-power field (9200).

Immunocytofluorescent Staining
On postoperative day 4, the vascular progenitor cells isolated
from the BM of mice and rats were seeded onto coverslips
(2943 cells/mL) coated with denatured collagen and then
cultured in endothelial growth medium-2 containing 4% fetal
bovine serum for 24 hours. Following fixation with 4%
paraformaldehyde, the cells were washed 3 times with PBS
containing 1% glycerol. The cells were blocked with 0.1%
bovine albumin serum/PBS and then treated with the
antibodies against ki67 and c-Kit for the evaluation of c-Kit+

cell proliferation or with TdT-mediated dUTP nick-end labeling
staining reagents for their apoptosis assay.
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Figure 4. Stress decreased CD31+/c-Kit+ cells in BM and PB. A, Representative dot plots and quantitative
data for the numbers of CD31+/c-Kit+ (per 29104 cells) in BM and PB (n=6–7, Mann–Whitney U test). B,
BM-derived c-Kit+ cells were subjected to proliferation and apoptotic assays using Ki67 antibody or TUNEL
staining, respectively. Representative images and quantitative data show proliferative and apoptotic cells
(n=5–7, Student t test). Data are mean�SE. *P<0.01 vs controls. Scale bar, 50 lm. BM indicates bone
marrow; PB, peripheral blood; TUNEL, TdT-mediated dUTP nick-end labeling.
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Flow Cytometric Quantification of EPCs
On postoperative day 4, peripheral blood and BM were
pretreated with mouse anti-CD16+/CD32+ monoclonal anti-
body to block the non-antigen-specific binding of
immunoglobulins to the FccIII and FccII receptors of mono-
cytes. EPC-like mononuclear cells were incubated with an R-
phycoerythrin-conjugated rat anti-mouse c-kit antibody and
fluorescein isothiocyanate–conjugated rat anti-mouse CD31
antibody. Following treatment with flow cytometry lysing
solution, the cells were centrifuged and suspended in PBS for
the flow cytometry analysis.32

Statistical Analyses
The data are expressed as means�SE. Student t test (for
comparisons between 2 groups), and 1-way ANOVA for
comparisons of 3 or more groups followed by Tukey’s post
hoc tests were used for the statistical analyses. Following test
data distribution status, the data were subjected to the
statistical analysis. If the homogeneity of variance assumption
was violated, the nonparametric Kruskal–Wallis test was used
instead. The blood flow data were subjected to a 2-way
repeated-measures ANOVA and Bonferroni post hoc tests.

The comparative incidence of limb amputation was evaluated
by the v2 test. SPSS software ver. 17.0 (SPSS, Chicago, IL)
was used for all statistical analyses. P<0.05 was considered
significant.

Results

Chronic Stress Impaired Neovascularization in
Response to Ischemia
A restricted stress model (Figure 1A) has often been used to
investigate psychological stress–related metabolic and inflam-
matory cardiovascular disorders.31 To test our hypothesis, we
created a mouse model of the combination of immobilization
and ischemic induction to examine whether chronic stress
could influence the levels of DPP4 activity and GLP-1 protein
and angiogenic actions. Compared with the control mice, our
ELISA data revealed that stressed mice had dramatically
increased DPP4 levels and decreased GLP-1 levels in plasma
and/or ischemic muscles (Figure 1B through 1D). Our serial
LSBFI analyses revealed that stressed mice showed
decreased recovery of ischemic hindlimb perfusion through-
out the follow-up period, and the ratio of ischemia to
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Figure 5. Chronic stress stimulates inflammatory action in ischemic muscles of stressed mice. A,
Immunohistochemical staining was performed using antibodies against macrophages (Mac-3) in ischemic
and nonischemic muscles of nonstressed and stressed mice on d 4 after ischemia. Representative images
and quantitative data show infiltrated numbers of macrophages (n=6, ANOVA and Tukey’s post hoc tests). B
and C, Gelatin zymography assay was performed in ischemic and nonischemic muscles of nonstressed and
stressed mice on d 4 after ischemia. Representative images and quantitative data show the levels of the
MMP-2 and MMP-9 gelatinolytic activities (n=3, ANOVA and Tukey’s post hoc tests). Values are mean�SE.
*P<0.01 vs corresponding controls. Scale bar: 50 lm. MMP-2 indicates matrix metalloproteinase-2; NS,
not significant.
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nonischemia LSBFI was persistently lower in the stressed
mice compared with the nonstressed mice (Figure 2A).
Spontaneous amputation (including toenail, foot, and/or
below the knee) occurred in 0% of the ischemic limbs of the
nonstressed controls, but was markedly increased to 48.5% in
the stressed mice. As anticipated, stress significantly reduced
the capillary density in the ischemic muscles (Figure 2B),
indicating that the chronic stress caused an imbalance
between DPP4 activities and GLP-1 levels and reductions in
ischemia-induced blood recovery and capillary development.

Adiponectin-mediated PPAR-c/PGC-1a signal pathway
inactivation has been implicated in metabolic cardiovascular
disorder initiation and progression.22,25 We thus examined
whether these molecules are sensitive to chronic stress. As
shown in Figure 1E, a marked reduction of plasma adipo-
nectin levels was observed in the stressed mice on day 4 after

ischemic induction. Consistently, the subcutaneous fat of the
stressed mice had decreased adiponectin mRNA expression
compared with the nonstressed control mice (Figure 1F). We
also observed that chronic stress reduced insulin receptor
substrate 1 and glucose transporter 4 gene expressions in the
inguinal adipose tissues (Table 2). The quantitative analyses
of representative immunoblots revealed that the levels of p-
AMPKa, VEGF, PPAR-c, and PGC-1a proteins were lower in
the ischemic muscles of the stressed mice compared with
those of the control mice (Figure 3A), suggesting a chronic
stress-related inactivation of AdipoR1/AMPKa signaling and
the PPAR-c/PGC-1a axis in response to ischemia in the
neovascularization process.

An ex vivo aortic ring culture assay has been established to
investigate in vivo angiogenic states.32,33 Immunofluorescent
images showed endothelial sprouting to tubule formation from

A B C

E F

D

Figure 6. Inhibition of DPP4 reverses GLP-1 and adiponectin levels in plasma and/or adipose of stressed mice. A through D, Mice were given
by oral gavage vehicle (distilled water, Stress), a low dose (30 mg/kg per day, S-DL) or a high dose of the DPP4 inhibitor anagliptin (60 mg/kg
per d, S-DH) every day from 3 d before undergoing the surgery. At d 4 after surgery, harvested blood and adipose tissues (subcutaneous fat)
were analyzed by ELISA or quantitative real-time PCR, respectively, for the levels of DPP4 activity (A), GLP-1 protein (B) and adiponectin protein
(C), or adiponectin gene (D). Data are mean�SE (n=5–9). *P<0.01 by ANOVA and Tukey’s post hoc tests. E, Blood flow was measured by
representative laser speckle perfusion imaging, and capillary density was measured by fluorescent staining with tomato lectin. Representative
images and quantitative data for blood flow recovery (expressed as the ischemia-to-nonischemia LSBFI ratio) (E) and capillary density
(expressed as capillary-to-myofiber ratio) (F) are shown. Data are mean�SE (n=5–7). *P<0.01 by 1-way ANOVA and Tukey’s post hoc tests.
Scale bar: 50 lm. APN indicates adiponectin; DPP4, dipeptidyl peptidase-4; GAPDH, glyceraldehyde-3-phosphate-dehydrogenase; GLP-1,
glucagon-like peptide-1; LSBFI, laser speckle blood flow imaging; PCR, polymerase chain reaction.
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the aorta rings cultured at day 7 (Figure 3B). Compared with
the controls, the EC-derived sprouting capacity was reduced
in the aortas of the stressed mice (Figure 3B and 3C). We
extended our examination to the vascular EC senescence and
targeted molecule changes in response to chronic stress. The
b-Gal staining results indicated that stress accelerates
vascular senescence (Figure 3B and 3D). Moreover, as
anticipated, compared with the control aortas, the stressed
aortas exhibited low levels of PPAR-c, PGC-1a, and Sirt1
proteins (Figure 3E). These observations thus suggest that
chronic stress caused the decline in PPAR-c/PGC-1a activa-
tion and angiogenic action and an acceleration of vascular
senescence.

To further clarify the specific effects of chronic stress on
vascularization, we sought to compare CD31+/c-Kit+ EPC-like
cell production and mobilization in both experimental groups
after ischemic induction. Flow cytometry analyses revealed
that the numbers of CD31+/c-Kit+ cells were lower in not only
BM but also peripheral blood in the stressed mice compared
with the nonstressed mice (Figure 4A). Likewise, double
immunofluorescence showed that the numbers of BM-derived
CD31+/c-Kit+ and c-Kit+/Ki67+ cells were decreased in the
stressed mice, whereas c-Kit+/TdT-mediated dUTP nick-end
labeling+ cells were increased in the stressed mice (Fig-
ure 4B). Therefore, stress appears to reduce vascularization
via the reduction of BM EPC production and mobilization.

On the other hand, inflammation has been shown to be
involved in the pathogenesis of cardiovascular disease. Herewe

observed more macrophages in the extracapillary space in the
stressed mice on day 4 after ischemic induction compared with
the nonstressed control mice (Figure 5A). Compared with
control, marked MMP-2 and MMP-9 activities were observed in
the ischemic muscles of the stressed mice (Figure 5B and 5C),
indicating that stress promotes inflammatory action and MMP-
2/-9 activation in the angiogenesis process. With the exception
of body weight and nonesterified fatty acid, triglyceride, and
corticosterone, we observed that there were no differences in
the levels of total cholesterol, high-density lipoprotein choles-
terol, blood urea nitrogen, glucose, and creatinine between the
experimental groups (Table 2).

DPP4 Activity Modulated Neovascularization in
Response to Stress
We sought to determine whether pharmacological DPP4
inhibition could rectify an imbalance between DPP4 activities
and GLP-1 protein levels in mice that have been subjected to
chronic stress conditions. As anticipated, in comparison with
the control mice, DPP4 inhibition by both doses of anagliptin
reversed the changes in the DPP4 and GLP-1 levels in the
blood of the stressed mice on postischemic day 4 (Figure 6A
and 6B). Likewise, the levels in circulating adiponectin and
subcutaneous adipose adiponectin mRNA were increased in
the S-DL and S-DH mice (Figure 6C and 6D). We have also
observed that S-DL and S-DH mice had increased levels of
inguinal adipose insulin receptor substrate 1 and glucose
transporter 4 genes as compared with stress-alone mice
(Table 3). With the exception of nonesterified fatty acid,
glucose, and corticosterone, we observed that there were no
differences in targeted metabolic parameters among the 3
experimental groups (Table 3).

As shown in Figure 6E, marked blood recovery was
observed in the S-DL and S-DH group mice throughout the
follow-up period. Capillaries were well developed in both
treatment groups at day 21 after ischemic induction (Fig-
ure 6F). Consistently, DPP4 deletion also mitigated blood
recovery and capillary formation in stressed rats (Figure 7A
through 7D). Compared with the controls, the rates of
amputation were dramatically reduced in the S-DL and S-DH
groups (Figure 8A). Abundant protein levels of p-AMPKa, VEGF,
PPAR-c, and PGC-1a were observed in the ischemic muscles of
S-DL and S-DH mice on day 4 after surgery (Figure 8B); these
effects were mimicked by DPP4 deletion in the stressed rats
(Figure 8C). Thus, the protection of GLP-1 against degradation
by DPP4 inhibition could produce an improvement in the
impaired adiponectin/AdipoR1 signaling and PPAR-c/PGC-1a
expression and the reduced neovascularization in response to
ischemia in mice under chronic stress.

To determine the consequences of DPP4 inhibition, the
aortas of both experimental groups were applied to vascular

Table 3. Levels of Lipids and Other Parameters in the 3
Experimental Groups at 7 Weeks

Parameter Stress S-DL S-DH

Body weight, g 21.5�0.3 20.5�0.4 21.8�0.3

Triglyceride, mg/dL 17.1 �1.9 16.0�2.4 19.2�1.7

TCh, mg/dL 48.2�4.1 47.7�3.9 43.9�4.5

HDL-C, mg/dL 30.3�1.9 32.3�1.3 32.1�1.6

NEFA, lEQ/L 1204�61 777�61* 758�39*

Blood urea nitrogen,
mg/dL

29.7� 1.9 31.3 �1.6 30.4�1.3

Creatinine, mg/dL 0.2�0.0 0.2�0.0 0.2�0.0

Glucose, mg/mL 101.2�5.6 85.5�5.2* 82.8�4.9*

Corticosterone, ng/mL 80.3�6.1 105.6�12.2* 113.4�10.9*

Real-time PCR (adipose)

IRS-1 10.4�1.8 45.8 �5.3* 42.4�3.3*

GLUT4 16.2�2.7 34.5�6.8* 39.8�4.1*

Values are mean�SE (n=6–10). GLUT4 indicates glucose transporter 4; HDL-C, high-
density lipoprotein cholesterol; IRS-1, insulin receptor substrate 1; NEFA, nonesterified
fatty acid; PCR, polymerase chain reaction; S-DH, stressed mice received high dose of
DPP4 inhibitor; S-DL, stressed mice received low dose of dipeptidyl peptidase 4 inhibitor;
TCh, total cholesterol.
*P<0.05 vs stress alone mice by analysis of variance and Tukey’s post hoc test.
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senescence and tubulogenesis assays for the evaluation of
angiogenesis. The results indicated that the genetic and
pharmacological inhibition of DPP4 mitigated not only stress-
related aorta-derived EC sprouting but also vascular senes-
cence (Figures 8D, 8E, 9A, and 9B). Abundant protein levels
of PPAR-c, PGC-1a, and Sirt1 proteins were observed in the
aortas of the S-DL and S-DH mice (Figure 9C), and these
effects were mimicked by DPP4 deletion (Figure 9D), indicat-
ing that DPP4 could modulate stress-related vascular
endothelial senescence and angiogenesis failure, which are
accompanied by PPAR-c/PGC-1a inactivation. As shown in
Figure 10A, we observed that the numbers of CD31+/c-Kit+

cells in the BM and peripheral blood were higher in both the S-
DL and S-DH mice compared with the control mice

(Figure 10A). DPP4 inhibition also ameliorated the BM c-Kit+

cell proliferation, apoptosis, and tubulogenic action (Fig-
ure 10B through 10D). Taken together, these results indicate
that DPP4 may modulate angiogenesis and vasculogenesis in
response to ischemia in mice under stress.

Quantitative gelatin zymography analysis showed that
DPP4 inhibition suppressed the MMP-2 and MMP-9 activities
in the ischemic muscles of the stressed mice (Figure 11A).
Interestingly, DPP4 deficiency mitigated the MMP-related
proteolysis and microphage infiltration (Figure 11B and 11C).
We also observed that a GLP-1 agonist improved inflammatory
action in the stressed mice (Figure 12). These findings thus
suggest that a DPP4 inhibition- and GLP-1R activation-
mediated anti-inflammatory effect may contribute to

BA

DC

Figure 7. DPP4 deficiency improved the blood flow recovery and capillary formation in ischemic muscles
of stressed rats. A, Representative laser Doppler perfusion images show a low perfusion signal (dark blue) in
the ischemic hindlimbs of DPP4+/+ rats and a high signal (red) in DPP4�/� rats. B, The ratio of ischemic to
nonischemic LSBFI was higher in the DPP4�/� rats than in the DPP4+/+ rats during the follow-up period. The
data are mean�SE (n=6). *P<0.05 by 2-way repeated-measures ANOVA and Bonferroni post hoc tests. C,
Immunohistostaining was performed using anti-CD31 to visualize capillaries in ischemic and nonischemic
thigh adductor muscle. D, Quantitative data showing the enhancement of capillary density as expressed by
the capillary-to-myofiber ratio in ischemic muscle of DPP4�/� rats. Data are mean�SE (n=6). *P<0.01 vs
corresponding DPP4+/+ rats, NS, not significant by ANOVA and Tukey’s post hoc test. Scale bar: 50 lm.
DPP4 indicates dipeptidyl peptidase-4; LSBFI, laser speckle blood flow imaging.
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neovascularization in mice under chronic stress. In addition,
with the exception of nonesterified fatty acid and glucose, we
observed that there were no significant differences in targeted
metabolic parameters between the DPP4+/+ and DPP4�/�

experimental groups (Table 4).

A GLP-1 Analogue Ameliorated
Neovascularization in Response to Stress
We examined whether GLP-1 supplementation could amelio-
rate ischemia-induced neovascularization under chronic
stress. As shown in Figure 13A and 13B, marked improve-
ments of blood recovery and capillary density were observed
in the S-Exe group mice compared with the stress alone mice.
Likewise, the GLP-1R agonist exenatide also attenuated the
amputation events of ischemic hindlimbs in mice (Fig-
ure 13C). We observed abundant levels of plasma adiponectin
protein and adipose adiponectin mRNA as well as targeted

p-AMPKa, PPAR-c, PGC-1a, and VEGF proteins in S-Exe mice
compared with the control mice (Figures 13D, 13E, and 14A).
Moreover, exenatide treatment enhanced the levels of plasma
corticosterone (143.4�18.9 versus 89.1�5.6 ng/mL) and
adipose insulin receptor substrate 1 (56.3�5.2 versus
12.5�2.1) and glucose transporter 4 (29.9�3.1 versus
10.1�1.4; P<0.01 for each) mRNAs in the stressed mice.
Thus, these findings indicating that GLP-1 supplementation
can produce a beneficial effect on impaired angiogenic action
in response to ischemia in mice that received stress.

In addition, the aorta-ring culture and b-Gal staining assays
showed that exenatide prevented aortic endothelial cell
sprouting and senescence (Figure 14B and 14C). As antici-
pated, representative immunoblots showed that the levels of
PPAR-c, PGC-1a, and Sirt1 proteins were higher in the aortas
of the S-Exe mice compared with those of the control mice
(Figure 14D). Moreover, exenatide mitigated the CD31+/c-
Kit+ EPC-like cell mobilization in the stressed mice
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Figure 8. DPP4 inhibition ameliorated amputation and targeted protein levels in stressed mice. A, Quantification of foot amputation (including
loss of toenails, foot, and/or below knee) in 3 groups (upper and lower numbers indicate the number of amputations and total animals). *P<0.01
by v2 test. B and C, Representative immunoblots and quantitative data for the levels of p-AMPKa, PPAR-c, PGC1-a and VEGF of ischemic
muscles of stressed mice (B) and rats (C). D and E, Pharmacological inhibition of DPP4 improved aortic endothelial sprouting and senescence.
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expressed as the percentage of pixels per image occupied by vessels in the quantitative area (n=4–5). Data are mean�SE. *P<0.01 by ANOVA
and Tukey’s post hoc tests. b-Gal indicates b-galactosidase; DPP4, dipeptidyl peptidase-4; p-AMPKa, phospho-AMP-activated protein kinase a;
PGC-1a, PPAR-c co-activator 1a; PPAR-c, peroxisome proliferator-activated receptor-c; VEGF, vascular endothelial growth factor.
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(Figure 14E). GLP-1R activation also improved the BM-derived
c-Kit+ cell tubule formation, proliferation, and apoptosis
(Figure 14F and 14G). Collectively, GLP-1R activation appears
to have promoted angiogenic and vasculogenic actions via the
activation of adiponectin/AdopR1 signaling and PPAR-c/PGC-
1a expression in the stressed mice.

Adiponectin Deficiency Diminished DPP4
Inhibition-Mediated Vasculoprotective Actions in
Mice Under Chronic Stress
As shown in Figure 15A and 15B, adiponectin depletion with
its neutralizing antibody resulted in decreased blood flow
recovery and capillary formation in stressed mice treated with
anagliptin. The fluorescence activated cell sorter analysis
revealed that the circulating levels of CD31+/c-Kit+ were
lower in the S-Ana mice treated with N-adiponectin than in the
S-Ana mice treated rabbit control IgG (Figure 15C). Likewise,
adiponectin deficiency also abrogated DPP4 inhibition-related
vasculoprotection (Figure 15D). Together with the Western
blotting analysis showing that DPP4 inhibition had no effect
on PPAR-c and PGC-1a protein expressions (Figure 15E), the
present findings suggest that an adiponectin/AdopR1 signal
may regulate ischemia-induced neovascularization through
PPAR-c/PGC-1a activation under our experimental

conditions. In addition, anagliptin exhibited no effect on the
numbers of blood and BM CD31+/c-Kit+ cells in
adiponectin�/� mice (Figure 16).

Discussion
This study revealed the novel finding that chronic stress
accelerates DPP4-mediated GLP-1 degradation and alters
plasma adiponectin. The decrease in the adiponectin/
AdipoR1 signal lowered the expression of regulatory angio-
genic genes PPAR-c and PGC-1a in the vessels and the
ischemic muscles, thereby accelerating insulin resistance and
vascular senescence and ischemia-induced angiogenic action
failure in stressed mice. These changes also resulted in BM-
derived EPC mobilization failure and dysfunction, reducing the
vascular regeneration capacity. DPP4 inhibition and GLP-1R
activation ameliorated ischemia-induced neovascularization
under our experimental conditions, and this vascular benefit
was diminished by the genetic or pharmacological depletions
of adiponectin.

Our view of the cross-talk between GLP-1/GLP-1R and
adiponectin-AdipoR1 axes as a potential regulator of several
intracellular signals has key clinical implications. The ability of
chronic stress to exert deleterious changes of both axes is
likely to have contributed to the decline in the vascular
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senescence and regeneration capacity. Our animal studies
demonstrated that the administration of the DPP4 inhibitor
anagliptin will restore impaired ischemia-induced blood flow
recovery and capillary formation in stressed mice. Our
observations show that stress resulted in decreased levels
of plasma GLP-1 and adiponectin proteins and adipose
adiponectin gene, accompanied by increased plasma DPP4
activity; these changes were reversed by the pharmacological
and genetic disruption of DPP4 gene. Exenatide also exhibited
a positive effect on plasma and tissue adiponectin levels in
the stressed mice. Thus, the reduction of adiponectin by an
acceleration of DPP4-mediated GLP-1 degradation appears to
contribute to the decline in ischemia-induced neovasculariza-
tion in mice subjected to chronic stress. In the data presented
here, genetic or pharmacological intervention toward DPP4
and GLP-1R restored the vascular regenerative capacity.
Western blotting assays demonstrated that the levels of p-
AMPKa, PPAR-c, PGC-1a, and VEGF proteins were amelio-
rated in ischemic muscles of stressed mice that underwent
both interventions. Moreover, the genetic and

pharmacological depletion of adiponectin diminished the
DPP4 inhibition-related vascular protection. Adiponectin pro-
tected ischemic stress-related cardiovascular injury.22,24

Nuclear transcription factor PPAR-c/PGC-1a signaling has
been implicated in metabolic cardiovascular disease initiation
and progression.20 Based on the currently available informa-
tion, a comprehensive review article noted that PPAR-c
activation can represent a common mechanism in the
protection of cardiovascular tissues against various types of
stress.20 Taken together, these findings indicate that
increased DPP4 activity may have negatively modulated
vascular regeneration actions via the GLP-1-mediated adipo-
nectin/AdipoR1 and PPARc/PGC-1a interaction in the mice
subjected to our experimental conditions.

It is well established that there is a close link between
vascular senescence and dysfunction and cardiovascular
disorders. We have previously shown that old human umbilical
vein endothelial cells exhibit lower proliferative and tubulo-
genic abilities compared with young cells.8 The aortic rings
from aged mice had impaired EC sprouting.9 In the present
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study, chronic stress accelerated vascular senescence in the
stressed mice compared with the nonstressed controls.
Likewise, the aorta-ring culture assay showed a reduction in

the microvessel sprouting of stressed aortas, suggesting that
impaired angiogenesis was associated with the acceleration
of vascular endothelial senescence under stress. Here we
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have demonstrated that anagliptin and exenatide improved
the tubulogenic capacity of stressed aortas. Both therapies
also resulted in increased levels of not only plasma
adiponectin and but also the levels of aortic PPAR-c, PGC-
1a, and Sirt1 protein in the stressed mice. It was reported
that adiponectin improved endothelial dysfunction under
pathophysiological conditions.23,24 A recent study showed
that a variety of endothelial cellular biological events including
cell migration and proliferation were modified by the activa-
tion of several PPAR-c-dependent signaling pathways.32 The
upregulation of adiponectin by DPP4 inhibition and GLP-1R
activation could therefore represent a common mechanism in
the protection of vascular tissues against chronic stress.

It has become clear that the function and numbers of EPCs
are modified by pathological conditions such as aging and
metabolic disorder.9,34 In the present study, the BM-derived
EPC angiogenic actions were lower and apoptosis was higher

Table 4. Levels of Lipids and Other Parameters in 2
Experimental Groups at 4 Weeks

Parameter DPP4+/+ DPP4�/�

Body weight, g 203.8�6.9 228.3�3.7

Triglyceride, mg/dL 37.7�2.4 30.6�2.3

TCh, mg/dL 4.5�0.3 4.3�0.2

HDL-C, mg/dL 20.0�1.0 20.7�0.8

NEFA, lEQ/L 663.1�57.2 459.4�37.2*

Blood urea nitrogen, mg/dL 18.3�1.8 21.0�0.7

Creatinine, mg/dL 0.2�0.0 0.2�0.0

Glucose, mg/dL 103.5�6.0 85.8�5.9*

Values are mean�SE (n=6–8). DPP4 indicates dipeptidyl peptidase-4; DPP4�/�, DPP4
knockout; DPP4+/+, wild-type; HDL-C, high-density lipoprotein cholesterol; NEFA,
nonesterified fatty acid.; TCh, total cholesterol.
*P<0.05 vs DPP4+/+ by Student t tests.

BA

C D E

Figure 13. A GLP-1 agonist ameliorated the blood flow recovery and capillary formation in stressed mice.
A, Representative laser speckle perfusion imaging showing a low perfusion signal (dark blue) in the ischemic
hindlimbs of stressed mice and a high signal (red) in S-Exe mice. The ratio of ischemic-to-nonischemic laser
speckle blood flow was higher in the S-Exe mice than in the nonstressed control mice during the follow-up
periods. B, Immunostaining was performed using CD31 antibody to visualize capillaries in ischemic and
nonischemic thigh adductor muscles. Quantitative data show an enhancement of capillary density as
expressed by the capillary-to-myofiber ratio in ischemic muscle of the S-Exe mice. C, Quantification of foot
amputation (including loss of toenails, foot, and/or below knee) in 2 groups. D and E, At d 4 after surgery,
harvested blood and tissues were analyzed by ELISA and quantitative real-time PCR for plasma APN protein
and its gene of the subcutaneous fat. Data are mean�SE (n=5–6). *P<0.01, NS, not significant by Student
unpaired t test or ANOVA and Tukey’s post hoc tests. Scale bar: 50 lm. APN indicates adiponectin; GAPDH,
glyceraldehyde-3-phosphate-dehydrogenase; GLP-1, glucagon-like peptide-1; LSBFI, laser speckle blood
flow imaging; PCR, polymerase chain reaction; S-Exe, stressed group mice treated with exenatide.

DOI: 10.1161/JAHA.117.006421 Journal of the American Heart Association 16

DPP-4/GLP-1 Axis and Vascular Disease Piao et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



in the stressed mice than in the nonstressed mice; these
changes were ameliorated by DPP4 inhibition and GLP-1R
activation. It was reported that DPP4 depletion increased the
homing of circulating C-X-C chemokine receptor type 4+

(CXCR4+) stem cells into ischemic myocardial vasculature.15

Fadini and colleagues documented that diabetes mellitus
differentially influenced DPP4 activity in peripheral blood and
impaired stem/progenitor cell mobilization after ischemia and
granulocyte–colony-stimulating factor administration.35 Our
present findings show that the numbers of blood CD31+/c-
Kit+ cells were lower in the stressed mice than in the control
mice; this alteration was restored by both a DPP4 inhibitor
and a GLP-1R agonist. Conversely, we observed that
adiponectin blocking reduced BM EPC mobilization in S-Ana
mice. We recently demonstrated that adiponectin/AdipoR1
activation produces BM-derived stem cell mobilization and
regenerative capacity in a senescence-accelerated mouse
model.36 Adiponectin protects EPCs against apoptosis and

therefore could modulate the ability of EPCs to induce the
repair of vascular damage.37 Another study demonstrated that
adiponectin depletion resulted in decreased BM-derived EPC
cell survival and differentiation ability in mice.38 Thus, the
ability of DPP4 inhibition and GLP-1R activation to improve
EPC function and recruitment exerts salutary effects on
ischemic vasculature by enhancing adiponectin production,
thereby promoting revascularization under stress conditions.

Inflammatory over-reaction has been shown to reduce the
neovascularization of ischemic limbs in aged mice.8,39 The
exercise-mediated prevention of inflammatory responses to
ischemia has been shown to ameliorate revascularization in
aged animals.8 It was reported that inflammatory responses
(ie, inflammatory cytokine expression and related cell infiltra-
tion) are accelerated by stress.31 Power and colleagues
reported that social stress upregulated inflammatory gene
expression in the leukocyte transcriptome.40 Here we
observed that stressed ischemic muscles had dramatically
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increased numbers of infiltrated macrophages and decreased
blood flow recovery and capillary density compared with
nonstressed ischemic muscles, suggesting that stress

accelerates inflammatory over-reaction to the contribution
to impaired vascular regeneration in response to ischemia.
This concept was further supported by our observation that
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the levels of infiltrated macrophage-derived MMP-9 and MMP-
2 gelatinolytic activities were higher in ischemic muscles of
the stressed mice compared with those of the control mice.
Macrophage-specific PPAR-c signaling controls macrophage
activation in insulin resistance status.41 It was reported that a
PPAR-c agonist protected kidney from injury via the attenu-
ation of inflammatory actions.42 Accumulating evidence
indicates that adiponectin facilitates macrophage polarization
toward an anti-inflammatory phenotype.43–45 On the other
hand, GLP-1/GLP-1R signal also induces M2 polarization of
human macrophages.46 In the data presented here, stress had
decreased in plasma GLP-1 and adiponectin as well as tissue
PPAR-c/PGC-1a, which was accompanied by increased
plasma DPP4 activities. We observed that DPP4 deficiency
and anagliptin ameliorated these stress-related changes and
inflammatory action. Moreover, exenatide exerts an anti-
inflammatory effect in stressed mice. Thus, these findings
suggest that the DPP4 inhibition- and GLP-1R activation-
mediated improvement of vascular regeneration capacity may
be partially attributable to the reduction of inflammation
through adiponectin/AdipoR1-dependent PPAR-c/PGC-1a
signaling activation under our experimental conditions.

It is well established that psychological stress can accelerate
cardiovascular disorder initiation and progression via either
depression or activation of the hypothalamic–pituitary–adrenal
feedback mechanisms.6 Previous studies reported that GLP-1R
agonists have a sustained stimulatory effect on neurohormone
(ie, corticosterone) secretion in animals.47,48 We have shown
that chronic stress markedly suppressed the plasma corticos-
terone level; this effect was restored by the treatment with
anagliptin and exenatide. Recently, we have demonstrated that
chronic stress also increased plasma adrenaline and nora-
drenaline levels, and these changes were reversed by both
drugs.14,19 In addition, our observations here show that
pharmacological interventions targeted toward DPP4 activity
and GLP-1R activation ameliorated the levels of plasma glucose
and adipose insulin receptor substrate 1 and glucose trans-
porter 4 genes in the stressed mice. Adiponectin has been
shown to improve glucose metabolism and insulin resistance in
metabolic disorder.26,27 Thus, both pharmacological therapies
may rectify the alterations in the neurohormone levels, resulting
in adiponectin-mediated beneficial effects on glucose metabo-
lism and insulin resistance, contributing to the mitigation of
vasculoprotection in mice under our experimental conditions.

Conclusions
Taken together, the previous and present findings show a
critical role of the interaction between DPP4-related GLP-1/
GLP-1R and adiponectin/AdiopR1 signaling pathways in
ischemic vascular regeneration under chronic stress condi-
tions. This novel biological function of the cross-talk may be

exploited for the therapeutic management of chronic psy-
chosocial stress-related vascular aging and cardiovascular
disease.
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