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Abstract
Abdominal aortic aneurysm (AAA) is a life-threatening situation affecting almost 10% of el-

ders. There has been no effective medication for AAA other than surgical intervention.

Dipeptidyl peptidase-4 (DPP-4) inhibitors have been shown to have a protective effect on

cardiovascular disease. Whether DPP-4 inhibitors may be beneficial in the treatment of

AAA is unclear. We investigated the effects of DPP-4 inhibitor sitagliptin on the angiotensin

II (Ang II)-infused AAA formation in apoE-deficient (apoE-/-) mice. Mice with induced AAA

were treated with placebo or 2.5, 5 or 10 mg/kg/day sitagliptin. Ang II-infused apoE-/- mice

exhibited a 55.6% incidence of AAA formation, but treatment with sitagliptin decreased AAA

formation. Specifically, administered sitagliptin in Ang II-infused mice exhibited decreased

expansion of the suprarenal aorta, reduced elastin lamina degradation of the aorta, and di-

minished vascular inflammation by macrophage infiltration. Treatment with sitagliptin de-

creased gelatinolytic activity and apoptotic cells in aorta tissues. Sitaglipitn, additionally,

was associated with increased levels of plasma active glucagon-like peptide-1 (GLP-1). In
vitro studies, GLP-1 decreased reactive oxygen species (ROS) production, cell migration,

and MMP-2 as well as MMP-9 activity in Ang II-stimulated monocytic cells. The results con-

clude that oral administration of sitagliptin can prevent abdominal aortic aneurysm formation

in Ang II-infused apoE-/-mice, at least in part, by increasing of GLP-1 activity, decreasing

MMP-2 and MMP-9 production from macrophage infiltration. The results indicate that sita-

gliptin may have therapeutic potential in preventing the development of AAA.
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Introduction
Surgical intervention is currently the only therapy accessible for the development of abdominal
aortic aneurysms (AAAs). Upon the insufficient-effective medical treatment to date, AAA rup-
ture remains a significant cause of mortality in the elderly. The status is further complicated by
the fact that surgical intervention in and of itself is associated with a 10% risk of death [1].
Under the increase in the aged prevalence in AAA, novel medical treatments intend reducing
the progression of AAA have been expected. Still unclear the etiology of AAAs, the current lit-
erature suggests that elastin and extracellular matrix (ECM) degradation play a key role in the
pathogenesis of the condition [2]. Reportedly having been indicated that chronic vascular in-
flammation is a hallmark of AAA. The main source of proteases from the infiltrated monocytes
and macrophages into the vessel wall destroy the integrity of the aortic wall and degrade ECM,
thus contributing to the development, progression and rupture of AAA [3]. The process of vas-
cular inflammation involves an "inside-out" response that arises from endothelial activation
and leukocyte extravasation that proceed toward the adventitia, but a "outside-in" hypothesis
has come into view in AAA formation whereby vascular wall inflammation is initiated in the
adventitial layer and progresses through the media toward the intima instead [4].

Dipeptidyl peptidase-4 (DPP-4), also known as lymphocyte cell surface marker CD26, exists
both as membrane-anchored cell-surface peptidase and as a smaller soluble form in blood plas-
ma. DPP-4 is widely expressed on T cells and B cells, natural killer cells, subsets of macro-
phages, hematopoietic stem cells, and hematopoietic progenitor cells, as well as on epithelial,
endothelial, and acinar cells of a variety of tissues including [5,6]. A soluble form of DPP-4 that
lacks intracellular and transmembrane regions presents in body fluids such as urine, serum/
plasma, seminal plasma and amniotic fluid, yet the origin of soluble DPP-4 are not completely
understood. The complex biological roles of DPP-4 include cell membrane associated activa-
tion of intracellular signal transduction pathways, cell-to-cell interaction, and enzymatic activi-
ty [7]. Inhibition of the DPP-4 system trends a new approach in the management of Type-2
diabetes by virtue of its effects on extending the half-life of glucose-dependent insulinotropic
peptide (GLP-1) and glucagon-like peptide-1 (GIP) [8]. DPP-4 inhibitor has been demonstrat-
ed to play a protective role in cardiovascular diseases, including hypertension [9], cardiomyop-
athy [10], atherosclerosis [11], and peripheral vascular disease [12] via both GLP-1 dependent
and independent effects. However, there is a lack of evidence supporting a beneficial effect of
DPP-4 inhibitors on AAA. Recently, one investigator reported that the DPP-4 inhibitor ame-
liorated AAA by inhibiting oxidant stress [13]. Nevertheless, the mechanism underlying the ef-
fects of DPP-4 inhibition is unclear. Thus, the purpose of this study was to evaluate the role of
DPP-4 inhibitor in experimental AAA pathogenesis, with the extreme ambition of identifying
novel medication for the treatment of AAAs.

Materials and Methods

Animal preparation and drugs administration
Male apoE-/- mice on a C57BL/6 background were purchased from Jackson Laboratories (Bar
Harbor, ME, USA). Mice were kept in micro-isolator cages on a 12-h day/night cycle. Water
and a normal laboratory diet were available ad libitum. All experiments were performed in
12- to 14-week-old male apoE-/- mice. Mice were infused subcutaneously with Ang II (1000
ng/kg/min; Sigma, St. Louis, MO, USA) or normal saline (NS) via mini-osmotic pumps
(model 2004, Alzet, Palo Alto, CA, USA) for 28 days [14]. The mice were divided into 5
groups and, orally administered the equally volume of water as vehicle or the DPP-4 inhibi-
tor, sitagliptin (Januvia, Merck & Company, Inc., Rahway, NJ, USA) at the following doses:
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0 mg/kg/day; 2.5 mg/kg/day; 5 mg/kg/day; 10 mg/kg/day for 28 days after pump implanta-
tion. The doses used in mice were comparable to doses given to human on the basis of body
surface. Also, mice were treated with liraglutide (Victoza, Novo Nordisk, Inc., Plainsboro, NJ,
USA) at a modify previously used dosed of s.c. 400 μg/kg daily twice for 28 days after pump
implantation [15]. At the end of the study, mice were euthanized by exsanguination under
anesthesia (ketamine-HCl 100 mg/kg and xylazine 20 mg/kg given i.p., animals were consid-
ered as adequately anaesthetized when no attempt to withdraw the limb after pressure could
be observed). All experimental protocols and procedures were approved by the Institutional
Animal Care and Use Committee of the National Yang-Ming University (Taipei, Taiwan).

Measurement of blood pressure
Blood pressure was measured in conscious mice using a noninvasive tail-cuff system (Softron,
BP-98A). All mice were trained to stay quietly in a restrainer that was placed on a warm pad
for a period of at last 30 minutes before the measurements. Blood pressure was measured re-
peatedly and recorded. Mean arterial pressure (MAP) was calculated. MAP was averaged from
3 consecutive measurements.

Biochemical measurements
Blood samples for biochemical measurements were collected from each animal before and at
the end of the experiment. Samples were obtained from the mandibular artery without seda-
tion, collected into EDTA-containing tubes and separated by centrifugation at 1000xg for
10 min at 4°C. Plasma samples were stored at -80°C until tested. Plasma total cholesterol, tri-
glyceride, high-density lipoprotein (HDL) and low-density lipoprotein (LDL) were measured
using a SPOTCHEMTM automatic dry chemistry system (SP-4410; Arkray, Shanghai, Japan).
ELISAs were performed to determine the plasma level of SDF-1α (R&D Systems Inc., Minne-
apolis, MN, USA), DPP-4 (RayBiotech Inc., Norcross, GA, USA), DPP-4 activity (Enzo Life
Sciences, Lausen, Switzerland), and GLP-1 activity (Millipore, Billerica, MA, USA).

Characteristics and quantification of AAA
After the aorta was dissected free from the surrounding connective tissue, images were cap-
tured with a digital camera and used to measure the outer diameter of the suprarenal aorta at
the midpoint between the diaphragm and right renal artery. An abdominal aortic aneurysm
was defined as a 50% increase in external diameter of the abdominal aorta [14,16]. The lumen
and adventitial circumferences at the maximally expanded portion of the suprarenal aorta were
quantified using Image J software (National Institutes of Health, Bethesda, MD, USA). All
measurements were performed by the same operator to avoid inter-observer variability.

Histological and immunofluorescent staining
4 μm thickness of aortic cross-sections were analyzed by hematoxylin/eosin (H&E) staining
Verhoeff-Van Giessen (VvG) for elastin, masson’s trichrome for the assessment collagen and
F4/80 (AbD seroTec, San Francisco, CA, USA) for macrophages. To identify macrophages and
MMPs expression in the aortic wall, an immunohistochemical assay was performed. The paraf-
fin-embedded sections were incubated with the antibodies anti-MMP-2 (Millipore, Billerica,
MA, USA), anti-MMP-9 (Abcam, Cambridge, MA, USA), anti-TIMP-1 and anti-TIMP-2
(Bioss, Woburn, MA, USA).
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TUNEL assay
To localize cells undergoing nuclear DNA fragmentation, terminal deoxynucleotidyl transfer-
ase dUTP nick end labeling (TUNEL) was performed using in a situ apoptosis detection kit
(Roche, Branchburg, NJ, USA) according to the manufacturer’s protocol. Briefly, paraffin sec-
tions were deparaffinized and rehydrated. Sections were then washed with PBS and incubated
with proteinase K (20 mg/ml) for 40 minutes. TdT, which catalyzes a template-independent
addition of deoxyribonucleotide to 3-OH ends of DNA, was used to incorporate digoxigenin-
conjugated dUTP to the ends of DNA fragments in situ. The TUNEL signal was then detected
with an anti-digoxigenin antibody conjugated with peroxidase and developed with diamino-
benzidine as a chromogen. Nuclei were counterstained with DAPI. Images were obtained using
a Zeiss LSM 510 Meta confocal microscope (Carl Zeiss MicroImaging Inc. USA).

Gelatin zymography
Gelatin zymography was used to determine the gelatinolytic activity of MMP-2 and MMP-9 in
homogenates of aortas and in cell culture supernatant as previously described. In vivo experi-
ment, AAA samples were pooled into 1 set of 3 samples and analyzed. Experiments were per-
formed in triplicate, and 1 representative experiment was shown. Briefly, equivalent amounts
of sample were electrophoresed under non-reducing conditions on 7.5% SDS-PAGE gels con-
taining 0.1 mg/mL gelatin as a substrate. The gels were washed in a buffer containing 2.5% Tri-
ton X-100 for 1 h to remove SDS, and then incubated with a substrate buffer at 37°C for 18 h.
MMPs activity was quantified by densitometry scanning. The data obtained from densitomet-
ric analysis were expressed as fold-change in activity relative to controls.

Cell culture
Primary cultures of human aortic adventitial fibroblast (hAoF) (Cambrex- Lonza, Walkersville,
Md., USA) were purchased, grown in stromal cell growth medium (SCGM) containing 5%
FBS, and used from passages 4 to 9. These cells were obtained from normal aortic tissue and
their identity and purity were confirmed based on morphology, growth characteristics, and
negative immunofluorescent staining for smooth muscle alpha-actin. Monocytic U937 cells
were obtained from American Type Culture Collect. U937 cells were maintained in RPMI 1640
culture medium supplemented with 10% heat-inactivated FCS, 1% glutamine and 1% penicil-
lin-streptomycin at 37°C in a humidified atmosphere containing 5% CO2.

Measurement of intracellular generation of reactive oxygen species
(ROS)
ROS were measured using a previously described method. In brief, U937 cells were pre-treated
with GLP-1 for 1 hour and then treated with Ang II (1 μM) for 24 hours. Cells were loaded
with DCFH-DA (5 μM) (Invitrogen Corp.,Carlsbad, CA, USA) for 30 min at 37°C. ROS level
could be monitored at 488 nm excitation and 515 nm emission.

Macrophage chemotaxis assay
The migration of U937 monocyte to hAoF-conditioned medium was assessed using transwell
polycarbonate membrane inserts with 5 μm pores (Millipore, Billerica, MA, USA). Briefly
2x105 U937 cells in 100 ml of serum free SCGM were placed above the inserts, and 600 ml of
hAoF conditioned medium or SCGM was placed below. Cells were treated with liraglutide at a
concentration of 10, 50, or 100 nM for 1 hour. Ang II (1 μM) was then added to stimulate cell
migration. After incubation for 4 h at 37°C, filters were fixed and stained, and cells that had
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migrated through the filter were counted under a high power field. For each group, 5 high
power images were used and all experiments were repeated three times.

Statistical analysis
Values are expressed as the mean ± SEM. Statistical evaluation was performed using Student’s
t-test and one- or two-way ANOVA, followed by Dunnett’s. A probability value of P< 0.05
was considered significant.

Results

Sitagliptin did not affect biochemical parameters except for mean arterial
pressure in Ang II-induced apoE-/- mice
To assess the influence of sitagliptin on the characteristics of Ang II-infused AAA in apoE-/-

mice, body weight, mean arterial pressure (MAP) and biochemical measurements were taken. As
shown in Table 1, treatment with sitagliptin in Ang II-infused apoE-/- mice did not affect body
weight, lipid profiles and glucose. Because hypertension is induced by Ang II, we also examined
this parameter in the control and treated apoE-/- mice. Ang II infusion significantly increased
MAP in apoE-/- compared with NS-infused mice (134.1 ± 8.9 mmHg and 101.3 ± 3.6 mmHg, re-
spectively). Treatment with 2.5, 5 and 10 mg/kg/day of sitagliptin in Ang II-infused mice signifi-
cantly decreased MAP (111.6 ± 8.6 mmHg, 108.9 ± 6.8 mmHg and 113.7 ± 6.4 mmHg,
respectively). The results showed that administration of sitagliptin did not affect the lipid profile,
but it did decrease MAP in Ang II-induced apoE-/- mice.

Sitagliptin attenuates Ang II-induced AAA in apoE-/- mice
To determine the role of sitagliptin in Ang II-induced AAAs, sitagliptin was administered to
male apoE-/- mice given saline or Ang II infusion. Following the 28 days of infusion, mice were
euthanized and aortae were isolated and examined for the presence of AAA. In a previous re-
port, aneurysms were noted to localize to the suprarenal portion of the abdominal aorta with
an incidence of 60% [17]. In our study, the total incidence of AAAs (excluding AAA-associated
deaths) in the suprarenal aorta of Ang II-infused mice was 55.6%. No spontaneous AAAs were

Table 1. Effects of daily sitagliptin and Ang II on physiological and biochemical characteristics.

Sitagliptin NS administration of Ang II

0 (mg/kg/day) n = 10 0 (mg/kg/day) n = 10 2.5 (mg/kg/day) n = 12 5 (mg/kg/day) n = 8 10 (mg/kg/day) n = 10

BW (g) 32.4 ±3.3 31.0 ± 1.1 29.5 ± 2.4 29.6 ± 2.5 28.3 ±2.1#

MAP (mmHg) 101.3 ± 3.6 134.1 ± 8.9* 111.6 ± 8.6# 108.9 ± 6.8# 113.7 ± 6.4#

Pulse rates (beats/min) 668.3 ± 19.1 683.0 ± 24.6 679.2 ±30.1 675.0 ± 47.6 684.2 ± 33.3

t-Cho (mg/dL) 595.1 ±98.5 526.3 ± 91.9 490.7 ± 68.1 504.2 ± 49.5 488.3 ± 58.4

TG (mg/dL) 82.3 ± 15.9 78.3 ± 30.8 65.6 ± 29.3 92.2 ± 52.5 93.8 ± 39.1

HDL-c (mg/dL) 82.9 ± 23.2 87.2 ± 36.7 65.5 ± 10.7 69.0 ± 13.4 73.5 ± 13.4

LDL-c (mg/dL) 465.8 ± 76.3 390.6 ± 49.5 412.0 ± 57.3 419.6 ± 13.4 393.8 ± 61.6

Glucose (mg/dL) 139.2 ± 2.9 142.8 ± 2.3 137.5 ± 3.8 134.3 ± 3.1 131.0 ± 6.2

NS: Normal saline; BW: body weight; MAP: mean arterial pressure; t-Cho: total cholesterol; TG: triglycerides; HDL: High-density lipoprotein; LDL: Low-

density lipoprotein. Data are expressed by mean±SEM.

*P<0.05, compared with mice of NS infusion.
#P<0.05, compared with mice of Ang II infusion with 0 mg/kg/day sitagliptin administration.

doi:10.1371/journal.pone.0121077.t001
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observed in the NS-infused mice. Co-infusion of Ang II with different doses of sitagliptin strik-
ingly reduced AAA incidence, with only 4% occurring in the 5 mg/kg/day and 8% in 10 mg/kg/
day sitagliptin-treated mice (Fig 1A).

After the mice were euthanized, the outer diameter of the aorta was assessed ex vivo by mea-
suring the maximal width of the dissected suprarenal aorta and quantified from the image cap-
tured by a calibrated digital camera via image J software. As shown in Fig 1C, Ang II infusion
significantly increased the maximal outer diameter of the aorta compared with NS infusion
mice (1.3 ± 0.0 mm and 3.6 ± 0.8 mm, respectively), but 5 and 10 mg/kg/day of sitagliptin sig-
nificantly decreased the maximal outer diameter of the aorta (2.2 ± 0.8 mm and 1.7 ± 0.3 mm,
respectively).

H&E staining was performed for histological examination (Fig 1D). The analysis of the
maximal aortic and luminal diameters was shown in Fig 1E. Compared NS, Ang II infusion
markedly increased the aortic lumen by 148.6 ± 23.8%, but mice treated with 5 and 10 mg/kg/
day of sitagliptin had a significantly reduced lumen (112.4 ± 8.1% and 113.8 ± 5.0%, respective-
ly). Moreover, Ang II-infusion increased the wall thickness (411.3 ± 31.6% of control), but
mice treated with 2.5, 5, 10 mg/kg/day of sitagliptin had a significant reduction in aortic wall
thickness (152.2 ± 8.3%, 106.7 ± 8.0%, 116.7 ± 3.8%, respectively) (Fig 1F). Our results indicat-
ed that sitagliptin prevents AAA formation in Ang II-infused apoE-/- mice.

Sitagliptin ameliorated Ang II-induced morphological changes in the
aortic wall
Collagen and elastin are the most abundant fibrous proteins of the arterial wall and are respon-
sible for its characteristic mechanical resistance, tensile strength and elasticity [18]. Changes in
their content and/or quality are likely to play a key role in the development of AAA. To investi-
gate the effect of sitagliptin on the alterations of elastin and collagen, Verhoeff -Van Giessen
(VvG) and Masson’s trichrome staining were performed. The results clearly showed that elas-
tin was disrupted in Ang II-infused compared with NS-infused arteries (Fig 2). Indeed, the his-
tology of the NS-infused arteries showed densely packed parallel elastin fibers uniformly
arranged as opposed to the disrupted irregular pattern observed with the Ang II-infused arter-
ies. However, treatment with 2.5 mg/kg/day of sitagliptin attenuated the rupture of elastin lam-
inas, though the elastic fibers still had fewer loose elastin elements. Administration of 5 and
10 mg/kg/day of sitagliptin significantly ameliorated the curve and density of elastin laminas.
Prior reports suggested that larger discontinuities were associated with replacement of the
media and adventitia by fibrous connective tissue in Ang II-treated arteries. To exam whether
sitagliptin alter the expression of cellular components by Ang II stimulation, Masson’s tri-
chrome staining was performed. As shown in Fig 2, the aortas from the NS-infused mice had
minimal collagen staining in the media and adventitia. The adventitial thickening of the aortic
wall in Ang II-infused mice was also attributable to the deposition of extracellular fibers that
surrounded smooth muscle cells. However, treatment with 2.5 mg/kg/day of sitagliptin not
only decreased aortic wall thickness but also reduced fibrin formation. Treatment with 5 and
10 mg/kg/day of sitagliptin significantly decreased smooth muscle cell-rich area in Ang II-in-
fused mice. Our results demonstrated that stagliptin protects structural integrity by preserving
the elastin content as well as the distribution of cellular components.

Sitagliptin reduces macrophages infiltration and gelatinase Activity in
Ang II-infused apoE-/- mice
One mechanism by which oxidative stress contributes to AAA is attracting macrophages to
elastin degradation products present in the aortic wall [19]. To evaluate the effect of sitagliptin
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on macrophage infiltration in AAA formation in this experimental model, immunostaining of
F4/80, a specific marker of mature macrophages, was performed. The results showed that, com-
pared with NS-infused apoE-/- mice, Ang II infusion markedly increased macrophage infiltra-
tion, particularly in the adventitia layer, but in mice treated with 2.5,5 and 10 mg/kg/day of
sitagliptin, there was significant reduction in the infiltration of macrophages (Fig 3A). A com-
bination of matrix metalloproteinase (MMP), which has the ability to extensively degrade com-
ponents of the ECM such as elastin, also played a critical role in the initiation and progression
of AAA. To delineate the mechanism by which sitagliptin protects against aneurysmal develop-
ment, we first examined the protein expression of MMP-2 and MMP-9 by IHC. As shown in
Fig 3A, Ang II-infused apoE-/- mice showed increased MMP-2 and MMP-9 expression com-
pared with NS-infused aoE-/- mice, however, treatment with 5 and 10 mg/kg/day of sitagliptin
greatly decreased MMP-2 and MMP-9 expression. The arrows indicated macrophages, MMP-

Fig 1. Sitagliptin attenuated AAA formation in Ang II-infused apoE-/- mice. (A) Histogram representing the percent incidence of AAAs for each treatment
group. (n = 10–25 per group) (B) Representative photographs showing the features of aneurysms induced by Ang II. The arrow indicates typical AAAs. (C)
Quantification of the maximal outer diameters of the suprarenal aortas in apoE-/- mice infused with NS or Ang II given as percentages. (*P < 0.05, n = 10 per
group) (D) Representative staining with H&E of the suprarenal aortas of mice. The magnification of images shown is 40x. (n = 5 per group) (E and F)
Quantification of the luminal diameters and wall thickness of suprarenal aortas in apoE-/- mice infused with NS or Ang II given as percentages. (*P < 0.05,
n = 5 per group).

doi:10.1371/journal.pone.0121077.g001

Fig 2. Sitagliptin ameliorated Ang II-inducedmorphological and biochemical changes in the aortic wall.Representative aortic sections of the
suprarenal aorta stained with Verhoeff -Van Giessen (VvG) and Masson’s trichrome from apoE-/- mice treated with NS or Ang II (n = 5 per group). Elastin
staining in Ang II-infused mice revealed that the internal elastic lamina was discontinuous compared with NS-infused mice. Treatment with 2.5 mg/kg/day
sitagliptin attenuated the rupture of the elastin laminas, but the elastic fibers still had less loose elastin elements. Administration of 5 and 10 mg/kg/day of
sitagliptin significantly ameliorated the curve and density of the elastin laminas. Compared with NS-infused mice, trichrome staining of the aortas from Ang II-
infused mice showed that medial smooth muscle and fibrous cells were markedly separated by stainable collagen. Treatment with 2.5 mg/kg/day of sitagliptin
showed decreased adventitial matrix staining. Administration of 5 and 10 mg/kg/day of sitagliptin significantly prevented changes in the cellular components
of the aortic wall. Masson's Trichrome stain, muscle is stained red, collagen—blue, fibrin—pink.

doi:10.1371/journal.pone.0121077.g002

Sitagliptin Improves Abdominal Aortic Aneurysm Development

PLOS ONE | DOI:10.1371/journal.pone.0121077 April 14, 2015 8 / 18



2 and MMP-9. Furthermore, we determined the gelatinolytic activity in the abdominal aortic
tissue homogenates. Ang II-infused apoE-/- mice exhibited significantly higher MMP-2 and
MMP-9 activity, while apoE-/- mice treated with 5 and 10 mg/kg/day sitagliptin showed lower
activity (Fig 3B). The results showed that macrophages infiltration to aortic adventitia would
be eliminated by sitagliptin as well as abolishing the coexistence of MMP-2 and MMP-9.

Sitagliptin reduces aortic apoptosis in Ang II-infused apoE-/- mice
Apoptosis is an important pathological mechanism that alters tissue structure in AAA. To as-
sess the effect of sitagliptin on apoptotic cells in the Ang II-infused aorta, we performed a
TUNEL assay. As shown in Fig 4, a significant amount of apoptotic signal persisted in the Ang
II-infused aorta, with most of the apoptotic cells localized in adventitia. This increase in apo-
ptosis induced by Ang II was significantly ameliorated in the sitagliptin-treated mice. The re-
sult indicates that sitagliptin blockade of apoptosis may attenuate the pathological process that
leads to the formation of AAA.

Fig 3. Sitagliptin suppressedmacrophage infiltration and gelatinase activity in Ang II-infused apoE-/-

mice. (A) Representative immunostaining of F4/80, a specific marker of mature macrophages, MMP-2 and
MMP-9. In the Ang II-infused aorta, the macrophage staining appeared to be much more prominent in the
adventitia than in the media. Treatment with sitaglitin significantly decreased macrophages infiltration as well
as MMP-2 and MMP-9 expression. The black arrow indicated macrophage and MMP-2 and MMP-9. The
magnification of immunostaining images is 200x. (n = 5, per group) (B) Gelatin gel zymography to detect
MMPs activity in aortic tissue extracts from different groups of mice. Aortic samples were pooled into 1 set of
3 samples each. (C) Quantitative densitometric analysis of MMP expression.

doi:10.1371/journal.pone.0121077.g003
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Sitagliptin activates plasma active GLP-1 level
Prior evidence suggested that sitagliptin may regulate the production and activity of several
proteins such as SDF-1, GLP-1, and DPP-4. Therefore, in this study, ELISAs were performed
to monitor the plasma levels of SDF-1 and DPP-4, as well as the activity of DPP-4 and GLP-1.
As shown in Table 2, plasma DPP-4 concentration significantly decreased in Ang II-infused
apoE-/- mice compared with NS-infused mice (292.8 ± 23.1 ng/mL and 577.5 ± 55.1 ng/mL,

Fig 4. Treatment with sitagliptin suppresses apoptosis in Ang-infused apoE-/- mice.Representative photographs of deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) staining. Apoptotic cells are shown in green and the cell nuclei in blue. The white arrowheads indicate the apoptotic cells. Ang II
significantly increased apoptotic cells, particularly in the adventitia layer, but sitagliptin greatly suppressed cell apoptosis (n = 5 per group). The images of the
upper panel represent the visible light phase. The magnification of the middle and lower panels was 100x and 200x, respectively.

doi:10.1371/journal.pone.0121077.g004

Table 2. The alternation of DPP-4 substrate by daily sitagliptin administration.

Sitagliptin NS administration of Ang II

0 (mg/kg/day)
n = 10

0 (mg/kg/day)
n = 10

2.5 (mg/kg/day)
n = 10

5 (mg/kg/day)
n = 9

10 (mg/kg/day)
n = 8

SDF-1α (ng/mL) 1.3 ± 0.3 1.2 ± 0.2 1.2 ± 0.2 1.3 ± 0.3 1.2 ± 0.4

DPP-4 (ng/mL) 577.5 ± 55.1 292.8 ± 23.1* 508.8 ± 74.8# 548.0 ± 42.9# 583.3 ± 90.4#

DPP-4 activity (relative
intensity)

139.2 ± 2.9 142.8 ± 2.3* 137.5 ± 3.8# 134.3 ± 3.1# 131.0 ± 6.2#

active GLP-1 (pM) 1.7 ± 0.4 0.8 ± 0.3* 1.2 ± 0.3# 1.4 ± 0.5# 1.2 ± 0.4#

NS: Normal saline; Data are means±SEM.

*P<0.05, compared with mice of NS infusion.
#P<0.05, compared with mice of Ang II infusion with 0 mg/kg/day sitagliptin administrated.

doi:10.1371/journal.pone.0121077.t002
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respectively). Treatment with 2.5, 5 and 10 mg/kg/day of sitagliptin significantly increased the
plasma DPP-4 concentration (508.8 ± 74.8 ng/mL, 548.0 ± 42.9 ng/mL and 583.3 ± 90.4 ng/mL,
respectively). However, increasing plasma DPP-4 activity was observed in Ang II-infused apoE-/-

mice compared with NS-infused apoE-/- mice (142.8 ± 2.3 relative intensity and 139.2 ± 2.9 rel-
ative intensity, respectively). DPP-4 activity was greatly decreased in 2.5, 5 and 10 mg/kg/day
sitagliptin-treated apoE-/- mice (137.5 ± 3.8 relative intensity, 134.3 ± 3.1 relative intensity,
131.0 ± 6.2 relative intensity, respectively). Additionally, plasma active GLP-1 concentration
was significantly decreased in the Ang II-infused apoE-/- mice compared with NS-infused mice
(0.8 ± 0.3 pM and 1.7 ± 0.4 pM, respectively). Treatment with 2.5, 5 and 10 mg/kg/day of sta-
gliptin significantly increased the concentration of active GLP-1 in plasma (1.2 ± 0.3 pM,
1.4 ± 0.5 pM, and 1.2 ± 0.4 pM respectively). Ang II infusion did not affect plasma SDF-1α
among groups. These observations suggest that sitagliptin may play a protective role via the
promotion of plasma active GLP-1 level by inhibiting DPP-4 activity.

Liraglutide reduced AAA formation in response to elevated plasma of
active GLP-1
Based on the observation of present study, we predicted that the benefits of sitagliptin would
indirectly influence GLP-1ation to attenuate Ang II-induced AAA formation in apoE-/- mice.
To further clarify the probable effects of GLP-1 on AAA we tested GLP-1 analog, liraglutide, to
apoE-/- mice given saline or Ang II infusion. Table 3 showed the information of body weights,
MAP, blood glucose and plasma of active GLP-1 level of the experimental animals. Statistical
analysis showed that there were no significant differences between the three experimental
groups in terms of body weight and blood glucose. Our data displayed that liraglutide did not
decrease Ang II-induced MAP, however, liraglutide significantly increased the level of active
GLP-1 following Ang II infusion in apoE-/- mice (0.9±0.3 pM and 100.8±12.8 pM, respective-
ly). In our experiment, to examine the influence of decreased MAP by sitagliptin we adjusted
for treatment of hypertension by amlodipine in Ang II-induced apoE-/-mice. The results sug-
gested that treatment with amlodipine lowered MAP in the Ang II-induced apoE-/- mice, but
this did not affect the extent of AAA (Data not shown).Furthermore, Animals that administrat-
ed the liraglutide group in addition to Ang II infusion showed reducing of incidence as com-
pared with animals that infused Ang II only (20% and 50%, respectively) (Fig 5A). The
diminished aortic diameters following liraglutide treatment, the maximal outer diameter, lumi-
nal diameter and wall thickness included, were measured as shown in Table 4. We also assessed
the impact of liraglutide on elastin integrity, macrophage infiltration and MMP-2 and MMP-9
expression as Ang II infusion. As shown in Fig 5B, treatment with liraglutide exhibited

Table 3. The characteristics of liraglutide-administrated Ang II-induced apoE-/- mice.

liraglutide NS infusion Ang II infusion

0 (μg/kg/day) n = 3 0 (μg/kg/day) n = 6 400 (μg/kg/b.i.d) n = 5

BW (g) 31.6 ± 3.3 31.0 ± 2.8 29.4 ± 1.8

MAP (mmHg) 82.1 ± 5.5 109.1 ± 13.6* 105.2 ± 13.3

Glucose (mg/dL) 119.0 ± 31.1 116.8 ± 30.7 115.5 ± 8.2

Active GLP-1 (pM) 1.6 ± 0.3 0.9 ± 0.3* 100.8 ± 12.8#

NS: Normal saline; Data are means ± SEM.

*P<0.05, compared with mice of NS infusion.
#P<0.05, compared with mice of Ang II infusion with 0 μg/kg/b.i.d liraglutide administrated.

doi:10.1371/journal.pone.0121077.t003
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preserving of elastin contents and decreasing of macrophages infiltration as well as MMP-2
and MMP-9 expression as compared with Ang II infused only. Hence, the result indicated that
elevated active GLP-1 level suppressed AAA formation.

Fig 5. Liraglutide reduced AAA formation in Ang II-infused apoE-/- mice. (A) Histogram representing the percent incidence of AAAs treated with or
without liraglutide in Ang II-induced apoE-/- mice. Liraglutide decreased the incidence of Ang II-induced AAA (n = 3–6 per group). (B) Representative aortic
sections of the suprarenal aorta stained with H&E, VvG, F4/80, MMP-2 and MMP-9. Liragultide not only preserved elastic elements but also decreased
macrophages infiltration and MMP-2 and MMP-9 expression (n = 3 per group). The magnification of immunostaining images is 200x.

doi:10.1371/journal.pone.0121077.g005

Table 4. The charges of aortic diameters in liraglutide-administrated Ang II-induced apoE-/- mice.

liraglutide NS infusion Ang II infusion

0 (μg/kg/day) n = 3 0 (μg/kg/day) n = 6 400 (μg/kg/b.i.d) n = 5

Maximal outer diameter (% of control) 100 ± 12.1 209.6 ± 47.5* 132.6 ± 43.3#

Luminal diameter (% of control) 100 ± 44.4 297.2 ± 43.9* 184.9 ± 46.2#

Aortic wall thickness (% of control) 100 ± 13.6* 351.9 ± 65.7* 171.7 ± 113.6#

NS: Normal saline; Data are means ± SEM.

*P<0.05, compared with mice of NS infusion.
#P<0.05, compared with mice of Ang II infusion with 0 μg/kg/b.i.d liraglutide administrated.

doi:10.1371/journal.pone.0121077.t004
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GLP-1 decreased Ang II-induced ROS generation in monocytic cells
Based on the observation of our in vivo results that sitagliptin administration decreased macro-
phage infiltration and increased plasma levels of active GLP-1, we predicted that sitagliptin
would indirectly influence GLP-1 to regulate macrophage infiltration and macrophage-derived
ROS production in AAAs. First, to further explore whether GLP-1 influenced ROS generation
in monocytic cells, we analyzed ROS production in liraglutide-treated U937 cells that were
stimulated with Ang II. U937 cells were pre-treated with liraglutide for 1 hour and then treated
with Ang II (1 μM) for 24 hours. The cellular ability to produce ROS was measured by DCF
fluorescence. The result showed that Ang II-treated U937 cells had greatly increased ROS pro-
duction compared with control (230.9 ± 24.3% of control). However, this enhancement was de-
creased when cells were incubated with different doses of liraglutide (128.1 ± 9.2%,
124.3 ± 11.2%,120.1 ± 11.5%, respectively) (Fig 6A). The evidence indicated that liraglutide,
GLP-1anlog, decreases Ang II-induced ROS generation in U937 cells.

GLP-1 decreased Ang II-induced monocytes migration and gelatinase
activation
Previous studies suggested that leukocyte-fibroblast interactions in the aortic adventitia poten-
tiate IL-6 production-mediated vascular inflammation, leading to aortic aneurysm and dissec-
tion [20]. To further elucidate whether the observed reduction in adventitial macrophage
content in sitagliptin-treated mice might be caused by indirect effects of GLP-1 on monocyte
migration, we performed in vitro migration experiments. Because macrophages are mostly re-
cruited to the adventitia, a migration assay was performed using fibroblast cultured conditional
media by a transwell system. U937 cells were pre-treated with liraglutide at a concentration of
5–100 nM for 1 hour, and then added to the upper chamber of the transwells. As shown in Fig
6B, Ang II-stimulated adventitial fibroblasts media recruited more U937 cells than did the con-
trol (250.8 ± 13.7% of control), and this recruitment was almost entirely abolished by pre-treat-
ment of liraglutide in a concentration-dependent manner. In addition, the evidence suggested
that Ang II can also activate other ECM-degrading proteinases, such as MMP-3, MMP-9,
MMP12, and MMP-13, that may contribute to the regulation of leukocyte migration [21].To
investigate the effects of liraglutide on MMPs content, we tested gelatinase activity in treated
U937 cells culture supernatant using zymography. Incubation with Ang II significantly in-
creased MMP-2 and MMP-9 activity compared with control (111.7 ± 3.0% and 122.0 ± 5.7% of
control, respectively). However, liraglutide inhibited MMP-2 and MMP-9 activity in Ang II-
treated U937 cells (Fig 6C). The results indicate that the decrease in U937 cell migration and
MMPs activity might be caused by the effects of GLP-1.

Discussion
The present results demonstrate that treatment of sitagliptin exerts important protective effects
against Ang II-induced AAA formation in apoE-/- mice. We showed that sitagliptin significant-
ly reduced the incidence of AAA in apoE-/- mice infused with Ang II. Treatment with sitaglipin
greatly reduced the luminal and outer diameter of the aorta. The reduction in aortic diameter
associated from sitagliptin treatment was, at least in part, due to a diminution in the extent of
macrophage infiltration and MMPs activity. Biochemical measurements showed that sitaglip-
tin-treated mice had elevated plasma active GLP-1 level. In vitro studies demonstrated that
GLP-1 results in decreased ROS generation, migration and MMPs activity in monocytic cells.

Angiotensin, a peptide hormone, gives raise to vasoconstriction and hypertension. Never-
theless, increased blood pressure do not relate to the development of AAA as interventions
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have been reported to eradicate AAA development unconnected of the effects on blood pres-
sure [22]. A systemic review reported that DPP-4 inhibitor has an advantageous effect on total
cholesterol and triglyceride levels, whereas its effect on the other lipids, including HDL and
LDL, has not been proved [23]. Reportedly have been indicated that treatment with anagliptin
significantly decreased the total cholesterol level, notably VLDL and LDL, without affecting tri-
glyceride level in apoE-/- mice [24]. However, some studies have shown that sitagliptin has no

Fig 6. GLP-1 decreased ROS generation, migration, and MMPs activity in monocytic cells by Ang II stimulation. (A) Intracellular ROS was measured
by DCF fluorescence. U937 cells were pre-treated with GLP-1 analog, liragultide, at dose of 10, 50 and 100 nM or vehicle for 1 hour, and then cells were
incubated with or without Ang II (1μM) for 24 hours. (B) Chemotaxis assay was used to evaluate the effect of liragultide on U937 cell migration to fibroblast.
2x105 U937 cells were treated with liragultide at a concentration of 10, 50 and 100 nM for 1 hour, and then added to the upper chamber of transwells. The
lower chamber contained conditional media from adventitial fibroblast with Ang II (1μM) stimulation for 24 hours. (C) Zymography was used to determinate
the gelatinolytic MMPs activity. The conditional media were obtained from the U937 cells which were pre-treated with liragultide (10, 50 and 100 nM) for 1
hour, then cells were incubated with or without Ang II (1μM) for 24 hours. (*P < 0.05, all experiment was performed in triplicate.)

doi:10.1371/journal.pone.0121077.g006
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effect on triglyceride, total cholesterol, LDL or HDL levels by high fat diet induction in apoE-/-

mice [25,26]. Therefore, the determinate impact of DPP-4 inhibitors on the blood lipid profiles
in mice remains controversial.

The maintenance-integrity structure of elastin lamina and collagen in tissues including ar-
teries disrupted by infiltrated macrophages which secreted ECM-degradation factors, the iden-
tification of MMP-2 and MMP-9, in the aneurismal wall in both human and Ang II-infused
mice AAA formation and progression have been confirmed [27,28]. Previous studies using this
model demonstrated that inhibition of ECM-degrading enzymes by broad-spectrumMMP in-
hibitor, doxycycline, significantly decreased the incidence of AAAs [29], recommending that
inhibitors of MMP activation and expression may have therapeutic benefit in AAA. Despite
the secretion diverse MMPs from the monocyte/macrophage in large quantities [30], aortic
smooth muscle cells increased MMP-9 expression and activity after inducible nitric oxide
synthase (iNOS) inhibition by increasing NF-κB and Activator Protein-1(AP-1) activity [31].
We have now demonstrated that sitagliptin dramatically abrogates macrophages infiltration by
the collaborating MMP-2 and MMP-9 expression as well as activity in aortic adventitia of the
Ang II-infused mouse. In addition, the activation of MMPs is tightly regulated by TIMPs, and
we have also assessed the effect of sitagliptin on TIMPs expression in Ang II-infused mouse of
AAAs. The result showed that there were no significant differences between groups in our ex-
periment (S1 Fig). This result implied that the inhibited activity of MMPs may through other
intracellular pathway, or even prohibited macrophages infiltration of sitagliptin limited both
expression of MMPs and TIMPs.

An earlier study illustrated the enzyme of DPP-4 has a number of substrates including other
gastrointestinal hormones, neuropeptides, cytokines, and chemokines [32]. In this regard, it
was important for us to demonstrate the mechanism by which sitagliptin ameliorated Ang II-
induced AAA in apoE-/- mice. Our study demonstrated that plasma SDF-1α levels have not sig-
nificant differences in mice treated daily with sitagliptin compared to mice that were not treat-
ed. However, very little is known about whether systemic SDF-1 signals are modulated by
DPP-4 activity under Ang II stimulation. Okamoto et al. suggested that Ang II enhances epi-
thelial-to-mesenchymal transition via the interaction between activated hepatic stellate cells
and the SDF-1/CXCR4 axis in intrahepatic cholangiocarcinoma [33]. Indirect evidence indicat-
ed that angiotensin-converting enzyme and DPP-4 utilize their proteolytic action in a balanced
fashion, and angiotensin-converting enzyme inhibition may apply a compensatory modulatory
effect on DPP-4 [34]. Ocana et al. suggested that SDF-1 is involved in the recruitment of lym-
phocytes within the arterial wall in AAA [35], and the leukocyte population is the most abun-
dant source of DPP-4 positive cells in peripheral blood [5]. The leukocyte population exhibits a
link between the changes levels in plasma of DPP-4 levels and this enzyme. Plasma DPP-4 may
prevent their local production of bioactive peptides from systemic effects [6]. In this study,
treatment with sitagliptin increased the level of plasma DPP-4 concentration but decreased
plasma DPP-4 activity in Ang II-induced AAA mice. As elevated active GLP-1 levels of inhib-
ited DPP-4 activity were also observed. Although it was unclear the vascular protectant effects
of DPP-4 inhibitor from the direct effects of DPP-4 or GLP-1 elevation, previous studies have
implied that GLP-1 analogues might have anti-inflammatory properties in which exendin-4
suppressed NF-κB activation in macrophages [36–38]. Various cells involve chronic inflamma-
tion in the aortic wall, chief among which, the adventitia is assumed to have an adverse role in
AAA. We agreed that the GLP-1 involved in macrophage in adventitia but not fibroblast in-
stead, despite fibroblast predominately presenting in adventitia.

Numbers of investigators have exhibited the potential-distant- strategized AAA treatments,
such as the inhibition of MMPs, Ang II synthesis and receptors, the inflammatory response,
oxidative stress and of the up-regulation of ECM. Although the DPP-4 inhibitor is a drug for
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the treatment of Type 2 diabetes, it has been reported to play a protective role in cardiovascular
disease via both GLP-1 dependent and independent effects. Burgmaier et al. indicated that the
effects of DPP-4 could be due to the GLP-1 action as this has shown to change MMP expres-
sion and macrophage infiltration in the aortic root [39]. With current literature’s claiming,
GLP-1 analogs, such as exendin-4 and liraglutide, have shown to inhibit monocyte/macro-
phage infiltrator [40,41]. Bao et al. were the first to explore the protective effect of DPP-4 inhib-
itor on AAA formation. They suggested that the DPP-4 inhibitor, alogliptin, has antioxidant
properties that can act as persuasive ROS scavengers in the process of AAA formation [13]. In
addition Des-fluoro-sitagliptin ameliorated adipose tissue inflammation by preventing CD8+ T
cell and M1 macrophage recruitment and decreasing plasminogen activator inhibitor-1 (PAI-
1) expression in diabetic mice [42]. In 20-week-old ZDF rats fed sitagliptin (10 mg/kg) for 6
weeks, significant decreases were noted in serum levels of high sensitivity C-reactive protein
and IL-1β [9].This study evidenced that oral administration of sitagliptin can prevent abdomi-
nal aortic aneurysm formation in Ang II-infused apoE-/- mice, at least in part, by increasing of
active GLP-1 level, decreasing of MMP-2 and MMP-9 production from infiltrated macrophage.
Our results were identically concluded as previous references that DPP-4 inhibitors exert an
anti-inflammatory action, suppressing the monocyte/macrophage inflammatory reaction
[11,25,26,43].

The most important finding of our study, we strengthen the protective role of DPP-4 inhibi-
tor, sitagliptin, in anti-aneurysm action by propelling the advancement of active GLP-1 with
working on macrophages. Pioneering, the effect-confirmation GLP-1 analog, liraglutide, in
AAA warrants our current study. Based on the observation that sitagliptin for abdominal aortic
aneurysm intervention might be of significant benefits.

Supporting Information
S1 Fig. Sitagliptin did not affect TIMPs expression in Ang II-infused apoE-/- mice. Repre-
sentative images of TIMP-1 and TIMP-2 immunoreactivity denoted by brown staining. The
expression of TIMPs were show no different among groups. Sitaglpitn were unable to increase
TIMPs expression in Ang II-infused apoE-/- mice (n = 3 per group). The magnification of
immunostaining images is 200x.
(TIF)

Acknowledgments
This work was partially assisted by the Division of Experimental Surgery of the Department of
Surgery, Taipei Veterans General Hospital.

Author Contributions
Conceived and designed the experiments: H YL FY L C CS. Performed the experiments: H YL.
Analyzed the data: H YL CMS C ST. Contributed reagents/materials/analysis tools: C YHW
HC. Wrote the paper: H YL F YL C CS.

References
1. Irvine CD, Shaw E, Poskitt KR, WhymanMR, Earnshaw JJ, Heather BP. A comparison of the mortality

rate after elective repair of aortic aneurysms detected either by screening or incidentally. Eur J Vasc
Endovasc Surg. 2000; 20: 374–378. PMID: 11035970

2. He CM, Roach MR. The composition and mechanical properties of abdominal aortic aneurysms. J
Vasc Surg. 1994; 20: 6–13. PMID: 8028090

Sitagliptin Improves Abdominal Aortic Aneurysm Development

PLOS ONE | DOI:10.1371/journal.pone.0121077 April 14, 2015 16 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121077.s001
http://www.ncbi.nlm.nih.gov/pubmed/11035970
http://www.ncbi.nlm.nih.gov/pubmed/8028090


3. Carmeliet P, Moons L, Lijnen R, Baes M, Lemaitre V, Tipping P, et al. Urokinase-generated plasmin ac-
tivates matrix metalloproteinases during aneurysm formation. Nat Genet. 1997; 17: 439–444. PMID:
9398846

4. Forte A, Della Corte A, De Feo M, Cerasuolo F, Cipollaro M. Role of myofibroblasts in vascular remod-
elling: Focus on restenosis and aneurysm. Cardiovasc Res. 2010; 88: 395–405. doi: 10.1093/cvr/
cvq224 PMID: 20621923

5. Mentlein R. Dipeptidyl-peptidase iv (cd26)—role in the inactivation of regulatory peptides. Regul Pept.
1999; 85: 9–24. PMID: 10588446

6. Gorrell MD, Gysbers V, McCaughan GW. Cd26: A multifunctional integral membrane and secreted pro-
tein of activated lymphocytes. Scand J Immunol. 2001; 54: 249–264. PMID: 11555388

7. Drucker DJ. The biology of incretin hormones. Cell Metab. 2006; 3: 153–165. PMID: 16517403

8. Mannucci E, Rotella CM. Future perspectives on glucagon-like peptide-1, diabetes and cardiovascular
risk. Nutr Metab Cardiovasc Dis. 2008; 18: 639–645. doi: 10.1016/j.numecd.2008.08.002 PMID:
18849155

9. Ferreira L, Teixeira-de-Lemos E, Pinto F, Parada B, Mega C, Vala H, et al. Effects of sitagliptin treat-
ment on dysmetabolism, inflammation, and oxidative stress in an animal model of type 2 diabetes (zdf
rat). Mediators Inflamm. 2010; 2010: 592760. doi: 10.1155/2010/592760 PMID: 20652060

10. Bose AK, Mocanu MM, Carr RD, Brand CL, Yellon DM. Glucagon-like peptide 1 can directly protect the
heart against ischemia/reperfusion injury. Diabetes. 2005; 54: 146–151. PMID: 15616022

11. Shah Z, Kampfrath T, Deiuliis JA, Zhong J, Pineda C, Ying Z, et al. Long-term dipeptidyl-peptidase 4 in-
hibition reduces atherosclerosis and inflammation via effects on monocyte recruitment and chemotaxis.
Circulation. 2011; 124: 2338–2349. doi: 10.1161/CIRCULATIONAHA.111.041418 PMID: 22007077

12. Huang CY, Shih CM, Tsao NW, Lin YW, Huang PH, Wu SC, et al. Dipeptidyl peptidase-4 inhibitor im-
proves neovascularization by increasing circulating endothelial progenitor cells. Br J Pharmacol. 2012;
167: 1506–1519. doi: 10.1111/j.1476-5381.2012.02102.x PMID: 22788747

13. BaoW, Morimoto K, Hasegawa T, Sasaki N, Yamashita T, Hirata K, et al. Orally administered dipeptidyl
peptidase-4 inhibitor (alogliptin) prevents abdominal aortic aneurysm formation through an antioxidant
effect in rats. J Vasc Surg. 2014; 59: 1098–1108. doi: 10.1016/j.jvs.2013.04.048 PMID: 23790558

14. Daugherty A, Manning MW, Cassis LA. Angiotensin ii promotes atherosclerotic lesions and aneurysms
in apolipoprotein e-deficient mice. J Clin Invest. 2000; 105: 1605–1612. PMID: 10841519

15. Gaspari T, Welungoda I, Widdop RE, Simpson RW, Dear AE. The glp-1 receptor agonist liraglutide in-
hibits progression of vascular disease via effects on atherogenesis, plaque stability and endothelial
function in an apoe(-/-) mouse model. Diab Vasc Dis Res. 2013; 10: 353–360. doi: 10.1177/
1479164113481817 PMID: 23673376

16. Johnston KW, Rutherford RB, Tilson MD, Shah DM, Hollier L, Stanley JC. Suggested standards for re-
porting on arterial aneurysms. Subcommittee on reporting standards for arterial aneurysms, ad hoc
committee on reporting standards, society for vascular surgery and north american chapter, internation-
al society for cardiovascular surgery. J Vasc Surg. 1991; 13: 452–458. PMID: 1999868

17. Manning MW, Cassi LA, Huang J, Szilvassy SJ, Daugherty A. Abdominal aortic aneurysms: Fresh in-
sights from a novel animal model of the disease. Vasc Med. 2002; 7: 45–54. PMID: 12083734

18. Dobrin PB, Baker WH, GleyWC. Elastolytic and collagenolytic studies of arteries. Implications for the
mechanical properties of aneurysms. Arch Surg. 1984; 119: 405–409. PMID: 6322726

19. Maeda I, Mizoiri N, Briones MP, Okamoto K. Induction of macrophage migration through lactose-insen-
sitive receptor by elastin-derived nonapeptides and their analog. J Pept Sci. 2007; 13: 263–268. PMID:
17394124

20. Tieu BC, Lee C, Sun H, LejeuneW, Recinos A 3rd, Ju X, et al. An adventitial il-6/mcp1 amplification
loop accelerates macrophage-mediated vascular inflammation leading to aortic dissection in mice. J
Clin Invest. 2009; 119: 3637–3651. doi: 10.1172/JCI38308 PMID: 19920349

21. Lijnen HR. Plasmin and matrix metalloproteinases in vascular remodeling. Thromb Haemost. 2001;
86: 324–333. PMID: 11487021

22. Cassis LA, Gupte M, Thayer S, Zhang X, Charnigo R, Howatt DA, et al. Ang ii infusion promotes ab-
dominal aortic aneurysms independent of increased blood pressure in hypercholesterolemic mice. Am
J Physiol Heart Circ Physiol. 2009; 296: H1660–1665. doi: 10.1152/ajpheart.00028.2009 PMID:
19252100

23. Monami M, Lamanna C, Desideri CM, Mannucci E. Dpp-4 inhibitors and lipids: Systematic review and
meta-analysis. Adv Ther. 2012; 29: 14–25. doi: 10.1007/s12325-011-0088-z PMID: 22215383

24. Terasaki M, NagashimaM, Watanabe T, Nohtomi K, Mori Y, Miyazaki A, et al. Effects of pkf275-055, a
dipeptidyl peptidase-4 inhibitor, on the development of atherosclerotic lesions in apolipoprotein e-null
mice. Metabolism. 2012; 61: 974–977. doi: 10.1016/j.metabol.2011.11.011 PMID: 22225957

Sitagliptin Improves Abdominal Aortic Aneurysm Development

PLOS ONE | DOI:10.1371/journal.pone.0121077 April 14, 2015 17 / 18

http://www.ncbi.nlm.nih.gov/pubmed/9398846
http://dx.doi.org/10.1093/cvr/cvq224
http://dx.doi.org/10.1093/cvr/cvq224
http://www.ncbi.nlm.nih.gov/pubmed/20621923
http://www.ncbi.nlm.nih.gov/pubmed/10588446
http://www.ncbi.nlm.nih.gov/pubmed/11555388
http://www.ncbi.nlm.nih.gov/pubmed/16517403
http://dx.doi.org/10.1016/j.numecd.2008.08.002
http://www.ncbi.nlm.nih.gov/pubmed/18849155
http://dx.doi.org/10.1155/2010/592760
http://www.ncbi.nlm.nih.gov/pubmed/20652060
http://www.ncbi.nlm.nih.gov/pubmed/15616022
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.041418
http://www.ncbi.nlm.nih.gov/pubmed/22007077
http://dx.doi.org/10.1111/j.1476-5381.2012.02102.x
http://www.ncbi.nlm.nih.gov/pubmed/22788747
http://dx.doi.org/10.1016/j.jvs.2013.04.048
http://www.ncbi.nlm.nih.gov/pubmed/23790558
http://www.ncbi.nlm.nih.gov/pubmed/10841519
http://dx.doi.org/10.1177/1479164113481817
http://dx.doi.org/10.1177/1479164113481817
http://www.ncbi.nlm.nih.gov/pubmed/23673376
http://www.ncbi.nlm.nih.gov/pubmed/1999868
http://www.ncbi.nlm.nih.gov/pubmed/12083734
http://www.ncbi.nlm.nih.gov/pubmed/6322726
http://www.ncbi.nlm.nih.gov/pubmed/17394124
http://dx.doi.org/10.1172/JCI38308
http://www.ncbi.nlm.nih.gov/pubmed/19920349
http://www.ncbi.nlm.nih.gov/pubmed/11487021
http://dx.doi.org/10.1152/ajpheart.00028.2009
http://www.ncbi.nlm.nih.gov/pubmed/19252100
http://dx.doi.org/10.1007/s12325-011-0088-z
http://www.ncbi.nlm.nih.gov/pubmed/22215383
http://dx.doi.org/10.1016/j.metabol.2011.11.011
http://www.ncbi.nlm.nih.gov/pubmed/22225957


25. Matsubara J, Sugiyama S, Sugamura K, Nakamura T, Fujiwara Y, Akiyama E, et al. A dipeptidyl pepti-
dase-4 inhibitor, des-fluoro-sitagliptin, improves endothelial function and reduces atherosclerotic lesion
formation in apolipoprotein e-deficient mice. J Am Coll Cardiol. 2012; 59: 265–276. doi: 10.1016/j.jacc.
2011.07.053 PMID: 22240132

26. Vittone F, Liberman A, Vasic D, Ostertag R, Esser M, Walcher D, et al. Sitagliptin reduces plaque mac-
rophage content and stabilises arteriosclerotic lesions in apoe (-/-) mice. Diabetologia. 2012; 55:
2267–2275. doi: 10.1007/s00125-012-2582-5 PMID: 22648661

27. Baxter BT, McGeeGS, Shively VP, Drummond IA, Dixit SN, Yamauchi M, et al. Elastin content, cross-links,
andmrna in normal and aneurysmal human aorta. J Vasc Surg. 1992; 16: 192–200. PMID: 1495142

28. Daugherty A, Cassis LA. Mouse models of abdominal aortic aneurysms. Arterioscler Thromb Vasc
Biol. 2004; 24: 429–434. PMID: 14739119

29. Manning MW, Cassis LA, Daugherty A. Differential effects of doxycycline, a broad-spectrummatrix
metalloproteinase inhibitor, on angiotensin ii-induced atherosclerosis and abdominal aortic aneurysms.
Arterioscler Thromb Vasc Biol. 2003; 23: 483–488. PMID: 12615694

30. Goetzl EJ, Banda MJ, Leppert D. Matrix metalloproteinases in immunity. J Immunol. 1996; 156: 1–4.
PMID: 8598448

31. Knipp BS, Ailawadi G, Ford JW, Peterson DA, Eagleton MJ, Roelofs KJ, et al. Increased mmp-9 ex-
pression and activity by aortic smooth muscle cells after nitric oxide synthase inhibition is associated
with increased nuclear factor-kappab and activator protein-1 activity. J Surg Res. 2004; 116: 70–80.
PMID: 14732351

32. Verspohl EJ. Novel therapeutics for type 2 diabetes: Incretin hormone mimetics (glucagon-like peptide-
1 receptor agonists) and dipeptidyl peptidase-4 inhibitors. Pharmacol Ther. 2009; 124: 113–138. doi:
10.1016/j.pharmthera.2009.06.002 PMID: 19545590

33. Okamoto K, Tajima H, Nakanuma S, Sakai S, Makino I, Kinoshita J, et al. Angiotensin ii enhances epi-
thelial-to-mesenchymal transition through the interaction between activated hepatic stellate cells and
the stromal cell-derived factor-1/cxcr4 axis in intrahepatic cholangiocarcinoma. Int J Oncol. 2012; 41:
573–582. doi: 10.3892/ijo.2012.1499 PMID: 22664794

34. Byrd JB, Shreevatsa A, Putlur P, Foretia D, McAlexander L, Sinha T, et al. Dipeptidyl peptidase iv defi-
ciency increases susceptibility to angiotensin-converting enzyme inhibitor-induced peritracheal edema.
J Allergy Clin Immunol. 2007; 120: 403–408. PMID: 17531305

35. Ocana E, Perez-Requena J, Bohorquez JC, Brieva JA, Rodriguez C. Chemokine receptor expression
on infiltrating lymphocytes from abdominal aortic aneurysms: Role of cxcr4-cxcl12 in lymphoid recruit-
ment. Atherosclerosis. 2008; 200: 264–270. doi: 10.1016/j.atherosclerosis.2007.12.043 PMID:
18281050

36. Arakawa M, Mita T, Azuma K, Ebato C, Goto H, Nomiyama T, et al. Inhibition of monocyte adhesion to
endothelial cells and attenuation of atherosclerotic lesion by a glucagon-like peptide-1 receptor agonist,
exendin-4. Diabetes. 2010; 59: 1030–1037. doi: 10.2337/db09-1694 PMID: 20068138

37. Fadini GP, Boscaro E, Albiero M, Menegazzo L, Frison V, de Kreutzenberg S, et al. The oral dipeptidyl
peptidase-4 inhibitor sitagliptin increases circulating endothelial progenitor cells in patients with type 2
diabetes: Possible role of stromal-derived factor-1alpha. Diabetes Care. 2010; 33: 1607–1609. doi: 10.
2337/dc10-0187 PMID: 20357375

38. Kang JH, Chang SY, Jang HJ, Kim DB, Ryu GR, Ko SH, et al. Exendin-4 inhibits interleukin-1beta-in-
duced inos expression at the protein level, but not at the transcriptional and posttranscriptional levels,
in rinm5f beta-cells. J Endocrinol. 2009; 202: 65–75. doi: 10.1677/JOE-08-0507 PMID: 19398497

39. Burgmaier M, Liberman A, Mollmann J, Kahles F, Reith S, Lebherz C, et al. Glucagon-like peptide-1
(glp-1) and its split products glp-1(9–37) and glp-1(28–37) stabilize atherosclerotic lesions in apoe(-)/(-)
mice. Atherosclerosis. 2013; 231: 427–435. doi: 10.1016/j.atherosclerosis.2013.08.033 PMID:
24267262

40. Ma GF, Chen S, Yin L, Gao XD, YaoWB. Exendin-4 ameliorates oxidized-ldl-induced inhibition of mac-
rophage migration in vitro via the nf-kappab pathway. Acta Pharmacol Sin. 2014; 35: 195–202. doi: 10.
1038/aps.2013.128 PMID: 24335838

41. Tashiro Y, Sato K, Watanabe T, Nohtomi K, Terasaki M, Nagashima M, et al. A glucagon-like peptide-1
analog liraglutide suppresses macrophage foam cell formation and atherosclerosis. Peptides. 2014;
54: 19–26. doi: 10.1016/j.peptides.2013.12.015 PMID: 24418070

42. Shirakawa J, Fujii H, Ohnuma K, Sato K, Ito Y, Kaji M, et al. Diet-induced adipose tissue inflammation
and liver steatosis are prevented by dpp-4 inhibition in diabetic mice. Diabetes. 2011; 60: 1246–1257.
doi: 10.2337/db10-1338 PMID: 21330637

43. Kodera R, Shikata K, Takatsuka T, Oda K, Miyamoto S, Kajitani N, et al. Dipeptidyl peptidase-4 inhibitor
ameliorates early renal injury through its anti-inflammatory action in a rat model of type 1 diabetes. Bio-
chem Biophys Res Commun. 2014; 443: 828–833. doi: 10.1016/j.bbrc.2013.12.049 PMID: 24342619

Sitagliptin Improves Abdominal Aortic Aneurysm Development

PLOS ONE | DOI:10.1371/journal.pone.0121077 April 14, 2015 18 / 18

http://dx.doi.org/10.1016/j.jacc.2011.07.053
http://dx.doi.org/10.1016/j.jacc.2011.07.053
http://www.ncbi.nlm.nih.gov/pubmed/22240132
http://dx.doi.org/10.1007/s00125-012-2582-5
http://www.ncbi.nlm.nih.gov/pubmed/22648661
http://www.ncbi.nlm.nih.gov/pubmed/1495142
http://www.ncbi.nlm.nih.gov/pubmed/14739119
http://www.ncbi.nlm.nih.gov/pubmed/12615694
http://www.ncbi.nlm.nih.gov/pubmed/8598448
http://www.ncbi.nlm.nih.gov/pubmed/14732351
http://dx.doi.org/10.1016/j.pharmthera.2009.06.002
http://www.ncbi.nlm.nih.gov/pubmed/19545590
http://dx.doi.org/10.3892/ijo.2012.1499
http://www.ncbi.nlm.nih.gov/pubmed/22664794
http://www.ncbi.nlm.nih.gov/pubmed/17531305
http://dx.doi.org/10.1016/j.atherosclerosis.2007.12.043
http://www.ncbi.nlm.nih.gov/pubmed/18281050
http://dx.doi.org/10.2337/db09-1694
http://www.ncbi.nlm.nih.gov/pubmed/20068138
http://dx.doi.org/10.2337/dc10-0187
http://dx.doi.org/10.2337/dc10-0187
http://www.ncbi.nlm.nih.gov/pubmed/20357375
http://dx.doi.org/10.1677/JOE-08-0507
http://www.ncbi.nlm.nih.gov/pubmed/19398497
http://dx.doi.org/10.1016/j.atherosclerosis.2013.08.033
http://www.ncbi.nlm.nih.gov/pubmed/24267262
http://dx.doi.org/10.1038/aps.2013.128
http://dx.doi.org/10.1038/aps.2013.128
http://www.ncbi.nlm.nih.gov/pubmed/24335838
http://dx.doi.org/10.1016/j.peptides.2013.12.015
http://www.ncbi.nlm.nih.gov/pubmed/24418070
http://dx.doi.org/10.2337/db10-1338
http://www.ncbi.nlm.nih.gov/pubmed/21330637
http://dx.doi.org/10.1016/j.bbrc.2013.12.049
http://www.ncbi.nlm.nih.gov/pubmed/24342619


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


