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Abstract

Substitution of pancreatic islets is a potential therapy to treat diabetes and it depends on reconstitution of islet’s capillary
network. In this study, we addressed the question whether stabilization of Glucagon-Like-Peptide-1 (GLP-1) by inhibiting
Dipeptidyl Peptidase-IV (DPP-IV) increases b-cell mass by modulating vascularization. Mouse or porcine donor islets were
implanted under kidney capsule of diabetic mice treated with DPP-IV inhibitor sitagliptin. Grafts were analyzed for insulin
production, b-cell proliferation and vascularization. In addition, the effect of sitagliptin on sprouting and Vascular
Endothelial Growth Factor (VEGF)-A expression was examined ex vivo. The cAMP response element-binding (CREB) and
VEGF-A/ Vascular Endothelial Growth Factor Receptor (VEGFR)-2 signaling pathway leading to islet vascularization was
explored. Sitagliptin increased mean insulin content of islet grafts and area of insulin-positive tissue as well as b-cell
proliferation. Interestingly, sitagliptin treatment also markedly increased endothelial cell proliferation, microvessel density
and blood flow. Finally, GLP-1 (7-36) stimulated sprouting and VEGF expression, which was significantly enhanced by
sitagliptin- mediated inhibition of DPP-IV. Our in vivo data demonstrate that sitagliptin treatment phosphorylated CREB and
induced islet vascularization through VEGF-A/VEGFR-2 signaling pathway. This study paves a new pathway for improvement
of islet transplantation in treating diabetes mellitus.
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Introduction

Diabetes results from reduction of pancreatic b-cells either by

inflammatory processes or by glucolipotoxicity [1]. Elevated levels

of circulating fatty acids and glucose contribute to dysfunction of

b-cells, leading to type 2 diabetes [2]. Soluble mediators of

immune cells, such as oxygen free radicals, nitric oxide, and the

cytokines interleukin-1b and interferon- b are thought to induce

apoptosis in pancreatic b-cells resulting in type 1 diabetes [3].

It is believed that restoration of deficient b-cell mass is a feasible

strategy to treat patients with diabetes mellitus. One approach is

transplantation of pancreatic islets. They are endowed with a

capillary network that must be reconstituted by de novo formation

of new blood vessels after transplantation [3,4]. Despite its

requirement the molecular mechanism underlying islet vascular-

ization remains poorly understood.

The key angiogenic molecule VEGF is synthesized in the

pancreatic islets, but its expression in isolated islets is significantly

reduced [5,6]. We have previously demonstrated that VEGF

increases vascularization of islet grafts [7]. VEGF-A is a secreted

mitogen that plays a major role in both angiogenesis and

vasculogenesis [8]. Proangiogenic activity of VEGF-A and all the

observed vascular endothelial responses are mediated by VEGFR-

2 [8]. Similarly the protective role of VEGF-A on neurons and

vascular endothelial cells was reported to be due to the

phosphorylation of CREB through VEGFR-2/ERK signaling [9].

Interestingly, in vivo Glp-1 treatment expands islet mass by

increasing pancreatic b-cell number and inducing islet neogenesis

in animal models and isolated human islets [10]. The activity of

Glp-1 is regulated by DPP-IV that cleaves active Glp-1 (7-36) to

Glp-1 (9-36) [11] and mediated by Glp-1R. The cleaved product

Glp-1 (9-36) showed mitogenic effects on endothelial cells [12] and

promoted vasorelaxation [13]. It has been demonstrated that

inhibition of DPP-IV increased Glp-1 availability to the pancreas

resulting in increased b-cell mass [14].

Based on the importance of Glp-1 and VEGF-dependent

vascularization for the survival of the pancreatic islet graft we

hypothesized a novel link between Glp-1, CREB and VEGF-A.

Here we show that DPP-IV inhibition by sitagliptin improves

vascularization of transplanted pancreatic islets by activation of

CREB.
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Materials and Methods

Animal experiments
Mouse and porcine islets were transplanted into diabetic mice

treated with sitagliptin (kindly provided by Dr. Bernd Voss, MSD

GmbH, Germany). Animal research was approved by the

Regional Commission Giessen, Germany under the code number

GI20/11-Nr.15/2006. Animal husbandry was performed accord-

ing to the German Animal Welfare Law as published in the latest

version under http://bundesrecht.juris.de/tierschg.

Mouse islet transplantation model
We used a murine model of minimal islet mass transplantation.

Blood glucose measurement, islet isolation and transplantation

were done as described before [7]. Islets isolated from syngeneic

donor mice were transplanted under the kidney capsule in C57Bl6

mice made diabetic with streptozotocin (180 mg/kg). Transplan-

tation of about 200 islets was previously determined as optimal

cure of diabetes that occurs within 3 days in 90% of recipients.

Sitagliptin (5.5% w/w) was administered three days before

streptozotocin administration to mice together with their chow

(Altromin, Lage, Germany) while control mice received standard

lab chow.

Porcine islet transplantation model
Porcine islets were isolated using previously described tech-

niques of collagenase digestion and Ficoll purification [15,16] at

the Islet Isolation Facility of Third Medical Department, Uni-

Giessen. About 2,000 islet equivalents of porcine islets were

transplanted beneath the kidney capsule of diabetic nu/nu NMRI

mice.

Insulin content of islet grafts
For insulin measurement, the transplants were explanted,

mechanically homogenized and dissolved in acid ethanol, as

described before [7]. The supernatant was collected and subjected

to species-specific insulin ELISA assays (CV , 6%) after

centrifugation (3,000 rpm, 10 min, DRG Instruments GmbH,

Marburg, Germany).

Islet area measurement
Kidneys were retrieved 10 weeks after islet transplantation,

snap-frozen in O.C.T medium (Sakura, Netherlands) and serial

sections were made (7 mm thick). The sections were fixed in

Zamboni’s fixative for 10 min and washed thrice for 5 min in PBS.

After blocking in PBS containing 1% BSA and 2% donkey serum,

the cryosections were probed with antibodies against insulin

(polyclonal guinea pig anti-insulin antibody, Dako, Germany) and

mouse monoclonal anti-CD11b antibody M1/70.15 (Immuno-

tools, Germany) at 4uC overnight. CD11b antibody was applied to

monitor inflammatory leukocytes elicited by the transplantation

procedure. Primary antibodies were visualized with rhodamine-

coupled anti-guinea pig and FITC-coupled anti-mouse antibodies

(Jackson ImmunoResearch, USA). Samples were mounted with

Prolong Gold (Invitrogen), visualized and photographed using a

Leica DMLB microscope (Leica, Germany). Insulin-immuno-

stained sections were scanned using Motic image analysis software

2.0 system and analyzed. Total b-cell area was determined in 10

sections from control and sitagliptin-fed group.

Proliferation of b-cells
Bromodeoxyuridine (Sigma; 100 mg/kg body weight) was

injected intravenously for three days to study b-cell proliferation

in islet grafts. BrdU double staining with insulin was performed as

previously described [7].

Microvascular density measurements
Microvessels were identified in histologic sections by staining

with biotinylated lectin (BS-1, Sigma) as described before [17].

Blood flow measurements
The blood perfusion of islet graft and adjacent renal cortex was

measured by laser-Doppler flow meter (PF 4001-2, Perimed,

Stockholm, Sweden) with a needle probe (411 mm tip; outside

diameter, 0.45 mm; Perimed). The flow probe was positioned

perpendicular to the immobilized tissue surface by the use of a

micromanipulator, and care was taken not to cause any

compression of the tissue.

Mouse islet isolation and culture
Pancreatic islets were isolated at the age of 9-12 weeks from

C57Bl6 or RIP-VEGF mice, a transgenic mouse model with

human vascular endothelial growth factor (VEGF) production in

b-cells under the control of the rat insulin promoter (RIP) as

described before [7].

Assessment of VEGF secretion, active Glp-1, and DPP-IV
activity

VEGF concentrations of cell culture supernatants and plasma

were measured by ELISA (CV, 2%) (R&D Systems, Germany).

Plasma Glp-1 Active (7-36) concentrations were measured by

ELISA (DRG Instruments GmbH, Germany, CV,3.9%). DPP-

IV activity in plasma samples or pancreatic islets was determined

using the Glo-reagent for biological fluids (Promega, Mannheim,

Germany).

Ex vivo islet sprouting
Bovine fibrinogen, supplemented with trasylol, was diluted in

Dulbecco’s PBS to a final concentration of 1.7 mg/ml. Wells of a

24-well plate were loaded with 300 ml of this solution and all test

substances were mixed into the liquid gels. Around 20 to 30 islets

were embedded per well after removing the exocrine tissue from

24 h pre-cultured and PBS-washed islets. Gel polymerization was

initiated with 5ml of thrombin (1,000 U/ml) at room temperature

and gels were subsequently equilibrated with MCDB131 medium

(Invitrogen, Germany) containing 5% glutamine in an incubator

with 5% CO2. The fibrin clots were soaked with 300 ml Parkers

FCS medium and cultured for 48 h. Then, gels were fixed with 3%

formaldehyde for 6 to 12 h and stained with crystal violet. Washed

gels were transferred onto slides and fixed with Kaiser’s glycerol

gelatin. Photos were taken and sprout length was determined using

Motic software (Wetzlar, Germany).

Immunocytochemistry and expresssion of VEGF, VEGFR-
2, CREB, pCREB, pMTOR and P70S6K

Sections were made from the retrieved graft and fixed with

Zamboni’s fixative for 10 min and washed thrice for 5 min in PBS.

After blocking in PBS containing 1% BSA and 2% donkey serum,

the cryosections were probed with antibodies against insulin

(polyclonal guinea pig anti-insulin antibody, Dako, Germany),

Rabbit Polyclonal VEGF (Santa Cruz, USA), VEGFR2, CREB

and pCREB (Cell Signaling Technology, USA) and Rabbit

monoclonal pMTOR and P70S6K antibody (Cell Signaling

Technology, USA). Primary antibodies were visualized with

FITC- coupled anti-Guinea pig and rhodamine-coupled anti-

rabbit antibodies (Jackson Immuno Research, USA). Sections were
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mounted with Prolong Gold (Invitrogen, Germany), visualized and

photographed using Leica DMLB microscope (Leica, Germany).

The images were analyzed using Image J software for VEGF and

VEGFR-2 area and for number of CREB and pCREB positive b-

cell nuclei.

Statistical analysis
Statistical analysis was performed using Prism 5.0 (GraphPad

Software, San Diego California, USA) applying one-way analysis

of variance and Bonferroni post-hoc tests. For two-group tests the

student t-test was applied. Data from the transplantation

experiment were plotted as survival curves with ‘cure of diabetes’

as non-recurrent event and analyzed by the Mantel-Haenszel log

rank test.

Results

Sitagliptin accelerates restoration of normal blood
glucose levels

In a previous study DPP-IV inhibition prevented the progres-

sion of streptozotocin (STZ)-induced diabetes [18]. To determine

the effect of sitagliptin on the cure of diabetes after pancreatic islet

transplantation blood glucose levels were measured over a period

of ten weeks. Cure of diabetes was defined as sustained reduction

of blood glucose , 200 mg/dl. The active Glp-1 level in plasma of

mice fed with sitagliptin was 6.561.3 pmol/l compared to

1.260.3 pmol/l in controls (Figure 1A). Plasma DPP-IV activity

in control was 0.013 6 0.002 pmol/min/mg compared to 0.008

6 0.0006 pmol/min/mg in sitagliptin treated mice (Figure 1B).

Diabetic C57Bl6 mice were hyperglycemic with a mean blood

glucose level of 350680 mg/dl. Subsequent to transplantation

with a suboptimal number of murine pancreatic islets blood

glucose levels gradually decreased. Three and ten weeks following

transplantation 46% and 92% of the control group had returned

to non-fasting blood glucose concentrations of less than 200 mg/

dl, respectively. In contrast, 100% of sitagliptin-treated mice

reached near-normal blood glucose concentrations already after

three weeks (Figure 2 A, B). Thus, sitagliptin treatment had a

beneficial effect on transplantation-mediated restoration of normal

blood glucose levels in diabetic mice.

Improved insulin production through enhanced b-cell
proliferation

To determine the underlying cause of accelerated restoration of

blood glucose levels we assessed the effect of sitagliptin on insulin

production. Grafts from recipient mice were retrieved and insulin

content was determined. The mean insulin content of islet grafts

were significantly higher in sitagliptin-treated compared to control

(Figure 3A). These results were confirmed by immunocytochem-

istry of sections of transplants utilizing insulin antibodies. Insulin-

positive areas were markedly greater in graft sections of sitagliptin-

treated mice (Figure 3B). Staining with CD11b antibodies

revealed no difference of immune cell infiltration (Figure 3C).

Larger amounts of insulin can be due to increased insulin

biosynthesis per cell or greater number of actively producing b-

cells or both. An earlier study reported that sitagliptin treatment in

partially pancreatectomized mice increased the b-cell mass in

remnant pancreas [19]. Sitagliptin significantly increased the

number of BrdU-positive b-cells (Figure 4) suggesting that the

increased production of insulin after sitagliptin treatment is due to

an increased number of b-cells. a- cells were present in the graft,

however, no increase in number of a-cells in the sitagliptin group

was observed (Figure S1).

Sitagliptin improves vascularization
Previously, it has been demonstrated that the capillary network

of transplanted pancreatic islets has to be reconstituted [7] and

vascularization of them occurred within 10–14 days [20]. To

examine the effect of sitagliptin, islet transplants were retrieved

after 10 weeks. Vascular density within the graft was calculated by

morphometry after endothelial cell staining (Figure 5A). Sitaglip-

tin treatment significantly increased the area occupied by

endothelial cells (Figure 5B) as well as the number of proliferating

endothelial cells within and around the graft from 1161 permm2

to 3165permm2 (Figure 5C). We also performed a triple staining

to co-localize insulin, glucagon and lectin (BS-1), as the endothelial

cell marker. BS-1 positive cells forming microvessels were

characteristically observed within and surrounding transplanted

islets. Single glucagon positive cells were randomly distributed

among the b-cells (Figure S2). Collectively, these data suggest

that sitagliptin increases proliferation of endothelial cells and

vascularization.

Figure 1. Sitagliptin increases the active GLP-1 level and reduces DPP-IV concentration in plasma. (A) Active GLP-1 level in plasma was
measured using ELISA kit according to manufacturer’s instructions. Sitagliptin treatment increased the available endogenous active GLP-1 level. (B)
Plasma concentration of DPP-IV enzyme was measured using Glo-reagent for biological fluids (Promega, Mannheim, Germany) according to
manufacturer’s instructions. Sitagliptin treatment inhibited the available DPP-IV enzyme in the plasma. n = 10. Data represents mean 6 SEM.
doi:10.1371/journal.pone.0082639.g001
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DPP-IV inhibition increases functional blood flow to
transplanted islets

To determine if vascularization also resulted in an improved

blood flow we applied laser-Doppler flowmetry. A needle probe

was used to record signals up to 200 mm under the kidney capsule.

Control animals showed a negative difference between the

kidney’s and the graft’s regular blood flow. Importantly, the

difference in blood flow in sitagliptin-treated mice was significantly

lower (Figure 5D). These data demonstrate that sitagliptin

enhances functional vascularization of transplanted pancreatic

islets and improved its viability under transplanted condition.

Sitagliptin increases VEGF secretion in vitro
Local blood perfusion is important for regular function and b-

cell survival in islet grafts [3,4]. Since sitagliptin improved

vascularization, we wondered whether it actually increases the

VEGF secretion in vitro from islets. For this purpose, we treated

isolated islets with Glp-1 (7-36) and analyzed the cell culture

supernatants for VEGF secretion. Treatment with Glp-1 (7-36) but

not Glp-1 (9-36) resulted in a significant increase of VEGF release

from normal islets (Figure 6A). Sitagliptin further enhanced the

effect of Glp-1 (7-36) resulting in a 4-fold increase of VEGF. The

use of RIP-VEGF islets demonstrated that VEGF was released

from the pancreatic b-cells (Figure 6A). These islets were derived

from a mouse strain producing VEGF under the control of rat

insulin promoter as described before [7]. The result suggests that

sitagliptin induces release of VEGF from islets. Next we

investigated whether the release of VEGF increases any growth

or proliferation of islet endothelial cells in vitro.

Sitagliptin enhances islet endothelial cell sprouting
An earlier study demonstrated that VEGF-A controls angio-

genic sprouting in the early postnatal retina [21]. To analyze

whether the release of VEGF increases sprouting of islet

endothelial cells, we isolated islets and studied the effect of

sitagliptin on islet endothelial cell sprouting into fibrin gels.

Interestingly, DPP-IV activity was nearly 30-fold higher in islets

compared to mouse plasma (6126 6 320 mmol/min/mg protein

vs. 215618 mmol/min/mg, p , 0.0001). The addition of bFGF

induced low levels of sprouting, which was greatly enhanced by

VEGF. The addition of Glp-1 (7-36) but not addition of Glp-1 (9-

36) enhanced the effect of bFGF. As DPP-IV activity was

abundant in our assay we tested whether addition of sitagliptin

to bFGF + Glp-1 (7-36) can further enhance sprouting. This

combination resulted in an even greater sprouting activity as

bFGF + VEGF (Figure 6 B, C). Taken together these data

suggest that sitagliptin enhances VEGF release and thereby

increases islet endothelial cell proliferation necessary for functional

viability of transplanted islets by modulating DPP-IV/Glp-1.

Next we worked on the mechanism that promoted VEGF

secretion and maintained functional viability of transplanted islets

in vivo.

Sitagliptin improves secretion of VEGF in transplanted
islets

Since sitagliptin treatment improved transplantation outcome

and moreover enhanced VEGF secretion, thereby increasing the

sprouting capacity of isolated islets, we examined VEGF secretion

from transplanted porcine islets, which will lead to proliferation of

host vascular endothelial cells [8]. For this purpose grafts were

retrieved and analyzed for the presence of VEGF protein by

immunohistochemistry using anti-VEGF antibody. Sitagliptin

treatment significantly (p , 0.05) increased the total VEGF

expression compared to control (Figure 7 A). We also measured

the available VEGF in the plasma using ELISA kit and found that

sitagliptin treatment increased the VEGF content in plasma

(Figure 8). VEGF is essential for vasculogenesis- the de novo

formation of blood vessels [8] and our data indicate that sitagliptin

treatment increases the secretion of VEGF improving vasculo-

genesis.

Sitagliptin sensitizes VEGFR2 in transplanted islets
VEGF exerts its proangiogenic action by binding to VEGFR-2

[22]. To assess this, graft sections were analyzed for VEGFR2

Figure 2. Sitagliptin accelerates restoration of normal blood glucose levels. (A) C57Bl6 mice were treated with a single dose of
streptozotocin (180 mg/kg) and placed on either a normal chow diet or diet containing 5.5% sitagliptin following syngeneic islet transplantation
(day 0). Blood glucose levels (mg/dl) were determined in the control and sitagliptin treated mice. Tx = transplantation. Control (White Circles) =
chow fed mice. Sitagliptin (Inverted Triangle) = Recipient mice fed with 5.5% sitagliptin for 10 weeks. (B) Graph demonstrating cure from diabetes
(, 200 mg/dl) by transplantation up to 70 days after transplantation (p , 0.0072 vs. control). n = 12. Data represent mean 6 SEM.
doi:10.1371/journal.pone.0082639.g002
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expression using anti-VEGFR-2 antibody. We found that

sitagliptin treatment significantly (p , 0.05) increased VEGFR-2

expression within the transplanted islets (Figure 7B). This result

indicates that the proangiogenic action of VEGF was further

promoted by sensitization of VEGFR-2.

Sitagliptin activates CREB pathway
An earlier study reported that Glp-1 receptor agonists activate

CREB and Insulin Receptor Substrate (IRS)-2, thereby promoting

b-cell growth and survival [23]. This prompted us to explore

whether sitagliptin increases islet vascularization via CREB

phosphorylation and VEFG/VEGFR-2 signaling. We retrieved

kidney grafts and analyzed them for the activation of CREB by

immunocytochemistry. Sitagliptin treatment enhanced CREB

expression and phosphorylation compared to control. The number

of nuclei in b-cells with translocated CREB protein was

significantly (p , 0.01) increased in the sitagliptin-treated group

(Figure 9 A, B). These results indicate that sitagliptin induces

vasculogenesis of transplanted islets by VEGF secretion that would

have been affected by phosphorylation of CREB in transplanted

b-cells.

Sitagliptin enhances mTOR and P70S6K expression
Since sitagliptin activated CREB in transplanted islets, we next

studied the mTOR/P70S6K pathway that will lead to cell growth

and proliferation[24]. For this we retrieved kidney grafts and

analyzed them for the expression of pMTOR and P70S6K.

Figure 4. Sitagliptin promotes b-cell proliferation. Quantitative
analysis of b-cells positive for bromodeoxyuridine (BrdU) in islet grafts
transplanted to the kidney capsule of mice on normal chow or chow
containing 5.5% sitagliptin (p , 0.05; n = 6; 10 sections per graft). Data
represent mean 6 SEM.
doi:10.1371/journal.pone.0082639.g004

Figure 3. Sitagliptin improves insulin production. (A) Insulin content of islet grafts transplanted to the kidney capsule given asmg insulin per g
kidney. Control = normal chow, Sitagliptin = 5.5% sitagliptin included into the rodent chow (p , 0.05; n = 6). (B) Insulin area (mm2) of sections of
mouse islet grafts transplanted under the kidney capsule (n = 6, 10 sections per graft, p , 0.01). Data represent mean 6 SEM. (C) Effect of DDP-IV
inhibition by 5.5% sitagliptin on insulin area and immune cell migration to islets transplanted to kidney capsule of NMRI nu/nu mice. Grafted kidneys
were recovered as described 10 weeks after transplantation. Representative cryosections were stained for insulin (red) and CD11b (green)-positive
immune cells (neutrophils, macrophages). Area stained positive for insulin was larger in the sitagliptin group compared to control. No difference of
immune cell infiltration was observed.
doi:10.1371/journal.pone.0082639.g003
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Sitagliptin treatment increased the expression of pMTOR and

P70S6K as evidenced by immunohistochemistry (Figure 10 A, B)

and pMTOR expression was mainly detected on the pancreatic b-

cells (Figure S3).

Discussion

Sitagliptin is considered to enhance active Glp-1 levels by

suppressing proteolytic DPP-IV activity resulting in increased b-

cell survival in rodent models of diabetes and islet transplantation

[18,25,26,27]. On the other hand, it has been demonstrated that

the efficiency of pancreatic islet transplantation depends on

vascularization [28]. Therefore, we have investigated mechanisms

underlying the effect of sitagliptin on pancreatic islet transplan-

tation with focus on angiogenesis. Our data suggest that sitagliptin

accelerates normalization of blood glucose level in a diabetes

model by stabilizing Glp-1, which in turn results in increased

insulin production which may be due to an increase in b-cell mass,

VEGF expression and vascularization.

The DPP-IV-Glp-1-VEGF axis
Pancreatic islets are highly vascularized and formation of their

microvessels depends on the expression of VEGF in b-cells [29].

Endothelial cells and microvessels are needed for coordinated

Figure 5. Sitagliptin enhances vascularization and blood flow to the graft. (A) Representative picture of immunostaining of islet graft with
lectin BS-1 (red) at the kidney capsule of control and sitagliptin-treated islet graft. Both graft area and lectin BS-1-positive areas are larger compared
to control. The asterisk * marks the border between islet graft and kidney. (B) Quantitative analysis of area (mm2) stained positive for lectin BS-1 in islet
grafts supplanted to the kidney capsule of C57Bl56 mice fed either with control chow or chow enriched with 5.5% sitagliptin (n = 6; 10 sections per
graft, p , 0.01). (C) Quantitative analysis of bromodeoxyuridine (BrdU)/lectin BS-1 double-positive cells in islet grafts transplanted to the kidney
capsule of mice either on normal chow or chow containing 5.5% sitagliptin (n = 6; 10 sections per graft, p , 0.01). (D) Blood flow measured by
Doppler ultrasound probe simultaneously on the kidney capsule surface and at the site of the grafted islets. The difference (%) of kidney and graft
blood flow is plotted on the ordinate (p , 0.01; n = 6). Data represent mean 6 SEM.
doi:10.1371/journal.pone.0082639.g005
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Figure 6. DPP-IV/Glp-1 regulates secretion of VEGF by b-cells. (A) Quantitative analysis of VEGF secretion. Mouse islets were cultured free
floating in Parkers FCS medium in the presence of Glp-1 (7-36), Glp-1 (9-36), or sitagliptin. RIP-VEGF islets = islets isolated from mice synthesizing
human VEGFA165 under the control of the rat insulin promoter (RIP). After 24 h of incubation the content of VEGF in the supernatant was
determined. Glp-1 (7-36) resulted in higher VEGF content of the supernatant than without the presence of Glp-1 (7-36). Islets cultivated in the
presence of Glp-1 (7-36) and 5 mM sitagliptin released even more VEGF (normal islets * p , 0.05 and RIP-VEGF islets ** p , 0.01) compared to islets
incubated with Glp-1 (7-36) alone. Data represent mean 6 SEM. (B) Analysis of the effect of different factors regarding their capacity to induce islet
sprouting. bFGF = 5 ng/ml human basic fibroblast growth factor, VEGF = 5 ng/ml human vascular endothelial growth factor 165, Glp-1 = 50 nM
Glucagon-like peptide 1; either the 7-36 peptide or 50 nM 9-36 fragment. Glp-1 (7-36) is cleaved by dipeptidyl peptidase IV (DPP-IV) resulting in Glp-1
(9-36), sitagliptin = 5 mM sitagliptin. All data represent mean 6 SEM and significance was tested using ANOVA with a Bonferroni post hoc test where
** represents p , 0.01 for the percentage of sprouting islets in the presence of bFGF and Glp-1 (7-36) versus bFGF, Glp-1 (7-36) and DPP-IV inhibitor
sitagliptin demonstrating an additional effect on endothelial sprouting by DPP-IV inhibition. (C) Representative pictures of sprout-like structures
emerging from islets into the fibrin gel due to endothelial proliferation of resident islet endothelial cells.
doi:10.1371/journal.pone.0082639.g006

Figure 7. A and B: VEGF signaling pathway is modulated by sitagliptin treatment. Sections were treated with Insulin, VEGF and VEGFR-2
antibodies at 4uC overnight and then treated with secondary antibodies. The image was captured using Leica fluorescent microscope and analyzed
using image J software. VEGF and VEGFR-2 staining was more pronounced in the sitagliptin treated group compared to the control. The area
showing VEGF and VEGFR-2 staining was significantly (p , 0.05) increased in the sitagliptin group as represented by their respective bar graphs. n =
4; Data represents mean 6 SEM.
doi:10.1371/journal.pone.0082639.g007
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insulin secretion of hundreds of b-cells within pancreatic islets

[26,27]. A recent finding indicated that liraglutide, an analog of

Glp-1 improved glucose tolerance without affecting islet micro-

circulation or pancreatic insulin content of native pancreas in

Goto Kakizaki rats [30]. Our results show that sitagliptin

treatment increased the number of proliferating endothelial cells

and also the area occupied by endothelial cells, indicating that

actual vascularization takes place after islet transplantation.

Studies in mutant mice with pancreas- specific expression of

VEGF in pancreatic islets have supported the idea of an

association between vascular system and b-cell mass. There is

experimental evidence not only in pancreatic islet transplantation

[29,31] but also for STZ-induced diabetes [32]. While endogenous

VEGF released from grafted pancreatic islets was beneficial for

transplantation outcome, prolonged pharmaceutical administra-

tion resulted in decreased islet functionality [33] and microvascu-

lar leakage [17]. A recent study suggests that exendin-4 stimulates

proliferation of human coronary artery endothelial cells through

the eNOS, PKA and PI3K/Akt dependent pathways, which

require Glp-1 receptor [12]. However, we cannot confirm this

finding for isolated pancreatic islets.

Our data show that DPP-IV activity was detectable in islets

isolated with collagenase. Inhibition of DPP-IV by sitagliptin

accelerated normalization of blood glucose level in a diabetes

model by stabilizing Glp-1[34] and immunostaining of the

pancreatic islet grafts showed that Glp1-receptor was almost

exclusively expressed on b- cells rather than on endothelial cells

(Figure S4). This phenomenon correlated with enhanced insulin

production due to an increase in b-cell mass. Interestingly,

sitagliptin treatment also resulted in an increased expression of

VEGF, improved vascularization and functional blood flow to the

graft. This correlation in vivo raises the question whether

vascularization is a direct or indirect effect of sitagliptin treatment.

Sitagliptin treatment inhibits DPP-IV, which is known to cleave

the hormone Glp-1 (7-36) into its inactive form Glp-1 (9-36). Glp-1

is secreted from the gut and has several functions including the

regulation of insulin production [35]. Our finding that VEGF

secretion and endothelial cell sprouting is enhanced by inhibition

of DPP-IV in the presence of Glp-1 (7-36), but not in the presence

of the cleavage product Glp-1(9-36) indicates that DPP-IV

regulates VEGF expression via stabilization of Glp-1. Our data

furthermore suggest that this axis controls both local and systemic

availability of VEGF necessary for vascularization.

The in vitro data demonstrated that Glp-1 alone significantly

increased VEGF release from pancreatic islets. It is possible that

in vivo DPP-IV inhibition activated additional pro-angiogenic

pathways. There is not only cell membrane abundant peptidase

but also a catalytically active soluble form. Basically, the enzyme

would cleave dipeptides from all proteins with proline in the

penultimate position, however in vivo proteolysis could be affected

by modulating factors, for example glycosylation of the catalytic

site due to hyperglycemia in models of diabetes [36]. DPP-IV

is believed to primarily modulate the availability of Glp-1, but

other peptides cleaved by DPP-IV, such as Glp-2 or vasoactive

peptide [37] could be involved. Chemical inhibition of DPP-IV

was reported to reduce attraction of leukocytes in a T-lymphocyte

induced immune response [38]. However, recruitment of CD11b+

Figure 8. Sitagliptin treatment increases the availability of
plasma VEGF level. Plasma VEGF level was measured by using ELISA
kit according to manufacturer’s instruction. n = 10; Data represents
mean 6 SEM.
doi:10.1371/journal.pone.0082639.g008

Figure 9. A and B. Sitagliptin phosphorylates CREB and aids in revascularization of islet grafts. Sections were treated with Insulin, CREB
and pCREB antibodies at 4uC overnight and then treated with secondary antibodies. The image was captured using Leica fluorescent microscope and
analysed using image J software. CREB and pCREB staining was more pronounced in the sitagliptin treated group compared to the control. The
number of nuclei stained positive for CREB and pCREB was significantly (p , 0.01) increased in the sitagliptin group as represented by their
respective bar graphs. n = 4; Data represents mean 6 SEM.
doi:10.1371/journal.pone.0082639.g009
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immune cells into the transplantation site was not different

between treated and control in our model.

Potential intracellular links between Glp-1 receptor
activation, CREB phosphorylation, mTOR activation and
VEGF synthesis in b-cells

Islet cells are avascular after isolation and reduced vascularity

immediately after islet transplantation contributes to the early loss

of islets and their function [39]. The vascularization of islets could

be increased by several interventions. One approach could be by

increasing the proangiogenic factors responsible for formation,

proliferation and maturation of islet endothelial cells into fully

functional islet vasculature [28]. This approach was demonstrated

to increase functional islet mass by improving the angiogenesis of

isolated porcine and murine islets [7]. In our study we chose to

inhibit DPP-IV so that the available Glp-1 could be used for

activation of VEGF, thereby inducing vascularization of trans-

planted islets. VEGF stimulates mitogenesis of pancreatic ductal

epithelium, necessary for b- cell formation [40] and is required for

vasculogenesis as well [8]. Our data demonstrate that sitagliptin

treatment increased VEGF expression in transplanted islets.

Moreover, experimental evidence suggests that the observed

vascular endothelial cell response of VEGF was mediated by

VEGFR-2 [8]. Our data shows that sitagliptin treatment enhanced

the expression of VEGFR-2 in transplanted islets further

supporting vascularization.

Interestingly, Glp-1R agonists activate CREB and Insulin

Receptor Substrate (IRS)-2, promoting b-cell growth and survival

[23]. Also a recent finding suggests that mTOR is linked to the

incretin signaling to HIF induction, promoting pancreatic islet

viability[41]. Similarly the protective role of VEGF-A on neurons

and vascular endothelial cells is by phosphorylation of CREB

through VEGFR-2/ERK signaling [9]. Our data show that

sitagliptin treatment induced phosphorylation of CREB resulting

in its activation of the VEGF-A/VEGFR-2 signaling pathway.

Thus we conclude that the main mechanism of VEGF

expression and islet vascularization is Glp-1 stabilization by

DPP-IV inhibition through sitagliptin followed by Glp-1R

activation leading to phosphorylation of CREB and activation of

mTOR, which in turn modulates VEGF-A/VEGFR-2 signaling

thereby increasing the vascularization of transplanted islets. The

observed increase in proliferative activity of both b-cells and

endothelial cells by DPP-IV inhibition may be attributed to

activation of P70S6K and that would have been mediated by

increased availability of Glp-1 (Figure 10C).

From a therapeutic perspective this mechanism could open new

venues to prevent the decline of insulin secreting capacity in

pancreatic islet transplantation.

Supporting Information

Figure S1 Pancreatic graft sections were fluorescently stained for

Glucagon (Green), proliferative marker Ki67 (Red), and nuclei

(DAPI). Merging panels illustrate that a- cells were present in the

graft; however, Ki67 stain did not indicate proliferation of a- cells

in both the sitagliptin and control group.

(TIF)

Figure S2 Pancreatic islet graft sections were stained for

insulin (Blue), glucagon (Green) and endothelial cell marker

Lectin (BS-1)(Red). This figure clearly demonstrates that sitag-

liptin treatment increased the vascularization of islets after

transplantation.

(TIF)

Figure S3 Pancreatic islet graft sections were fluorescently

stained for insulin (Blue), pMTOR (Green) and endothelial cell

marker Lectin (BS-1) (Red). Merging panels show that sitagliptin

administration increased pmTOR expression mainly on the

pancreatic b- cells.

(TIF)

Figure 10. A and B. Sitagliptin phosphorylates mTOR and activates P70S6K. Sections were treated with Insulin, pMTOR and P70S6K
antibodies at 4uC overnight and then treated with secondary antibodies. The image was captured using Leica fluorescent microscope. pMTOR and
P70S6K staining was significantly (p,0.01) increased in the sitagliptin treated group compared to the control as represented by their respective bar
graphs. n = 4; Data represents mean 6 SEM. C. Model of CREB, mTOR and P70S6K activation and the VEGF-A/VEGFR-2 pathway regulating secretion
of VEGF by DPP-IV inhibition in b-cells.
doi:10.1371/journal.pone.0082639.g010
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Figure S4 Sections of pancreatic islet transplants were fluores-

cently stained for insulin (Blue), GLP-1R (Green) and endothelial

cell Lectin (BS-1) (Red). This triple staining clearly demonstrated

that Glp1-receptor was almost exclusively expressed on b- cells

rather than on endothelial cells.

(TIF)

Methods S1 Immunohistochemistry and expression of
INSULIN, GLUCAGON, GLP-1R, Lectin (BS-1) and Ki67.

(DOCX)
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