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Sitagliptin Stimulates Endothelial Progenitor Cells to Induce Endothelialization in Aneurysm Necks Through the SDF-1/CXCR4/NRF2 Signaling Pathway
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Aneurysm (AN) embolization is an important treatment for cerebral aneurysms. The endothelialization of the aneurysm neck is crucial for preventing aneurysm recurrence. Sitagliptin is a therapeutic drug for diabetes that has been reported to have cardiovascular-protective effects. This study investigated the effect of sitagliptin on endothelial progenitor cell (EPC) function and endothelialization of aneurysm necks after embolization. The effect of sitagliptin on aneurysm neck endothelialization was examined using a rat aneurysm embolization model. We isolated EPCs and used CCK-8 (Cell Counting Kit-8) and annexin V/PI to analyze the effect of sitagliptin on the proliferation and apoptosis of EPCs. The effects of sitagliptin on the migration and invasion of EPCs were examined using scratch and Transwell assays. The effect of sitagliptin on the angiogenic ability of EPCs was examined using a sprouting assay. Western blot analysis and ELISA were used to analyze the effect of sitagliptin on the expression of proangiogenic factors in EPCs. The in vivo results indicated that sitagliptin promoted endothelialization of the aneurysm neck and increased circulating EPCs and expression levels of SDF-1 and VEGF in peripheral blood. Sitagliptin promoted the proliferation, migration, invasion, and angiogenic abilities of EPCs. Western blot analysis and ELISA showed that sitagliptin promoted the expression of SDF-1 and VEGF in progenitor endothelial cells. Western blot assays showed that sitagliptin activated the expression of NRF2, which is dependent on the function of CXCR4. Furthermore, sitagliptin promoted progenitor endothelial cell migration, invasion and angiogenesis through the SDF-1/CXCR4/NRF2 signaling pathway. Additionally, progenitor endothelial cells expressed SDF-1 and VEGF. The promotion of endothelialization by sitagliptin provides an additional therapeutic option for preventing the recurrence of AN.

Keywords: sitagliptin, endothelial progenitor cells, aneurysm, SDF-1, CXCR4, NRF2


INTRODUCTION

Intracranial aneurysms (IAs) are one of the main causes of subarachnoid hemorrhage due to the abnormal expansion of the arterial wall and occur due to various reasons (1). The global incidence of intracranial aneurysm is one in 10,000 people and is most common in people aged 40–66 years (1). Subarachnoid hemorrhage caused by rupture of aneurysms occurs suddenly and severely, which is an important cause of human death. Related studies have suggested that disorders of endothelial cell function, loss of parietal cells, infiltration of inflammatory cells, and degradation of extracellular matrix participate in the formation of aneurysms (2, 3). Currently, coil embolization is a relatively safe, effective, rapid, economical, and less invasive method for treating aneurysms compared with clipping therapy (4). However, the long-term recurrence rate is as high as 24% (5), and so preventing the long-term recurrence of cerebral aneurysms after embolization is the most noteworthy issue in interventional therapy. In recent years, an increasing number of studies have focused on the process of endothelialization of the aneurysmal neck after embolization, which prevents the recurrence of cerebral aneurysms to a certain extent (5). Endothelialization of the aneurysmal neck after coil embolization of intracranial aneurysms is essential for the prognosis of intracranial aneurysms (5). Incomplete endothelialization of intracranial aneurysms increases the risk of recurrence (6). Therefore, promoting the degree of endothelialization of intracranial aneurysms could help improve the prognosis of patients.

In 1997, Asahara et al. first discovered that endothelial progenitor cells are present in peripheral blood, which gradually became a popular topic of research (7). Endothelial progenitor cells are precursor cells of endothelial cells and are pluripotent stem cells (8, 9). Endothelial dysfunction is an early pathophysiological change in the formation of intracranial aneurysms and is the starting point and triggering factor for the formation of intracranial aneurysms (10, 11). EPC-mediated therapy has been proposed as a potential treatment for vascular disease. The SDF-1/CXCR4 pathway plays an important role in endothelial formation, angiogenesis, and hematopoiesis (12). Studies have shown that SDF-1 promotes the expression of VEGF in endothelial cells and is an important cytokine for mobilizing EPCs (13). SDF-1 is a CD34+ hematopoietic progenitor chemokine that mediates the migration and homing of hematopoietic progenitor cells. Studies on SDF-1 knockout mice have shown that SDF-1/CXCR4 plays an important role in cardiovascular function (14, 15). Nuclear factor-erythroid 2-related factor 2 (Nrf2), a protein that was discovered by Moil et al. in 1994, is a bZip (leucine zipper) transcription factor (16). Previous studies have shown that Nrf2 has a protective effect on the cardiovascular system, such as protecting cardiomyocytes from ischemia-reperfusion injury. Recent studies have shown that Nrf2 exerts an effect in the process of angiogenesis and that Nrf2-related pathways play a key role in the proliferation of hematopoietic stem cells and the maintenance of stem cell characteristics, and Nrf2 can directly bind to the promoter of CXCR4 to regulate the expression of CXCR4 (17).

As an oral antidiabetic agent, sitagliptin is commonly used as a monotherapy or in combination with other oral hypoglycemic agents for the treatment of T2DM by inhibiting dipeptidyl peptidase IV (DPP IV) activity. The pharmacological effect of DPP-4 inhibitors is to prolong the action of incretin hormones and avoid degradation of SDF-1 (18). Previous studies have shown that sitagliptin affects vascular repair and remodeling (19, 20).

Therefore, this study aimed to verify whether sitagliptin can mobilize EPCs to promote the endothelialization of aneurysms, prevent recurrence after aneurysm embolization, and provide ideas for future drug treatment after aneurysm embolization. However, the effect of sitagliptin on promoting EPCs to stimulate angiogenesis and vascular function is largely unknown. Because of the importance of endothelialization of aneurysms after embolization, we investigated the effect of sitagliptin on EPC mobilization and the active treatment of intracranial aneurysms.



MATERIALS AND METHODS


Rat Coiled Aneurysm Model

The establishment of a rat coiled aneurysm model has been described in previous studies (4). The animal experiments involved in this study were strictly in accordance with the requirements of the Ethics Committee of Fudan University and were approved by the Ethics Committee of Fudan University. Briefly, a blood vessel from a healthy rat (Sprague-Dawley, male, 8 weeks old, 200–250 g) abdominal aorta was used, and an anastomotic aneurysm occurred between the abdominal aorta, renal vein, and iliac vein. The proximal region of the aneurysm was confined by partial ligation to create an aneurysm neck, and the distal region of the anastomotic segment was completely ligated. A coiled aneurysm model was created via Guglielmi detachable coil (GDC) embolization prior to distal ligation. The animals were randomly divided into four groups: (1) Animals in the mock-surgery group (MS group, n = 12) (2) Animals in the aneurysm treated without any intervention (AN group, n = 12) (3) Animals in the aneurysm treated with sitagliptin via gavage (AN+ sitagliptin group, n = 12), and (4) Animals in the aneurysm treated with sitagliptin combined with AMD3100 by intraperitoneal injection group (AN+ sitagliptin + AMD3100 group, n = 12). Sitagliptin (Merck, # Y0001812) was administered gavage at 15 mg/kg/day for 30 consecutive days, and the combined treatment group also received AMD3100 (Merck, #239820) (A symmetrical bicyclam compound that antagonizes CXCL12 (SDF-1) binding to CXCR4) intraperitoneally at 1.25 mg/kg/day for 30 consecutive days.



Scanning Electron Microscopy and H&E Staining

For scanning electron microscopy (SEM), the aneurysm neck specimen was gently removed after 30 days, fixed with 0.25% glutaraldehyde overnight, and then dehydrated. Scanning electron microscopy was performed after specimen dehydration was completed. For H&E staining, the aneurysm specimen was placed in 4% PFA (paraformaldehyde) for fixation and then subjected to dehydration treatment. After dehydration, waxing, and paraffin embedding were carried out, paraffin sectioning of the aneurysm neck was performed at a thickness of 7 μm, and H&E (Hematoxylin and Eosin) staining was then performed.



Immunofluorescence

Thirty days after the establishment of the rat coiled aneurysm model, three groups of aneurysms were removed, and paraffin sections of the aneurysmal neck were stained to observe endothelial fluorescence. Incubation with primary anti-vWF (Von Willebrand Factor) (Abcam, #6994) or CD31 antibodies (Abcam, #182981) was performed overnight at 4°C. The primary antibodies were detected using FITC-conjugated anti-rabbit secondary antibodies (ThermoFisher, #A32731). After the final wash, the nuclei were counterstained by adding 2 mg/ml DAPI (ThermoFisher, #D1306) in PBS for 10 min before imaging. Cells were visualized using a confocal microscope.



Isolation and Identification of EPCs

This study was approved by the Institutional Animal Care and Use Committee and the Ethics Committee of Fudan University. Eight-week-old male Sprague-Dawley rats were used for EPC isolation. Bone marrow was isolated from the femur and tibia of the rats and then subjected to density gradient centrifugation using Ficoll (Sigma-Aldrich, #10771). Then, mononuclear cells were cultured on collagen I-coated dishes with EGM-2 medium (Lonza, #CC-3202) at 37°C in a 5% CO2 incubator. After 3 days of incubation, the medium was changed every 3 days. When the cells had reached the second generation, the cells were stained with Dil (Sigma-Aldrich, #42364) and UEA (Sigma-Aldrich, #L9006). Laser confocal microscopy was used for observation of Dil and UEA staining.

The mononuclear cells in the peripheral blood were isolated by Ficoll density gradient centrifugation at 10, 20, or 30 days after the aneurysm model was established. CD34 (Abcam, #ab81289) and KDR (Vascular endothelial growth factor receptor-2, VEGFR-2) (Abcam, #ab9530) monoclonal antibodies were incubated with the mononuclear cells for 1 h on ice and then incubated with Alexa Fluor 546- (ThermoFisher, #A10036) and Alexa Fluor 488-(ThermoFisher, #A11008) labeled fluorescent secondary antibodies for 30 min. The proportion of CD34+/KDR+ cells was analyzed by flow cytometry (Beckman Coulter, DxFLEX).



Cell Viability Assay With CCK-8 and Flow Cytometry

EPCs were seeded onto 96-well plates at 1 × 104 cells per well. After adding different concentrations of sitagliptin, 10 μl of CCK-8 solution was added at different timepoints and incubated at 37°C for 2 h. Then, the absorbance values were analyzed by a microplate reader at a wavelength of 450 nm. The apoptotic rate of the EPCs was analyzed by using an annexin V/PI kit (ThermoFisher, #V13245) according to the manufacturer's instructions. The cells were suspended in binding buffer and stained with 5 μl of annexin V and 10 μl PI for 15 min at room temperature (RT) in the dark. Cells were excited at 488 nm, and the signals from 10,000 cells were acquired. The results were analyzed using FACStar (BD Biosciences).



EPC Migration and Invasion Assays

For the scratch assay, cells were seeded onto six-well-plates and scratched with a pipette tip after the cells had grown to full confluence. Then, the medium was replaced with serum-free medium, different concentrations of sitagliptin were added, and the cells were observed after 24 h. For the Transwell assay, 200 μl of serum-free medium containing 2 × 104 EPCs were seeded into the upper chamber with different concentrations of sitagliptin, and 600 μl of EBM-2 medium containing 1% serum was added to the lower chamber. After 24 h of culture in a cell culture incubator, the cells in the upper chamber that did not migrate were removed using cotton swabs, fixed with 4% PFA for 15 min, and then stained with 1% crystal violet (Sigma-Aldrich, #C0775) for 30 min.



Tube Formation Assay

The tube formation assay is a rapid and quantifiable method for measuring vascular formation in vitro. EPCs are bound to conditioned media and inoculated into basement membrane extracts. It is easy to quantify the newly formed tubules within hours of tube formation. For the tube formation assay, EPCs were pretreated with sitagliptin for 24 h. The individual wells of a 96-well-plate were coated with 30 μl. Matrigel basement membrane matrix (BD Biosciences). Next, 3 × 105 sitagliptin-treated EPCs were gently added to each gel-coated well. After 20 h, the cells were dyed with calcein AM and examined via fluorescence microscopy. Images were acquired and analyzed for tube formation using the Wimasis image analysis program. The total number of nets (distinct regions of tubes that contain at least 1 branching point) was used to estimate the level of tube formation. Isolated tubes were not considered nets.



Real-Time PCR

Total RNA from EPCs was extracted using TRIzol reagent (ThermoFisher, #15596018) according to the manufacturer's instructions. mRNA was reverse transcribed according to the manufacturer's instructions using a reverse transcription kit (Takara, RR036A). PCR was carried out according to the manufacturer's instructions using a SYBR® Premix Ex TaqTM II Kit (Takara, RR420A). The relative expression value of a target gene was calculated according to the 2−ΔΔCt method. The primer sequences were as follows: SDF-1: forward primer, 5′-ATTCTCAACACTCCAAACTGTGC-3′, reverse primer, 5′- ATTCTCAACACTCCAAACTGTGC-3′; and VEGF: forward primer, 5′- GAGGAGCAGTTACGGTCTGTG-3′, reverse primer, 5′-TCCTTTCCTTAGCTGACACTTGT-3′.



Western Blot Analysis

Cells were lysed using RIPA buffer (ThermoFisher, #89900), and the cell lysate was collected, incubated on ice for 30 min, and centrifuged at 13,000 rpm for 15 min, and the supernatant was collected. A total of 10 μg of each sample was resolved by 8% SDS-PAGE, transferred to a PVDF membrane, and blocked with 5% BSA for 1 h at room temperature. Primary antibodies were added and incubated overnight at 4°C, and the secondary antibody was then incubated for one h at room temperature. Mouse monoclonal primary antibodies against rat SDF-1 (1:1000, Santa Cruz, sc-74271), VEGF (1:1000, Abcam, ab1316), GAPDH (1:1000, Abcam, ab8245), CXCR4 (1:1000, Santa Cruz, sc-53534), NRF2 (1:1000, Abcam, ab89443), and CXCR7 (1:1000, Abcam, ab72100) were used.



CXCR7 Knockdown in EPCs

The second generation EPCs were seeded into 6-well-culture plates. When cell growth reached 80% confluence of the healing degree, NC siRNA (5′- UUCUCCGAAGUCACGU-3′), CXCR7 siRNA1 (5′- AUGAAAAUGUAGAUGAAGGAG-3′), CXCR7 siRNA2 (5′- UAGAAGAUAGCAAUGAUGGUG-3′), and CXCR7 siRNA3 (5′-UGUAAAGAGCACAUUCUCCAG-3′) were transfected into EPCs by Lipofectamine 2000 (ThermoFisher, #11668019). After 48 h of transfection, the expression of CXCR7 was detected by qPCR and Western blotting. The CXCR7 primer sequences were as follows: forward primer, 5′- CGTGCTATAGAGGCATGGGG-3′ and reverse primer, 5′- ACCACTCAAGCAACCAGACC-3′.



Statistical Analysis

Statistical analysis was performed using Statistical Program for Social Sciences 19.0 software (SPSS, Chicago, IL, USA). Data are presented as the mean ± SD, and comparisons were analyzed by two-way ANOVA. All experiments were repeated at least three times. P < 0.05 was considered to indicate a statistically significant difference.




RESULTS


Sitagliptin Promoted the Mobilization of EPCs to Induce Endothelialization in the Aneurysm Neck

According to previous studies, sitagliptin increases circulating levels of SDF-1, which has an important role in inducing endothelialization in aneurysm necks (21), and so we investigated the role of sitagliptin in endothelialization and mobilization of EPCs. The results showed that sitagliptin significantly increased the number of EPCs in the peripheral blood, while AMD3100 (a symmetrical bicyclam compound that antagonizes SDF-1 binding to CXCR4) significantly decreased the level of EPCs and VEGF in the peripheral blood (Figures 1A–E). Furthermore, scanning electron microscopy (Figure 2A), H&E staining (Figure 2B) and immunofluorescence detection of vWF (Figure 2C) and CD31 (Figure 2D) in the necks of aneurysms showed that sitagliptin significantly promoted endothelialization of the aneurysmal neck, while AMD3100 inhibited endothelialization of the aneurysmal neck (Figures 2E,F). These results showed that sitagliptin promoted the mobilization of EPCs to induce endothelialization in the aneurysmal neck through the SDF-1/CXCR4 signaling pathway.
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FIGURE 1. Circulating EPC detection. (A) Rats with aneurysms treated with coil therapy and endpoint examination of FCM, SEM, H&E, and IHC after sitagliptin treatment. (B) Schematic illustration showing the coiled aneurysm tissue embedded and then cut into sections (5-μm thick) perpendicular to the long axis of the parent vessel. Circulating EPCs were counted (C), and quantitative analysis (D) was performed by FCM on days 10, 20, and 30 in MS rats, untreated AN rats, AN+Sitagliptin rats (via gavage in normal saline at 15 mg/kg/day every day during treatment) and AN+Sitagliptin+AMD3100 (intraperitoneally in normal saline at 1.25 mg/kg/day combined with Sitagliptin via gavage every day during treatment) rats. (E) The concentration of SDF-1 and VEGF in peripheral blood of MS rats, untreated AN rats, AN+Sitagliptin rats, and AN+Sitagliptin+AMD3100 rats. All experiments were performed three independent times, and representative images are shown. Data are expressed as the mean ± SD; *P < 0.05 and **P < 0.01 compared to Blank.



[image: Figure 2]
FIGURE 2. SEM observation and immunofluorescence. Photomicrographs showing the endothelialization in the AN neck under SEM (A) (scale bar: 75 μm) and with H&E staining (B) (scale bar: 200 μm). Immunofluorescence detection of endothelial cells by vWF (C) (scale bar: 20 μm) and CD31 (D) (scale bar: 20 μm) and quantitative analysis (E,F). All experiments were performed three independent times, and representative images are shown. Data are expressed as the mean ± SD; *P < 0.05 and **P < 0.01 compared to Blank; n = 6.




Sitagliptin Promoted the Proliferation of EPCs

We further validated the effect of sitagliptin on EPCs. To verify that the cells we isolated were EPCs, we performed immunofluorescence assays that showed high expression of Dil and UEA (Figure 3A). The effect of sitagliptin on the proliferation of EPCs was examined by a CCK-8 assay. The results showed that 6.25 μg/ml sitagliptin significantly promoted the proliferation of EPCs (Figure 3B). Flow cytometry analysis showed that sitagliptin did not cause apoptosis of EPCs at concentrations below 6.25 μg/ml, and EPC apoptosis increased significantly at concentrations of 25 and 50 μg/ml (Figure 3C).


[image: Figure 3]
FIGURE 3. The effect of sitagliptin on the viability of EPCs. (A) EPCs were identified by Dil and UEA staining (scale bar: 20 μm). (B) CCK-8 assays were performed with varying doses of sitagliptin for 24, 48, and 72 h. (C) FCM and quantitative analysis of the apoptotic rate of EPCs treated with varying doses of sitagliptin for 24 h. All experiments were performed three independent times, and representative images are shown. Data are expressed as the mean ± SD; *P < 0.05 and **P < 0.01 compared to Blank.




Sitagliptin Promoted the Migration and Angiogenesis of EPCs

Sitagliptin was observed to significantly promote the migration of EPCs, and sitagliptin promoted EPC migration most significantly at a concentration of 6.25 μg/ml (Figure 4A). To further examine the effect of sitagliptin on the invasion of EPCs, we performed a Transwell assay that showed that sitagliptin significantly promoted the invasion of EPCs (Figure 4B). EPCs play a crucial role in the formation of blood vessels. Therefore, we further examined the effects of sitagliptin on the angiogenic ability of EPCs. The results of the angiogenesis experiments showed that sitagliptin significantly promoted vascularization at concentrations of 6.25 and 12.5 μg/ml (Figure 4C). Quantitative analysis of wound healing (Figure 4D), Transwell assays (Figure 4E), and angiogenesis assays (Figures 4F–H) with varying doses of sitagliptin for 24 h showed the same results.


[image: Figure 4]
FIGURE 4. Sitagliptin promoted the migration and angiogenesis of EPCs. (A) Wound healing assays (scale bar: 200 μm) and quantitative analysis (D) were performed to determine the migration ability of EPCs with varying doses of sitagliptin for 24 h. (B) Transwell assays (scale bar: 100 μm) and quantitative analysis (E) were performed to determine the migration ability of EPCs with varying doses of sitagliptin for 24 h. (C) An angiogenesis assay (scale bar: 100 μm) and quantitative analysis (F–H) were performed to determine the angiogenesis ability of EPCs with varying doses of sitagliptin for 24 h. All experiments were performed three independent times, and representative images are shown. Data are expressed as the mean ± SD; *P < 0.05 and **P < 0.01 compared to Blank.




Sitagliptin Promoted the Expression of SDF-1 and VEGF in EPCs

Western blot and qPCR analysis showed that sitagliptin significantly promoted the expression of VEGF and SDF-1 at the protein and mRNA levels (Figures 5A–C). ELISA showed that sitagliptin promoted the expression of VEGF and SDF-1 in culture supernatants of EPCs at 6.25, 12.5, and 25 μg/ml (Figures 5D,E).
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FIGURE 5. Sitagliptin promoted the expression of SDF-1 and VEGF in EPCs. Western blot assays (A) and quantitative analysis (B) were conducted to determine SDF-1 and VEGF protein expression in EPCs with varying doses of sitagliptin for 48 h. (C) qPCR was performed to determine SDF-1 and VEGF mRNA expression in EPCs with varying doses of sitagliptin for 48 h. ELISA assays were performed to determine the protein expression of SDF-1 (D) and VEGF (E) in EPC supernatants with varying doses of sitagliptin for 48 h. All experiments were performed three independent times, and representative images are shown. Data are expressed as the mean ± SD; *P < 0.05 and **P < 0.01 compared to Blank.




Sitagliptin Promoted the Migration and Angiogenesis of EPCs by the SDF-1/CXCR4 Signaling Pathway

Sitagliptin prevents SDF-1, which has two receptors, CXCR4 and CXCR7, from degradation by inhibiting DPP-IV. Therefore, we used AMD3100 (a CXCR4-specific antagonist) and CXCR7 siRNA (Figure S1) to analyze whether the promotion of EPC migration and angiogenesis by sitagliptin occurs through the SDF-1/CXCR4 or SDF-1/CXCR7 signaling pathway. The results showed that after the addition of AMD3100, the effect of sitagliptin on the proliferation, migration, and invasion of EPCs was significantly reduced (Figures 6A–C). AMD3100 also significantly reduced the promoting effect of sitagliptin on EPC angiogenesis (Figure 6D); however, CXCR7 knockdown did not reduce the effect of sitagliptin on EPCs. To further verify whether Nrf2 is involved in the regulation of endothelial progenitor cells, the NRF2 inhibitor ML385 (Sigma-Aldrich, #SML1833) (inhibits the activity of the Nrf2 transcription factor by binding to Neh1, a CNC-bZIP domain that allows Nrf2 to heterodimerize with small Maf proteins, blocking NRF2 transcriptional activity) was used and decreased the effect of sitagliptin on EPCs, while the NRF2 agonist (TBHQ is a widely used Nrf2 activator) promoted the proliferation, migration, invasion, and angiogenesis of EPCs.
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FIGURE 6. AMD3100 inhibited the effects of sitagliptin on EPCs. (A) CCK-8 assays were performed to determine the proliferation ability of EPCs with sitagliptin and a CXCR4 inhibitor, CXCR7 siRNA and a NRF2 inhibitor or agonist (TBHQ). (B) Wound healing assays and quantitative analyses were performed to determine the migration ability of EPCs with sitagliptin and a CXCR4 inhibitor (AMD3100, 50 nM), CXCR7 siRNA and a NRF2 inhibitor (ML385, 5 μM) or agonist (TBHQ, 5 μM). (scale bar: 100 μm). (C) Transwell assays and quantitative analyses were performed to determine the migration ability of EPCs with sitagliptin and a CXCR4 inhibitor, CXCR7 siRNA and a NRF2 inhibitor (ML385) or agonist (TBHQ) (scale bar: 100 μm). (D) An angiogenesis assay and quantitative analysis were performed to determine the angiogenesis ability of EPCs with sitagliptin and a CXCR4 inhibitor, CXCR7 siRNA and a NRF2 inhibitor (ML385) or agonist (TBHQ) (scale bar: 100 μm). All experiments were performed three independent times, and representative images are shown. Data are expressed as the mean ± SD; *P < 0.05 and **P < 0.01 compared to Blank; #P < 0.05 compared to sitagliptin.




Sitagliptin Promoted the Expression of CXCR4 and NRF2 in EPCs

We further tested the effect of AMD3100 on the expression of SDF-1 and VEGF. Western blot analysis showed that the sitagliptin-induced expression of SDF-1 and VEGF was significantly inhibited by AMD3100 and the NRF2 inhibitor (Figures 7A,B). qPCR analysis also showed similar results (Figure 7C). The expression of SDF-1 and VEGF in EPC culture supernatants was analyzed by ELISA. The results showed that AMD3100 significantly reduced the secretion of SDF-1 and VEGF by cells treated with sitagliptin (Figures 7D–F). Western blot analysis showed that sitagliptin significantly promoted the expression of CXCR4 and NRF2, while AMD3100 significantly inhibited the expression of CXCR4 and NRF2 (Figure 7G).
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FIGURE 7. AMD3100 inhibited the sitagliptin-induced expression of SDF-1 and VEGF in EPCs. ELISA was performed to determine SDF-1 (A) and VEGF (B) protein expression in EPC supernatants with sitagliptin and a CXCR4 inhibitor, CXCR7 siRNA and a NRF2 inhibitor (ML385) or agonist (TBHQ) for 48 h. (C) qPCR was performed to determine SDF-1 and VEGF mRNA expression in EPCs with sitagliptin and a CXCR4 inhibitor, CXCR7 siRNA and a NRF2 inhibitor (ML385) or agonist (TBHQ) for 48 h. (D) Western blot assays and (E) quantitative analysis were performed to determine the protein expression of SDF-1 and VEGF in EPCs with sitagliptin and a CXCR4 inhibitor (AMD3100), CXCR7 siRNA and a NRF2 inhibitor (ML385) or agonist (TBHQ) for 48 h. (F) Western blot assays and (G) quantitative analysis were performed to determine the protein expression of CXCR4 and NRF2 in EPCs with different concentrations of sitagliptin alone or in combination with AMD3100. All experiments were performed three independent times, and representative images are shown. Data are expressed as the mean ± SD; *P < 0.05 and **P < 0.01 compared to Blank; #P < 0.05 compared to sitagliptin.





DISCUSSION

In this study, we established a model of rat aneurysm embolization to study the effect of sitagliptin on aneurysm neck endothelialization. Although there are some differences between peripheral blood vessels and intracranial blood vessels, the goal of our study was mainly to examine the process of endothelialization of the aneurysmal neck after aneurysm embolization, rather than the process of aneurysm itself. Therefore, for the process of aneurysmal neck endothelialization, we believe that the results of this model can be extended to the aneurysm after intracranial embolization, and an improved model of vascular embolization is the direction of our future research. In this study, we observed that sitagliptin increased the number of endothelial cells in the peripheral blood of the rat aneurysm model. Moreover, it was observed that the degree of endothelialization of the aneurysmal neck in the treatment group increased significantly.

The protective effect of sitagliptin on endothelial progenitor cell function has been a popular topic this year. Sitagliptin may protect vascular endothelial cells by inhibiting the degradation of SDF-1. SDF-1 is a chemokine that has a strong chemotactic effect on hematopoietic stem/endothelial cells. After vascular injury, a high SDF-1 concentration gradient can form locally, thereby inducing endothelial progenitor cells to mobilize from the bone marrow along the concentration gradient to the periphery, further homing to the vascular injury area, and promoting endothelialization repair through adhesion, angiogenesis, and paracrine signals (22, 23). Our study showed that sitagliptin promoted not only the migration and angiogenesis of endothelial progenitor cells but also the expression of the provascular cytokines SDF-1 and VEGF by endothelial progenitor cells at the mRNA and protein levels. Previous studies have shown that SDF-1 works through its unique receptor CXCR4 (24, 25), but it also has a completely independent receptor, CXCR7 (26, 27), which has a different role from CXCR4. To determine which SDF-1 receptor mediates the effects of sitagliptin, after screening for the optimal drug concentration of sitagliptin, we used treated endothelial progenitor cells with sitagliptin in vitro while adding a CXCR4 antagonist or CXCR7 siRNA to block CXCR4 or silence CXCR7 expression, respectively. The results showed that after the addition of the CXCR4 antagonist, the angiogenic function of endothelial progenitor cells was significantly inhibited, and the promotion of SDF-1 and VEGF expression was also significantly reduced; however, after CXCR7 expression was silenced, the effect of sitagliptin on the function of endothelial progenitors was not affected. Therefore, we believe that sitagliptin regulates the function of endothelial progenitor cells through the SDF-1/CXCR4 signaling pathway. To prove this, we used an animal model of aneurysm embolization to verify this effect in vivo. We successfully verified the pro-endothelialization effect of sitagliptin on the neck of an embolized aneurysm. We divided the rats into four groups, two of which were treated with sitagliptin with or without the CXCR4 receptor antagonist AMD3100 (28, 29). The results showed that sitagliptin significantly increased the number of EPCs in the peripheral blood. The histology and scanning electron microscopy results showed that sitagliptin strongly increased the endothelialization of the aneurysm after embolization, and this enhancement was blocked by the CXCR4 antagonist AMD3100. Immunofluorescence assays showed that sitagliptin significantly promoted the expression of vWF and CD31 in endothelial cells in the aneurysmal necks, which was blocked by AMD3100. Therefore, we hypothesize that sitagliptin regulates endothelialization through the CXCR4 signaling pathway.

A previous study by our research team found that NRF2 plays an important role in the development of rat aneurysms (30). Therefore, we further studied whether NRF2 is involved in the effect of sitagliptin on the endothelialization of aneurysms. In this study, we added the NRF2 antagonist ML385 and agonist TBHQ in vitro, individually and in combination with sitagliptin. The angiogenic function of endothelial progenitor cells and the ability to secrete SDF-1 and VEGF were also inhibited after the addition of an NRF2 antagonist. We believe that NRF2, as a target protein downstream of SDF-1, is involved in the process of promoting the endothelialization of endothelial progenitor cells, which may be attributed to the strong antioxidant resistance of NRF2. We intend to further verify this in vivo. However, the origin of endothelial cells in the aneurysmal neck is not clear. This is also a further problem for our team to investigate.



CONCLUSIONS

Sitagliptin promotes the mobilization of EPCs cells and increase the number of EPCs in the peripheral blood. Sitagliptin also promotes the migration and angiogenesis of EPCs. The SDF-1/CXCR4 signaling pathway mediates the role of sitagliptin in EPC mobilization and angiogenesis (Figure 8).


[image: Figure 8]
FIGURE 8. Sitagliptin stimulates endothelial progenitor cells to induce endothelialization in the aneurysmal neck through the SDF-1/CXCR4/NRF2 signaling pathway.
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