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Abstract  

BACKGROUND: Peripheral artery disease (PAD) is a major risk factor for lower-extremity 

amputation in diabetic patients caused by an insufficient angiogenic response. Unfortunately, 

therapeutic angiogenesis using growth factors, such as the vascular endothelial growth factor (VEGF), 

are ineffective in diabetic conditions due to diabetes-induced growth factor resistance. The apelinergic 

system (APJ receptor/apelin) is highly upregulated under hypoxic condition and acts as an activator of 

angiogenesis. Apelin treatment has been shown to improve revascularization in nondiabetic models of 

ischemia, however, its role on angiogenesis in diabetic conditions remains poorly investigated. Thus, 

this study explored the impact of Pyr-apelin-13 in endothelial cell function and diabetic mouse model 

of hindlimb ischemia.  

METHODS: Nondiabetic and diabetic mice underwent femoral artery ligation to induce lower limb 

ischemia. A group of diabetic mice was implanted subcutaneously with osmotic pumps delivering Pyr-

apelin-13 for 28 days. Blood flow reperfusion was measured for 4 weeks post-surgery and exercise 

willingness was assessed in individual cages with voluntary wheels. In vitro, BAECs were exposed to 

normal (NG) or high glucose (HG) levels and hypoxia. Cell migration, proliferation and tube formation 

assays were performed following either VEGF or Pyr-apelin-13 stimulation.  

RESULTS: Following limb ischemia, blood flow reperfusion, functional recovery of the limb and 

vascular density were improved in diabetic mice receiving Pyr-apelin-13 compared to untreated 

diabetic mice. In cultured BAECs, exposure to HG concentrations and hypoxia reduced VEGF 

proangiogenic actions, whereas apelin proangiogenic effects remained unaltered. Pyr-apelin-13 induced 

its proangiogenic actions through Akt/AMPK/eNOS and RhoA/ROCK signaling pathways under both 

NG or HG concentrations and hypoxia exposure.  

CONCLUSIONS: Pyr-apelin-13 promoted endothelial cell function and angiogenesis in the ischemic 

limb despite diabetes and HG level exposure. Therefore, our results identified the apelinergic system as 

a potential therapeutic target for angiogenic therapy in diabetic patients with PAD.   
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Nonstandard Abbreviations and Acronyms 

Akt - Protein kinase B 

AMPK - AMP-activated protein kinase 

APJ - Apelin receptor 

BAEC - Bovine aortic endothelial cell 

eNOS - Endothelial nitric oxide synthase 

GPCR - G protein-coupled receptors  

HG - High glucose 

HIF-1α - Hypoxia-inducible factor-1α 

NG - Normal glucose 

NO - nitric oxide 

PAD - Peripheral artery disease 

PDGF - Platelet-derived growth factor 

PDGFR - Platelet-derived growth factor receptor 

Pyr-apelin-13 - Pyroglutamyl-apelin-13 

RhoA - Ras homolog family member A 

ROCK - Rho-associated coiled-coil kinase 

VEGF - Vascular endothelial growth factor 

VEGFR - Vascular endothelial growth factor receptor 
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Highlights 

• Sustained delivery of Pyr-apelin-13 improves blood flow reperfusion, functional recovery of the 

hindlimb and capillary density in diabetic mice following ischemia. 

• Unlike VEGF, signaling pathways and proangiogenic actions induced by apelin/APJ 

stimulation are not impaired by high glucose exposure. 

• Despite the presence of tissue ischemia, diabetes reduces the expression of apelin and APJ in 

the ischemic adductor muscle, an effect overcome by apelin administration. 
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Introduction 
Peripheral artery disease (PAD) is defined as a complete or partial atherosclerotic occlusion in the 

artery, which reduces blood supply to the limbs. As the disease progresses, critical limb ischemia (CLI) 

and ischemic ulceration of the foot can occur, which increase the risk of limb amputation. Diabetes and 

smoking are the strongest risk factors for the development of PAD1. In individuals with diabetes, PAD 

appears at an earlier age, progresses more rapidly, and is more severe, which makes this population 5 

times more susceptible to lower extremity amputation2. Indeed, the combination of PAD and diabetes is 

responsible for 54% of nontraumatic amputations3 and the 5-year survival rate following amputation is 

40%4. These poor clinical outcomes are partly due to altered angiogenic processes impairing collateral 

vessel formation, a compensatory mechanism in response to tissue hypoxia. Diabetes causes an 

imbalance in the production of reactive oxygen species (ROS)5, nitric oxide (NO)6 and growth factors 

such as the vascular endothelial growth factor (VEGF)7 and the platelet-derived growth factor 

(PDGF)8, contributing to endothelial cell dysfunction. VEGF has been the most studied growth factor 

for therapeutic angiogenesis and revealed promising results in preclinical studies. However, 

randomized phase II clinical trials using VEGF gene therapy failed to reduce amputation rate and had 

no benefits on quality-of-life measurements9. These disappointing outcomes could be attributed to 

diabetes-induced growth factor resistance, inhibiting proangiogenic signaling in endothelial and smooth 

muscle cells10. Therefore, it is crucial to pursue preclinical research for new targets that are not affected 

by the hyperglycemic milieu to ensure proper collateral vessel formation and reduce the incidence of 

CLI and limb amputation.  

 

Apelin and its receptor APJ, a G protein-coupled receptor (GPCR), are expressed in multiple tissues 

such as the heart, brain, kidney, adipose tissue and endothelium11. Being widely distributed in the body, 

apelin/APJ modulate multiple physiological processes including cardiac inotropy, blood pressure, 

glucose metabolism, water homeostasis and angiogenesis12. The main apelin fragments generated by 

the cleavage of preproapelin are apelin-13, apelin-17 and apelin-36, and they all differently regulate 

APJ signal transduction pathways, causing different biological effects13,14. Apelin-13 can be further 

post-translationally modified by a cyclization of the glutamine in N-terminus to produce 

pyroglutamylated apelin-13 (Pyr-apelin-13)15. Compared to the other apelins, Pyr-apelin-13 is the most 

potent16 and abundant isoform in the plasma and cardiac tissue16,17 with enhanced plasma half-life18. 

Apelin/APJ axis is essential for vascular homeostasis since it regulates the enlargement of new blood 

vessels during angiogenesis and regulates parallel alignment of arteries and veins in the skin19. 

Furthermore, APJ has been shown to be required for normal development of the cardiovascular system 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2023. ; https://doi.org/10.1101/2023.02.08.527688doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.08.527688
http://creativecommons.org/licenses/by-nd/4.0/


 5

since in APJ deficient mice, over fifty percent of embryos die during pregnancy and the survived 

embryos have insufficient vascular maturation and abnormal ventricular wall formation20. 

 

Apelin administration or apelin gene therapy has been reported to improve revascularization in 

nondiabetic model of hindlimb ischemia21-23. However, to our knowledge, no study has investigated the 

impact of the apelinergic system (apelin/APJ axis) on angiogenesis in a diabetic PAD model. The 

present study further explored the contribution of Pyr-apelin-13 on angiogenesis in endothelial cells 

exposed to high glucose concentrations and hypoxia, and in diabetic mice following hindlimb ischemia.  

 

Research Design and Methods 
Reagents and antibodies 

Primary antibodies for immunoblotting were purchased from commercial sources: GAPDH horseradish 

peroxidase (V-18), endothelial nitric oxide synthase (eNOS) (C-20) from Santa Cruz Biotechnology 

Inc (Dallas, TX); protein kinase B (Akt) (9272S), phospho-Akt (193H12), AMP-activated protein 

kinase α (AMPKα) (2532S), p-AMPKα (2535S), p-eNOS Ser1177 (9571S), Ras homolog family 

member A (RhoA) (2117S), rho-associated coiled-coil-containing protein kinase (ROCK) 1 (4035S), 

ROCK-2 (8236S), and secondary antibody of anti-rabbit and anti-mouse peroxidase-conjugated from 

Cell Signaling (Danver, MA); anti-α smooth muscle actin (ab5694) and p-ROCK2 (ab228008) from 

Abcam (Toronto, ON); anti-CD31(558736) and p-eNOS Ser633 (612664) from BD Bioscience 

(Mississauga, ON). Secondary antibodies for immunofluorescence FITC conjugated anti-rat IgG and 

Alexa Fluor 647 conjugated anti-rabbit IgG were purchased from Jackson ImmunoResearch 

Laboratories (West Grove, PA). Halt Protease Inhibitor Cocktail (78430) was purchased from Thermo 

Fisher Scientific (Waltham, MA). SEP-COLUMN (RK-SEPCOL-1) for plasma peptides extraction and 

Apelin-12 (Human, Rat, Mouse, Bovine) Enzyme Immunoassay (EIA) (EK-057-23) were purchased 

from Phoenix Pharmaceuticals Inc (Burlingame, CA). Fetal bovine serum (FBS), penicillin-

streptomycin (P/S), phosphate-buffered saline (PBS), and Dulbecco's Modified Eagle Medium 

(DMEM) low glucose (31600-034) were obtained from Invitrogen (Burlington, ON). VEGF-A165 was 

purchased from R&D (Minneapolis, MN). Pyr-apelin-13 (pyr-Ape-13) was synthesized and generously 

provided by Dr. Boudreault’s laboratory from the Institut de Pharmacologie de Sherbrooke. All other 

reagents used, including streptozotocin, ethylenediaminetetraacetic acid (EDTA), bovine serum 

albumin (BSA) d-glucose, d-mannitol, leupeptin, phenylmethylsulfonyl fluoride, aprotinin, and 

Na3VO4 were purchased from Sigma-Aldrich (St. Louis, MO). 
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Cell culture 

Bovine aortic endothelial cells (BAECs) were isolated from fresh harvested aorta as previously 

described7. Cells from passages 2 to 7 were trypsinized and cultured in DMEM 2.5% FBS and 1% 

penicillin-streptomycin. For all the in vitro experiments, cells were cultured in DMEM 0.1% FBS 

containing normal (NG; 5.6 mmol/L) or high glucose (HG; 25 mmol/L) levels for up to 48 hours and 

exposed to hypoxia for the last 16 hours (1% O2) to reproduce the ischemic state of PAD. BAECs were 

stimulated with either VEGF-A (10 ng/mL) for 5 minutes or Pyr-apelin-13 (200 nM) for 1h 

(immunoblotting and cell signaling experiments) or 24h prior to RNA extraction and quantitative PCR 

analysis. 

 

Migration assay 

BAECs were trypsinized, counted and seeded at 20 000 cells inside the 2 wells of Ibidi’s culture insert 

(80209, Ibidi) placed into a 12-well plate. After cell adhesion (4 hours later), BAECs were exposed to 

NG or HG concentrations for 24h. Following the 24h treatment, each culture insert was removed, and 

the wells were filled with 1 ml of either NG or HG medium. Cells were then stimulated, or not, with 

either VEGF-A (25 ng/mL) or Pyr-apelin-13 (100 nM) and placed into the hypoxic incubator (1% O2) 

for 16h. Cell migration was evaluated by taking images under Nikon eclipse Ti microscope at 10X 

magnification immediately after removing the culture insert and at the end of the experiment (16h 

later). Analysis was performed with Image J software by measuring the difference in occupied area 

immediately after insert removal and following 16h stimulation in NG or HG condition. Results were 

reported as a % of cell migration for analysis. 

 

Proliferation assay 

BAECs were trypsinized, counted and seeded in a 96-well plate at 5 000 cells per well. After cell 

adhesion (4 hours later), cells were exposed to NG or HG concentrations for 24h, stimulated with either 

VEGF-A (25 ng/mL) or Pyr-apelin-13 (100 nM) and placed into the hypoxic incubator for 16h. Cells 

were then fixed in 4% paraformaldehyde for 5 min, rinsed twice in PBS and incubated with the nuclear 

counterstain DAPI (Sigma-Aldrich) at 0.001 mg/ml for 10 min. Fluorescence microscopy and the NIS-

Elements software of Nikon eclipse Ti microscope were used to visualize and count cells, reported as 

the number of cells/mm2 for analysis. 

 

Tube formation assay 
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BAECs were cultured in 100 mm petri dish and exposed to NG or HG concentrations for 24h and then 

placed into the hypoxic incubator (1% O2) for 16h. On the day of the assay, 10 μl of Matrigel Matrix 

(Growth Factor Reduced, 356230, Corning) was applied into each well of Ibidi’s μ-slide rack (81506, 

Ibidi) and incubated for 30 minutes at 37°C to allow polymerization. Cells were then trypsinized, 

counted, and 600 000 cells were seeded per well on top of the Matrigel. After seeding, cells were 

immediately stimulated, or not, with VEGF-A (25 ng/mL) or Pyr-apelin-13 (100 nM) and the μ-slide 

rack was placed into the hypoxic incubator for 4h. At the end of the experiment (4h later), the tube 

formation was visualized, and images were taken under Nikon eclipse Ti microscope at 4X 

magnification. Endothelial cells tube formation ability after NG or HG treatment and angiogenic factor 

stimulation was measured using Image J software by counting the number of formed tubes and 

normalized on the NG condition to present it as a fold increase.  

 

Immunoblot analysis 

Adductor muscles or endothelial cells were lysed in RIPA buffer containing protease inhibitors (1 

mmol/l phenylmethylsulfonyl fluoride, 2 µg/ml aprotinin, 10 µg/ml leupeptin, 1 mmol/l Na3VO4, 1 

mmol/l NaF) and protein concentrations were measured by DC kit (BioRad). The lysates (20 μg for 

BAECs and 50 μg for adductor muscles) were separated by SDS-PAGE and transferred to PVDF 

membranes, which were blocked with 5% skim milk for 1 hour at room temperature. Membranes were 

incubated overnight with primary antibodies at a 1:1000 dilution in 5% skim milk (or in 5% BSA for 

phospho-ROCK-2 and p-AMPKα), followed by the corresponding secondary antibodies conjugated 

with horseradish peroxidase at a 1:10 000 dilution in 5% skim milk (or 1:5 000 for phospho-ROCK-2 

and p-AMPKα). Immobilon Forte Western HRP substrate (millipore, Etobicoke, ON) was used to 

visualize immunoreactive bands and protein content was quantified using Computer-assisted 

densitometry ImageLab imaging software (Chemidoc, BioRad).  

 

Animal and experimental design 

C57Bl/6 male mice were purchased from Charles River (strain 027). At 8 weeks of age, the mice were 

rendered diabetic by intraperitoneal streptozotocin injection (50 mg/kg in 0.05 mol/L citrate buffer, pH 

4.5; Sigma) on 5 consecutive days after overnight fasting. Control mice were injected with citrate 

buffer. Blood glucose was measured with a glucometer (Contour, Bayer, Inc.) one week after the 

injections to confirm diabetes. All experiments were conducted in accordance with the Canadian 
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Council of Animal Care and were approved by the Animal care and Use Committees of the Université 

de Sherbrooke, according to the NIH Guide for the Care and Use of Laboratory Animals. 

 

Hindlimb ischemia model  

After 2 months of diabetes, blood flow was measured in 16-week-old nondiabetic (NDM) and diabetic 

(DM) mice. Animals were anesthetized by inhalation of Isoflurane USP (1-chloro-2,2,2-trifluoroethyl 

difluoromethyl ether) at a concentration of 5% (initiation) and then maintained at 1-2% during the 

whole surgical procedure (approximately 20 minutes). To mimic the ischemic condition in PAD, 

unilateral hindlimb ischemia was induced by ligation of the femoral artery as we previously 

described24. Directly after the hindlimb surgery, osmotic pumps (model 1004; Alzet Osmotic pumps) 

with Pyr-apelin-13 (1 mg/kg/day in PBS) were implanted subcutaneously, according to the 

manufacturer’s instructions, to allow 4-week infusions. The blood flow recovery following hindlimb 

ischemia was evaluated in 3 groups of mice: NDM, DM, DM+pyr-Ape-13.  

 

Laser doppler perfusion imaging 

The hindlimb blood flow was measured using a laser Doppler perfusion imaging (PIMIII) system 

(Perimed Inc.). Consecutive perfusion measurements were obtained by scanning the region of interest 

(hindlimb and foot) of anesthetized animals. Measurements were performed pre-artery and post-artery 

ligation to ensure the success of the surgery, and on post-operative days 7, 14, 21 and 28. To account 

for variables that affect blood flow temporally, the results at any given time were expressed as a ratio 

against simultaneously obtained perfusion value of the ischemic (right) and nonischemic (left) 

hindlimb. Following laser Doppler perfusion imaging on day 28, mice were euthanized by 

exsanguination via the left ventricle under deep anesthesia (Isoflurane USP, inhalation at a 

concentration of 5%) and the ischemic adductor muscles were harvested.  

 

Voluntary exercise wheel 

Mice were housed individually for 5 consecutive days between day 23 and 27 to measure their activity 

using voluntary exercise wheel (Scurry mouse activity wheel, Model 80820FS, Lafayette Instrument 

Neuroscience). A magnetic sensor (Scurry mouse activity counter, Model 86110) attached to the wheel 

recorded the number of revolutions and running distance using the Scurry activity monitoring software 

(Lafayette Instrument Neuroscience). Results are shown as cumulative distance of the 5 days.  

 

Apelin peptide levels in the plasma 
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Mice were euthanized by exsanguination and blood was immediately centrifuged to isolate the plasma. 

Halt Protease Inhibitor Cocktail was added to the plasma to prevent apelin degradation and samples 

were snap freeze in liquid nitrogen. Peptides from the plasma were extracted on SEP-COLUMN 

containing 200 mg of C18 following the manufacturer’s instructions. Briefly, the plasma was acidified 

using the Buffer A provided in the extraction kit and loaded into the pretreated C-18 SEP-COLUMNs. 

Columns were washed twice with Buffer A then the peptides were eluted with Buffer B. Eluants were 

evaporated to dryness in a centrifugal concentrator and then rehydrated in 125 ul of Assay Buffer 

provided in the EIA kit. Apelin-12 EIA kit was used according to the manufacturer’s procedures to 

detect apelin-12, 13 and 36 isoforms, with a sensitivity level in the range of ng/mL, based on the 

principle of competitive EIA.  

 

Histopathology 

Ischemic adductor muscles from NDM, DM and DM+pyr-Ape-13 were harvested for pathological 

examination and sections were fixed in 4% paraformaldehyde (VWR) for 18 h and then transferred to 

70% ethanol. Fixed tissues were embedded in paraffin and 4 µm sections were stained with 

hematoxylin & eosin (H&E) or used for immunofluorescence assay.  

Immunofluorescence  

Cross-sections of ischemic adductor muscle were blocked at room temperature for an hour with 10% 

goat serum and then incubated overnight with primary antibodies (CD31 (1:50) and α-smooth muscle 

actin, 1:200), followed by 1h incubation with the secondary antibody (1:400). Images of the entire 

ischemic muscle were taken with the Nikon eclipse Ti microscope and the number of vessels smaller 

than 30 μm in lumen diameter was counted on each image. All images were taken at the same time 

under identical settings and similarly handled in Adobe Photoshop and Image J software.  

 

Quantitative PCR analysis 

Quantitative PCR was performed to evaluate mRNA expressions of genes in the ischemic adductor 

muscles and BAECs as we previously described7. PCR primers are listed in Supplemental Table 1. The 

expression of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used 

to normalized data. 

 

Statistical analyses 
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In vivo and in vitro data are shown as mean ± SD for each group except for blood flow measurements 

which are presented as mean ± SEM. Statistical analysis was performed by unpaired Kruskal-Wallis 

followed by Dunn’s multiple comparisons test (Figure 1B, 1C, 1E and 1F, Figure 3A through D, Figure 

4A and D and Figure 5G) or by unpaired One-Way ANOVA followed by Tukey’s multiple 

comparisons test (Figure 2B through 2D, 2G and 2H, Figure 3E and 3F, Figure 4B, 4C and 4E through 

4H, Figure 5A through 5F).  

 

Results 
Proangiogenic properties of Pyr-apelin-13 were not affected by high glucose exposure in endothelial 

cells.  

We have previously demonstrated that crucial factors involved in the angiogenic processes, such as 

VEGF, are affected in diabetes7,25. To evaluate and understand if apelin can improve endothelial 

function under a hyperglycemic milieu, we have evaluated its role on critical steps involved in blood 

vessel formation and compared its response to VEGF-A. Under NG conditions, hypoxia exposure 

promoted endothelial cell migration by 38% coverage of the surface area as compared to the surface 

area initially created by Ibidi’s insert. As expected, under the same conditions, VEGF-A and Pyr-

apelin-13 stimulation enhanced cell migration by 69% (P=0.0018) and 83% (P<0.0001), respectively 

(Fig. 1A and 1B). As previously reported under HG and hypoxic conditions, the stimulation with 

VEGF-A only raised cell migration by 41% (P>0.9999), while Pyr-apelin-13 promoted endothelial cell 

migration by 62% (P=0.0284; Fig. 1A and 1B). Cell proliferation is also an important step in the 

angiogenic process. Our data demonstrated that the promitogenic effect of VEGF-A (1.4-fold; 

P=0.0486) on endothelial cell proliferation under NG and hypoxic conditions were blunted in HG level 

exposure (Fig. 1C). In contrast, Pyr-apelin-13-induced endothelial cell proliferation was conserved in 

HG conditions (1.9-fold; P=0.004; Fig. 1C). Then, we investigated the capacity of these growth factors 

to induce vascular tubule formation on Matrigel. We observed that VEGF and apelin treatment 

increased similarly endothelial cell tubule formation when exposed to NG condition and hypoxia by 

1.6-fold (P=0.0094) and 1.5-fold (P=0.0063), respectively (Fig. 1D and 1E). In line with the other 

angiogenic processes, the capacity of VEGF to induce tubule formation was abrogated in HG level 

exposure, which was not observed with Pyr-apelin-13. Treatment with Pyr-apelin-13 enhanced tubule 

formation in both NG (1.5-fold; P=0.0063) and HG (1.7-fold; P=0.0056) conditions (Fig. 1D and 1E). 

Inhibition of VEGF-induced proangiogenic actions in diabetes has been well documented by us and 

others, and associated with impaired activation of VEGFR-2 and downstream effector Akt7,26. As we 
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reiterated in our study, under NG and hypoxic conditions, VEGF stimulation led to a 2.8-fold increase 

(P=0.0008) in Akt phosphorylation, whereas under HG exposure, Akt activation was reduced by 56% 

(P=0.0068; Fig. 1F). In contrast to VEGF-A, Pyr-apelin-13 stimulated Akt phosphorylation by 2-fold 

(P=0.0423) and 3-fold (P=0.0181) under hypoxia and NG or HG conditions, respectively (Fig.1F). 

Taking together, these results clearly demonstrate that HG conditions caused inhibition of VEGF 

actions on endothelial cell proangiogenic function, a phenomenon that was not observed under the 

same conditions following Pyr-apelin-13 stimulation.  

 

Pyr-apelin-13 enhanced blood flow reperfusion following hindlimb ischemia in diabetic mice 

Since in vitro experiences in endothelial cells exposed to HG levels indicated that treatment with apelin 

remained effective to induce proangiogenic actions, we investigated its potential beneficial effects in a 

diabetic hindlimb ischemia mouse model. Treatment with apelin osmotic pumps did not influence 

systemic blood glucose nor affect weight in diabetic mice (Supplemental Table 2). After 2 months of 

diabetes, femoral artery ligation was performed in nondiabetic and diabetic mice receiving or not 

systemic delivery of Pyr-apelin-13 with subcutaneous osmotic pumps. Blood flow reperfusion of the 

lower limb was measured once a week over a period of 4 weeks using laser Doppler imaging (Fig. 2A). 

Following 28 days post-ligation, diabetic mice exhibited a 36% blood flow recovery compared to 75% 

in nondiabetic mice (P=0.0018; Fig. 2B). Interestingly, systemic administration of Pyr-apelin-13 in 

diabetic animals improved blood flow reperfusion to 65% (P=0.0224; Fig. 2B).  

 

Pyr-apelin-13 improved motor function of the ischemic hindlimb in diabetic mice 

A common symptom in patients with PAD is the development of fatigue or pain in the legs leading to 

reduced walking distance. Thus, we have evaluated the functional recovery by placing the mice in 

individual cages equipped with a voluntary exercise wheel, an environment without constraint and 

human intervention, during 5 consecutive days. Three weeks following limb ischemia, untreated 

diabetic mice exhibited a significant 90% reduction (P<0.0001) in running distance as compared to 

nondiabetic mice (Fig. 2C). Interestingly, diabetic mice receiving Pyr-apelin-13 improved by 4.4-fold 

(P=0.0076) compared to untreated diabetic mice (Fig. 2C). These results suggested an impact of 

diabetes on the functional recovery of the hindlimb following ischemia, that can be partially recovered 

by the administration of Pyr-apelin-13 in diabetic mice.  

 

Diabetes reduced plasma apelin levels following ischemia 
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Apelin levels in the plasma were measured using Phoenix Pharmaceutical EIA kit, reported to cross-

react with apelin-12, 13 and 36 isoforms. Several studies reported variations in apelin plasma 

concentrations in the context of diabetes27,28. We observed a 42% reduction (P=0.0026) in apelin 

plasma levels in diabetic mice in response to limb ischemia compared to nondiabetic mice (Fig. 2D). 

Implantation of Alzet osmotic pumps immediately after limb surgery ensured a continuous systemic 

delivery of apelin for a period of 28 days, which enhanced plasma apelin concentrations in diabetic 

mice by 1.8-fold (P<0.0001) compared to untreated diabetic mice (Fig. 2D).  

 

Pyr-apelin-13 increased vascular density in the ischemic adductor muscle of diabetic mice 

To support the blood flow reperfusion data, we evaluated the ability of Pyr-apelin-13 to promote 

collateral vessel formation following ischemia by measuring vascular density on cross-sections of the 

ischemic adductor muscle of all groups of mice. Diabetes reduced the formation of blood vessels (< 30 

μm) in response to tissue ischemia by 35% (P=0.0014) compared to normoglycemic littermate controls 

(Fig. 3A and 3C). However, delivery of Pyr-apelin-13 in diabetic mice significantly enhanced the 

amount of blood vessels, from 9.74 to 17.05 vessels/mm2 (1.8-fold, P<0.0001; Fig. 3A and C), 

suggesting that Pyr-apelin-13 treatment can promote angiogenesis in response to ischemia despite 

being exposed to diabetes. In addition, we measured the interfiber space area on H&E staining sections 

of the ischemic muscle as an indication of general muscle structure. We observed differences in the 

structural integrity of the muscle fibers from diabetic mice (P<0.0001) compared to nondiabetic mice 

(Fig. 3B and 3D).  Interestingly, apelin delivery improved muscle structural integrity and fiber 

organization by increasing interfiber space area in diabetic mice by 1.3-fold (P=0.0111; Fig. 3B and 

3D). 

 

Treatment with Pyr-apelin-13 enhanced growth factor expression in diabetic ischemic hindlimb 

Apelin and its receptor are known to be upregulated in the muscle and the artery by hypoxia in 

nondiabetic animal models21,22. Gene expression of the apelinergic system is influenced by diabetes in 

different tissues27,29. Following 28 days of femoral artery ligation, we observed that diabetes reduced 

mRNA expression of both APJ and apelin in the ischemic muscle by 60% (P=0.0207; Fig. 4A) and 

67% (P=0.0055; Fig. 4B), respectively. In contrast, Pyr-apelin-13 administration increased APJ mRNA 

expression by 3.4-fold (P=0.0017; Fig. 4A) and its own expression by 3.6-fold (P=0.0055; Fig. 4B) in 

diabetic mice. As we previously reported, many other growth factors are downregulated by diabetes in 

the ischemic muscle, including VEGF-A, Flk-1, PDGF-B and PDGFR-β7,8,24. Increased capillary 
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density in the ischemic hindlimb of diabetic mice receiving Pyr-apelin-13 led us to investigate whether 

apelin influenced the expression pattern of well-known proangiogenic growth factors. In our study, 

Flk-1 (P=0.0005; Fig. 4C), VEGF-A (P=0.0131; Fig. 4D) and PDGF-B (P=0.0110; Fig. 4F) mRNA 

expression in the ischemic muscle were significantly decreased by diabetes as compared to nondiabetic 

controls. Our results indicated that the administration of Pyr-apelin-13 significantly increased the gene 

expression of Flk-1 (P=0.0247; Fig. 4C), VEGF-A (P=0.0746; Fig 4D), PDGFR-β (P=0.0367; Fig. 4E) 

and PDGF-B (P=0.0202; Fig. 4F) in diabetic mice. 

 

Pyr-apelin-13 promoted revascularization in vivo through proangiogenic and cytoskeleton 

organization signaling pathways  

The signaling pathways by which apelin may promote angiogenesis under hyperglycemia were 

investigated in the ischemic adductor muscle. The binding of apelin to its receptor APJ, a GPCR, leads 

to the recruitment of the small Gαi protein which subsequently activates the Akt signaling pathway, 

promoting cell survival and angiogenesis. As expected, diabetes markedly reduced Akt 

phosphorylation in the ischemic muscle by 42% (P=0.0271) compared to nondiabetic mice (Fig 5A). In 

contrast, diabetic mice who received Pyr-apelin-13 exhibited a 2.4-fold (P=0.0054) increase Akt 

phosphorylation (Fig. 5A). APJ activation may also induce the phosphorylation and activation of 

AMPK via the Gαi and Gαq subunits30. AMPK is mainly known as a fuel-sensing enzyme and for its 

metabolic functions, but it also promotes endothelial cell proliferation and migration31. Our results 

showed that apelin delivery raised AMPKα1/2 phosphorylation by 3.7-fold (P=0.0124; Fig. 5B) and 

total protein expression by 2.2-fold (P=0.0369; Fig. 5C) in the ischemic muscle of diabetic mice 

compared to untreated diabetic mice. Then, we evaluated eNOS as a common downstream target of 

Akt and AMPK. Once phosphorylated, eNOS produces NO, a major regulator of endothelial cell 

growth and angiogenesis32. It has been shown that Ser 633 and Ser1177 of eNOS can be 

phosphorylated by AMPK while Akt only phosphorylates eNOS at Ser117733,34. As expected, diabetes 

reduced Ser1177 phosphorylation of eNOS by 60% (P=0.0257; Fig. 5D) compared to normoglycemic 

animals but had little impact on eNOS Ser633 activation. Interestingly, the administration of Pyr-

apelin-13 in diabetic mice increased both Ser1177 and Ser633 phosphorylation of eNOS by 4.6-fold 

(P=0.0010; Fig. 5D) and 2.5-fold (P=0.0168; Fig. 5E), respectively. Furthermore, apelin delivery in 

diabetic mice elevated total eNOS protein expression in the ischemic muscle by 2.7-fold (P=0.0244) 

compared to untreated diabetic mice (Fig. 5F). We also explored the RhoA/ROCK signaling pathway, 

which is known to be recruited by the small Gα12/13 protein following GPCRs activation35, and can 
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mediate cellular morphological processes such as cell contractility, actin cytoskeleton organization, cell 

migration and proliferation36. Although no difference in ROCK-2 phosphorylation and protein 

expression was observed in the ischemic muscle of diabetic mice compared to nondiabetic mice, apelin 

administration raised ROCK2 phosphorylation by 2.2-fold (P=0.0196; Fig. 5G) and ROCK-2 total 

protein expression by 10.7-fold (P=0.0292; Fig. 5H) compared to untreated diabetic mice. 

 

Pyr-apelin-13 enhanced cultured endothelial cells proangiogenic functions through the 

Akt/AMPK/eNOS and RhoA/ROCK2 pathways 

To confirm that the signaling pathways enhanced by the treatment with Pyr-apelin-13 in ischemic 

muscle occurred in endothelial cells, we investigated their activation in cultured endothelial cells 

exposed to hypoxia and NG or HG conditions. Either under NG and HG exposure, 1h stimulation with 

Pyr-apelin-13 similarly raised AMPKα1/2 (Fig. 6A) and eNOS phosphorylation at Ser1177 (Fig. 6B) 

and Ser633 (Fig. 6C). In addition, eNOS mRNA expression in endothelial cells was increased by 2.6-

fold (P=0.0008) and 1.8-fold (P=0.0410) following 24h stimulation of apelin under NG and HG 

conditions, respectively (Fig. 6D). As for the in vivo results, we observed a very similar pattern for 

RhoA/ROCK2 signaling pathway, apelin treatment increased ROCK-2 phosphorylation (Fig. 6E) and 

total protein expression (Fig. 6F) as well as RhoA mRNA expression (Fig. 6G) in both NG and HG 

conditions. These data demonstrate that apelin stimulation in endothelial cells, through APJ receptor, 

promotes signaling pathways that are not affected by hyperglycemia.  

 

Discussion 

Patients with diabetes and PAD are 5 to 15 times more likely to undergo major amputation due to 

vascular abnormalities resulting from diabetes37. Indeed, diabetes impairs the angiogenic response, 

leading to impaired wound healing and collateral vessel formation38. Endogenous apelin has been 

shown to participate in the collateral vessel formation processes during ischemia21. Previous studies 

reported that apelin treatment or apelin gene therapy improved limb reperfusion after femoral artery 

ligation in nondiabetic animal models22,23. However, very few studies have characterized the impact of 

the apelinergic system on the angiogenic response under diabetic conditions. Our study demonstrated 

for the first time that apelin delivery significantly improved blood flow reperfusion and functional 

recovery of the hindlimb following ischemia in a diabetic condition. 

 

The vascular endothelial growth factor (VEGF) is one of the most extensively studied growth factors in 

relation to physiological angiogenesis. VEGF stimulates endothelial cell proliferation, migration, 
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differentiation and survival, leading to new blood vessel formation. Decreased mRNA and protein 

expression of VEGF-A/VEGFR-2 have been described in the muscle of diabetic mice and is associated 

with impaired revascularization following ischemia7,26. Although preclinical studies using VEGF 

therapies in animal models of hindlimb ischemia were promising39, all phase II clinical trials failed to 

significantly reduce the amputation rate in patients suffering of PAD40. A possible reason for these 

clinical disappointments may be caused by an impairment in VEGF receptors and downstream 

signaling (Akt, eNOS) activation in response to ligand binding created by high glucose exposure, a 

phenomenon highlighted in several preclinical studies7. Our study corroborated these findings that 

hyperglycemia prevented the activation and phosphorylation of VEGFR-2 downstream effector Akt, 

the proliferation, migration and tubule formation in response to VEGF stimulation in endothelial cells. 

These results underline a resistance phenomenon to VEGF actions induced by diabetes, preventing the 

natural mechanism of angiogenesis in response to tissue ischemia. In our study, we have recreated the 

ischemic state found in PAD and observed that Pyr-apelin-13 stimulation in endothelial cells exposed 

to the combination of hypoxia and NG or HG concentrations enhanced Akt and eNOS phosphorylation, 

promoted cell proliferation, migration and tubule formation. Moreover, our results indicated that Pyr-

apelin-13 delivery in diabetic mice markedly increased Akt and eNOS phosphorylation, as well as 

eNOS protein expression in ischemic muscle. VEGFR2 (Flk-1) and PDGFR-β are not direct targets of 

APJ/apelin signaling pathways, but interestingly, we identified that apelin administration increased 

VEGF-A, VEGFR-2, PDGF-B and PDGFR-β mRNA expression in diabetic ischemic muscle. Taken 

together, our data suggest that Pyr-apelin-13 delivery circumvents the resistance mechanism induced 

by hyperglycemia, providing an effective angiogenic response under hypoxic conditions.  

 

The apelinergic system’s implication in angiogenesis has been demonstrated by the presence of 

apelin/APJ in tip cells and stalk cells, which are responsible for guiding the new vessel formation 

toward the gradient of proangiogenic factors and for the elongation of the sprouting vessel41. 

Furthermore, other studies reported apelin/APJ upregulated expression under hypoxic and 

normoglycemic conditions in cultured endothelial cells, smooth muscle cells and peripheral 

mononuclear cells, as well as in mice lungs following ischemia42. The presence of hypoxia response 

element (HRE) sequence was found on apelin and APJ genes, making them targets of hypoxia-

inducible factor 1 (HIF-1), a transcription factor regulating gene expression in response to hypoxia. 

Few studies investigated the basal level of expression of the apelinergic system in nonischemic tissues 

from diabetic animals and reported a decreased expression of apelin and/or APJ in the heart, skeletal 
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muscle and serum27,29. Surprisingly, despite the presence of tissue ischemia, our results demonstrated 

that diabetes prevents the normal expression of APJ/apelin in the adductor muscle. Interestingly, we 

showed that administration of Pyr-apelin-13 in diabetic animals enhanced APJ and apelin expression, 

improving endothelial function and angiogenesis. Collectively, these data suggest that the repressive 

effect of diabetes on the apelinergic system expression can be overcome by apelin administration, 

resulting in a proper recovery from tissue ischemia.  

 

AMPK is a metabolite-sensing protein kinase mostly known for its metabolic effects, such as 

increasing glucose uptake, fatty acid oxidation and inhibition of lipogenesis, but several studies 

emphasized its role during angiogenesis. Indeed, Nagata and al. reported that AMPK activation is 

essential for angiogenesis under hypoxic conditions, but dispensable to the angiogenic response under 

normoxic conditions43. As Akt, AMPK mediates the activity of eNOS by phosphorylation at Ser1177, 

which characterized its activation state, to induce NO release, promoting vasodilatation and 

proangiogenic actions32. Interestingly, AMPK but not Akt is able to phosphorylate eNOS in Ser633, a 

phosphorylation site reported to be an effective indicator of eNOS-induced NO bioavailability, 

resulting in enhanced endothelial cell migration and tubule formation33. Apelin has been reported to 

induce AMPK, Akt and eNOS phosphorylation under normal glucose concentrations44. Here, we 

demonstrated that these effects were preserved in hypoxic endothelial cells and ischemic muscle 

following apelin stimulation despite being exposed to HG levels and diabetes. Taken together, our 

results demonstrated that apelin treatment, under hypoxic and HG or diabetic conditions, induced 

eNOS activation and proangiogenic actions through two different phosphorylation sites involving Akt 

and AMPK activation.  

 

Endothelial cell mobility involves the sensing of proangiogenic signals by filopodia, the formation, 

protrusion and extension of cytoskeleton projections, the assembly/disassembly of focal adhesions, the 

contraction of the cell body enabling forward movement and rear release. All these processes are 

mediated by the Rho small GTPase family45, a classical pathway downstream of the small Gα12/13 

protein recruitment following GPCRs activation35. More specifically, RhoA and its protein kinase 

effector ROCK regulate actin-regulating proteins, allowing anchoring of stress fibers to the membrane, 

and mediate the formation and contraction of the stress fibers and rear pulling during migration45. 

ROCK protein kinases are necessary for normal angiogenesis during embryonic development since 

ROCK1 or ROCK2 knockout mice died in utero due to impaired vasculature development46. 

Furthermore, inhibition of RhoA/ROCK signaling pathway suppresses VEGF-induced endothelial cell 
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migration and tube formation, and angiogenesis in vivo47. Compared to ROCK1, ROCK2 is 

preferentially expressed in vascular cells48, and gene knockdown of ROCK2, but not ROCK1, reduced 

endothelial cell tube formation in vitro and vascular density in mice lungs47. However, no study 

demonstrated concrete evidence of the activation of this signaling pathway following apelin 

stimulation. To our knowledge, we demonstrated for the first time that apelin stimulation, through APJ 

receptor, led to the activation of the RhoA/ROCK signaling pathway in the ischemic muscle from 

diabetic mice and in endothelial cells exposed to HG levels. These results highlight the role of the 

apelinergic system on the actin cytoskeleton remodeling in endothelial cells, facilitating angiogenesis 

following ischemia.  

 

Pain in the legs is one of the most common symptoms of PAD when exercising, which reduces walking 

distance. Our results clearly demonstrated the association between poor blood flow and reduced 

walking distance since diabetic mice displayed a 39% lower blood flow recovery and a 91% decreased 

running distance compared to nondiabetic controls. The increased blood flow reperfusion we observed 

following apelin treatment was supported by increased capillary density in the ischemic muscle 

compared to untreated diabetic mice. This is the first time that, in addition to improving blood flow 

reperfusion, sustained apelin delivery resulted in enhanced motor function of the ischemic limb in 

diabetic mice. Despite the improved functional recovery of the limb with apelin, an important gap 

remains compared to nondiabetic mice. One hypothesis could be nerve degeneration caused by 

diabetes, leading to typical symptoms of peripheral neuropathy such as muscle weakness, extreme 

sensitivity, and numbness. Interestingly, a recent study reported apelin’s neuroprotective and 

regenerative effects in a nondiabetic focal cerebral ischemia mice model49. However, further 

investigations will be required to evaluate the potential effects of apelin in diabetic neuropathy.  

 

In conclusion, we demonstrated that, unlike VEGFR signaling pathways, the apelin/APJ pathways are 

not affected by hyperglycemia, making the apelinergic system a potential target for angiogenic therapy. 

Furthermore, we demonstrated the therapeutic effect of Pyr-apelin-13 in diabetic PAD, since its 

prolonged administration resulted in improved blood flow reperfusion, vascular density and motor 

function in diabetic mice following hindlimb ischemia. However, apelin’s short plasma half-life may 

represent a challenge for its use as a pharmacological treatment. Thus, research must continue to 

develop more stable apelinergic agonists to improve the long-term angiogenic response in diabetes50. 

 

Acknowledgments 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2023. ; https://doi.org/10.1101/2023.02.08.527688doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.08.527688
http://creativecommons.org/licenses/by-nd/4.0/


 18

S.R., T.B. and E.B. performed experiments. K.T., P-L.B. and É.M. synthesized and generously 

provided Pyr-apelin-13 peptide for the experiments. S.R., F.L. and P.G. analyzed the data and wrote the 

manuscript. P-L.B. and M.A-M. reviewed the manuscript and provided comments. The authors 

gratefully acknowledge and dedicate this article to Prof. Éric Marsault, who passed away51. Marilène 

Paquette (Histology Core, University of Sherbrooke) is gratefully acknowledged for her assistance with 

the histology technics. All authors approved the submitted manuscript and support its conclusion. P.G. 

is the guarantor of this work, had full access to all the data and takes full responsibility for the integrity 

of the data and the accuracy of data analysis.  

 

Sources of Funding 
This work was supported by grants from the Canadian Institute of Health Research [PTJ159627 and 

PTJ183576 to P.G.]. This work was performed at the CHUS research center, funded by the “Fonds de 

Recherche du Québec – Santé” (FRQ-S).   

 
Disclosures 
None. 

 
  

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2023. ; https://doi.org/10.1101/2023.02.08.527688doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.08.527688
http://creativecommons.org/licenses/by-nd/4.0/


 19

List of references 

1. Criqui MH. Peripheral arterial disease--epidemiological aspects. Vasc Med. 2001;6:3-7. doi: 

10.1177/1358836X0100600i102 

2. Jude EB, Oyibo SO, Chalmers N, Boulton AJ. Peripheral arterial disease in diabetic and 

nondiabetic patients: a comparison of severity and outcome. Diabetes care. 2001;24:1433-1437.  

3. Humphries MD, Brunson A, Hedayati N, Romano P, Melnkow J. Amputation Risk in Patients 

with Diabetes Mellitus and Peripheral Artery Disease Using Statewide Data. Ann Vasc Surg. 

2016;30:123-131. doi: 10.1016/j.avsg.2015.04.089 

4. Soo BP, Rajbhandari S, Egun A, Ranasinghe U, Lahart IM, Pappachan JM. Survival at 10 years 

following lower extremity amputations in patients with diabetic foot disease. Endocrine. 

2020;69:100-106. doi: 10.1007/s12020-020-02292-7 

5. Guzik TJ, Mussa S, Gastaldi D, Sadowski J, Ratnatunga C, Pillai R, Channon KM. Mechanisms 

of increased vascular superoxide production in human diabetes mellitus: role of NAD(P)H 

oxidase and endothelial nitric oxide synthase. Circulation. 2002;105:1656-1662. doi: 

10.1161/01.cir.0000012748.58444.08 

6. Kolluru GK, Bir SC, Kevil CG. Endothelial dysfunction and diabetes: effects on angiogenesis, 

vascular remodeling, and wound healing. Int J Vasc Med. 2012;2012:918267. doi: 

10.1155/2012/918267 

7. Paquin-Veillette J, Lizotte F, Robillard S, Beland R, Breton MA, Guay A, Despatis MA, 

Geraldes P. Deletion of AT2 Receptor Prevents SHP-1-Induced VEGF Inhibition and Improves 

Blood Flow Reperfusion in Diabetic Ischemic Hindlimb. Arterioscler Thromb Vasc Biol. 

2017;37:2291-2300. doi: 10.1161/ATVBAHA.117.309977 

8. Lizotte F, Pare M, Denhez B, Leitges M, Guay A, Geraldes P. PKCdelta Impaired Vessel 

Formation and Angiogenic Factor Expression in Diabetic Ischemic Limbs. Diabetes. 

2013;62:2948-2957. doi: 10.2337/db12-1432 

9. Shimamura M, Nakagami H, Taniyama Y, Morishita R. Gene therapy for peripheral arterial 

disease. Expert Opin Biol Ther. 2014;14:1175-1184. doi: 10.1517/14712598.2014.912272 

10. Croteau L, Mercier C, Fafard-Couture E, Nadeau A, Robillard S, Breton V, Guay A, Lizotte F, 

Despatis MA, Geraldes P. Endothelial deletion of PKCdelta prevents VEGF inhibition and 

restores blood flow reperfusion in diabetic ischemic limb. Diab Vasc Dis Res. 

2021;18:1479164121999033. doi: 10.1177/1479164121999033 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2023. ; https://doi.org/10.1101/2023.02.08.527688doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.08.527688
http://creativecommons.org/licenses/by-nd/4.0/


 20

11. Novakova V, Sandhu GS, Dragomir-Daescu D, Klabusay M. Apelinergic system in endothelial 

cells and its role in angiogenesis in myocardial ischemia. Vascul Pharmacol. 2016;76:1-10. doi: 

10.1016/j.vph.2015.08.005 

12. Wu L, Chen L, Li L. Apelin/APJ system: A novel promising therapy target for pathological 

angiogenesis. Clin Chim Acta. 2017;466:78-84. doi: 10.1016/j.cca.2016.12.023 

13. Read C, Nyimanu D, Williams TL, Huggins DJ, Sulentic P, Macrae RGC, Yang P, Glen RC, 

Maguire JJ, Davenport AP. International Union of Basic and Clinical Pharmacology. CVII. 

Structure and Pharmacology of the Apelin Receptor with a Recommendation that 

Elabela/Toddler Is a Second Endogenous Peptide Ligand. Pharmacol Rev. 2019;71:467-502. 

doi: 10.1124/pr.119.017533 

14. Jiang Y, Yan M, Wang C, Wang Q, Chen X, Zhang R, Wan L, Ji B, Dong B, Wang H, et al. 

The Effects of Apelin and Elabela Ligands on Apelin Receptor Distinct Signaling Profiles. 

Front Pharmacol. 2021;12:630548. doi: 10.3389/fphar.2021.630548 

15. Shin K, Kenward C, Rainey JK. Apelinergic System Structure and Function. Compr Physiol. 

2017;8:407-450. doi: 10.1002/cphy.c170028 

16. Maguire JJ, Kleinz MJ, Pitkin SL, Davenport AP. [Pyr1]apelin-13 identified as the predominant 

apelin isoform in the human heart: vasoactive mechanisms and inotropic action in disease. 

Hypertension. 2009;54:598-604. doi: 10.1161/HYPERTENSIONAHA.109.134619 

17. Zhen EY, Higgs RE, Gutierrez JA. Pyroglutamyl apelin-13 identified as the major apelin 

isoform in human plasma. Anal Biochem. 2013;442:1-9. doi: 10.1016/j.ab.2013.07.006 

18. Ureche C, Tapoi L, Volovat S, Voroneanu L, Kanbay M, Covic A. Cardioprotective apelin 

effects and the cardiac-renal axis: review of existing science and potential therapeutic 

applications of synthetic and native regulated apelin. J Hum Hypertens. 2019;33:429-435. doi: 

10.1038/s41371-019-0163-5 

19. Kidoya H, Naito H, Muramatsu F, Yamakawa D, Jia W, Ikawa M, Sonobe T, Tsuchimochi H, 

Shirai M, Adams RH, et al. APJ Regulates Parallel Alignment of Arteries and Veins in the Skin. 

Dev Cell. 2015;33:247-259. doi: 10.1016/j.devcel.2015.02.024 

20. Liu W, Yan J, Pan W, Tang M. Apelin/Elabela-APJ: a novel therapeutic target in the 

cardiovascular system. Ann Transl Med. 2020;8:243. doi: 10.21037/atm.2020.02.07 

21. Kidoya H, Naito H, Takakura N. Apelin induces enlarged and nonleaky blood vessels for 

functional recovery from ischemia. Blood. 2010;115:3166-3174. doi: 10.1182/blood-2009-07-

232306 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2023. ; https://doi.org/10.1101/2023.02.08.527688doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.08.527688
http://creativecommons.org/licenses/by-nd/4.0/


 21

22. Samura M, Morikage N, Suehiro K, Tanaka Y, Nakamura T, Nishimoto A, Ueno K, Hosoyama 

T, Hamano K. Combinatorial Treatment with Apelin-13 Enhances the Therapeutic Efficacy of a 

Preconditioned Cell-Based Therapy for Peripheral Ischemia. Scientific reports. 2016;6:19379. 

doi: 10.1038/srep19379 

23. Qin D, Trenkwalder T, Lee S, Chillo O, Deindl E, Kupatt C, Hinkel R. Early vessel 

destabilization mediated by Angiopoietin-2 and subsequent vessel maturation via Angiopoietin-

1 induce functional neovasculature after ischemia. PLoS One. 2013;8:e61831. doi: 

10.1371/journal.pone.0061831 

24. Mercier C, Brazeau T, Lamoureux J, Boisvert E, Robillard S, Breton V, Pare M, Guay A, 

Lizotte F, Despatis MA, et al. Diabetes Impaired Ischemia-Induced PDGF (Platelet-Derived 

Growth Factor) Signaling Actions and Vessel Formation Through the Activation of Scr 

Homology 2-Containing Phosphatase-1. Arterioscler Thromb Vasc Biol. 2021;41:2469-2482. 

doi: 10.1161/ATVBAHA.121.316638 

25. Robillard S, Mercier C, Breton V, Paquin-Veillette J, Guay A, Lizotte F, Geraldes P. Ablation 

of angiotensin type 2 receptor prevents endothelial nitric oxide synthase glutathionylation and 

nitration in ischaemic abductor muscle of diabetic mice. Diab Vasc Dis Res. 

2020;17:1479164119883978. doi: 10.1177/1479164119883978 

26. Sasso FC, Torella D, Carbonara O, Ellison GM, Torella M, Scardone M, Marra C, Nasti R, 

Marfella R, Cozzolino D, et al. Increased vascular endothelial growth factor expression but 

impaired vascular endothelial growth factor receptor signaling in the myocardium of type 2 

diabetic patients with chronic coronary heart disease. Journal of the American College of 

Cardiology. 2005;46:827-834.  

27. Li M, Fang H, Hu J. Apelin‑13 ameliorates metabolic and cardiovascular disorders in a rat 

model of type 2 diabetes with a high‑fat diet. Mol Med Rep. 2018;18:5784-5790. doi: 

10.3892/mmr.2018.9607 

28. Soriguer F, Garrido-Sanchez L, Garcia-Serrano S, Garcia-Almeida JM, Garcia-Arnes J, 

Tinahones FJ, Garcia-Fuentes E. Apelin levels are increased in morbidly obese subjects with 

type 2 diabetes mellitus. Obes Surg. 2009;19:1574-1580. doi: 10.1007/s11695-009-9955-y 

29. Dray C, Debard C, Jager J, Disse E, Daviaud D, Martin P, Attane C, Wanecq E, Guigne C, Bost 

F, et al. Apelin and APJ regulation in adipose tissue and skeletal muscle of type 2 diabetic mice 

and humans. American journal of physiology. 2010;298:E1161-1169. doi: 

10.1152/ajpendo.00598.2009 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2023. ; https://doi.org/10.1101/2023.02.08.527688doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.08.527688
http://creativecommons.org/licenses/by-nd/4.0/


 22

30. Duan J, Cui J, Yang Z, Guo C, Cao J, Xi M, Weng Y, Yin Y, Wang Y, Wei G, et al. 

Neuroprotective effect of Apelin 13 on ischemic stroke by activating AMPK/GSK-3beta/Nrf2 

signaling. J Neuroinflammation. 2019;16:24. doi: 10.1186/s12974-019-1406-7 

31. Chen MH, Fu QM. The Roles of AMPK in Revascularization. Cardiol Res Pract. 

2020;2020:4028635. doi: 10.1155/2020/4028635 

32. Bir SC, Xiong Y, Kevil CG, Luo J. Emerging role of PKA/eNOS pathway in therapeutic 

angiogenesis for ischaemic tissue diseases. Cardiovascular research. 2012;95:7-18. doi: 

10.1093/cvr/cvs143 

33. Chen Z, Peng IC, Sun W, Su MI, Hsu PH, Fu Y, Zhu Y, DeFea K, Pan S, Tsai MD, et al. AMP-

activated protein kinase functionally phosphorylates endothelial nitric oxide synthase Ser633. 

Circulation research. 2009;104:496-505. doi: 10.1161/CIRCRESAHA.108.187567 

34. Zheng S, Li W, Xu M, Bai X, Zhou Z, Han J, Shyy JY, Wang X. Calcitonin gene-related 

peptide promotes angiogenesis via AMP-activated protein kinase. Am J Physiol Cell Physiol. 

2010;299:C1485-1492. doi: 10.1152/ajpcell.00173.2010 

35. Chapman NA, Dupre DJ, Rainey JK. The apelin receptor: physiology, pathology, cell 

signalling, and ligand modulation of a peptide-activated class A GPCR. Biochem Cell Biol. 

2014;92:431-440. doi: 10.1139/bcb-2014-0072 

36. Hoang MV, Whelan MC, Senger DR. Rho activity critically and selectively regulates 

endothelial cell organization during angiogenesis. Proc Natl Acad Sci U S A. 2004;101:1874-

1879. doi: 10.1073/pnas.0308525100 

37. Thiruvoipati T, Kielhorn CE, Armstrong EJ. Peripheral artery disease in patients with diabetes: 

Epidemiology, mechanisms, and outcomes. World journal of diabetes. 2015;6:961-969. doi: 

10.4239/wjd.v6.i7.961 

38. Martin A, Komada MR, Sane DC. Abnormal angiogenesis in diabetes mellitus. Med Res Rev. 

2003;23:117-145. doi: 10.1002/med.10024 

39. Collinson DJ, Donnelly R. Therapeutic angiogenesis in peripheral arterial disease: can 

biotechnology produce an effective collateral circulation? Eur J Vasc Endovasc Surg. 

2004;28:9-23. doi: 10.1016/j.ejvs.2004.03.021 

40. Kusumanto YH, van Weel V, Mulder NH, Smit AJ, van den Dungen JJ, Hooymans JM, Sluiter 

WJ, Tio RA, Quax PH, Gans RO, et al. Treatment with intramuscular vascular endothelial 

growth factor gene compared with placebo for patients with diabetes mellitus and critical limb 

ischemia: a double-blind randomized trial. Hum Gene Ther. 2006;17:683-691. doi: 

10.1089/hum.2006.17.683 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2023. ; https://doi.org/10.1101/2023.02.08.527688doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.08.527688
http://creativecommons.org/licenses/by-nd/4.0/


 23

41. del Toro R, Prahst C, Mathivet T, Siegfried G, Kaminker JS, Larrivee B, Breant C, Duarte A, 

Takakura N, Fukamizu A, et al. Identification and functional analysis of endothelial tip cell-

enriched genes. Blood. 2010;116:4025-4033. doi: 10.1182/blood-2010-02-270819 

42. Eyries M, Siegfried G, Ciumas M, Montagne K, Agrapart M, Lebrin F, Soubrier F. Hypoxia-

induced apelin expression regulates endothelial cell proliferation and regenerative angiogenesis. 

Circulation research. 2008;103:432-440. doi: 10.1161/CIRCRESAHA.108.179333 

43. Nagata D, Mogi M, Walsh K. AMP-activated protein kinase (AMPK) signaling in endothelial 

cells is essential for angiogenesis in response to hypoxic stress. J Biol Chem. 2003;278:31000-

31006. doi: 10.1074/jbc.M300643200 

44. Yang X, Zhu W, Zhang P, Chen K, Zhao L, Li J, Wei M, Liu M. Apelin-13 stimulates 

angiogenesis by promoting cross‑talk between AMP-activated protein kinase and Akt signaling 

in myocardial microvascular endothelial cells. Mol Med Rep. 2014;9:1590-1596. doi: 

10.3892/mmr.2014.1984 

45. Lamalice L, Le Boeuf F, Huot J. Endothelial cell migration during angiogenesis. Circulation 

research. 2007;100:782-794. doi: 10.1161/01.RES.0000259593.07661.1e 

46. Kamijo H, Matsumura Y, Thumkeo D, Koike S, Masu M, Shimizu Y, Ishizaki T, Narumiya S. 

Impaired vascular remodeling in the yolk sac of embryos deficient in ROCK-I and ROCK-II. 

Genes Cells. 2011;16:1012-1021. doi: 10.1111/j.1365-2443.2011.01546.x 

47. Bryan BA, Dennstedt E, Mitchell DC, Walshe TE, Noma K, Loureiro R, Saint-Geniez M, 

Campaigniac JP, Liao JK, D'Amore PA. RhoA/ROCK signaling is essential for multiple aspects 

of VEGF-mediated angiogenesis. FASEB J. 2010;24:3186-3195. doi: 10.1096/fj.09-145102 

48. Qiao F, Zou Z, Liu C, Zhu X, Wang X, Yang C, Jiang T, Chen Y. ROCK2 mediates the 

proliferation of pulmonary arterial endothelial cells induced by hypoxia in the development of 

pulmonary arterial hypertension. Exp Ther Med. 2016;11:2567-2572. doi: 

10.3892/etm.2016.3214 

49. Chen D, Lee J, Gu X, Wei L, Yu SP. Intranasal Delivery of Apelin-13 Is Neuroprotective and 

Promotes Angiogenesis After Ischemic Stroke in Mice. ASN Neuro. 2015;7. doi: 

10.1177/1759091415605114 

50. Tran K, Murza A, Sainsily X, Coquerel D, Cote J, Belleville K, Haroune L, Longpre JM, 

Dumaine R, Salvail D, et al. A Systematic Exploration of Macrocyclization in Apelin-13: 

Impact on Binding, Signaling, Stability, and Cardiovascular Effects. Journal of medicinal 

chemistry. 2018;61:2266-2277. doi: 10.1021/acs.jmedchem.7b01353 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2023. ; https://doi.org/10.1101/2023.02.08.527688doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.08.527688
http://creativecommons.org/licenses/by-nd/4.0/


 24

51. Sarret P. Eric Marsault (1971-2021): A Legacy through the Prism of Relationship Chemistry. 

Journal of medicinal chemistry. 2021;64:5221-5224. doi: 10.1021/acs.jmedchem.1c00481 

 

  

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2023. ; https://doi.org/10.1101/2023.02.08.527688doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.08.527688
http://creativecommons.org/licenses/by-nd/4.0/


 25

Figures 

 
Figure 1. High glucose exposure did not affect Pyr-apelin-13 proangiogenic action in endothelial 
cells under hypoxia. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2023. ; https://doi.org/10.1101/2023.02.08.527688doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.08.527688
http://creativecommons.org/licenses/by-nd/4.0/


 26

BAECs were incubated with normal glucose (NG; 5.6 mmol/L; white bars) or high glucose (HG; 25 

mmol/L; black bars) for up to 48h and then stimulated with either VEGF-A or Pyr-apelin-13 for 16h 

(A-C), 4h (D-E), 5 min (VEGF) or 1h (Pyr-apelin-13) (F) under hypoxia (1% O2) for the last 16h of 

treatment in all experiments. (A) Representative images of the cell migration assay using the Ibidi’s 

insert. (B) The percentage of the surface area occupied by the BAECs was quantified. (C) BAECs were 

fixed and stained with DAPI (4’,6-diamidino-2-phenylindole) and then cells were counted using the 

NIS-Elements software of Nikon eclipse Ti microscope. (D) Representative images of the tubule 

formation abilities of endothelial cells using Ibidi’s μ-slide rack. (E) Tubule formation was quantified 

by measuring the total number of closed circles in the entire well, normalized on the NG condition. (F) 
Protein expression of Akt phosphorylation was detected by immunoblot analysis and the densitometry 

quantification was measured. Results are presented as the mean ± SD of 8 independent cell 

experiments.  
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Figure 2. Pyr-apelin-13 delivery resulted in improved blood flow reperfusion, running distance, 
vascular density and muscle structure in diabetic mice following critical limb ischemia.  
(A) Laser Doppler imaging and (B) blood flow reperfusion analysis of nondiabetic (NDM), diabetic 

(DM) and diabetic mice receiving Pyr-apein-13 (DM+Pyr-ape-13), pre, post, and 4 weeks following 

femoral artery ligation. (C) Cumulative running distance (m) over 5 days in the voluntary exercise 

wheel made by nondiabetic (NDM; white bars), diabetic (DM; black bars) and diabetic mice receiving 

Pyr-apelin-13 (DM+Pyr-ape-13; grey bars). (D) Apelin plasma levels in ng/mL. Results are presented 

as the mean ± SEM of 12 mice per group (B) and as the mean ± SD of 7 (C) and 9 (D). 
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Figure 3. Pyr-apelin-13 administration in diabetic mice enhanced vascular density and improved 
muscle structure integrity following critical limb ischemia. 
(A) Immunofluorescence images of endothelial cells (CD31; red) and a-smooth muscle actin (green). 

(B) Structural analysis of the ischemic muscles stained with hematoxylin and eosin (H&E). (C) 

quantification of the number of vessels smaller than 30 μm in the ischemic muscle. (D) Quantification 

of the space between muscle fibers of the ischemic muscles. Results are presented as the mean ± SD of 

8-9 (A and C) and 9 mice per group (B and D).  
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Figure 4. Pyr-apelin-13 increased the expression of growth factors in the ischemic muscle from 
diabetic mice following ischemia.  

Expression levels of (A) APJ, (B) Apelin, (C) Flk-1, (D) VEGF-A, (E) PDGFR-β and (F) PDGF-B 

mRNA in the ischemic muscle of nondiabetic (NDM; white bars), diabetic (DM; black bars) and 
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diabetic mice receiving Pyr-apelin-13 (DM+Pyr-ape-13; grey bars). GAPDH gene was used for mRNA 

normalization. Results are presented as the mean ± SD of 9 mice per group. 

 

Figure 5. Pyr-apelin-13 delivery in diabetic mice promoted angiogenesis following limb ischemia 
through the activation of Akt, AMPK, eNOS and ROCK2 signaling pathways.  

Protein expression of (A) phospho-Akt, (B) phosphor-AMPKα1/2, (C) AMPKα1/2, (D) phospho-

eNOS at Ser1177, (E) phospho-eNOS at Ser633, (F) eNOS, (G) phospho-ROCK2 and (H) ROCK2 in 

the ischemic adductor muscle of nondiabetic (NDM; white bars), diabetic (DM; black bars) and 

diabetic mice receiving Pyr-apelin-13 (DM+Pyr-ape-13; grey bars) was detected by immunoblot 

analysis and the densitometry quantification was measured. Results are presented as the mean ± SD of 

7-8 (A and G), 7 (B-D and F), 6-7 (E) and 5-6 mice per group (H). 
 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2023. ; https://doi.org/10.1101/2023.02.08.527688doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.08.527688
http://creativecommons.org/licenses/by-nd/4.0/


 31

 
Figure 6. Pyr-apelin-13 enhanced the signaling pathways involved in cytoskeleton dynamics and 
proangiogenic actions in cultured endothelial cells exposed to high glucose conditions and 
hypoxia. BAECs were exposed to normal glucose (NG; 5.6 mmol/L; white bars) or high glucose (HG; 
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25 mmol/L; black bars) concentrations for 48h and then stimulated with Pyr-apelin-13 for 1h (A-C, E 
and F) or 24h (D and G). BAECs were exposed to hypoxia (1% O2) for the last16h of treatment. 

Protein expression of (A) phospho-AMPKα1/2, (B) phospho-eNOS at Ser1177, (C) phospho-eNOS at 

Ser633, (E) phospho-ROCK-2 and (F) total protein expression of ROCK2 was detected by immunoblot 

analysis and the densitometry quantification was measured. mRNA levels of (D) eNOS and (G) RhoA. 

GAPDH gene was used for mRNA normalization. Results are presented as the mean ± SD of 8 (A) and 

7 (B-G) independent cell experiments. 
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