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Abstract
BACKGROUND
Impaired glucose tolerance (IGT) is a homeostatic state between euglycemia and hyperglycemia and is considered an early high-risk state of diabetes. When IGT occurs, insulin sensitivity decreases, causing a reduction in insulin secretion and an increase in glucagon secretion. Recently, vascular endothelial growth factor B (VEGFB) has been demonstrated to play a positive role in improving glucose metabolism and insulin sensitivity. Therefore, we constructed a mouse model of IGT through high-fat diet feeding and speculated that VEGFB can regulate hyperglycemia in IGT by influencing insulin-mediated glucagon secretion, thus contributing to the prevention and cure of prediabetes.

AIM
To explore the potential molecular mechanism and regulatory effects of VEGFB on insulin-mediated glucagon in mice with IGT.

METHODS
We conducted in vivo experiments through systematic VEGFB knockout and pancreatic-specific VEGFB overexpression. Insulin and glucagon secretions were detected via enzyme-linked immunosorbent assay, and the protein expression of phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) was determined using western blot. Further, mRNA expression of forkhead box protein O1, phosphoenolpyruvate carboxykinase, and glucose-6 phosphatase was detected via quantitative polymerase chain reaction, and the correlation between the expression of proteins was analyzed via bioinformatics.

RESULTS
In mice with IGT and VEGFB knockout, glucagon secretion increased, and the protein expression of PI3K/AKT decreased dramatically. Further, in mice with VEGFB overexpression, glucagon levels declined, with the activation of the PI3K/AKT signaling pathway.

CONCLUSION
VEGFB/vascular endothelial growth factor receptor 1 can promote insulin-mediated glucagon secretion by activating the PI3K/AKT signaling pathway to regulate glucose metabolism disorders in mice with IGT.
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Core Tip: Impaired glucose tolerance (IGT) is an abnormal metabolic stage between the normal state and diabetes, which belongs to prediabetes. Therefore, intervention in IGT can effectively reduce the incidence rate of diabetes. The pathological mechanism of IGT is related to glucose homeostasis imbalance and decreased insulin sensitivity. Currently, vascular endothelial growth factor B (VEGFB) has been reported to have the effect of restoring glucose tolerance and improving insulin sensitivity. Therefore, the use of VEGFB as a target for intervention has become the focus of current research. This research mainly illustrates the role of VEGFB in promoting insulin and glucagon secretion to alleviate IGT and its potential molecular mechanism.

INTRODUCTION
Impaired glucose tolerance (IGT) is a homeostatic state between euglycemia and hyperglycemia, indicating a fasting blood glucose (FBG) level of < 7.0 mmol/L and/or postprandial blood glucose (PBG) level of 7.8-11.1 mmol/L after 2 h of oral glucose administration (75 g)[1]. IGT is considered a high-risk state in the early stage of type 2 diabetes (T2DM)[2]. Although only slight abnormal glucose metabolism is observed in this stage, the secretion function of β cells has been reported to be defective, leading to insulin resistance[3]. It is estimated that approximately 70% of IGT cases progress to T2DM[4]. When IGT occurs, insulin sensitivity decreases, causing reduced insulin secretion; decreased insulin levels can increase glucagon secretion[5]. Glucose metabolism disorders occur due to the abnormal production and release of insulin or glucagon[6].
Owing to the high reversibility of IGT, interventions to improve insulin sensitivity in patients with IGT can effectively prevent or delay the progression of IGT to T2DM, thereby reducing the incidence rate of diabetes and its complications[7]. Recently, vascular endothelial growth factor B (VEGFB) has been demonstrated to play a regulatory role in improving glucose metabolism and insulin sensitivity[8]. Animal experiments have confirmed that VEGFB can increase insulin supply and insulin sensitivity in high-fat diet (HFD)-fed mice[9]. Specific VEGFB overexpression in mice can affect insulin secretion and improve diabetes[10]. Notably, we previously reported a decline in insulin secretion in VEGFB knockout mice[11].
Various signal pathways participate in several biological activities such as glucose homeostasis, including the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) signal pathway[12]. Activation of the PI3K/AKT pathway regulates insulin secretion in β cells[13]. All IGT types are accompanied with insulin resistance[14]. Alleviation of insulin resistance can promote insulin secretion and inhibit glucagon release, thereby improving IGT[15]. The combination of VEGFB and VEGF receptor 1 (VEGFR1) can activate downstream pathways, including the PI3K/AKT pathway related to the proliferation, differentiation, and metabolism of cells[16]. However, it remains unclear whether VEGFB regulates glucagon secretion and improves IGT via the PI3K/AKT pathway.
In this study, we established an HFD-induced mouse model of IGT and constructed VEGFB knockout and pancreatic-specific VEGFB overexpressed mice to determine the role of VEGFB in mice with IGT. This study aimed to explore the potential mechanism and regulatory effects of VEGFB on insulin-mediated glucagon secretion in mice with IGT. We observed an increase in glucagon secretion and blood glucose levels in mice with IGT and VEGFB knockout; the reduced glucagon level in mice was due to the activated PI3K/AKT pathway. Therefore, we hypothesized that VEGFB can regulate insulin-medicated glucagon secretion in IGT.

MATERIALS AND METHODS
Experimental animals
Male C57BL/6 mice were purchased from Jinan PengYue Experimental Animal Breeding Co., Ltd. All mice were acclimatized to laboratory conditions (24 °C, 12 h/12 h light/dark, 50% humidity, ad libitum access to food and water) for 1 wk prior to experimentation. All animal experiments were under the approval of the animal ethics committee of Binzhou Medical University (IACUC protocol number: 2023-170). The VEGFB gene knockout mouse model was constructed by CRISPR/Cas 9[17]. Mouse genotypes were identified by agarose gel electrophoresis. The islet cell mass was extracted to detect the expression of VEGFB at the mRNA level in VEGFB+/+ and VEGFB-/- mice (Figure 1A and B). Mice for the experiment were divided into 5 groups (n = 9, total = 45): Standard diet (SD), HFD-WT, HFD-KO, Con, and adeno-associated virus (AAV) group. VEGFB+/+ mice and VEGFB-/- mice were selected randomly for the experiment. Nine VEGFB+/+ mice fed with a standard diet were named the SD group. Twenty-seven VEGFB+/+ mice and nine VEGFB-/- mice were fed with a HFD for 20 wk (Figure 1C). Nine VEGFB+/+ and nine VEGFB-/- mice with HFD were defined as the HFD-WT and HFD-KO groups. Nine VEGFB+/+ mice injected with targeting VEGFB186 AAV were named as AAV group, and nine VEGFB+/+ mice injected with the non-targeting AAV were defined as the Con group. All mice were sacrificed and dissected in the 24th wk through cervical dislocation.

AAV injection of VEGFB in IGT mouse
The transcript and vector of AAV were constructed from OBIO Technology Co. LTD. (Shanghai, China). The VEGFB gene was overexpressed in the AAV group by injection of pAAV-CAG-VEGFB186-P2A-EGFP-3xFLAG-WPRE vector, pAAV-CAG-EGFP-3xFLAG-WPRE was regarded as a control group. The frozen section of the pancreas with GFP green fluorescence was observed by fluorescence microscopy after 1 mo of injection to detect the efficiency of infection. The expression of VEGFB in islet cells was detected by Q-PCR (Figure 1D and E)[18].

IGT mouse model
FBG was tested after 12 h of starvation and PBG was tested 2 h after being fed. FBG and PBG were detected after 12 wk of HFD. Tail vein blood was detected from the 16th to the 24th wk. In the 16th wk, the FBG and PBG of IGT mice were higher than those of normal mice, but there are no differences between FBG, PBG, and oral glucose tolerance test (OGTT) of IGT mice in the rest four groups. Mice with 7.8 mmol/L < PBG < 11.1 mmol/L and 6.1 mmol/L < FBG < 7.0 mmol/L were regarded as the IGT animal model. The body weight and food intake of mice were measured once every two weeks from the 16th to the 24th wk (Figure 1F-H)[19].

Oral glucose tolerance test and intraperitoneal insulin tolerance test
In the oral glucose tolerance test (OGTT) experiment, mice were given glucose through gavage by a standard dosage of 2.0 mg/kg after fasting for over 12 h. While in the intraperitoneal insulin tolerance test (IPITT) experiment, mice were taken by intraperitoneal injection of insulin (0.5 U/kg) after over 6 h-starvation in advance. Both OGTT and IPITT curve was performed and the area under the curve (AUC) was calculated (Figure 1I and J)[20].

Isolation of islet cells
The pancreas was taken out, and the peripheral adipose tissue was isolated and placed in Hank’s buffer after the mice’s death. Injected 0.5 mg/mL collagenase P through the pancreatic duct and digested for 10 min after complete expansion of the pancreas. Hank’s was pre-cooled at 4 °C to stop digestion, and cell mass was selected under the stereoscopic microscope (OLYMPUS-SZ61, Japan). Then the active stain of the islet cell mass was performed (Figure 1A)[21].

Hormonal analysis using Enzyme-linked Immunosorbent Assay
The blood was gained before the mice were sacrificed. And the serum was collected by centrifuge at 1000 g for 10 min to detect the glucagon, glycosylated hemoglobin (GHb), and serum insulin content using Enzyme-linked Immunosorbent Assay (ELISA) according to the instructions of the manufacturer. Measured the OD values at 450 nm with a microplate reader (BioTek, China)[22].

Hematoxylin and Eosin (H&E) staining
The pancreas tissue sample was washed with run water overnight in an embedding box to wipe off 4% paraformaldehyde which was fixed for 24 h. After gradient dehydration, the embedded box was put into soft wax for 1 h, and then into hard wax for 1 h. And then embedded tissue was sliced and baked at 60 °C for 1.5 h for gradient dewaxing and rehydration. Hematoxylin staining was performed for 5 min. Hydrochloric acid alcohol differentiation solution was used for 10 s and then followed by a water rinse. Stained with eosin for 1 min and then continue to gradient dehydration, sealed the cover glass for observation[23].

Transmission electron microscopy
Pancreas tissue was fixed with 2.5% glutaraldehyde solution and washed with PBS, and repeated overnight. Washed and fixed with 1% osmotic acid fixed buffer, then gradient dehydrated with ethanol, soaked with acetone and embedding agent at room temperature overnight. Embedded at gradient temperature and polymerized the sample blocks for quick trimming and ultra-thin cutting. After staining with uranium diacetate and lead citrate, the section was photographed by the transmission electron microscope (JEM-1400, Japan)[24].

Immunofluorescence
The baked slide was dewaxed and rehydrated by using xylene, alcohol, and distilled water. And then immersed in the citric acid buffer in an antigen repair box to execute antigen repair at 100 °C. After washing with PBS, the sections were added with 3% hydrogen peroxide and incubated with serum. Added the primary antibody of insulin (1:200, Proteintech, 66198-1-I g) and glucagon (1:100, Abcam, ab92517) to the tissue. The next day, the tissue was completely covered by drops of fluorescence enzyme-labeled Goat anti-mouse (1:100, ZSGB-BIO, ZF-0314) in a wet box. Incubated with DAPI in a dark box and rinsed with PBS four times and observed under the fluorescence microscope (Zeiss, LSM880, Germany)[25].

Western blot
The pancreas tissue was weighed 20 mg and added RIPA (Solarbio, R0010, Beijing) lysate containing protease inhibitor cocktail (Solarbio, PO100, Beijing), centrifuged at 4°C at 12000 r/min after 30 min of ice lysed, the supernatant was taken and added the loading buffer (Solarbio, D1020-5, Beijing), heated it at 99°C for 10 min. The protein content was analyzed with a Bradford protein quantitative kit. The proteins were transferred onto the PVDF membrane. The PVDF membrane was sealed and incubated with the primary antibody overnight. Incubated secondary antibody and observed with ECL hypersensitivity exposure (Tanon5200, Tanon Science & Technology)[22].

RNA extraction and quantitative real-time PCR
The total RNA from the pancreas was extracted by isopropyl alcohol and RNA isolator (R401-01-AA, Vazyme Biotech Co., Ltd.). The genomic DNA removal reaction system was configured with 4 × gDNA wiper Mix (R223-01, Vazyme Biotech Co., Ltd.) and DEPC water according to the concentration of RNA samples. The reverse transcription reaction system was prepared using a 5 × HiScript II qRT SuperMix II. And then cDNA was executed with 2 × ChamQ Universal SYBR qPCR Master Mix (Q711-02, Vazyme Biotech Co., Ltd.) by PCR QuantStudio 3 (Thermo Fisher Scientific, Inc.). Primer sequences were: Forkhead box protein O1 (FOXO1), F: 5’-CCCAGGCCGGAGTTTAACC-3’, R: 5’-GTTGCTCATAAAGTCGGTGCT-3’; Phosphoenolpyruvate carboxykinase (PEPCK), F: 5’- CTGCATAACGGTCTGGACTTC-3’, R: 5’-CAGCAACTGCCCGTACTCC-3’; glucose-6 phosphatase (G6Pase), F: 5’-CGACTCGCTATCTCCAAGTGA-3’, R: 5’-GTTGAACCAGTCTCCGACCA-3’[26].

Data analysis
By SPSS 20.0 statistics software to carry on the analysis, all data were calculated as mean ± SD. One-way analysis of variance (ANOVA) was used to compare the means of multiple samples and t-test was used to compare the means of two samples. Statistically, a significant difference was described as P < 0.05.

RESULTS
Effects of VEGFB on glucose metabolism, glucose tolerance, and insulin sensitivity in IGT mice
The body weight and food intake in HFD-KO were higher than in HFD-WT mice from the 22nd wk. Compared with mice in the Con group, the body weight and food intake of mice decreased after the injection of AAV (Figure 2A and B). FBG of HFD-KO mice was significantly higher than that of HFD-WT mice from the 22nd wk. After AAV injection, the FBG and PBG of mice were ameliorated dramatically from the 20th wk and the 22nd wk (Figure 2C and D). OGTT and IPITT showed that glucose tolerance and insulin sensitivity in the AAV group were increased, while in the HFD-KO group were decreased after 12 h fasting in the 24th wk (Figure 2E-H). Meanwhile, the contents of GHb, serum glucose, and serum glucagon increased in HFD-KO mice and decreased in AAV group significantly, while the content of serum insulin decreased in HFD-KO group and increased in the AAV group significantly (Figure 2I-L).

Effects of VEGFB on the morphology of pancreatic islets, number of secretory granules of islet α cells, and β cells
Scattered islet cell clusters with different sizes and shallow staining can be seen in the exocrine pancreas of mice. Compared with mice fed with SD, IGT mice have smaller islet cell clusters with irregular edges and smaller volumes (Figure 3A). It can be seen under the transmission electron microscope that the quantity of β cells is large and the volume is small, and the β cells contain different sizes of secretory granules. When IGT occurs, the number of secretory granules decreased in β cells. The α cells are relatively large in volume, and large secretory granules can be seen in the α cells (Figure 3B). After immunofluorescence labeling, red fluorescent-labeled insulin was mostly concentrated in the center of the islet, while green fluorescent-labeled glucagon was mostly located in the periphery of the islet (Figure 3C).
Compared with HFD-WT mice, the number, area, diameter, and mass of islets in HFD-KO mice decreased significantly. Compared with the Con mice, the number, area, diameter, and mass of pancreatic islets in AAV mice were significantly increased (Figure 4A-D). The number of mature and immature secretory granules decreases with the knockout of the VEGFB gene and increases after AAV injection (Figure 4E-G). Unlike β cells, after the VEGFB gene is knocked out, the secretory granules in α cells increased, while secretory granules declined after overexpression of VEGFB by AAV injection (Figure 4H).
The fluorescence intensity of insulin secreted by β cells and the mass of the β cells in HFD-KO mice reduced significantly, while in α cells the fluorescence intensity of glucagon secreted by α cells and the mass of the α cells significantly increased (Figure 4I-L).

Protein-protein interaction network creation
To examine the most significant clusters of the diversely expressed genes (DEGs), the protein-protein interaction (PPI) network of DEGs was constituted by Search Tool for the Retrieval of Interacting Genes (STRING11.5; https://string-db.org/). There were 8 nodes and 21 edges shown in the PPI network, and which PPI enrichment P value is 1.4E-09 (Figure 5).

VEGFB/VEGFR1 regulates insulin secretion of β cells in IGT mice
In order to confirm that VEGFB plays a role by combining its receptor, VEGFR1, we detect the expression of VEGFB and VEGFR1 with the western blot method. We observed that the VEGFR1 expressed highly in the AAV group and had a low expression in HFD-KO mice as the VEGFB gene was overexpressed or knocked out (Figure 6A-C). We extracted the islet mass from the pancreas islet of IGT mice. We observed that the concentration of calcium and insulin declined in the isolated islet mass of HFD-KO mice, but went high in AAV mice with the glucose incubation when compared with Con mice (Figure 6D-G).

VEGFB regulates glucagon secretion of α cells via PI3K/AKT signal pathway in IGT mice
The protein expression of insulin resistance (IR) and insulin resistance substrate (IRS) was inhibited in IGT mice when compared with SD mice. IR and IRS expression were at the lowest levels in HFD-KO mice and increased dramatically after AAV injection. PI3K/AKT was considered to have a relationship with glucagon secretion, therefore we detected the relative protein expression levels through the signal pathway. PI3K and AKT expression levels remained no obvious changes while the phosphorylation of PI3K and AKT changed obviously in HFD-KO and AAV mice (Figure 7A-E). Moreover, glucagon secretion-related genes like FOXO1, G6Pase, and PEPCK were examined by Q-PCR, which demonstrated high expressions level in HFD-KO mice and low expression in AAV mice compared with Con mice (Figure 7F).

DISCUSSION
Seven members of the VEGF family have been identified to date, including VEGFA, VEGFB, VEGFC, VEGFD, VEGFE, VEGFF, and placental growth factor. These subtypes play different roles in many biological activities. VEGFA and VEGFC deletion can cause pathological changes and biological function loss. VEGFC and VEGFD are mainly involved in the regulation of lymphangiogenesis.
VEGFB is primarily expressed in tissues such as the heart, skeletal muscle, vascular smooth muscle, and pancreas[27]. Unlike other members, the role of VEGFB in the vascular system remains unclear[28]. Recently, VEGFB has been reported to affect glucose metabolism and insulin sensitivity. Robciuc et al[9] revealed that after injection of AAV-VEGFB186, glucose tolerance and peripheral insulin sensitivity improved significantly in HFD-fed mice. Moreover, Shang et al[10] demonstrated that specific overexpression of VEGFB in mice can enhance insulin sensitivity and secretion. The novel role of VEGFB in regulating glucose and insulin homeostasis provides an innovative approach for preventing the progression of IGT to T2DM.
We previously indicated that VEGFB has a similar regulatory effect on insulin secretion in MIN6 cells. After constructing recombinant VEGFB protein, the calcium content and insulin secretion in MIN6 cells increased with glucose stimulation[29]. Impaired fasting glucose (IFG) and IGT are currently considered to be the prediabetes state. According to the prediction of the International Diabetes Federation (IDF), > 470 million people will have prediabetes in 2030[30]. Active intervention in these two prediabetes states is of great significance to prevent the onset of diabetes and improve its long-term prognosis. Therefore, an increasing number of studies are focusing on the regulation mechanism of glucose tolerance in prediabetes.
According to the criteria of the American Diabetes Association, IFG refers to an FBG level of 5.6-6.9 mmol/L[31]. When IFG occurs, insulin resistance reduces the inhibitory effect of insulin on endogenous glucose production[32]. Although islet β cells undergo functional impairment, insulin secretion remains normal in the early stage[33]. After glucose stimulation, glucose abnormalities commonly occur during fasting conditions. The criteria for IGT include an FBG level of > 5.6 mmol/L and PBG level of 7.8-11.0 mmol/L[34]. An abnormal increase in PBG level is associated with peripheral insulin resistance[35]. After glucose stimulation, it is difficult to maintain PBG balance due to a significant decline in insulin secretion in the early stage, thus resulting in PBG abnormalities.
IGT is also associated with obesity[36]. Obesity leads to the excessive release of free fatty acids from adipocytes in the body, inducing insulin resistance, promoting lipid aggregation of islet β cells, and damaging the function of islet β cells. These changes further affect the secretion of glucose and insulin, leading to IGT[36]. Kim et al[37] revealed that patients with obesity and fatty insulin resistance are 4.3 times more likely to have IGT than normal patients. Bacha et al[38] reported that the visceral and subcutaneous fat proportion in adults with IGT was significantly higher than that in healthy adults[38]. We previously demonstrated that the mouse body weight as well as subcutaneous fat, inguinal fat, triglyceride, and cholesterol contents significantly increased after 10 wk of HFD feeding[17]. Moreover, significant increases in FBG and PBG levels were positively correlated with weight gain. At 20 wk of HFD feeding, mice with FBG levels of > 7 mmol/L and PBG levels of > 16.7 mmol/L developed T2DM. In the current study, we constructed the mouse model of IGT via HFD. After 12 wk of HFD feeding, FBG and PBG levels were measured in 16-wk-old mice. Mice with T2DM or IFG alone were excluded, and those with FBG levels of 5.6-6.9 mmol/L and PBG levels of 7.8-11.0 mmol/L were selected as mice with IGT. In mice with IGT and VEGFB knockout, FBG and PBG levels increased gradually with increasing body weight, whereas VEGFB overexpression significantly improved the body weight and blood glucose levels of mice with IGT.
IGT is associated with glucose tolerance and insulin sensitivity[39]. The OGTT and IPITT are used to examine glucose tolerance and insulin sensitivity in the clinical diagnosis of diabetes, respectively[40]. Currently, OGTT is considered the gold standard for evaluating IGT[41]. Using OGTT and IPITT, we further revealed that VEGFB knockout can increase the AUC values of OGTT and IPITT in mice with IGT, whereas VEGFB overexpression can significantly reduce the AUC values. Wu et al[42] revealed significant differences in plasma VEGFB expression between patients with IGT and those with normal glucose tolerance. Hagberg et al[43] confirmed that VEGFB regulates glucose tolerance in db/db mice, which is consistent with our results.
Abnormal elevation in glycosylated hemoglobin (GHb) levels is another measure of IGT[44]. Ye et al[45] reported a significantly strong association between VEGFB and GHb. We observed that the effect of VEGFB on GHb was consistent with that of FBG and PBG. After 8 wk of intervention with AAV overexpressing VEGFB in mice with IGT, the serum GHb levels decreased significantly. IGT is characterized by decreased insulin and glucagon secretion. Under hyperglycemic conditions, β cells release adequate insulin, but α cells release relatively reduced levels of glucagon, prompting α cells to absorb or utilize glucose from the blood[46]. During the abnormal production or release of insulin or glucagon, the body continues to remain hyperglycemic due to inconsistent physiological functions. Our research suggested that VEGFB improves blood glucose balance in mice with IGT. List et al[47] showed that after the occurrence of IFT, the average size of pancreatic islets decreased significantly in VEGFB−/− mice with IGT, along with a decrease in the number, size, area, and mass of pancreatic islets. After 4 wk of VEGFB overexpression, the size and number of pancreatic islets partially recovered as blood glucose levels improved.
Furthermore, fluorescence intensity analysis of β cells demonstrated that the effect of VEGFB was related to the number of islet cells. The IGT-induced decrease in insulin secretion is related to endocrine granules in β cells. β cells contain mature and immature secretory granules. Proinsulin and other soluble proteins are encapsulated in immature granules[48]. Immature granules are transformed into mature granules through a series of regulatory steps. Mature granules are stored in the cisterns or transported near the cell membrane[49]. When the level of blood glucose increases in the body, mature granules fuse with the cell membrane to release insulin. Similar to insulin, glucagon-related proteins accumulate in α cells in the form of granules to release glucagon in a paracrine manner[50]. Enhanced insulin secretion inhibits the secretion pathway of α cells, which reduces proglucagon synthesis in the endoplasmic reticulum, thereby reducing glucagon secretion. Studies have confirmed that insulin-mediated inhibition of glucagon secretion in patients with obesity is impaired as the severity of IGT is similar to that of insulin resistance and cellular dysfunction. We observed that the number of mature and immature granules in islet β cells decreased significantly. Furthermore, the number of granules in α cells increased significantly after VEGFB knockout, whereas the number of granules was significantly affected by VEGFB overexpression in mice with IGT. It is inferred that the effect of VEGFB on IGT hyperglycemia may be related to the activation of insulin-mediated inhibition of glucagon secretion.
Multiple signaling pathways regulate the secretion of insulin and glucagon[51]. Bioinformatics results regarding protein-protein interaction revealed that proteins related to insulin and glucagon secretion, such as insulin receptor (IR), IR substrate (IRS), PI3K, and AKT, are biologically related to VEGFB and VEGFR1. The combined signaling pathways of VEGFB and VEGFR1 can activate various biological reactions (e.g., VEGFB promoting insulin secretion in MIN6 cells by binding to VEGFR1)[29]. Glucagon secretion in α cells critically depends on insulin secretion in β cells[52]. The PI3K/AKT pathway is a typical pathway in insulin signal and is regulated by multiple factors such as insulin and IR; moreover, it is involved in the regulation of glucagon secretion in α cells. When the glucose level increases, insulin is secreted in β cells.
After insulin binds to IR on the membranes of α cells, the conformation of IR changes, leading to the recruitment of IRS proteins[53]. P13K and AKT are downstream proteins of IRS[54]. When PI3K receives the upstream IRS protein signal, its subunit p85 binds to IRS to promote the phosphorylation of PI3K[55]. After PI3K phosphorylation, AKT aggregates in the cell membrane and changes its structure to induce activity, inhibiting the gene encoding glucagon through AKT phosphorylation, thus reducing glucagon secretion in α cells[26]. Mancuso et al[22] utilized in vitro α cell models and revealed that the activation of the PI3K/AKT pathway can inhibit glucagon secretion. In conclusion, VEGFB/VEGFR1 can promote β cells to secrete insulin and activate PI3K/AKT signaling pathways in α cells.
Hyperglycemia in T2DM caused by increased glucagon levels is often accompanied with abnormal gluconeogenesis[56]. PEPCK and G6Pase are two rate-limiting enzymes in gluconeogenesis[57]. Various hormones and signaling pathways affect the transcription and expression of these two key enzymes, thereby affecting glucagon secretion[58]. Among them, insulin affects the secretory function of glucagon in α cells via PEPCK and G6Pase regulation[59]. The PI3K/AKT signaling pathway and its downstream FOXO1 gene regulate the expression of PEPCK and G6Pase[60]. FOXO1 is an important member of the fork-helix transcription factor family, closely related to the proliferation, apoptosis, differentiation, and growth of cells[61]. FOXO1 regulates PEPCK and G6Pase by directly binding to its target DNA sequence and interacting with nuclear receptors[62]. Stavroula indicated that insulin activates the PI3K/AKT signaling pathway and inhibits FOXO1 activity, thereby promoting glucose metabolism[63].

CONCLUSION
Our research demonstrates that the binding of VEGFB to VEGFR1 promotes insulin release, and insulin binding to its receptor activates PI3K/AKT signaling to inhibit the expression of FOXO1, PEPCK, and G6Pase, thereby suppressing glucagon secretion. Our experiments confirmed that combining VEGFB and VEGFR1 can stimulate insulin-mediated glucagon secretion in α cells by activating the PI3K/AKT signaling pathway to regulate glucose metabolism disorders in mice with IGT (Figure 8). This provides not only new avenues for investigating the molecular mechanism of IGT but also a more theoretical and experimental basis for diagnosing and treating diabetes in the early stage and preventing its development into T2DM.

ARTICLE HIGHLIGHTS
Research background
The results showed that after VEGFB overexpression, serum glucose, glucose tolerance, and insulin sensitivity in IGT mice were improved, and the number of secretory granules of β cells was increased by activating the PI3K/AKT signal pathway.

Research motivation
VEGFB can promote insulin-mediated glucagon secretion by activating the PI3K/AKT signaling pathway to improve glucose metabolism in mice with IGT.

Research objectives
This study illustrated the role of VEGFB in regulating insulin-mediated glucagon secretion in mice with IGT by regulating the PI3K/AKT signal pathway, which indicated the regulatory function of VEGFB in improving the IGT condition of mice and preventing the onset of type 2 diabetes in the body. This study proved the molecular mechanism of VEGFB regulating IGT and provided theoretical basis for the treatment of prediabetes. 

Research methods
The research was conducted by Crispr Cas9 and high-fat diet feeding to construct the animal model. Western blot and qRT-PCR were used to detect the expression of proteins and genes.  Bioinformatics was used to analyze the correlation between relative proteins in the PI3K/AKT signal pathway.

Research results
To specify the underlying mechanism of VEGFB effects on insulin-mediated glucagon secretion in impaired glucose tolerance.

Research conclusions
Type 2 diabetes (T2D) can be prevented in pre-diabetic individuals with impaired glucose tolerance (IGT). Therefore, converting IGT into a normal condition is critical to prevent the onset of diabetes. 

Research perspectives
Diabetes is a worldwide health problem, affecting about 415 million people globally. Among them, the number of patients with type 2 diabetes accounts for about 90% of the number of patients with diabetes with a population of 373 million. Pre-diabetes is the main risk factor for progression to type 2 diabetes. Impaired glucose tolerance (IGT) is a pre-diabetes state, and it is mainly manifested as fast blood glucose (FBG) level of<7.0 mmol/L and/or posttraumatic blood glucose (PBG) level of 7.8 – 11.1 mmol/L after 2 h of oral glucose administration. Long-term IGT will greatly increase the risk of type 2 diabetes. Therefore, precision intervention can improve the insulin sensitivity of patients with IGT and effectively prevent or delay the progression to type 2 diabetes. VEGFB, as a novel metabolic regulatory target, has received much attention for its role in regulating insulin sensitivity. Therefore, we successfully constructed a mouse model with IGT, and intervened in the upregulation and downregulation of the VEGFB gene at the gene level, so as to explore that VEGFB regulates insulin-mediated Glucagon secretion, and thus improves IGT symptoms in pre-diabetes.
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Figure 1 The construction of impaired glucose tolerance mice with vascular endothelial growth factor B gene knockout and overexpressed. A: Active Stain of the islet cell mass in high-fat diet (HFD)-WT and HFD-KO mice; B: The mRNA expression of vascular endothelial growth factor B (VEGFB) in the islet of mice in the HFD-WT and HFD-KO group; C: The ingredients of standard diet (SD) and HFD; D: Green fluorescence staining of the islet with adeno-associated virus (AAV) infection in Con and AAV mice; E: The mRNA expression of VEGFB in the islet of mice in the Con and AAV group; F: The flow chart of animal experiments; G: Fasting blood glucose at the 16th wk; H: PBG at the 16th wk; I: Oral glucose tolerance test at the 16th wk; J: Area under the curve at the 16th wk. aP < 0.05 vs vegfb+/+; aP < 0.05 vs Con; aP < 0.05 vs SD. HFD: High-fat diet; AAV: Adeno-associated virus; SD: Standard diet; VEGF: Vascular endothelial growth factor.
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Figure 2 Effects of vascular endothelial growth factor B on body weight and blood glucose level. A: Body weight from the 16th to the 24th wk; B: Food intake energy from the 16th to the 24th wk; C: Fasting blood glucose from the 16th to the 24th wk; D: PBG from the 16th to the 24th wk; E and F: Oral glucose tolerance test and area under the curve (AUC); G and H: Intraperitoneal insulin tolerance test and AUC; I: GHb; J: Serum glucose; K: Serum insulin; L: Serum glucagon. aP < 0.05 vs standard diet; bP < 0.05 vs high-fat diet-WT; cP < 0.05 vs Con. HFD: High-fat diet; AAV: Adeno-associated virus; SD: Standard diet.

[image: ]
Figure 3 Effects of vascular endothelial growth factor B on the cellular structure of islet. A: The HE staining of the pancreas under the light microscope (scale bar = 200 μm and 50 μm); B: The ultrastructure of the islet cell under the transmission electron microscope (scale bar = 5 μm and 2 μm); C: The immunofluorescence of islet cells under the fluorescence microscope (scale bar = 50 μm). HFD: High-fat diet; SD: Standard diet.
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Figure 4 The quantitative analysis of vascular endothelial growth factor B affects the cellular structure of islets. A: The number of islets; B: The relative area of the islet; C: Diameter of the islet; D: Mass of the islet; E: The number of granules in β cells; F: The number of mature granules in β cells; G: The number of immature granules in β cells; H: The number of granules in α cells; I: Mean fluorescence intensity of β cells; J: Mean fluorescence intensity of α cells; K: Mass of the β cells; L: Mass of the α cells. aP < 0.05 vs standard diet; bP < 0.05 vs high-fat diet-WT; cP < 0.05 vs Con. HFD: High-fat diet; AAV: Adeno-associated virus; SD: Standard diet.
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Figure 5 Cluster analysis of the protein-protein interaction network. There were 8 nodes and 21 edges shown in the protein-protein interaction network. VEGF: Vascular endothelial growth factor.
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Figure 6 Vascular endothelial growth factor B regulates the content of Ca2+ and insulin via combining with vascular endothelial growth factor receptor 1. A: The protein expression of vascular endothelial growth factor B (VEGFB); B: The protein expression of VEGFB/β-actin; C: The protein expression of VEGF receptor 1/β-actin; D and E: The content of Ca2+ with 2.8 mmol/L and 16.7 mmol/L glucose; F and G: The content of insulin with 2.8 mmol/L and 16.7 mmol/L glucose. aP < 0.05 vs standard diet. bP < 0.05 vs high-fat diet-WT; cP < 0.05 vs Con. HFD: High-fat diet; AAV: Adeno-associated virus; SD: Standard diet.
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Figure 7 Vascular endothelial growth factor B regulates glucagon secretion via PI3K/AKT signal pathway and relative genes. A: The protein expression of IR, insulin resistance substrate (IRS), PI3K, p-PI3K, AKT, and p-AKT; B: The protein expression of IR/β-actin; C: The protein expression of IRS/β-actin; D: The protein expression of p-PI3K/PI3K; E: The protein expression of p-AKT/AKT; F: The mRNA expression of forkhead box protein O1, PEPCK, and G6Pase. aP < 0.05 vs standard diet; bP < 0.05 vs high-fat diet-WT; cP < 0.05 vs Con. HFD: High-fat diet; AAV: Adeno-associated virus; SD: Standard diet; IRS: Insulin resistance substrate; FOXO: Forkhead box protein O1.
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Figure 8 Pattern diagram of vascular endothelial growth factor B regulates insulin-medicated glucagon secretion through PI3K/AKT signal pathway. IRS: Insulin resistance substrate; VEGF: Vascular endothelial growth factor; VDCC: Voltage dependent calcium channels.
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