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Diabetic retinopathy (DR) is a complication of diabetes that has a serious impact on the quality of life of patients. VEGFA is necessary in the physiological state to maintain endothelial activity and physical properties of blood vessels. VEGFA plays an important role in the promotion of neovascularization; therefore, inhibition of VEGFA can degrade the structure of blood vessels and reduce neovascularization. In the present study, HERB, a high-throughput experimental and reference-oriented database of herbal medicines, was used for compound mining targeting VEGFA. The compounds most likely to interact with VEGFA were screened by molecular docking. Next, the compounds were used to verify whether it could inhibit the activity of the VEGF signaling pathway in vitro and neovascularization in vivo. In vitro, we found that dioscin could inhibit the activation of the VEGFA–VEGFR2 signaling pathway and cell proliferation of human retinal microvascular endothelial cells in a high-glucose (HG) environment. A more important dioscin intervention inhibits the expression of pro-angiogenic factors in the retinas of db/db mice. In conclusion, our study indicates that dioscin reduces the vascular damage and the expression of pro-angiogenic factors in the retina of db/db mice and implies an important and potential application of dioscin for treatment of DR in clinics.
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INTRODUCTION
Diabetes mellitus is a rapidly growing global disease that affects approximately 415 million people and is expected to reach 642 million by 2040 (Saeedi et al., 2019). Diabetic retinopathy (DR) is a complication of diabetes that has a serious impact on the quality of life of patients (Cheung et al., 2010).
VEGF is necessary in the physiological state to maintain endothelial activity and physical properties of blood vessels (Senger, 2010). Under pathological conditions, ischemia and hypoxia cause excessive production of VEGF by retinal epithelial cells, endothelial cells, and the retinal pigment epithelium, while VEGF recruits leukocyte adhesion to aggravate ischemia and hypoxia, creating a vicious circle (Virgili et al., 2017). Overexpression of VEGF leads to proliferation of the retinal pigment epithelium, proliferation of vascular endothelial cells, and increased permeability; this promotes the activation of inflammatory factors, leading to retinal hemorrhage, exudation, and macular edema, and can even lead to the formation of neovascularization (Osaadon et al., 2014). VEGF plays an important role in the formation of neovascularization; therefore, inhibition of VEGF can degrade the structure of blood vessels and reduce neovascularization (Ajlan et al., 2016).
Anti-VEGF drugs currently used in clinical practice mainly inhibit neovascularization by inhibiting the binding of VEGF to its receptor. Macugen specifically binds to VEGF165 and inhibits the binding of VEGF to its receptor to reduce vascular permeability and neovascularization (Huang et al., 2016). Bevacizumab can improve vision in patients with DR by combining with VEGFA (Wells et al., 2016). Conbercept inhibits endothelial cell proliferation and neovascularization by binding to VEGFA and VEGFB receptors (Xia et al., 2021). Despite this, there are also concerns about the limitations and adverse effects of anti-VEGF injection therapy. Monthly or bi-monthly injections are required to ensure efficacy due to the short half-life of anti-VEGF drugs. Endophthalmitis is a rare adverse effect of vitreous cavity injections, the incidence of which can be increased by frequent injections (Wang and Lo, 2018). Therefore, it is important to develop an easy-to-use anti-VEGF therapy with few adverse effects.
In mammals, the VEGF family consists of five secreted proteins, VEGF-A, -B, -C, -D, and placental growth factor, of which the role of VEGF-A in the endothelium has been most intensively studied (Matsumoto and Ema, 2014). VEGF-A interacts with vascular endothelial growth factor receptor 1 and 2 (VEGFR1 and VEGFR2), which regulate most aspects of the endothelial response, such as the proliferation and migration of ECs and the permeability of blood vessels (Blanco and Gerhardt, 2013). VEGFA has been shown to promote angiogenesis in healing wounds by regulating FOXO1 (Jeon et al., 2018). MicroRNA-140-5p inhibits breast cancer invasion and angiogenesis by targeting VEGF-A (Lu et al., 2017). B7-H3 induces VEGFA expression through activation of the NF-κB pathway and promotes colorectal cancer angiogenesis (Wang et al., 2020). The abovementioned studies illustrate that VEGFA is closely associated with neovascularization; therefore, anti-VEGFA may be an effective treatment for DR.
In the present study, HERB (http://herb.ac.cn/) (Fang et al., 2021), a high-throughput experimental and reference-oriented database of herbal medicines, was used for compound mining targeting VEGFA. The compounds most likely to interact with VEGFA were screened by molecular docking. Next, the compounds were used to verify whether it could inhibit the activity of the VEGF signaling pathway in vitro and neovascularization in vivo.
MATERIALS AND METHODS
In vivo Studies With Animals
All animal care and experimental protocols for in vivo studies conformed to the Guide for the Care and Use of Laboratory Animals published by the NIH (NIH publication no. 85-23, revised 1996). We decided the sample size for animal studies based on a survey of data from published research or preliminary studies, and no mice were excluded from the statistical analysis. Animal studies were approved by the Ethics Committee of the Second Clinical Medical College of Jinan University, Shenzhen People’s Hospital (IACUC Issue No: 20200319-45). Male type 2 diabetic (BKS.C g-m +/+ Leprdb/j, db/db) mice and C57BLKS/J wild-type mice at the age of 6 weeks were purchased from Gempharmatech Co. Ltd. (Nanjing, Jiangsu, China). They were maintained in SPF units of the Animal Center of Shenzhen People’s Hospital (with a 12-h light cycle from 8 a.m. to 8 p.m., 23 ± 1°C, 60–70% humidity) and maintained on a standard rodent diet with free access to water in plastic bottles. The mice were allowed to acclimatize to their housing environment for at least 7 days before the experiments. Up to five mice were housed in each plastic cage with corncob bedding material. We conducted the treatment in a blinded fashion. The drugs used for treating animals were prepared by researchers who did not undergo treatment. The animals were randomized before receiving treatment. Dioscin was delivered by oral and ocular administration. Doses of oral administration [80 mg/kg body weight (mpk)] (Wu et al., 2021) and ocular delivery (0.32 μg/kg) were applied; Treatment lasted for 16 weeks (from 8-week-old to 24-week-old db/db mice). The mice in the normal group received vehicle as the control. At the end of the experiment, all mice were anesthetized and euthanized in a CO2 chamber, followed by collection of eyeball samples.
Cell Culture
Human retinal microvascular endothelial cells (HRMECs) were obtained from the American Type Culture Collection (ATCC, Manassas, VA, United States). The cells were cultured in DMEM+ 10% fetal bovine serum (FBS) (Gibco, NY, United States) at 37 °C in a 5% CO2 atmosphere. 5  mM (normal glucose) or 22 mM (high glucose) of D-glucose (Gibco) were added to the stimulation medium for 48  h.
Molecular Docking
Discovery Studio (DS) was used for molecular docking of VEGFA and its compounds. DS 2019 version is molecular modeling software for protein structure studies and drug discovery (Zhang et al., 2020). The structures of small-molecule compounds and VEGFA were downloaded from the Protein Data Bank (PDB) database (https://www.rcsb.org) (Karuppasamy et al., 2020). First, the compounds were used for ligand preparation, a method to remove duplicates, enumerate isomers and tautomers, and generate 3D conformations. Next, a series of preparations were also applied to the protein receptor, including removing water molecules, adding hydrogen atoms, and setting up active pockets. Finally, CDocker was used for molecular docking, an algorithm that allows precise docking of any number of ligands to a single protein receptor (Wu et al., 2003). -CDOCKER interaction energy (CIE) reflects the ability of ligands and receptors to interact in molecular docking.
Determination of Fasting Blood Glucose Levels
During the treatment, blood was withdrawn from the mouse tail vein after overnight fasting at different time points. Blood glucose levels were determined using a OneTouch glucometer and test strips (LifeScan) according to the manufacturer’s instructions.
Quantitative Real-Time Polymerase Chain Reaction
At the end of the experiment, TRIzol reagent (Invitrogen) was used to extract total RNA as described in the classic protocol. Chloroform was mixed well with the homogenate and centrifuged at 13,300 rpm for 15 min at 4°C. The top aqueous phase was collected, mixed with isopropanol, and stored at −20°C. The next day, RNA was centrifuged and washed with 75% ethanol and 100% ethanol in sequence. RNA was dissolved in an appropriate amount of RNase water. cDNA was obtained using a reverse transcription kit purchased from New England Biolabs (Ipswich, MA, United States). qPCR was performed using the ABI StepOnePlusTM Real-Time PCR system (Applied Biosystems) with specific primers (Table 1). The relative mRNA levels of target genes were analyzed using Equation, 2–ΔCt (ΔCt = Ct of the target gene—Ct of β-actin) and normalized using the level detected in the control group as 1.
TABLE 1 | Sequences of primers for qPCR analysis.
[image: Table 1]Western Blotting
After treatment, a piece of tissue or cell was lysed or homogenized in lysis buffer (Sigma-Aldrich, St. Louis, MO, United States), and total protein was obtained according to the classical protocol. 1:1000 diluted fresh primary antibody or anti–β-actin antibody (Santa Cruz Biotechnology; 1:5000) in PBS containing 1% fresh dry fat-free milk and 1:5000 diluted fresh HRP-conjugated anti-Rabbit or mouse IgG in PBS containing 1% fresh dry fat-free milk were used. Western blotting experiments were performed using antibodies against VEGFA (Abcam), VEGFR2 (Cell Signaling Technology), phosphorylation of ERK1/2 (Cell Signaling Technology), ERK1/2 (Cell Signaling Technology), Akt (Cell Signaling Technology), and Akt (Cell Signaling Technology), as described previously.
Immunoprecipitation
To determine the interaction of VEGFA and VEGFR2 in HRMEC homogenates, 1 mg whole-cell extracts was incubated with antibodies against VEGFA (Abcam) overnight under stringent conditions, immunopurified using Dynabeads Protein G beads (Life Technologies Corporation), and immunoblotted using VEGFR2 (Cell Signaling Technology).
Preparation and PAS Staining of the Retina
Vasculature and quantitation of acellular capillaries retinal vasculature were performed according to a previously described method (Bell et al., 2008) with minor modifications. Briefly, mouse eyes were fixed in 4% paraformaldehyde freshly prepared in PBS (PFA/PBS) overnight after enucleation. The retinas were dissected from eyeballs, washed in water overnight with gentle shaking at room temperature (RT), and then digested in 3% trypsin solution (Invitrogen, Grand Island, NY) for 2–3 h at 37°C. The tissue was then transferred into filtered water, and the network of vessels was freed from adherent retinal tissue by gentle shaking and manipulation under a dissection microscope. The vessels were then mounted on clean slides, air-dried completely, and stained with periodic acid Schiff (PAS) solution according to the manufacturer’s instructions. After the tissue was stained and washed in water, it was dehydrated and mounted using Permount Mounting Medium (Fisher Scientific, Pittsburgh, PA). The retinal vessels were observed and photographed under a microscope. The density of PAS staining was quantified using Photoshop software. Acellular capillaries were randomly counted in three field areas around the mid-retina. Acellular capillaries were defined as capillary-sized vessel tubes with no nuclei along their lengths (Feit-Leichman et al., 2005). Data are presented as the number of acellular capillaries per 0.1 mm2 of the retina.
Data Analysis
All experiments were repeated at least thrice, and representative results are presented. All data are presented as mean ± standard error and were analyzed by Student’s-test or one-way ANOVA with Bonferroni correction. The differences were considered significant at p < 0.05.
RESULTS
Dioscin Inhibits HG-Induced Phosphorylation of VEGFR2 in Human Retinal Microvascular Endothelial Cells
HERB (http://herb.ac.cn/), a high-throughput experimental and reference-oriented database of herbal medicines, was used for compound mining targeting VEGFA (Fang et al., 2021). We identified eight compounds with CAS numbers that target VEGFA in this database (Figure 1A). Discovery Studio (DS) 2019 is molecular modeling software for protein structure studies and drug discovery (Zhang et al., 2020). Secalonic acid d, notoginsenoside r1, dioscin, rottlerin, tylophorine, wogonoside, 1,4-naphthoquinone, and cantharidin with VEGFA had -CDOCKER Interaction Energies (CIE) of 42.2, 40.1, 52.7, 38.4, 34.7, 32.3, 15.1, and 16.4 kcal/mol (Figure 1A). According to previous publications on drug–protein interactions, compounds with a -CIE of approximately 50 kcal/mol can be used as effect moles for their putative targets (Li et al., 2013; Yan et al., 2019). Molecular docking analysis revealed that dioscin was the most likely compound to interact with VEGFA and that the main factors sustaining their amino acid interactions were hydrogen bonds, van der Waals forces, and alkyl groups (Figure 1B).
[image: Figure 1]FIGURE 1 | Dioscin inhibits phosphorylation of VEGFR2 in human retinal microvascular endothelial cells. (A) Eight compounds were predicted through the HERB website to target VEGFA, including CAS numbers and -CIE. (B) Interaction of dioscin with VEGFA as simulated by DS software. The box indicates the 2D structure of the two interactions, the circle indicates the amino acid, and the dashed line indicates the forces that sustain the interaction. (C, D) Protein level of VEGFA and phosphorylation of VEGFR2 (p-VEGFR2) and VEGFR2 was detected by Western blot (C). Quantitative results of panel C are shown in panel D, n = 3. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. the control group by one-way ANOVA with Bonferroni correction.
To determine whether dioscin could inhibit HG-induced activation of the VEGFA signaling pathway, human retinal microvascular endothelial cells (HRMECs) were treated with different doses of dioscin (1, 10, and 100 μmol/L) in the presence of high glucose. Our results showed that dioscin treatment did not influence the protein level of VEGFA when compared with HG treatment alone (control group) (Figure 1C). The main VEGF receptor in endothelial cells is VEGFR2. VEGFR2 is essential for endothelial cell biology during development and in adults in physiology and pathology (Ferrara et al., 2003). On VEGFA binding to VEGFR2, signaling molecules bind to phosphorylation sites in the intracellular domain of VEGFR2 and activate downstream mediators, resulting in biological responses such as proliferation, migration, survival, and permeability (Ferrara et al., 2003). When compared with the control group, 1 μmol/L dioscin treatment inhibited the phosphorylation of VEGFR2. Likewise, 10 and 100 μmol/L dioscin treatment significantly inhibited the phosphorylation (activation) of VEGFR2 compared to the control group. Interestingly, there was no significant difference between the control group and the 1-μmol/L dioscin treatment group. However, 10 or 100 μmol/L dioscin treatment significantly inhibited VEGFR2 protein levels when compared with the control group.
Dioscin Inhibits HRMEC Proliferation in HG Environment
Cell proliferation–related Akt and ERK1/2 signaling pathways are the main downstream signaling cascades of the VEGFA–VEGFR2 signaling pathway (Zhang et al., 2019; Wu et al., 2020). To determine whether dioscin could inhibit proliferation in the presence of HG, the phosphorylation of ERK1/2, Akt, and the protein levels of ERK1/2 and Akt were measured. When compared with the control group, 1 μmol/L dioscin significantly decreased the phosphorylation of Akt (Figure 2A). Similarly, treatment with 10 and 100 μmol/L dioscin inhibited the phosphorylation of ERK1/2 and Akt compared to the control group (Figure 2A). In addition, treatment with 10 μmol/L dioscin significantly inhibited cell growth compared to the control group (Figure 2B). The mRNA levels of cell proliferation–related genes (Ki67 and PCNA) and HIF1α (the main inducer of VEGF) also supported our finding that dioscin treatment could inhibit cell proliferation (Figure 2C). Consistent with these results, dioscin inhibited the proliferation of HRMECs in an HG environment.
[image: Figure 2]FIGURE 2 | Dioscin inhibits HRMEC proliferation in an HG environment. HRMECs treated with dioscin as indicated in panel A. (A) Protein levels of p-ERK1/2, ERK1/2, p-Akt, and Akt were detected by Western blot, and the quantitative results are shown in the right panel, n = 3. (B) Cell growth of HRMECs was assessed using a CCK-8 assay, n = 3. (C) MRNA levels of Ki67, PCNA, and HIF1α were determined by qPCR, n = 5. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. the control group by one-way ANOVA with Bonferroni correction.
Dioscin Regulates Phosphorylation of VEGFR2 Through Inhibition of VEGFA Interaction With VEGFR2
Although it was observed that dioscin could inhibit the activation of the VEGFA signaling pathway, no effect of dioscin on the protein level of VEGFA was observed. Hence, we hypothesized that dioscin might influence the binding of VEGFA and VEGFR2. Co-immunoprecipitation showed that dioscin treatment inhibited VEGFA interaction with VEGFR2 (Figure 3). To further determine whether dioscin regulates the interaction between VEGFA and VEGFR2, bevacizumab and/or dioscin were used to treat HRMECs (Figure 4A). Bevacizumab, a humanized monoclonal antibody, specifically binds to all VEGFA isoforms with high affinity and inhibits their interaction with VEGFR1 and VEGFR2 (Tan et al., 2017). Our results showed that bevacizumab or dioscin treatment significantly decreased the phosphorylation levels of VEGFR2 and Akt when compared with the control group (Figure 4A). Interestingly, there was no significant difference in the phosphorylation of VEGFR2 and Akt between bevacizumab treatment and bevacizumab + dioscin treatment in the HG environment (Figure 4A). Consistent with this, similar results were observed; bevacizumab or dioscin treatment inhibited cell growth compared with the control group (Figure 4B). In addition, bevacizumab and dioscin co-treatment did not further decrease cell growth when compared with bevacizumab or dioscin treatment (Figure 4B). Finally, the mRNA levels of Ki67, PCNA, and HIF1α were determined, and similar results were observed (Figure 4C).
[image: Figure 3]FIGURE 3 | Dioscin inhibits the interaction between VEGFA and VEGFR2. HRMECs treated with dioscin as indicated in panel A. Equal amounts of protein were subjected to immunoprecipitation with VEGFA antibody, followed by immunoblotting with antibody against VEGFR2. The quantitative results are shown in the right panel, n = 3. ***p < 0.001 vs. the control group by Student’s t-test.
[image: Figure 4]FIGURE 4 | Dioscin regulates the VEGFA–VEGFR2 signaling pathway. HRMECs treated with dioscin and/or bevacizumab as indicated in panel A. (A) Protein level of VEGFA, p-VEGFR2, VEGFR2, p-Akt, and Akt was detected by Western blot, and the quantitative results were shown in the right panel, n = 3. (B) Cell growth of HRMECs was assessed using a CCK-8 assay, n = 3. (C) MRNA levels of Ki67, PCNA, and HIF1α were determined by qPCR, n = 5. ***p < 0.001 vs. the control group by one-way ANOVA with Bonferroni correction.
Dioscin Inhibit Vascular Damage in the Retina of db/db Mice
db/db mice are a well-established diabetic mouse model for the study of DR (Hammer et al., 2021). To further detect whether dioscin could inhibit vascular damage in vivo, dioscin was administered to mice (oral gavage or ocular delivery; from 8 to 24 weeks of age) every day. To determine this, we initially isolated the retinal network of vessels and conducted PAS staining to assess the effect of dioscin on the retinal vasculature (Figure 5A). In addition, we determined the retinal thickness and structural alterations by H and E staining (Figure 5A). Compared to C57BLKS/J mice, PAS staining revealed numerous acellular capillaries formed in the retinas of db/db mice (middle panel of Figure 5A; quantitative results are shown in panel Figure 5B, indicated by the black arrows). However, the formation of acellular capillaries was substantially inhibited by dioscin (right panel of Figure 5A; quantitative results are shown in panel Figure 5B). Similar with these results, when compared with C57BLKS/J mice, whole central retinal thickness was significantly reduced in db/db mice and improved after dioscin intervention. The mRNA levels of angiogenesis-related genes (Vegfa, Angpt2, Vegfr2, and Hif1a) were also consistent with our findings (Figure 5C). When compared with C57BLKS/J mice, angiogenesis-related genes were significantly increased in db/db mice and significantly decreased after dioscin intervention. Consistent with this, these similar changes were observation after oral administration of dioscin (Figures 6A–D). In addition, dioscin treatment did not influence blood glucose levels in db/db mice, suggesting that the improvement of dioscin on retinal abnormality was independent of changes in blood glucose (Figure 6C). Thus, these results in Figure 5 indicate that dioscin protects db/db mice against diabetes-induced retinal damage.
[image: Figure 5]FIGURE 5 | Ocular delivery of dioscin ameliorates vascular damage in the retina of db/db mice. (A) At the end of the study, mouse eyes were collected and the retinal vascular network was prepared, followed by PAS and H and E staining. The representative images from each group are presented. Black arrows indicate acellular capillaries in the retinal vasculature. Bars: 50 μm. (B) Quantitation of acellular capillaries in the retina. (C) Vegfa, Vegfr2, Angpt2, and Hif1α mRNA expression in the retinas was determined by qPCR analysis, n = 5. ***p < 0.001 vs. C57BLKS/J mice and &p < 0.05 vs. db/db mice by one-way ANOVA with Bonferroni correction.
[image: Figure 6]FIGURE 6 | Oral administration of dioscin inhibits vascular damage in the retina of db/db mice. The db/db mice were administrated with 80 mpk of dioscin daily from 8 weeks of age to 24 weeks of age. (A) At the end of the study, mouse eyes were collected and the retinal vascular network was prepared, followed by PAS staining. The representative images from each group are presented. Black arrows indicate acellular capillaries in the retinal vasculature. Bars: 50 μm. (B) Quantitation of acellular capillaries in the retina. (C) At the end of study, mice were starved for 16 h and blood samples were collected and the glucose levels were determined, n = 5. (D) Vegfa, Angpt2, and Hif1α mRNA expression in the retinas was determined by qPCR analysis, n = 5. ***p < 0.001 vs. C57BLKS/J mice and &p < 0.05 vs. db/db mice by one-way ANOVA with Bonferroni correction.
DISCUSSION
In the present study, we explored the HERB database for herbal active ingredients that could potentially target VEGFA, while using molecular docking for compound screening, and identified dioscin as most likely to interact with VEGFA. Next, in vitro, we found that dioscin could inhibit the activation of the VEGFA–VEGFR2 signaling pathway and cell proliferation in an HG environment. A more important dioscin intervention inhibits vascular damage in the retinas of db/db mice. Taken together, our results show that dioscin may be a potential clinical candidate compound for the treatment of DR.
Dioscin, a steroidal saponin isolated from the Dioscoreaceae family, is an edible plant that is a starchy staple in less-developed countries worldwide (Adedayo et al., 2011). In 2015, dioscin-containing DA-9801 completed a Phase II clinical trial in the US for the treatment of diabetic neuropathy, demonstrating an acceptable safety profile (Kang et al., 2017). Dioscin lowers blood uric acid levels and promotes uric acid clearance, thereby improving renal damage caused by hyperuricemia (Zhang et al., 2018). Dioscin has an inhibitory effect on the formation and development of Candida albicans biofilms (Liu et al., 2017). Dioscin has also shown in vitro antiviral activity against adenovirus, hepatitis B virus, and blistering stomatitis virus (Liu et al., 2013). Dioscin has antitumor activity against lung, esophagus, stomach, colon, glioblastoma, cervical, ovarian, breast, prostate, leukemia, and many other tumors (Xu et al., 2016). In vivo, dioscin inhibits the NF-κB signaling pathway and protects against systemic inflammatory response syndrome (Zhao et al., 2018). Dioscin promotes β-cell proliferation via the Wnt/β-catenin pathway and attenuates the decrease in viability and apoptosis of β-cells induced by HG treatment (Yu et al., 2018).
In China, three drugs containing dioscin as the main active component are used to treat cardiovascular diseases: Di’ao Xinxuekang capsules, Dioscorea saponin tablets, and Dunyeguanxinning tablets. Among these, Di’ao Xinxuekang capsules have been used for the treatment of coronary heart disease for over 30 years (Qu et al., 2018). According to these studies, dioscin has a therapeutic or adjuvant therapeutic effect against heart disease, but no drug containing dioscin or diosgenin as a single component has been developed for clinical use. To our knowledge, this is the first study to report that dioscin single component treatment could inhibit vascular damage in the retinas of db/db mice. At the same time, we first identified dioscin as a VEGFA inhibitor, and dioscin inhibited the transduction of the VEGF signaling pathway as well as VEGFA-mediated cell proliferation in HRMECs.
Yu et al. investigated the subchronic toxicity of dioscin in rats; when dioscin was administered at 300 mg/kg body weight for 90 days, the levels of alanine aminotransferase in both male and female rats increased significantly, which indicated an impairment of liver function; a dose-dependent trend in liver injury was also observed in male rats (Xu et al., 2012). In this scenario, the hepatotoxicity of dioscin may be dose-related. However, in the present study, 80 mg/kg body weight dioscin was used to treat db/db mice, and the corresponding rat dose was 55 mg/kg body weight (55 = 80 × 0.69). Clearly, 55 mg/kg body weight is much less than 300 mg/kg body weight. This suggests that the dose of 80 mg/kg body weight dioscin [the human dose is 8.8 mg/kg body weight (8.8 = 80/9.1)] may be relatively safe, but more experiments are required to verify this. Importantly, there are no clinical reports on the hepatotoxicity of traditional Chinese medicinal products containing dioscin.
In conclusion, our study indicates that dioscin inhibits the vascular damage in the retina of db/db mice and implies an important potential application of dioscin for treatment of DR in clinics.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by the Ethics Committee of the Second Clinical Medical College of Jinan University, Shenzhen People’s Hospital.
AUTHOR CONTRIBUTIONS
GY completed molecular biological experiments and biochemical assays; HS, TM, CC, HZ, and XL edited the manuscript; JW and MY designed experiments, interpreted results, and wrote the manuscript.
FUNDING
This study was supported in part by the National Natural Science Foundation of China (No. 82000768), the Shenzhen Science and Technology Project (No. JCYJ20200109140820699), the General Project of the Shenzhen Natural Science Foundation (No. JCYJ20210324113808023), and the Funds for Scientific Research Training Project of Shenzhen People’s Hospital (SYJCYJ202011 and SYJCYJ202012).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.811897/full#supplementary-material
ABBREVIATIONS
B7-H3, B7 homolog 3; CIE, -CDOCKER interaction energy; DR, diabetic retinopathy; ECs, endothelial cells; FOXO1, Forkhead box protein O1A; HG, high glucose; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor; VEGFR1, vascular endothelial growth factor receptor 1; VEGFR2, vascular endothelial growth factor receptor 2.
REFERENCES
 Adedayo, C., Oboh, G., Ademiluyi, A., and Akindaahunsi, A. (2011). Comparative Studies on Antioxidant Properties of Some Tropical Nigerian Yam Varieties (Dioscorea spp.). Adv. Food Sci. 33, 28–33. doi:10.1016/j.abb.2015.12.001
 Ajlan, R. S., Silva, P. S., and Sun, J. K. (2016). Vascular Endothelial Growth Factor and Diabetic Retinal Disease. Semin. Ophthalmol. 31 (1-2), 40–48. doi:10.3109/08820538.2015.1114833
 Bell, W. R., Green, W. R., and Goldberg, M. F. (2008). Histopathologic and Trypsin Digestion Studies of the Retina in Incontinentia Pigmenti. Ophthalmology 115 (5), 893–897. doi:10.1016/j.ophtha.2007.08.027
 Blanco, R., and Gerhardt, H. (2013). VEGF and Notch in Tip and Stalk Cell Selection. Cold Spring Harb Perspect. Med. 3 (1), a006569. doi:10.1101/cshperspect.a006569
 Cheung, N., Mitchell, P., and Wong, T. Y. (2010). Diabetic Retinopathy. Lancet 376 (9735), 124–136. doi:10.1016/S0140-6736(09)62124-3
 Fang, S., Dong, L., Liu, L., Guo, J., Zhao, L., Zhang, J., et al. (2021). HERB: A High-Throughput experiment- and Reference-Guided Database of Traditional Chinese Medicine. Nucleic Acids Res. 49 (D1), D1197–D1206. doi:10.1093/nar/gkaa1063
 Feit-Leichman, R. A., Kinouchi, R., Takeda, M., Fan, Z., Mohr, S., Kern, T. S., et al. (2005). Vascular Damage in a Mouse Model of Diabetic Retinopathy: Relation to Neuronal and Glial Changes. Invest. Ophthalmol. Vis. Sci. 46 (11), 4281–4287. doi:10.1167/iovs.04-1361
 Ferrara, N., Gerber, H. P., and LeCouter, J. (2003). The Biology of VEGF and its Receptors. Nat. Med. 9 (6), 669–676. doi:10.1038/nm0603-669
 Hammer, S. S., Vieira, C. P., McFarland, D., Sandler, M., Levitsky, Y., Dorweiler, T. F., et al. (2021). Fasting and Fasting-Mimicking Treatment Activate SIRT1/LXRα and Alleviate Diabetes-Induced Systemic and Microvascular Dysfunction. Diabetologia 64 (7), 1674–1689. doi:10.1007/s00125-021-05431-5
 Huang, D., Zhao, C., Ju, R., Kumar, A., Tian, G., Huang, L., et al. (2016). VEGF-B Inhibits Hyperglycemia- and Macugen-Induced Retinal Apoptosis. Sci. Rep. 6, 26059. doi:10.1038/srep26059
 Jeon, H. H., Yu, Q., Lu, Y., Spencer, E., Lu, C., Milovanova, T., et al. (2018). FOXO1 Regulates VEGFA Expression and Promotes Angiogenesis in Healing Wounds. J. Pathol. 245 (3), 258–264. doi:10.1002/path.5075
 Kang, K. B., Ryu, J., Cho, Y., Choi, S. Z., Son, M., and Sung, S. H. (2017). Combined Application of UHPLC-QTOF/MS, HPLC-ELSD and 1 H-NMR Spectroscopy for Quality Assessment of DA-9801, A Standardised Dioscorea Extract. Phytochem. Anal. 28 (3), 185–194. doi:10.1002/pca.2659
 Karuppasamy, M. P., Venkateswaran, S., and Subbiah, P. (2020). PDB-2-PBv3.0: An Updated Protein Block Database. J. Bioinform Comput. Biol. 18 (2), 2050009. doi:10.1142/S0219720020500092
 Li, J. R., Li, D. D., Fang, F., Du, Q. R., Lin, L., Sun, J., et al. (2013). Discovery of 4,6-substituted-(diaphenylamino)quinazolines as Potent C-Src Inhibitors. Org. Biomol. Chem. 11 (48), 8375–8386. doi:10.1039/c3ob41161c
 Liu, C., Wang, Y., Wu, C., Pei, R., Song, J., Chen, S., et al. (2013). Dioscin's Antiviral Effect In Vitro. Virus. Res. 172 (1-2), 9–14. doi:10.1016/j.virusres.2012.12.001
 Liu, X., Ma, Z., Zhang, J., and Yang, L. (2017). Antifungal Compounds against Candida Infections from Traditional Chinese Medicine. Biomed. Res. Int. 2017, 4614183. doi:10.1155/2017/4614183
 Lu, Y., Qin, T., Li, J., Wang, L., Zhang, Q., Jiang, Z., et al. (2017). MicroRNA-140-5p Inhibits Invasion and Angiogenesis through Targeting VEGF-A in Breast Cancer. Cancer Gene Ther. 24 (9), 386–392. doi:10.1038/cgt.2017.30
 Matsumoto, K., and Ema, M. (2014). Roles of VEGF-A Signalling in Development, Regeneration, and Tumours. J. Biochem. 156 (1), 1–10. doi:10.1093/jb/mvu031
 Osaadon, P., Fagan, X. J., Lifshitz, T., and Levy, J. (2014). A Review of Anti-VEGF Agents for Proliferative Diabetic Retinopathy. Eye (Lond) 28 (5), 510–520. doi:10.1038/eye.2014.13
 Qu, L., Li, D., Gao, X., Li, Y., Wu, J., and Zou, W. (2018). Di'ao Xinxuekang Capsule, a Chinese Medicinal Product, Decreases Serum Lipids Levels in High-Fat Diet-Fed ApoE-/- Mice by Downregulating PCSK9. Front. Pharmacol. 9, 1170. doi:10.3389/fphar.2018.01170
 Saeedi, P., Petersohn, I., Salpea, P., Malanda, B., Karuranga, S., Unwin, N., et al. (2019). Global and Regional Diabetes Prevalence Estimates for 2019 and Projections for 2030 and 2045: Results from the International Diabetes Federation Diabetes Atlas, 9th Edition. Diabetes Res. Clin. Pract. 157, 107843. doi:10.1016/j.diabres.2019.107843
 Senger, D. R. (2010). Vascular Endothelial Growth Factor: Much More Than an Angiogenesis Factor. Mol. Biol. Cel 21 (3), 377–379. doi:10.1091/mbc.e09-07-0591
 Tan, H., Zhou, J., Yang, X., Abudupataer, M., Li, X., Hu, Y., et al. (2017). 99mTc-labeled Bevacizumab for Detecting Atherosclerotic Plaque Linked to Plaque Neovascularization and Monitoring Antiangiogenic Effects of Atorvastatin Treatment in ApoE-/- Mice. Sci. Rep. 7 (1), 3504. doi:10.1038/s41598-017-03276-w
 Virgili, G., Parravano, M., Evans, J. R., Gordon, I., and Lucenteforte, E. (2017). Anti-vascular Endothelial Growth Factor for Diabetic Macular Oedema: A Network Meta-Analysis. Cochrane Database Syst. Rev. 6 (6), CD007419. doi:10.1002/14651858.CD007419.pub5
 Wang, R., Ma, Y., Zhan, S., Zhang, G., Cao, L., Zhang, X., et al. (2020). B7-H3 Promotes Colorectal Cancer Angiogenesis through Activating the NF-Κb Pathway to Induce VEGFA Expression. Cell Death Dis 11 (1), 55. doi:10.1038/s41419-020-2252-3
 Wang, W., and Lo, A. C. Y. (2018). Diabetic Retinopathy: Pathophysiology and Treatments. Int. J. Mol. Sci. 19 (6). doi:10.3390/ijms19061816
 Wells, J. A., Glassman, A. R., Ayala, A. R., Jampol, L. M., Bressler, N. M., Bressler, S. B., et al. (2016). Aflibercept, Bevacizumab, or Ranibizumab for Diabetic Macular Edema: Two-Year Results from a Comparative Effectiveness Randomized Clinical Trial. Ophthalmology 123 (6), 1351–1359. doi:10.1016/j.ophtha.2016.02.022
 Wu, G., Robertson, D. H., Brooks, C. L., and Vieth, M. (2003). Detailed Analysis of Grid-Based Molecular Docking: A Case Study of CDOCKER-A CHARMm-Based MD Docking Algorithm. J. Comput. Chem. 24 (13), 1549–1562. doi:10.1002/jcc.10306
 Wu, H., Wei, M., Jiang, X., Tan, J., Xu, W., Fan, X., et al. (2020). lncRNA PVT1 Promotes Tumorigenesis of Colorectal Cancer by Stabilizing miR-16-5p and Interacting with the VEGFA/VEGFR1/AKT axis. Mol. Ther. Nucleic Acids 20, 438–450. doi:10.1016/j.omtn.2020.03.006
 Wu, M. M., Wang, Q. M., Huang, B. Y., Mai, C. T., Wang, C. L., Wang, T. T., et al. (2021). Dioscin Ameliorates Murine Ulcerative Colitis by Regulating Macrophage Polarization. Pharmacol. Res. 172, 105796. doi:10.1016/j.phrs.2021.105796
 Xia, J. P., Liu, S. Q., and Wang, S. (2021). Intravitreal Conbercept Improves Outcome of Proliferative Diabetic Retinopathy through Inhibiting Inflammation and Oxidative Stress. Life Sci. 265, 118795. doi:10.1016/j.lfs.2020.118795
 Xu, T., Zhang, S., Zheng, L., Yin, L., Xu, L., and Peng, J. (2012). A 90-day Subchronic Toxicological Assessment of Dioscin, a Natural Steroid Saponin, in Sprague-Dawley Rats, in Sprague-Dawley Rats. Food Chem. Toxicol. 50 (5), 1279–1287. doi:10.1016/j.fct.2012.02.027
 Xu, X. H., Li, T., Fong, C. M., Chen, X., Chen, X. J., Wang, Y. T., et al. (2016). Saponins from Chinese Medicines as Anticancer Agents. Molecules 21 (10), 1326. doi:10.3390/molecules21101326
 Yan, X. Q., Wang, Z. C., Zhang, B., Qi, P. F., Li, G. G., and Zhu, H. L. (2019). Dihydropyrazole Derivatives Containing Benzo Oxygen Heterocycle and Sulfonamide Moieties Selectively and Potently Inhibit COX-2: Design, Synthesis, and Anti-colon Cancer a. Ctivity Evaluation. Molecules 24 (9), 1685. doi:10.3390/molecules24091685
 Yu, F., Bing, L., Xie, Y., and Yu, W. (2018). Dioscin Promotes Proliferation of Pancreatic Beta Cells via Wnt/β-Catenin Signaling Pathways. Clin. Lab. 64 (5), 785–791. doi:10.7754/Clin.Lab.2018.171136
 Zhang, L., Shi, X., Huang, Z., Mao, J., Mei, W., Ding, L., et al. (2020). Network Pharmacology Approach to Uncover the Mechanism Governing the Effect of Radix Achyranthis Bidentatae on Osteoarthritis. BMC Complement. Med. Ther. 20 (1), 121. doi:10.1186/s12906-020-02909-4
 Zhang, Q., Lu, S., Li, T., Yu, L., Zhang, Y., Zeng, H., et al. (2019). ACE2 Inhibits Breast Cancer Angiogenesis via Suppressing the VEGFa/VEGFR2/ERK Pathway. J. Exp. Clin. Cancer Res. 38 (1), 173. doi:10.1186/s13046-019-1156-5
 Zhang, Y., Jin, L., Liu, J., Wang, W., Yu, H., Li, J., et al. (2018). Effect and Mechanism of Dioscin from Dioscorea Spongiosa on Uric Acid Excretion in Animal Model of Hyperuricemia. J. Ethnopharmacol 214, 29–36. doi:10.1016/j.jep.2017.12.004
 Zhao, X., Yin, L., Fang, L., Xu, L., Sun, P., Xu, M., et al. (2018). Protective Effects of Dioscin against Systemic Inflammatory Response Syndromevia Adjusting TLR2/MyD88/NF-κb Signal Pathway. Int. Immunopharmacol 65, 458–469. doi:10.1016/j.intimp.2018.10.036
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Wang, Yang, Sun, Meng, Cheng, Zhao, Luo and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-811897-g005.gif
FAS slaning

cs7BLKSH

oo oo
7 o]

o o
cércu o0
1RO

hrcn

o

oo
oo

cErcu Do






OPS/images/fphar-12-811897-g006.gif





OPS/images/fphar-12-811897-g003.gif





OPS/images/fphar-12-811897-g004.gif





OPS/images/fphar-12-811897-t001.jpg
Gene

hKi67 (ID: 4288)
hPCNA (ID: 5111)
hHIF1a (ID: 3091)
mVegfa (D: 22339)
mAngpt2 (ID: 11601)
mHifa (ID: 15251)
mVegfr2 (D: 16542)

Forward

GCCTGCTCGACCCTACAGA
ACACTAAGGGCCGAAGATAACG
CACCACAGGACAGTACAGGAT
CTGCCGTCCGATTGAGACC
CCTCGACTACGACGACTCAGT
ACCTTCATCGGAAACTCCAAAG
TTTGGCAAATACAACCCTTCAGA

Backward

GCTTGTCAACTGCGGTTGC
ACAGCATCTCCAATATGGCTGA
CGTGCTGAATAATACCACTCACA
CCCCTCCTTGTACCACTGTC
TCTGCACCACATTCTGTTGGA
CTGTTAGGCTGGGAAAAGTTAGG
GCAGAAGATACTGTCACCACC





OPS/xhtml/nav.xhtml
Contents

		Cover

		Dioscin Reduces Vascular Damage in the Retina of db/db Mice by Inhibiting the VEGFA Signaling Pathway		Introduction

		Materials and Methods		In vivo Studies With Animals

		Cell Culture

		Molecular Docking

		Determination of Fasting Blood Glucose Levels

		Quantitative Real-Time Polymerase Chain Reaction

		Western Blotting

		Immunoprecipitation

		Preparation and PAS Staining of the Retina

		Data Analysis





		Results		Dioscin Inhibits HG-Induced Phosphorylation of VEGFR2 in Human Retinal Microvascular Endothelial Cells

		Dioscin Inhibits HRMEC Proliferation in HG Environment

		Dioscin Regulates Phosphorylation of VEGFR2 Through Inhibition of VEGFA Interaction With VEGFR2

		Dioscin Inhibit Vascular Damage in the Retina of db/db Mice





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		Abbreviations

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Dioscin Reduces Vascular
Damage in the Retina of db/db
Mice by Inhibiting the VEGFA
Signaling Pathway





OPS/images/fphar-12-811897-g001.gif





OPS/images/fphar-12-811897-g002.gif
- pre
b g g 1 o
o E| §‘“ o i m3 -
e [l e
- § N 110100 doscin (unoll) - 1 10100
rocn [EEMRI]  soson gmon) -
g ¢ w67 PeNA T2
i LR Hﬂ -
e g s g
i“ T 2 3 Aﬂlywv"(m 110100










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





