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Bie-Jia-Ruan-Mai-Tang, a Chinese Medicine Formula, Inhibits Retinal Neovascularization in Diabetic Mice Through Inducing the Apoptosis of Retinal Vascular Endothelial Cells
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Proliferative diabetic retinopathy (PDR) is one of the main complications of diabetes, mainly caused by the aberrant proliferation of retinal vascular endothelial cells and the formation of new blood vessels. Traditional Chinese medicines possess great potential in the prevention and treatment of PDR. Bie-Jia-Ruan-Mai-Tang (BJ), a Chinese medicine formula, has a good therapeutic effect on PDR clinically; however, the mechanism of action involved remains unclear. Therefore, we investigated the effect of BJ on PDR through in vitro and in vivo experiments. A diabetic mouse model with PDR was established by feeding a high-fat–high-glucose diet combined with an intraperitoneal injection of streptozotocin (STZ), while high-glucose-exposed human retinal capillary endothelial cells (HRCECs) were employed to mimic PDR in vitro. The in vivo experiments indicated that BJ inhibited the formation of acellular capillaries, decreased the expression of VEGF, and increased the level of ZO-1 in diabetic mice retina. In vitro experiments showed that high glucose significantly promoted cell viability and proliferation. However, BJ inhibited cell proliferation by cycle arrest in the S phase, thus leading to apoptosis; it also increased the production of ROS, decreased the mitochondrial membrane potential, reduced the ATP production, and also reduced the expressions of p-PI3K, p-AKT, and Bcl-xL, but increased the expressions of Bax and p-NF-κB. These results suggest that BJ induces the apoptosis of HRCECs exposed to high glucose through activating the mitochondrial death pathway by decreasing the PI3K/AKT signaling and increasing the NF-κB signaling to inhibit the formation of acellular capillaries in the retina, thus impeding the development of PDR.
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INTRODUCTION

Diabetes mellitus is a common metabolic disease characterized by chronic hyperglycemia, which can cause multiple organ damage (1). The development of hyperglycemia into diabetic complications is a complex process involving a series of mechanisms, and currently, no specific treatment is available (2). It was reported that there were 382 million diabetic patients worldwide in 2013, and moreover, this number is expected to increase to 592 million by 2035 (3). Diabetes can elicit a variety of complications, such as cardiovascular, kidney, and eye diseases, resulting in great inconvenience, economic pressure, and a sharp decline in the quality of life for the patients (4). A total of 14.8% of diabetic patients have eye complications, among which diabetic retinopathy (DR) is the most common and can lead to blindness (5). In total, 35% of patients eventually develop some form of retinopathy, suggesting that DR has the potential to be the leading cause of visual impairment and blindness worldwide (6). Therefore, it is essential to develop drugs for the prevention and treatment of DR. At present, panretinal photocoagulation (PRP) and anti-VEGF chemical drugs are the main treatment. Although these therapies indeed play a positive role in some aspects, however, the associated side effects cannot be ignored. For example, PRP can cause peripheral vision loss, night blindness, choroidal effusion, and macular edema, while the persistent effect is limited for the anti-VEGF chemical drugs. The current therapies still need to be improved for efficacy, safety, and persistence (7).

Owing to the characteristics of multiple targets, active components, and good safety, Chinese medicines have received increasing attention from clinicians and researchers worldwide (8). Numerous investigations have shown that Chinese medicines have great potential in the prevention and treatment of diabetes (9). Bie-Jia-Ruan-Mai-Tang (BJ) is an empirical prescription based on traditional Chinese medicine theory and long-term clinical practice, which is well summarized by Professor Jiu-Yi Xi, a famous expert in the treatment of peripheral vascular disease from the Yueyang Hospital of Integrated Traditional Chinese and Western Medicine Affiliated to the Shanghai University of Traditional Chinese Medicine. BJ is composed of Trionyx sinensis Wiegmann, the rhizome of Acorus tatarinowii, the whole plant of Sedum sarmentosum, and the root of Paeonia lactiflora, and has been clinically used for decades for the treatment of diabetic vascular complications in the Yueyang Hospital of Integrated Traditional Chinese and Western Medicine and Longhua Hospital affiliated to the Shanghai University of Traditional Chinese Medicine because of its good efficacies in softening hardness, relieving spasm, clearing heat, detoxifying, invigorating qi, and promoting blood circulation (10, 11).

Endothelial dysfunction reflects an imbalance of endothelial cell-derived active substances, which can elicit injury, activation, and inflammation of endothelial cells. In addition, the dysfunction of endothelial cells is one of the main reasons for DR (12, 13). Although BJ has been used clinically for decades, the related mechanism of action still remains unclear. Accordingly, the present investigation aimed to verify the effects of BJ on diabetic mice with retinopathy and HRCECs exposed to high glucose, and to explore the possible mechanism of action involved.



MATERIALS AND METHODS


Preparation of Bie-Jia-Ruan-Mai-Tang Extract

The raw herbal materials comprising (BJ; the composition is shown in Table 1) were provided by the Ophthalmology Department of Longhua Hospital affiliated to the Shanghai University of Traditional Chinese Medicine, which were identified by Professor Hai-Liang Xin, a pharmacognosist in the Naval Military Medical University (Shanghai, China). The voucher specimen was deposited in the System Pharmacology Research Center, Institute of Interdisciplinary Integrative Medicine Research, Shanghai University of Traditional Chinese Medicine (SP2020016). These herbal materials were extracted twice for 1.5 h by refluxing with eight times the amount of 75% ethanol. The extracted solution was concentrated in a rotating evaporator after filtering with a four-layer gauze, and then pre-freeze at −50°C for 5 h of vacuum dry in the material tray of a freeze-dryer. The temperature was finally fixed at −40°C for 72 h to make a lyophilized powder. Finally, the extract with a yield of 18% was obtained and stored in a refrigerator at −80°C until used.


TABLE 1. The raw herbal material composition of Bie-Jia-Ruan-Mai-Tang.
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Reagent

The cell-counting kit-8 (CCK-8) was purchased from the Meilun Biotechnology Co., Ltd. (Dalian, China). The ATP assay kit, the mitochondrial membrane potential kit, and the ROS assay kit were obtained from the Beyotime Biotechnology (Shanghai, China). The kits for the detection of cell apoptosis and cycle were provided by the KeyGen Biotechnology Co., Ltd. (Nanjing, China). Primary antibodies of p-NF-κB, NF-κB, p-PI3K, PI3K, p-AKT, AKT, BCL-XL, BAX, and GAPDH for Western blot were bought from the Cell Signaling Technology (Danvers, United States).



Animal Experiment

Male C57BL/6J mice (8 weeks of age) weighing 22–24 g were provided by the Shanghai Model Organisms Center, Inc. The animals were housed in a temperature-controlled room (23 ± 2°C) under a 12:12 h light–dark cycle of artificial light, with free access to food and water. The establishment of the mice model with DR was conferred with previous reports with slight alterations (14). Briefly, after 1 week of adaptive feeding, the animals were fed a high-fat–high-glucose diet (comprising 58.8% high-nutrition base feed, 20% glucose, 20% lard, 1% total cholesterol, and 0.2% sodium cholate, and purchased from the Nanjing Shengmin Scientific Research Animal Farm) for 17 weeks. Another eight mice given an ordinary diet were used as normal control. After 4 weeks, mice fed a high-fat–high-glucose diet were intraperitoneally injected with 50 mg/kg STZ (Sigma-Aldrich, St. Louis, MO, United States) for 5 consecutive days, while those in the normal control were injected with the same volume of normal saline. Four weeks after injection, the mice with blood glucose concentration above 16.7 mmol/L were considered to be type 2 diabetics [Shen et al. (15)]. The diabetic mice were divided into five different groups (n = 8 each group), including control group (Diabetic group), calcium dobesilate group (CAD, 0.25 g/kg.day–1), low-dose group (LDG, 1.6 g/kg.day–1 BJ) group, medium-dose group (MDG, 3.2 g/kg.day–1 BJ), and high-dose group (HDG, 6.4 g/kg.day–1 BJ). Eight weeks after the administration of the above compounds, the mice were sacrificed by ether anesthesia, and the eyeballs were removed and stained with hematoxylin and eosin (H and E) and PAS (Periodic Acid-Schiff), and immunohistochemistry analyses were performed.

All animal experiments were approved by the Experimental Animal Ethics Committee of the Shanghai University of Traditional Chinese Medicine and performed in compliance with the University’s Guidelines for the Care and Use of Laboratory Animals. The ethical number PZSHUTCM200814008 was adopted on 14 August 2020.



Cell Culture

Human retinal capillary endothelial cells (HRCECs) were purchased from the Cell Bank of Shanghai Academy of Chinese Sciences (Shanghai, China) and maintained in DMEM (HyClone, United States) supplemented with 10% FBS (GIBCO, United States) in an incubator of 5% CO2 at 37°C. The HRCECs were then divided into two groups, viz. normal group of cells cultured in 5.5 mM glucose medium (NG) and a high-glucose group of cells cultured in 35 mM glucose medium (HG). In subsequent experiments, high-glucose-cultured cells were treated with BJ extract. A total of 0.1 g BJ extract was dissolved in 1 mL dimethyl sulfoxide, and the solution was filtered with a 0.22 μm sterile microporous membrane and diluted to the corresponding concentrations with the medium.



Cell-Counting Kit-8 Assay

Human retinal capillary endothelial cells cultured in NG and HG were, respectively, seeded into 96-well plates (5 × 103 cells/well), incubated at 37°C and 5% CO2 for 24 h. The supernatant was discarded, and then the corresponding medium and different concentrations of BJ (10, 25, 50, 100, and 150 μg/mL) were added. After treatment with BJ for 24 h or 48 h, the supernatant was discarded, 100 μL of 10% CCK8 was added and incubated at 37°C for 30 min, and the absorbance was measured at 450 nm using a microplate reader. Cell viability was calculated as follows: Cell viability rate (%) = (absorbance of the experimental group–absorbance of the blank group)/(absorbance of the control group–absorbance of the blank group) × 100%.



Cell Colony Formation

Human retinal capillary endothelial cells cultured in NG and HG were, respectively, seeded into the 6-well plates (600 cells/well) and incubated at 37°C and 5% CO2 for 24 h. The supernatant was discarded and the different concentrations of BJ (50, 100 μg/mL) were added to six-well plates for 8 consecutive days of incubation. Following this, HRCECs were fixed with 4% paraformaldehyde for 30 min and stained with crystal violet for 15 min, HRCECs cultured in NG were used as control.

Clone formation rate (%) = (Number of clones/number of inoculated cells) × 100%.



Cell Cycle Analysis

Human retinal capillary endothelial cells cultured in NG and HG were, respectively, harvested and seeded into six-well plates (5 × 105 cells/well) and incubated at 37°C for 24 h in the presence of 5% CO2. After discarding the supernatant, different concentrations of BJ (50 and 100 μg/mL) or corresponding medium were added for another 24 h of incubation. One milliliter of precooled 70% ethanol was added to each well, and the cells were fixed at 4°C for 2 h. The cells were then collected, mixed with 0.5 mL PI, and the samples were incubated in the dark for 30 min, and the Beckman flow cytometer was used for detection.



Apoptosis Detection

Human retinal capillary endothelial cells cultured in NG and HG were, respectively, harvested and seeded into six-well plates (5 × 105 cells/well) and incubated at 37°C, for 24 h, in the presence of 5% CO2. The different concentrations of BJ (50 and 100 μg/mL) were added for another 24 h of incubation. The cells were digested and centrifuged at 2,000 rpm for 10 min, 100 μL 1 × FITC binding solution was added to each well, mixed, and then 5 μL FITC dye was added for 10 min of incubation at room temperature in the dark. Finally, 5 μL PI dye was added for 5 min and the samples were incubated in the dark. HRCECs cultured in NG were used as control and the Beckman flow cytometer was used for detection.



JC-1 Mitochondrial Membrane Potential

Human retinal capillary endothelial cells cultured, respectively, in NG and HG were harvested and seeded into 24-well plates (5 × 104 cells/well) and incubated at 37°C, for 24 h, in the presence of 5% CO2. After removing the supernatant, the corresponding medium or different concentrations of BJ (50 and 100 μg/mL) were added for another 24 h of incubation. The transformation from red fluorescence to green fluorescence was used as one of the early detection indicators for cell apoptosis, and the fluorescence quantification was carried out using the Image J software.



Adenosine Triphosphate Detection

Adenosine triphosphate concentration in HRCECs was detected by the use of an ATP Assay Kit. Briefly, HRCECs cultured in NG and HG were, respectively, harvested, seeded into six-well plates (5 × 105 cells/well), and incubated at 37°C for 24 h in the presence of 5% CO2. The corresponding medium or different concentrations of BJ were then added for 24 h of incubation. Cell lysis solution was added and the samples were centrifugated for 10 min at 12,000 × g at 4°C. A total of 20 μL sample or standard solution was added to 100 μL of ATP detection solution, mixed, and then luminescence was measured with a multifunctional enzyme plate analyzer.



Cell Nuclear Staining

Human retinal capillary endothelial cells cultured, respectively, in NG and HG were harvested, seeded into 24-well plates (5 × 104 cells/well), and incubated at 37°C for 24 h in the presence of 5% CO2. The corresponding medium or different concentrations of BJ (50 and 100 μg/mL) were added for another 24 h of incubation. The HRCRCs were then washed with PBS three times, and 150 μL of 4% paraformaldehyde was added to fix for 30 min at room temperature. After abandoning the supernatant, 150 μL of 0.1% Triton X-100 was added and the samples were incubated for 10 min. Finally, 150 μL of DAPI solution was added to each well and incubated for 10 min at room temperature in the dark. The samples were photographed by the Operetta CLS high-content analysis system.



Intracellular Reactive Oxygen Species Detection

Intracellular ROS was detected with a ROS assay kit. Briefly, HRCECs cultured, respectively, in NG and HG were harvested, seeded into 6-well plates (5 × 105 cells/well), and incubated at 37°C for 24 h in the presence of 5% CO2. DCFH-DA was added and the samples were incubated for 0.5 h. The different concentrations of BJ (50 and 100 μg/mL) or corresponding medium were added for 6 h, and the Beckman flow cytometer was used for detection.



Western Blot

Human retinal capillary endothelial cells cultured, respectively, in NG and HG were harvested, seeded into six-well plates (5 × 105 cells/well), and incubated at 37°C for 24 h in the presence of 5% CO2. The different concentrations of BJ (50 and 100 μg/mL) and the corresponding medium were added for another 24 h of incubation. NP-40 cell lysate was added to split the cells. Protein concentration was determined with a BCA Protein Concentration Assay Kit. The proteins were separated by 10% SDS-polyacrylamide electrophoresis, transferred to PVDF membrane, and sealed with 5% BSA at room temperature for 1 h. After incubation with the corresponding primary antibody overnight at 4°C, the membrane was washed three times with TBST, and the second antibody was used for another 1 h of incubation at room temperature. Then, the membrane was washed three times with TBST. Finally, the protein bands were detected and photographed using the Chemi Scope Mini (Tanon-4600SF).



Tandem Mass Tag Quantitative Proteomic Analysis

Human retinal capillary endothelial cells cultured, respectively, in NG and HG were seeded into 100 mm culture dishes. When the cells were about 60% confluent, 100 μg/mL BJ was added. After 24 h, NP-40 cell lysate was added to split the cells. Protein concentration was determined with a BCA Protein Concentration Assay Kit. Subsequently, 300 μg of protein was taken from each sample, diluted to 100 μL with PBS, and 500 μL of pre-cooled acetone was added. After mixing, the protein was placed in a −20°C refrigerator and frozen overnight. Then, the supernatant was discarded by centrifugation, 500 μL precooled acetone was added, protein precipitate was collected by centrifugation, and concentrated by vacuum for 5 min. A total of 20 μL of UA solution (8 M urea, 100 mM Tris, PH 7.6) was added and dissolved at room temperature for 1.5 h. A total of 50 mM DTT solution was added until a final concentration of 10 mM, and placed at 30°C for 1.5 h. IAA buffer was added (500 mM IAA in 50 mM TEAB) until a final concentration of 55 mM was obtained, left at room temperature for 40 min avoiding light, and then 50 mM TEAB was added until the urea concentration of lower than 1 M was obtained. Trypsin buffer (4 μg Trypsin in 40 μL and 50 mM TEAB buffer, 1:50 ratio of Trypsin: protein) was added and placed at 37°C for 16–18 h. The C18 Cartridge (3 M, 7 mm/3 ml) was used to desalt the peptide, which was lyophilized and redissolved with 40–50 uL 0.1% formic acid solution, and the thermo quantitative colorimetric assay was performed. This was done by adding 100 μL 50 mM TEAB buffer to the lyophilized sample, which was vortexed mixed, followed by the addition of a 50 μL sample to a 1.5 mL Ep tube for labeling reaction, which was performed by adding and vortex mixing 50 μL 50 mM TEAB, and vortex mixing. After balancing the Tandem mass tag (TMT) reagent to room temperature, 41 μL anhydrous acetonitrile was added, vortex mixed for 5 min, and centrifugated. A total of 41 μL TMT reagent was then added to the sample, mixed vortically, and placed at room temperature for 1 h. The reaction was stopped by the addition of 8 μL 5% hydroxylamine for 15 min, all samples were merged into a 1.5 mL Ep tube, lyophilized after desalting (3 m, 7 mm/3 mL), and stored at −80°C. The samples were separated by reversed-phase chromatography and analyzed by LC-MS/MS. Proteins with fold changes of quantification >1.5 and P-value < 0.05 were considered as differential expression. After obtaining the differentially expressed proteins, GO/KEGG analyses were performed to describe the related functions, and the interaction network analysis was also carried out by using the STRING database.



Statistical Analysis

All data were analyzed using the SPSS 25.0 statistical software, and the data are expressed as mean ± standard deviation. The comparison of the mean between two groups was performed by T-test, and the comparison of multiple groups was performed by one-way analysis of variance. P < 0.05 was considered statistically significant.




RESULTS


Main Components of Bie-Jia-Ruan-Mai-Tang

Bie-Jia-Ruan-Mai-Tang consists of eight raw herbal materials, whose chemical composition is rather complex, so it is necessary to identify its major ingredients. The main components of extract (BJ) were detected by HPLC-Q-TOF-MS in positive and negative ion mode. As demonstrated in Figure 1, a total of 20 compounds were identified as follows: Luteolin (1), L-tert-Leucine (2), Vanillic acid (3), 5-Hydroxymethylfurfural (4), Loganic acid (5), Loganin (6), Sweroside (7), Albiflorin (8), Paeoniflorin (9), Calycosin 7-O-Glucoside (10), isoliquiritin apioside (11), Liquiritigenin (12), Isorhamnetin (13), Cynaroside (14), Dipsacoside B (15), Akebia saponin D (16), Benzoylpaeoniflorin (17), Apigenin (18), Liguiritigenin-7-O-D-apiosyl-4′-O-D-glucoside (19), and Quercitrin (20).
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FIGURE 1. Twenty compounds from BJ were detected by LC-MS/MS analysis in positive and negative ion mode. The chromatographic conditions were as follows: (A) Positive ion mode. (B) Negative ion mode. Agilent 6530 quadrupole-time of flight mass spectrometry (Q-TOF-MS) system, ACQUITY UPLC HSS T3 (2.1 mm × 150 mm, 1.7 μm) column temperature 60°C. 1. Luteolin, 2. L-tert-Leucine, 3. Vanillic acid, 4. 5-Hydroxymethylfurfural, 5. Loganic acid, 6. Loganin, 7. Sweroside, 8. Albiflorin, 9. Paeoniflorin, 10. Calycosin 7-O-Glucoside, 11. isoliquiritin apioside, 12. Liquiritigenin, 13. Isorhamnetin, 14. Cynaroside, 15. Dipsacoside B, 16. Akebia saponin D, 17. Benzoylpaeoniflorin, 18. Apigenin, 19. Liguiritigenin-7-O-D-apiosyl-4′-O-D-glucoside, 20. Quercitrin.




Bie-Jia-Ruan-Mai-Tang Does Not Reduce Blood Glucose in Diabetic Mice

The in vivo experiment process is displayed in Figure 2A. During the experiment, the body weight of mice was measured weekly. As shown in Figure 2B, the weight of mice in the normal group was higher than that of diabetic mice, while there was no obvious difference among the control, CAD, and BJ groups. The bodyweight of each group remained stable during the experiment. As shown in Figure 2C, in the 9th week, the diabetic mice were grouped randomly and hierarchically according to blood glucose concentration, and there was no significant difference in blood glucose between each group. The blood glucose concentration was measured at the 4th week and at the end of the experiment after the administration of the drugs. The results showed that after 8 weeks of administration, the blood glucose of mice in the CAD group decreased markedly, while BJ had no significant effect on blood glucose in diabetic mice.
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FIGURE 2. Effect of BJ on the bodyweight and blood glucose in diabetic mice. (A) In vivo experiment process. Mice were fed a high-fat–high-glucose diet for 17 weeks. In the 4th week, mice were intraperitoneally injected with 50 mg/kg STZ for 5 consecutive days. In the 9th week, mice with blood glucose concentration above 16.7 mmol/L were considered type 2 diabetic. BJ was given for 8 consecutive weeks. Mice were weighed once a week (B), and in the 13th and 17th week, the blood glucose was measured (C). Data are represented as means ± SD (n = 8). ***P < 0.001 vs. control.




Bie-Jia-Ruan-Mai-Tang Inhibits Retinal Angiogenesis in Diabetic Mice

To investigate the effects of BJ on retinal structure, acellular capillaries formation, and related protein expression in PDR mice, H and E, PAS, and immunohistochemistry techniques were carried out; the results are displayed in Figure 3. Compared with the normal group, the layers of retinal structures in the control group were blurred, and the outer nuclear layer (ONL) and inner nuclear layer (INL) were arranged loosely. However, these changes were reversed after 8 weeks of BJ administration. PAS staining was used to analyze the formation of acellular capillaries in the retina, and the number of acellular capillaries in each field was counted. As a result, the number of acellular capillaries was significantly increased in the control group when compared with the normal group, but sharply reduced by BJ in a dose-dependent manner, suggesting that BJ inhibited the formation of acellular capillaries in the retina. The immunohistochemical staining was quantified by calculating the positive area, and the result exhibited that the expression of VEGF decreased and tight junction protein ZO-1 increased after 8 weeks of BJ administration.
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FIGURE 3. Bie-Jia-Ruan-Mai-Tang (BJ) inhibits retinal angiogenesis in diabetic mice. The H and E, PAS, and immunohistochemistry staining were used to investigate the effects of BJ on retinal structure, acellular capillaries formation, and related protein expression in diabetic mice. The acellular capillaries in each field were counted, and the immunohistochemistry staining for VEGF and ZO-1 was quantified by calculating the positive area. IPL: inner plexiform layer, INL: inner nuclear layer, OPL: outer plexiform layer, ONL: outer nuclear layer. The arrows indicate acellular capillaries. Data are represented as mean ± SD (n = 8). #P < 0.05, ##P < 0.01, ###P < 0.001 vs. Normal; *P < 0.05, **P < 0.01, ***P < 0.001 vs. control.




Bie-Jia-Ruan-Mai-Tang Decreases the Proliferation of High-Glucose-Exposed Human Retinal Capillary Endothelial Cells

The assays for cell counting and plate cloning were used to verify the inhibitory effect of BJ on the viability and proliferation of HRCECs exposed to high glucose. High glucose significantly promoted cell viability, which could be reversed after treatment with different concentrations of BJ for 24 h (Figure 4A) and 48 h (Figure 4C). The IC50 values of BJ for 24 h and 48 h were calculated according to the cell-counting assay, which were 220.294 and 20.256 μg/mL, respectively (Figures 4B,D). In the plate cloning test, after treatment with BJ for 8 consecutive days, HRCECs were stained with crystal violet for 15 min and the purple area was counted. As revealed in Figures 4E,F, BJ markedly inhibited the proliferation of HRCECs in a dose-dependent manner. Cell cycle arrest plays an important role in the inhibition of cell proliferation. Therefore, we performed cell cycle analysis to further evaluate the effect of BJ in high-glucose-cultured HRCECs. Propidium iodide (PI) is a fluorescent dye that can produce fluorescence after binding with double-stranded DNA, and the fluorescence intensity is proportional to the content of double-stranded DNA. After the intracellular DNA is stained with PI, the DNA content of the cells is determined by flow cytometry, and then the cell cycle can be analyzed according to the DNA content. As expected, the cell cycle was arrested in the S phase after treatment with different concentrations of BJ for 24 h (Figures 4G,H), indicating that BJ inhibited the proliferation of HRCECs exposed to high glucose through arresting the cell cycle.
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FIGURE 4. Bie-Jia-Ruan-Mai-Tang (BJ) represses the viability and proliferation of high-glucose-exposed HRCECs. After treatment with BJ for 24 h (A) and 48 h (C), respectively, the CCK-8 kit was used to detect the cell viability of HRCECs (n = 6). The corresponding IC50 values were calculated according to the results of the cell counting assay, which were 220.294 μg/mL (B) and 20.256 μg/mL (D), respectively. Cell colony formation assay (E,F) was performed to detect the proliferation of cells (n = 3). Cell cycle analysis (G,H) indicated that high-glucose-exposed HRCECs were arrested at the S phase by BJ (n = 3). HRCECs cultured with normal-glucose (NG) were used as control. All data are expressed as mean ± SD. ##P < 0.01, ###P < 0.001 vs. NG; **P < 0.01, ***P < 0.001 vs. HG.




Bie-Jia-Ruan-Mai-Tang Promotes Apoptosis of High-Glucose-Exposed Human Retinal Capillary Endothelial Cells

Apoptosis can also reduce the number of cells; therefore, a flow cytometry analysis was used to detect the apoptosis of HRCECs cultured with high glucose after treatment with different concentrations of BJ for 24 h. Annexin V labeled with FITC fluorescent probe was employed to detect apoptosis, and the FITC positive cells were considered apoptotic cells. The results indicated that BJ increased apoptosis of the cells in a dose-dependent manner compared with the HG group (Figure 5A). We further evaluated the effect of BJ on nucleus morphology by DAPI staining, which can produce high-intensity fluorescence by binding to DNA. Therefore, the morphology of the nucleus can be observed through a fluorescence microscope. The nucleus is oval under normal circumstances, but showed irregular shapes after BJ treatment for 24 h (Figure 5B), indicating that BJ promoted the nuclear condensation and fragmentation.
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FIGURE 5. Bie-Jia-Ruan-Mai-Tang (BJ) induces apoptosis of HRCECs exposed to high glucose. (A) The apoptosis rate was measured by the flow cytometry after AnnexinV-FITC/PI staining. (B) Nuclear morphology was detected by cell nuclear staining, and BJ enhanced the nuclear condensation and fragmentation. The arrows indicate nuclear condensation and fragmentation.




Bie-Jia-Ruan-Mai-Tang Increases Mitochondrial Dysfunction of High-Glucose-Exposed Human Retinal Capillary Endothelial Cells

Mitochondrial membrane potential (MMP) is an indicator of mitochondrial membrane permeability, which is decreased during early apoptosis (16). MMP changes can be detected with the fluorescent probe JC-1 and are high under normal circumstances. After BJ treatment, the Operetta CLS high-content analysis system was used to observe the red and green fluorescence in the HRCECs, and the ratio of red to green fluorescence was quantified. After 24 h of BJ treatment, the proportion of green fluorescence evidently increased, suggesting the reduction of MMP in HRCECs (Figures 6A,C). ATP production is closely related to mitochondrial function (17). Besides, the production of ROS is closely associated with mitochondria as well (18), which are composed of superoxide radical anions, hydrogen peroxide (H2O2), and hydroxyl radicals. Excessive ROS causes DNA damage and cell death (19). Therefore, we further evaluated the effects of BJ on mitochondria by detecting the production of ATP and ROS in HRCECs. It was found that high glucose markedly promoted the production of ROS and ATP. After treatment with BJ, ROS increased obviously (Figures 6B,D), while ATP (Figure 6E) significantly decreased when compared with the HG group.
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FIGURE 6. Bie-Jia-Ruan-Mai-Tang (BJ) elicits mitochondrial dysfunction. (A) Representative images. JC-1 staining was used to evaluate the MMP change after treatment of the cells with BJ. The normal MMP shows red fluorescence, while green fluorescence represents the decreased membrane potential, indicating mitochondrial dysfunction. The ratio of red to green fluorescence was quantified (C). The level of ROS in HRCECs was measured by a flow cytometer (B,D). The ATP concentration was detected by the ATP assay kit (E). Data are represented as mean ± SD (n = 3). ##P < 0.01, ###P < 0.001 vs. NG; *P < 0.05, ***P < 0.001 vs. HG.




Bie-Jia-Ruan-Mai-Tang Depresses PI3K/AKT Signal Pathway Activation

Western blot was performed to study the mechanism of BJ against HRCECs exposed to high glucose. As shown in Figure 7, BJ significantly inhibited the expression of p-PI3K and p-AKT when compared with the HG group, indicating that the proliferation inhibition of HRCECs by BJ was related to suppressing activation of the PI3K/AKT signal pathway. Besides, apoptosis is also associated with the NF-κB signaling pathway (20), hence, the expression of NF-κB was detected. The results revealed that BJ significantly promoted the phosphorylation of NF-κB. As BJ was responsible for the collapse of MMP, we examined the expression of mitochondrial apoptosis-related proteins. As a result, high glucose promoted the expression of BCL-XL and inhibited BAX expression, while BJ treatment reversed these changes.
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FIGURE 7. Effect of BJ on protein expression of PI3K/AKT and NF-κB signal pathways in HRCECs exposed to high glucose. Representative images are displayed for p-PI3K, PI3K, p-AKT, AKT, p-NF-κB, NF-κB, Bax, Bcl-xL, and GAPDH protein bands.




TMT Quantitative Proteomic Analysis

TMT quantitative proteomic analysis was carried out to detect the differentially expressed proteins after treatment with BJ. The screening conditions were set as p-value < 0.05 and quantification fold changes >1.5. After 100 μg/mL BJ treatment for 24 h, 403 differentially expressed proteins were screened out, of which 335 were downregulated and 69 upregulated as compared with the control. Then, the analyses of GO (Gene Ontology), PPI (Protein–Protein Interaction Network Analysis), and KEGG (Kyoto Encyclopedia of Genes and Genomes) were performed to find out the main functions of these differential proteins and the potential targets of BJ.

Gene Ontology analysis divided the function of protein into three parts, viz. cellular component, molecular function, and biological process. The function of most differential proteins is related to cellular component, among which, the main proteins are related to the nucleus, extracellular exosome, and membrane (Figure 8A). The GO enrichment chord diagram shows the GO term involved in the differential proteins (Figure 8B), indicating that their functions are mainly related to extracellular exosomes and cadherin binding. String database can be used to predict functional correlations between proteins. PPI are composed of proteins interacting with each other to participate in biological signal transmission, gene expression regulation, energy and substance metabolism, cell cycle regulation, and other life processes. The differentially expressed proteins were analyzed using the String database to obtain the interaction between them. Twenty-five proteins with the highest connectivity were selected to draw the interaction network diagram (Figure 8C), and the top five proteins in connectivity were listed as follows: HSPA4, ENO1, SOD1, PARK7, and PRDX6. KEGG analysis can help to understand the pathways changed after BJ treatment by analyzing the signaling pathways that are significantly enriched in differentially expressed proteins. KEGG enrichment analysis demonstrated that most of the differential proteins were related to metabolism, including the pentose phosphate pathway, glycolysis, and purine metabolism (Figures 8D–F). As BJ reduced the ATP production, we speculate that BJ inhibits the proliferation of the cells by regulating cell metabolism.
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FIGURE 8. TMT quantitative proteomic analysis. The differentially expressed proteins were divided into three categories by GO analysis, and each category was divided into multiple items. Then top 10 differential proteins in each category were mapped (A). (B) GO enrichment chord graph. Red on the left indicates upregulated proteins while blue downregulated proteins. The right represents the GO corresponding items. (C) PPI network analysis. Twenty-five proteins with the highest connectivity were selected to draw the interaction network diagram. (D) KEGG pathway classification. The percentage of differentially expressed proteins in pathways and metabolism is indicated. (E,F) Top 20 pathways and metabolisms with the highest enrichment scores in KEGG enrichment analysis.





DISCUSSION

The incidence of DR is continuing to rise (21). There are two main types of DR: early non-proliferative diabetic retinopathy (NPDR) and proliferative diabetic retinopathy (PDR). The main features of NPDR include microaneurysms, retinal hemorrhage, intraretinal microvascular abnormalities (IRMA), and changes in venous diameter, while PDR is characterized by pathological preretinal neovascularization (22). The abnormal proliferation of retinal vascular endothelial cells is closely related to PDR. Since its onset occurs after many years of diabetes progression, there is an opportunity to take steps to prevent vision loss (23). Therefore, drugs that inhibit retinal vascular endothelial cell proliferation are expectedly used to prevent further deterioration of DR. PDR is closely associated with the formation of acellular capillaries, which is obviously promoted by VEGF (24, 25). Additionally, hyperglycemia also impairs the expression of tight-junction protein zonula occludens-1 (ZO-1) in the retina, which will increase the permeability of retinal capillaries, leading to blood extravasation and deterioration of DR (26). In this study, a diabetes model of mice was established through feeding a high-fat–high-glucose diet and intraperitoneal injection of STZ. The results showed that BJ significantly inhibited the formation of acellular capillaries in the retina of model mice, reduced the expression of VEGF, and promoted the expression of ZO-1, thus hindering the development of DR. After we conferred with the relevant literature, calcium dobesilate (CAD) was selected as a positive drug in vivo experiments (27, 28), which has antioxidant, free radical, and vascular protection effects. Many randomized controlled clinical trials have confirmed the efficacy and safety of CAD in the treatment of DR (29). In this study, CAD reduced the concentration of blood glucose, thus inhibited the formation of acellular capillaries and the expression of VEGF in the retina of model mice, indicating that CAD has a protective effect on retinal lesions. The in vitro experiments were carried out further to explore the related mechanism of action. HRCECs cultured in high-glucose condition were used to mimic DR in vitro. High glucose can obviously promote cell proliferation. Bie-Jia-Ruan-Mai-Tang was found to possess the abilities of proliferation inhibition and apoptosis induction in HRCECs exposed to high glucose.

BJ, a Chinese medicine formula composed of eight raw herbal materials, has been verified to have a good therapeutic effect on DR after decades of clinical application. Some of these raw herbal materials have previously been reported to be effective in treating diabetes as well. Turtle shell decoct pill, a formula with the shell of Trionyx sinensis as King medicine, can inhibit tumor angiogenesis (30), indicating that the shell possesses the potential to treat vascular diseases. Besides, the formula comprising Astragalus mongholicus Bunge and Panax notoginseng (Burkill) F.H. Chen protects the kidney from inflammatory damage in diabetic nephropathy, possibly by inhibiting mTOR and activating PINK1/Parkin signaling to promote autophagy (31). There are 20 compounds detected in BJ, and many of them have previously been reported to have therapeutic effects on diabetes. Akebia saponin D prevents renal injury in diabetic mice through activating the NRF2/HO-1 pathway and inhibiting the NF-κB pathway (32). Quercitrin can significantly reduce fasting blood glucose concentration and increase insulin level to improve the antioxidant status of diabetic rats (33). Isorhamnetin has a renal protective role by regulating autophagy epigenetic regulators in type 2 diabetes model rats (34). Vanillic acid regulates diabetic hypertension by adjusting blood glucose, insulin, and blood pressure (35). Luteolin alleviates inflammation and oxidative stress through inhibiting NF-κB and upregulating Nrf2, thereby promoting wound recovery in diabetic rats (36). Apigenin ameliorates diabetic nephropathy by depressing oxidative stress and the MAPK pathway (37).

PI3K-dependent AKT activation affects several downstream pathways, which involves cell proliferation, angiogenesis, senescence, apoptosis, and cell survival (38, 39). BCL-XL and BAX are associated with the mitochondrial apoptosis pathway. Under normal circumstances, the apoptotic regulator BAX is mediated primarily by continuous reverse-transcriptional translocation elicited by BCL2L1/BCL-XL from mitochondria to the cytoplasm, thus avoiding the accumulation of BAX on the mitochondrial outer membrane (40). BCL-XL is an anti-apoptotic protein belonging to the Bcl-2 family, which helps to maintain the normal membrane state under stress conditions through direct pore-forming of the mitochondrial outer membrane (41). NF-κB, a type of DNA-binding eukaryotic cell transcription factor, is involved in normal physiological processes such as immune and inflammatory responses. The NF-κB signaling pathway is closely related to the development, proliferation, differentiation, and apoptosis of immune cells, and plays a major role in the regulation of inflammatory cytokine gene expression (42). Besides, NF-κB promotes apoptosis by triggering a series of events (24). The present investigation indicates that BJ promotes apoptosis of HRCRCs exposed to high glucose, possibly through inhibition of PI3K/AKT signaling. Furthermore, BJ induces the mitochondrial dysfunction by interfering with the expression of mitochondrial function-related proteins, such as BAX and BCL-XL (Figure 9).
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FIGURE 9. Suggested mechanism of action of BJ eliciting the apoptosis of HRCECs exposed to high glucose. Created with BioRender.com.


Proteome provides the current expression level of protein molecules, which can help us to understand the mechanism of action of medicines (43). One of the leading causes for diabetes is persistent hyperglycemia. We performed proteomics research on high-glucose-incubated HRCECs after BJ treatment. KEGG enrichment analysis showed that most of the differential proteins were related to metabolism, which was mainly involved in glucose metabolism, such as the pentose phosphate pathway, galactose metabolism, and pyruvate metabolism (Figure 8E). In addition, the pentose phosphate pathway has a higher enrichment score and lower p-value (Figure 8F). This suggests that BJ plays a therapeutic role probably by interfering with intracellular glucose metabolism. Although BJ displayed no hypoglycemic effect on the peripheral blood of model mice in vivo experiments, this does not prevent its therapeutic effect on PDR.

Currently, there still exist many limitations in the treatment of PDR with surgery and chemicals, such as many adverse reactions and expensive fees. Chinese medicines have attracted great attention owing to their good efficacy, low toxicity, and convenient use. Our study displayed that BJ retarded the development of DR by inhibiting the proliferation of acellular capillaries and promoting the stability of the retina. To further investigate the related mechanism of action, we established an in vitro model of retinal endothelial cells cultured with high glucose. The findings indicated that BJ inhibited proliferation and induced apoptosis in the cells by eliciting cycle arrest and decreasing mitochondrial membrane potential via inactivation of the PI3K/AKT signaling pathway and activation of the NF-κB pathway.



CONCLUSION

Bie-Jia-Ruan-Mai-Tang inhibits the formation of acellular capillary in the retina and the instability of retinal structure in DR mice, suppresses proliferation, and induces apoptosis in HRCECs exposed to high glucose through inducing cell cycle arrest and reducing mitochondrial membrane potential, indicating that BJ has the potential to treat DR.



DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the ProteomeXchange repository, accession number PXD012393.



ETHICS STATEMENT

The animal study was reviewed and approved by the Experimental Animal Ethics Committee of Shanghai University of Traditional Chinese Medicine.



AUTHOR CONTRIBUTIONS

HZ, XL, and LZ contributed to the conception and design of the experiments. Q-PL, Y-YC, and Y-YY performed the experiments and wrote the draft. PA, Y-ZX, and H-XY performed the statistical analysis and interpreted the data. Y-JZ and LZ provided the raw herbal materials. HZ and KR revised the manuscript. All authors agreed to be accountable for all aspects of the work, ensuring integrity and accuracy.



FUNDING

This work was supported by funds from the National Natural Science Foundation of China (No. 82174023), the National Key R&D Program for Key Research Project of Modernization of Traditional Chinese Medicine, China (2019YFC1711602, 2019YFC1711604, and 2019YFC1711605), and the Three-Year Action Plan for Shanghai TCM Development and Inheritance Program (ZY(2021-2023)- 0401).


ABBREVIATIONS

NPDR, non-proliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy; BJ, Bie-Jia-Ruan-Mai-Tang; DR, diabetic retinopathy; HRCECs, human retinal capillary endothelial cells; DB, diabetes; MMP, mitochondrial membrane potential; NG, normal glucose group; HG, high-glucose group; IRMA, intraretinal microvascular abnormalities; ATP, adenosine triphosphate; STZ, streptozotocin; ROS, reactive oxygen species; VEGF, Vascular endothelial growth factor; ZO-1, zonula occludens-1, ONL, outer nuclear layer; INL, inner nuclear layer; CAD, Calcium Dobesilate; LDG, low-dose group; MDG, Medium-dose group; HDG, High-dose group; H and E, hematoxylin and eosin; PAS, Periodic Acid-Schiff.


REFERENCES

1. Ma R. Epidemiology of diabetes and diabetic complications in China. Diabetologia. (2018) 61:1249–60. doi: 10.1007/s00125-018-4557-7

2. Laddha A, Kulkarni Y. Tannins and vascular complications of diabetes: an update. Phytomedicine. (2019) 56:229–45. doi: 10.1016/j.phymed.2018.10.026

3. Guariguata L, Whiting D, Hambleton I, Beagley J, Linnenkamp U, Shaw J. Global estimates of diabetes prevalence for 2013 and projections for 2035. Diabetes Res Clin Pract. (2014) 103:137–49. doi: 10.1016/j.diabres.2013.11.002

4. Darenskaya M, Kolesnikova L, Kolesnikov S. Oxidative stress: pathogenetic role in diabetes mellitus and its complications and therapeutic approaches to correction. Bull Exp Biol Med. (2021) 171:179–89. doi: 10.1007/s10517-021-05191-7

5. Simó-Servat O, Hernández C, Simó R. Diabetic retinopathy in the context of patients with diabetes. Ophthalmic Res. (2019) 62:211–7. doi: 10.1159/000499541

6. Yau J, Rogers S, Kawasaki R, Lamoureux E, Kowalski J, Bek T, et al. Global prevalence and major risk factors of diabetic retinopathy. Diabetes Care. (2012) 35:556–64. doi: 10.2337/dc11-1909

7. Le N, Kroeger Z, Lin W, Khanani A, Weng C. Novel treatments for diabetic macular edema and proliferative diabetic retinopathy. Curr Diab Rep. (2021) 21:43. doi: 10.1007/s11892-021-01412-5

8. Wang N, Yang B, Zhang X, Wang S, Zheng Y, Li X, et al. Network pharmacology-based validation of caveolin-1 as a key mediator of Ai Du Qing inhibition of drug resistance in breast cancer. Front Pharmacol. (2018) 9:1106. doi: 10.3389/fphar.2018.01106

9. Wang J, Ma Q, Li Y, Li P, Wang M, Wang T, et al. Research progress on traditional Chinese medicine syndromes of diabetes mellitus. Biomed Pharmacother. (2020) 121:109565. doi: 10.1016/j.biopha.2019.109565

10. Xu H, Tang W, Zhang L. Effect of “Tangzu formula”on latent syndrome of diabetic foot tendon gangrene. Shanghai J Tradit Chin Med. (2016) 50:38–40. doi: 10.16305/j.1007-1334.2016.01.013

11. Yan S, Liu G, Li W, Zhang L. Clinical observation of “Tangzu formula”in treating diabetic foot ulcers: a randomized and placebo-controlled trial. Shanghai J Tradit Chin Med. (2016) 50:55–7. doi: 10.16305/j.1007-1334.2016.06.018

12. Mrugacz M, Bryl A, Zorena K. Retinal vascular endothelial cell dysfunction and neuroretinal degeneration in diabetic patients. J Clin Med. (2021) 10:458. doi: 10.3390/jcm10030458

13. Hamilton S, Watts G. Endothelial dysfunction in diabetes: pathogenesis, significance, and treatment. Rev Diabet Stud. (2013) 10:133–56. doi: 10.1900/rds.2013.10.133

14. Wang M, Fang G, Culver D, Davis A, Rich M, Glass J. The wlds protein protects against axonal degeneration: a model of gene therapy for peripheral neuropathy. Ann Neurol. (2001) 50:773–9. doi: 10.1002/ana.10039

15. Shen YL, Jiang YP, Li XQ, Wang SJ, Ma MH, Zhang CY, et al. Erhuang formula improves renal fibrosis in diabetic nephropathy rats by inhibiting CXCL6/JAK/STAT3 signaling pathway. Front Pharmacol. (2020) 10:1596. doi: 10.3389/fphar.2019.01596

16. Yue J, Jin S, Li Y, Zhang L, Jiang W, Yang C, et al. Magnesium inhibits the calcification of the extracellular matrix in tendon-derived stem cells via the ATP-P2R and mitochondrial pathways. Biochem Biophys Res Commun. (2016) 478:314–22. doi: 10.1016/j.bbrc.2016.06.108

17. Zorova L, Popkov V, Plotnikov E, Silachev D, Pevzner I, Jankauskas S, et al. Mitochondrial membrane potential. Anal Biochem. (2018) 552:50–9. doi: 10.1016/j.ab.2017.07.009

18. Indo H, Davidson M, Yen H, Suenaga S, Tomita K, Nishii T, et al. Evidence of ROS generation by mitochondria in cells with impaired electron transport chain and mitochondrial DNA damage. Mitochondrion. (2007) 7:106–18. doi: 10.1016/j.mito.2006.11.026

19. Evens A, Prachand S, Shi B, Paniaqua M, Gordon L, Gartenhaus R. Imexon-induced apoptosis in multiple myeloma tumor cells is caspase-8 dependent. Clin Cancer Res. (2004) 10:1481–91. doi: 10.1158/1078-0432.ccr-1058-03

20. Pai P, Sukumar S. HOX genes and the NF-κB pathway: a convergence of developmental biology, inflammation and cancer biology. Biochim Biophys Acta Rev Cancer. (2020) 1874:188450. doi: 10.1016/j.bbcan.2020.188450

21. Duh E, Sun J, Stitt A. Diabetic retinopathy: current understanding, mechanisms, and treatment strategies. JCI Insight. (2017) 2:e93751. doi: 10.1172/jci.insight.93751

22. Stitt A, Curtis T, Chen M, Medina R, McKay G, Jenkins A, et al. The progress in understanding and treatment of diabetic retinopathy. Prog Retin Eye Res. (2016) 51:156–86. doi: 10.1016/j.preteyeres.2015.08.001

23. Tolentino MS, Tolentino AJ, Tolentino MJ. Current and investigational drugs for the treatment of diabetic retinopathy. Expert Opin Investig Drugs. (2016) 25:1011–22. doi: 10.1080/13543784.2016.1201062

24. Chen J, Stark L. Insights into the relationship between nucleolar stress and the NF-κB pathway. Trends Genet. (2019) 35:768–80. doi: 10.1016/j.tig.2019.07.009

25. Du A, Xie Y, Ouyang H, Lu B, Jia W, Xu H, et al. In vivosi-miao-yong-an decoction for diabetic retinopathy: a combined network pharmacological and approach. Front Pharmacol. (2021) 12:763163. doi: 10.3389/fphar.2021.763163

26. Tien T, Barrette K, Chronopoulos A, Roy S. Effects of high glucose-induced Cx43 downregulation on occludin and Zo-1 expression and tight junction barrier function in retinal endothelial cells. Invest Ophthalmol Vis Sci. (2013) 54:6518–25. doi: 10.1167/iovs.13-11763

27. Fang Y, Shi K, Lu H, Lu L, Qiu B. Mingmu xiaomeng tablets restore autophagy and alleviate diabetic retinopathy by inhibiting PI3K/Akt/mTOR signaling. Front Pharmacol. (2021) 12:632040. doi: 10.3389/fphar.2021.632040

28. Pang B, Ni Q, Di S, Du L, Qin Y, Li Q, et al. Luo tong formula alleviates diabetic retinopathy in rats through micro-200b target. Front Pharmacol. (2020) 11:551766. doi: 10.3389/fphar.2020.551766

29. Zhang X, Liu W, Wu S, Jin J, Li W, Wang N. Calcium dobesilate for diabetic retinopathy: a systematic review and meta-analysis. Sci China Life Sci. (2015) 58:101–7. doi: 10.1007/s11427-014-4792-1

30. Chen D, Zhang X. Experimental study on antitumor angiogenesis of turtle shell decoct pill. J Zhejiang Tradit Chin Med. (2004) 12:32–4.

31. Wen D, Tan R, Zhao C, Li J, Zhong X, Diao H, et al. Astragalus mongholicus bunge and panax notoginseng (Burkill) F.H. Chen formula for renal injury in diabetic nephropathy- in vivo and in vitro evidence for autophagy regulation. Front Pharmacol. (2020) 11:732. doi: 10.3389/fphar.2020.00732

32. Lu C, Fan G, Wang D. Akebia saponin D ameliorated kidney injury and exerted anti-inflammatory and anti-apoptotic effects in diabetic nephropathy by activation of NRF2/HO-1 and inhibition of NF-KB pathway. Int Immunopharmacol. (2020) 84:106467. doi: 10.1016/j.intimp.2020.106467

33. Babujanarthanam R, Kavitha P, Mahadeva Rao U, Pandian M. Quercitrin a bioflavonoid improves the antioxidant status in streptozotocin: induced diabetic rat tissues. Mol Cell Biochem. (2011) 358:121–9. doi: 10.1007/s11010-011-0927-x

34. Matboli M, Ibrahim D, Hasanin A, Hassan M, Habib E, Bekhet M, et al. Epigenetic modulation of autophagy genes linked to diabetic nephropathy by administration of isorhamnetin in type 2 diabetes mellitus rats. Epigenomics. (2021) 13:187–202. doi: 10.2217/epi-2020-0353

35. Vinothiya K, Ashokkumar N. Modulatory effect of vanillic acid on antioxidant status in high fat diet-induced changes in diabetic hypertensive rats. Biomed Pharmacother. (2017) 87:640–52. doi: 10.1016/j.biopha.2016.12.134

36. Chen L, Cheng H, Kuan Y, Liang T, Chao Y, Lin H. Therapeutic potential of luteolin on impaired wound healing in streptozotocin-induced rats. Biomedicines. (2021) 9:761. doi: 10.3390/biomedicines9070761

37. Malik S, Suchal K, Khan S, Bhatia J, Kishore K, Dinda A, et al. Apigenin ameliorates streptozotocin-induced diabetic nephropathy in rats via MAPK-NF-κB-TNF-α and TGF-β1-MAPK-fibronectin pathways. Am J Physiol Renal Physiol. (2017) 313:F414–22. doi: 10.1152/ajprenal.00393.2016

38. Hoke G, Ramos C, Hoke N, Crossland M, Shawler L, Boykin J. Atypical diabetic foot ulcer keratinocyte protein signaling correlates with impaired wound healing. J Diabetes Res. (2016) 2016:1586927. doi: 10.1155/2016/1586927

39. Li T, Wang G. Computer-aided targeting of the PI3K/AKT/mTOR pathway: toxicity reduction and therapeutic opportunities. Int J Mol Sci. (2014) 15:18856–91. doi: 10.3390/ijms151018856

40. Edlich F, Banerjee S, Suzuki M, Cleland M, Arnoult D, Wang C, et al. Bcl-x(L) retrotranslocates bax from the mitochondria into the cytosol. Cell. (2011) 145:104–16. doi: 10.1016/j.cell.2011.02.034

41. Rochette P, Brash D. Progressive apoptosis resistance prior to senescence and control by the anti-apoptotic protein BCL-xL. Mech Ageing Dev. (2008) 129:207–14. doi: 10.1016/j.mad.2007.12.007

42. Taniguchi K, Karin M. NF-κB, inflammation, immunity and cancer: coming of age. Nat Rev Immunol. (2018) 18:309–24. doi: 10.1038/nri.2017.142

43. Jackson C, Gundersen K, Tong L, Utheim T. Dry eye disease and proteomics. Ocul Surf. (2022) 24:119–28. doi: 10.1016/j.jtos.2022.03.001


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.

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.

Copyright © 2022 Liu, Chen, Yu, An, Xing, Yang, Zhang, Rahman, Zhang, Luan and Zhang. 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/fcvm-09-959298-g008.jpg
GO Terms Top 30

category
biological_process 03
cellular_component -

B molecular_function E 40 E
g
=} =
802 &
e o
g 2
g 20 g
5 El
& 0.1 r4

(,_(,II.III---- I.I--- II...I--(,
SR P & F P @ S @
W FLLL '\Q.(\b«\b4¢b.@.¢b-¢b .g\b OO O
© o7 SR AV 4 00‘0“0\ PR AR R Y _§'4‘,§4
R c‘vuvc&\ PRPOET S AST AR A A
& F & RSP I\ S O e g g g
&F N F N @ & &'\\3"0&"&0
O & - N
NS FEITL E "SI TEF L&
,o’Q\\*. § ‘\b éo 3?_»_6,} ¢ &s‘ ¥ Q\@‘d & ¥
& 0 & & «\&ﬁ\ Qé &
S o 8 & LS A
o & & F&
&.Q &\)b\_v: 5 ,\\o‘s‘ é@ N
& PO /
o & & ¥
& & N ?
O O
g ol
& .s}‘\\
& §
& »
O
§ ¢
&
Cellular Processes-Cell motility
Cellular Processes-Cellular community - eukaryotes
Cellular i
= UP
=== DOWN

Metaboli i : i
- E

Metabolism-Energy metabolism
Metabolism-Lipid metabolism

amino acids

Organismal Systems-Aging
Y

)

KEGG Enrichment top 20

HIF-1 signaling pathway 4
AMPK signaling pathway

RNA degradation 4

7
&
o 4

[ extracellular exosome
[] protein folding . cadherin binding

pentose-phosphate shunt

5

|u |
& £y
o

Glycolysis / Gluconeogenesis 5

Purine metabolism -

Glutathione metabolis

Galactose metabolism -

Pyruvate metabolism 4
Selenocompound metabolism 4

Folate biosynthesis -

Propanoate metabolism -

Starch and sucrose metabolism <

Jilli

8
s
S
=3

;“‘
a o

w

w oW oW

N

N NN

0.04 006 0.08
Percent of proteins(%)

AMPK signaling pathway +

Folate biosynthesis

Galactose metabolism 4

Glycolysis / Gluconeogenesis 4

Genetic [
Human Dis

nformation Processing

5es

HIF-1 signaling pathway 4

Propanoate metabolism 4

Purine metabolism 4
Pyruvate metabolism 4
RNA degradation 4

Selenocompound metabolism

10 15
Enrichment_score

ListHits

000 -
N W AW

Pvalue

0.03
0.02
0.01






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Bie-Jia-Ruan-Mai-Tang, a Chinese Medicine Formula, Inhibits Retinal Neovascularization in Diabetic Mice Through Inducing the Apoptosis of Retinal Vascular Endothelial Cells



		INTRODUCTION



		MATERIALS AND METHODS



		Preparation of Bie-Jia-Ruan-Mai-Tang Extract



		Reagent



		Animal Experiment



		Cell Culture



		Cell-Counting Kit-8 Assay



		Cell Colony Formation



		Cell Cycle Analysis



		Apoptosis Detection



		JC-1 Mitochondrial Membrane Potential



		Adenosine Triphosphate Detection



		Cell Nuclear Staining



		Intracellular Reactive Oxygen Species Detection



		Western Blot



		Tandem Mass Tag Quantitative Proteomic Analysis



		Statistical Analysis







		RESULTS



		Main Components of Bie-Jia-Ruan-Mai-Tang



		Bie-Jia-Ruan-Mai-Tang Does Not Reduce Blood Glucose in Diabetic Mice



		Bie-Jia-Ruan-Mai-Tang Inhibits Retinal Angiogenesis in Diabetic Mice



		Bie-Jia-Ruan-Mai-Tang Decreases the Proliferation of High-Glucose-Exposed Human Retinal Capillary Endothelial Cells



		Bie-Jia-Ruan-Mai-Tang Promotes Apoptosis of High-Glucose-Exposed Human Retinal Capillary Endothelial Cells



		Bie-Jia-Ruan-Mai-Tang Increases Mitochondrial Dysfunction of High-Glucose-Exposed Human Retinal Capillary Endothelial Cells



		Bie-Jia-Ruan-Mai-Tang Depresses PI3K/AKT Signal Pathway Activation



		TMT Quantitative Proteomic Analysis







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/fcvm-09-959298-g007.jpg
P-PI3K

PI3K

P-AKT

AKT

GAPDH

BJ (ng/mL)
NG HG 50 100

D G— e ——

P-NF-«B

NF-xB

BCL-XL

BAX

GAPDH

BJ (ng/mL)
NG HG 50 100

T wew oD

T Ty e— -

- =






OPS/images/fcvm-09-959298-g006.jpg
HG 50 100
BJ(ug/mL)

g
(&
=
™
c
oS
S
@
=

50 100
BJ(ug/mL)

kong-1: P1

BJ-50 pg/mL BJ-100 pg/mL
1

hjs0-1 : P1 hj100-2 : P1

Cournt
Count

50 100
100 107 BJ(ug/mL)

108 107






OPS/images/fcvm-09-959298-g005.jpg
NG BJ-100 pg/mL
NG2 : P1 G P 3-3:P 4-3:P1
i Q1-UR(T.44%) 42% [~ .. Q1-UR(D.96 01-UL(8.02%) 4505 - Q1-UR(17.87%) 40%) 10747 Q1-UR(27.16%)

Q1-LR(1.54

1 DE-

1000.41m 1000 pim 1000 pm 1000. pm






OPS/images/fcvm-09-959298-g004.jpg
>

BJ(ng/mL)

Count

ICsq = 220.294pg/mL
%k %k %k

Cell viability(%)

50-
§J’ 40—
B
[+
% % %k z}
S 20-
=
|
= 10-
150 0

HG

35-0: 5INGLE

400

Count

P2(72.60%)
—

P3(12.50%)
H

24 h
150 4
2 100-
=
S
2 50-
/]
(&
o_
NG HG 10 25 50
12-1: SINGLE
3 4
= P2({66.92%)
| I IF‘3(1 3.50%)
—
P4(12.85%)

P4{10.16%)

T
150

BJ(ug/mL)

BJ-50 pg/mL

b1-1:SINGLE

BJ-50 pg/mL

P2(54.13%)
=

P4{14.99%)

P3(23.24%)
H

Count

48 h ICs0 = 20.256ug/mL
it 100 *k kK * %k %
3
% %k %k
i J *é
T s &
S
:é
=
Kk ko =
| | | T
HG 10 25 50 100 150 50 100 150 200
BJ-100 pg/mL F
3000 H#it#
3 2000
[S
>
E % % k
& 1000~
bk
HG 50 100
BJ(ug/mL)
BJ-100 pg/mL
h2-3: SINGLE
= 100
o P2(55.83%) mm G0/G1
k20 559 80— = S
7 = - G2/M
- X
P4(12.98%) o 60
©
=
S 40
o
o
20—
0_
HG

50 100
BJ(ug/mL)





OPS/images/fcvm-09-959298-g003.jpg
Normal Control CAD LDG

e
,‘..n \ (1"\?9‘5

PAS

Acellular
capillaries/field
»

P {
5 4 !’
' :.::3’3:"5

VEGF

Positive (%)

80—
‘ 601
. kn.«gﬂw g 22
B
7.0-1 G Byt ™ "
B 2
0
8
20—
o—
& & ©
& sl
\\°§ & °





OPS/images/fcvm-09-959298-g002.jpg
Blood glucose was measured

Mice were sacrificed

Weeks

Weeks

0 1 2) 3 5 6 7 8 9 10, 11 12 13 14 15, 16 17f Wefzks
STZ was injected for 5 consecutive days p-o. BJ every day
High-glucose-high-fat diet
C —— Normal
35+ ~= Nomal __ 40+ —=— Control
-
-=- (Control = ~ CAD
30— I ® —— CAD E 30 —— LLDG
C. 1 § =+ L6 3 I« MDG
Y
_'5,25- —— MDG 9 20— * % K| o HDG
é’ T -~ HDG (—g
20- 5 10— — . —
o
L)
m
15 | | 1 | | | | | G [ I I
10 1 12 13 14 15 16 17 9 13 17





OPS/images/fcvm-09-959298-g001.jpg
OOOP

+ESI TIC Scan Frag=140.0V BJ-POS.d

-ESITIC Scan Frag=140.0V BJ-NEG00.d

20
9
5 7
18
i 2 3 4 5 6 ¢ 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

.a
Counts (%) vi. F&=&7F] (zin)





OPS/images/cover.jpg
& frontiers | Frontiers in Cardiovascular Medicine

Bie-Jia-Ruan-Mai-Tang,

a Chinese Medicine Formula,
Inhibits Retinal
Neovascularization in Diabetic
Mice Through Inducing
the Apoptosis of Retinal
Vascular Endothelial Cells









OPS/images/fcvm-09-959298-t001.jpg
Name of herbal material

Shell of Trionyx sinensis Wiegmann

Whole plant of Sedum sarmentosum Bunge
Rhizome of Acorus tatarinowii Schott

Root of Paeonia lactiflora Pall

Root of Astragalus mongholicus Bunge

Root of Dipsacus eroides C. Y. Cheng et T. M.
Root and rhizome of Glycyrrhiza uralensis Fisch.

Flower bud and inflorescence of Buddleja officinalis Maxim.

Proportion

=
o

D W o O O o O





OPS/images/fcvm-09-959298-g009.jpg
A. mongholicus T. sinensis

D. eroides S. sarmentosum
G. uralensis A. tatarinowii
B. officinalis P. lactiflora

Bie-Jia-Ruan-Mai-Tang






OPS/images/logo.jpg
’ frontiers | Frontiers in Cardiovascular Medicine





