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Aims: This study aimed to determine the influence of Tang Wang Ming Mu granule (TWMM) on the diabetic retinopathy of diabetic rats.

Methods: Male Wistar rats were divided into seven groups: normal control, diabetes model(DM), diabetes with TWMM (3.6, 7.2, and 14.4 g/kg) treatment, the positive control treatment groups of Qi Ming granules and Calcium dobesilate capsules. All rats were treated for 8 weeks. The levels of body weight, fasting blood glucose (FBG) and glycosylated hemoglobin (HbA1c) in blood were measured to evaluate the antihyperglycemic activity of TWMM. Furthermore, malondialdehyde (MDA), intracellular adhesion molecule-1 (ICAM-1) and vascular endothelial growth factor (VEGF) in serum were measured to study effects of TWMM on oxidative stress and inflammatory in DM2 rats. VEGF, JAK/STAT signaling pathway and SOCS3 in retina was detected by immunohistochemistry.

Results: TWMM and the positive control drugs Qi Ming and Calcium dobesilate showed a remarkable suppression of retinal neovascularization and amelioration of retinal internal limiting membrane morphology. Moreover, TWMM significantly decreased HbA1c, MDA, ICAM-1, and VEGF levels in serum of diabetic rats. However, Qi Ming granules showed significantly reduced MDA and VEGF levels (P < 0.01, and P < 0.05, respectively), Calcium dobesilate showed significantly reduced MDA and ICAM-1levels (P < 0.01 and P < 0.05, respectively) in serum. All drug- treated DM2 rats showed significantly lower levels of VEGF, JAK2, P-JAK2, STAT3, and P-STAT3 in retina than DM group, while TWMM and Calcium dobesilate significantly increased SOCS3 in retina.

Conclusion: Our data suggest that the diabetic retina protective effect of TWMM might be related to antiinflammatory, antioxidative, upregulation of SOCS3 expression, inhibition of the JAK/STAT/VEGF signaling pathway.
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INTRODUCTION

A report published by the International Diabetes Federation currently indicates that diabetes mellitus has impact on at least 378 million people worldwide, and this figure is most likely to be doubled by 2035 (Yisahak et al., 2014). Diabetic retinopathy (DR) is one of the most common and serious microvascular complications of diabetes, result in visual impairment and blindness. Its incidence reaches nearly all type 1 diabetes patients and more than 60% in type 2 diabetes patients after 20 years onset of diabetes (Clark and Lee, 1995). DR is clinically characterized by retinal microvascular pathologic changes, such as capillary occlusion, hemorrhages, microaneurisms, and neovascularization, finally leads to severe vision loss and irreversible blindness (Antonetti et al., 2012; Cohen and Gardner, 2016). A number of therapeutics, such as anti-vascular endothelial growth factor (VEGF) therapy, long-acting steroids, and surgery with laser photocoagulation, has been applied clinically. However, they were used for later stage of DR. Therefore, early treatments to delay DR progression are desperately needed and have great social and economic impacts.

Although the pathogenesis remains unclear, studies have indicated that many factors, including hyperglycemia, oxidative stress, and inflammatory cytokines, contribute to DR progression. Among these factors, hyperglycemia is accepted as the first initiating factor in the development of DR, which suggests that strict glycemic control is effective in delaying DR (Chiu and Taylor, 2011). Recently, it is believed that inflammatory process plays an important role in the development of DR (Liao et al., 2017). In addition, oxidative stress is also considered as one of the crucial contributors in the pathogenesis of diabetic retinopathy, leading to structural and functional changes and accelerated loss of capillary cells in the retinal microvasculature (Jin et al., 2014). The target management for vascular complications of diabetes has been pointed out to inhibit inflammation and oxidative stress pathway.

Tang Wang Ming Mu Granule (TWMM), a traditional Chinese prescription, contains Astragali radix, Leonuri herba, Buddlejae flos, Ligustri lucidi fructus, Coptidis rhizoma, Mume fructus, as well as Cinnamomi cortex (Hao et al., 2016). Quantities of these ingredients are 34.8, 17.4, 13.0, 13.0, 8.7, 8.7, and 4.3% of the total weight, respectively. Presently, the herbal medicine has increasingly gained attention as a protector of diabetic vascular complications. Our previous research showed that TWMM had inhibition effect on human umbilical vein endothelial cell line EA.hy926 under hypoxic and high glucose conditions. It might be related to down-regulation of the expression of angiogenesis-related factor mRNA and proteins, such as HIF-1α, VEGFR-2, and ICAM-1 (Hao et al., 2015).

No in vivo study has been carried out to investigate the efficacy of TWMM to prevent or delay diabetic-induced retinal microangiopathy. The purpose of this study was to evaluate the effect of TWMM on experimental diabetic retinopathy in the rat, and to investigate the underlying mechanisms. Calcium dobesilate capsule was chosen as a positive control drug. Studies showed that it has multiple mechanisms of action which include anti-leakage action due to its inhibitory effect on VEGF production, anti-oxidant and anti-inflammatory properties. It was approved for the treatment of DR in several countries(Solàadell et al., 2017). Qiming Granule, a traditional Chinese medicine complex prescription, which is consisting of principle components extracted from Radix Astragali, Radix Puerariae, and Rdix Rehmanniae etc. It had functions of promoting the production of body fluids and benefiting qi, tonifying the Shen and nourishing the Gan, removing obstruction in the channels to improve visual acuity. And it was used in the treatment of microvascular complications of diabetes (Xiangxia et al., 2009). At the same time, we chose Qiming Granule as a positive control Chinese medicine.

MATERIALS AND METHODS

Materials

The extracts of TWMM were kindly provided by Beijing red sun Pharmaceutical Co., Ltd (Cat. No.20130829). The main peaks in HPLC profile of TWMM were identified to be astragaloside, berberine hydrochloride, linarin, specnuezhenide, and leonurine hydrochloride. The content of these constituents in TWMM was determined to be 1.19, 6.94, 4.00, 3.76, and 0.81 mg/g, respectively, by HPLC. Qi Ming granules were purchased from Zhejing wan sheng Pharmaceutical Co., Ltd (Cat. No.141023). Calcium dobesilate capsules were purchased from Beijing JingFeng Pharmaceutical Co., Ltd (Cat. No.141105).

Animals

Male 6-week-old Wistar rats were obtained from Si bei fu experimental animal technology Co., Ltd. (Beijing, China). All animals were maintained in the laboratory with food and water ad libitum throughout the experiment. The use of animals in the research was in accordance with the Association for Research in Vision and Ophthalmology (ARVO) statement. All animal work was performed in accordance with the standards established by the Animal Care and Use Committee of Xiyuan Hospital and approved by the local ethics committee.

Induction of Experimental Type 2 Diabetic Rat Model (DM)

Type 2 diabetic rat model was induced as described previously (Reed et al., 2000). Rats were daily fed with high fat diet consisting of 65% regular diet, 15% pork fat, and 20% carbohydrate. After 4 weeks of dietary manipulation, the rats were rendered diabetic by intraperitoneal (IP) injection of streptozotocin (STZ, Sigma, 25 mg/kg body weight) for 2 days. One week after STZ injection, rats with blood glucose levels consistently above 16.7 mmol/L were considered diabetic. The normal control group (n = 10) was given regular diet for 4 weeks followed by an IP injection of solvent. After the injection, rats in the DM group continued to be fed with high fat diet and rats in the normal control group continued to be fed with regular diet for another 4 weeks. Then, we randomly divided diabetic rats into six groups (n = 10 in each group): (1) DM group, diabetic rats were administered with distilled water (10 mL/kg); (2) DM+L-TWMM group, diabetic rats were administered with low dose of TWMM (ig, 3.6 g/kg); (3) DM+M-TWMM group, diabetic rats were administered with middle dose of TWMM (ig, 7.2 g/kg); (4) DM+H-TWMM group, diabetic rats were administered with high dose of TWMM (ig, 14.4 g/kg); (5) DM+QM group, diabetic rats were administered with Qi Ming granules (ig, 1.4 g/kg); (6) DM+CD group, diabetic rats were administered with Calcium dobesilate capsules (ig, 150 mg/kg). The rats in the normal control group were administered with distilled water (10 mL/kg). All rats were treated for 8 weeks.

The body weight and blood glucose levels were recorded carefully every week. At the end of the experiment, hemoglobin A1c (HbA1c) values were determined using an In2It analyzer (Bio-Rad, Munich, Germany). Rats were anesthetized by 10% chloral hydrate, the blood samples were taken from the abdominal aorta, and the eyes were removed immediately.

Determination of Metabolic Parameters

Individual blood sample was withdrawn from the abdominal aorta without anticoagulant for separating serum and placed into aliquots for analyses. Serum level of MDA was measured by commercial kits from Jiancheng Bioengineering Institute (Nanjing, Jiangsu Province, China, Cat. No. 20150909). Commercial enzyme-linked immunosorbent assay (ELISA) Kits for determining serum levels of sICAM-1 (Cat. No. 238951031) and VEGF (Cat. No. 238350514) were purchased from MultiSciences (Lianke) Biotech Co., Ltd. (Hangzhou, China). All experimental assays were carried out according to the manufacturers' instructions; all samples were analyzed in triplicate.

Retinal Capillary Morphology

Retinal digest stretched preparation was used to observe retinal capillary morphology, and to count the numbers of pericyte (PC/mm2 capillary area) and vascular endothelial cells (EC/mm2 retinal area), according to published methods (Dietrich and Hammes, 2012).

Histological Studies of Retina

Eyes were removed from rats and fixed with 4% paraformaldehyde in phosphate buffer saline. The paraffin sections (4 μm) were then stained with hematoxylin and eosin (HE) for histological evaluation. Pathological pictures of retinas were taken at 400 × under an optical microscope (Olympus BX51, Japan), respectively. Retinal injury was evaluated by changes in retinal internal limiting membrane (ILM) of structure and neovascularization.

Transmission Electron Microscopy (TEM)

The eyes were enucleated, opened at the equator, fixed in 4% glutaraldehyde solution overnight at 4°C, and then postfixed in 2% osmium tetroxide. They were then dehydrated in ethanol series, and embedded in epoxy resin and processed as described previously (Jin et al., 2014). Electron micrographs of the retinal capillaries were captured at 5,000 × magnification with a transmission electron microscopy (Hitachi H−7500, Japan).

Immunohistochemistry

Immunohistochemistry was performed as previously described (Jin et al., 2014). Paraffin-embedded tissue block was subjected to serial 5 μm sections. The slices were subjected to antigen retrieval with citric acid buffer and then were incubated with diluted primary antibodies: VEGF antibody (Abcam, Cambridge, UK) at a dilution of 1:100, JAK2, P-JAK2, STAT3, P-STAT3, and SOCS3 antibody (Cell Signaling Technology, Danfoss, USA) at a dilution of 1:100 overnight at 4°C. After washing in PBS (pH 7.4) 3 times for 3min, the sections were incubated with secondary antibody (PV-6000) for 30 min at room temperature. Subsequently, the slides were washed again in PBS and incubated with 0.01% 3,3-diaminobenzidine tetrahydrochloride (DAB) for approximately 1 min. Sections were then washed thoroughly in PBS 3 times for 5 min each, counterstained in haematoxylin for 20s, dehydrated in absolute alcohol, cleared in xylene, and mounted in synthetic resin for microscopic examination. The digital images of the sample were observed by a digital camera (Olympus BX51, Japan). The positive area and optical density (OD) of positive cells were obtained to test with mean optical density with image J (v1.46r).

Statistical Analysis

All data were presented as mean ± standard error of the mean. Differences between groups were analyzed by Statistical Package for the Social Sciences version 17.0 (SPSS 17.0). Results were analyzed by one-way ANOVA, followed by a LSD post hoc multiple comparisons. A value of P < 0.05 was considered statistically significant.

RESULTS

Effects of TWMM on Metabolic Parameters

As shown in Figure 1A, the blood glucose levels of diabetic animals (28.41 ± 3.66 mmol/L) were significantly higher when compared with the control animals (5.78 ± 0.27 mmol/L). Eight weeks after supplementation of TWMM, although the blood glucose level of DM+TWMM groups were mildly different from that of DM rats, it showed no differences compared with the blood glucose level of DM group (Figure 1A). As shown in Figure 1B, body weights of diabetic rats were less than normal rats from week 1 to 8 (P < 0.01). At the end of study, there were no differences on body weight among diabetic groups. HbA1c levels of DM rats (7.59 ± 0.44%) were significantly higher than normal rats (3.03 ± 0.09%) (P < 0.01), confirming the impaired glucose metabolism in diabetes. The HbA1c values of DM+L-TWMM, DM+M-TWMM, and DM+H-TWMM groups revealed a significant decrease by 43.3, 23.5, and 21.5% when compared with that of DM animals, respectively (Figure 2). Compared with DM group, there were no differences on the HbA1c levels among Qi Ming and Calcium dobesilate groups (P > 0.05).
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FIGURE 1. Effects of TWMM on blood glucose and weight levels in type 2 diabetic rats. Control group and model group were treated with the same volume of vehicle. Blood glucose (A) and weight (B) levels were recorded every week throughout the study. DM+H-TWMM group was treated with 14.4 g/kg TWMM. DM+M-TWMM group was treated with 7.2 g/kg TWMM. DM+L-TWMM group was treated with 3.6 g/kg TWMM. DM+QM group was treated with 1.4 g/kg Qi Ming granules. DM+CD group was treated with 150 mg/kg Calcium dobesilate capsules. Data are presented as mean. n = 8.
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FIGURE 2. Effect of TWMM on hemoglobin A1c (HbA1c) of type 2 diabetic rats. Data are presented as mean ± SD. n = 8. **Indicate significant differences compared to the Control group at **P < 0.01. #,##Indicate significant differences compared to the DM group at #P < 0.05 and ##P < 0.01.



Effects of TWMM on Biochemical Parameters of DM Rats

Changes in malondialdehyde (MDA), intercellular adhesion molecule-1 (ICAM-1) and vascular endothelial growth factor (VEGF) were investigated. It was noted that the levels of those three parameters went to the same direction (Figure 3). The DM rats exhibited greatly higher MDA, ICAM-1, and VEGF levels than those determined in retinal tissue of the normal control rats (P < 0.01, P < 0.01 and P < 0.05, respectively). After 8 weeks treatment, TWMM significantly reduced MDA, ICAM-1 and VEGF levels in diabetic rats (DM+L-TWMM and DM+M-TWMM, P < 0.01 vs. DM group; DM+H-TWMM, P < 0.05 vs. DM group). Qi Ming granules treatments also showed significantly reduced MDA and VEGF levels (P < 0.01, and P < 0.05, respectively). Calcium dobesilate capsules treatments showed significantly reduced MDA and ICAM-1levels (P < 0.01, and P < 0.05, respectively).
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FIGURE 3. Effect of TWMM on MDA (A), ICAM-1 (B), and VEGF (C) of type 2 diabetic rats. Data are presented as mean ± SD. n = 8. *, **Indicate significant differences compared to the Control group at *P < 0.05 and **P < 0.01. #,##Indicate significant differences compared to the DM group at #P < 0.05 and ##P < 0.01.



Effect of TWMM on Experimental Diabetic Retinopathy

As shown in Figure 4A and Supplementary Image 1, quantitative analysis demonstrated that the number of endotheliocytes in model group (33.96 ± 9.15) were increased compared with that of the control group (31.63 ± 13.53), but it was no statistical meaning. All treatment groups significantly reduced the number of endotheliocytes (P < 0.01). As shown in Figure 4B and Supplementary Image 1, the number of pericytes in model group (5.50 ± 1.10) were decreased significantly compared with that of the control group (17.67 ± 9.00). DM+H-TWMM, DM+M-TWMM, and DM+L-TWMM groups increased the number of pericytes by 27.3, 42.9, and 54.5%, respectively (7.00 ± 0.67, 7.83 ± 1.13, 8.50 ± 2.63; P < 0.01). Qi Ming granules treatment also showed significantly increased the the number of pericytes by 27.3% (P < 0.05). Calcium dobesilate capsules treatment showed increased the the number of pericytes by 20.5%, but there were no differences with DM group (P > 0.05). As shown in Figure 4C and Supplementary Image 1, the ratio of endotheliocytes/ pericytes in model group (6.88 ± 1.76) significantly increased compared with that of the control group (1.90 ± 0.27). DM+H-TWMM, DM+M-TWMM, and DM+L-TWMM groups reduced the ratio of endotheliocytes/pericytes by 65.8, 66.9, and 58.3%, respectively (2.35 ± 0.33, 2.28 ± 0.47, 2.87 ± 0.44; P < 0.01). Qi Ming granules and Calcium dobesilate capsules treatments also showed significantly reduced the ratio of endotheliocytes/pericytes (P < 0.01, and P < 0.01, respectively).
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FIGURE 4. Effect of TWMM on the number of endotheliocytes (A), the number of pericytes (B), the ratio of endotheliocytes/ pericytes (C) of type 2 diabetic rats. Data are presented as mean ± SD n = 8. **Indicate significant differences compared to the Control group at **P < 0.01. #,##Indicate significant differences compared to the DM group at #P < 0.05 and ##P < 0.01.



Effects of TWMM on Retinal Histology

As shown in Supplementary Image 2, the retinal layers of control group had clear structure, as well as tight and tidy cells. Moreover, retinal ILM remained smooth and integrity. However, swell ILM with protrudent capillary endothelial cells and new vessels were seen in DM group. TWMM treated groups had an obvious suppression of retinal neovascularization and reduction in swelling of ILM. There were obvious amelioration in Qi Ming granules and Calcium dobesilate capsules treatment groups.

Effect of TWMM on Ultrastructure of Retinal Vessels

As shown in Supplementary Image 3, the vascular endothelium was continuous and surrounded by basement membranes and pericytes in the control group. In some instances, red blood cells and platelets could be seen in the vessel, In the DM group, endothelial cells were swelled and protruded into the lumen, narrowing the vessel. The pericytes swell as well and basement membranes were uneven, thickened or split. In the TWMM treated groups, the endothelial cells and pericytes displayed minor swelling and the capillary occlusion decreased. The basement membrane thickened a little, and the vessel was in the process of repair. In the Qi Ming granules and Calcium dobesilate capsules treatment groups, the retinal ultrastructures were similar to those in the TWMM treated groups.

Effect of TWMM on the Jak/Stat Pathway

The immunohistochemistry studies demonstrated that retinal expression of JAK2 and STAT3 in the DM group were significantly higher than that in the control group (P < 0.01; Figure 5 and Supplementary Image 4). TWMM treatment significantly reduced retinal levels of JAK2 and STAT3 (P < 0.01; Figure 5B,C and Supplementary Images 4b–e). Compared with the control group, downstream of VEGF activation was increased in diabetic rats, which was suppressed by TWMM (P < 0.01; Figure 5A and Supplementary Image 4a). The expression of upstream protein of SOCS3 was significantly increased by TWMM (P < 0.05) in the middle and high dose group (Figure 5D and Supplementary Image 4f). Similarly, the expression of VEGF and phosphorylation of JAK2 and STAT3 significantly decreased in the Qi Ming granules and Calcium dobesilate capsules treatment groups compared with the DM group; whereas, SOCS3 increased in the both groups.
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FIGURE 5. Immunohistochemistry for VEGF (A), JAK (B), p-JAK (B), STAT3 (C), p-STAT3 (C), and SOCS3 (D) expression in the retina. Data are presented as mean ± SD n = 8. *, **Indicate significant differences compared to the Control group at *P < 0.05 and **P < 0.01. #,##Indicate significant differences compared to the DM group at #P < 0.05 and ##P < 0.01.



DISCUSSION

Over the last several years, multiple treatments are used in DR treatment including control hyperglycemia, laser, vitrectomy, anti-VEGF therapies, and steroids (Bandello et al., 2013). Additionally, current treatments for DR are performed in advanced stages of the disease and are associated with significant adverse effects. There has been a continuing effort to develop new drugs. Interestingly, in our study, we demonstrate for the first time that TWMM may be an effective drug for the treatment of DR.

According to the recent reports, Type 1 diabetes accounts for approximately 5% of all diabetes cases, and it has been estimated by the International Diabetes Federation that the disease affects 20–40 million persons worldwide (Tuomilehto, 2013). So, Type 2 diabetes is the majority. The prevalence of prediabetes, defined by fasting plasma glucose level, or 2-h plasma glucose, and HbA1c level, was 38% in 2011–2012, with the prevalence projected to increase to 50% by 2050 (Vinicor and Jack, 2004; Menke et al., 2015). Therefore, in this study we investigated the protective effect of the TWMM on experimental diabetic retinopathy in the type 2 diabetes rats. We use the high fat diet plus low dose of STZ injection to mimic type 2 diabetic conditions. In our study, rats with blood glucose levels consistently above 16.7 mmol/L were considered diabetic. HbA1c levels of DM2 rats were significantly higher than control group, confirming the impaired glucose metabolism in diabetes. It's very interesting that the blood glucose levels showed no reduction with those treatments, but HbA1c showed reduction. TWMM had only a minor impact on glycemia in high fat diet plus low dose of STZ injection diabetic animals, a model may be in which most of beta cells are destroyed according to the literature (Dietrich et al., 2016). The modest impact of TWMM on glycemia is reflected by the lack of differences in body weight between the diabetic groups. According to reported, there may be a discrepancy between the blood fasting plasma glucose level and HbA1c, probably caused by the undetected hyper- or hypoglycaemia over the 24-h period (Phillips and Leow, 2014). In this study, fasting plasma glucose was tested once a week. It is difficult to accurately reflect the true level of plasma glucose. However, the HbA1c reflects the average blood glucose level in the previous 2 or 3 months. So they're not consistent.

DR could be divided into non-proliferative (NPDR) or proliferative (PDR). NPDR exhibits capillary non-perfusion, cotton-wool spots, microaneurysms, dot and blot hemorrhages due to microvascular damage and pericyte loss. In PDR, neovascularization results in vitreous and retinal hemorrhages, which can lead to retinal detachment. Induction of DR by STZ, BRB breakdown could be observed 2 weeks after induction, ONL thinning beginning 4 weeks after induction, decreased numbers of both endothelial cells and pericytes, increased a cellular capillaries, after 8 weeks, and furthermore basement membrane thickening after 1 year (Olivares et al., 2017). In our study, it last 12 weeks after intraperitoneal injection of STZ. At this point, it is in the stage of non-proliferative diabetic retinopathy. Hematoxylin-eosin staining results showed that new vessels and swell ILM with protrudent capillary endothelial cells were seen in DM group. Furthermore, TEM results showed that the endothelial cells in DM group were swelled and protruded into the lumen, in addition narrowing the vessel. The pericytes swell as well and basement membranes were uneven, thickened or split. All these prove the success of the DR model in this study.

It is well recognized that hyperglycemia bring about changes in various biochemical pathways such as polyol pathway, nonenzymatic glycation end products, hexosamine pathway and diacylglycerol-PKC activation pathways. These alterations produced reactive oxygen species(ROS) which have been proposed to one of the major causes of hyperglycemia induced endothelial dysfunction (Nishikawa et al., 2000). Oxidative stress thereafter results in an increase in thrombotic tendency and a reduction in prostacyclin stimulating factors in diabetics, which may contribute to DR. In diabetes, there is an increase in free radicals production which in turn promotes lipid peroxidation. MDA is formed as an end product of lipid peroxidation, controlled by the antioxidants system under normal condition (Bhatia et al., 2003).

ICAM-1 is induced by NF-κ activation mediated by proinflmmatory cytokines, playing an important role in regulating retinal leukocyte adhesion. In addition, ICAM-1 has a close relationship with the increase of leukostasis and further breakdown of BRB during the course of DR (Kamiuchi et al., 2002).

Glycemic dysregulation, low grade inflammation and oxidative stress increases the expression of VEGF, which results in vascular leakage, macular edema as well as neovascularization in the retina (Nicholson and Schachat, 2010). In addition, VEGF provokes angiogenesis and stimulates growth and differentiation of vascular endothelial cells (Awata et al., 2002; Witmer et al., 2003). High levels of VEGF in serum and tissue play an important role in initiation and progression of retinal changes in diabetes patients (Qaum et al., 2001). Vascular alterations in the early stage of DR include acellular capillaries, microaneurysms, and thickening of vascular basement membrane (McArthur et al., 2011). These alterations occur in the early stage of DR. In this stage, vision loss is mainly caused by macular edema as the consequence of increased BRB permeability. In the present study, the increases in MDA, ICAM-1and VEGF levels were observed in retinal tissues of DM2 rats. The results suggested an obvious inflammation and BRB lesion in diabetic rats. We also have shown that the levels of MDA, ICAM-1 and VEGF in DM2 rats' retinas were significantly decreased after 8 weeks supplementation with TWMM compared with those in retinas of non-supplemented DM2 rats. The anti-inflammatory and anti-oxidative and decreases the expression of VEGF properties of TWMM seem to attribute to this protective role. Qi Ming granules treatments also showed significantly reduced MDA and VEGF levels. Calcium dobesilate capsules treatments showed significantly reduced MDA and ICAM-1levels. This might be one of the mechanisms of preventive effect on DR in DM2 rats. Compared with positive control drugs, the traditional Chinese compound preparation TWMM has component complex corresponding to multitarget therapy. However, it was difficult to observe the obvious dose-effect relationship. The mechanisms are still not well understood and need further study. In this research paper, we report for the first time a protection against diabetic microvascular damage by TWMM treatment.

When the blood glucose persistently increases, the activity of aldose reductase in pericytes of retinal capillaries increases too, resulting in enhanced level of metabolites (sorbitol and fructose) in intracellular pericytes leading to an elevation of intracellular osmotic pressure, cell swelling and metabolic disorders, eventually bringing about the loss of pericytes and damage of their primary function (autoregulation of retinal capillaries; Hammes, 2005). Without the protection of pericytes, the proliferation of endothelial cells will result in saccular outpouching of capillary walls, leading to microaneurysms with hemorrhage tendency (Ejaz et al., 2008; Pfister et al., 2008). We found that the number of retina pericytes in TWMM treated rats increased and the number of endothelial cells decreased comparing with those of STZ alone, indicating a possible mechanism that the protection of TWMM on pericytes and the inhibition of endothelial cells may attribute to its action of reducing diabetic microvascular damage. In an attempt to investigate whether the supplementation with TWMM could attenuate the retinal microvascular alterations in type 2 diabetic rats, we examined the effect of oral supplementation of TWMM on quantitative retinal morphometry. As shown in Figures 2, 4 and Supplementary Image 2, supplementation of TWMM could decrease the retinal capillary damage.

Therefore, we further looked for the mechanisms of TWMM involved in improvement of impaired retinal microvascular function in STZ combined high fat diet induced type 2 diabetes. Recent researches suggest that Janus kinase (JAK)/signal transducers and activators of transcription (STAT) signaling cascades may lead to diabetic retinopathy (Dudley et al., 2005; Al-Shabrawey et al., 2008). The JAK-STAT signaling pathway transmits information from extracellular chemical signals to the nucleus resulting in DNA transcription and expression of genes involved in proliferation, differentiation, and apoptosis (Chen et al., 2016). Recent researches showed that activation of JAK2/STAT3 plays a important role in high glucose-induced VEGF synthesis. High glucose could increase ROS production, then inducing p-JAK2/p-STAT3 and upregulating the expression of VEGF protein and mRNA in bovine retinal capillary endothelial cells (BRECs) (Zhi et al., 2010). Suppressor of cytokine signaling (SOCS) proteins form part of a classical negative feedback circuit. Transcripts encoding CIS, SOCS1, SOCS2, and SOCS3 are upregulated in response to cytokine stimulation, and the corresponding SOCS proteins inhibit cytokine-induced signaling pathways (Krebs and Hilton, 2001).

SOCS3 was normally present at low levels in resting cells, but could rapidly be induced by a variety of cytokines, hormones and some growth factors (Croker et al., 2004), as a particularly defense mechanism against cytokine-mediated apoptosis (Takase et al., 2005; Liu et al., 2008). Recent researches showed that upregulation of SOCS3 expression downregulated subsequent JAK/STAT signaling pathway, thereby reducing the destructive of beta-cell cytotoxic cytokines in diabetes (Laubner et al., 2005).

VEGF, JAK/STAT signaling pathway and SOCS3 in retina was detected by immunohistochemistry. We results showed that the expression of VEGF, JAK2, P-JAK2, STAT3, P-STAT3, and SOCS3 in retinal in the DM group were significantly higher than that in the control group. Compared with the DM group, TWMM treatment (especially the middle and high dose group) could significantly increase the levels of SOCS3 in retinal, decrease the expression of JAK2, P-JAK2, STAT3, P-STAT3, and VEGF. These suggested that the retinal protective of TWMM might be related to the upregulation of SOCS3 expression, inhibition of the JAK/STAT signaling pathway and further inhibition of VEGF expression in diabetic rat. The Qi Ming granules and Calcium dobesilate capsules treatment groups have the similar effect.

In this study, we discovered the therapeutic properties of TWMM for the prevention of diabetic microvascular disease. TWMM significantly decreased HbA1c, MDA, ICAM-1, and VEGF levels in diabetic rats. The anti-oxidative and anti-inflammatory effects of TWMM may be mechanisms contributed to preventing and delaying the procession of DR. At the same time, we observed that a correlation between STAT3-induced VEGF expression and SOCS3 induction in TWMM-treated diabetic rats' retina, suggesting that high glucose-induced activation of STAT3 and VEGF expression are under negative feedback regulation by SOCS3.

These findings contribute to a significantly better understanding of the beneficial effects of TWMM with regard to diabetes, and can thus serve as the basis for the further therapeutic development of TWMM in treating DR in future work.

AUTHOR CONTRIBUTIONS

MC, JR, and JL conceived and designed the protocol. MC, JR, HL, and JG performed the experiments. MC, JR, and HL analyzed the data. MC wrote the paper. All the authors reviewed and approved the submitted version of the paper.

FUNDING

This work was supported by grants from Beijing Ten Disease Ten Drugs Foundation of China (Z121102001112007) and the National Basic Research Program of China (973 Program, 2015CB554505).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2017.01065/full#supplementary-material

REFERENCES

 Al-Shabrawey, M., Bartoli, M., El-Remessy, A. B., Ma, G., Matragoon, S., Lemtalsi, T., et al. (2008). Role of NADPH oxidase and Stat3 in statin-mediated protection against diabetic retinopathy. Invest. Ophthalmol. Vis. Sci. 49:3231. doi: 10.1167/iovs.08-1754

 Antonetti, D. A., Klein, R., and Gardner, T. W. (2012). Diabetic retinopathy. NEJM. New England J. Med. 366, 1227–1239. doi: 10.1056/NEJMra1005073

 Awata, T., Inoue, K., Kurihara, S., Ohkubo, T., Watanabe, M., Inukai, K., et al. (2002). A common polymorphism in the 5′-untranslated region of the VEGF gene is associated with diabetic retinopathy in type 2 diabetes. Diabetes 51:1635. doi: 10.2337/diabetes.51.5.1635

 Bandello, F., Lattanzio, R., Zucchiatti, I., and Del, T. C. (2013). Pathophysiology and treatment of diabetic retinopathy. Acta Diabetol. 50, 1–20. doi: 10.1007/s00592-012-0449-3

 Bhatia, S., Shukla, R., Venkata Madhu, S., Kaur, G. J., and Madhava, P. K. (2003). Antioxidant status, lipid peroxidation and nitric oxide end products in patients of type 2 diabetes mellitus with nephropathy. Clin. Biochem. 36, 557–562. doi: 10.1016/S0009-9120(03)00094-8

 Chen, M., Wang, W., Ma, J., Ye, P., and Wang, K. (2016). High glucose induces mitochondrial dysfunction and apoptosis in human retinal pigment epithelium cells via promoting SOCS1 and Fas/FasL signaling. Cytokine 78:94. doi: 10.1016/j.cyto.2015.09.014

 Chiu, C. J., and Taylor, A. (2011). Dietary hyperglycemia, glycemic index and metabolic retinal diseases. Prog. Retinal Eye Res. 30:18. doi: 10.1016/j.preteyeres.2010.09.001

 Cohen, S. R., and Gardner, T. W. (2016). Diabetic retinopathy and diabetic macular edema. Diab. Care 55:137. doi: 10.1159/000438970

 Croker, B. A., Metcalf, D., Robb, L., Wei, W., Mifsud, S., DiRago, L., et al. (2004). SOCS3 is a critical physiological negative regulator of G-CSF signaling and emergency granulopoiesis. Immunity 20, 153–165. doi: 10.1016/S1074-7613(04)00022-6

 Dietrich, N., and Hammes, H. P. (2012). Retinal digest preparation: a method to study diabetic retinopathy. Methods Mol. Biol. 933, 291–302. doi: 10.1007/978-1-62703-068-7_19

 Dietrich, N., Kolibabka, M., Busch, S., Bugert, P., Kaiser, U., Lin, J., et al. (2016). The DPP4 inhibitor linagliptin protects from experimental diabetic retinopathy. PLoS ONE 11:e0167853. doi: 10.1371/journal.pone.0167853

 Dudley, A. C., Thomas, D., Best, J., and Jenkins, A. (2005). A VEGF/JAK2/STAT5 axis may partially mediate endothelial cell tolerance to hypoxia. Biochem. J. 390, 427–436. doi: 10.1042/BJ20050351

 Ejaz, S., Chekarova, I., Ejaz, A., Sohail, A., and Lim, C. W. (2008). Importance of pericytes and mechanisms of pericyte loss during diabetes retinopathy. Diab. Obesity Metab. 10, 53–63. doi: 10.1111/j.1463-1326.2007.00795.x

 Hammes, H. P. (2005). Pericytes and the pathogenesis of diabetic retinopathy. Hormone Metab. Res. 37(Suppl. 1):39. doi: 10.1055/s-2005-861361

 Hao, C. Y., Chen, M. X., Guo, P., Ma, W. B., Lyu, H. B., Du, P. P., et al. (2015). Effect of Tangwang Mingmu Keli on expression of hypoxic/high glucose induced vascular endothelial cell-associated factors. Chin. J. Pharmacol. Toxicol. 29, 404–410. doi: 10.3867/j.issn.1000-3002.2015.03.010

 Hao, C. Y., Chen, M. X., Wen-Bin, M. A., Guo, P., Hai-Bo, L. V., Liu, Y., et al. (2016). Effects of different extracts of tangwang mingmu granules on high glucose induced VEGF and IL-1α expressions in vascular endothelial cells. Chin. J. Inform. Tradit. Chin. Med. 23, 56–59. Available online at: http://pesquisa.bvsalud.org/enfermeria/resource/pt/wprim-927739

 Jin, C. J., Yu, S. H., Wang, X. M., Woo, S. J., Park, H. J., Lee, H. C., et al. (2014). The effect of lithospermic acid, an antioxidant, on development of diabetic retinopathy in spontaneously obese diabetic rats. PLoS ONE 9:e98232. doi: 10.1371/journal.pone.0098232

 Clark, C. M., Jr, and Lee, D. A. (1995). Prevention and treatment of the complications of diabetes mellitus. N. Engl. J. Med. 332, 1210–1217. doi: 10.1056/NEJM199505043321807

 Kamiuchi, K., Hasegawa, G., Obayashi, H., Kitamura, A., Ishii, M., Yano, M., et al. (2002). Intercellular adhesion molecule-1 (ICAM-1) polymorphism is associated with diabetic retinopathy in Type 2 diabetes mellitus. Diab. Med. 19, 371–376. doi: 10.1046/j.1464-5491.2002.00694.x

 Krebs, D. L., and Hilton, D. J. (2001). SOCS proteins: negative regulators of cytokine signaling. Stem Cells 19:378. doi: 10.1634/stemcells.19-5-378

 Laubner, K., Kieffer, T. J., Lam, N. T., Niu, X., Jakob, F., and Seufert, J. (2005). Inhibition of preproinsulin gene expression by leptin induction of suppressor of cytokine signaling 3 in pancreatic beta-cells. Diabetes 54, 3410–3417. doi: 10.2337/diabetes.54.12.3410

 Liao, P. L., Lin, C. H., Li, C. H., Tsai, C. H., Ho, J. D., Chiou, G. C., et al. (2017). Anti-inflammatory properties of shikonin contribute to improved early-stage diabetic retinopathy. Sci. Rep. 7:44985. doi: 10.1038/srep44985

 Liu, X., Mameza, M. G., Lee, Y. S., Eseonu, C. I., Yu, C. R., Kang Derwent, J. J., et al. (2008). Suppressors of cytokine-signaling proteins induce insulin resistance in the retina and promote survival of retinal cells. Diabetes 57, 1651–1658. doi: 10.2337/db07-1761

 McArthur, K., Feng, B., Wu, Y., Chen, S., and Chakrabarti, S. (2011). MicroRNA-200b regulates vascular endothelial growth factor–mediated alterations in diabetic retinopathy. Diabetes 60, 1314–1323. doi: 10.2337/db10-1557

 Menke, A., Casagrande, S., Geiss, L., and Cowie, C. C. (2015). Prevalence of and trends in diabetes among adults in the United States, 1988-2012. JAMA 314, 1021–1029. doi: 10.1001/jama.2015.10029

 Nicholson, B. P., and Schachat, A. P. (2010). A review of clinical trials of anti-VEGF agents for diabetic retinopathy. Graefes Archive Clin. Exp. Ophthalmol. 248, 915–930. doi: 10.1007/s00417-010-1315-z

 Nishikawa, T., Edelstein, D., Du, X. L., Yamagishi, S., Matsumura, T., Kaneda, Y., et al. (2000). Normalizing mitochondrial superoxide production blocks three pathways of hyperglycaemic damage. Nature 404, 787–790. doi: 10.1038/35008121

 Olivares, A. M., Althoff, K., Chen, G. F., Wu, S., Morrisson, M. A., DeAngelis, M. M., et al. (2017). Animal models of diabetic retinopathy. Curr. Diab. Rep. 17, 113–138. doi: 10.1007/s11892-017-0913-0

 Pfister, F., Feng, Y., vom Hagen, F., Hoffmann, S., Molema, G., Hillebrands, J. L., et al. (2008). Pericyte migration: a novel mechanism of pericyte loss in experimental diabetic retinopathy. Diabetes 57, 2495. doi: 10.2337/db08-0325

 Phillips, P. J., and Leow, S. (2014). HbA1c, blood glucose monitoring and insulin therapy. Aust. Fam. Phys. 43, 611–615.

 Qaum, T., Xu, Q., Joussen, A. M., Clemens, M. W., Qin, W., Miyamoto, K., et al. (2001). VEGF-initiated blood-retinal barrier breakdown in early diabetes. Invest. Ophthalmol. Vis. Sci. 42:2408.

 Reed, M. J., Meszaros, K., Entes, L. J., Claypool, M. D., Pinkett, J. G., Gadbois, T. M., et al. (2000). A new rat model of type 2 diabetes: the fat-fed, streptozotocin-treated rat. Metab. Clin. Exp. 49:1390. doi: 10.1053/meta.2000.17721

 Solàadell, C., Bogdanov, P., Hernández, C., Sampedro, J., Valeri, M., Garciaramirez, M., et al. (2017). Calcium dobesilate prevents neurodegeneration and vascular leakage in experimental diabetes. Curr. Eye Res. 42, 1273–1286. doi: 10.1080/02713683.2017.1302591

 Takase, H., Yu, C. R., Liu, X., Fujimoto, C., Gery, I., and Egwuagu, C. E. (2005). Induction of suppressors of cytokine signaling (SOCS) in the retina during experimental autoimmune uveitis (EAU): Potential neuroprotective role of SOCS proteins. J. Neuroimmunol. 168, 118–127. doi: 10.1016/j.jneuroim.2005.07.021

 Tuomilehto, J. (2013). The emerging global epidemic of type 1 diabetes. Curr. Diab. Rep. 13, 795–804. doi: 10.1007/s11892-013-0433-5

 Vinicor, F., and Jack, L. Jr. (2004). 25 years and counting: centers for disease control and prevention identifies opportunities and challenges for diabetes prevention and control. Ann. Intern. Med. 140, 943–944. doi: 10.7326/0003-4819-140-11-200406010-00034

 Witmer, A. N., Vrensen, G. F., Van Noorden, C. J., and Schlingemann, R. O. (2003). Vascular endothelial growth factors and angiogenesis in eye disease. Prog. Retinal Eye Res. 22, 1–29. doi: 10.1016/S1350-9462(02)00043-5

 Xiangxia, L., Junguo, D., Pinzheng, L., Lie, W., Yanggui, Y., Bo, Q., et al. (2009). Effect of qiming granule on retinal blood circulation of diabetic retinopathy: a multicenter clinical trial. Chin. J. Integr. Med. 15, 384–388. doi: 10.1007/s11655-009-0384-5

 Yisahak, S. F., Beagley, J., Hambleton, I. R., and Narayan, K. M. (2014). Diabetes in North America and the Caribbean: an update. Diab. Res. Clin. Pract. 103, 223–230. doi: 10.1016/j.diabres.2013.11.009

 Zhi, Z., Chen, H. B., Hui, Z., Liu, K., Luo, D. W., Chen, Y. D., et al. (2010). Inhibition of JAK2/STAT3-mediated VEGF upregulation under high glucose conditions by PEDF through a mitochondrial ROS pathway in vitro. Investig. Ophthalmol. Visual Sci. 51:64. doi: 10.1167/iovs.09-3511

Conflict of Interest Statement: Author MC was employed by company Beijing Handian Pharmaceutical Co. Ltd.

The other 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 © 2017 Chen, Lv, Gan, Ren and Liu. 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) or licensor 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/fphys-08-01065-g005.gif
mw .LH_»wc
—— —
= —
e— ———1
_lmf@ f Y
== B e P
1 — .UH
e B
frrrraeaeee e
: ok
r—., § 2
e "ﬂf
— —,
...H”\i\ Hﬂif
B —
[ —1 L -
s G
i —EN
3838 ° IO





OPS/images/fphys-08-01065-g003.gif





OPS/images/fphys-08-01065-g004.gif





OPS/images/fphys-08-01065-g001.gif
sergEeEx






OPS/images/fphys-08-01065-g002.gif





OPS/images/cover.jpg
, frontiers
in Physiology

Tang Wang Ming Mu Granule
Attenuates Diabetic Retinopathy in
Type 2 Diabetes Rats









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Physiology





