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Abstract

:

The glucotoxicity caused by long-term exposure of β-cells to high glucose (HG) conditions may lead to the generation of more reactive oxygen species (ROS), reduce the activity of antioxidant enzymes, cause cell damage and apoptosis, and induce insulin secretion dysfunction. Siegesbeckia orientalis linne is a traditional folk herbal medicine used to treat snake bites, rheumatoid arthritis, allergies, and immune deficiencies. In this study, we evaluated the protective effect of S. orientalis ethanol extract (SOE) on cell death and oxidative stress in RIN-m5f pancreatic β-cells stimulated by two HG concentrations (50–100 mM). In the cell viability assay, SOE could significantly increase the survival rate of pancreatic β-cells under HG-induced conditions. For the oxidative stress induced by HG condition, the treatment of SOE effectively reduced the ROS formation, increased the content of intracellular glutathione, and up-regulated the expression of antioxidant enzymes, catalase, superoxide dismutase, and glutathione peroxidase. As a result, the SOE treatment could decrease the glucotoxicity-mediated oxidative damage on RIN-m5F β-cells. Moreover, SOE had the function of regulating insulin secretion in pancreatic β-cells under different HG-mediated conditions. It could decrease the increasing intracellular insulin secretion under the low glucose concentration to normal level; while increase the decreasing intracellular insulin secretion under the relatively high glucose concentration to normal level. Taken together, this study suggests that SOE has a protective effect on pancreatic β-cells under the HG-stimulated glucotoxic environment.
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1. Introduction


Diabetes mellitus is a complicated metabolic disorder accompanied by hyperglycemia, mainly due to the inefficient secretion of insulin from the pancreatic β-cells, in conjunction with insulin resistance developed in cells, such as muscle, liver, etc. Normally, pancreatic β-cells, which are extremely sensitive to blood glucose level, maintain glucose homeostasis by secreting and releasing insulin. Chronic exposure to high glucose (HG) concentration (hyperglycemia) has adverse impacts (referred to as glucotoxicity) on β-cells: it reduces the insulin secretion, the sensitivity to glucose stimulation, and the response to insulinotropic stimuli. All these detrimental effects eventually cause the progressive deterioration of β-cell mass and function. Thus, the status of β-cells is essential in the pathogenesis of type 2 diabetes [1,2,3].



Elevated blood glucose level can increase production of advanced glycation end-products (AGEs) [4,5,6] and cause mitochondria to produce excessive amounts of reactive oxygen species (ROS), which in turn raises the oxidative stress. Such oxidative stress and accumulated AGEs may contribute to β-cell dysfunction, apoptosis, tissue damage, and aging [7,8,9,10,11]. Furthermore, in addition to causing cell damage, apoptosis and insulin secretion dysfunction, glucotoxicity can also lead to decreased activity of antioxidant enzymes, such as catalase, glutathione peroxidase (GPx), and superoxide dismutase (SOD) [3,6]. Taking all these adverse events together, glucotoxicity increases the development of many diabetic complications and the difficulty of glycemic control [10,12,13]. Thus, it is important to find means to attenuate the hyperglycemia-induced oxidative stress and apoptosis to reduce the risk of such pathological damage caused by diabetes [3].



Some natural products, such as mulberry leaf, rooibos (Aspalathus linearis), Padina arborescens, Portulaca oleracea, Orthosiphon stamineus, and Stevia rebaudiana, have been shown to have the activity of alleviating hyperglycemic status by protecting the function of pancreatic β-cells [3,14,15,16,17,18].



Siegesbeckia orientalis linne is a folk herbal medicine used to treat waist and knee weakness, rheumatoid arthritis, bone pain, quadriplegia, traumatic bleeding, and immune deficiency. Previous studies have reported that S. orientalis ethanol extract (SOE) has significant anti-inflammatory, analgesic, and anti-hyperuricemic effects [19,20], immunosuppressive activity on mouse ovalbumin [21], and suppressive effects on the proliferation and metastasis of human cervical cancer cells and endometrial cancer cells [22,23,24].



Our previous paper demonstrated that SOE has significant antioxidant activity and inhibitory activity against α-glucosidase, pancreatic lipase, angiotensin I-converting enzyme (ACE) and the formation of AGEs [25]. Thus, SOE has the potential to prevent and treat diabetes and metabolic disorders. However, so far there is no evidence that SOE can affect the growth and function of pancreatic β-cells. In this study, we aimed to explore whether SOE has the protective effect on HG-stimulated oxidative stress and death in pancreatic β-cells.




2. Results


2.1. Effect on Proliferation of HG-Stimulated β-Cells


The effect of glucose at different concentrations on the cell viability of RIN-m5f β-cells was examined. The experimental results in Figure 1A illustrate that the growth of β-cells was greatly inhibited as the glucose concentration increased. When the glucose concentration was increased to 50 or 100 mM, the cell survival rate dropped to 74.8% and 61.3% of the control group, respectively. This indicates that high glucose levels are cytotoxic to β-cells. In order to evaluate the application potential of SOE, this study chose to conduct related experiments under extremely severe conditions, i.e., 50 or 100 mM. Under these conditions, it is easier to observe the protective effect of SOE.



Next, we examined the effect of SOE at different concentrations on the proliferation of RIN-m5f β-cells. The results in Figure 1B show that SOE promoted the growth of β-cells at low concentrations (<62.5 μg/mL) but significantly inhibited cell proliferation at higher concentrations (125 and 250 μg/mL). Compared with the control group, the cell viability of those treated with 250 μg/mL SOE was reduced by around 12%.



We also examined whether addition of SOE at different concentrations could exert protective effects on the proliferation of cells stimulated with 50 or 100 mM glucose. Figure 1C indicates that SOE could attenuate the glucotoxic effect of high glucose concentration on β-cells. This protective effect became more obvious with the increase of SOE concentration and was concentration-dependent. When the SOE concentration increased to 250 μg/mL, its protective effect approaches that of 50 μM metformin (positive control), a clinical drug used with the activities of anti-oxidative stress and antiglycation [26,27].




2.2. Effect on ROS Generation in HG-Stimulated β-Cells


Clinical evidence shows that HG can stimulate excessive ROS production in diabetic patients [28]. We examined in this study whether SOE could attenuate this adverse effect. As shown in Figure 2, under the stimulation of 50 or 100 mM glucose, the amount of intracellular ROS increased significantly to 132% and 141%, respectively. The SOE treatment could effectively and concentration-dependently reduce the generation of intracellular ROS. When the cells treated with SOE at a concentration reached 250 μg/mL, ROS dropped to the level close to the control group (no glucose stimulation).




2.3. Effect on Antioxidant Enzymes in HG-Stimulated β-Cells


HG is known to decrease the activity of antioxidant enzymes in diabetic patients [28], we examined in this study whether SOE could maintain the activity of antioxidant enzymes. Figure 3A,C indicate the protective effects of SOE on the activity of intracellular antioxidant enzymes, including catalase, GPx and SOD, in HG-stimulated β-cells. HG treatment alone dramatically decreased the activities of catalase, GPx, and SOD. The higher the glucose concentration, the lower the activity of these enzymes. At 50 and 100 mM glucose, the catalase activity decreased to 70.6% and 48.4%, respectively; the GPx activity decreased to 72.6% and 59.8%, respectively; the SOD activity decreased to 68.6% and 57.2%, respectively. However, when SOE was also included in the culture, as shown in the results in Figure 3A–C, SOE treatment increased the activity of these three enzymes in the HG-stimulated β-cells, and the level of increase was in relation to the increase of SOE concentration. When SOE concentration was at 250 μg/mL, the activity of these enzymes was restored to near the normal level.



Reduced glutathione (GSH) is an antioxidant present in various types of cells. As shown in Figure 3D, glucose concentration at 50 or 100 mM significantly reduced the intracellular GSH content to 62.6% and 54.4%, respectively. The SOE treatment significantly increased the GSH content concentration-dependently.



To understand whether the increase in the activity of these three antioxidant enzymes was due to the activation of enzyme or to the promotion of enzyme protein production by SOE, we determined the protein expression of these three enzymes in the RIN-m5f cells using Western blotting. Results in Figure 4 indicate that the protein expression of catalase, GPx, and SOD decreased to 68%, 60%, and 38%, respectively, in cells stimulated with 100 mM glucose. However, when SOE was included in the culture, the protein expression of these three enzymes increased significantly, and the increase was in a concentration-dependent manner. Thus, the increase in the activity of antioxidant enzymes (shown in Figure 3) should be due to the promotion of the formation of these enzymes stimulated by SOE.




2.4. Effect on Insulin Secretion in HG-Stimulated β-Cells


To examine whether glucotoxicity increases dysfunction of insulin secretion, we incubated RIN-m5f cells with HG for 24 h. Results in Figure 5 show that after 24 h cultivation in a 50 mM HG condition, the intracellular insulin secretion rose to 110.1%. When these cells were treated with SOE, the insulin secretion was decreased as SOE concentration increased and returned to the normal value (101.2%) when the SOE concentration reached 250 μg/mL. On the other hand, when cells were incubated in a higher concentration of glucose (100 mM), insulin secretion dropped to 85.0%. Treatment with SOE prevented the trend and returned the insulin secretion to near the normal value (94.2%) when the concentration of SOE was 250 μg/mL. These findings indicate that SOE possesses the regulation function on pancreatic β-cell insulin secretion under HG condition.




2.5. Chemical Composition of SOE


The chemical composition of SOE was analyzed by HPLC, and its chromatogram is shown in Figure 6. Five ingredients were chlorogenic acid (peak 1), syringic acid (peak 2), p-coumaric acid (peak 3), syringaldehyde (peak 4), and kirenol (peak 5). The contents of these five ingredients in SOE are listed in Table 1.





3. Discussion


Chronic hyperglycemia in diabetic patients promotes the oxidation of glucose in mitochondria, which leads to the formation of excessive free radicals, thereby greatly increasing oxidative stress [28]. The glucotoxicity caused by hyperglycemia can decrease activity of antioxidant enzymes, including catalase, GPx, and SOD [29,30,31]; exacerbate oxidative stress; induce β-cell apoptosis and a gradual loss of β-cell mass and function, leading to insufficient insulin secretion; and result in diabetes [10,32,33]. Therefore, an approach to reduce the oxidative stress and apoptosis induced by glucotoxicity is a treatment strategy to reduce the risk of such pathological damage [16]. More and more studies have shown beneficial effects of many plant extracts or phytochemicals on the prevention and treatment of diabetes [3,14,15,16,17,18,28]. Previously, SOE was demonstrated to have anti-inflammatory, antioxidant activity and can inhibit the activity of α-glucosidase, pancreatic lipase and ACE and the formation of AGEs [19,25]. This study investigated the effects of SOE on cell proliferation, intracellular ROS generation, activity of the antioxidant enzymes, and insulin secretion in HG-stimulated RIN-m5f β-cells.



Results in this study show that exposure of pancreatic β-cells in HG levels significantly reduced the cell viability (Figure 1A). When β-cells were treated with SOE alone, SOE promoted the growth of β-cells when the concentration was lower than 62.5 μg/mL but slightly inhibited the growth of β-cells when the concentration was higher than 250 μg/mL (Figure 1B). Under the induction of HG (50 or 100 mM glucose), SOE protected the growth of β cells (Figure 1C). Previously, it has been shown that SOE is cytotoxic to several human cancer cell lines (the IC50 values were between 87.2 to 179.1 μg/mL), including RL-95 (endometrial cancer), A549 (lung cancer), HepG2 (hepatoma), FaDu (pharynx squamous cancer), MDA-MB-231 (breast cancer), and LNCaP (prostate cancer). The action of SOE treatment was through arresting the cell growth (e.g., RL-95) in G2/M phase and induced cell apoptosis by up-regulating the expression of Bad, Bak, Bax, caspase-3, -8, and -9 and down-regulating the expression of Bcl-2 and Bcl-xL [23]. In spite of the fact that SOE exhibits cytotoxicity against cancer cells, results in our study demonstrate that SOE can provide a protective effect on the growth of pancreatic β-cells against HG-induced cytotoxicity.



Glucotoxicity in β-cells can induce the production of excess ROS, which are free radicals generated from oxygen metabolism in mitochondria. Normal cells have an antioxidant defense system that can neutralize ROS and keep the cells at optimal redox potential to maintain normal cell functions [1,34]. When ROS exceeds the capability of this antioxidant system, which is the case in diabetes, it will stimulate oxidative stress and lead to cell apoptosis and dysfunction [35,36]. To date, the application of antioxidants is still an important approach to protect the survival and function of β-cells [5,37]. In our previous paper, we showed that SOE has a potent antioxidant activity in radical-scavenging of 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), and we showed that it is a good antioxidant [25]. Indeed, we showed in this study that HG stimulated the production of ROS and that SOE treatment could greatly attenuate the ROS generation to the normal level (Figure 2).



When the expression level of antioxidant enzymes such as catalase (an abundant peroxidase), GPx (a peroxide decomposition enzyme), and SOD (a defense enzyme and scavenger of free radicals) is low in pancreatic islets, pancreatic β-cells are easily damaged by mitochondrial ROS [33,38]. The enhancement of the activity of catalase, GPx, and SOD can reduce the production of ROS in cells and protect β-cells and islets from oxidative damage [16,39,40,41]. GSH is a biological antioxidant that can neutralize ROS and prevent the cell damage caused by free radicals, peroxides, lipid peroxides, and heavy metals. The administration of GSH to SD rats could block the glucose/ROS-induced β-cell damages [42]. The present study indicates that the treatment of SOE to HG-stimulated pancreatic β-cells could increase catalase, GPx, and SOD activities and the intracellular GSH level (Figure 3). Since the protein expression of these antioxidant enzymes were significantly increased after SOE treatment, we conclude that the elevation of the antioxidant enzyme activities was mainly due to the increase in the expression of these enzyme proteins (Figure 4).



When the blood glucose level rises, pancreatic β-cells would secrete insulin to maintain glucose homeostasis. However, chronic hyperglycemia induced-glucotoxicity may cause death and function loss of β-cell, thereby blocking the production of insulin [36]. This study shows that secretion of insulin in RIN-m5f β-cells incubated for 24 h with glucose at a lower concentration (50 mM) was significantly induced but reduced when treated with a higher concentration of glucose (100 mM). It is worth noting that even though the cell growth, the production of ROS and GSH, and the antioxidant enzyme activity in β-cells were affected when cultured under 50 mM glucose, the insulin secretion function was still maintained at a normal elevated state. This could be due to the fact that pancreatic β-cells need more time to regulate the insulin secretion function [33], and the HG treatment time in this study was only 24 h. However, when the glucose concentration was increased to 100 mM, the insulin secretion of β-cells could no longer be maintained at a normal level.



In this study, we show that SOE can adjust the insulin secretion by β-cells. In cells cultured in 50 mM glucose condition, SOE can reduce insulin secretion to the normal level, while under the 100 mM glucose condition, SOE can adjust the insulin secretion upward to return to the normal level (Figure 5). Therefore, SOE has a two-way regulation effect on insulin secretion of the HG-treated β-cells.



The toxic effect of SOE on cancer cells was caused by inducing apoptosis of cancer cells [23]; however, this study found that SOE has a protective effect on the survival of β-cells in the HG environment. This phenomenon should be due to the antioxidant effect of SOE alleviating the oxidative stress caused by HG, thereby reducing the cell apoptosis caused by oxidative stress and maintain the normal secretion of insulin.




4. Materials and Methods


4.1. Preparation of SOE


The S. orientalis plant was purchased at Yuanshan Herbal Store (Kaohsiung City, Taiwan). Its nucleotide sequence had been detected and registered in the NCBI’s DNA database, the accession number is JN987228 [43]. To prepare SOE, 9.3 kg of dried S. orientalis aerial parts were crushed and extracted with 47 L, 95% ethanol for 24 h. The extraction was performed three times in total. The collected extraction solutions were pooled together and filtered using No. 1 Whatman filter paper. Then, the filtrate was concentrated by a rotary evaporator (Panchum Scientific, Kaohsiung City, Taiwan), and the resulting extract residue was further dried by a freeze-dryer. A total of 489 g dry SOE was obtained, a yield of 5.26%. The dry SOE was kept at −20 °C before use.




4.2. Cell Culture and Viability Analysis


Rat RIN-m5f pancreatic β-cell line was purchased from Bioresource Collection and Research Center (Hsinchu, Taiwan). The cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) (Gibco Co., Grand Island, NY, USA), 2 mM L-glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin, pH 7.2–7.4. The cells were cultivated 37 °C in a humidified incubator with 5% CO2 and 95% air.



RIN-m5F cells were cultivated in 96-well plates at a density of 1 × 104 cells/well for 24 h. The indicated concentration of SOE (dissolved in dimethyl sulfoxide, DMSO) with or without glucose was then added to the culture. To assure that cell growth would not be affected by DMSO, the final concentration of DMSO in the medium was less than 0.1%. After incubation with SOE and with or without glucose for 24 h, we removed the culture medium and added 100 μL of the culture medium containing 0.5 mg/mL of an MTT Assay Kit (Sigma-Aldrich Chemicals, St. Louis, MO, USA). After incubating the mixture for another 4 h, we removed the medium solution and added 100 μL of DMSO. Then, we shook the plate until all crystals were dissolved. We used an ELISA reader (Model 550, Bio-Rad Laboratories, Hercules, CA, USA) to detect the viability of RIN-m5F cells at a wavelength of 570 nm.




4.3. Assay of Intracellular ROS Level


The intracellular ROS level (mainly hydrogen peroxide) in oxidative-stressed RIN-m5f cells was measured by the dichlorofluorescein assay (STA-342, Sigma-Aldrich Assay Kit), which uses 2′,7′-dichlorodihydrofluorescein diacetate (DCF-DA) to detect the ROS level. RIN-m5f cells (1 × 105 cells/well) in 96-well plates were first incubated for 24 h, and then replaced the medium with new medium containing specified concentrations of SOE with or without glucose (50 or 100 mM). After an additional 24 h of incubation, the cells were washed with phosphate-buffered saline (PBS) and incubated with 5 μM DCF-DA for 30 min at room temperature. We then measured the level of this compound by fluorescence using a microplate reader at 502 nm excitation wavelength and 524 nm emission wavelength (SynergyTM 2, BioTek, Winooski, VT, USA)




4.4. Assay of Antioxidant Enzymes Activity and Reduced Glutathione


RIN-m5f cells (5 × 105 cells/well) were seeded in 6-well plates and cultured in the complete cell culture medium for 24 h. The medium was then replaced with the same medium containing various concentrations of SOE (0, 62.5, 125 and 250 μg/mL) in the presence of the HG conditions for 24 h. After the treatment, the cell extracts were prepared according to manufacturer’s instruction, and the protein content was determined by a Bicinchoninic Acid Protein Assay Kit (Sigma-Aldrich). The activities of catalase, GPx and SOD and the content of GSH were assayed using the Sigma-Aldrich Assay Kits (Catalog number: STA-341, K762-100, STA-340, and STA-312, respectively) following the manufacturer’s instructions.




4.5. Western Blot Assay


Western blot assay was conducted to detect the effects of SOE on the expression of different antioxidant enzymes, i.e., catalase, SOD, and GPx. The cells treated with glucose and SOE (0, 62.5, 125 and 250 mg/mL) were collected, washed twice with chilled PBS, and lysed with RIPA buffer (Sigma-Aldrich). The protein concentration was determined using the Bradford Protein Assay Kit (Bio-Rad, California, CA, USA). Equal amounts of protein extract were first resolved by 10% SDS-PAGE gels, and the separated proteins were transferred to nitrocellulose (NC) membranes. Following a blocking step, the proteins were probed with different primary antibodies (purchased from Sigma-Aldrich) against different antioxidant enzymes. The primary antibodies, including dilution conditions, were as follows: rabbit anti-catalase (1:1000), rabbit anti-GPx (1:500), mouse anti-SOD (1:500), and anti-β-actin (1:5000), which acted as an internal control. Then, the membranes were treated with secondary antibodies (1:15,000) conjugated with horseradish peroxidase (HRP) for 1 h at room temperature. Enhanced chemiluminescence (ECL) detection reagents (Sigma-Aldrich) were applied to detect the protein expression. The analysis of relative protein expression was conducted using ChemiDoc XRS+ System (Bio-Rad).




4.6. Analysis of Insulin Secretion


To measure the secreted insulin, RIN-m5f cells (5 × 105 cells/well) were seeded in a 6-well plate and treated with SOE and HG according to the same procedure described above. After treatment, the medium was carefully removed and changed to Krebs–Ringer buffer (KRB; 129 mM NaCl, 10 mM HEPES, 5 mM NaHCO3, 4.8 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, and 0.1% BSA) containing 2.5 mM glucose and 2% FBS. The culture was kept at 37 °C for 30 min and then subjected to insulin secretion measurement by Rat/Mouse Insulin ELISA Kit (Sigma-Aldrich) according to manufacturer’s instructions.




4.7. Analysis of Chemical Composition


The content of the main components of SOE was determined by HPLC (Shimadzu, Kyoto, Japan) using a C18 column (5 μm, 250 mm × 4.6 mm; Supelco, Bellefonte, PA, USA). The mobile phase was acetonitrile (solvent A) and 0.1% acetic acid aqueous solution (solvent B), and a gradient elution was performed. The extract was dissolved in methanol and filtered with a 0.22 μm filter. The solvent gradient included 0–18 min (12–14% A), 18–22 min (14–17% A), 22–50 min (17–20% A), and 50–80 min (20–35% A). The flow rate, sample injection volume, and the detection wavelength were 1.0 mL/min, 30 μL, and 320 nm, respectively. These compounds were identified by comparing their retention time with those of the reference compounds (Sigma-Aldrich). The quantification of these components was carried out by using a linear regression standard curve constructed by the Microsoft Excel software (Office 2019, Microsoft Software, Redmond, WA, USA).




4.8. Statistical Analysis


All experiments were performed for three to five independent replicates. Experimental data are presented as mean ± standard deviation (SD). Student’s t-test was used to analyze statistical differences. The statistical analysis was carried out using Microsoft Excel software. This study shows that SOE has an effective protective effect on the proliferation of RIN-m5f pancreatic β cells induced by HG





5. Conclusions


In this study, an effective protective effect of SOE on the proliferation of RIN-m5f pancreatic β-cells induced by HG was demonstrated. We found that SOE treatment could effectively decrease the generation of intracellular ROS and increase the activities of catalase, GPx, SOD, and GSH content in HG-stimulated cells to reduce oxidative stress. SOE can also regulate the insulin secretion in pancreatic β-cells under HG conditions. Overall, the results of this study show that SOE can reduce oxidative stress and cell death caused by glucotoxicity under HG stimulation and has a protective effect on pancreatic β-cells.
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Figure 1. Effects of glucose and SOE on the cell viability and proliferation of RIN-m5f β-cells. (A) Effect of glucose at different concentrations on the viability of RIN-m5f cells. (B) Effect of SOE at different concentrations on the viability of RIN-m5f cells without adding glucose. (C) Effect of SOE at different concentrations on the proliferation of RIN-m5f cells stimulated by treatment of 50 mM or 100 mM glucose. β-Cells were cultivated in 96-well plates at a density of 1 × 104 cells/well for 24 h; then the indicated concentration of glucose and/or SOE was added. After 24 h treatment, the cell viability was assessed using an MTT assay kit and detected at 570 nm by an ELISA reader. The control group was the RIN-m5f cells grown without glucose stimulation and SOE treatment. The number of cells at 24 h cultivation of this group was set as 100%. The experimental data were calculated from the results of five repeated experiments. The statistically significant differences compared to the control or the vehicle (group 0) are expressed as ** p < 0.01, and *** p < 0.001. The positive control was 50 μM Metformin. 
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Figure 2. Effect of SOE on the formation of ROS in RIN-m5f β-cells under HG-induced conditions. (A) Changes in the intracellular ROS levels indicated by the DCFH2-DA fluorescence intensity. (B) Fluorescent quantitation. The β-cells were cultivated in 96-well plates at a density of 1 × 105 cells/well for 24 h, and the indicated concentration of SOE was added under the stimulation of 50 mM or 100 mM glucose. After 24 h treatment, the cells were washed with PBS and incubated with 5 μM DCF-DA for another 30 min at room temperature. Fluorescence of this compound was measured by a microplate reader. The experimental data were calculated from the results of five repeated experiments. The statistically significant differences compared with the vehicle (group 0) are expressed as ** p < 0.01, and *** p < 0.001. The positive control was 50 μM Metformin. 
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Figure 3. Effect of SOE on the production of antioxidant enzymes and GSH in RIN-m5f β-cells under HG induction. (A) catalase, (B) GPx, (C) SOD, and (D) GSH. The β-cells were cultivated in 6-well plates at a density of 5 × 105 cells/well for 24 h, and the indicated concentration of SOE was added under the stimulation of 50 mM or 100 mM glucose. After 24 h treatment, the cell extracts were prepared according to the manufacturer’s instruction. The protein content was measured using the Bicinchoninic Acid Protein Assay Kit. The assay of the activities of catalase, GPx, SOD, and the content of GSH were performed according to manufacturer’s instructions with Sigma-Aldrich Assay Kits. The experimental data were calculated from the results of three repeated experiments. The statistically significant differences compared with the vehicle (group 0) are expressed as * p < 0.05, ** p < 0.01, and *** p < 0.001. The positive control was 50 μM Metformin. 
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Figure 4. Effect of SOE on the production of antioxidant enzymes (catalase, GPx, and SOD) in RIN-m5f β-cells under HG stimulation. (A) Changes in protein expression of the three antioxidant enzymes. (B) Densitometric quantitation. The β-cells were cultivated for 24 h and then treated with various concentrations of SOE for 24 h under the stimulation of 100 mM glucose. The obtained cell extracts were subjected to electrophoresis on SDS-PAGE gel, followed by an enzyme immunoassay and ECL for detection. The internal standard was β-actin. Densitometric analysis was also performed. The experimental data were calculated from the results of three repeated experiments. The statistically significant differences compared with the vehicle (group 0) are expressed as *** p < 0.001. 
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Figure 5. Effect of SOE on insulin secretion in RIN-m5f β-cells under HG induction. The β-cells were cultivated at a density of 5 × 105 cells/well for 24 h, and then the specified concentration of SOE was added under the stimulation of 50 mM or 100 mM glucose. After 24 h treatment, the cell solution was replaced by Krebs–Ringer buffer and conducted the insulin secretion measurement by Rat/Mouse Insulin ELISA Kit. The experimental data were calculated from the results of five repeated experiments. The statistically significant differences compared with the vehicle (group 0) are expressed as * p < 0.05, ** p < 0.01, and *** p < 0.001. The positive control was 50 μM Metformin. 






Figure 5. Effect of SOE on insulin secretion in RIN-m5f β-cells under HG induction. The β-cells were cultivated at a density of 5 × 105 cells/well for 24 h, and then the specified concentration of SOE was added under the stimulation of 50 mM or 100 mM glucose. After 24 h treatment, the cell solution was replaced by Krebs–Ringer buffer and conducted the insulin secretion measurement by Rat/Mouse Insulin ELISA Kit. The experimental data were calculated from the results of five repeated experiments. The statistically significant differences compared with the vehicle (group 0) are expressed as * p < 0.05, ** p < 0.01, and *** p < 0.001. The positive control was 50 μM Metformin.



[image: Applsci 11 10963 g005]







[image: Applsci 11 10963 g006 550] 





Figure 6. Main ingredients analysis of the SOE by HPLC. Peak 1: chlorogenic acid; peak 2: syringic acid; peak 3: p-coumaric acid; peak 4: syringaldehyde; and peak 5: kirenol. The analyses were performed by a Supelco C18 column, and a gradient of acetonitrile and 0.1% acetic acid was used as the mobile phase. The compounds were identified with those of reference compounds. 
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Table 1. Content of the main ingredients in SOE *.






Table 1. Content of the main ingredients in SOE *.





	No.
	Component
	Retention Time

(min)
	Content

(mg/g Dry Extract)





	1
	Chlorogenic acid
	7.2
	2.04 ± 0.04



	2
	Syringic acid
	13.4
	10.76 ± 0.11



	3
	p-Coumaric acid
	24.4
	0.70 ± 0.03



	4
	Syringaldehyde
	25.4
	0.39 ± 0.02



	5
	Kirenol
	37.3
	7.88 ± 0.08







* The content of each component was estimated based on the standard curve constructed by the peak area of that reference compound at different concentrations. Data were estimated from three repeated experiments.
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