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Abstract:



In this study, the effect and mechanism of a series of ursolic acid (UA) derivatives on glucose uptake were investigated in a Caco-2 cells model. Their effect on hyperglycemia, hyperlipidemia and oxidative stress were also demonstrated in streptozocin (STZ)-induced diabetic rats. 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-glucose (2-NBDG) was used as a fluorescein in Caco-2 cells model to screen UA derivatives by glucose uptake and expression of glucose transporter protein (SGLT-1, GLUT-2). Moreover, STZ-induced diabetic rats were administered with these derivatives for 4 weeks of treatment. The fasting blood glucose (FBG), insulin levels, biochemical parameters, lipid levels, and oxidative stress markers were finally evaluated. The results of this study indicated that compounds 10 and 11 significantly inhibited 2-NBDG uptake under both Na+-dependent and Na+-independent conditions by decreasing SGLT-1 and GLUT-2 expression in the Caco-2 cells model. Further in vivo studies revealed that compound 10 significantly reduced hyperglycemia by increasing levels of serum insulin, total protein, and albumin, while the fasting blood glucose, body weight and food intake were restored much closer to those of normal rats. Compounds 10 and 11 showed hypolipidemic activity by decreasing the total amounts of cholesterol (TC) and triglycerides (TG). Furthermore, compound 10 showed antioxidant potential which was confirmed by elevation of glutathione (GSH) and superoxide dismutase (SOD) and reduction of malondialdehyde (MDA) levels in the liver and kidney of diabetic rats. It was concluded that compound 10 caused an apparent inhibition of intestinal glucose uptake in Caco-2 cells and hypoglycemia, hypolipidemia and augmented oxidative stress in STZ-induced diabetic rats. Thus, compound 10 could be developed as a potentially complementary therapeutic or prophylactic agent for diabetics mellitus and its complications.
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1. Introduction


Currently, there are more than 347 million people worldwide that have diabetes, making diabetes mellitus (DM) one of the most serious chronic diseases in the world. The WHO projects that diabetes will be the 7th leading cause of death in 2030 [1]. DM is a metabolic disorder characterized by glucose intolerance and changes in protein and lipid metabolism; it has become more and more common because of unhealthy diet and sedentary lifestyle in the general public [2,3]. Long-term diabetic patients who are treated ineffectively suffer from complications such as nephropathy, retinopathy, heart disease, peripheral neuropathy and so on [4]. The risks of acquiring cardiovascular disease, stroke, and cancer are higher in DM patients [5,6,7]. In addition, the overall risk of dying among people with DM linked complications is at least double the risk of their peers without DM [8]. Hypoglycemic agents, including insulin and other modern oral drugs, can control the blood glucose levels, but they may also have limited efficacy and many other undesirable effects. Therefore, it is evident that there is an urgent need for more effective therapeutic agents.



Pentacyclic triterpenes are abundantly distributed in herbal medicine. Ursolic acid (UA, 3β-hydroxy-urs-12-en-28-oic, 1), which is a pentacyclic triterpene, has been reported to possess many bioactivities, such as antitumor [9,10], anti-inflammatory [11] anti-diabetic activities [12] and so on. The mechanism of its anti-diabetic activity has been proven by alleviating diabetic complications like atherosclerosis and nephropathy [13,14]. However, there are few studies focused on the properties of UA derivatives on glucose transport and streptozotocin (STZ)-induced DM rats. In light of this, we hypothesized that an additional mechanism of action might be implicated in the anti-diabetic activity of UA derivatives. In this study, we implemented a fluorometric method to evaluate a multitude of properties of glucose uptake in Caco-2 cells with 2-NBDG [15,16], which has several advantages over other available glucose tracers [17]. Glucose can be absorbed into blood capillaries when dietary carbohydrates are digested into monosaccharides [18]. Therefore, a strategy of managing diabetes is to inhibit the glucose uptake in the intestines to control the blood glucose level [19]. In the intestines, glucose is transported mainly by two transporters (SGLT-1, GLUT-2), depending on the luminal glucose concentration.



The detrimental effect of diabetic complications is complicated through oxidative stress [20]. Diabetes is usually associated with augmented production of molecules of reactive oxygen species (ROS) or abated antioxidant defense systems, both of which result in enhanced oxidative damage and lead to ROS-mediated diabetic pathogenesis [21]. Compared with healthy adults, type 2 DM patients have lower levels of glutathione (GSH) and superoxide dismutase (SOD), the primary endogenous antioxidants. In contrast, malondialdehyde (MDA), a highly toxic byproduct generated partially by lipid oxidation and ROS, is increased in patients with diabetes [22]. Thus, enhancing the antioxidant capacity is one method to relieve diabetes and its complications.



In the present study, an investigation was undertaken to evaluate the effects of UA and its derivatives shown in Figure 1 [23], which were synthesized in our laboratory, on the expression of glucose uptake and glucose transporter protein (SGLT-1, GLUT-2) in Caco-2 cells model. Furthermore, the anti-hyperglycemic, anti-hyperlipidemic, anti-oxidant inhibitory effects of these derivatives in STZ-induced DM rats were also investigated.


Figure 1. The structure of evaluated compounds 1–12.
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2. Results and Discussion


2.1. Cell Toxicity


As shown in Table 1, the cytotoxicity of UA and its derivatives against Caco-2 cells was studied. The results indicate that the viability of Caco-2 cells was greater than 90%, with the exception of cells treated with compound 6, for which the cell viability was 86.12%, thus, it is not suitable for in vivo studies.



Table 1. Cell toxicity of UA and its derivatives on Caco-2 cells.







	
Compound

	
Inhibition Rate %

	
Compound

	
Inhibition Rate %






	
1

	
9.88 ± 6.51

	
8

	
9.86 ± 2.68




	
2

	
5.02 ± 2.38

	
9

	
4.40 ± 3.09




	
3

	
8.65 ± 3.49

	
10

	
7.84 ± 4.15




	
4

	
8.53 ± 5.69

	
11

	
2.29 ± 6.08




	
5

	
8.72 ± 1.18

	
12

	
7.67 ± 5.36




	
6

	
13.88 ± 4.52

	
Phlorizin

	
7.70 ± 3.91




	
7

	
8.14 ± 3.81

	
Phloretin

	
4.70 ± 2.59








Values denote mean ± SD, n = 4. Inhibitory percentage of cells treated with each compound at a concentration of 100 μM for 24 h.











2.2. Effects of UA and Its Derivatives on Glucose Uptake by Caco-2 Cells


Caco-2 cell are widely used as a model for intestinal absorption studies [24]. As illustrated in the sodium-dependent glucose uptake study (Figure 2A), compounds 1–2 and 10–12 caused a statistically significant reduction in glucose uptake, especially compounds 10 and 12 (** p < 0.01). Phlorizin and phloretin were used as positive controls. The effect of these compounds reducing 2-NBDG adsorption are as follows: phlorizin (56% reduction), compound 1 (74% reduction), compound 2 (73% reduction), compound 10 (51% reduction), compound 11 (66% reduction), compound 12 (56% reduction). The other compounds had no effect on glucose uptake under these conditions.


Figure 2. Effects of selected compounds on glucose uptake in Caco-2 cells under condition of (A) Na+-dependent and (B) Na+-independent. Cells were treated with vehicle, positive and the indicated compounds (100 μM). The data reported represent the means (n = 3) ± SD. * p < 0.05, ** p < 0.01.
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The sodium-independent glucose uptake study was also performed like the sodium-dependent one, but NaCl and Na2HPO4 were replaced by KCl and K2HPO4. As shown in Figure 2B, only phlorizin and compounds 10 and 11 had a significant reduction effect on glucose uptake (* p < 0.05), which was significantly decreased to 75%, 70%, 74% of the control value, whereas the other compounds had no detectable effect under these conditions.




2.3. Effect of UA and Its Derivatives on Glucose Transporter Protein Expression


SGLT-1 and GLUT-2 are the most significant transporters involved in glucose transportation in the intestines [25,26]. Caco-2 cells were treated with 0.1% DMSO, 100 μM phlorizin, 100 μM phloretin, 100 μM compounds 10–12 for 6 h, then Caco-2 cells were lysed and analysed by western blotting. The effect of compounds 10–12 on glucose uptake suggested that these compounds may exert their effects through modulation of glucose transporter expression. As shown in Figure 3, compounds 10 and 12 are able to significantly reduce the protein expression of SGLT-1, particularly compound 12, whereas compounds 10 and 11 had significant effects on reducing the expression of protein GLUT-2.


Figure 3. Effects of selected compounds on protein expression level of SGLT-1 and GLUT-2. (A) Representive SGLT-1 immunoblots; (B) Quantitation of SGLT-1 immunoblots; (C) Representive SGLT-2 immunoblots; (D) Quantitation of SGLT-2 immunoblots. Protein expression levels of SGLT-1 and GLUT-2 were quantified with respect to the level of β-actin and expressed as relative changes in comparison to the vehicle control. The data reported represent the means (n = 3) ± SD. * p < 0.05, ** p < 0.01.
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2.4. Acute Oral Toxicity Study of UA and Its Derivatives


The acute oral toxicity study revealed these tested compounds’ non-toxic nature; no toxic reactions or lethality were observed at the doses of 100, 200 and 500 mg/kg. Based on the result, 100 mg/kg was selected as the maximum dose for oral administration.




2.5. Effects of UA and Its Derivatives on Fasting Blood Glucose Levels


During the 4 week treatment, the blood glucose levels were changed in normal, diabetic control, and diabetic treated rats. The results are presented in Table 2. The fasting blood glucose levels of normal rats were not changed until the end of the period, while the blood glucose were significantly increased in untreated diabetic rats as compared with normal control. However, the high levels of blood glucose decreased in diabetic rats treated with compound 10 and glibenclamide. At the end of the 4 week treatment, 100 mg/kg of compound 10 decreased blood glucose levels (49.6%) as compared with diabetic control. The glibenclamide group achieved 54.4% drop in blood glucose levels. In addition, compounds 1, 11 and 12 had no significant effect on lowing fasting blood glucose levels.



Table 2. Effects of glibenclamide and the selected compounds on fasting blood glucose levels of normal, diabetic control, and diabetic treated rats.







	
Group

	
Fasting Blood Glucose Level (mg/dL)




	
Week 0

	
Week 1

	
Week 2

	
Week 3

	
Week 4






	
Normal control

	
73.80 ± 4.50

	
75.60 ± 7.20

	
72.00 ± 6.30

	
72.00 ± 5.40

	
81.00 ± 2.16




	
Diabetic control

	
320.40 ± 20.52

	
401.40 ± 22.50

	
428.40 ± 50.40

	
433.80 ± 39.06

	
446.40 ± 31.68




	
Glibenclamide (10 mg/kg)

	
338.40 ± 16.38

	
271.80 ± 18.36 *

	
183.60 ± 11.70 *

	
216.00 ± 9.72 *

	
203.40 ± 13.50 *




	
Compound 1 (100 mg/kg)

	
342.00 ± 19.08

	
405.00 ± 17.46

	
392.40 ± 13.32

	
379.80 ± 19.44

	
396.00 ± 16.92




	
Compound 10 (100 mg/kg)

	
320.40 ± 12.96

	
270.00 ± 16.74 *

	
286.20 ± 18.90

	
234.00 ± 14.58 *

	
225.00 ± 11.70 *




	
Compound 11 (100 mg/kg)

	
318.60 ± 17.64

	
365.40 ± 20.34

	
352.80 ± 27.36

	
324.00 ± 23.04

	
351.00 ± 26.64




	
Compound 12 (100 mg/kg)

	
325.80 ± 14.58

	
392.40 ± 36.54

	
379.80 ± 30.60

	
408.60 ± 20.52

	
432.00 ± 28.26








The data reported represent the means (n = 6) ± SD; * Mean values that are significantly different from diabetic control group (p < 0.05).











2.6. Effect of UA and Its Derivatives on Serum Biochemical Parameters


After 4 weeks of treatment, the serum insulin, total protein and albumin levels in untreated diabetic rats were significantly reduced compared to the normal control group. Figure 4 shows that after 4 weeks of administration of glibenclamide (10 mg/kg) and compound 10 (100 mg/kg), the serum insulin, total protein and albumin levels in diabetic rats were increased significantly as compared with the diabetic control. Compounds 1, 11 and 12 had a certain but non-significant effect of increasing insulin levels. In addition, compound 1, 11 and 12 caused no appreciable improvement in increasing total protein and albumin levels in diabetic rats.


Figure 4. Effects of compounds 1, 10, 11 and 12 on serum biochemical parameters of STZ-induced diabetic rats in comparison with normal and diabetic control rats after 4 weeks treatment. At the end of the treatment period, rats were fasted for 12 h and blood was drawn to collect the serum. Panels denote (A) serum insulin; (B) albumin and total protein levels. The data reported represent the means (n = 6) ± SD. * Mean values that are significantly different from diabetic control group (p < 0.05).
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2.7. Effect of UA and Its Derivatives on Body Weight and Food Intake


The effect of tested compounds 1, 10, 11 and 12 on changes of body weight and daily food intake are presented in Figure 5. As shown in Figure 5A, it could be concluded that there was a significant increase in body weight for compound 10-treated diabetic rats when compared with the diabetic control and the glibenclamide treatment group by the end of the treatment period, while the other compounds had no such appreciable effect. Moreover, as shown in Figure 5B, there was a significant increase in food intake in diabetic rats. After oral administration of glibenclamide, compound 10 and 11, the three compounds could reduce daily food intake significantly compared with the untreated diabetic rats. In contrast, compounds 1 and 12 presented no obvious decrease.


Figure 5. Effects of compounds 1, 10, 11 and 12 on (A) body weight and (B) daily food intake of STZ-induced diabetic rats in comparison with normal and diabetic control rats. The data reported represent the means (n = 6) ± SD. * Significant difference compared to diabetic control (p < 0.05).
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2.8. Effect of UA and Its Derivatives on Hyperlipidemia


Figure 6 shows the effect of glibenclamide and UA derivatives on serum TG, TC, LDL-C and HDL-C levels in diabetic rats and normal control.


Figure 6. Effects of compounds 1, 10, 11 and 12 on serum lipid profiles of STZ-induced diabetic rats in comparison with normal and diabetic control rats after 4 weeks of treatment. At the end of the treatment period, rats were fasted for 12 h and blood was drawn to collect the serum. The data reported represent the means (n = 6) ± SD. * Significant difference compared to diabetic control (p < 0.05).
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Serum TG, TC and LDL-C levels were significantly elevated in diabetic control when compared with the normal control, while the HDL-C levels in diabetic control were significantly decreased when compared with those in normal control. However, Serum TC, TG levels were significantly decreased after treatment with glibenclamide, compounds 10 and 11. Compared with diabetic control, serum LDL-C levels were also lowered, while HDL-C levels were higher with the tested compound treatment but none of gave a significant effect (p < 0.05).




2.9. Effect of UA and Its Derivatives on Oxidative Stress


Figure 7 reveals that the levels of GSH and SOD in diabetic control were reduced while the levels of MDA were significantly increased when compared with those in normal control. All tested compounds produced an increase in GSH levels in liver and kidney. In particularly glibenclamide and compound 10 demonstrated significant effects on the liver, while compounds 1, 11 and 12 showed a great effect on kidney. There was a great improvement of SOD level in the liver and kidney of diabetic rats after treatment with glibenclamide, compounds 10 and 11. Compared with the diabetic control, the MDA levels in the liver of diabetic rats were obviously down-regulated by daily administration of glibenclamide, compounds 1 and 10, while the MDA levels were significantly reduced by glibenclamide and compound 10 (p < 0.05).


Figure 7. Antioxidant effect of compounds 1, 10, 11 and 12 on the kidney and liver of STZ-induced diabetic rats. Panels denote (A) GSH, (B) SOD and (C) MDA levels. The data reported represent the means (n = 6) ± SD. * Significant difference compared to diabetic control (p < 0.05), ** Significant very difference compared to diabetic control (p < 0.01).
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2.10. Discussion


UA has been reported to possess a wide range of bioactivities, including positive effects in curing various complications of diabetes and lowing blood glucose levels [13,27,28]. However, the anti-diabetic potential of UA derivatives and their mechanism(s) of action have not been thoroughly investigated. In the present study, the activities of UA and some of its derivatives were assayed in a Caco-2 cell model. Moreover, the potential of these derivatives in STZ-induced diabetic rats model was also investigated.



The results of MTT assays indicated that at a concentration of 100 μM none of the derivatives showed toxicity to Caco-2 cells, except for compound 6, which is in line with the results of acute oral toxicity studies in vivo. The effects of these derivatives on glucose uptake under Na+-dependent and Na+-independent conditions in Caco-2 cells were assessed. The fluorescent glucose analog probe 2-NBDG was used to measure glucose uptake rates [29,30,31]. Specificity of glucose transporters to the analog probe was confirmed by inhibition of uptake of 2-NBDG by D-glucose and phlorizin [13,32].



Before a meal, glucose concentration in plasma is much higher than that in lumen [33]. Any glucose could be quickly captured by SGLT-1, because SGLT-1 is a low-capacity, high-affinity transporter and is the only transporter capable of moving glucose against a concentration gradient; GLUT-2 is a high-capacity, low-affinity facilitative transporter that equilibrates glucose between plasma and enterocytes [34,35]. To gain insight into the effects of UA and its derivatives on glucose uptake, we studied the most important glucose transporter proteins as the major transporters are responsible for the absorption of glucose by Caco-2 cells. Under sodium-dependent conditions, it is expected that both SGLT-1 and GLUT-2 would operated at the apical surface to absorb glucose, while under sodium-free conditions, only GLUT-2 worked to carry out glucose uptake [36]. As shown in Figure 2 and Figure 3, compound 10 could reduce the glucose uptake by the reduction of both SGLT-1 and GLUT-2 expression under Na+-dependent conditions. The effect of compound 11 relied on the decrease of GLUT-2, while compound 12 relied on the inhibition of the expression of SGLT-1. The results also suggested that the inhibition of GLUT-2 by the tested compounds was greater than that of SGLT-1 [37]. Phlorizin, compounds 10 and 11 all reduced glucose uptake under both Na+-dependent and Na+-free conditions, which meant that the inhibition of GLUT-2 by these three compounds was greater than that of SGLT-1. This was consistent with the results of a protein expression study.



According to the result of an in vitro study, the anti-diabetic potential of UA and its derivatives was investigated in STZ-induced DM rats. After daily administration of the tested compounds, blood glucose levels were significantly reduced by compound 10, whereas insulin levels were increased, and compound 10 (100 mg/kg) had a similar effect as glibenclamide (10 mg/kg) (Figure 5). Elevated insulin levels in diabetics usually normalize the serum and tissue proteins by improving protein synthesis and reducing protein degradation or protein glycosylation [38]. The characteristic loss of body weight associated with STZ-induced DM rats could be attributed to dehydration and catabolism of fat or breakdown of tissue proteins, which leads to muscle waste [29]. The recovery of body weight observed in the compound 10 treated DM rats could be the result of increased glucose uptake, insulin secretion and decreased fasting blood glucose levels, as an indication of improved glycemic control in the rats.



The dyslipidemia associated with diabetes is typically a combination of hyperlipidemia with insulin resistance and even modest abdominal obesity involves elevation of LDL cholesterol, an increase of TG and a decrease of HDL cholesterol [39]. The DM rats treated with compounds 10 and 11 showed that the two compounds have significantly effect in reducing serum TC and TG levels (Figure 6), which were demonstrated as the effectiveness of these compounds against experimental STZ-induced DM in rats.



Streptozotocin has been widely used to induce DM, which may result from an increase of reactive oxygen species (ROS) and the inhibition of free radicals defense system [40]. ROS may cause peroxidation by react with lipids, resulting in elevated lipid peroxidation. The increase of lipid peroxidation might be an indication of a decrease of enzymatic and non-enzymatic antioxidants in defense mechanisms [41]. It is well known that glutathione (GSH) is a major endogenous antioxidant, one of its major functions being that its sulfhydryl (SH) group is a strong nucleophile that confers antioxidant protection [42], so the depletion of liver and kidney GSH levels reflect augmented oxidative stress [43,44]. Compound 10 showed a significant restoration of GSH content in the liver of DM rats (Figure 7A). The natural cellular antioxidant enzyme superoxide dismutase (SOD) plays a pivotal role in oxygen defense metabolism by reducing superoxide to water and molecular oxygen [45,46]. Compounds 10 and 11 showed a significant increase in SOD levels in the liver and kidney in DM rats model (Figure 7B). Malondialdehyde (MDA) as the final product of lipid peroxidation is an indicator of peroxidation level. That is, the higher the concentration of the MDA, the more serious peroxide levels in the body are. Compound 10 showed a significant elevation of MDA levels in the liver and kidney in DM rats (Figure 7C). After treatment with compound 10, there was an increase of the activities of SOD and GSH, and a decrease in the activity of MDA. These results indicated that compound 10 could effectively protect cells against oxidative stress by scavenging free radicals.



Hyperlipidemia is characterized by the metabolic syndrome in addition to a disproportionate elevation of apo B levels. The measurement of fasting glucose and apo B in addition to the fasting lipid profile can help to estimate the risk of coronary artery disease and to guide treatment decisions in patients with the metabolic syndrome [47]. It is known that there are a certain number of physiological antioxidants in the type 2 DM model. The depletion of antioxidants in the diabetic condition is a main cause of diabetic pathogenesis. Present therapeutic strategies typically attempt to relieve the clinical manifestation of diabetes and its complications, which justifies the therapeutic use of anti-diabetic agents coupled with antioxidants in cases of fast emergence of diabetes [48].



In this study, the bioactivity of UA and its derivatives in Caco-2 cells model and STZ-induced diabetic rats were studied. Regarding the mechanism of action of compound 10 could be concluded that it played an important role in both Na+-dependent and Na+-independent conditions by inhibiting glucose transporter protein expression, and compound 10 has significant capability of reducing hyperglycemia, hyperlipidemia and oxidative stress in STZ-induced DM rats, so compound 10 not only can reduce the absorption of glucose in STZ-induced DM rats intestinal, but also has the effect of alleviating diabetic complications and may therefore contribute to effective diabetes management in the future.





3. Experimental Section


3.1. Preparation of UA and Its Derivatives


UA was purchased from Nanjing Zelang Medical Technology Co., Ltd. (Nanjing, China), with over 98% purity. UA derivatives (see Figure 1) were obtained from our research team [23]. These compounds were purified by column chromatography and their structures were all confirmed.




3.2. In vitro Cell Culture


Human intestinal Caco-2 cells (ATCC, Rockville, MD, USA) were incubated at 37 °C in a humidified atmosphere of 5% CO2 in air. The cells were cultured in Dulbecco’s modified Eagle’s modified Eagle’s medium (DMEM) with 10% heat-inactivated fetal bovine serum, 1% non-essential amino acids, 1% L-glutamine, 1% penicillin/streptomycin (Gibco Life Technologies, Grand Island, NY, USA). The cells were sub-cultured at confluence by 0.05% trypsin-0.5 mM EDTA treatment before they were applied in the experiment.




3.3. Cytotoxicity Assay


A MTT test was conducted to determine the possible toxicity of UA and its derivatives to Caco-2 cells. Briefly, cells were seeded at a density of 1 × 104 cells/mL in a 96-well plate and incubated for 24 h. The next day, cells were incubated with vehicle (0.1% DMSO) and compounds at 100, 50, 25, 12.5 μmol/L for 24 h, and then 5 g/L MTT solution (20 μL) was added for 4 h. Absorbance at 570 nm was measured using a Multimodel Plate Reader (Infinite 200, Tecan, Mannedorf, Switzerland). The results were expressed as the percentage of control cells demonstrating cell viability after treated with the testing compounds.




3.4. Glucose Uptake by Caco-2 Cell Monolayers


Caco-2 cells, which were derived from human colon adenocarcinoma, were selected for intestinal absorption studies because these cells express the morphological characteristics and most of the functional properties of differentiated small-intestinal enterocytes [49]. Caco-2 cells were seeded on 24-well plates at the density of 2 × 105 cells/well. The medium was changed every 1–2 days, and the culture was carried out for 13 days. Then Caco-2 cells were placed in serum-free media for 24 h and then they were washed twice with Hanks’ balanced salt solution (HBSS, pH 7.5, 140 mM NaCl, 5 mM KCl, 1.2 mM Na2HPO4, 2 mM CaCl2, 1.2 mM MgSO4, 20 mM HEPES, 0.2% bovine serum albumin) before the uptake studies. When a sodium free buffer was required, NaCl and Na2HPO4 were replaced with equal amounts of KCl and K2HPO4, respectively. After washing, the cells were incubated for 15 min at room temperature in HBSS before the commencement of this experiment. The uptake studies were initiated by adding HBSS containing either control or test solution (100 μM) and 2-BNDG (100 μM) for 30 min at 37 °C. Glucose uptake was stopped by adding twofold volume of ice-cold PBS and the wells were washed with ice-cold PBS three times. Fluorescent intensity was measured by a Multimodel Plate Reader (Tecan Infinity 200) with the 485 nmex and 535 nmemiss filter set before and after adding 2-NBDG. Then the cells were lysed in 200 μL lysis buffer (10 mM Tris-HCl pH = 7.4, 150 mM NaCl, 1% Triton-x-100, 1 mM EDTA, 0.1% SDS) and supplemented immediately before they were processed with 10 μg/mL PMSF. Cells were allowed to lyse on ice, and then vortexed and sonicated. The lysate was used for protein determination, protein concentrations were determined as described by BCA kit (Boster, Wuhan, China) with bovine serum albumin as standard.




3.5. Western Blot Analysis


Caco-2 cells were cultured on 6-well plates at a density of 1 × 106 cells/well for 13 days. The cells were placed in serum-free medium for 24 h prior to the treatment. Then UA and its derivatives (100 μM) were added, after 6 h incubation, the cells were immediately washed three times with ice-cold PBS and lysed in 200 μL lysis buffer. Cells were allowed to lyse on ice, and then scraped, vortexed, sonicated and stored at −80 °C for further analysis. Protein concentrations were determined as described and cell lysate was subjected to western blot analysis [49]. Briefly, proteins with same amount were denatured in sample buffer, separated on 8% SDS-PAGE gel, and transferred onto a polyvinylidene diflouride membrane. The membranes were blocked for 1 h at 37 °C with 10% defatted milk in Tris-buffered saline (10 mM Tris-HCl, pH 7.5 and 137 mM NaCl) containing 0.05% Tween 20 (TBST). Membranes were then incubated overnight at 4 °C in blocking buffer with antibodies for GLUT-2, SGLT-1 and β-actin (EMD, Millipore, Billerica, MA, USA). Membranes were washed with TBST and incubated 1 h with appropriate secondary antibodies. Revelation was performed by using the enhanced chemiluminescence reagent and blue-light sensitive film. Densitometric analysis of films was performed with a Hewlett-Packard scanner equipped with a transparent adaptor and UN-SCAN-IT software.




3.6. In Vivo Experimental Animals


Adult male albino rats of Sprague-Dawley rats (180–220 g) were obtained from the Guangdong Medical Lab Animal Center, and maintained under standard laboratory conditions in a temperature (25–30 °C) and light-controlled (12-h light/dark cycle) room with 35%–60% humidity. The animals were acclimatized for 10 days before the experiments and provided with rodent chow and water ad libitum. The investigation was conducted in accordance with the Guide for the Care and Use of Laboratory Animals and approved by the institutional Animal Ethics Committee.




3.7. Oral Acute Toxicity Studies


Healthy adult SD rats were used for this test. The rats were fasted overnight and divided into 13 groups (n = 4), the rats were orally fed with compound 1, 10, 11 and 12 with an increasing dose of 100, 200 and 500 mg/kg body weight [50,51]. Control group was given vehicle solution (0.5% CMC-Na). These rats were continuously observed for 2 h for their behavioral, neurological, and autonomic symptoms and then observed once more after a period of 24 to 72 h for any sign of lethality or death [52].




3.8. Induction of Diabetes


Diabetes was induced by a single intraperitoneal injection of streptozotocin (Sigma-Aldrich, St. Louis, MO, USA) at a dose of 65 mg/kg body weight. STZ was dissolved in 0.1 M cold citrate buffer, pH 4.5. Control group were injected with citrate buffer alone. After 7 days for the development of diabetes, plasma glucose levels were determined of each rat. Rats with fasting blood glucose (FBG) range of above 16.7 mmol/L were considered as DM rats and were used for further study [53].




3.9. Experimental Procedure


According to the body weight and plasma glucose levels the rats were divided randomly into seven groups with six rats each and treated as follows:

	
Group I: Normal rats treated with 0.5% CMC-Na (2 mL/200 g body weight).



	
Group II: Diabetic rats treated with 0.5% CMC-Na.



	
Group III: Diabetic rats treated with 10 mg/kg of glibenclamide.



	
Group IV: Diabetic rats treated with 100 mg/kg of compound 1 (UA).



	
Group V: Diabetic rats treated with 100 mg/kg of compound 10.



	
Group VI: Diabetic rats treated with 100 mg/kg of compound 11.



	
Group VII: Diabetic rats treated with 100 mg/kg of compound 12.








The treatment was continued daily for 28 days. Blood glucose levels and body weight were measured every week to ascertain the status of diabetes. After 4 weeks of treatment, the animals were fasted for 12 h and sacrificed by cervical dislocation under mild anaesthetization, blood was collected into heparinized tubes and centrifuged at 2,000 rpm for 10 min. Livers and kidneys were removed, washed and homogenized in ice-cold normal saline. This homogenates were centrifuged at 3,000 rpm for 10 min at 4 °C, and the supernatants were collected for the estimate of antioxidant markers.




3.10. Biochemical Analysis


Fasting blood glucose levels were estimated on days 0, 7, 14, 28 with the single touch glucometer (Life Scan, Johnson & Johnson Company, New Brunswick, NJ, USA). Serum insulin level was measured by use of a commercial immunoassay kit by enzyme linked immunosorbent assay (Uscn. Life Science Inc., Wuhan, China). Serum total protein, albumin, triglycerides (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) were measured with an automatic biochemical analyzer (Sinnowa D240, Nanjing, China).




3.11. Assessment of Oxidative Stress Markers


The tissue homogenates of liver and kidney were used for the estimate of antioxidant markers. Glutathione (GSH) level was measured with 5, 5'-dithiobis-(2-nitrobenzoic acid) (DTNB) as described by Sedlak and Lindsay [54]. Superoxide dismutase (SOD) activity was assessed according to the method of Sinha [55]. Malondialdehyde (MDA) activity was estimated with the thiobarbituric acid method [56].




3.12. Statistical Analysis


All experiment results were expressed with mean ± standard deviation (SD). The significant differences between the means of the experimental groups were determined with the analysis of variance (ANOVA), followed by a Tukey–Kramer multiple comparisons test (Graph Pad version 5.0; Graph Pad Software Inc., San Diego, CA, USA). The values were considered significant when p < 0.05.





4. Conclusions


In summary, our study suggests that compound 10 displays an inhibitory effect on 2-NBDG uptake through inhibiting SGLT-1 and GLUT-2 transporter protein expression in Caco-2 cells. This observation was corroborated by its benefits in attenuating hyperglycemia, hyperlipidemia and oxidative stress in a DM rat model. Moreover, compound 10 is easily obtained from UA by one step structure modification [23]. These finding are supportive to the application of compound 10 as a potential source for the discovery of active new and active oral medicine for future therapy of diabetes and its complications.
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