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Abstract

:

This study was conducted to evaluate whether Allium hookeri can control diabetic symptoms. Aqueous extract (AE1: 100 mg/kg BW, AE2: 200 mg/kg BW) and ethanol extract (EE1: 100 mg/kg BW, EE2: 200 mg/kg BW) of A. hookeri were orally administrated to diabetic mice (C57BL/J-db/db) for 8 weeks. The negative (NC) and the positive (PC) control groups were treated with 0.9% saline and metformin (150 mg/kg BW), respectively. Glucose and lipid profile (triglyceride, total cholesterol (TC), LDL-C, and HDL-C) as biochemical parameters, toxicological factors such as liver/kidney functional parameters (ALT, AST, BUN, and Cr), and NK cell activity in blood were measured. Oral glucose tolerance test (OGTT) and histopathological examination were also conducted. Compared with the NC group, AE and EE decreased blood glucose, HbA1c, area under the curve (AUC) during OGTT, and leptin levels while increasing adiponectin levels. Serum lipid profiles and toxicological factors levels were reduced by the A. hookeri extract. Interestingly, HDL-C, glomerular mesangial expansion score in the kidney, and NK cell activity were effectively controlled in EE groups. Based on the results, EE is considered to be more effective in reducing high blood glucose, lipid profile, and related factor levels than AE, and is comparable to metformin in some biomarkers. It can be presumed that EE can more effectively control the major anomalies in the diabetic model than AE, and it may be used to prevent diabetic symptoms without toxicity in the Type 2 diabetic model.
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1. Introduction


Diabetes mellitus was described in ancient scripts and is recognized as a serious illness. Human health is being increasingly affected by the rising numbers of people with diabetes mellitus [1]. Diabetes mellitus is a chronic illness characterized by elevated levels of blood glucose, accompanied by the disturbed metabolism of fats and proteins. Blood glucose rises because it cannot be metabolized in the cells, due to a lack of insulin production by the pancreas or the inability of the cells to effectively use the insulin that is being produced [2]. There are two major types of diabetes: the pancreas does not produce insulin in Type 1, whereas in Type 2 the body cells are resistant to the action of insulin that is being produced and over time the production of insulin progressively decreases. Type 2 diabetes mellitus (T2D), which accounts for 90% of diabetic patients, is closely correlated with the increase in the obese population and is characterized by insulin resistance [3]. T2D is a metabolic disorder characterized by hyperglycemia and is one of the most common chronic diseases worldwide [4]. The primary causes of T2D are insulin resistance, an insulin secretion defect due to beta-cell failure, and hepatic excess glucose production [5,6]. It has been also reported that T2D and obesity develop inflammation due to insulin resistance [7].



The increased elevation of aminotransferase (ALT) and aspartate aminotransferase (AST). ALT and AST indicates the impaired metabolic function of the liver and the increased risk of hepatitis, cirrhosis, and T2D [8]. These factors are frequently used as a primary marker to check hepatic function. The treatment of Saccharina japonica inhibited the excess elevation of the AST and ALT, which were higher in diabetic mice than in non-diabetic mice and treated the toxicity of the diabetic mice [9]. Similarly, several earlier works showed that plant extracts such as Sida cordata, Vitis vinifera, and Fagonia olivieri prevent liver damage, which leads to the decreased elevation of the AST and ALT in diabetic mice [10,11,12]. Blood urea nitrogen (BUN) and creatinine (Cr) levels were found to be significantly higher in the diabetic mice than in non-diabetic mice [9]. The higher elevation of BUN and Cr indicates kidney damage in diabetic mice in contrast to non-diabetic mice [10]. Serum urea and Cr are biomarkers that can serve as predictor tests for assessing kidney function (nephropathy) in diabetic patients. A correlation of serum Cr and urea with glycemic index and the duration of diabetes mellitus in both Type 1 and Type 2 was reported [13]. The treatment of S. japonica retained the normal elevation of all tested serum markers including insulin and lipid profile by preventing histopathological injuries in the diabetic mice [10].



T2D drives immune dysfunction, infection development, and sepsis mortality [14,15]. Individuals with T2D have abnormal host responses, including disorders of humoral immunity, and defects in neutrophil function and T cell response. [16]. So, the role of the immune system is more important in T2D than in normal individuals [17].



It has been reported that the oral hypoglycemic agents currently used for the treatment of diabetes can delay glucose absorption in the digestive tract depending on the mechanism of action. Among them, metformin has been considered as an insulin sensitizer because it lowers blood sugar without increasing insulin secretion [18]. Metformin has shown beneficial effects in T2D, including weight loss, improved lipid profile, and improved endothelial function. Antidiabetic drugs are being developed and used, but the drugs may cause side effects such as hypoglycemia, vomiting, and liver function damage. Research on natural materials that can reduce these side effects and control blood sugar has been continued [19,20,21,22]. Eslami et al. reported on the interaction between dietary patterns and immunometabolism as a new frontier for diabetes mellitus and related disorders [23] and Shabab et al. introduced some traditional herbal drugs as alternative medicines for diabetes mellitus [24,25,26].



Allium hookeri (AH) is a plant of the genus Allium, which includes onions, green onions, garlic, and chives, and contains special amino acids such as S-Allyl-l-cysteinsulfoxide (ACSO), alliin, cycloalliin, and natural compounds such as volatile sulfur compound saponin [27]. It has been reported that the sulfur-containing compounds of allicin and alkyl thiosulfinate of AH have various physiological activities, such as lowering blood sugar and adipogenesis in diabetic models [25,28,29,30]. However, there is currently no comparative study on the glycemic control and anti-diabetic efficacy of AH extracts prepared by different methods, such as water and ethanol extraction as a solvent. Thus, the two kinds of extracts were administered to the T2D model, and their anti-diabetic effects on glucose, hepatic toxicity, lipid profile, and immunity, which are major disorders in T2D, were evaluated.




2. Results


2.1. Concentration of Cycloalliin


Figure 1 shows the contents of cycloalliin (C6H11NO3S) in aqueous (AE) and ethanol (EE) extracts of A. hookeri. Each concentration was 2.94 and 3.11 mg/g, respectively. No significant difference was found in cycloalliin concentrations between two extracts.




2.2. Effects of A. hookeri Extracts on Body and Organ/Tissue Weights


Table 1 shows the body and tissue weights of diabetic mice, which were measured in this experiment. The initial and final body weights of the diabetic mice were significantly higher than those of the Control mice. However, there was no significant difference in the initial and final body weights of the diabetic mice treated with or without any AH extract. The weights (% of BW) of liver, kidneys and epididymal fat were significantly higher in the NC group compared with those in the Control group. However, the organ weights decreased in AH-administered groups in a dose-dependent manner, and epididymal fat weights were significantly lower in the mice treated with AE2 and EE2 (AH 200 mg/kg BW) than those in the NC group. AH also increased the spleen weights of the mice in a dose-dependent manner.




2.3. Effects of A. hookeri Extracts on Fasting Blood Glucose


In the first week of the experiment, the significantly highest blood glucose level was observed in the NC group rather than in the Control group, while the tendency to decrease in the A. hookeri extract-administered groups was detected (Figure 2). After 2 weeks of the administration of the AH extracts, a significant decrease of 14% in the fasting blood glucose was found only in the EE1 group compared with the NC group. The AE2 and the EE groups showed significantly decreased blood glucose levels compared with the NC group in the 4th week. After another 2 weeks (the 6th week), the fasting blood glucose levels of the AE2 and EE2 groups significantly decreased by over 12% compared with the NC group (p < 0.05), and the lowest value was found in the EE2 group. Interestingly, the EE1 and EE2 groups, which were administered the ethanol extract, showed 12% and 13% decreases in the blood glucose levels compared with the NC group, respectively, while there was no significant difference between the NC and AE groups treated with the hot water extract by the 8th week of this experiment. Thus, the ethanol extract of A. hookeri could be more effective controlling the fasting blood glucose levels than the aqueous extract of A. hookeri in diabetic mice.




2.4. Effects of A. hookeri Extracts on Oral Glucose Tolerance and AUC


Oral glucose tolerance test (OGTT) experiments were performed to measure the effects of AH extracts on blood glucose tolerance in Type 2 diabetic mice by the 8th week (Figure 3a). Glucose (Sigma, MO, USA; 1 g/kg BW) was administered to each mouse, which fasted overnight, and blood was collected from their tail vein for 240 min. Before the glucose treatment, the NC group showed the highest blood glucose and the other diabetic mice showed significantly lower levels than that of the NC group. During the OGTT, the NC group consistently showed the highest blood glucose level and the other diabetic mice which were administered metformin or AH extracts showed lower values than those of the NC group. Diabetic mice administered high AH extracts (200 mg/kg BW) showed decreased blood glucose levels after 120 and 180 min of the glucose treatment. Blood glucose was significantly reduced in all experimental groups except the NC group at 240 min after oral glucose administration, and significantly decreased glucose levels were found in all the AH groups compared with that in the NC group.



The value of the area under the curve (AUC) was the highest in the NC group and decreased in all of the AH groups compared with the NC group (Figure 3b). A significant decrease in AUC was found in AE2 and EE2 groups compared with the NC group.




2.5. Effects of A. hookeri Extracts on Glycated Hemoglobin (HbA1c), Insulin, Leptin, and Adiponectin Levels


HbA1c shows the blood glucose condition in the last three months and is one of the most important indicators for diagnosing diabetes. The HbA1c level of diabetic mice was the highest in the NC group (10.9%) and its significant decrease was found in all the AH-treated groups, though there was no significant difference between the groups treated with AE and EE or the two doses (100 and 200 mg/kg BW) (Figure 4a). The results suggest that a dose of 100 mg/kg BW to diabetic mice can effectively lower the value of HbA1c. As shown in Figure 4b, the serum insulin level was significantly higher in the NC group (5.12 ± 0.18 ng/mL) than in the Control group (0.34 ± 0.07 ng/mL), and the values significantly decreased in the AH-treated mice compared with the NC group. Ethanol extract of AH was shown to effectively lower the serum insulin level without a significant difference between the EE1 and EE2 groups, treated with a dose of 100 or 200 mg/kg BW, respectively.



Serum leptin level was also significantly higher in the NC group than in the Control group, but it was significantly decreased in all the AH aqueous or ethanol extract-administered groups (Figure 4c). In the NC group, the serum adiponectin level significantly decreased compared with that of the Control group. The adiponectin concentration was 2.8, 3.0, 3.0, 3.1, and 3.2 ng/mL in the PC, AE1, AE2, EE1, and EE2 groups, respectively. Both aqueous and ethanol AH groups showed significantly higher adiponectin levels compared with the NC group and the PC group treated with metformin (Figure 4d).




2.6. Effects of A. hookeri Extracts on Serum ALT, AST, BUN, and Cr Levels


To evaluate whether AH extracts can improve toxicity in diabetic mice, the serum levels of hematological parameters such as alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea nitrogen (BUN), and Cr were measured. Serum ALT, AST, BUN, and Cr values increased in the NC group compared with the Control group (Figure 5a–d). Their significant differences were found in the ALT, BUN, and Cr from the Control group (Figure 5a,c–d) and the higher levels in the NC group decreased in the AH extract-administered groups. AE and EE1 more effectively reduced ALT and AST levels than the EE2. AH extracts were comparable to or more highly effective than the metformin (PC group) in lowering BUN level, and the levels in AE2 and EE2 were recovered to those of the Control group (p > 0.05). Cr levels in the PC and AH groups decreased compared with the NC group, and the level of EE2 was also recovered to that of the Control group (Figure 5d).




2.7. Effects of A. hookeri Extracts on Serum Lipid Profile


As the glucose-related factors in the diabetic mice in this experiment, serum triglyceride (TG) and LDL-C levels were generally higher in the NC group compared with the Control group (Figure 6a–c). However, TG, TC, and LDL-C levels significantly decreased in the AE2 and EE1 groups while HDL-C was reduced in the NC group (Figure 6d). There was no significant difference in the serum TG, TC, and LDL-C levels between metformin- and AH-treated groups. The high serum lipid profile was markedly reduced, whereas HDL-C slightly increased in the AH extract-treated groups, and significant differences compared with the NC and PC groups were found in the EE2 group.




2.8. Effects of A. hookeri Extracts on Histopathological Properties of Liver, Pancreas, and Kidney


The effects of AH extracts on the histopathological properties of the diabetic mice were evaluated and are shown in Figure 7. Glycogen accumulation was observed in all diabetic mice compared with the Control group. However, PC and EE groups showed decreased hepatic glycogen accumulation compared with the NC group. When hyperplasia of the pancreatic islet cell was evaluated in all experimental mice, hyperplasia was detected in all diabetic mice groups compared with the Control group. However, EE groups showed reduced hyperplasia compared with the NC group in a dose-dependent manner.



The β cell area of the pancreas was regular and clear in the Control group, and its shape in the NC group was irregular and unclear compared with that of the Control group. However, AE1 and EE1 groups showed improved shapes compared with the NC group. Immunohistochemical results show that insulin response increased in the diabetic mice compared with the Control group. PC and AH groups showed less immunoreactivity compared with the NC group (Figure 8a), although there was no significant difference. When the expansion of intravascular cell substrates of kidney was evaluated in the experimental mice, a significant increase was detected in the NC group compared with the Control group, and their decreases were recognized in the PC and AH groups (Figure 8b). More significant changes from the NC group were found in the EE groups. Thus, the histopathological results suggest that the conditions due to diabetes were improved in the EE groups rather than in the AE groups.




2.9. Effects of A. hookeri Extracts on the NK Activity in the Blood of Diabetic Mice


Natural killer (NK) cell activity is one of the major factors indicating immune function, and a core element of innate immunity was evaluated in the diabetic mice. The IFN-γ concentration showing NK cell activity significantly decreased to 133.7 pg/mL in the NC group compared with 256.4 pg/mL in the Control group (Figure 9). However, IFN-γ concentrations increased in all the AH groups and were recovered to the level of the Control group. So, AH extracts are helpful for the recovery of NK cell activity decreased due to diabetes.





3. Discussion


AH is a plant of the genus Allium and contains special amino acids such as alliin, cycloalliin, and natural compounds such as volatile sulfur [27]. The sulfur-containing compounds of AH, allicin and alkyl thiosulfinate, lowered blood sugar and adipogenesis in diabetic models [24,25,26]. Alliin is converted into thiosulfinates by the enzyme alliinase when Allium vegetables are cut or crushed [28,29,30]. However, cycloalliin is not converted into thiosulfinate by alliinase and remains stable during processing [30]. Cycloalliin could be useful as a chemical and/or biological marker for AH.



This study investigated the effects of two AH extracts prepared by water or 50% ethanol on diabetic mice. The compounds are yellowish-brown powders with a unique flavor and without a strange taste or odor. The results show that the AH extracts decreased liver, kidney, and epididymal fat weight (% of BW), while it increased spleen weight in a dose-dependent manner (Table 1). The final body weight was lower in the AH groups than the NC group though there was no significant difference found among the T2D groups. Similar results were found in previous studies [24]. Kim, M.W. [31], Lee, J. [32], and Park et al. [33] also demonstrated that AH extract suppressed body and tissue weight in high-fat diet-fed models.



Fasting blood glucose decreased in the AH groups and finally, a significant difference from the NC group was found in the EE groups, compared with the AE groups (Figure 2). Figure 3 shows the effects of A. hookeri extracts on OGTT in blood glucose changes (3a) and in AUC (3b). The AUC value increased in the NC group compared with the Control group, but AH extracts decreased it and a more significant difference from the NC group was found at a high dose (200 mg/kg BW) than at a low one (100 mg/kg BW). Kim et al. [24] reported that AH leaf or root reduced blood glucose and AUC compared with the NC group that was not treated with any AH extract. In particular, AH root significantly decreased these values in the study, and our results are similar to previous results. HbA1c shows the blood glucose condition for the last 3 months [24], and it decreased in all AH-treated groups, with significant differences in AH and PC groups compared with the NC group. Previous studies identified the anti-diabetic effects of AH in T2D, where Kim et al. [24] reported that the intake of diet supplemented with 1% and 3% extract of AH leaf or root reduced HbA1c concentration. Kim et al. [34] also found that the administration of methanol extract (400 and 800 mg/kg) from AH decreased the HbA1c concentration. The results of this study are similar to those of previous studies while low-level concentrations of the extracts such as 100 or 200 mg/kg BW were considered.



The serum insulin level increased in the NC group (5.3 ± 0.7 ng/mL) compared with the Control group (0.6 ± 0.1 ng/mL) due to hyperinsulinemia, as shown in the T2D model (Figure 4b). The high insulin level in the NC group significantly decreased in the PC and AH groups. A more significant reduction was found in the EE groups in a dose-dependent manner and the level of the EE2 group was recovered to that of the Control group. Insulin is secreted to enhance the glycolysis process and lower glucose levels when glucose concentration is high [35]. In this study, blood glucose concentration was reduced in the AE and EE groups and insulin value also decreased in these groups. Therefore, these results imply that AH ethanol extract may lower the value of glycated hemoglobin and has the ability to improve insulin sensitivity. Leptin is known to decrease food intake, facilitate glucose utilization, and improve insulin sensitivity in the maintenance of metabolic balance [35]. A significantly increased blood leptin level was observed in the NC group (1.5 ± 0.2 ng/mL) compared with the Control group (0.3 ± 0.1 ng/mL). However, all the AH groups and the PC group administered metformin showed decreased values compared with the NC group (Figure 4c), which exhibited increased value due to the abnormal metabolic condition of glucose in the T2D model. More effective reductions in the serum leptin levels were found in the EE groups than in the AE1 group, and they were recovered to those of the Control group. While the adiponectin level of the NC group was significantly lower than that of the Control group, the AH groups and the PC group showed significant increases compared with the NC group (Figure 4d). Adiponectin has potent effects on the glucose metabolism in the liver and improves glucose uptake, and leptin and adiponectin have an indirect and inverse correlation with insulin resistance [35]. In this study, AE and EE induced the increase in adiponectin concentration, while they reduced the leptin concentration. This may be explained by the fact that they enhance adiponectin secretion and effectively control blood glucose, insulin, and leptin levels. Given these results, AH could be presumably used as a good natural anti-diabetic source.



Furthermore, AH extracts reduced the toxicity found in the diabetic mice by reducing the levels of hematological parameters such as serum ALT, AST, BUN, and Cr, which increased in the NC group compared with the Control group (Figure 5a–d). Lee, J. [32] identified that the administration of a high-fat diet with 5% AH induced a decrease in ALT value, and the 3% AH group showed a reduction in AST value. ALT and AST are mainly used in the evaluation of hepatic damage and the increase in ALT and AST may be due to liver dysfunction [36]. Hence, AH aqueous or ethanol extracts were considered for the recovery of liver injury. The measurement of urea and Cr can be accomplished with easily available tests for the detection and prevention of diabetic kidney disease [37]. In this study, there was a decrease in BUN and Cr concentration due to the administration of AE and EE. A. hookeri may be used to relieve BUN and Cr values in diabetes patients and help them to recover from diabetic kidney disorder.



It has been reported that diabetes causes dyslipidemia, such as obesity and related hyperlipidemia. Symptoms of hyperlipidemia include the increased synthesis of TG, TC, LDL-C, and decreased HDL-C. The effects of leptin and adiponectin were indirect and showed an inverse correlation with insulin resistance, triglycerides, and LDL-C [36]. In this study, there was a reduction in TG, TC, and LDL-C, and an increase in HDL-C value in the AE and EE groups (Figure 6). We found that ethanol extract more effectively improved the blood cholesterol conditions. Kim et al. [34] reported that diabetic mice supplemented with 5% and 10% AH root induced an increase in HDL-C and a reduction in TG and AST. Previous studies [32,33] showed that AH root decreased TG, TC, and LDL-C levels, while they increased HDL-C.



It has been reported that toxicological factors in blood and tissues increase in diabetic mice due to the inappropriate working of the liver and kidneys [37]. The mechanism can be partially explained by the effective histopathological changes, and an improvement in the glycogen accumulation in the liver, hyperplasia in the pancreatic islet cell, irregular shape of the β-cell area, and the increased expansion of the intravascular cell substrates of the kidney were detected in the diabetic NC group (Figure 7 and Figure 8). However, PC and EE groups showed decreased hepatic glycogen accumulation compared with the NC group. EE groups showed reduced hyperplasia of the pancreatic islet cell compared with the NC group in a dose-dependent manner. The β cell area of the pancreas, which was irregular in the NC group, was improved in the AE1 and EE1 groups compared with the NC group. The increase in the insulin response in the diabetic mice compared with the Control group tended to decrease in the EE2 group (Figure 8a). The significant expansion of the intravascular cell substrates of kidney in the NC group compared with the Control group decreased in the PC and AH groups. A more effective reduction from the NC group was further detected in the EE groups. Taking this account, the conditions due to diabetes were significantly improved in the EE groups rather than in the AE groups.



T2D drives immune dysfunction and infection development [14]. The relationship between NK cell activity and glucose control in patients with Type 2 diabetes and prediabetes was previously reported [38]. Individuals with T2D are physiologically frail and have an increased risk of infections and mortality from sepsis. Immune-modulatory therapies have been utilized in other chronic inflammatory diseases, and are used to control the chronically affected immune pathways in T2D patients. Immune function is especially important in diabetic patients. So, in this study, NK cell activity, which is a representative immune relative factor, was evaluated in the experimental animals. AH extracts increased IFN-γ production, showing improved NK cell activity, thereby suggesting their potential to immune function recovery against diabetes (Figure 9).




4. Materials and Methods


4.1. Preparation of Extract Samples


AH roots were obtained from a farm at the Sunchang area in Jeonbuk (South Korea) and were authenticated by the National Institute of Agricultural Sciences. After a multiple-step cleaning process and drying at 50 °C for 2 days, 5 kg of dried AH roots was extracted twice with 10 times volume of 50% v/v ethanol using the extracting and concentration system (HS Tech., Seongnam, Korea) at 40 °C for 8 h for extraction, and at 65 °C and 650 mH for concentration (EE). For the AE, 5 kg of dried AH roots was extracted twice with 10 times volume of hot water (50 L) at 90 °C for 8 h, filtered through 25 µm, and concentrated at 65 °C and 650 mH using the extracting and concentration system (HS Tech.). The AH extracts were then frozen and lyophilized (PVTFD 300R, Ilsin Lab, Yangju, Korea). The final extracts were EE 1.89 (37.8%) and AE 1.93 kg (38.6%). The samples (RDAAHR-E01, RDAAHR-A01) were stored at −70 °C in the Department of Agricultural Food Resources, National Institute of Agricultural Sciences, Rural Development Administration.




4.2. Measuring Cycloalliin Concentration


To analyze the cycloalliin, sample (or cycloalliin hydrochloride monohydrate as a standard, Fujifilm Wako Pure Chemical Co., Osaka, Japan) was dissolved in methanol at 0.1 g/mL. Agilent 6410 Triple Quad LC/MS (Agilent Technologies, Santa Clara, CA, USA) coupled to a MS QQQ mass spectrometer equipped with an electrospray ionization sources (Agilent Technologies) was used. Chromatographic separations were performed on a reversed phase C18 with polar end-capping (15 mm × 2 mm, SynergiTM 4 μm Hydro-RP 80Å; phenomenex, Torrance, CA, USA). The operating temperature was set at 30 °C and the flow rate was 0.2 mL/min. Mobile phase A and B consisted of 0.1% formic acid in water and 0.1% formic acid in acetonitrile, respectively. The gradient system was as follows: 0 min, 5% B; 1 min, 5% B; 11 min, 100% B; 12 min, 100% B; 15 min, 5% B; and 20 min, 5% B. The mass spectrometer was operated using MS QQQ Mass Spectrometer for electrospray ionization (ESI). The general settings used were as follows: gas temperature, 300 °C; gas flow, 11 L/min; nebulizer, 15 psi; capillary, 4000 V. Regression equation (y) is 233.26x + 259.29 and correlation coefficient (R2) is 1.




4.3. Animals and Diets


Male C57BL/J-db/db mice (6 weeks old) and male C57BL/J-m+/db mice (6 weeks old) were purchased from Central Lab, Animal Inc. (Seoul, Korea). During the experimental period, all the mice had free access to pelleted feeds and water. The mice were kept in a room with 23 ± 2 °C, 50 ± 10% relative humidity, and a 12 h light/12 h dark cycle. After a 1-week acclimatization period, the mice were randomly divided into 7 groups (8 mice in each group): (1) non-diabetes group (Control, C57BL/J-m+/db mice), (2) diabetes control group (negative control; NC, C57BL/J-db/db), (3) positive control group (PC, C57BL/J-db/db, 150 mg metformin/kg BW), (4) AE1 group with low dose of extract (C57BL/J-db/db, 100 mg AE/kg BW), (5) AE2 group with high dose of extract (C57BL/J-db/db, 200 mg AE/kg BW), (6) EE1 group with low dose of extract (C57BL/J-db/db, 100 mg EE/kg BW), and (7) EE2 group with high dose of extract (C57BL/J-db/db, 200 mg EE/kg BW). Oral administration for each group was performed for 8 weeks. The condition of the experimental animals was monitored every day, and food intake and body weight were recorded once a week. Permission for the animal experiments was granted by the Animal Experimentation Ethics Committee (NAS-202106) of the National Institute of Agricultural Sciences, Rural Development Administration, and the ethical regulations were followed.




4.4. Measuring Blood Glucose and Conducting Oral Glucose Tolerance Test (OGTT)


Fasting blood glucose was measured from the tail vein using a glucometer (Accu-Check Active, Roche Diagnostics GmbH, Mannheim, Germany) after starvation for 12 h every 2 weeks. OGTT was conducted after 12 h fasting on the 8th week of treatment. Blood was collected from the tail vein of mice at 30, 60, 90, 120, 180, and 240 min after oral administration of glucose at 1.5 g/kg BW (Sigma). The AUC was measured by trapezoidal approximation of blood glucose levels. Blood glucose at x min was defined as BG (x), and AUC was calculated as follows:


AUC (mg*h/dL) = {BG (0) + BG (60)}/2 + {BG (60) + BG (120)}/2 + {BG (120) + BG (180)}/2 + {BG (180) + BG (240)}/2












4.5. Blood Biochemical Analysis


After the experiment period was over, the mice were sacrificed under anesthesia (CO2) after measuring their body weight, and blood was collected from the abdominal vena cava. HbA1c concentration was measured from the whole blood by the boronate affinity-based method using EasyA1c (Osang Healthcare, Anyang, Korea). For more blood chemical analysis, the blood was centrifuged at 2000 rpm for 15 min to separate serum. Serum insulin concentration was measured using a Mouse Insulin ELISA kit (AKRIN-011T, Fujifilm Wako Shibayagi Co., Gunma, Japan). Biotinylated anti-insulin antibody and standard or sample were incubated for 2 h in monoclonal anti-insulin-coated wells. After washing the cultured wells, horseradish peroxidase (HRP)-conjugated streptavidin was added and incubated for 30 min. After discarding the reaction mixture and washing the plate, chromogen (TMB) was added, the sample was reacted for 30 min, and the reaction was stopped by adding a stop solution. The absorbance was measured at 450 nm using a plate reader (Microplate reader, TECAN, Männedorf, Switzerland). The serum adiponectin concentration was measured using a mouse Adiponectin ELISA kit (MRP300, R&D system Inc., Minneapolis, MN, USA). Standards and samples were placed in antibody-coated wells and incubated for 3 h at room temperature. After incubation and washing, Adiponectin Conjugate was added and the sample was incubated for 1 h, then washed. Substrate solution was added to the well and incubated for 30 min at room temperature. After that, stop solution was added and the absorbance measured at 450 nm using a plate reader (Microplate reader, TECAN) within 30 min. The serum leptin concentration was measured using a mouse Leptin ELISA kit (CSB-E04650m, Cusabio, Houston, TX, USA). The standards and samples were placed into the leptin antibody-encoded wells and incubated for 2 h at 37 °C. After that, Biotin antibody was added to the wells and incubated for 1 h at 37 °C. Each well was washed, HRP-avidin was added, and the sample was incubated at 37 °C for 1 h. After washing, TMB substrate was added to each well and incubated at 37 °C for 30 min. Finally, stop solution was added and the absorbance measured using a plate reader (Microplate reader, TECAN) within 5 min at 450 nm. Lipid profile (triglyceride, TC, LDL-C, and HDL-C levels) and toxicological factors (ALT, AST, BUN, and Cr) were measured using a blood biochemical analyzer (7180, HITACHI, Tokyo, Japan). NK cell activity in the blood was evaluated using the NK activity kit (ATGen, Seongnam, Korea), which is an IFN-γ quantitation assay for plasma samples collected and prepared with the NK cell activating agent. Absorbance was measured at 450 nm, and the amount of IFN-γ released by the NK cells was finally quantitated by comparison to an IFN-γ standard curve.




4.6. Histopathological and Immunohistochemical Investigations


After blood collection, the mice were euthanized by cervical dislocation; organs or tissues such as liver, kidney, epididymal fat, and spleen of mice were excised; and the weight of each organ was measured. Liver, pancreas and kidney were fixed with 10% formalin solution at room temperature for 24 h. The fixed tissue was embedded in paraffin and cut into 3 μm sections using a Bond Polymer Intense Detection system (Vision BioSystems, Melbourne, Australia). The sectioned tissue was pre-treated, double-stained with hematoxylin and eosin, and subjected to Periodic Acid-Schiff (PAS) reaction, followed by dehydration. After sealing the cover glass with a synthetic resin encapsulant, it was observed under an optical microscope at 200× magnification and photographed with a camera attached to a microscope.




4.7. Statistical Analysis


Statistical analysis was performed using the mean ± SEM by one-way ANOVA (one-way analysis of variance) using the SPSS (Statistical Package for the Science ver. 24, IBM Corp, Armonk, NY, USA). A probability level of p < 0.05 was accepted statistically.





5. Conclusions


In this study, AH extracts improved glucose metabolism by controlling fasting blood glucose, glucose tolerance, and insulin activity, and prevented the occurrence of diabetic-related symptoms without any toxicity. EE was identified to be more effective in reducing high blood glucose and lipid levels than AE, and is interestingly comparable to metformin in some biomarkers. It is suggested that EE may be used as a functional supplement for the prevention of diabetic complications in the Type 2 diabetic model.







Author Contributions


S.-H.L., H.-H.J., S.-Y.P. and E.-B.L. conceived of and designed the study. S.-H.L., J.-H.C., S.-H.K., E.-B.L., J.-S.K., J.-H.K., J.-H.L. and U.-Y.J. conducted experiments and analyzed data. J.-H.C., S.-H.L., E.-B.L., S.-H.K., G.-C.K. and J.-E.J. wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by grants (PJ01586301, PJ01580203) from the Rural Development Administration, Republic of Korea.




Institutional Review Board Statement


The study was approved by the Ethics Committee of the National Institute of Agricultural Sciences (protocol code NAS202106 and date of approval 25 January 2021) and conducted according to the guidelines for animal experiments in the protocol.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Acknowledgments


The authors thank Ivan Layag for his assistance in reviewing the manuscript (Technology Cooperation Bureau), Yoonjo Jung for his cycloalliin analysis (Jeonbuk National University), and Min-Sook Kim for her supporting the animal experiment (National Institute of Agricultural Sciences).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Roglic, G. WHO Global report on diabetes: A summary. Int. J. Noncommun. Dis. 2016, 1, 3. [Google Scholar] [CrossRef]

	



Cantley, J.; Ashcroft, F.M. Q&A: Insulin secretion and type 2 diabetes: Why do β-cells fail? BMC Biology 2015, 13, 33. [Google Scholar]

	



Zheng, Y.; Ley, S.H.; Hu, F.B. Global aetiology and epidemiology of type 2 diabetes mellitus and its compolications. Nat. Rev. Endocrinol. 2018, 14, 88–98. [Google Scholar] [CrossRef] [PubMed]

	



Galicia-Garcia, U.; Benito-Vicente, A.; Jebari, S.; Larrea-Sebal, A.; Siddiqi, H.; Uribe, K.B.; Ostolaza, H.; Martín, C. Pathophysiology of type 2 diabetes mellitus. Int. J. Mol. Sci. 2020, 21, 6275. [Google Scholar] [CrossRef] [PubMed]

	



Tsalamandris, S.; Antonopoulos, A.S.; Oikonomous, E.; Papamikroulis, G.A.; Vogiatzi, G.; Papaioannou, S.; Deftereos, S.; Tousoulis, D. The role of inflammation in diabetes: Current concepts and future perspectives. Eur. Cardiol. Rev. 2019, 14, 50–59. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, S.; Young, J.L.; Wang, K.; Qian, Y.; Cai, L. Diabetic-induced alterations in hepatic glucose and lipid metabolism: The role of type 1 and type 2 diabetes mellitus (review). Mol. Med. Rep. 2020, 22, 603–611. [Google Scholar] [CrossRef] [PubMed]

	



Wondmkun, Y.T. Obesity, insulin resistance, and type 2 diabetes: Associations and therapeutic implications. Diabetes Metab. Syndr. Obes. Targets Ther. 2020, 13, 3611–3616. [Google Scholar] [CrossRef]

	



Chen, S.C.C.; Tsai, S.P.; Jhao, J.Y.; Jiang, W.K.; Tsao, C.K.; Chang, L.Y. Liver fat, hepatic enzymes, alkaline phosphatase and the risk of incident type 2 diabetes: A prospective study of 132,377 adults. Sci. Rep. 2017, 7, 4649. [Google Scholar] [CrossRef]

	



Saravanakumar, K.; Park, S.; Mariadoss, A.V.A.; Sathiyaseelan, A.; Veeraraghavan, V.P.; Kim, S.; Wang, M.H. Chemical composition, antioxidant, and anti-diabetic activities of ethyl acetate fraction of Stachys riederi var. japonica (Miq.) in streptozotocin-induced type 2 diabetic mice. Food Chem. Toxicol. 2021, 155, 112374. [Google Scholar] [CrossRef]

	



Shah, N.A.; Khan, M.R. Antidiabetic effect of Sida cordata in alloxan induced diabetic rats. BioMed Res. Int. 2014, 2014, 671294. [Google Scholar] [CrossRef]

	



Giribabu, N.; Eswar Kumar, K.; Swapna Rekha, S.; Muniandy, S.; Salleh, N. Vitis vinifera (Muscat Variety) seed ethanolic extract preserves activity levels of enzymes and histology of the liver in adult male rats with diabetes. Evid.-Based Complement. Altern. Med. 2015, 2015, 542026. [Google Scholar] [CrossRef] [PubMed]

	



Rashid, U.; Khan, M.R.; Sajid, M. Antioxidant, anti-inflammatory and hypoglycemic effects of Fagonia olivieri DC on STZ-nicotinamide induced diabetic rats-in vivo and in vitro study. J. Ethnopharmacol. 2019, 242, 112038. [Google Scholar] [CrossRef] [PubMed]

	



Chutani, A.; Pande, S. Correlation of serum creatinine and urea with glycemic index and duration of diabetes in Type 1 and Type 2 diabetes mellitus: A comparative study. Natl. J. Physiol. Pharm. Pharmacol. 2017, 7, 914–919. [Google Scholar] [CrossRef]

	



Frydrych, L.M.; Bian, G.; O’Lone, D.E.; Ward, P.A.; Delano, M.J. Obesity and type 2 diabetes mellitus drive immune dysfunction, infection development, and sepsis mortality. J. Leukoc. Biol. 2018, 104, 525–534. [Google Scholar] [CrossRef]

	



Tiwari, S.; Pratyush, D.D.; Gahlot, A.; Singh, S.K. Sepsis in diabetes: A bad duo. Diabetes Metab. Syndr. 2011, 5, 222–227. [Google Scholar] [CrossRef]

	



Brownlee, M. Biochemistry and molecular cell biology of diabetic complications. Nature 2001, 414, 813–820. [Google Scholar] [CrossRef]

	



Geerlings, S.E.; Hoepelman, A.I. Immune dysfunction in patients with diabetes mellitus (DM). FEMS Immunol. Med. Microbiol. 1999, 26, 259–265. [Google Scholar] [CrossRef]

	



Hundal, R.S.; Inzucchi, S.E. Metformin: New understanding, new use. Drugs 2003, 63, 1879–1894. [Google Scholar] [CrossRef]

	



Kim, N.S.; Choi, B.K.; Lee, S.H.; Jang, H.H.; Kim, J.B.; Kim, H.R.; Choe, J.S.; Cho, Y.S.; Kim, Y.S.; Yang, J.H.; et al. Effects of Allium Hookeri Extracts on Glucose Metabolism in Type II Diabetic Mice. Korean J. Pharm. 2016, 47, 158–164. [Google Scholar]

	



Park, S.H.; Bae, U.J.; Choi, E.K.; Jung, S.J.; Lee, S.H.; Yang, J.H.; Chae, S.W. A randomized, double-blind, placebo-controlled crossover clinical trial to evaluate the anti-diabetic effects of Allium hookeri extract in the subjects with prediabetes. BMC Complementary Med. Ther. 2020, 20, 211. [Google Scholar] [CrossRef]

	



Kim, H.J.; Lee, M.J.; Jang, J.Y.; Lee, S.H. Allium hookeri root extract inhibits adipogenesis by promoting lipolysis in high fat diet-induced obese mice. Nutrients 2019, 11, 2262. [Google Scholar] [CrossRef] [PubMed]

	



Lee, U.J.; Choi, H.; Yoon, W.C.; Kim, Y.S.; Song, B.N.; Lee, M.Y.; Park, B.R.; Lee, S.H.; Choi, J.H.; Park, S.Y. Anti-diabetic and Lipid Profile Effect of Astragalus membranaceus (Fisch.) Bunge Fermented by Aspergillus awamori in db/db Mice. Korean J. Med. Crop. Sci 2021, 29, 263–272. [Google Scholar] [CrossRef]

	



Eslami, M.; Bahar, A.; Hemati, M.; Rasouli Nejad, Z.; Mehranfar, F.; Karami, S.; Yousefi, B. Dietary pattern, colonic microbiota and immunometabolism interaction: New frontiers for diabetes mellitus and related disorders. Diabet. Med. 2021, 38, e14415. [Google Scholar] [CrossRef] [PubMed]

	



Shabab, S.; Gholamnezhad, Z.; Mahmoudabady, M. Protective effects of medicinal plant against diabetes induced cardiac disorder: A review. J. Ethnopharmacol. 2021, 265, 113328. [Google Scholar] [CrossRef] [PubMed]

	



Unuofin, J.O.; Lebelo, S.L. Antioxidant effects and mechanisms of medicinal plants and their bioactive compounds for the prevention and treatment of type 2 diabetes: An updated review. Oxidative Med. Cell. Longev. 2020, 2020, 1356893. [Google Scholar] [CrossRef] [PubMed]

	



Patle, D.; Vyas, M.; Khatik, G.L. A review on natural products and herbs used in the management of diabetes. Curr. Diabetes Rev. 2021, 17, 186–197. [Google Scholar] [CrossRef] [PubMed]

	



Bhat, R. Bioactive Compounds of Allium Species. In Bioactive Compounds in Underutilized Vegetables and Legumes; Reference Series in Phytochemistry; Murthy, H.N., Paek, K.Y., Eds.; Springer: Cham, Swizerland, 2020; pp. 1–20. [Google Scholar]

	



Lawson, L.D.; Hunsaker, S.M. Allicin bioavailability and bioequivalence from garlic supplements and garlic foods. Nutrients 2018, 10, 812. [Google Scholar] [CrossRef]

	



Kovarovic, J.; Bystricka, J.; Vollmannova, A.; Toth, T.; Brindza, J. Biologically valuable substances in garlic (Allium sativum L.)—A review. J. Cent. Eur. Agric. 2019, 20, 292–304. [Google Scholar] [CrossRef]

	



Lee, H.J.; Suh, H.J.; Han, S.H.; Hong, J.; Choi, H.S. Optimization of extraction of cycloalliin from garlic (Allium sativum L.) by using principal components analysis. Prev. Nutr. Food Sci. 2016, 21, 138–146. [Google Scholar] [CrossRef]

	



Kim, M.W. Effect of Allium hookeri root on plasma blood glucose and fat profile levels in streptozotocin-induced diabetic rats. J. East. Asian Soc. Diet. Life 2016, 26, 481–490. [Google Scholar] [CrossRef]

	



Lee, J. The hypolipidemic effect of Allium hookeri in rats fed with a high fat diet. Korean J. Community Living Sci. 2016, 27, 137–145. [Google Scholar] [CrossRef]

	



Park, S.; No, K.; Lee, J. Anti-obesity effect of Allium hookeri leaf extract in high-fat diet-fed mice. J. Med. Food 2018, 21, 254–260. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.S.; Heo, J.S.; Choi, J.W.; Kim, G.D.; Sohn, K.H. Allium hookeri extract improves type 2 diabetes mellitus in C57BL/KSJ Db/db obese mouse via regulation of hepatic lipogenesis and glucose metabolism. J. Life Sci. 2015, 25, 1081–1090. [Google Scholar] [CrossRef]

	



Wong, S.K.; Chin, K.Y.; Soelaiman, I.N. Leptin, adiponectin and insulin as regulators for energy metabolism in a rat model of metabolic syndrome. Sains Malays. 2019, 48, 2701–2707. [Google Scholar] [CrossRef]

	



Mansour, S.A.; Mossa, A.T. Oxidative damage, biochemical and histopathological alterations in rats exposed to chlorpyrifos and the antioxidant role of zinc. Pestic. Biochem. Phys. 2010, 96, 14–23. [Google Scholar] [CrossRef]

	



Bamanikar, S.A.; Bamanikar, A.A.; Arora, A. Study of serum urea and creatinine in diabetic and non-diabetic patients in a tertiary teaching hospital. J. Med. Res. 2016, 2, 12–15. [Google Scholar] [CrossRef]

	



Kim, J.H.; Park, K.; Lee, S.B.; Kang, S.; Park, J.S.; Ahn, C.W.; Nam, J.S. Relationship between natural killer cell activity and glucose control in patients with type 2 diabetes and prediabetes. J. Diabetes Investig. 2019, 10, 1223–1228. [Google Scholar] [CrossRef]








[image: Pharmaceuticals 15 00486 g001 550] 





Figure 1. Chromatograms of cycloalliin in (a) standard, (b) aqueous, and (c) ethanol extracts of A. hookeri analyzed by LC/MS. 
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Figure 2. Effects of A. hookeri extracts on fasting blood glucose levels in the diabetic mice. Control: non-diabetic mice; NC: negative control; PC: positive control, metformin 150 mg/kg BW; AE1: aqueous extract 100 mg/kg BW; AE2: aqueous extract 200 mg/kg BW; EE1: ethanol extract 100 mg/kg BW; EE2: ethanol extract 200 mg/kg BW. AE and EE groups were treated with A. hookeri extracts for 8 weeks. Data are presented as the mean ± SEM (n = 8). a–e Mean values with different letters are significantly different at p < 0.05. 
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Figure 3. Effects of A. hookeri extracts on the OGTT of the diabetic mice. (a) Blood glucose changes, (b) area under the curve (AUC). Control: non-diabetic mice; NC: negative control; PC: positive control, metformin 150 mg/kg BW; AE1: aqueous extract 100 mg/kg BW; AE2: aqueous extract 200 mg/kg BW; EE1: ethanol extract 100 mg/kg BW; EE2: ethanol extract 200 mg/kg BW. AE and EE groups were treated with A. hookeri extracts for 8 weeks. Data are presented as the mean ± SEM (n = 8). a–d Mean values with different letters are significantly different at p < 0.05. 
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Figure 4. Effects of A. hookeri extracts on (a) blood HbA1c, (b) serum insulin, (c) leptin, and (d) adiponectin levels in the diabetic mice. Control: non-diabetic mice; NC: negative control; PC: positive control, metformin 150 mg/kg BW; AE1: aqueous extract 100 mg/kg BW; AE2: aqueous extract 200 mg/kg BW; EE1: ethanol extract 100 mg/kg BW; EE2: ethanol extract 200 mg/kg BW. AE and EE groups were treated with A. hookeri extracts for 8 weeks. Data are presented as the mean ± SEM (n = 8). a–d Mean values with different letters are significantly different at p < 0.05. 
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Figure 5. Effects of A. hookeri extracts on toxicological factors in the serum of the diabetic mice. (a) ALT, (b) AST, (c) BUN, and (d) Cr. Control: non-diabetic mice; NC: negative control; PC: positive control, metformin 150 mg/kg BW; AE1: aqueous extract 100 mg/kg BW; AE2: aqueous extract 200 mg/kg BW; EE1: ethanol extract 100 mg/kg BW; EE2: ethanol extract 200 mg/kg BW. AE and EE groups were treated with A. hookeri extracts for 8 weeks. Data are presented as the mean ± SEM (n = 8). a–d Mean values with different letters are significantly different at p < 0.05. 
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Figure 6. Effects of A. hookeri extracts on serum lipid profile in diabetic mice. (a) Triglyceride, (b) TC, (c) LDL-C, and (d) HDL-C. Control: non-diabetic mice; NC: negative control; PC: positive control, metformin 150 mg/kg BW; AE1: aqueous extract 100 mg/kg BW; AE2: aqueous extract 200 mg/kg BW; EE1: ethanol extract 100 mg/kg BW; EE2: ethanol extract 200 mg/kg BW. AE and EE groups were treated with A. hookeri extracts for 8 weeks. Data are presented as the mean ± SEM (n = 8). a–c Mean values with different letters are significantly different at p < 0.05. 
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Figure 7. Effects of A. hookeri extracts on histopathological examination of the diabetic mice. Control: non-diabetic mice; NC: negative control; PC: positive control; AE1: aqueous extract 100 mg/kg BW; AE2: aqueous extract 200 mg/kg BW; EE1: ethanol extract 100 mg/kg BW; EE2: ethanol extract 200 mg/kg BW. AE and EE groups were treated with Allium hookeri extracts for 8 weeks. Data are presented as the mean ± SEM (n = 8). 
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Figure 8. Effects of A. hookeri extracts on (a) insulin immunoactivity score in the pancreas and on (b) glomerular mesangial expansion score in the kidney of the diabetic mice. Control: non-diabetic mice; NC: negative control; PC: positive control; AE1: aqueous extract 100 mg/kg BW; AE2: aqueous extract 200 mg/kg BW; EE1: ethanol extract 100 mg/kg BW; EE2: ethanol extract 200 mg/kg BW. AE and EE groups were treated with Allium hookeri extracts for 8 weeks. Data are presented as the mean ± SEM (n = 8). NS Not significantly different among groups. a–e Different letters mean values are considered statistically significant at p < 0.05. 
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Figure 9. Effects of A. hookeri extracts on NK activity in the blood of diabetic mice. Control: non-diabetic mice; NC: negative control; PC: positive control, metformin 150 mg/kg BW; AE1: aqueous extract 100 mg/kg BW; AE2: aqueous extract 200 mg/kg BW; EE1: ethanol extract 100 mg/kg BW; EE2: ethanol extract 200 mg/kg BW. AE and EE groups were treated with A. hookeri extracts for 8 weeks. Data are presented as the mean ± SEM (n = 8). a,b Mean values with different letters are significantly different at p < 0.05. 
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Table 1. Effects of A. hookeri extracts on body and organ/tissue weights of the diabetic mice.
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	Control
	NC
	PC
	AE1
	AE2
	EE1
	EE2





	Initial body weight (g)
	21.87 ± 0.82 b
	32.53 ± 5.29 a
	33.63 ± 4.16 a
	33.42 ± 3.96 a
	33.93 ± 4.26 a
	31.73 ± 3.96 a
	33.65 ± 4.25 a



	Final body weight (g)
	27.65 ± 0.31 b
	33.55 ± 0.82 a
	32.62 ± 3.63 a
	32.82 ± 3.82 a
	29.35 ± 3.41 a
	32.84 ± 3.78 a
	29.86 ± 3.21 a



	Tissue weight (% of BW)
	
	
	
	
	
	
	



	Liver
	3.78 ± 0.08 c
	6.28 ± 0.21 a
	5.40 ± 0.16 b
	5.25 ± 0.06 b
	5.38 ± 0.21 b
	5.42 ± 0.11 b
	5.59 ± 0.14 b



	Kidneys
	0.98 ± 0.08 c
	1.44 ± 0.09 a
	1.01 ± 0.04 c
	1.11 ± 0.03 bc
	1.10 ± 0.07 c
	1.24 ± 0.05 ab
	1.27 ± 0.03 ab



	Epididymal fat
	2.22 ± 0.10 d
	5.39 ± 0.15 a
	5.09 ± 0.16 ab
	5.10 ± 0.10 ab
	4.79 ± 0.17 bc
	4.91 ± 0.14 ab
	4.43 ± 0.22 c



	Spleen
	0.27 ± 0.02 a
	0.10 ± 0.01 c
	0.13 ± 0.01 bc
	0.12 ± 0.01 bc
	0.16 ± 0.02 b
	0.15 ± 0.03 b
	0.17 ± 0.02 b







Control: non-diabetic normal mice; NC: negative control; PC: positive control, metformin 150 mg/kg BW; AE1: aqueous extract 100 mg/kg BW; AE2: aqueous extract 200 mg/kg BW; EE1: ethanol extract 100 mg/kg BW; EE2: ethanol extract 200 mg/kg BW. AE and EE groups were treated with A. hookeri extracts for 8 weeks. Data are presented as the mean ± SEM (n = 8). a–c Mean values with different letters are significantly different at p < 0.05.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Fasting glucose (mg/dL)

800 -

a
6004 -1 ab 2 bebe_ 3P =
; & % o = bc be PC = d = abab "
2.8 T LI
b C
400 - X
200 + P -
_I. _I. d
o 101 O H N1 INIEINICER IM) IRISIR]E 1N INIEIS
1 week 2 weeks 4 weeks 6 weeks 8 weeks
— diabetic mice —| — diabetic mice —| — diabetic mice —] — diabetic mice —| — diabetic mice —]

B Control 1 NC EE PC [ AE1 EHE AE2 @O EE1 B EE2





nav.xhtml


  pharmaceuticals-15-00486


  
    		
      pharmaceuticals-15-00486
    


  




  





media/file18.png
a
EE2

ab
— e
EE1

AE2

diabetic mice

a
AE1

Q
® a
0
& Z
2
o c
0
¥}
] L] 1 1 1
o [=] [=] o o
w [=] o o
() ™ -

(Ju/6d) A-N4






media/file16.png
b
W il

"H

r
<

(92109s) uoisuedxa xujew

o« o~ - o

NC PC AE1 AE2 EE1 EE2

Control

jeiBusaw Jejniawo|b Aaupry

m

Aw._oowv 3_>=omo==EE_

unsu|

NC PC AE1

Control

diabetic mice

(b)

diabetic mice

(a)






media/file2.png
S 064
>

1 2 3 4 v
Counts (%) vs. Acquisition Time (min)

(a)

8

N
o

0.8
0.6+
0.4
D:2-

*2.0

1 2 3 4 5 6 7
Counts (%) vs. Acquisition Time (min)

(b)

1 2 8 4.5 B 7
Counts (%) vs. Acquisition Time (min)

(c)

8





media/file5.jpg
B @ Jﬂ Tl
g Milﬂlll





media/file3.jpg
Fasting glucose (mgldL)

- Control

O NC mm PC [3 AE1 Em AE2 EB EET

= ee





media/file1.jpg





media/file7.jpg
(o) sy

(o) upsauotpy

()

©






media/file10.png
ALT (UIL)

BUN (mg/dL)

250 -

100-
80+ T 200- T
— b
- = :
60- = 150- b =
40 .;'7, 100-
d <
50-
Control NC AE1  AE2 EE1  EE2 Control  NC PC AE1 AE2 EE1  EE2
{ diabetic mice | | diabetic mice !
(a) (b)
40_ 0.8'
a 0.7 a
30+ — - T ab
ol abc ab
— 0.64
£
Cc
— 0.5
(@]
0.44
0.1
Control NC AE1 AE2 EE1 EE2 Control NC PC AE1 AE2 EE1 EE2

diabetic mice ,

(c)

diabetic mice {

(d)





media/file12.png
TG (mgldL)

LDLC (mg/dL)

80 -
a
N ab
60 | b
b b
b .
40+
Cc
20+
Control N.C PC AlE1 AE2 ElE1 EE2
| diabetic mice {
(a)
80+
704
a
60 abc abc be
c Cc

N - | I

40+ I

10

0
Control

NC PC AE1 AE2 EE1 EE2

| diabetic mice

(€)

150+

HDL-C (mg/dL)

Control

NC

= =
a
T 100- b ab —
[=2] T b
b

E M ——
—
o
— 504

0" T T T

Control NC PC AE1 AE2 EE1 EE2
} diabetic mice
8-

EE1

AE1 AE2
diabetic mice i

PC

(d)





media/file9.jpg
SR T

“ “] ]ﬂmln

II_LJ_-_LL-.!.I






media/file0.png





media/file14.png
Glomerular

mesangial matrix

Glycogen
accumulation
in hepatocytes

Islet cell

hyperplasia in

B-cell area

expansion

pancreas

&
&
<
g
=
L]

Control






media/file8.png
Leptin (ng/mL)

154
a
b b

104 b e b b

54 c

0' T T

Control NC PC AE1 AE2 EE1 EE2
: diabetic mice |
(a)
2.0+
a

15 .

1.0+

0.5+ c

Control

ain

bc be be be
N.C PC AE1 AE2 EE1 EE2
I diabetic mice |

(c)

Insulin (ng/mL)

Adiponectin (ng/mL)

6+
44
2 -
d
U- T
Control NC PC AE1 AE2 EE1

I diabetic mice ,

(b)

NC PC AE1 AE2 EE1
| diabetic mice i

(d)

Control






media/file11.jpg





media/file6.png
Blood glucose (mg/dL)

650 -

600+

550-

5004

450 -

400+
150
1004

50+

0 min 60 min 120 min 180 min 240 min

-e- Control = NC -~ PC -+ AE1 -~ AE2 -=- EE1 -5 EE2

(a)

AUC (mg*min/dL)

3000+
2750+
2500+
2250+

2000+
500

250

EE1

EE2

a
ab
c
d
Control NC PC AE1 AE2
} diabetic mice

(b)





media/file15.jpg





media/file17.jpg
=b'

Ti

AE1

EE1  EE2

AE2

3

diabetic mice






