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Red rice koji extract alleviates hyperglycemia by increasing glucose uptake and glucose transporter type 4 levels in skeletal muscle in two diabetic mouse models
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Abstract

Background: Red rice koji (RRK), prepared by growing Monascus species on steamed rice, has been reported to lower blood glucose levels in diabetic animal models. However, the action mechanism is not yet completely understood.

Objective: The objective of this study was to examine the mechanism underlying the hypoglycemic action of RRK extract in two diabetic animal models: the insulin-deficiency mice, where the insulin deficiency was induced by streptozotocin (STZ), and insulin-resistance mice, where the insulin resistance was induced by a high-fat diet (HFD).

Design: Low (12.5 mg/kg body weight [BW]) and high (50.0 mg/kg BW) doses of RRK extract were orally administered to the mice for 10 successive days (0.25 mL/day/mouse). The protein expression levels of glucose transporter type 4 (GLUT4) in the skeletal muscle and glucose transporter type 2 (GLUT2) in the liver were measured. Blood glucose (BG) levels of STZ-treated mice in insulin tolerance test (ITT) and BG and insulin levels of HFD-fed mice in intraperitoneal glucose tolerance test (IPGTT) were investigated.

Results: In the STZ-treated mice, oral administration of RRK extract lowered BG levels and food intake but increased plasma 1,5-anhydroglucitol level. Moreover, the RRK extract lowered the BG levels of STZ-treated mice as measured by ITT. In the HFD-fed mice, we confirmed that the orally administered RRK extract lowered the BG and the homeostasis model assessment index for insulin resistance. Furthermore, the RRK extract lowered the BG and insulin levels of HFD-fed mice in IPGTT. Regarding the protein levels of GLUT, the orally administered RRK extract increased the GLUT4 level in the skeletal muscle; however, the RRK extract did not alter the GLUT2 level in the liver of either the STZ-treated or the HFD-fed mice.

Discussion: Our study demonstrates that RRK extract can improve impaired glucose tolerance in mouse models of diabetes by enhancing GLUT4 expression in skeletal muscle.

Conclusion: These results suggest that RRK extract could potentially be a functional food for the treatment of diabetes mellitus.
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Popular scientific summary


	Red rice koji (RRK) extract lowered blood glucose levels in streptozotocin (STZ)-treated and high-fat diet (HFD)-fed mice and food intake in STZ-treated mice.

	RRK extract lowered blood glucose levels of STZ-treated mice in insulin tolerance test and blood glucose and insulin levels of HFD-fed mice in intraperitoneal glucose tolerance test.

	RRK extract increased glucose transporter type 4 level in the skeletal muscle of both STZ-treated and HFD-fed mice.



In East Asia, natural food has consistently been used for medical cure and health improvement in humans, since long. The concept is based on the principle ‘Eating healthy prevents and cures disease’, followed in oriental medicine. Red rice koji (RRK), also called ‘beni koji’ in Japan and ‘hong qu’ in China, is one such a food that has been used not only as a source of fermented food and beverage but also as a traditional medicine across Asia, owing to its benefits to the digestive system and blood circulation system (1). RRK is produced by solid-state fermentation of Monascus species on steamed rice. It contains various substances, such as secondary metabolites, including monacolin K, and structural proteins present in mold, besides enzymes produced by the mold (2–4). Red koji has been reported to have anti-oxidative, antihypertensive, anti-hypercholesterolemic, antimicrobial, and anticarcinogenic effects in animal models and humans (1, 5–8). Shi and Pan had reported that oral administration of red koji mold lowers blood glucose (BG) levels and prevents pancreatic damage in rat models of streptozotocin (STZ)-induced diabetes (9, 10). STZ is well known to cause permanent loss of β cells and induce hyperglycemia and hypoinsulinemia (11). Recently, we have indicated that RRK powder reduces BG levels along with decrease in body weight (BW) and fat accumulation in high-fat diet (HFD)-fed obese mice. Although RRK extract was reported to increase the expression of glucose transporter type 4 (GLUT4) in a skeletal muscle cell line (12), the mechanisms of action involving the increase in GLUT4 in diabetic animal models are not understood completely.

Diabetes mellitus is associated with various diseases, including nephropathy, neuropathy, retinopathy, and cardiovascular disease (13–15), and has become a growing problem in both developed and developing countries around the world (16). Its etiology is related to high-calorie food consumption and unhealthy lifestyle practices. BG levels are physiologically controlled by insulin, which is secreted by β cells in the islets of Langerhans of pancreas. Dysfunction of insulin is the primary cause of diabetes; its deficiency in type 1 diabetes is induced by autoimmune destruction of β cells, and resistance to insulin results in type 2 diabetes, caused by obesity (17). Glucose transporters play a pivotal role in the regulation of BG levels. GLUT4 is a major glucose transporter that is primarily expressed in skeletal muscles and adipocytes, where it regulates cellular insulin-induced glucose uptake (18, 19). Glucose transporter type 2 (GLUT2) is expressed in the liver, where it modulates the passive movement of glucose across cell membranes (20). Therefore, it stands to reason that the expression of GLUT2 and 4 and their translocation into cell membranes are associated with the pathology of diabetes.

In this study, we investigated the effects of RRK extract on diabetes mellitus along with the underlying mechanisms, including GLUT4 in skeletal muscles and GLUT2 in liver, using two kinds of mouse models of diabetes: insulin-deficiency mice induced by an STZ and insulin-resistance mice induced by an HFD.

Materials and methods

Preparation of RRK extract

RRK extract was prepared as described in a previous study (21). In brief, rice (Japonica rice) was soaked in water for 1 h at 23 ± 1°C, and the excess liquid was drained off subsequently. The wet rice was steamed for 1 h at 100°C, and subsequently cooled to 40°C in a cabinet. The steamed rice was inoculated with red koji (Monascus anka), transferred to a sterile glass petri dish, and maintained at 35°C for 5 days. The RRK preparation was eventually freeze dried and ground to powder. RRK powder (500 g) was added to 1,500 mL of deionized water and allowed to stand overnight at 4°C. Next day, the mixture was centrifuged at 11,500×g for 15 min, and the supernatant was centrifuged at 21,500×g for 10 min. The final supernatant was used as an extract. This extract was concentrated in a rotary evaporator under reduced pressure at 60°C. The nutritional composition of RRK was based on the data obtained in a previous study (12), and no further details are available (Table 1).





Table 1.Nutritional composition of red rice koji (12)


	Red rice koji
	





	Moisture (kcal/100 g fw)a
	4.9



	Protein (kcal/100 g fw)a
	83.4



	Carbohydrate (kcal/100 g fw)a
	9.6



	Fat (kcal/100 g fw)a
	1.8



	Ash (kcal/100 g fw)a
	0.3



	Glucose (kcal/100 g dw)b
	15.0



	Citric acid (kcal/100 g dw)b
	104.0



	Energy (kcal/100 g fw)a
	388.0



	afw, fresh weight.

bdw, dry weight.







Animals and experimental protocol

Six-week-old male C57BL/6 mice were obtained from Japan SLC, Inc. (Shizuoka, Japan) and the National Laboratory Animal Center (Tainan, Taiwan). All mice were kept in individual cages and maintained under controlled conditions (23 ± 1°C, 50 ± 10% humidity, and 12-h light–dark cycle with the light turned on at 7:00 A.M.) with free access to food and water. After acclimation for a week, the mice were used for experiments. During the experiments, food and water intake, and BW were recorded daily. All experimental procedures were performed according to the Japanese and Taiwanese national standardized guidelines. The experiments were approved by the Kagoshima University Committee for Animal Experiment (Institutional Review Board approval numbers MD 14085 and 14086) and the Department of Medical Research, Chi-Mei Medical Center (Institutional Animal Care and Use Committee approval number 105012242).

Induction of diabetes in mice

In the mouse model of STZ-induced hyperglycemia, STZ (150 mg/kg BW; Sigma-Aldrich, St. Louis, MO, USA) was dissolved in a 10 mM sodium citrate buffer (pH 4.5) immediately before the intraperitoneal (IP) administration, as described in a previous study (21). BG levels were measured by a BG monitoring system (FreeStyle FLASHTM, Nipro, Osaka, Japan) 10 days after the administration of STZ. Mice were considered to be diabetic when the BG level was above 200 mg/dL in the overnight fasting state. In the HFD-fed mice, HFD (40% kcal fat from lipid, D08081001, Research Diets Inc., New Brunswick, Canada) was served for 4 successive weeks, and a standard diet was purchased from CLEA Japan, Inc. (CE-2, CLEA Japan, Tokyo, Japan). These mice were subsequently used in the study, during which HFD was served, as described previously (12).

Treatment with RRK extract

Each group of diabetic mouse models was divided randomly into three subgroups as follows: (1) vehicle-treated group (distilled water [DW], 0.25 mL/mouse), (2) low dose of RRK extract (LD)-treated group (12.5 mg/kg BW), and (3) high dose of RRK extract (HD)-treated group (50 mg/kg BW). RRK extract was dissolved in DW and orally administered to the mice (0.25 mL/day/mouse) at 10:00 A.M. for 10 successive days. The mice for insulin tolerance test (ITT) or IP glucose tolerance test (IPGTT) were administered orally for 7 successive days before the test.

Measurement of biochemical parameters and tissue isolation

Peripheral blood samples were collected into heparin tubes on day 10 from STZ-treated, HFD-fed, and vehicle-treated mice, fasting for 6 h under anesthesia, with IP administration of pentobarbital (150 mg/kg BW; Kyoritsu Seiyaku Corp., Tokyo, Japan). Mice were perfused with 0.1 M phosphate buffered saline (pH 7.0) to obtain liver and soleus muscle tissues, and the tissue samples were stored at −80°C until used for western blot analysis. The BG levels were measured by a BG monitoring system (FreeStyle FLASHTM, Nipro, Osaka, Japan). Plasma was separated by centrifugation at 4°C and stored at −80°C until assay. The levels of total cholesterol (T-CHO), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), and triglyceride (TG) in the blood samples were measured in Nagahama Biological Science Research Institute (Shiga, Japan). Insulin and 1,5-anhydroglucitol (1,5-AG) levels were determined using an ultra-sensitive mouse insulin ELISA (Morinaga Institute of Biological Science, Inc., Yokohama, Japan) and an enzyme-linked kit (Cloud-Clone Corp., Houston, TX, USA), respectively, according to the manufacturer’s instructions. Insulin resistance was measured using the homeostatic model assessment for insulin resistance (HOMA-IR). The HOMA-IR index was calculated according to the formula: fasting BG concentration (mmol/L) × fasting plasma insulin concentration (μU/mL)/22.5 (22).

Insulin tolerance test and intraperitoneal glucose tolerance test (IPGTT)

Based on the measurement of different biochemical parameters, ITT was conducted for STZ-treated mice and IPGTT for HFD-fed mice at day 7 of RRK extract treatment. STZ-treated and HFD-fed mice were allowed to fast for 8 h before the test. In ITT, insulin (0.5 U/kg BW; Sigma-Aldrich, St. Louis, MO, USA) was administered intraperitoneally; peripheral blood samples were collected into heparin tubes from the tail vein at 0, 0.5, 1, 1.5, 2, 2.5, and 3 h after the IP administration of insulin. In IPGTT, glucose (1 mg/g BW; Sigma-Aldrich, St. Louis, MO, USA) was intraperitoneally administered. Peripheral blood samples were collected sequentially into heparin tubes from the tail vein at 0, 0.5, 1, 1.5, 2, and 2.5 h after the administration. Plasma was separated by centrifugation at 3,000×g for 15 min at 4°C, and stored at −80°C until assay. Areas under the curve (AUCs) for ITT and IPGTT were calculated using the Prism Software (GraphPad Software Inc., San Diego, CA, USA).

Western blot analysis

Western blotting was performed to determine the GLUT4 level in skeletal muscle tissue (soleus muscle) and GLUT2 level in liver tissue. Approximately 40 mg of the soleus muscle and liver were homogenized separately in a 500 μL cold radio immune precipitation assay (RIPA) buffer (150 mM NaCl [Merck Millipore, Darmstadt, Germany], 50 mM Tris [Thermo Fisher Scientific Inc., Waltham, MA, USA], 5 mM ethylenediaminetetraacetic acid (EDTA), 50 mM NaF, 10 mM sodium pyrophosphate, 1 mM sodium orthovanadate [Thermo Fisher Scientific Inc., Waltham, MA, USA], 1% NP-40, 0.5% deoxycholate, 0.1% SDS [Merck KGaA, Darmstadt, Germany], pH 7.5 supplemented with 1 mM leupeptin, 1 μg/mL aprotinin, and 1 mM phenylmethylsulfonyl fluoride that was supplemented with protease and phosphatase inhibitor cocktail [Thermo Fisher Scientific Inc., Waltham, MA, USA]). The samples were sonicated for 20 sec and incubated at 4°C for 40 min. The insoluble material was removed by centrifugation (16,500×g for 15 min at 4°C). Protein concentration was determined by the bicinchoninic acid protein assay kit (Thermo Fisher Scientific Inc., Waltham, MA, USA). Samples (45 μL) were combined using 4 × reducing Laemmli sample buffer (240 mM Tris pH 6.8 [Thermo Fisher Scientific Inc., Waltham, MA, USA], 8% SDS, 40% glycerol, 50 mM EDTA, 1 M dithiothreitol (DTT) [Merck Millipore, Darmstadt, Germany], and 0.04% bromophenol blue [Bio-Rad Laboratories Inc., Hercules, CA, USA]) and then boiled at 95°C for 5 min. Thirty micrograms of protein sample was loaded per lane on a 10% sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel, separated by electrophoresis, and transferred to a polyvinylidene fluoride (PVDF) membrane (Bio-Rad Laboratories Inc., Hercules, CA, USA). The membrane was incubated in 5% bovine serum albumin (Merck Millipore, Darmstadt, Germany) with Tris-buffered saline containing 0.1% Tween 20 (TBST) for 1 h at 25°C, washed with TBST thrice, and then probed with the following antibodies overnight at 4°C: anti-GLUT2 (1:1,000 dilution; ab54460, Abcam, Cambridge, UK), anti-GLUT4 (1:1,000 dilution; ab65267, Abcam, Cambridge, UK), and anti-β-actin (1:5,000 dilution; Merck Millipore, Darmstadt, Germany). After the primary antibody incubation, the membrane was washed thrice with TBST, and subsequently hybridized to horseradish peroxidase-conjugated anti-rabbit IgG antibody (Calbiochem, San Diego, CA, USA) or anti-mouse IgG antibody (1:5,000 dilution; Calbiochem, San Diego, CA, USA) for 1 h at 25°C. The immunoreactive bands were detected using an enhanced chemiluminescent (ECL) kit (Thermo Fisher Scientific Inc., Waltham, MA, USA) and by exposing an Hyperfilm ECL (GE Healthcare Life Sciences, Tokyo, Japan) to the membrane for 10 sec. Protein bands were captured on a CanoScan LiDE100 Scanner (Canon Inc., Tokyo, Japan). Optical densities of the bands were determined using Gel-Pro Analyzer Software 4.0 (Media Cybernetics, Silver Spring, MD, USA) and were normalized to beta-actin, used as a loading control on each blot.

Statistical analysis

Statistical analyses were performed to determine the significant differences between multiple treatment groups, using one-way analyses of variance (ANOVA) followed by post hoc Tukey’s multiple comparison test, and two-way ANOVA followed by post hoc Sidak’s multiple comparison test. The tests were performed using Prism Version 6.0 Software (GraphPad Software Inc., San Diego, CA, USA). Results are presented as the means ± standard error of the mean (SEM); P values less than 0.05 are considered statistically significant.

Results

Effects of RRK extract on BW, food intake, water intake, blood glucose, 1,5-AG, HOMA-IR, and plasma lipids in STZ-administered mice

BW of mice in LD, HD, and vehicle groups, before the treatment, were 20.97 ± 0.42, 20.92 ± 0.38, and 20.66 ± 0.61 g, respectively, and there was no significant difference. For BW at day 10, there was no significant difference across the groups; however, the food intake of LD- and HD-treated mice was lower than that of vehicle-treated mice (F2,18 = 6.914, P = 0.0059, Table 2). There was no significant difference in water intake across the groups (Table 2). BG levels of LD- and HD-treated mice were significantly lower than those of vehicle-treated mice (F2,15 = 7.453, P = 0.0057, Table 2). Plasma 1,5-AG levels in LD- and HD-treated mice were higher than those in vehicle-treated mice (F2,15 = 7.453, P = 0.0057, Table 2). However, for insulin levels and HOMA-IR, there was no significant difference across the groups (Table 2), and also for plasma lipid levels (T-CHO, HDL-C, and LDL-C), there was no significant difference across the groups (Table 2).





Table 2.Values of body weight, food intake, water intake, blood glucose, 1,5-AG, insulin, and plasma lipids in STZ-treated mice with RRK extract treatment at day 10


	
	Vehicle
	LD
	HD





	Body weight (g)
	20.6 ± 0.8
	20.3 ± 0.4
	20.5 ± 0.5



	Food intake (g)
	5.8 ± 0.2
	5.0 ± 0.2*
	4.8 ± 0.3*



	Water intake (g)
	38.7 ± 1.0
	39.6 ± 2.7
	34.7 ± 1.4



	Glucose (mg/dL)
	499.0 ± 5.1
	475.0 ± 6.4*
	469.2 ± 5.9**



	1,5-AG (μg/mL)
	8.9 ± 0.6
	17.2 ± 1.9*
	26.3 ± 3.0**,Φ



	Insulin (ng/mL)
	0.3 ± 0.01
	0.3 ± 0.02
	0.3 ± 0.02



	HOMA-IR
	1.4 ± 0.05
	1.3 ± 0.08
	1.3 ± 0.08



	T-CHO (mg/dL)
	111.0 ± 9.0
	111.4 ± 13.4
	107.7 ± 11.8



	HDL-C (mg/dL)
	56.7 ± 3.2
	56.3 ± 5.5
	53.3 ± 5.9



	LDL-C (mg/dL)
	8.1 ± 1.1
	8.9 ± 1.7
	8.7 ± 1.2



	LD, low dose of red rice koji; HD, high dose of red rice koji; 1,5-AG, 1,5-anhydroglucitol; HOMA-IR, homeostasis model assessment index for insulin resistance; T-CHO, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.

Data are expressed as means ± standard error of the mean.

Statistical analyses were performed to determine the significant differences between multiple treatment groups, using one-way analyses of variance (ANOVA) followed by post hoc Tukey’s multiple comparison test.

*P < 0.05 vs vehicle, **P < 0.01 vs vehicle, ΦP < 0.05 vs LD.







Effect of RRK extract on ITT

The BG levels of LD-treated mice at 2.5 and 3 h and of HD-treated mice at 3 h were significantly reduced than those of vehicle-treated mice (F2,15 = 5.07, P = 0.0208 in Fig. 1). The AUCs of BG levels in vehicle-, LD-, and HD-treated mice were 922.6 ± 23.7, 854.8 ± 12.8, and 838.2 ± 23.5, respectively, and the AUC of HD-treated mice was significantly lower than those of vehicle-treated mice (F2,15 = 4.762, P = 0.0250).

Fig. 1. Red rice koji extract improved insulin sensitivity of mice with STZ-induced hyperglycemia. Data are expressed as means ± SEM (n = 6 each group). Statistical analyses were performed by two-way ANOVA followed by Bonferroni multiple comparisons. *P < 0.05 and **P < 0.01 were considered to be statistically significant when compared with vehicle-treated mice.
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Effects of RRK extract on BW, food intake, water intake, blood glucose, 1,5-AG, HOMA-IR, and plasma lipids in HFD-fed mice

BW of mice in LD, HD, and vehicle groups, before the treatment, were 25.3 ± 0.7, 27.3 ± 0.4, and 26.2 ± 0.4 g, respectively, and there was no significant difference. For BW, food intake, and water intake at day 10, there was no significant difference across the groups (Table 3). BG levels in LD- and HD-treated mice were significantly lower than those in vehicle-treated mice (F2,15 = 7.453, P = 0.0057, Table 3). In insulin levels, there was no significant difference across the groups; however, HOMA-IR in LD- and HD-treated mice was significantly lower than those in vehicle-treated mice (F2,15 = 15.53, P = 0.0002, Table 3). The plasma levels of T-CHO, HDL-C, LDL-C, and TG in LD- and HD-treated mice were significantly lower than those in vehicle-treated mice (F2,16 = 17.30, P < 0.0001; F2,16 = 10.53, P = 0.0012; F2,16 = 12.67, P = 0.0005; F2,15 = 6.738, P = 0.0082; respectively, in Table 3).





Table 3.Values of body weight, food intake, water intake, blood glucose, 1,5-AG, insulin, and plasma lipids in HFD-fed mice with RRK extract treatment at day 10


	
	Vehicle
	LD
	HD





	Body weight (g)
	25.7 ± 0.5
	26.4 ± 0.5
	25.0 ± 0.3



	Food intake (g)
	2.6 ± 0.2
	2.2 ± 0.04
	2.2 ± 0.08



	Water intake (g)
	3.7 ± 0.5
	3.5 ± 0.2
	4.1 ± 0.5



	Glucose (mg/dL)
	151.7 ± 3.3
	138.2 ± 2.3**
	125.7 ± 2.0**,Φ



	Insulin (ng/mL)
	2.2 ± 0.06
	2.1 ± 0.06
	2.1 ± 0.05



	HOMA-IR
	3.1 ± 0.04
	2.7 ± 0.07**
	2.5 ± 0.04**



	T-CHO (mg/dL)
	91.3 ± 5.1
	72.7 ± 1.7**
	65.5 ± 1.9**



	HDL-C (mg/dL)
	40.5 ± 2.3
	34.6 ± 0.9**
	30.5 ± 1.2**



	LDL-C (mg/dL)
	46.0 ± 3.4
	34.9 ± 1.0**
	31.9 ± 1.0**



	TG (mg/dL)
	27.4 ± 4.6
	16.0 ± 1.2*
	15.3 ± 1.6*



	LD, low dose of red rice koji; HD, high dose of red rice koji; 1,5-AG, 1,5-anhydroglucitol; HOMA-IR, homeostasis model assessment index for insulin resistance; T-CHO, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TG, triglyceride.

Data are expressed as means ± standard error of the mean.

Statistical analyses were performed to determine the significant differences between multiple treatment groups, using one-way analyses of variance (ANOVA) followed by post hoc Tukey’s multiple comparison test.

*P < 0.05 vs vehicle, **P < 0.01 vs vehicle, ΦP < 0.05 vs LD.






Effect of RRK extract on IPGTT

The BG levels of LD-treated mice at 1 and 1.5 h and of HD-treated mice at 0.5–2.5 h were significantly reduced than those of vehicle-treated mice (F2,15 = 29.86, P < 0.0001 in Fig. 2A). The AUCs of vehicle-, LD-, and HD-treated mice were 700.9 ± 13.4, 637.6 ± 17.5, and 534.8 ± 13.0, respectively; the AUCs of BG levels in HD- and LD-treated mice were significantly lower than those in vehicle-treated mice, and in HD-treated mice were significantly lower than those of LD-treated mice (F2,15 = 32.14, P < 0.0001). Plasma insulin levels of LD-treated mice at 1 h and of HD-treated mice at 0, 1, and 2 h were significantly lowered as compared with those in vehicle-treated mice (F2,15 = 8.33, P = 0.0037 in Fig. 2B). The AUCs of plasma insulin levels in vehicle-, LD-, and HD-treated mice were 7.2 ± 0.3, 6.6 ± 0.08, and 6.1 ± 0.2, respectively, and the AUC of HD-treated mice was significantly lower than those of vehicle-treated mice (F2,15 = 8.526, P = 0.0034).

Fig. 2. Red rice koji extract improved glucose tolerance in HFD-fed mice. Blood glucose levels (A) and plasma insulin levels (B) in glucose tolerance test. Data are expressed as means ± SEM (n = 6 each group). Statistical analyses were performed by two-way ANOVA, followed by Bonferroni multiple comparisons. *P < 0.05 and **P < 0.01 were considered to be statistically significant compared with vehicle-treated mice. ΦΦP < 0.01 was considered to be statistically significant when compared with LD-treated mice.
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Effects of RRK on the expression of GLUT4 in skeletal muscle and GLUT2 in liver

Expression of GLUT4 was significantly increased by the administration of RRK extract in muscle tissues of both STZ-treated and HFD-fed mice (F2,9 = 15.67, P = 0.0012 in Fig. 3A; F2,9 = 16.55, P = 0.0010 in Fig. 3C). However, there was no difference in the expression of GLUT2 in liver tissues of both STZ-treated and HFD-fed mice (Fig. 3B, D).

Fig. 3. Red rice koji extract enhanced GLUT4 protein level in skeletal muscle, although it had no effect on GLUT2 protein level in the liver of STZ-treated and HFD-fed mice. Expressions of GLUT4 and GLUT2 in STZ-treated (A, B) and HFD-fed mice (C, D) were measured by Western blot analysis. Representative photographs of Western blot analysis were shown. Data are represented as means ± SEM (n = 4 each group). Statistical analysis was performed by one-way ANOVA followed by Tukey’s test. **P < 0.01 compared with vehicle-treated mice.
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Discussion

Fermented products, such as cheese, bread, and yogurt, are known to contribute to the promotion of health, as functional foods. Red koji is one of such fermented food, which is prevalent in Asia, especially, Japan, China, and Korea. RRK includes several bioactive metabolites: isoflavones, dimerumic acid, polyketide monacolins, monascin, and γ-amino acids (23). Isoflavones and these glycosides have been reported to produce antioxidant effect (24) besides lowering LDL-C (25) levels. Monacolin K, one of the ingredients in RRK, has been reported to inhibit inflammation, improve insulin resistance, and reduce plasma lipid levels (26, 27).

In the present study, we investigated hypoglycemic and hypolipidemic effects of two dosages of RRK extract in STZ-administered and HFD-fed mice. Oral treatment with RRK extract for 10 days was able to lower the BG levels in both STZ-treated and HFD-fed mice; the 1,5-AG is resorbed through fructose and mannose active transporters, and the balance of serum concentration is maintained by other transporters. In hyperglycemia, renal glucose level is higher than the resorption capacity of glucose transporters; thus, glucose resorption occurs via the fructose and mannose transporters and leads to the inhibition of reabsorption of 1,5-AG in renal tubules. Therefore, 1,5-AG level decreases in patients with diabetes and has thus been used as a marker of short-term glycemic control (28), as an alternative to the current glycemic markers such as hemoglobin A1c (29, 30). In our study, orally administered RRK extract remarkably increased the plasma concentrations of 1,5-AG in STZ-treated mice in a dose-dependent manner. In the HFD-fed group, RRK extract treatment lowered the plasma levels of T-CHO and LDL remarkably. More favorable hypolipidemic effects were observed in the HD group as compared with those in the LD group. These results indicated that RRK extract has a beneficial effect on glucose metabolism in diabetic mice.

Diabetes mellitus is the most common endogenous cause of fat metabolism-disorder (31). In several large prospective clinical trials, red koji was found to be useful in the primary and secondary prevention of heart disease and other complications of atherosclerosis (32, 33). In the HFD-fed group, RRK extract treatment remarkably lowered the plasma levels of T-CHO and LDL. More favorable hypolipidemic effects were observed in the HD group than in the LD group. STZ is known to induce hyperphagia in mice (34). In our study, consistent with a previous report (35), RRK extract treatment reduced food intake in STZ-treated diabetic mice. These results indicated that RRK extract has therapeutic efficacy in ameliorating hyperphagia in addition to lowering BG and lipid levels. Although RRK extract did not alter the plasma insulin levels, results from the IPGTT and ITT showed that RRK extract could improve glucose utilization and insulin sensitivity in HFD-fed and STZ-treated diabetic mice. In addition, RRK extract decreased HOMA-IR index in the HFD-fed mice.

Skeletal muscle is the predominant tissue for insulin-stimulated glucose uptake and GLUT4 (36). GLUT4 is an insulin-responsive glucose transporter that mediates glucose influx in the muscle cells. It has been reported that GLUT4 expression and translocation could be regulated through the G-protein-phospholipase C-protein kinase C and 5’ adenosine monophosphate (AMP)-activated protein kinase pathway in muscle cells (37). Impaired expression of GLUT4 has been reported to be linked to obesity, type 1 diabetes, and type 2 diabetes (38). In the present study, treatment with RRK extract increased skeletal muscle GLUT4 levels in the STZ-treated type 1 diabetic mice and the HFD-fed type 2 diabetic mice. These results were consistent with those of our in vitro study, wherein the RRK extract upregulated GLUT4 expression levels in L6 myotube cells (12). In this study, there was no significant difference in the expression of GLUT2 in the liver after treatment with the RRK extract in either of the diabetic models, thereby suggesting that the RRK extract may regulate glucose metabolism primarily through the regulation of GLUT4 in skeletal muscles. However, there are a few limitations of the present study. Additional parameters will be included in the future studies to investigate the role of the RRK extract in diabetes, such as investigation of changes in adipocytes size, energy utilization aspects, signaling pathways for energy utilization, and changes in inflammatory adipokine levels. Moreover, the GLUT4 translocation assay also needs to be performed.

It was recently reported that metabolites produced by intestinal bacteria regulate β-cell functions in diabetes (39). In addition, foods fermented with koji mold activate intestinal bacteria (40). Therefore, fermented foods may contribute to the improvement of diabetes through the activation of intestinal bacteria.

Conclusion

The RRK extract showed the hypoglycemic effect in STZ-treated and HFD-fed mice via promoted GLUT4 expression in skeletal muscle. It is suggested the possibility of RRK extract being used as a novel hypoglycemic agent for the treatment of diabetes.

Authors’ contributions

TY performed the experiments, analyzed the data, contributed reagents/materials/analysis tools, wrote the manuscript, and prepared the figures and tables. AA conceived, designed and performed the experiments, analyzed the data, contributed reagents/materials/analysis tools, and reviewed the draft of the manuscript. KA performed the experiments, analyzed the data, contributed reagents/materials/analysis tools, and wrote the manuscript jointly with TY. K-CC, HS, and KO performed the experiments, analyzed the data, and contributed reagents/materials/analysis tools. YY and KT contributed materials and analysis tools. IK, SM, and AI reviewed the draft of the manuscript.

Acknowledgments

The authors thank all the staff members of the Institute of Laboratory Animal Sciences, Frontier Science Research Center, Kagoshima University, and the Department of Medical Research, Chi-Mei Medical Center.

Conflict of interest and funding

The authors report no conflicts of interest and have received no payment for preparation of this manuscript. This study was supported by a Grant-in-Aid for Health and Labor Sciences Research Grant in Japan (A. Asakawa: H26-Togo-Ippan), a Japan Society for the Promotion of Science (JSPS) Grants-in-Aid for Scientific Research (KAKENHI, T. Yagi: No.JP18K09838) and a Grant-in-Aid for General Scientific Research from the Ministry of Education, Culture, Sports, Science, and Technology (MEXT) in Japan (A. Inui: No.16H06404). The funders had no role in the study design or data collection and analysis, the decision to publish, or the preparation of the manuscript.

References


	1. 	Wang TH, Lin TF. Monascus rice products. Adv Food Nutr Res 2007; 53: 123–59. doi: 10.1016/S1043-4526(07)53004-4

	2. 	Childress L, Gay A, Zargar A, Ito MK. Review of red yeast rice content and current food and drug administration oversight. J Clin Lipidol 2013; 7(2): 117–22. doi: 10.1016/j.jacl.2012.09.003

	3. 	Heber D, Lembertas A, Lu QY, Bowerman S, Go VL. An analysis of nine proprietary Chinese red yeast rice dietary supplements: implications of variability in chemical profile and contents. J Altern Complement Med 2001; 7(2): 133–9. doi: 10.1089/107555301750164181

	4. 	Ma J, Li Y, Ye Q, Li J, Hua Y, Ju D, et al. Constituents of red yeast rice, a traditional Chinese food and medicine. J Agric Food Chem 2000; 48(11): 5220–25. doi: 10.1021/jf000338c

	5. 	Kuba M, Tanaka K, Sesoko M, Inoue F, Yasuda M. Angiotensin I-converting enzyme inhibitory peptides in red-mold rice made by Monascus purpureus. Process Biochem 2009; 44: 1139–43. doi: 10.1016/j.procbio.2009.06.007

	6. 	Lee CL, Wang JJ, Kuo SL, Pan TM. Monascus fermentation of dioscorea for increasing the production of cholesterol-lowering agent-monacolin K and antiinflammation agent-monascin. Appl Microbiol Biotechnol 2016; 72(6): 1254–62. doi: 10.1007/s00253-006-0404-8

	7. 	Taira J, Miyagi C, Aniya Y. Dimerumic acid as an antioxidant from the mold, Monascus anka: the inhibition mechanisms against lipid peroxidation and hemeprotein-mediated oxidation. Biochem Pharmacol 2002; 63(5): 1019–26. doi: 10.1016/S0006-2952(01)00923-6

	8. 	Tsukahara M, Shinzato N, Tamaki Y, Namihira T, Matsui T. Red yeast rice fermentation by selected Monascus sp. with deep-red color, lovastatin production but no citrinin, and effect of temperature-shift cultivation on lovastatin production. Appl Biochem Biotechnol 2009; 158(2): 476–82. doi: 10.1007/s12010-009-8553-8

	9. 	Shi YC, Pan TM. Anti-diabetic effects of Monascus purpureus NTU 568 fermented products on streptozotocin-induced diabetic rats. J Agric Food Chem 2010; 58(13): 7634–40. doi: 10.1021/jf101194f

	10. 	Shi YC, Pan TM. Antioxidant and pancreas-protective effect of red mold fermented products on streptozotocin-induced diabetic rats. J Sci Food Agric 2010; 90(14): 2519–25. doi: 10.1002/jsfa.4115

	11. 	Szkudelski T. The mechanism of alloxan and streptozotocin action in B cells of the rat pancreas. Physiol Res 2001; 50(6): 537–46.

	12. 	Yoshizaki Y, Kawasaki C, Cheng KC, Ushikai M, Amitani H, Asakawa A, et al. Rice koji reduced body weight gain, fat accumulation, and blood glucose level in high-fat diet-induced obese mice. Peer J 2014; 2: e540. doi: 10.7717/peerj.540

	13. 	Beckman JA, Creager MA, Libby P. Diabetes and atherosclerosis: epidemiology, pathophysiology, and management. JAMA 2002; 287: 2570–81. doi: 10.1001/jama.2009.726

	14. 	Booth GL, Kapral MK, Fung K, Tu JV. Relation between age and cardiovascular disease in men and women with diabetes compared with non-diabetic people: a population-based retrospective cohort study. Lancet 2006; 368(9529): 29–36. doi: 10.1016/S0140-6736(06)68967-8

	15. 	Roglic G, Unwin N. Mortality attributable to diabetes: estimates for the year 2010. Diabetes Res Clin Pract 2010; 87(1): 15–9. doi: 10.1016/j.diabres.2009.10.006

	16. 	Wild S, Roglic G, Green A, Sicree R, King H. Global prevalence of diabetes: estimates for the year 2000 and projections for 2030. Diabetes Care 2004; 27(5): 1047–53. doi: 10.2337/diacare.27.5.1047

	17. 	American Diabetes Association. Diagnosis and classification of diabetes mellitus. Diabetes Care 2010; 33(Suppl 1): S62–69. doi: 10.2337/dc10-S062

	18. 	Birnbaum MJ. Diabetes. Dialogue between muscle and fat. Nature 2001; 409(6821): 672–3. doi: 10.1038/35055643

	19. 	Shepherd PR, Kahn BB. Mechanisms of disease – glucose transporters and insulin action – implications for insulin resistance and diabetes mellitus. New Engl J Med 1999; 341(4): 248–57. doi: 10.1056/NEJM199907223410406

	20. 	Thorens B. GLUT2, glucose sensing and glucose homeostasis. Diabetologia 2015; 58(2): 221–32. doi: 10.1007/s00125-014-3451-1

	21. 	Yoshizaki Y, Susuki T, Takamine K, Tamaki H, Ito K, Sameshima Y. Characterization of glucoamylase and alpha-amylase from Monascus anka: enhanced production of alpha-amylase in red koji. J Biosci Bioeng 2010; 110(6): 670–4. doi: 10.1016/j.jbiosc.2010.07.005

	22. 	Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. Homeostasis model assessment: insulin resistance and beta-cell function from fasting plasma glucose and insulin concentrations in man. Diabetologia 1985; 28(7): 412–19. doi: 10.1007/bf00280883

	23. 	Shi YC, Pan TM. Red mold, diabetes, and oxidative stress: a review. Appl Microbiol Biotechnol 2012; 94(1): 47–55. doi: 10.1007/s00253-012-3957-8

	24. 	Miadokova E. Isoflavonoids – an overview of their biological activities and potential health benefits. Interdiscip Toxicol 2009; 2(4): 211–18. doi: 10.2478/v10102-009-0021-3

	25. 	Cicero AF, Morbini M, Parini A, Urso R, Rosticci M, Grandi E, et al. Effect of red yeast rice combined with antioxidants on lipid pattern, hs-CRP level, and endothelial function in moderately hypercholesterolemic subjects. Ther Clin Risk Manag 2016; 12: 281–6. doi: 10.2147/TCRM.S91817

	26. 	Choi OS, Park SJ, Seo SW, Park CS, Cho JJ, Ahn HJ. The 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitor, lovastatin (statin) ameliorates CCK-induced acute pancreatitis in rats. Biol Pharm Bull 2005; 28(8): 1394–7. doi: 10.1248/bpb.28.1394

	27. 	Shi YC, Liao JW, Pan TM. Antihypertriglyceridemia and anti-inflammatory activities of monascus-fermented dioscorea in streptozotocin-induced diabetic rats. Exp Diabetes Res 2011; 2011: 710635. doi: 10.1155/2011/710635

	28. 	Dungan KM. 1,5-Anhydroglucitol (GlycoMark) as a marker of short-term glycemic control and glycemic excursions. Expert Rev Mol Diagn 2008; 8(1): 9–19. doi: 10.1586/14737159.8.1.9

	29. 	Buse JB, Freeman JL, Edelman SV, Jovanovic L, McGill JB. Serum 1, 5-anhydroglucitol (GlycoMark): a short-term glycemic marker. Diabetes Technol Ther 2003; 5(3): 355–63. doi: 10.1089/152091503765691839

	30. 	Seok H, Huh JH, Kim HM, Lee BW, Kang ES, Lee HC, et al. 1,5-Anhydroglucitol as a useful marker for assessing short-term glycemic excursions in type 1 diabetes. Diabetes Metab J 2015; 39(2): 164–70. doi: 10.4093/dmj.2015.39.2.164

	31. 	Biesenbach G. Disorders of lipid metabolism in diabetes mellitus. Wien Med Wochenschr 1989; 105(Suppl l): 9–17.

	32. 	Heber D, Yip I, Ashley JM, Elashoff DA, Elashoff RM, Go VL. Cholesterol-lowering effects of a proprietary Chinese red-yeast-rice dietary supplement. Am J Clin Nutr 1999; 69(2): 231–6. doi: 10.1093/ajcn/69.2.231

	33. 	Thompson Coon JS, Ernst E. Herbs for serum cholesterol reduction: a systematic view. J Fam Pract 2003; 52(6): 468–78.

	34. 	Dryden S, Burns SJ, Frankish HM, Williams G. Increased hypothalamic neuropeptide Y concentration or hyperphagia in streptozotocin-diabetic rats are not mediated by glucocorticoids. Eur J Pharmacol 1997; 340(2–3): 221–5. doi: 10.1016/s0014-2999(97)01410-6

	35. 	Chang JC, Wu MC, Liu IM, Cheng JT. Plasma glucose-lowering action of Hon-Chi in streptozotocin-induced diabetic rats. Horm Metab Res 2006; 38(2): 76–81. doi: 10.1055/s-2006-925116

	36. 	Koranyi LI, Bourey RE, Vuorinen-Markkola H, Koivisto VA, Mueckler M, Permutt MA, et al. Level of skeletal muscle glucose transporter protein correlates with insulin-stimulated whole body glucose disposal in man. Diabetologia 1991; 34(10): 763–5. doi: 10.1007/bf00401526

	37. 	Zhao P, Tian D, Song G, Ming Q, Liu J, Shen J, et al. Neferine promotes GLUT4 expression and fusion with the plasma membrane to induce glucose uptake in L6 cells. Front Pharmacol 2019; 10: 999. doi: 10.3389/fphar.2019.00999

	38. 	Herman MA, Kahn BB. Glucose transport and sensing in the maintenance of glucose homeostasis and metabolic harmony. J Clin Invest 2006; 116(7): 1767–75. doi: 10.1172/JCI29027

	39. 	Brial F, Alzaid F, Sonomura K, Kamatani Y, Meneyrol K, Le LA, et al. The natural metabolite 4-cresol improves glucose homeostasis and enhances β-cell function. Cell Rep 2020; 30(7): 2306–20.e5. doi: 10.1016/j.celrep.2020.01.066

	40. 	Yang Y, Kumrungsee T, Kuroda M, Yamaguchi S, Kato N. Feeding aspergillus protease preparation combined with adequate protein diet to rats increases levels of cecum gut-protective amino acids, partially linked to bifidobacterium and lactobacillus. Biosci Biotechnol Biochem 2019; 83(10): 1901–11. doi: 10.1080/09168451.2019.1627183



*Takakazu Yagi
Department of Oral Health
Kobe-Tokiwa Junior College
Kobe, Japan
Email: t-yagi@kobe-tokiwa.ac.jp

OPS/FNR-64-4226-F2.jpg
Glucose (mg/di)

400

3004
200

100,

9
00 05 10 15 20 25
Time (h)

(ng/mi)

2 wx 5

Insul

00 05 10 15 20 25
Time (h)

+ Vehicle/HFD
© LDHFD.
@ HDHFD

+ Vehicle/HFD
© LDHFD
@ HDHFD





OPS/FNR-64-4226-F1.jpg
900;

S 400 + Vehicle/STZ
g o LDISTZ

3 300 o HDISTZ

g

5

5 200

80705 10 15 20 25 30
Time (h)





OPS/CoverDesign.jpg
ISSN 1654-6628

food & nutrition

research

Red rice koji extract alleviates hyperglycema by Increasing glucose uptake
and glucose transporter type 4 levels n skeletal muscle in owo diabetic
mouse models

Takakazu Yag, Koji Ataka, Kai-Chun Cheng, Hajime Suzuki, Keizaburo Ogata,
Yumiko Yoshizaki, Kazunori Takamine, lkuo Kato, Shouichi Miyawaki,

Akio Inui and Akihiro Asakawa





OPS/FNR-64-4226-F3.jpg
GLUTS 1 - -

Acin -

E
Ry
A
E

ouwre -

Acin s - -

GLUTHActn st
[

o2

i
|
i
|

£

£

3o
e
R
K *

LTz S





