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Abstract

:

Oxidative stress causes the progression of diabetes and its complications; thus, maintaining the balance between reactive oxygen species produced by hyperglycemia and the antioxidant defense system is important. We herein examined the antioxidant potential of non-extractable fractions of dried persimmon (NEP) against oxidative stress in diabetic rats. Rats with streptozotocin-induced type 1 diabetes (50 mg/kg body weight) were administered NEP for 9 weeks. Antioxidant enzyme activities and concentration of antioxidants in liver tissues were analyzed with a microplate reader. Extensor digitorum longus (EDL) and soleus muscle fibers were stained with succinate dehydrogenase and muscle fiber sizes were measured. The administration of NEP increased the body weight of diabetes rats. Regarding antioxidant activities, the oxygen radical absorbance capacity and superoxide dismutase activity in liver tissues significantly increased. In addition, increases in glutathione peroxidase activity in liver tissues and reductions in the cross-sectional area of EDL muscle fibers were significantly suppressed. In these results, NEP improved the antioxidant defense system in the liver tissues of diabetic rats, in addition to attenuating of muscle fibers atrophy against oxidative damage induced by hyperglycemia.
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1. Introduction


Fruits and vegetables are rich in vitamins, minerals, fiber, and natural antioxidants. The sustained intake of fruits and vegetables has been shown to reduce the risk of diseases, such as cancer, hypertension, and cardiovascular diseases [1,2,3]. Persimmon (Diospyros kaki Thunb.) belongs to the Ebenaceae family and is rich in vitamins, minerals, fiber, and bioactive compounds. Persimmon is generally classified into astringent or non-astringent varieties. The fruit of astringent persimmon is rich in soluble condensed tannin [4] and, thus, has a very bitter taste. However, soluble tannin is converted into insoluble tannin during the drying process, and, as a result, dried persimmon loses its bitterness and develops a sweet taste. Condensed tannin has been shown to exhibit high antioxidant activity [5,6]. Previous studies demonstrated that tannin in persimmon reduced blood pressure [7], exhibited antibacterial activities [6,8], and exerted hypolipidemic effects [9,10]. Furthermore, persimmon was found to exert different beneficial effects against diseases, such as hypertension, diabetes mellitus, and atherosclerosis [11].



Diabetes mellitus is a major health issue worldwide. Over 10.5% of the world’s population suffers from diabetes, which is projected to increase to 12.2% by 2045 [12]. It causes hyperglycemia due to deficiencies in insulin secretion and/or insulin action. The oxidation of glucose, the excess production of superoxide anions in mitochondria, and the non-enzymatic glycation of proteins occur under hyperglycemic conditions [13,14,15], which promote oxidative stress [16]. Oxidative stress occurs when pro-oxidant levels exceed those of antioxidants in vivo [17]. Cells are constantly exposed to oxidative stress. Typical reactive oxygen species (ROS) include superoxide, hydrogen peroxide (H2O2), hydroxyl radical, singlet oxygen, NO, etc. They react to DNA, proteins, lipids, etc., and cause dysfunction. ROS are also produced by environmental factors, such as smoking, UV light, radiation, and air pollution [18]. Increased oxidative stress contributes to the progression of diabetes and its complications. The sustained production of ROS by hyperglycemia plays an important role in the development of damage associated with diabetes [19,20,21]. On the other hand, organisms have an antioxidant defense system against ROS and demonstrate antioxidant activities by eliminating ROS or converting them to other substances. Antioxidant enzymes include superoxide dismutase (SOD), catalase, and glutathione peroxidase (GPx). Glutathione, thioredoxin, vitamin C, vitamin E, cysteine, uric acid, bilirubin, etc., are known as antioxidants, and albumin, ferritin, etc., are known as antioxidant proteins [18]. The maintenance of a balance between ROS production and the antioxidant defense system is the main mechanism responsible for preventing oxidative stress-induced damage. Therefore, antioxidants may be helpful in the treatment of diabetes.



The antioxidant activities of fruits are generally evaluated using their soluble extracts, but few assessments have been conducted on non-extractable fractions. However, it is possible that the non-extractable fraction of dried persimmon (NEP) is rich in condensed tannin. We previously demonstrated that NEPs exhibited high antioxidant activity in vitro and in vivo [22]. Therefore, the aim of the present study was to investigate the antioxidant potential in NEP against oxidative stress in streptozotocin-induced diabetic rats.




2. Materials and Methods


2.1. Chemicals and Apparatus


Trolox (6-hydroxy-2,5,7,8-tetrametylcfroman-2-carboxylic acid) and fluorescein sodium salt were purchased from Sigma-Aldrich Japan Co., Ltd. (Tokyo, Japan). 2,2′-Azobis (2-amidinopropane) dihydrochloride (AAPH) was obtained from FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan). All reagents were of analytical grade.



HPLC analysis was performed using a Shimadzu LC-10AD VP multisolvent delivery system equipped with a SIL-10AD VP auto injector and SPD-M10A VP photodiode array detector (Shimadzu Corp., Kyoto, Japan). A Diaion HP-20 (Mitsubishi Chemical Co., Ltd., Tokyo, Japan) was used for the column chromatography. Oxygen radical absorbance capacity (ORAC), SOD, and GPx activities, and concentrations of total glutathione and oxidized glutathione (GSSG) were measured using the PerkinElmer 2030 Multilabel Microplate Reader ARVOTM X4 (PerkinElmer Japan Co., Ltd., Kanagawa, Japan). Absorbance measurements of the concentration of H2O2 remaining after the effects of catalase were performed using the Shimadzu UV mini-1240 spectrophotometer (Shimadzu Corp., Kyoto, Japan).




2.2. Plant Material


The “Hohlenbo” variety of astringent persimmon (Diospyros kaki Thunb.) was harvested in Yoshino-gun, Nara, Japan. Fruit was peeled and sulfureted to prevent discoloration and oxidation and then processed into dried persimmon after air-drying for one month.




2.3. Preparation of NEP


After the removal of seeds from dried persimmon, the pulp (2885.4 g) was cut into small pieces and homogenized with 14.8 L of 90% aqueous ethanol (EtOH). The extract was filtered from the homogenate and 90% aqueous EtOH was added to the residue. These extracting and filtering procedures were repeated three times. The extracted residue was dried at room temperature to obtain NEP (769.3 g).




2.4. Preparation of Persimmon-Derived Tannin


The procedure for persimmon-derived tannin extraction has been described previously [23,24,25]. Immature persimmon fruits (Diospyros kaki Thunb., cv. “Hiratane-nashi” and “Tone-wase”) harvested in Nara, Japan, were used for tannin extraction. “Hiratane-nashi” was designated as a protected species (No. 24, Niigata, Japan) in 1962. “Tone-wase”, a mutated variety of ”Hiratane-nashi”, was registered (“The Plant Variety Protection No. 28”, Ministry of Agriculture, Forestry and Fisheries, Japan) in 1980. The species of persimmon were identified by Dr. Sadahiro Hamasaki (Nara Prefecture Agricultural Research and Development Center, Nara, Japan), and the extraction of tannin was conducted using a modified method from his study [26]. Immature persimmon fruits were treated with 0.2% ethanol (w/v) for 5 days for the insolubilization of tannin. The ethanol-treated persimmons were crushed into small pieces and soaked in water for 2 days at room temperature. The supernatant contained soluble components, such as sugars, and the residue contained insoluble tannin. After discarding the supernatant, water was added to the residue. The suspension was heated at 120 °C for 30 min to exchange insoluble tannin for soluble tannin. The suspension was filtered, evaporated in vacuo, and dried at 160 °C to obtain a powder of persimmon-derived tannin. The batch of this powder contained 75.5% condensed tannin, measured as epigallocatechin gallate equivalent based on the Folin–Ciocalteau method. Persimmon-derived tannin was stored at −20 °C until used.




2.5. Fractionation of Hydrolyzed NEP and Persimmon-Derived Tannin


Portions (1 g) of NEP or persimmon-derived tannin were combined with 50 mL of a 1.2 M HCl-50% methanol (MeOH) solution and heated at 90 °C for 3 h. The treated suspensions were centrifuged at 3000 rpm at room temperature for 15 min to obtain the supernatant. The same solution was added to the residue, and they were heated again at 90 °C for 30 min. The suspensions were centrifuged under the same conditions to obtain another supernatant. The combined supernatant was subjected to Diaion HP-20 column chromatography using H2O as an eluting solution, followed by elution with 100% MeOH. The H2O eluate was neutralized with NaOH, and ethyl acetate (EtOAc) was added to the partition between EtOAc and H2O. The EtOAc layer was evaporated in vacuo to obtain the fractions of hydrolyzed NEP or persimmon-derived tannin for HPLC analysis.




2.6. HPLC Analysis of Hydrolyzed NEP and Persimmon-Derived Tannin


Each fraction of NEP or persimmon-derived tannin was dissolved in 2 mL of 100% MeOH and filtered through 0.45 µm disposable membrane filters (Toyo Roshi Kaisha, Ltd., Tokyo, Japan). The conditions of HPLC were as follows: column, RPAQUEOUS-AR-5, 4.6 × 250 mm, (Nomura Chemical Co., Ltd., Aichi, Japan); column temp., 40 °C; mobile phase, A = 0.1% formic acid, B = 0.1% formic acid in 30% acetonitrile; flow rate, 1.0 mL/min; gradient, 0.00 min, %B = 0; 5.00 min, %B = 20.0; 10.00 min, %B = 21.0; 20.00 min, %B = 23.0; 25.00 min, %B = 25.0; 30.00 min, %B = 5.0; 35.00 min, %B = 0; 40.00 min, %B = 0; injection volume, 5µL; detection, photodiode array (190–600 nm).




2.7. Animal Studies


2.7.1. Animal and Feeding Procedures


Type 1 diabetes was induced in eight-week-old male Wistar rats with streptozotocin (50 mg/kg body weight) and normal rats were obtained from Japan SLC (Hamamatsu, Shizuoka, Japan). Normal rats were fed an AIN-93G-modified basal diet (CLEA Japan Inc., Tokyo, Japan) (NOC group). Diabetic rats were randomly divided into two groups of six animals each, as follows: (i) diabetic rats fed an AIN-93G-modified basal diet (DMC group); (ii) diabetic rats fed a basal diet supplemented with 5% NEP instead of cellulose (DMP group). Each animal was individually housed. Study diet compositions are shown in Table 1.



Animals were fed ad libitum. Food intake and the body weights of all groups were monitored daily for 9 weeks. Blood was collected from the tail vein weekly, and plasma was isolated and stored at −80 °C until use. Rats were killed after 9 weeks, and the liver and skeletal muscle tissues (extensor digitorum longus (EDL) and soleus muscles) were isolated. Isolated liver tissues were perfused with ice-cold physiological saline, immediately frozen in a dry-ice acetone bath, and stored at −80 °C until use. Isolated muscles were frozen in liquid N2 and stored at −80 °C until use.




2.7.2. ORAC Assay of Plasma


Plasma samples were removed from storage at −80 °C and thawed under running water. Aliquots (50 µL) were inserted into tubes and 100 µL of EtOH and 50 µL of H2O were added. After shaking for 30 s using a vortex, 200 µL of 0.75 M metaphoric acid was added. The mixtures were centrifuged at 210× g at 10 °C for 5 min. The supernatants were diluted 1:6.25 (v/v) in 75 mM phosphate buffer (pH 7.4) to obtain the plasma solution. Plasma solutions were further diluted two- to eightfold in 75 mM phosphate buffer (pH 7.4).



The ORAC of each sample was assessed according to a previously reported method [27,28,29,30] with slight modifications. ORAC assays were performed at an excitation wavelength of 485 nm and emission wavelength of 535 nm.



ORAC was measured at 37 °C every 2 min for 90 min. The area under the fluorescence curve was calculated, and the ORAC of each sample was expressed as units for 1 µmol equivalent of Trolox.




2.7.3. ORAC Assay of Liver Tissues


Liver tissues were weighed to approximately 300 mg and added to 10 volumes (w/v) of PBS (pH 7.5) (Dojindo Morecular Technologies, Inc., Kumamoto, Japan) with 0.5% Triton X-100 (Fujifilm Wako Pure Chemical Corp., Osaka, Japan). Suspensions were then homogenized, and the resulting homogenates were centrifuged at 22,360× g at 4 °C for 10 min. Supernatants were stored at −80 °C until use. Prior to the ORAC assay, supernatants were thawed under running water and further diluted 32-fold in 75 mM phosphate buffer (pH 7.4). The ORAC of diluted supernatant solutions was measured as described above (Section 2.7.2).




2.7.4. SOD Activity Assay


Liver tissues were weighed to approximately 100 mg and added to 10 volumes (w/v) of 20 mM HEPES buffer (pH 7.2) (Dojindo Morecular Technologies, Inc., Kumamoto, Japan) with 1 mM EGTA (Kanto Chemical., Co., Ltd., Inc., Osaka, Japan), 210 mM mannitol (Fujifilm Wako Pure Chemical Corp., Osaka, Japan), and 70 mM sucrose (Fujifilm Wako Pure Chemical Corp., Osaka, Japan). Suspensions were then homogenized, and the resulting homogenates were centrifuged at 1500× g at 4 °C for 5 min. Supernatants were further centrifuged at 14,000× g at room temperature for 15 min to concentrate the samples using an Amicon concentrator (Merck Millipore Ltd., Tokyo, Japan) with a molecular weight cut-off of 10,000. The samples obtained were stored at −80 °C until used. Prior to the SOD activity assay, filtrates were thawed under running water.



SOD activity was assessed using a previously reported method [31]. Activity was measured using a commercial ELISA kit (Superoxide Dismutase Assay Kit, Cayman chemical, Ann Arbor, MI, USA, inter-assay coefficient of variation 3.7%, dynamic range 0.005–0.05 units/mL SOD). This assay was performed according to the manufacturer’s instructions. One unit of SOD was defined as the amount of enzyme needed to exhibit 50% dismutation of the superoxide radical.




2.7.5. Catalase Activity Assay


Liver tissues were weighed to approximately 100 mg and added to 350 µL of PBS with 0.5% Triton X-100 and 1% protease inhibitor (Fujifilm Wako Pure Chemical Corp., Osaka, Japan). Suspensions were then pulverized with the Micro Smash Ms-100R bead beater (TOMY Japan) at 4500 rpm at 4 °C for 30 s. The resulting solutions were centrifuged at 11,000× g at 4 °C for 1 min. Supernatants were transferred into other tubes and centrifuged at 11,000× g at 4 °C for 15 min. The resulting supernatants were stored at −80 °C until use. Before the catalase assay, supernatants were thawed under running water and further diluted 150-fold in 50 mM potassium phosphate buffer (pH 7.0).



Catalase activity was assessed using a previously reported method [32,33] with a commercial kit (Catalase Assay Kit, Sigma Aldrich, Missouri, America. This assay was conducted according to the manufacturer’s instructions. Catalase activity was calculated from the concentration of H2O2 remaining after the effects of catalase. One unit of catalase was expressed as units required for 1 µmol of H2O2 to decompose to oxygen and water per minute with a substrate concentration of 10 mM H2O2.




2.7.6. GPx Activity Assay


Liver tissues were weighed to approximately 400 mg and added to 5 volumes (w/v) of 50 mM Tris-HCl buffer (pH 7.5) (Nippon Gene Co., Ltd., Tokyo, Japan) with 5 mM EDTA (Fujifilm Wako Pure Chemical Corp., Osaka, Japan) and 1 mM 2-mercaptoethanol (Fujifilm Wako Pure Chemical Corp., Osaka, Japan). Suspensions were then homogenized, and the resulting homogenates were centrifuged at 8000× g at 4 °C for 10 min. Supernatants were stored at −80 °C until used. Prior to the GPx activity assay, supernatants were thawed under running water. Supernatants were further diluted 10-fold in phosphate buffer with EDTA and 4 mM NaN3 (pH 7.0).



The GPx activity assay is an adaptation of the method developed by Paglia and Valentine [34]. Its activity was measured using a commercial kit (NWLSSTM Glutathione Peroxidase Activity Assay Kit, Northwest Life Science Specialities LLC, Vancouver, WA, USA, sensitivity 5.0 mU/mL, dynamic range 5–65 mU/mL). This assay was performed according to the manufacturer’s instructions. One unit of GPx-1 was expressed as the amount of enzyme needed to catalyze the oxidation of 1 µmol reduced glutathione (GSH) to GSSG per minute.




2.7.7. Measurement of Total Glutathione and GSSG Concentrations


Liver tissues were weighed to approximately 100 mg and added to 10 volumes (w/v) of 5% 5-sulfosalicylic acid solution (Fujifilm Wako Pure Chemical Corp., Osaka, Japan). Suspensions were then homogenized, and the resulting homogenates were centrifuged at 8000× g at 4 °C for 10 min to remove proteins. Supernatants were stored at −80 °C until used. Prior to the total glutathione and GSSG assay, supernatants were thawed under running water. Supernatants were then further diluted 50-fold in ultrapure water for total glutathione and 5-fold in ultrapure water for GSSG.



Total glutathione and GSSG concentrations were measured using a previously reported method [35,36] with a commercial kit (GSSG/GSH Quantification Kit, Dojindo, Kumamoto, Japan). This assay was conducted according to the manufacturer’s instructions. GSH was calculated from the concentrations of total glutathione and GSSG, and the ratio of GSH and GSSG was obtained as an index of oxidative stress. Total glutathione, GSH, and GSSG concentrations were normalized to the wet weight of the tissue sample.




2.7.8. Measurement of Protein Concentrations in Plasma and Liver Tissues


Total protein concentrations were measured using the bicinchoninic acid (BCA) method with bovine serum albumin as a standard (TaKaRa BCA Protein Assay Kit, Shiga, Japan). The ORAC and SOD, catalase, and GPx activities of liver tissues were normalized to the protein concentrations of the homogenates.




2.7.9. Measurement of Cross-Sectional Area (CSA)


To measure the CSA of EDL and soleus muscle fibers, 10 µm thick transverse sections of muscle were stained with succinate dehydrogenase (SDH) and examined under a light microscope (model BZ-9000, Keyence, Osaka, Japan). SDH staining is a method that uses the enzyme activity involved in energy production in mitochondria and classifies muscle fibers into slow-twitch oxidative (SO) plus fast-twitch oxidative glycolytic (FOG) and fast-twitch glycolytic (FG). Muscle fiber sizes were measured using ImageJ (version 1.46; National Institutes of Health, Bethesda, MD, USA).





2.8. Statistical Analysis


Each sample in all assays was measured in duplicate, and data were expressed as means ± standard deviations. Statistical analyses were performed using the Mann–Whitney U test and differences were considered to be significant at p < 0.05.





3. Results


3.1. HPLC Analysis of Hydrolyzed NEP and Persimmon-Derived Tannin


It was speculated that NEPs are rich in condensed tannin. Therefore, HPLC analysis was performed to confirm the existence of tannin in NEPs. HPLC chromatograms of hydrolyzed NEP and persimmon-derived tannin are shown in Figure 1. Two major peaks were detected in the NEP (Figure 1A) and each peak was also detected in persimmon-derived tannin at the same retention time (Figure 1B). The absorption spectra of these peaks were the same in both hydrolyzed fractions; therefore, the NEP contained condensed tannin with the same composition as persimmon-derived tannin.




3.2. Food Intake and Body Weight Gain in Rats


Food intake and body weight gain in the three groups of rats were monitored. No significant differences were observed in food intake in the three groups of rats. On the other hand, body weight was significantly higher in the NOC group (p < 0.001) than in the two other groups of diabetic rats (DMC and DMP groups). The body weight after 3 weeks was significantly higher in the DMP group than in the DMC group (p < 0.05); however, the body weight after 9 weeks did not significantly differ between DMC and DMP groups (Figure 2).




3.3. Effects of NEP on Antioxidant Activity in Plasma and Liver Tissues


The effects of NEP on the ORAC of the plasma and liver tissues of experimental rats are shown in Figure 3. Plasma ORAC after 9 weeks was significantly lower (p < 0.05) in the two groups of diabetic rats (DMC and DMP groups) than in the NOC group (Figure 3A). On the other hand, the ORAC of liver tissues after 9 weeks was significantly higher (p < 0.05) in the DMP group than in the two other groups (NOC and DMC groups) (Figure 3B).



The effects of NEP on antioxidant enzyme activity in experimental rats are shown in Figure 4. No significant differences were observed in the SOD activity of liver tissues after 9 weeks between the DMC group and NOC group; however, it was significantly higher (p < 0.05) in the DMP group than in the NOC and DMC group (Figure 4A). The catalase activity of liver tissues after 9 weeks did not significantly differ in the three groups of rats; however, it was slightly lower in the DMC group than in the NOC group, and it was slightly higher in the DMP group than in the DMC group (Figure 4B). The GPx activity of liver tissues after 9 weeks was significantly higher (p < 0.05) in the DMC group than in the NOC group; however, the increase observed in the DMP group was slightly smaller than that in the DMC group (Figure 4C). These results demonstrated that the administration of NEP enhanced SOD activity and suppressed increases in GPx activity in diabetic rats.



The effects of NEP on the GSH/GSSG ratio and total glutathione, GSH, and GSSG concentrations in experimental rats are shown in Figure 5. No significant differences were observed in the GSH/GSSG ratio or total glutathione, GSH, and GSSG concentrations in liver tissues after 9 weeks between the DMC and NOC groups. However, the GSH/GSSG ratio, and total glutathione and GSH concentrations were significantly lower (p < 0.05) in the DMP group than in the NOC and DMC groups (Figure 5A–C). GSSG concentrations in liver tissues after 9 weeks were significantly (p < 0.05) higher in the DMP group than in the NOC and DMC groups (Figure 5D). These results demonstrated that the administration of NEP to diabetic rats suppressed the GPx-glutathione system in liver tissues.




3.4. Effects of NEP on the Characterization of EDL and Soleus Muscle Fibers


Photomicrographs of cross-sections through the EDL muscle of each group stained with SDH are shown in Figure 6. The effects of NEP on the CSA of EDL and soleus muscle fibers in each group are shown in Figure 7. EDL muscle fibers were smaller in the DMC group than in the NOC group (Figure 6A,B); however, the EDL muscle in the DMP group was improved to the same extent as in the NOC group, as shown in Figure 6A,C. The CSA of all muscle fiber types in the EDL and soleus muscles were significantly smaller in diabetic rats. The CSA of SO fibers and FOG fibers in the soleus muscle did not significantly differ between the DMC and DMP groups (Figure 7B). The CSA of all muscle fiber types in the EDL muscle were significantly higher in the DMP group than in the DMC group (Figure 7A).





4. Discussion


Oxidative stress occurs when pro-oxidant levels exceed those of antioxidants in vivo [17]. Oxidative stress has been implicated in the pathogenesis of various diseases, such as obesity, diabetes mellitus, and aging [13,14,15,19,37,38].



The ORAC assay is a type of antioxidant potential assay that is commonly used to assess the radical (AAPH) scavenging activity of biological samples [27,28,29,30]. In the present study, the ORAC of plasma was significantly lower in the DMC group than in the NOC group (Figure 3A), which may reflect excess oxidation in the DMC group. No significant differences were observed in the ORAC of plasma between the DMC and DMP groups (Figure 3A). Furthermore, the ORAC of liver tissues did not significantly differ between the NOC and DMC groups but was significantly higher in the DMP group than in the NOC and DMC groups (Figure 3B). Therefore, ORAC of liver tissues may depend on the antioxidant potential in NEP. The discrepancy between the results obtained for plasma and the liver may be attributed to tissue specificity. Previous studies reported differences between the ORAC of plasma and liver tissues in kolavion-treated diabetic rats [21,39].



Oxidative stress markers are broadly classified into three types: antioxidant enzymes, antioxidants, and products produced in vivo by ROS. Antioxidant enzymes, including SOD, catalase, and GPx, remove ROS. SOD catalyzes the degradation of the superoxide radical anion. Catalase disproportionates H2O2 into water and oxygen. GPx detoxifies H2O2 and lipid peroxides [40]. When the production of ROS exceeds the capacity of antioxidant enzymes in vivo, antioxidants then become involved. Glutathione is the most abundant intracellular antioxidant [41]. There are two types of glutathione, GSH and GSSG, and GSH is oxidized to GSSG by GPx with the detoxification of H2O2. GSSG is regenerated into GSH by glutathione reductase. Since total glutathione concentrations and the GSH/GSSG ratio are altered by oxidative stress, they are used as an indicator of oxidative stress.



In the present study, SOD and catalase activities were slightly lower in the DMC group than in the NOC group (Figure 4A,B). Increased H2O2 concentrations have been shown to inactivate SOD [42]. The decrease observed in SOD activity in the DMC group may be attributed to its inactivation by oxidative stress. The slightly reduction in catalase activity in the DMC group may suggest that liver tissues did not eliminate H2O2. However, SOD and catalase activities were higher in the DMP group than in the DMC group (Figure 4A,B), indicating the antioxidant potential in NEP for these antioxidant enzymes. On the other hand, GPx activity was significantly higher in the DMC group than in the NOC group (Figure 4C) and appeared to depend on increases in H2O2 concentrations by hyperglycemia and decreases in catalase activity. GPx activity was slightly lower in the DMP group than in the DMC group (Figure 4C). GPx detoxifies not only H2O2 but also organic peroxides, using GSH as a cofactor. Since the total glutathione concentration was lower in the DMP group (Figure 5B) and GSSG was higher in the DMP group (Figure 5D), GPx may not have functioned due to the lack of its cofactor.



The GSH/GSSG ratio and total glutathione, GSH, and GSSG concentrations did not significantly differ between the DMC and NOC groups (Figure 5), which is consistent with the ORAC of the liver tissues (Figure 3B). On the other hand, the GSH/GSSG ratio, total glutathione and GSH concentrations were significantly lower in the DMP group than in the NOC and DMC groups (Figure 5A–C), while GSSG concentrations were significantly higher in the DMP group than in the NOC and DMC groups (Figure 5D). Since the ORAC of liver tissues significantly increased in the DMP group (Figure 3B), NEP may exhibit radical scavenging activity instead of glutathione. A previous study demonstrated a significant increase in the GSH/GSSG ratio of kidney tissues in diabetic rats administered fractions of both polymers and oligomers, respectively, from proanthocyanidin extracted from persimmon peel [43]. Oxidative stress increases and antioxidant enzyme activities are altered under hyperglycemic conditions. However, conflicting findings have been reported in diabetic rats; namely, increases, decreases, and no changes in antioxidant enzyme activities [21,39,42,44,45].



Skeletal muscle fibers are classified into three basic types: SO, FG, and FOG types [46]. The nature of skeletal muscle is influenced by the proportions of the different types of muscle fibers. The SO type has many large mitochondria, high oxidase activity, and low glycolytic enzyme activity. It also has an excellent aerobic capacity. The FG type has a few small mitochondria, low oxidase activity, and high glycolytic enzyme activity. It also has an excellent anaerobic capacity. The FOG type has intermediate characteristics between SO and FG. There are no FG fibers in the soleus muscle of rats [47].



In the present study, the CSAs of all muscle fiber types in the EDL and soleus muscles were significantly lower in the DMC group than in the NOC group (Figure 7). Andersen et al. reported foot muscle atrophy in type 1 diabetes patients [48]. Bonnard et al. demonstrated that ROS production in streptozotocin-treated mice altered the structure of mitochondria and reduced their density [49]. Antioxidant enzyme activities and antioxidant concentrations were examined only in liver tissues and not in muscle fiber in this study; therefore, it is unclear if ROS is produced in muscle fiber. If ROS is produced in muscle fiber of the DMC group, it may induce structural alterations and decrease the density of mitochondria, which may have reduced metabolism and decreased the CSA of each muscle fiber. Reductions in the CSA of all muscle fiber types in the EDL muscle were significantly smaller in the DMP group than in the DMC group (Figure 7A). Bonnard et al. also reported that the normalization of glycemia and treatments with antioxidants decreased ROS production and restored mitochondrial integrity [49]. If antioxidant enzyme activities, such as SOD, and antioxidant concentrations increased in the muscle of the DMP group, this may have restored the structure of mitochondria, which may have promoted metabolism and increased the CSA of each muscle fiber type in the EDL muscle.




5. Conclusions


The present study examined the antioxidant potential of NEP against oxidative stress in the liver and muscle fibers in streptozotocin-induced diabetic rats. The administration of NEP increased the ORAC of liver tissues and SOD activity in diabetic rats. In addition, reductions in the CSA of EDL muscle fiber types were suppressed.







Author Contributions


Conceptualization, Y.M. and S.-i.K.; methodology, Y.M. and S.-i.K.; validation, M.K., T.I. and H.K. formal analysis, N.M.; investigation, N.M.; resources, Y.M., S.-i.K. and H.K.; data curation, N.M.; writing—original draft preparation, N.M.; writing—review and editing, Y.M. and S.-i.K.; visualization, N.M.; supervision, M.K., T.I., S.-i.K. and H.K.; project administration, S.-i.K.; funding acquisition, Y.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by grants obtained for the joint-research project from Kio University (No. 22985) and JSPS KAKENHI (No. 18K11148 and 20K11638).




Institutional Review Board Statement


The animal study protocol was approved by Kio University’s Ethics Committee for the care and use of laboratory animals in compliance with the Japanese Law for the Humane Treatment and Management of Animals (protocol no. H30-06).




Data Availability Statement


The data from this work are included in this article and may be obtained from the corresponding author.




Acknowledgments


We acknowledge Ishii-Bussan, Inc. (Nara, Japan) for providing the dried persimmons and persimmon-derived tannin. We also thank Hidetaka Imagita, Noriko Ouji-Sageshima, Yuka Okaji, Mariko Naka, Makoto Ishiba, Yuka Narita, Haruka Shimazu, Ayano Takemoto, Natsumi Segawa, Eri Nishiyama, Kana Takeichi, and Ami Miyamoto for their technical assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Michels, B.K.; Giovannucci, E.; Joshipura, J.K.; Rosner, A.B.; Stampfer, J.M.; Fuchs, S.C.; Colditz, A.G.; Speizer, E.F.; Willett, C.W. Prospective study of fruit and vegetable consumption and incidence of colon and rectal cancers. J. Natl. Cancer Inst. 2000, 92, 1740–1752. [Google Scholar] [CrossRef]

	



Nöthlings, U.; Schulze, B.M.; Weikert, C.; Boeing, H.; van der Schouw, T.Y.; Bamia, C.; Benetou, V.; Lagiou, P.; Krogh, V.; Beulens, J.W.J.; et al. Intake of vegetables, legumes, and fruit, and risk for all-cause, cardiovascular, and cancer mortality in a European diabetic population. J. Nutr. 2008, 138, 775–781. [Google Scholar] [CrossRef]

	



Li, B.; Li, F.; Wang, L.; Zhang, D. Fruit and vegetables consumption and risk of hypertension: A meta-analysis. J. Clin. Hypertens. 2016, 18, 468–476. [Google Scholar] [CrossRef]

	



Serrano, J.; Puupponen-Pimiä, R.; Dauer, A.; Aura, M.A.; Saura-Calixto, F. Tannins: Current knowledge of food sources, intake, bioavailability and biological effects. Mol. Nutr. Food Res. 2009, 53, S310–S329. [Google Scholar] [CrossRef]

	



Chen, X.N.; Fan, J.F.; Yue, X.; Wu, X.R.; Li, L.T. Radical scavenging activity and phenolic compounds in persimmon (Diospyros kaki L. cv. Mopan). J. Food Sci. 2008, 73, C24–C28. [Google Scholar] [CrossRef]

	



Dhawefi, N.; Jedidi, S.; Rtibi, K.; Jridi, M.; Sammeri, H.; Abidi, C.; Zouari, N.; Sebai, H. Antidiarrheal, antimicrobial, and antioxidant properties of the aqueous extract of Tunisian persimmon (Diospyros kaki Thunb.) Fruits. J. Med. Food 2021, 24, 1100–1112. [Google Scholar] [CrossRef]

	



Liu, C.; Kurakane, S.; Takita, J.; Itano, R.; Soga, T.; Oikawa, A.; Igarashi, K. Antihypertensive effects of unripe persimmon (Diospyros kaki L. cv. Hiratanenashi) fruit and it component in spontaneously hypertensive rats. Food Sci. Technol. Res. 2012, 18, 391–398. [Google Scholar] [CrossRef]

	



Kawase, M.; Motohashi, N.; Satoh, K.; Sakagami, H.; Nakashima, H.; Tani, S.; Shirataki, Y.; Kurihara, T.; Spengler, G.; Wolfard, K.; et al. Biological activity of persimmon (Diospyros kaki) peel extracts. Phytother. Res. 2013, 17, 495–500. [Google Scholar] [CrossRef]

	



Matsumoto, K.; Yokoyama, S.; Gato, N. Bile acid-binding activity of young persimmon (Diospyros kaki) fruit and its hypolipidemic effect in mice. Phytother. Res. 2010, 24, 205–210. [Google Scholar] [CrossRef] [PubMed]

	



Matsumoto, K.; Kadowaki, A.; Ozaki, N.; Takenaka, M.; Ono, H.; Yokoyama, S.; Gato, N. Bile acid-binding ability of kaki-tannin from young fruits of persimmon (Diospyros kaki) in vitro and in vivo. Phytother. Res. 2011, 25, 624–628. [Google Scholar] [CrossRef] [PubMed]

	



Butt, M.S.; Sultan, T.; Aziz, M.; Naz, A.; Ahmed, W.; Kumar, N.; Imran, M. Persimmon (Diospyros kaki) fruit: Hidden phytochemicals and health claims. EXCLI J. 2015, 14, 542–561. [Google Scholar]

	



Sun, H.; Saeedi, P.; Karuranga, S.; Pinkepank, M.; Ogurtsova, K.; Duncan, B.B.; Stein, C.; Basit, A.; Chan, C.N.J.; Mbanta, C.J.; et al. IDF diabetes atlas: Grobal, regional and country-level diabetes prevalence estimates for 2021 and projections for 2045. Diabetes Res. Clin. Pract. 2022, 183, 109119. [Google Scholar] [CrossRef]

	



Wolff, S. Diabetes mellitus and free radicals: Free radicals, transition metals and oxidative stress in the aetiology of diabetes mellitus and complications. Br. Med. Bull. 1993, 49, 642–652. [Google Scholar] [CrossRef] [PubMed]

	



Kiritoshi, S.; Nishikawa, T.; Sonoda, K.; Kukidome, D.; Senokuchi, T.; Matsuo, T.; Matsumura, T.; Tokunaga, H.; Brownlee, M.; Araki, E. Reactive oxygen species from mitochondria induce cyclooxygenase-2 gene expression in human mesangial cells: Potential role in diabetic nephropathy. Diabetes 2003, 52, 2570–2577. [Google Scholar] [CrossRef]

	



Baynes, W.J. Chemical modification of proteins by lipids in diabetes. Clin. Chem. Lab. Med. 2003, 41, 1159–1165. [Google Scholar] [CrossRef]

	



Yang, H.; Jin, X.; Lam, K.W.C.; Yan, K. Oxidative stress and diabetes mellitus. Clin. Chem. Lab. Med. 2011, 49, 1773–1782. [Google Scholar] [CrossRef]

	



Sies, H. Oxidative stress: From basic research to clinical application. Am. J. Med. 1991, 91, 31–38. [Google Scholar] [CrossRef]

	



Tsubouch, H.; Ohsige, A.; Uto, H. Liver and oxidative stress. Kanzo 2015, 56, 313–323. [Google Scholar] [CrossRef]

	



Dey, A.; Lakshmanan, J. The role of antioxidants and other agents in alleviating hyperglycemia mediated oxidative stress and injury in liver. Food Funct. 2013, 4, 1148–1184. [Google Scholar] [CrossRef] [PubMed]

	



Bakhshaeshi, M.; Khaki, A.; Fathiazad, F.; Khaki, A.A.; Ghadamkheir, E. Anti–oxidative role of quercetin derived from Allium cepa on aldehyde oxidase (OX–LDL) and hepatocytes apoptosis in streptozotocin–induced diabetic rat. Asian Pac. J. Trop. Biomed. 2012, 2, 528–531. [Google Scholar] [CrossRef]

	



Oyenihi, O.; Brooks, N.; Oguntibeju, O. Effects of kolaviron on hepatic oxidative stress in streptozotocin induced diabetes. BMC Complement. Altern. Med. 2015, 15, 236. [Google Scholar] [CrossRef]

	



Matsumura, Y.; Ito, T.; Yano, H.; Kita, E.; Mikasa, K.; Okada, M.; Furutani, A.; Murono, Y.; Shibata, M.; Nishii, Y.; et al. Antioxidant potential in non-extractable fractions of dried persimmon (Diospyros kaki Thunb.). Food Chem. 2016, 202, 99–103. [Google Scholar] [CrossRef] [PubMed]

	



Furukawa, R.; Kitabatake, M.; Ouji-Sageshima, N.; Suzuki, Y.; Nakano, A.; Matsumura, Y.; Nakano, R.; Kasahara, K.; Kubo, k.; Kayano, S.; et al. Pesimmon-derived tannin has antiviral effects and reduces the severity of infection and transmission of SARS-CoV-2 in a Syrian hamster model. Nature 2021, 11, 23965. [Google Scholar]

	



Kitabatake, M.; Matsumura, Y.; Ouji-Sageshima, N.; Nishioka, T.; Hara, A.; Kayano, S.; Ito, T. Persimmon-derived tannin ameliorates the pathogenesis of ulcerative colitis in a murine model through inhibition of the inflammatory response and alteration of microbiota. Nature 2021, 11, 7286. [Google Scholar] [CrossRef] [PubMed]

	



Matsumura, Y.; Kitabatake, M.; Ouji-Sageshima, N.; Yasui, S.; Mochida, N.; Nakano, R.; Kasahara, K.; Tomoda, K.; Yano, H.; Kayano, S.; et al. Persimmon-derived tannin has bacteriostatic and anti-inflammatory activity in a murine model of Mycobacterium avium complex (MAC) disease. PLoS ONE 2017, 12, e0183489. [Google Scholar]

	



Hamasaki, S. Quick preparation of kaki-tannin from de-astringent persimmon fruit treated by ethanol. Hortic. Res. 2010, 9, 367–372. [Google Scholar] [CrossRef]

	



Cao, G.; Verdon, P.C.; Wu, H.B.A.; Wang, H.; Prior, L.R. Automated assay of oxygen radical absorbance capacity with the COBAS FARA Ⅱ. Clin. Chem. 1995, 41, 1738–1744. [Google Scholar] [CrossRef]

	



Huang, D.; Ou, B.; Hampsch-Woodill, M.; Flanagan, A.J.; Prior, L.R. High-Throughput assay of oxygen radical absorbance capacity (ORAC) using a multichannel liquid handling system coupled with a microplate fluorescence reader in 96-well format. J. Agric. Food Chem. 2002, 50, 4437–4444. [Google Scholar] [CrossRef]

	



Leite, V.A.; Malta, G.L.; Riccio, F.M.; Eberlin, N.M.; Pastore, M.G.; Marostica Junior, R.M. Antioxidant potential of rat plasma by administration of freeze-dried jaboticaba peel (Myrciaria jaboticaba Vell Berg). J. Agric. Food Chem. 2011, 59, 2277–2283. [Google Scholar] [CrossRef] [PubMed]

	



Xie, Z.; Sintara, M.; Chang, T.; Ou, B. Daily consumption of a mangosteen-based drink improves in vivo antioxidant and anti-inflammatory biomarker in healthy adults: A randomized, double-blind, placebo-controlled clinical trial. Food Sci. Nutr. 2015, 3, 342–348. [Google Scholar] [CrossRef]

	



Malstrom, B.; Andreasson, L.; Reinhammer, B. The Enzymes; Boyer, P., Ed.; XIIB Academic Press: New York, NY, USA, 1975; p. 533. [Google Scholar]

	



Fossati, P.; Prencipe, L.; Belti, G. Use of 3,5-dichosro-2hydroxybenzenesulfonic acid/4-aminophenazone chromogenic system in direct enzymic assay of uric acid in serum and urine. Clin. Chem. 1980, 26, 227–231. [Google Scholar] [CrossRef] [PubMed]

	



Aebi, H. Catalase in vitro. Methods Enzymol. 1984, 105, 121–126. [Google Scholar]

	



Paglia, D.E.; Valentine, N.W. Studies on the quantitative and qualitative characterization of erythrocyte glutathione peroxidase. J. Lab. Clin. Med. 1967, 70, 158–169. [Google Scholar]

	



Baker, A.M.; Cerniglia, J.G.; Zarman, A. Microtiter plate assay for the measurement of glutathione and glutathione disulfide in large numbers of biological samples. Anal. Biochem. 1990, 190, 360–365. [Google Scholar] [CrossRef]

	



Vandeputte, C.; Guizon, I.; Genestie-Denis, I.; Vannier, B.; Lorenzon, G. A microtiter plate assay for total glutathione and glutathione disulfide contents in cultured/isolated cells: Performance study of a new miniaturized protocol. Cell Biol. Toxicol. 1994, 10, 415–421. [Google Scholar] [CrossRef]

	



Fernández-Sánchez, A.; Madrigal-Santillán, E.; Bautista, M.; Esquivel-Soto, J.; Morales-González, A.; Esquivel-Chirino, C.; Durante-Montiel, I.; Sánchez-Rivera, G.; Valadez-Vega, C.; Morales-González, M. Inflammation, oxidative stress, and obesity. Int. J. Mol. Sci. 2011, 12, 3117–3132. [Google Scholar] [CrossRef] [PubMed]

	



Hajam, A.Y.; Rani, R.; Ganie, Y.S.; Sheikh, A.T.; Javaid, D.; Qadri, S.S.; Pramodh, S.; Alsulimani, A.; Alkhanani, F.M.; Harakeh, S.; et al. Oxidative stress in human pathology and aging: Molecular mechanisms and perspectives. Cells 2022, 11, 552. [Google Scholar] [CrossRef] [PubMed]

	



Ayepola, R.O.; Brooks, L.N.; Oguntibeju, O.O. Kolaviron improved resistance to oxidative stress and inflammation in the blood (erythrocyte, serum and plasma) of streptozotocin-induced diabetic rats. Sci. World J. 2014, 921080. [Google Scholar] [CrossRef]

	



Ighodaro, M.O.; Akinloye, A.O. First line defence antioxidants-superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPX): Their fundamental role in the entire antioxidant defence grid. Alex. J. Med. 2018, 54, 287–293. [Google Scholar] [CrossRef]

	



Livingstone, C.; Davis, J. Targeting therapeutics against glutathione depletion in diabetes and its complications. Br. J. Diabetes Vasc. Dis. 2007, 7, 258–265. [Google Scholar] [CrossRef]

	



Seven, A.; Güzel, S.; Seymen, O.; Civelek, S.; Bolayırlı, M.; Uncu, M.; Burçak, G. Effects of vitamin E supplementation on oxidative stress in streptozotocin induced diabetic rats: Investigation of liver and plasma. Yonsei Med. J. 2004, 45, 703–710. [Google Scholar] [CrossRef] [PubMed]

	



Lee, A.Y.; Kim, J.Y.; Cho, J.E.; Yokozawa, T. Ameliorative effects of proanthocyanidin on oxidative stress and inflammation in streptozotocin-induced diabetic rats. J. Agric. Food Chem. 2007, 55, 9395–9400. [Google Scholar] [CrossRef]

	



Godin, V.D.; Wofaieb, A.S.; Garnett, E.M.; Goumeniouk, D.A. Antioxidant enzyme alterations in experimental and clinical diabetes. Mol. Cell. Biochem. 1988, 84, 223–231. [Google Scholar] [CrossRef]

	



Wohaieb, A.S.; Godin, V.D. Alterations in free radical tissue-defense mechanisms in streptozotocin-induced diabetes in rat. Diabetes 1987, 36, 1014–1018. [Google Scholar] [CrossRef]

	



Ishihara, A.; Itoh, K.; Itoh, M.; Hirohufuji, C. Effect of hypobaric hypoxia on rat soleus muscle fibers and their innervating motoneurons: A review. Jpn. J. Physiol. 2000, 50, 561–568. [Google Scholar] [CrossRef]

	



Ishihara, A.; Yasuda, K.; Tsuda, K. Diabetes and skeletal muscle. J. Jpn. Diabet. Soc. 2008, 51, 459–463. [Google Scholar]

	



Andersen, H.; Gjerstad, D.M.; Jakobsen, J. Atrophy of foot muscles. Diabetes Care 2004, 27, 2382–2385. [Google Scholar] [CrossRef]

	



Bonnard, C.; Durand, A.; Peyrol, S.; Chanseaume, E.; Chauvin, A.M.; Morio, B.; Vidal, H.; Rieusset. J. Mitochondrial dysfunction results from oxidative stress in the skeletal muscle of diet-induced insulin-resistant mice. J. Clin. Investig. 2008, 118, 789–800. [Google Scholar] [CrossRef] [PubMed]








[image: Antioxidants 11 01555 g001 550] 





Figure 1. HPLC chromatograms of hydrolyzed non-extractable fraction of dried persimmon (NEP) (A) and persimmon-derived tannin (B). 
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Figure 2. Changes in food intake and body weight in normal and diabetic rats. NOC: normal rats fed a control diet, DMC: diabetic rats fed a control diet, DMP: diabetic rats fed non-extractable fraction of dried persimmon (NEP) diet. Data are presented as the mean ± SD of each animal in each group. * p < 0.05 significantly different from the DMC group. ††† p < 0.001 significantly different from the NOC group. 
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Figure 3. Effects of non-extractable fraction of dried persimmon (NEP) on the ORAC of plasma (A) and liver tissues (B) after 9 weeks in normal and diabetic rats. NOC: normal rats fed a control diet, DMC: diabetic rats fed a control diet, DMP: diabetic rats fed NEP diet. Data are presented as the means ± SD of each animal in each group. † p < 0.05 significantly different from the NOC group. * p < 0.05 significantly different from the NOC and DMC groups. 
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Figure 4. Effects of non-extractable fraction of dried persimmon (NEP) on the SOD activity (A), catalase activity (B), and GPx activity (C) of liver tissues in normal and diabetic rats. NOC: normal rats fed a control diet, DMC: diabetic rats fed a control diet, DMP: diabetic rats fed NEP diet. Data are presented as the means ± SD of each animal in each group. * p < 0.05 significantly different from the NOC and DMC group. † p < 0.05 significantly different from the NOC group. 
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Figure 5. Effects of non-extractable fraction of dried persimmon (NEP) on the GSH/GSSG ratio (A), total glutathione concentrations (B), GSH concentrations (C), and GSSG concentrations (D) in liver tissues of normal and diabetic rats. NOC: normal rats fed a control diet, DMC: diabetic rats fed a control diet, DMP: diabetic rats fed NEP diet. Data are presented as the means ± SD of each animal in each group. * p < 0.05 significantly different from the NOC and DMC groups. 
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Figure 6. Photomicrographs of cross-sections through the extensor digitorum longus (EDL) muscle of the normal rats fed a control diet (NOC group) (A), diabetic rats fed a control diet (DMC group) (B), and diabetic rats fed the non-extractable fraction of dried persimmon (NEP) diet (DMP group) (C) stained with succinate dehydrogenase. (A–C) are shown at the same magnification, and the scale bar at the bottom right of each figure is 100 µm. 
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Figure 7. Cross-sectional area (CSA) of each fiber type in extensor digitorum longus (EDL) (A) and soleus (B) muscles in normal and diabetes rats. NOC: normal rats fed a control diet, DMC: diabetic rats fed a control diet, DMP: diabetic rats fed the non-extractable fraction of dried persimmon (NEP) diet. SO: slow-twitch oxidative type of muscle fiber, FOG: fast-twitch oxidative glycolytic type of muscle fiber, FG: fast-twitch glycolytic type of muscle fiber. Data are presented as the means ± SD of each animal in each group. ** p < 0.01 significantly different from the DMC group. * p < 0.05 significantly different from the DMC group. 






Figure 7. Cross-sectional area (CSA) of each fiber type in extensor digitorum longus (EDL) (A) and soleus (B) muscles in normal and diabetes rats. NOC: normal rats fed a control diet, DMC: diabetic rats fed a control diet, DMP: diabetic rats fed the non-extractable fraction of dried persimmon (NEP) diet. SO: slow-twitch oxidative type of muscle fiber, FOG: fast-twitch oxidative glycolytic type of muscle fiber, FG: fast-twitch glycolytic type of muscle fiber. Data are presented as the means ± SD of each animal in each group. ** p < 0.01 significantly different from the DMC group. * p < 0.05 significantly different from the DMC group.



[image: Antioxidants 11 01555 g007]







[image: Table] 





Table 1. Compositions of diets (%).
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	Ingredients
	NOC and DMC Groups Control Diet a
	DMP Group

NEP Diet a





	Corn starch
	39.75
	39.75



	Casein
	20.0
	20.0



	α-Corn starch
	13.2
	13.2



	Sucrose
	10.0
	10.0



	Soybean oil
	7.0
	7.0



	Mineral mix b
	3.5
	3.5



	Vitamin mix c
	1.0
	1.0



	L-cysteine
	0.3
	0.3



	Choline bitartrate
	0.25
	0.25



	Crystalline cellulose
	5.0
	-



	NEP
	-
	5.0







a: The AIN-93G-modified basal diet without di-tert-butylhydroxytoluene was used. b: Mineral mix AIN-93G. c: Vitamin mix AIN-93G. NOC: normal rats fed an AIN-93G-modified basal diet, DMC: diabetic rats fed an AIN-93G-modified basal diet, DMP: diabetic rats fed a basal diet supplemented with 5% non-extractable fraction of dried persimmon (NEP) instead of cellulose.
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