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Abstract

:

Ginseng is one of the most popular traditional Chinese medicines that have been widely used in China and other Asian countries for thousands of years. Ginsenosides are the unique bioactive saponins occurring in ginseng, and their biological activities have been extensively investigated. A large amount of ginseng residue is produced as waste product due to its applications in manufacturing functional food products, even though it may still contain bioactive components. Thus, the objective of this study was to investigate the hypoglycemic activities of American ginseng extraction residue (AmR) via fermentation with Ganoderma lucidum. Our results showed that the total phenolic contents and β-glucosidase activity of AmR profoundly increased after fermentation with G. lucidum. In 3T3-L1 adipocytes, stimulation of glucose uptake by treatment with AmR was not significant, while fermented AmR (FAmR) exhibited insulin-like glucose-uptake-stimulatory effects. Importantly, the hypoglycemic effects of FAmR were positively associated with the amount of the deglycosylated minor ginsenosides Rg1, Rg3, and compound K. Taken together, our current findings suggest that bioconversion of AmR by fermentation with G. lucidum may be a feasible and eco-friendly approach to developing a functional ingredient for the management of diabetes, while also resolving the problem of ginseng waste.
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1. Introduction


Ginseng, the root of a plant in the genus Panax, is one of the most popular Chinese herbal medicines. The most recognized species of ginseng include Panax ginseng C.A. Meyer, known as Asian ginseng or Korean ginseng, and Panax quinquefolius L., commonly known as American ginseng. American ginseng roots are a popular dietary supplement in the United Sates, and statistical data have shown that American ginseng is 5–10 times more expensive than Asian ginseng on the market [1]. Ginsenosides, a series of tetracyclic triterpenoid saponins, are the major bioactive compounds in ginseng. These unique saponins can be categorized into two groups according to their structures: protopanaxatriols, and protopanaxadiols. With the R1, R2, and R3 groups bearing different glycosides, Rb1, Rc, compound K (CK), and Rg3 are protopanaxadiols, while protopanaxatriols include Re, Rg1, and Rg2 [2]. The structures of ginsenosides are given in Figure 1.



Accumulated data have shown that ginsenosides possess a broad spectrum of biological activities, such as antioxidant, anti-inflammatory, and neuroprotective effects, as well as the prevention of metabolic diseases, cardiovascular disease, and cancer [3,4,5,6,7]. Among these health-promoting effects, the antidiabetic effects of ginsenosides have been reported in both in vitro and in vivo studies [8]. In 3T3-L1 preadipocytes, the ginsenoside Re promoted glucose uptake through activation of translocation of GLUT4, upregulation of PPAR-γ2, IRS-1, and adiponectin, and inhibition of the TNF-α-mediated inflammatory response [9]. Similarly, the ginsenoside Rg1 significantly facilitated GLUT4 translocation to promote glucose uptake through activation of AMPK expression in the insulin-resistant differentiated C2C12 muscle cells. In addition, antidiabetic effects of ginsenosides have been demonstrated in different animal models. In an animal model of high-fat-diet-induced type 2 diabetes, administration of the ginsenoside Rb1 profoundly attenuated the level of fasting blood glucose, and enhanced glucose tolerance and insulin sensitivity through the suppression of 11β-hydroxysteroid hydrogenase type I [10]. In a type 2 diabetic mouse model, the ginsenoside Rg3 was able to stimulate glucagon-like peptide-1 (GLP-1) secretion through sweet taste receptor signaling, and reduced the blood glucose level via insulinotropic action [11]. Moreover, the therapeutic potential of American ginseng in the management of type 2 diabetes has also been reported in clinical trials [12,13].



The ginsenosides Rb1, Rb2, Rc, Re, and Rg1 account for more than 80% of the total ginsenosides. However, accumulated data have shown that the biological activities of the minor ginsenosides Rd, Rg3, and CK are superior to those of the major ginsenosides [14,15]. As a result, it is crucial to prepare the minor ginsenosides by transforming the major ginsenosides. Recent studies have developed several transformation methods to increase the biological activities of the ginsenosides, such as steaming, acid hydrolysis, and enzymatic and microbial bioconversion [16]. Microbial bioconversion methods are more convenient, efficient, and environmentally friendly for obtaining minor ginsenosides in comparison to physical and chemical approaches. For instance, the ginsenosides Rb1 and Rg1 were successfully converted to CK and F1 after fermentation with soil Cladosporium cladosporioides [17]. Edible fungi were also able to convert Rb1 to CK, Rh2, and F2 [16].



Along with ginseng, lingzhi (Ganoderma lucidum) is also a popular traditional Chinese medicine. Many studies have reported that G. lucidum possesses a broad spectrum of biological activities, such as immunomodulatory, antioxidant, hypoglycemic, antitumor, and anti-inflammatory activities [18]. In addition its beneficial effects on health, G. lucidum can produce an array of ligninolytic enzymes that synergistically degrade lignin [19].



In many Asian countries, large amounts of ginseng residue are produced as waste products due to its applications in manufacturing functional food products (e.g., ginseng drink), even though it still contains bioactive components. Thus, utilization of ginseng residues for potential applications is a subject of interest that provides possible solutions for waste management. Research has shown that the ethanolic extract of red ginseng marc exhibits anti-inflammatory effects by regulating IgA and IgE production after fermentation with Bacillus subtilis and Saccharomyces cerevisiae, suggesting that fermented red ginseng marc could be a natural resource used in the functional food industry [20]. Previously, we have investigated the biotransformation of ginsenosides in American ginseng extraction residue (AmR) by G. lucidum, as well as the determination of bioactive ginsenosides affected by different fermentation conditions of G. lucidum grown on AmR [21]. The results showed that the levels of Rg1, Rg3, and CK increased, while those of Re, Rb1, and Rc declined after fermentation with G. lucidum. In this study, the 3T3-L1 adipocytes were used to evaluate whether AmR exhibited hypoglycemic activity after fermentation with G. lucidum.




2. Materials and Methods


2.1. Chemicals and Reagents


Antibiotic–antimycotic solution, Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), bovine serum albumin (BSA), and trypsin-EDTA were purchased from Gibco (Grand Island, NY, USA). Dexamethasone, insulin, 3-isobutyl-1-methylxanthine, p-nitrophenyl-β-D-galactoside, and p-nitrophenol were sourced from Sigma (St. Louis, MO, USA). Folin–Ciocalteu phenol reagent was purchased from Merck (Darmstadt, Germany). 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG) was purchased from Invitrogen (Waltham, MA, USA). The ginsenosides Re, Rg1, Rb1, Rc, Rg3, and Rh2 were purchased from Advantage Chemical Co. (Taichung, Taiwan). CK was sourced from Tauto Biotech (Shanghai, China).




2.2. Materials


American ginseng extraction residue was obtained from a local food company. AmR fermentation products were prepared using G. lucidum (BCRC37066) from the Bioresource Collection and Research Center (Hsinchu City, Taiwan). The fermentation method was carried out as described in our previous study [21]. In brief, G. lucidum was first cultivated in malt extract agar supplemented with 2% ginseng residue at 25 °C for 7 days, and then subsequently seeded in AmR at 1% (low inoculation, L), 5% (medium inoculation, M), and 10% (high inoculation, H) inoculum quantities for incubation at 25 °C for 4 (L4, M4, and H4), 8 (L8, M8, and H8), or 13 (L13, M13, and H13) days. The extraction of ginsenosides from unfermented AmR and G. lucidum-fermented AmR (FAmR) were described previously [21]. Briefly, the sample (1 g) was extracted with 80% methanol by agitation at 50 °C for 1 h. The supernatant was collected, and the solvent and moisture were removed under vacuum. The dried extract was dissolved in water and partially purified using a Sep-Pak C18 cartridge (Phenomenex, Torrance, CA, USA). Quantification of ginsenosides was carried out as described in our previous study [21].




2.3. Total Phenol Content Determination


The content of total phenolic compounds was spectrophotometrically determined using a modified Folin–Ciocalteu colorimetric method [22]. In brief, 50 µL of AmR or FAmR was mixed with 1 mL of Folin–Ciocalteu reagent, and then 2.5 mL of 20% sodium carbonate was added. After 20 min, the wavelength at 735 nm was measured. The results were expressed as milligrams of gallic acid equivalents (GAE) per 1 g of sample.




2.4. Glucosidase Activity


The method for the determination of β-glucosidase was modified from the work of Matsuura and Obata [23]. The G. lucidum-fermented AmR was lyophilized with a freeze-drier and then homogenized into a fine powder. A total of 50 mg of the powder was mixed with 5 mL of 0.1 M phosphate-buffered saline (PBS, pH 6.0) and centrifuged at 5000× g for 20 min. The supernatant was mixed with 1 mM p-nitrophenyl-β-D-galactoside and incubated at 30 °C for 30 min. Subsequently, the reaction was interrupted by the addition of 2 mL of 0.5 M Na2CO3, and the absorbance was determined at a wavelength of 420 nm. Meanwhile, a calibration curve of p-nitrophenol was prepared in order to determine enzyme activity. A unit (U) was defined as the amount of β-glucosidase that would liberate 1 µM p-nitrophenol/min under the experimental conditions. The results are expressed as U/g of sample.




2.5. Cell Culture and Glucose Uptake


Murine 3T3-L1 preadipocytes were purchased from the Bioresource Collection and Research Center (Hsinchu City, Taiwan). The cells were grown in DMEM supplemented with 10% FBS, 4 mM L-glutamine, and 1% antibiotic–antimycotic solution (10,000 units of penicillin/mL and 10 mg of streptomycin/mL) in a 10 cm dish at 37 °C under a humidified atmosphere containing 5% CO2. For differentiation of 3T3-L1 preadipocytes, the cells were seeded into a 12-well plate at a density of 6000 cells/well and then incubated for 3 days. When the cells were confluent, they were incubated in the differentiation medium containing 0.5 mM 3-isobutyl-1-methylxanthine, 0.25 mM dexamethasone, 1 µM insulin, 10% fetal bovine serum, 4 mM glutamine, and 1% antibiotic–antimycotic solution. After 3 days, the cell medium was removed and replaced with the differentiation medium containing 1 µM insulin, 10% fetal bovine serum, 4 mM glutamins1e, and 1% antibiotic–antimycotic solution for an additional 2 days. Thereafter, the cells were incubated in the original propagation DMEM for 3 days. Each well was examined under the microscope to identify whether the cells had become adipocytes, which are round and full of easily distinguishable fat globules.



After differentiation, the cells were washed three times with the Krebs–Ringer HEPES (KRH) buffer composed of 0.5% BSA. Next, the cells were treated with AmR, FAmR, or ginsenosides in the presence and absence of 10 nM insulin dissolved in KRH buffer, which was allowed to proceed for 30 min at 37 °C. For measurement of glucose transport, 1 mM glucose and 0.1 mM 2-NBDG were added. After 20 min at 37 °C, glucose uptake was terminated by washing the cells with ice-cold PBS three times. Subsequently, the cells were digested with the lysis buffer containing Triton X-100, 10% glycerol, 100 µM glycerophosphate, 10 mM NaF, and 1 mM sodium pyrophosphate, and then the fluorescence intensity (excitation wavelength of 485 nm and emission wavelength of 525 nm) was measured using a microplate reader (Bio-Tek, Atlanta, GA, USA).




2.6. Statistical Analysis


Data are expressed as the mean ± S.D. from a minimum of three experimental replicates. Statistically significant differences were detected using Student’s t-test. A significant difference was considered when p < 0.05. Pearson’s correlation coefficients were estimated in order to assess the relationships between the capacity for glucose uptake and the total contents of minor ginsenosides.





3. Results


3.1. Total Phenolic Contents of AmR and FAmR


Although our previous study showed that the fermentation of AmR with G. lucidum significantly changed the levels of Rg1, Re, Rb1, Rc, Rg3, and Rh2 [21], information regarding other bioactive compounds in AmR and FAmR is still lacking. To characterize the AmR and FAmR used in glucose uptake in 3T3-L1 cells, the total phenolic contents of AmR and FAmR were quantified. AmR contained 6.3 mg of GAE/g of sample, while H4 contained the most phenolic compounds, with 8.9 mg of GAE/g of sample (Figure 2). It is noteworthy that the total phenolic contents were significantly affected by the inoculum quantity. The phenolic content of FAmR at 10% inoculation for 4 days was significantly higher than that at 1% and 5% inoculation for 4 days. However, fermentation periods did not significantly affect the phenolic contents of FAmR.




3.2. Glucosidase Activity


In this study, AmR and FAmR were screened for β-glucosidase activity. Before fermentation, the β-glucosidase activity of AmR was 0.12 U/g of sample (data not shown), while the activity of FAmR was 3.42 U/g of sample at 10% inoculation for 13 days. At 10% inoculation for 13 days, the enzyme activity of β-glucosidase was significantly higher than that at fermentation for 4 and 8 days. Similarly, at 1 and 5% inoculation for 13 days, the enzyme activity was higher than that at inoculation for 4 and 8 days. Altogether, β-glucosidase activity was positively associated with the fermentation time, regardless of inoculation quantity (Figure 3).




3.3. Glucose Uptake of 3T3-L1 Adipocytes


In the preliminary test, the cells were incubated with 1, 10, or 100 nM insulin for 30 min, followed by determination of 2-NBDG uptake. Figure 4 shows that the glucose uptake induced by 1 nM insulin was not significant, while significant increases were observed at 10 and 100 nM. The uptake of 2-NBDG induced by 10 and 100 nM insulin showed 1.35- and 1.95-fold increases relative to the vehicle group, respectively. Since exposure of adipocytes to 10 nM insulin was sufficient for stimulation of 2-NBDG uptake, this dose was used for evaluating the insulin-mediated 2-NBDG uptake activity of ginsenosides, AmR, and FAmR.



Before evaluating the hypoglycemic effects of AmR and FAmR, their cytotoxicity in 3T3-L1 adipocytes was tested. The results showed that AmR and FAmR did not cause significant cytotoxicity when their treatment concentrations were below 200 ppm (data not shown). The effects of 200 ppm AmR and FAmR on 2-NBDG uptake in the presence or absence of insulin are shown in Figure 5. The unfermented AmR did not significantly stimulate glucose uptake in the absence of 10 nM insulin, while the 2-NBDG uptake significantly dropped in the presence of 10 nM insulin. Upon fermentation for 4, 8, and 13 days, the 2-NBDG uptake of FAmR at 1% inoculation was 128%, 135%, and 132% higher than that of the vehicle group without the presence of 10 nM insulin, respectively. When the adipocytes were treated with FAmR at 5% inoculation for incubation for 8 and 13 days, the 2-NBDG uptake significantly increased as compared to the vehicle group in the absence of insulin (p < 0.05). Similarly, elevation of the 2-NBDG uptake of FAmR at 10% inoculation was positively associated with increased fermentation time in the absence of 10 nM insulin (Figure 5c). At 10% inoculation, the 2-NBDG uptake of FAmR at 8 days and 13 days was 132% and 145% higher than that of the vehicle group, respectively (p < 0.05). Finally, FAmR did not stimulate glucose uptake in the presence of 10 nM insulin, regardless of inoculation quantity and incubation days. Instead, AmR and FAmR L8 and H13 significantly reduced glucose uptake activities with the presence of insulin.



Since ginsenosides are among the most important bioactive compounds in ginseng, and our previous study also demonstrated that fermentation with G. lucidum significantly affects the levels of Rg1, Re, Rb1, Rc, Rg3, CK, and Rh2 in AmR [21], their abilities in terms of 2-NBDG uptake were also compared in this study. In this study, the adipocytes were treated with different concentrations of ginsenosides in the presence or absence of 10 nM insulin, and their abilities in terms of 2-NBDG uptake were compared (Figure 6). In the absence of insulin, 0.1 and 1 µM Rg1 and Rb1 caused significant stimulation of 2-NBDG uptake in 3T3-L1 cells (Figure 6). It is noteworthy that Re, Rc, Rg3, and CK significantly stimulated 2-NBDG uptake only at the concentration of 1 µM without the presence of insulin treatment. The elevation of 2-NBDG uptake by Rh2 was not significant in the absence of insulin treatment. With the presence of 10 nM insulin, Rg1, Rc, Rg3, and Rb1 did not cause significant increases in 2-NBDG uptake, while only 1 µM Re and Rh2 significantly stimulated 2-NBDG uptake. Taken together, most of the tested ginsenosides significantly stimulated 2-NBDG uptake in the absence of insulin, whereas only Re and Rh2 elevated 2-NBDG uptake in the presence of 10 nM insulin.



In our previous study, the quantities of the minor ginsenosides Rg1, Rg3, and CK profoundly increased after fermentation with G. lucidum, especially at high inoculation quantities [21]. In this study, the percentages of minor ginsenosides of AmR during fermentation are given in Table 1. Formation of Rg3 was significantly elevated after fermentation with G. lucidum, regardless of inoculation quantity. At medium and high inoculation quantities, Rg1 levels significantly increased after fermentation with G. lucidum.



Due to the fact that only FAmR stimulated glucose uptake in the absence of insulin, and that levels of Rg1, Rg3, and CK—the minor ginsenosides found in AmR—increased after fermentation with G. lucidum, the correlation between the amount of minor ginsenosides in FAmR and their activity on the stimulation of glucose uptake in the absence of insulin were evaluated. The total amounts of Rg1, Rg3, and CK in FAmR were positively associated with their activities in the stimulation of glucose uptake in adipocytes (R2 = 0.5578, p = 0.0131) (Figure 7).





4. Discussion


Ginsenosides are regarded as the main components responsible for the bioactivity of ginseng. The main saponins include Rb1, Rb2, Re, and Rc, which comprise 80–90% of total ginsenosides. However, these naturally occurring glycosylated ginsenosides are poorly absorbed due to their large molecular size and poor permeability across the cell membrane [24,25]. In contrast, Rg3, CK, and Rd are the minor deglycosylated ginsenosides that exhibit higher pharmacological activity than the major ginsenosides. In our previous study, a microbial bioconversion approach was developed to convert ginsenosides in AmR via the fermentation of G. lucidum [21]. The results showed that the amounts of major ginsenosides in AmR—including Re and Rc—profoundly decreased, while the amounts of the minor ginsenosides Rg1, Rg3, and CK increased after incubation with G. lucidum. Likewise, microbial bioconversion of the major ginsenoside Rb1 to the minor ginsenoside Rd was also successfully developed using Indian fermented food bacteria [26]. In addition, the red ginseng extract was also converted to CK by fermentation with Saccharomyces cerevisiae HJ-014 [15]. The minor ginsenosides, which are present in low levels or absent in ginseng, can be produced by hydrolyzing the sugar moieties of major ginsenosides. Previous research has shown that glycoside-containing ginsenosides are the substrate to be hydrolyzed by β-glucosidase [27,28]. Importantly, hydrolysis of protopanaxadiol and protopanaxatriol by glycosidases has been comprehensively summarized previously [29]. For instance, the major ginsenosides Rc and Rb1 can be hydrolyzed by β-glucosidase to form Rg3 and CK, while enzymatic hydrolyzation of Re by β-glucosidase and α-rhamnosidase can produce Rg1. The present study also shows that the β-glucosidase activity of AmR profoundly increased after incubation with G. lucidum (Figure 3). Therefore, increases in the levels of minor ginsenosides—including Rg1, Rg3, and CK—of AmR after fermentation with G. lucidum are, at least in part, due to the cleavage of sugar moieties of the major ginsenosides Re, Rg1, and Rb1 by β-glucosidase. Altogether, microbial conversion using G. lucidum may serve as a feasible and eco-friendly bioconversion method for the production of minor ginsenosides.



In this study, the effects of the fermented products of ginseng residues on glucose uptake in 3T3-L1 adipocytes were examined in order to explore whether FAmR could serve as a viable new functional ingredient in the management of diabetes. The present study demonstrates that FAmR—especially at 5% and 10% inoculation—significantly stimulated glucose uptake in adipocytes without the presence of insulin, whereas unfermented AmR did not significantly enhance glucose uptake (Figure 5). Since ginsenosides are the main bioactive saponins in ginseng, their activities in glucose uptake were measured in this study. In the absence of insulin, Rb1, Rg1, Re, Rc, Rg3, and CK profoundly stimulated glucose uptake, whereas elevation of glucose uptake was not significantly affected by treatment with Rh2 (Figure 6). Similar results have been reported in 3T3-L1 adipocytes and C2C12 myotubes [30,31,32]. Both Rg1 and CK significantly enhanced glucose uptake in adipocytes, which is partly associated with GLUT4 translocation and activation of AMP-activated protein kinase (AMPK) and the phosphatidylinositol 3-kinase (PI3K) signaling pathway [30]. In addition, Rg3 and Re markedly improved glucose uptake via GLUT4 translocation involved with the expression of PI3K and insulin receptor substrate 1 (IRS-1) [31]. In 3T3-L1 adipocytes and C2C12 myotubes, Rb1 significantly improved basal and insulin-mediated glucose uptake in a dose-dependent manner, by promoting the translocation of GLUT1 and GLUT4 [32]. Recently, the therapeutic potential of ginsenosides in the management of diabetes has been comprehensively summarized, wherein the molecular targets mainly involved GLUTs, TNF-α, interleukin 6, caspase-3, bcl-2, the STAT5-PPAR γ pathway, the PI3K/Akt pathway, the AMPK-JNK pathway, and the NF-κB pathway [33,34]. Taken together, the hypoglycemic activity of FAmR found in the present study seems to have originated, at least in part, from its bioactive ginsenosides.



In this study, percentages of the minor ginsenosides in AmR and FAmR—including Rg1, Rg3, and CK—were calculated (Table 1). After fermentation with G. lucidum, Rg1 and Rg3 levels in FAmR significantly increased in comparison to those in AmR. The percentage of Rg1 + Rg3 + CK in AmR was only 1.85%, while their percentages were above 25% after fermentation with G. lucidum. Since stimulation of glucose uptake by treatment with FAmR significantly increased in comparison to AmR, and minor ginsenosides in AmR—especially Rg1 and Rg3—were elevated after fermentation, the correlation between the total amount of Rg1 + Rg3 + CK in FAmR and their glucose uptake activities was analyzed. A positive correlation (R2 = 0.5578) found between the total amounts of Rg1 + Rg3 + CK of FAmR and their glucose uptake activities implies that the minor deglycosylated ginsenosides might play an important role in the hypoglycemic effect of FAmR.



The present findings also show that the total phenolic contents of FAmR increased after fermentation with G. lucidum. A similar study has also reported that the total phenolic contents and antioxidative activities of red ginseng marc after fermentation with Saccharomyces cerevisiae and Bacillus subtilis were higher than those from unfermented red ginseng marc [20]. Meanwhile, the fermented red ginseng also exhibited antioxidant activity in streptozotocin-induced diabetic rats, elevating the activities of superoxide dismutase, catalase, glutathione peroxidase, and glutathione reductase, as well as reducing lipid peroxidation [35]. Recently, the polyphenol composition in different parts of ginseng has been comprehensively identified, wherein the major phenolic compounds occurring in ginseng roots included coumaric acid, chlorogenic acid, protocatechuic acid, gentisic acid, and hydroxybenzoic acid [36]. Moreover, rutin, resveratrol, naringin, naringenin, and hesperetin were also present in ginseng. Thus, total phenolic contents in AmR significantly increased after fermentation with G. lucidum, possibly due to increased production of these phenolic compounds. However, the formation of new phenolic compounds in AmR during fermentation with G. lucidum could not be ruled out in this study. Due to the fact that therapeutic potentials of these phenolic compounds occurring in ginseng against diabetes have been summarized previously [37,38,39], the hypoglycemic effect of FAmR found in this study might be from the result of increased production of polyphenol compounds.



In this study, the adipocytes were also treated with AmR and FAmR in the presence of 10 nM insulin to test whether they could improve insulin-mediated glucose uptake. Despite the positive outcome of glucose uptake stimulation with the treatment of FAmR in the absence of insulin, the present findings indicate that both AmR and FAmR were unable to stimulate glucose uptake in the presence of 10 nM insulin. These results suggest that AmR and FAmR have no additive or synergistic effects with insulin. On the other hand, AmR and FAmR L8 and H13 significantly reduced glucose uptake activity in the presence of insulin (Figure 5). Similar results were also found for ginsenosides (Figure 6); at a concentration of 0.1 µM, the ginsenosides Rg1, Re, Rg3, CK, and Rh2 significantly inhibited glucose uptake in the presence of insulin. A previous study showed similar results to the present findings observed in 3T3-L1 adipocytes, where the uptake of 2-deoxyglucose was significantly stimulated by treatment with a cinnamon water extract (CE). However, stimulation of glucose uptake by treatment with high concentrations of CE (0.3 and 0.4 mg/mL) was profoundly reduced in the presence of 50 nM insulin, indicating that CE predominated over insulin in the control of glucose uptake [40]; these results suggest that CE may compete with insulin at some points along the insulin-mediated signaling pathway. In addition, an extract of Lagerstroemia speciosa (banaba) also exhibited insulin-like glucose-uptake-stimulatory effects in the absence of insulin. However, in combination with insulin, stimulation of glucose uptake by banaba was profoundly diminished in a dose-dependent manner [41]. Banaba may interact with a protein factor that participates in the insulin-mediated glucose transport signaling pathway, or may structurally alter the conformation of a protein factor, subsequently inhibiting the glucose uptake signal initiated from insulin–insulin receptor binding.



Moreover, emerging data suggest that ginsenosides act as AMPK activators in the management of obesity and diabetes [31,34,42]. However, AMPK activators may inhibit insulin-mediated glucose uptake in adipocytes. 5-Aminoimidazole-4-carboxamide ribonucleoside (AICAR) is an AMPK activator that promotes glucose uptake in 3T3-L1 cells without the presence of insulin, whereas AICAR significantly reduces insulin-stimulated glucose uptake [43,44]. In adipocytes, insulin-stimulated glucose uptake is used anabolically to produce fatty acids and triacylglycerols for export to other tissues. Under the conditions of cellular stress by which AMPK is activated, insulin-mediated glucose uptake in adipocytes is inhibited to conserve ATP used in fatty acid and triacylglycerol synthesis. Unlike adipocytes, it is noteworthy that AICAR-mediated AMPK stimulation promotes glucose uptake to provide ATP as fuel in skeletal muscles. A similar study also showed the negative regulatory effect of quercetin on controlling insulin-mediated glucose homeostasis in 3T3-L1 adipocytes via AMPK-mediated mechanisms [45]. Taken together, further studies are required in order to demonstrate whether bioactive compounds occurring in FAmR—especially ginsenosides—can interfere with insulin-stimulated glucose uptake in adipocytes by competing with insulin, interacting with protein factors, or activating AMPK-mediated pathways.




5. Conclusions


Ginseng is a traditional Chinese medicine that has been widely used in China and other Asian countries for thousands of years. In many Asian countries, large amounts of ginseng residue are produced as waste products, due to its applications in manufacturing functional products, even though it still contains bioactive components. In this study, the β-glucosidase activity of AmR profoundly increased as a result of fermentation with G. lucidum. The production of the minor deglycosylated ginsenosides Rg1, Rg3, and CK in AmR after fermentation with G. lucidum was, at least in part, associated with the cleavage of sugar moieties of the major ginsenosides Re, Rg1, and Rb1 by β-glucosidase. In addition, the total phenolic contents of AmR significantly increased after fermentation with G. lucidum. In 3T3-L1 adipocytes, FAmR exerted insulin-like glucose-uptake-stimulatory effects, whereas stimulation of glucose uptake by treatment with AmR was not significant. The hypoglycemic effects of FAmR were positively associated with increased production of the minor ginsenosides Rg1, Rg3, and CK, as well as with total phenolic contents. Altogether, bioconversion of AmR by fermentation with G. lucidum may be a feasible and eco-friendly approach to not only resolve the problem of ginseng waste, but also develop a functional ingredient for the management of diabetes.
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Figure 1. Structures of ginsenosides. (a) Protopanaxadiol and (b) protopanaxatriol. 
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Figure 2. Total phenolic contents of AmR and FAmR. Data are expressed as gallic acid equivalents/g of sample. AmR was incubated with low (L), medium (M), or high (H) inoculation quantities of G. lucidum, and then fermented for 4, 8, or 13 days. Each value represents a minimum of three experimental replicates. Data are expressed as the mean ± S.D., and were analyzed by one-way ANOVA and Duncan’s multiple range test. Within the same fermentation day, different letters of the alphabet represent significant differences (p < 0.05). AmR denotes American ginseng extraction residue. L4, L8, and L13 denote low inoculation quantities with fermentation for 4, 8, and 13 days, respectively. M4, M8, and M13 denote medium inoculation quantities with fermentation for 4, 8, and 13 days, respectively. H4, H8, and H13 denote high inoculation quantities with fermentation for 4, 8, and 13 days, respectively. 
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Figure 3. The activity of β-glucosidase activity in FAmR. AmR was incubated with low, medium, or high inoculation quantities of G. lucidum, and then fermented for 4, 8, or 13 days. Data are expressed as the mean ± S.D. from three experimental replicates; * and # denote statistical significance in comparison to groups D4 and D8, respectively, as determined by Student’s t-test (p < 0.05). L4, L8, and L13 denote low inoculation quantities with fermentation for 4, 8, and 13 days, respectively. M4, M8, and M13 denote medium inoculation quantities with fermentation for 4, 8, and 13 days, respectively. H4, H8, and H13 denote high inoculation quantities with fermentation for 4, 8, and 13 days, respectively. 






Figure 3. The activity of β-glucosidase activity in FAmR. AmR was incubated with low, medium, or high inoculation quantities of G. lucidum, and then fermented for 4, 8, or 13 days. Data are expressed as the mean ± S.D. from three experimental replicates; * and # denote statistical significance in comparison to groups D4 and D8, respectively, as determined by Student’s t-test (p < 0.05). L4, L8, and L13 denote low inoculation quantities with fermentation for 4, 8, and 13 days, respectively. M4, M8, and M13 denote medium inoculation quantities with fermentation for 4, 8, and 13 days, respectively. H4, H8, and H13 denote high inoculation quantities with fermentation for 4, 8, and 13 days, respectively.



[image: Fermentation 07 00297 g003]







[image: Fermentation 07 00297 g004 550] 





Figure 4. The effects of insulin on the stimulation of glucose uptake in 3T3-L1 adipocytes. Cells were treated with different concentrations of insulin for 30 min. The 2-NBDG uptake by untreated cells was taken as 1.0. Data are expressed as the mean ± S.D. from three experimental replicates; * denotes statistical significance in comparison to the vehicle group, as determined by Student’s t-test (p < 0.05). 
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Figure 5. The effects of AmR and FAmR on the stimulation of glucose uptake in 3T3-L1 adipocytes, with or without the presence of 10 nM insulin. The 2-NBDG uptake by untreated cells was taken as 1.0. Cells were treated with FAmR at (a) low (L), (b) medium (M), or (c) high (H) inoculation quantities for 4, 8, or 13 days. Data are expressed as the mean ± S.D. from a minimum of three experimental replicates; * denotes statistical significance in comparison to the basal vehicle group, as determined by Student’s t-test (p < 0.05); # denotes statistical significance in comparison to the insulin-treated vehicle group, as determined by Student’s t-test (p < 0.05). AmR denotes American ginseng extraction residue. L4, L8, and L13 denote low inoculation quantities with fermentation for 4, 8, and 13 days, respectively. M4, M8, and M13 denote medium inoculation quantities with fermentation for 4, 8, and 13 days, respectively. H4, H8, and H13 denote high inoculation quantities with fermentation for 4, 8, and 13 days, respectively. 
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Figure 6. The effects of the ginsenosides (a) CK, (b) Rb1, (c) Rc, (d) Re, (e) Rg1, (f) Rg3, and (g) Rh2 on the stimulation of glucose uptake in 3T3-L1 adipocytes, with or without the presence of 10 nM insulin (Ins). The 2-NBDG uptake by untreated cells was taken as 1.0. Data are expressed as the mean ± S.D. from a minimum of three experimental replicates; * and ** denote statistical significance in comparison to the basal vehicle group, as determined by Student’s t-test (p < 0.05 and p < 0.01, respectively); # and ## denote statistical significance in comparison to the insulin-treated vehicle group, as determined by Student’s t-test (p < 0.05 and p < 0.01, respectively). 
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Figure 7. Correlation between the amount of ginsenosides Rg1, Rg3, and CK and the 2-NBDG uptake of FAmR in the absence of insulin. 
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Table 1. Percentage of ginsenoside contents of AmR during fermentation with G. lucidum.
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Percentage of the Sum of Seven Ginsenosides




	

	
Rg1

	
Rg3

	
CK






	
AmR

	
0.00 ± 0.00

	
1.69 ± 0.25

	
0.16 ± 0.03




	
L4

	
0.00 ± 0.00

	
11.41 ± 0.43 **

	
0.00 ± 0.00 **




	
L8

	
7.71 ± 10.91

	
14.89 ± 1.63 **

	
0.07 ± 0.10




	
L13

	
9.31 ± 12.69

	
17.15 ± 5.19 **

	
0.10 ± 0.14




	
M4

	
0.00 ± 0.00

	
13.05 ± 0.91 ***

	
0.00 ± 0.00 **




	
M8

	
0.20 ± 0.35

	
21.98 ± 2.76 **

	
0.43 ± 0.39




	
M13

	
14.39 ± 4.19 *

	
18.78 ± 1.56 ***

	
2.09 ± 0.83




	
H4

	
1.35 ± 2.33

	
10.97 ± 1.35 **

	
0.00 ± 0.00 **




	
H8

	
2.09 ± 0.55 *

	
26.20 ± 5.50 *

	
0.57 ± 0.70




	
H13

	
10.88 ± 1.23 **

	
17.39 ± 2.90 *

	
1.88 ± 1.75








Data are expressed as the mean ± S.D (n = 3). Asterisks denote statistically significant differences in comparison to AmR, as determined by Student’s t-test (* p < 0.05, ** p < 0.01, *** p < 0.001). The seven ginsenosides used were Rb1, Rg1, Re, Rc, Rg3, CK, and Rh2; they were analyzed via HPLC, and both the analytical methods and the HPLC profiles have been published [21]. AmR denotes American ginseng extraction residue. L4, L8, and L13 denote low inoculation quantities with fermentation for 4, 8, and 13 days, respectively. M4, M8, and M13 denote medium inoculation quantities with fermentation for 4, 8, and 13 days, respectively. H4, H8, and H13 denote high inoculation quantities with fermentation for 4, 8, and 13 days, respectively.
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