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UPLC-TOF/MS-based metabolomics reveals the chemical changes and in vitro biological effects in fermentation of white ginseng by four probiotics
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Microbial fermentation is a useful method for improving the biological activity of Chinese herbal medicine. Herein, we revealed the effects of solid-state fermentation by Lactiplantibacillus plantarum, Bacillus licheniformis, Saccharomyces cerevisiae, Eurotium cristatum and multiple strains on total flavonoid content, total phenol content, as well as antioxidants, α-amylase inhibitory activities and α-glucosidase inhibitory activities in white ginseng (WG). Metabolite differences between non-fermented and fermented WG by different probiotics were comprehensively investigated using ultra-performance liquid chromatography time-of-flight mass spectrometry (UPLC-TOF-MS). Results showed that the total flavonoid content, ferric reducing antioxidant power, scavenging activities of DPPH radical and ABTS radical, α-amylase inhibitory activities and α-glucosidase inhibitory activities of WG were considerably enhanced after processing by solid-state fermentation in all strains. The total phenol content was increased by E. cristatum and B. licheniformis fermentation, but decreased by L. plantarum, S. cerevisiae and multi-strain fermentation. Additionally, E. cristatum exhibited stronger biotransformation activity on WG compared to other strains. Significant differential metabolites were mainly annotated as prenol lipids, carboxylic acids and derivatives, flavonoids, polyphenols, coumarins and derivatives. Correlation analysis further showed that changes of these metabolites were closely related to antioxidant and hypoglycemic effects. Our results confirmed that fermentation of WG by different probiotics has distinct effects on biological activities and metabolite composition, and indicating fermentation as an important novel strategy to promote components and bioactivities of WG.
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Introduction

The ginseng root of Panax ginseng C.A. Meyer from a perennial plant, one of the most traditional medicines in East Asia, was widely used as an ingredient for functional foods and health promoting owing to its various active components (Dong et al., 2019; Yoon et al., 2020; Jin et al., 2021). According to the different manufacturing processes, ginseng can be divided into four types: white ginseng (WG), tae-geuk ginseng (TG), red ginseng (RG) and black ginseng (BG) (Zhang et al., 2012; Lee et al., 2018; Yoon et al., 2020). Saponin, flavonoid and polysaccharide content in different types of ginseng varied with the distinct processing methods. Traditionally, WG is produced by dehydrating raw ginseng in sunlight, which is considered to be a relatively mild method and has the specific function of quenching thirst (Pang et al., 2016; He et al., 2018). The main biological activity components of ginseng are saponins, flavonoids, amino acids and other nutrients. Interestingly, previous study revealed that the content of total saponins and monomer saponins Rg1, Re, Rb1and Rc in WG were significantly higher than RG and BG, and the total flavone content in WG was higher than RG (Shibata, 2001; Wu et al., 2015). Furthermore, the water extract of WG contains carbohydrate with specific structure and composition, and its polysaccharide was mainly starch-like glucans, which had a strong anti-obesity effect on obese mice (Zhou et al., 2020). Altogether, these results indicate that WG is a desirable source of medicinal substances.

Saponins are the main characteristic components of ginseng, which are condensates of isoprene units with isoprenol as the mother nucleus (Fahy et al., 2005). The main ginsenosides in ginseng, such as Rb1, Rb2, Rd., Re and Rg1, account for more than 80%, which have low pharmacological activity and little absorption in the human body (Kim et al., 2012). Recently, many researchers have focused on the use of microorganisms and enzymes to strengthen biological activities and the utilization rate of effective ingredients of ginseng (e.g., anti-fatigue, anti-oxidation, anti-aging, anti-allergy, anti-diabetes and improving immunity) by converting ginsenosides into smaller deglycosylated forms, generating rare ginsenosides, and increasing the content of active substances (Yu et al., 2017; Wang et al., 2020). Ginsenoside Rb1 could be hydrolyzed to minor ginsenosides Rd. and Rg3 by fermentation with Lentilactobacillus buchneri (Renchinkhand et al., 2022). In addition, the fermentation of red ginseng with Lactiplantibacillus plantarum could transform ginsenoside Rb2 and Rb3 into Rd., which enhanced the antioxidant activity of RG (Jung et al., 2017). Furthermore, fermentation with Saccharomyces cerevisiae could dramatically increase the antioxidant activity of BG compared with non-fermentation group (Jung et al., 2019).

As well-known probiotics, L. plantarum and Bacillus licheniformis are widely used as a starter culture in various food fermentation processes, such as yogurt, pickled vegetables and Chinese liquor making, contributing to improve food quality and sensory properties (Behera et al., 2018; Wang et al., 2021; Chen and Yu, 2022). L. plantarum produces abundant enzymes, such as β-glucosidase, amylase and proteinase, which aided the increase of phenol content in smoothies and soy after fermentation (Lee and Bae, 2019; Managa et al., 2021). Similarly, B. licheniformis fermentation significantly increased phenol and pyrazine content in soybean meal, owing to its extracellular enzyme activity (Dai et al., 2022). These results suggest that fermentation by L. plantarum and B. licheniformis is an effective process to improve nourishing and functional food ingredients. S. cerevisiae, is one of the most important microbial species with superior fermentation performance, which is a prerequisite across a range of industries such as baking, brewing, traditional fermented food (Eldarov et al., 2016). Eurotium cristatum has been reported to play an important role in the “flowering” process of Fu brick tea, its rich enzymes exhibit a strong biological transformation ability on a variety of plant substrates, such as tea, soybean dregs, ginkgo seeds, etc. (Chen et al., 2020; An et al., 2021; Zou et al., 2021).

In present work, the four probiotics (E. cristatum, L. plantarum, B. licheniformis and S. cerevisiae) and a mixture of these strains were selected to ferment WG. The effect of the total phenol content, flavonoids content, antioxidant potential and hypoglycemic activity of fermented WG with these four strains compared to unfermented WG were evaluated. We used an untargeted metabolomics approach to further analyze changes in metabolite profiles in fermented WG with different strains, and elaborate the correlation between metabolites and biological activities. The purpose of this study was to establish an effective processing technology for strengthening the biological activity of WG, and provide novel insights into the microbial metabolism and bioconversion of ginseng products.



Materials and methods


Chemicals and reagents

Gallic acid, 2,2-azinobis(3-ethylbenzothiazoline-6-sulphonicacid) (ABTS), 2,2-diphenyl-1-picrylhydrazyl (DPPH), potassium peroxodisulfate, ferrous sulphate hepta-hydrate, 2,4,6-tripyridyl-s-triazine (TPTZ), α-amylase, α-glucosidase and p-nitrophenyl-β-D-glucoside (ρNPG) were purchased from Solarbio Bioscience & Technology Co., Ltd. (Shanghai, China). All other chemicals and reagents (e.g., acarbose, disodium phosphate, potassium dihydrogen phosphate, sodium carbonate, biodegradable organic carbon, a sole iron precursor, soluble starch, hydrogen chloride, ethanol, methanol, caustic soda, 3,5-dinitrosalicylic acid, potassium sodium tartrate, phenol and sodium sulphite) used in this study were analytical grade. Fresh ginseng was purchased from a supermarket in Tonghua city, Jilin Province, China.



Strains and cultivation

The fungus Eurotium cristatum, previously isolated from Anhua dark tea in our laboratory, was cultivated on potato glucose agar medium (PDA, potato powder 0.6% (w/v), glucose 2% (w/v), and agar 2% (w/v)). Bacillus licheniformis and Saccharomyces cerevisiae were isolated and purified from fermented grains of Guizhou Guijiu Co., Ltd. (Guiyang, China), which were cultivated on Lennox broth liquid medium (LB, peptone 1% (w/v), NaCl 1% (w/v) and yeast extract 0.5% (w/v)) and PDA medium, respectively. Lactiplantibacillus plantarum was isolated and purified from the sour soup (Kaili, Guizhou) and cultivated on Man Rogosa Sharpe medium (MRS, peptone 1% (w/v), beef powder 0.8% (w/v), yeast powder 0.4% (w/v), glucose 2% (w/v), dimethyl hydrogen phosphate 0.2% (w/v), diammonium hydrogen citrate 0.2% (w/v), sodium acetate 0.5% (w/v), magnesium sulfate 0.05% g (w/v), manganese sulfate 0.004% (w/v), tween 80 1.5% (v/v) and agar 1.5% (w/v)).

E. cristatum and S. cerevisiae were inoculated in PDA medium, cultured at 30°C for 6 d and 24 h, respectively. The bacteria L. plantarum and B. licheniformis were inoculated in MRS solid medium and LB solid medium, followed by incubation at 37°C for 18 h and 30°C for 24 h, respectively. Before inoculation, microbial cells were washed thrice with sterile water, and suspensions were adjusted to 4 × 106 spore/ml, 7.3 × 107 CFU/ml, 1 × 107 CFU/ml and 1 × 107 CFU/ml by using a blood cell count board, respectively. The number of spores or cells of strains were obtained according to extensive preliminary experiments that focused on the estimation of strain growth characteristics and antioxidant activity of WG, which are not shown in this study.



Solid-state fermentation of WG

WG was prepared by washing fresh ginseng, dehydrating in sunlight, and smashed with a grinder. Next, 20 g of WG powder was added to 300 ml Erlenmeyer flask and autoclaved at 115°C for 30 min. After cooling to room temperature, E. cristatum, L. plantarum, B. licheniformis, S. cerevisiae and multiple strains (5% v/w) were directly inoculated in WG for solid-state fermentation, and cultivated at 30°C for 6 d. Samples were referred to as EP, LP, BP, SP and MP, respectively. The uninoculated sterilized WG powder served as control, named PP.



Solvent-extract preparation

WG products were dried in an air oven at 35°C for 3 d, crushed using a pulverizer and sieved through 10 mm mesh. Subsequently, 20 g of WG sample was added in 200 ml beaker, extracted thrice with 75% (v/v) ethanol by ultrasound (solid–liquid ratio is 1:8, soaked for 12 h), before being filtered and collected. Next, the sample was placed in a 35°C rotary evaporation instrument to obtain the extract, which was then stored in a 4°C refrigerator for subsequent analysis.



Bioactivity assays


Total flavonoid content assay

The total flavonoid content of WG extracts was estimated by aluminum chloride method as described with a few modifications (Liu et al., 2020; Syed Salleh et al., 2021). The flavonoid content of WG extract was calculated using a rutin calibration curve (20, 10, 5, 2.5, 1.25, 0.625 and 0.3125 mg/ml). Briefly, 250 μl of sample was mixed with 125 μl NaNO2 (5%, w/v), the mixture was vortexed and left at room temperature for 6 min before the addition of 125 μl of Al (NO3)3 (10%, w/v), mixed for 6 min. Next, 1 ml NaOH (1%, w/v) was added to the solution and incubated for 15 min. The reaction was monitored by reading the absorbance at 510 nm. Total flavonoid content was expressed as rutin equivalents (mg/GAE g).



Total phenol content assay

The Folin–Ciocalteu method was used to determine the total phenol content in WG extracts as described with some modifications (Ainsworth and Gillespie, 2007). Briefly, 125 μl of sample was added to 50 μl Folin–Ciocalteu reagent and vortexed, before being incubated in the dark for 2 min. Subsequently, 500 μl sodium carbonate solution (10%, w/v) and 250 μl distilled water were added and mixed. Total phenol content was quantified at 750 nm reaction at 40°C for 30 min in a water bath in the dark. Total phenol content was expressed as gallic acid equivalents (mg/GAE g) referring to the gallic acid calibration curve (0.4, 0.2, 0.1, 0.05, 0.025, 0.0125 and 0.00625 mg/ml).



FRAP assay

A FRAP assay was performed according to Benzie and Lee with minor modifications (Benzie and Strain, 1996; Lee et al., 2021). The reducing capacity of WG extracts was calculated referring to the iron sulfate calibration curve (6.4, 3.2, 1.6, 0.8, 0.4 and 0.2 mg/ml) and expressed as the FRAP value (millimoles Fe (II) per gram sample). Simply, 5 μl of different concentrations of extract sample in 50% (v/v) methanol (4, 3, 2, 1, 0.5 and 0.25 mg/ml) were added to 180 μl acidic FRAP reagent (the reaction mixture was prepared by mixing 200 ml of 300 mM acetate buffer, pH 3.6, 20 ml of 10 mM TPTZ in 40 mM HCl, and 20 ml of 20 mM FeCl3). Next, the mixed solution was incubated at 37°C for 10 min, and the reaction was monitored by reading the absorbance at 593 nm.



ABTS radical scavenging activity assay

ABTS radical scavenging activity was monitored as previously described with slight modifications (Di Cagno et al., 2019; An et al., 2021). First, 7 mmol/l ABTS and 2.45 mmol/l K2S2O8 solution were mixed in equal volume (v:v) and incubated at room temperature for 16 h in the dark. Before use, the solution was diluted with anhydrous ethanol to reach an absorbance value of 0.70 (± 0.02) at 734 nm. Briefly, 50 μl of different concentrations of extract sample in 50% (v/v) methanol (5, 4, 3, 2, 1, 0.5 and 0.25 mg/ml) were mixed with 195 μl of ABTS solution. Samples were then kept in the dark for 6 min at room temperature before the reaction was monitored by microplate reader at 517 nm. The ABTS scavenging ability was calculated as a percentage as follows:
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where A1 is the absorbance of the sample, A2 is the absorbance of the control, and A3 is the absorbance of the blank.



DPPH radical scavenging activity assay

The DPPH radical scavenging activity was measured as previously described with slight modifications (Zhang et al., 2014; Wu et al., 2017). Briefly, 100 μl of different concentrations of extract sample in 50% (v/v) methanol (6, 5, 4, 3, 2, 1 and 0.5 mg/ml) were mixed with 100 μl of 0.2 mM DPPH ethanolic solution. Samples were then incubated in the dark for 30 min at room temperature and the reaction was monitored by reading the absorbance at 517 nm. DPPH scavenging ability was calculated as a percentage as follows:
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where A1 is the absorbance of the sample, A2 is the absorbance of the control, and A3 is the absorbance of the blank.



Inhibition assays of samples on α-amylase

The antidiabetic potential of WG extracts was evaluated using an in vitro α-amylase inhibitory assay as previously described with minor changes (Prasad et al., 2019). Simply, 100 μl of the sample extract in distilled water (1, 0.5, 0.25, 0.125, 0.0625, 0.03125 and 0.015625 mg/ml) was added to 100 μl of 1 unit/ml α-amylase. The mixture was then incubated at 37°C in a water bath for 10 min followed by addition of 100 μl of 1% starch (w/v) in distilled water before further incubation in a 37°C water bath for 10 min. Finally, 50 μl of 1% DNS was added and heated in a water bath for 5 min. The solution was cooled to room temperature and the sample absorbance was measured at 540 nm. Acarbose was used as positive control. The α-amylase inhibitory rate was calculated as a percentage as follows:
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where A4 is the absorbance of the sample, A3 is the absorbance of the experimental background, A2 is the absorbance of the control, and A1 is absorbance of the blank.



Inhibition assays of samples on α-glucosidase

The ability of WG extracts to inhibit α-glucosidase activity was assessed according to a previously described protocol with slight changes (Purnomo et al., 2021). Firstly, 20 μl the different sample extracts in distilled water (20, 16, 12, 8, 4, 2 and 1 mg/ml) were added to 100 μl of 0.1 unit/ml α-glucosidase and the mixture was incubated in a 37°C water bath for 10 min followed by addition of 50 μl of 5 mmol/l ρNPG. The mixture was further incubated for 10 min at 37°C. Finally, the assay reaction was terminated by adding 0.1 M, 100 μl sodium carbonate. All samples were measured at 405 nm and corresponding absorbances were noted. Acarbose was used as a positive control. The α-glucosidase inhibitory rate was expressed as a percentage and calculated as follows:

[image: image]

where A4 is the absorbance of the sample, A3 is the absorbance of the experimental background, A2 is the absorbance of the control, and A1 is the absorbance of the blank.




Metabolomics analysis

The sample preparation process was the same as in Section 2.4. Sample metabolites were analyzed on a UHPLC-triple TOF system from B SCIEX. Compounds were separated on an ACQUITY UPLC HSS T3 column (100 mm × 2.1 mm, 1.8 μm) (Waters, Milford, USA). The sample injection volume was 10 μl, the column temperature was maintained at 40°C and the total separation time for chromatographic analysis was set as 16 min. Mobile phase A was 95% water +5% acetonitrile (0.1% formic acid in water) and mobile phase B was 47.5% acetonitrile +47.5% isopropanol +5% water (0.1% formic acid in water). The flow rate was set to 0.4 ml/min and the gradient program was as follows: 100% A (0–0.5 min), 75% A (0.5–2.5 min), 0% A (2.5–13 min), and 100% A (13–16 min). Sample mass spectrum signal acquisition was collected in positive and negative ion scanning modes. Optimum parameters for MS were set as follows: the mass range were set at m/z 50 ~ 1,000; the ion source gas1 and gas2 were both set at 50 psi with temperature of 550°C; the Ion Spray Voltage Floating was −4,000 V in negative mode and 5,000 V in positive mode. For metabolomic data analysis, the raw data were imported into the metabolomics software Progenesis QI (Waters Corporation, Milford, USA) for processing and identification of characteristic peaks according to the methods of Shi et al. (2020).



Statistical analysis

All experiments were performed three times, and data were analyzed with GraphPad Prism 7 and IBM SPSS Statistics 23. For UPLC-TOF-MS analysis, principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA) were performed by using ropes (R packages) version1.6.2. Regarding results obtained using the PLS-DA model, the different metabolites between groups were identified according to the value (value >1) of variable importance in the projection (VIP), t-test analysis (p < 0.05) for the fold-change (FC) analysis (FC > 2 or < 0.5). Person correlation analysis between the functional characteristics and chemical constituents of WG samples were performed by ropls (R packages) and the heatmap was drawn using scipy (Python).




Results


Phenolic and flavonoid content

Here, the flavonoid content during the fermentation of WG by different probiotics was measured. The standard curve regression equations for rutin and gallic acid were y = 0.0515x + 0.0453 (R2 = 0.999 8), y = 9.1001x + 0.1698 (R2 = 0.999 0), respectively. Where y is absorbance and x is the rutin and gallic acid concentration in mg/ml. The phenolic and flavonoid content of EP, LP, BP, SP and MP are shown in Table 1. Compared to PP (1.17 ± 0.11 mg/g), the flavonoid content of EP (3.81 ± 0.27 mg/g), MP (2.84 ± 0.26 mg/g) and SP (2.04 ± 0.16 mg/g) were significantly increased (p < 0.05) by 3.26-, 2.43- and 1.74-fold, respectively. Moreover, total flavonoid content in the WG of LP and BP also showed an upward trend, but these were no significant differences.



TABLE 1 Effect of different fermentation group on the flavonoid and phenolic content.
[image: Table1]

Compared to PP (0.85 ± 0.01 mg/g), the total phenol content of BP (0.89 ± 0.02 mg/g) was improved, but that in MP, SP and LP decreased. Interestingly, we found that the total phenol content of WG was significantly increased after E. cristatum fermentation (EP group, 0.97 ± 0.02 mg/g). These data showed that fermentation of E. cristatum increased total flavonoid and total phenol content in WG compared to L. plantarum, B. licheniformis, S. cerevisiae and the mixed group.



Measurement antioxidant activities of WG extracts

The DPPH method was used to evaluate the antioxidant activity of WG in vitro, the percentage of remaining DPPH against the extract concentration was plotted (Figure 1A). We found that the scavenging ability of DPPH radicals in WG extracts of the LP, SP, EP, MP and BP groups improved in a dose-dependent manner compared to the control (PP). The DPPH radical scavenging capacity of EP and MP was close to 1 mg/ml of ascorbic acid, and the DPPH radical scavenging rate was over 90% at 4 mg/ml of WG extracts. Importantly, when the concentration of the extract reached 6 mg/ml, the DPPH radical scavenging rate of EP and MP was close to 100%. These data showed that the DPPH radical scavenging ability of WG was improved by fermentation of B. licheniformis, S. cerevisiae, E. cristatum, L. plantarum and mixed probiotics. Remarkably, fermentation of E. cristatum and mixed group showed a significantly improved DPPH radical scavenging rate within the measured concentration range.

[image: Figure 1]

FIGURE 1
 DPPH radicals scavenging activities (A); ABTS radicals scavenging activities (B) and ferric reducing antioxidant power (C). Data are reported as the mean value ± standard deviation of three replicates.


The effect of ABTS radical scavenging activity of different groups in vitro was shown in Figure 1B. We found that as the sample concentration increased ABTS free radical scavenging ability also increased in a dose-dependent manner. Compared to PP, both microbial fermentation groups (BP, SP, EP, LP and MP) improved the ABTS free radical scavenging ability of WG. Interestingly, EP and MP groups showed increased ABTS radical scavenging compared to other groups, with a scavenging rate close to 100% at 4 mg/ml.

The FRAP method was used in this work to evaluate the effect of microbial fermentation on the reducing power of the extracts of WG. As shown in Figure 1C, the total reducing power of LP, SP, EP and MP groups were significantly increased (p < 0.05) at different concentrations compared to the control group. Consistent with the above results, total reducing power increased in the EP and MP groups compared to the other groups, with absorbance at 0.5–20 mg/ml ranging from 0.062–0.488 and 0.056–0.485, respectively. These data indicated that microbial fermentation was an ideal method to improve the antioxidant activity of WG products. Moreover, within the measured concentration range, E. cristatum and multi-strain fermentation performed better.



Inhibitory effect of extracts on the activity of α-amylase and α-glucosidase

The inhibitory activity of α-amylase was improved in fermented WG groups compared to the control PP group (Figure 2A). The most potent effect was observed at the highest dose, while the lower concentrations of 0.015625–0.25 mg/ml revealed minimum inhibition in SP, MP, LP and BP groups. Furtherly, α-amylase inhibition was most prominent in the EP group compared to the SP, MP, LP and BP groups but all inhibition activity was dose-dependent. Moreover, we found that E. cristatum fermented WG showed increased α-amylase inhibition compared to acarbose at lower concentrations of 0.125 mg/ml, with the inhibition rate of α-amylase reaching 99.86% at high concentrations (0.5–1 mg/ml). We further determined the effects on α-glucosidase inhibition (Figure 2B) and found that α-glucosidase inhibition increased in WG samples in a dose-dependent manner. Similarly, the α-glucosidase inhibitory activity of PP, EP and BP groups were from 19.76 to 82.15% at the range of 1–20 mg/ml with no significant differences. Interestingly, the inhibition effect of WG on α-glucosidase was enhanced by fermentation with L. plantarum, S cerevisiae and multiple strains.

[image: Figure 2]

FIGURE 2
 The α-amylase inhibitory effects (A); α-glucosidase inhibitory effects (B). Data are reported as the mean value ± standard deviation of three replicates.




Overview of metabolomics analysis

We also used a UHPLC triple TOF high-resolution system, based untargeted metabolomics, to reveal changes in the chemical components of WG fermented by different probiotics in positive and negative ion mode. Ion features with a relative standard deviation greater than 30% were excluded, a total 1,472 compounds were identified (Supplementary Table 1). Subsequently, 817 and 655 variables in the positive and negative modes of the mass spectra were imported to the software for PCA, respectively. In the score plot, 65.6 and 64.8% of the statistical values in the metabolite data were explained by the first two dimensions in the modes of positive and negative ionization, respectively (Figures 3A,B). During fermentation with different strains, LP, SP, BP and PP metabolites were concentrated in one quadrant, while the MP and EP groups were distributed in different quadrants under the positive and negative ion mode, which indicated that the microbial fermentation could effectively alter the metabolic characteristics of WG. PLS-DA was further performed to investigate the metabolite profiles of fermented and unfermented WG, and the data were shown in Figures 3C,D. The results showed that Q2 value was greater than 0.5, and the difference between R2Y and Q2Y was no more than 0.2 in the positive ionization mode, as well as negative ionization mode, indicating good quality of our models. The PLS-DA models showed little discrimination in the metabolic fingerprint of the fermentation in SP, BP and LP groups, but a clear separation was observed in the PLS-DA score plots between EP and MP groups. These indicated that the PLS-DA model was reliable and could be applied to further identify differential metabolites between groups.

[image: Figure 3]

FIGURE 3
 Principal component analysis (PCA) for the significantly differentially expressed metabolites (A,B). Partial least squares discriminant analysis (PLS-DA) for the significantly differentially expressed metabolites (C,D). Clustering analysis of WG sample (E); Classification of all of the detected metabolites. The columns represent 11 groups of WG and each row indicates the same metabolite. The color-coded scale grading from red to blue represents the relative content of metabolites from high to low, respectively (F).


To further reveal the dynamic alterations in the metabolites of different groups, a cluster analysis of metabolites was carried out (Figure 3E). The results showed that the overall metabolite content in EP group significantly changed compared to the PP control group, but not in the LP, SP, MP and BP groups. A total of 1,056 compounds were identified and annotated in the Human Metabolome Database compound classification (Figure 3F; Supplementary Table 2). These compouds could be categorized into 21 different classes, including prenol lipids (205, 19.41%); carboxylic acids and derivatives (174, 16.48%); fatty acyls (153, 14.49%); organooxygen compounds (106, 10.04%); glycerophospholipids (82, 7.77%); steroids and steroid derivatives (57, 5.4%); benzene and substituted derivatives (28, 2.65%); indoles and derivatives (19, 1.8%); phenols (14, 1.33%); glycerolipids (11, 1.04%); organonitrogen compounds (11, 1.04%); cinnamic acids and derivatives(10, 0.95%); flavonoids (10, 0.95%); coumarins and derivatives (9, 0.85%); quinolines and derivatives (9, 0.85%); sphingolipids (8, 0.76%); lactones (7, 0.66%); purine nucleosides (7, 0.66%); benzopyrans (6, 0.57%); hydroxy acids and derivatives (6, 0.57%) and others (124, 11.74%).



Analysis of differential metabolite

One of the aims of this work was to identify the effect of WG metabolites by different probiotics fermentation. Based on the PLS-DA model, differentially expressed metabolites were selected between pairwise comparisons of the five groups according to the following three conditions: VIP value ≥1, p < 0.05, and fold-change ≥2 or ≤ 0.5. As shown in Figures 4A–E and Supplementary Table 3, compared to the unfermented group, the largest number of significant metabolites were selected in E. cristatum fermented WG with a total of 372 metabolites, including 235 upregulated and 137 downregulated metabolites (EP vs. PP). L. plantarum fermentation resulted in 66 differentially expressed metabolites, with a similar number of upregulated and downregulated metabolites (LP vs. PP). B. licheniformis fermentation only resulted in 27 differentially expressed metabolites, of which 14 were upregulated and 13 were downregulated (BP vs. PP). S. cerevisiae fermentation resulted in 96 differentially expressed metabolites, of which 65 metabolites were upregulated and 31 were downregulated (SP vs. PP). Multi-strain mixed fermentation resulted in 178 metabolites being significantly changed (MP vs. PP) with the number of downregulated metabolites (137) being greater than the number of upregulated metabolites (41). We observed that prenol lipids, carboxylic acids and derivatives, flavonoids, polyphenols, coumarins and its derivatives were the main metabolites in the different fermentation groups, which displayed an important role in the medicinal efficacy of WG.
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FIGURE 4
 Volcano plot for significant differentially expressed metabolites of (A) LP vs. PP; (B) BP vs. PP; (C) SP vs. PP; (D) EP vs. PP; (E) MP vs. PP.



Prenol lipids

In this work, we focused on the the changes in different ginsenosides during fermentation by four probiotics. As shown in Supplementary Table 4, 16 and 40 saponins were detected in the positive and negative ion mode, respectively. We observed that L. plantarum, S. cerevisiae, B. licheniformis and multi-strain mixed fermentation had little effect on saponins transformation, whereas E. cristatum exhibited a stronger biotransformation effect. Additionally, 34 saponins in EP group were downregulated, and 5 were upregulated, which indicated that most saponins in WG fermented by E. cristatum showed a decreasing trend, such as Ginsenoside Ra1, Vinaginsenoside R16, Vinaginsenoside R3, Ginsenoside C, Ginsenoside Re, Ginsenoside Rg5, Ginsenoside F2, Ginsenoside B2, Vinaginsenoside R17, Ginsenoside Rh3, Tragopogonsaponin B, Ginsenoside Mc, Cynarasaponin C and Ginsenoside Rf. Interestingly, in the negative ion mode, Cynarasaponin F (C41H64O14, RT = 3.6793, m/z = 801.4078) was significantly increased by 6.1-fold (p < 0.05), while Cynarasaponin C (C42H66O14, RT = 3.7301, m/z = 815.4217) was significantly downregulated by 12.5-fold. We speculated that Cynarasaponin C may be converted into Cynarasaponin F by glycosidase secreted by E. cristatum. Unfortunately, their pharmacological activity is rarely reported.



Carboxylic acids and derivatives

Data obtained in this investigation showed that carboxylic acid and its derivatives accounted for a large proportion of metabolites, including glycerophosphocholines, amino acid, peptides and its analogues, lineolic acids and its derivatives, fatty acids and their conjugates. In the classification of carboxylic acids and derivatives, a total of 30 amino acids, peptides and analogues were screened. Serylhistidine, N-acetyl-L-glutamic acid, Alanyl-Lysine and Seryllysine increased by 539.46-, 198.63-, 65.32- and 18.39-fold in the EP group, respectively. Glutathione has strong antioxidant activity, and we found that its contents were significantly upregulated in EP, SP, MP groups by 3.6-, 1.6- and 4.26-fold, respectively. Similarly, the content of S-(1,2-dicarboxyethyl)glutathione, a derivative of glutathione, increased in all fermentation groups, which indicated that microbial fermentation also displayed an important role on the conversion of carboxylic acids and derivatives in WG.



Flavonoids and polyphenols

A total of 13 flavonoids were detected ain the positive and negative ion mode of MS mass spectrometry. L. plantarum, S. cerevisiae, B. licheniformis, E. cristatum and mixed strains fermentation had different effects on the content of flavonoids in WG. (S)-Pinocembrin, (−)-Naringenin and Beta-D-Glucosyloxydestruxin B contents were increased in LP and SP groups. The compound 3-Hydroxyflavone content was increased in SP and MP. However, the compound Alpha-Rhamnorobin content was decreased in LP, SP, MP and BP groups. Compared with other strains, the fermentation of E. cristatum has the greatest influence on the changes of flavonoids metabolites in WG (3 flavonoids were downregulated and 10 were upregulated). Chrysoeriol (C16H12O6, RT = 4.5783, m/z = 301.0699) is a natural dietary methoxyl flavonoid with an increase of 3.01 times in EP group. Pelargonidin (C16H12O6, RT = 5.6131, m/z = 269.0456) is a natural compound widely found in fruits, which exerts antioxidant, anti-atherosclerosis, anti-inflammatory, anti-hyperglycemia and anti-diabetes effects, increased by 2.45 times in EP group (Lee and Bae, 2019; Guo et al., 2020).

In addition, we compared the differential phenolic metabolites in EP and PP groups, which demonstrated that most monophenolic metabolites appeared a downward trend due to the fermentation of E. cristatum, including Vanillin, Cardanoldiene, 6-Gingerol, 2,5-Dimethoxy-4-(2-propenyl)phenol, Sinapyl alcohol, Normetanephrine and Acetaminophen. However, Polyphenols metabolite showed the opposite trend, such as Pyrocatechol (increased by 3.71 times in EP group), which indicated that some monophenols might be converted into polyphenolic compounds by the secreted enzymes of E. cristatum during fermentation.



Coumarin and its derivatives

A total of 11 coumarins and derivatives were identified in both positive and negative ion mode. Compared with unfermented WG (PP group), the number of differential metabolites detected in LP, BP, SP, MP and EP was 1, 2, 3, 4, 5, respectively. This result indicated the coumarin metabolites in WG were the most affected by the fermentation of E. cristatum. In EP group, 8 compounds were upregulated, including Gravelliferone, (R)-Marmin, Trans-grandmarin, Exo-dehydrochalepin, Byssochlamic acid, Xanthotoxol arabinoside and Aesculetin. Among them, (R)-Marmin, Gravelliferone and Byssochlamic acid were significantly increased by 119.55, 9.77 and 6.22 times, respectively. The upregulation of these components could improve the biological activity of WG.




Correlation between biological activity and metabolites

Correlation coefficients between metabolites and biological activities (DPPH, ABTS, FRAP, α-amylase inhibition and α-glucosidase inhibition) were shown with heat maps (Figure 5; Supplementary Table 5). Our results indicated that there was a strong correlation between the bioactivities of WG extracts and their metabolite compositions. Some metabolites, such as 6-Gingerol, Methionyl-Aspartate, Seryllysine, (S)-Pinocembrin, Methionyl-Aspartate, Homocapsaicin, Beta-D-Glucosyloxydestru Xin B, Alanyl-Lysine, (R)-Marmin, Pelargonidin, Kaempferol 3-O-arabinoside, Cis-[8]-shogaol, Alpha-Rhamnorobin, Gravelliferone, N-acetyl-L-glutamic acid, Glutathione, S-(1,2-dicarboxyethyl)glutathione, 3-Hydroxyflavone and Pyrocatechol exhibited positive correlations with the DPPH radical scavenging rate, ABTS radical scavenging rate, FRAP reducing power and α-amylase inhibition rate. However, saponins and monophenolic metabolites like Vanillin, Notoginsenoside H, Sonchuionoside C, Notoginsenoside A, Soyasapogenol C, Quasiprotopanaxatriol, and 2,5-Dimethoxy-4-(2-propenyl) phenol exhibited strong negative correlations with DPPH radical scavenging rate, ABTS radical scavenging rate and FRAP reducing power. Interestingly, some of saponins, including Vinaginsenoside R16, Ginsenoside Rg5, Ginsenoside Rg3, Licoricesaponin G2, Xanthotoxol arabinoside, Ginsenoside Ra1, Ginsenoside Rf, Vinaginsenoside R12, Sanchinoside B1, Ginsenoside Rh3, Vinaginsenoside R3, Ginsenoside Re, Notoginsenoside K, Notoginsenoside B, Cyclopassifloside III and Aesculetin were negatively correlated with α-amylase inhibition, whereas these compounds were positively correlated with α-glucosidase inhibition.
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FIGURE 5
 A correlation analysis between fermented WG metabolites and bioactivities was conducted to determine metabolites that potentially contribute to bioactivity.





Discussion

Many chronic diseases, including type 2 diabetes, are related to oxidative stress caused by excessive free radicals in the body. In addition, α-amylase and α-glucosidase can breakdown carbohydrates in food into absorbable monosaccharides in vivo, causing high blood glucose levels. Therefore, natural inhibitors of α-amylase and α-glucosidase from Chinese herbal medicine are excellent potential treatments for diabetes (Oboh et al., 2015; Ríos et al., 2015; Riyaphan et al., 2018; Obafemi et al., 2019). Microbial fermentation is an ideal method for improving the antioxidant and hypoglycemic effects of Chinese herbal medicine. In this work, compared with unfermented WG, the whole fermentation groups, including L. plantarum, B. licheniformis, S. cerevisiae, E. cristatum and multi-strain fermentation increased the antioxidant activity and hypoglycemic effects of WG in different degrees. Similar findings were consistent with our results. S. cerevisiae fermented BG had increased DPPH radical scavenging activity than unfermented WG (Jung et al., 2017). Microbial fermentation significantly increased the inhibitory activities of α-glucosidase and α-amylase in blueberry juice (Zhong et al., 2021). However, few studies that improve the inhabitation of α-amylase and α-glucosidase in Chinese herbal medicine by microbial fermentation were reported. Thus, we believe that microbial fermentation is an excellent method to develop WG related products.

Flavonoids and phenolics, are important secondary metabolites in Chinese herbal medicine, exhibit great antioxidant activity through scavenging free radical (Mosca et al., 2018; Fraga et al., 2019; Destani et al., 2020). In this work, we found that the content of flavonoids and phenolics in WG fermented by four probiotics were significantly different, and E. cristatum exhibited the best performance. Most phenolics and flavonoids exist in insoluble bound forms that are covalently bound to the cell-wall structure components. During solid-state fermentation, microbes could secrete abundant hydrolytic enzymes (e.g., amylases, cellulase, β-glucosidase and protease) to catalyze the hydrolysis of covalent bonds between cell-wall structure components and insoluble bound phenolics or flavonoids, thereby releasing phenolics and flavonoids (Bei et al., 2017; Chen et al., 2020; Xiao et al., 2021). Herein, we believed that the different hydrolases secreted by the four strains resulted in the difference in content and composition of flavonoids and phenolics in WG.

UPLC-TOF-MS was performed to reveal the effect of probiotics fermentation on metabolite composition in WG. Compared with unfermented group, we identified significant differential metabolites in fermented WG by L. plantarum, B. licheniformis, S. cerevisiae and multiple strains, including purine nucleotides, amino acids, peptides and analogues. These metabolites are mainly involved in the growth and metabolism of the microbial strains. Interestingly, these compounds showed a significant positive correlation with ABTS radical scavenging rate, DPPH radical scavenging rate, ferric reducing antioxidant power, and α-amylase inhibitory activity, which indicated that these changed metabolites are responsible for improving the antioxidant and hypoglycemic effects of WG. However, L. plantarum, B. licheniformis, S. cerevisiae and multiple strains fermentation had little effect on WG original chemical composition. Different fermentation methods may influence the conversion of compounds of culture substrates. Previous research reported that RG fermented liquid by L. plantarum, the ginsenoside Rg3, Rh2 and Rh1 content increased while ginsenoside Rg2, Rf, Re and Rb1 decreased (Kim et al., 2010). In addition, Lentilactobacillus buchneri URN103L was found to hydrolyze major ginsenoside Rb1 into minor ginsenosides Rd. and Rg3 by liquid fermentation (Jung et al., 2019). In this work, we speculated that L. plantarum, B. licheniformis and S. cerevisiae had less of a propagation on solid WG substrates, and the growth of E. cristatum was inhibited by other strains in multiple fermentation. All these factors resulted in insufficient secreted enzymes to completely transform the composition of WG. Probably, these strains were more suitable for fermentation under liquid state to obtain complete biotransformation.

Compared to other strains, the solid-state fermentation of E. cristatum showed stronger modification and transformation to WG components, due to its strong adapt ability, which allowed the mycelia to grow rapidly on WG substance. At the same time, rich enzymes (i.e., β-glucosidase, α-amylase, protease, pectinase and cellulase) and various active metabolites can be secreted by E. cristatum (Xiao et al., 2021). Some metabolites of WG were significantly changed by fermentation of E. cristatum, such as Pelargonidin, Homocapsaicin, Cis-[8]-shogaol, Pyrocatechol, Glutathione, S-(1,2-dicarboxyethyl)glutathione, 3-Hydroxyflavone and (R)-Marmin, which exhibited positive correlations with antioxidant capacity and hypoglycemic effects of WG. However, most saponins showed a downward trend after fermentation by E. cristatum in WG, such as Ginsenoside Rh3, Ginsenoside Mc, Ginsenoside Rf, Ginsenoside Ra1, Ginsenoside C, Ginsenoside Re, Ginsenoside Rg5, Ginsenoside F2, Ginsenoside B2 and Ginsenoside Rh3, which showed positive correlations with the inhibition of α-amylase, while exhibited strong negative correlations with the inhibition of α-glucosidase. Similarly, the solid-state fermented Panax notoginseng by Aspergillus cristatus reduced the contents of ginsenosides Rb1, Rb2, Rc and Rd. (Lee et al., 2021). Our results showed that the fermentation of E. cristatum leaded to the degradation of saponins in WG, and the hypoglycemic effect can be improved by changing the saponin contents.

As a dominant fungus in the fermentation process, the quantity of E. cristatum is important criteria for evaluating the quality of Fu brick tea (Xiao et al., 2022). E. cristatum contains abundant secondary metabolites, such as emodin methyl ether, chrysophanol and emodin, etc., which had significant inhibitory effects on the α-glucosidase activity (Li et al., 2022). Cristatumin F, one of the major bioactive components in E. cristatum, showed the modest radical scavenging activity against DPPH radicals (Zou et al., 2014). These findings indicated the potential of E. cristatum for enhancement of health effect of WG. In present study, E. cristatum fermentation increased the total flavonoid content, the phenolic content, the antioxidant activity and hypoglycemic effects of WG. These results further confirmed that E. cristatum was a probiotic strain suitable for fermentation and transformation of Chinese herbal medicine.

In conclusion, we proposed that microbial fermentation was an effective method to improve the biological activity of WG. Furthermore, our data provide new insights into the pharmacological effects and processing of WG.
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