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The gut microbiota (GM) is involved in the metabolism of glycosides and is beneficial for enhancing their bioactivity. However, the metabolism of multi-glycosides by the GM under normal and pathological conditions is unclear. In this study, the total glycosides (TG) of the traditional Chinese medicine (TCM) formula Qiwei Baizhu Powder (QWBZP) were extracted to represent a multi-glycoside system. Ultra-high-performance liquid chromatography quadrupole time-of-flight tandem mass spectrometry (UHPLC-Q-TOF-MS/MS) was used to rapidly identify the components and in vitro metabolites of QWBZP-TG. The metabolic profiles of QWBZP-TG in the GM of normal and diarrheal mice were also compared. A total of 68 compounds and seven metabolites were identified in the QWBZP-TG and metabolic samples, respectively. Deglycosylation was the main metabolic pathway of in vitro multi-glycoside metabolism. Liquiritin apioside, isoliquiritin apioside, liquiritin, protopanaxadiol (PPD)-type, and oleanane (OLE)-type ginsenosides were relatively easy to metabolize by the GM. At first, the deglycosylation capability of the GM of normal mice was superior to that of diarrheal mice, but the deglycosylation capability of diarrheal mice gradually recovered and produced abundant deglycosylation metabolites. In conclusion, deglycosylation metabolites may be the bioactive components of QWBZP. Glycoside-bacteria interaction may be a key mechanism for QWBZP to therapy diarrhea.
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INTRODUCTION
Glycosides are widely distributed in herbal medicines and exert a wide range of pharmacological activities, including anti-inflammatory, antimicrobial, antipyretic, antidiarrheal, antidiabetic, and antitumor effects (Bartnik and Facey, 2017). However, the bioavailability of glycosides is extremely poor owing to the presence of a saccharide group. Secondary glycosides and/or aglycones, which are less polar and can be absorbed into the bloodstream, primarily influence the therapeutic direction (Bartnik and Facey, 2017; Xu et al., 2017). The traditional Chinese medicine (TCM) formula comprises multiple Chinese materia medica and is often extracted by water to generate a decoction for use in clinical practice. As polar glycosides occur widely in decoctions, the TCM formula is a natural multi-glycoside system.
Qiwei Baizhu Powder (QWBZP), which is composed of Atractylodis Macrocephalae Rhizoma (15 g), Ginseng Radix et Rhizoma (7.5 g), Poria (15 g), Puerariae Lobatae Radix (15 g), Aucklandiae Radix (6 g), Pogostemonis Herba (15 g), and Glycyrrhizae Radix et Rhizoma (3 g), is an ancient TCM formula for the treatment of diarrhea. It is now widely used for treating gastrointestinal diseases, including irritable bowel syndrome and ulcerative colitis (Peng et al., 2014). We have previously reported that QWBZP improves antibiotic-associated diarrhea by regulating the intestinal microecology and exerting anti-inflammatory effects (Hui et al., 2020; Long et al., 2020). Although many beneficial effects have been reported, the actual bioactive components of QWBZP are still not well understood. Ginsenoside Rb1 and Rd have been reported to improve carbachol-induced hyperperistalsis in the small intestine (Hashimoto et al., 2003). Glycyrrhizic acid exerted ameliorative effects on colitis by inhibiting the enterotoxin of Escherichia coli, improving the pathological changes of colon tissue, and reducing the expression of pro-inflammatory factors and chemokines (Chen et al., 2009). Puerarin, 3′-hydroxypuerarin, daidzin, and daidzein are the active components of pueraria with antidiarrheal effects (Huang et al., 2010). Consequently, we speculated that glycosides mediate the antidiarrheal effects of QWBZP.
The gut microbiota (GM) plays a pivotal role in drug metabolism. It has been reported that the contribution of the GM to drug metabolism is up to 70%, which is higher than that of the host (Zimmermann et al., 2019a). Accumulating evidence supports that the GM-mediated metabolism is key to the pharmacodynamic activities of glycosides. The gut microbiome encodes an enormous number of glycoside hydrolases that cleave glycosidic bonds within glycosides and produce secondary glycosides and/or aglycones (Koppel et al., 2017; Lin et al., 2019). Liu et al. (2019) and Zhu et al. (2021) compared the metabolic differences of glycosides by the GM under normal and pathological conditions and found specific metabolites, suggesting that glycoside metabolism strongly depends on the number and composition of the GM. Although the in vitro and in vivo metabolism of single glycosides by the GM has been widely studied, the metabolism of multi-glycosides by the GM under normal and pathological conditions has received little attention owing to the chemical complexity.
In this study, we extracted total glycosides (TG) from a QWBZP decoction (QWBZP-TG) to represent a multi-glycoside system. An ultra-high-performance liquid chromatography combined with quadrupole time-of-flight tandem mass spectrometry (UHPLC-Q-TOF-MS/MS) method was used to identify the components of QWBZP-TG and to illustrate the metabolic profile of QWBZP-TG in the GM of normal and diarrheal mice. The objectives of this study were to 1) identify the mechanism of in vitro multi-glycoside metabolism by the GM, 2) clarify the metabolic profiles of QWBZP-TG in the GM, and 3) compare the metabolic differences between healthy and pathological states and consider the mechanism of QWBZP in curing diarrhea.
EXPERIMENTAL
Materials and Reagents
Acetonitrile (MS grade), methanol (MS grade), and ammonium formate (≥99.0%) were purchased from Merck (Darmstadt, Germany). Formic acid (HPLC grade) was purchased from Tedia (Fairfield, OH, United States). Ultrapure water was supplied using a Millipore Milli-Q purification system (Bedford, MA, United States). Analytical grade anhydrous ethanol, petroleum ether, ethyl acetate, and n-butanol were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Reference standards for ginsenoside Re (DSTDR001402), ginsenoside Rg1 (DSTDR000901), ginsenoside Ro (DSTDR003101), puerarin (DSTDG000202), daidzin (DST200706-019), liquiritin (DSTDG000902), liquiritin apioside (DST211025-139), and liquiritigenin (DSTDG001001) were purchased from Chengdu Desite Biological Technology Co., Ltd (Chengdu, China). Dihydrodaidzein (wkq22032909) was purchased from Sichuan Victory Biological Technology Co., Ltd (Chengdu, China). The anaerobic culture medium (HB8470) was purchased from Hope Bio-Technology Co., Ltd (Qingdao, China). Gentamicin sulfate (01Y07011A2) and cefradine (06200502) were purchased from Yichang Renfu Pharmaceutical Co., Ltd and Jilin Wantong Pharmacy Group Co., respectively.
The Chinese herbal slices of QWBZP, including Atractylodis Macrocephalae Rhizoma (Atractylodes macrocephala, 20201014, Hunan, China), Ginseng Radix et Rhizoma (Panax ginseng, 20200610, Jilin, China), Poria (Poria cocos, 20201109, Hunan, China), Puerariae Lobatae Radix (Pueraria lobata, 20201020, Hunan, China), Aucklandiae Radix (Aucklandia lappa, 20201011, Yunnan, China), Pogostemonis Herba (Pogostemon cablin, 20200816, Guangdong, China), and Glycyrrhizae Radix et Rhizoma (Glycyrrhiza uralensis, 20200610, Neimenggu, China), were purchased from The First Hospital of Hunan University of Chinese Medicine and were certified by Qingping Pan, a professor at the School of Pharmacy, Hunan University of Chinese Medicine.
QWBZP-TG Preparation
QWBZP-TG was prepared according to a previously optimized method (Xie G. Z. et al., 2021). Briefly, Chinese herbal slices of QWBZP were pulverized into powder (60 mesh), and then a 14-fold mass of distilled water was added and decocted twice for 53 min each time. The combined decoctions were filtered using gauze and concentrated below 90°C. Anhydrous ethanol was added when the concentrate was cooled to room temperature, and the final concentration of ethanol, which was subsequently stored overnight at 4°C, was 75%. After 24 h, the ethanol extract was successively degreased thrice with petroleum ether, and then extracted thrice with water-saturated n-butanol. The n-butanol extract was evaporated by decompression and lyophilized (yield: 1.48%).
Sample Preparation and Standard Solution
Dry QWBZP-TG (30 mg) was dissolved in 2 ml of methanol (15 mg/ml) and centrifuged at 15,000 rpm for 5 min prior to UHPLC-Q-TOF-MS/MS analysis. Another 25 mg of dry QWBZP-TG was dissolved in 5 ml sterile water (5 mg/ml) and filtered using a 0.22 μm pore membrane for the in vitro metabolism assay.
A stock solution of the nine reference substances was prepared at a concentration of 200 μg/ml and stored at 4°C until use. Standard working solutions of the mixtures were obtained by diluting the stock solutions to the desired concentrations.
Animal Experiments
Ten male Kunming (KM) mice (five-week-old, 18–22 g, specific pathogen free [SPF] degree), with license number SCXK (Xiang) 2019–0004, were purchased from Hunan Slaccas Jingda Laboratory Animal Co., Ltd. The mice were acclimated in a controlled room with standard temperature (20–22°C), humidity (50–70%), and light (12:12 light-dark cycle) for 3 days. Standard food and purified water were provided ad libitum. The experiments were approved by the Animal Care and Use Committee of Hunan University of Chinese Medicine (authorization number: LL2020102103).
The mice were randomly divided into control and model groups with five mice in each group. The mice in the model group were administered a mixture of gentamycin sulfate and cefradine (62.5 g/L, 0.35 ml) twice daily until diarrhea symptoms were observed (5 days), whereas the mice in the control group were administered the same volume of sterile water.
Fecal Sample Preparation
After 5 days of treatment, all mice were euthanized by cervical dislocation, and colonic fecal samples were immediately collected under sterile conditions. Fecal suspensions for the in vitro metabolism assay were prepared using fresh feces and cold normal saline (1:4, W/V) and then centrifuged at 4,000 rpm for 10 min.
In Vitro Metabolism of QWBZP-TG by the GM
The anaerobic culture medium (9.5 g) was dissolved in 1,000 ml of water (60 °C), followed by autoclaving (0.15 MPa, 121°C) for 30 min. The GM incubation solution (GMIS) was composed of fecal suspensions and an anaerobic culture solution (ACS) (1:9, V/V). The GMIS was shaken and cultured (37°C) for 24 h after blowing nitrogen (N2).
Five different control experiments were designed: 1) ACS + QWBZP-TG (Y), 2) control mice-GMIS (N), 3) model mice-GMIS (M), 4) control mice-GMIS + QWBZP-TG (NG), and 5) model mice-GMIS + QWBZP-TG (MG). The reaction mixture was designed as shown in Table 1 and anaerobically incubated at 37 °C for 0, 2, 4, 8, 12, and 24 h after blowing N2. Three repetitions were performed at each time point for each group. Each reaction mixture was marked by the group name and time; for instance, Y0, 2, 4, 8, 12, 24 represented the Y samples at 0, 2, 4, 8, 12, and 24 h, respectively.
TABLE 1 | The material composition of each group.
[image: Table 1]The biotransformation samples were extracted twice with 2 ml of ethyl acetate and a water-saturated n-butanol mixture (1:1, V/V). Subsequently, the extracts were homogeneously mixed and dried with N2. The remaining residues were redissolved in 2 ml methanol and centrifuged at 15,000 rpm for 5 min before analysis.
UHPLC-Q-TOF-MS/MS Analysis
All analyses were performed using an Agilent 1290 Infinity Ⅱ liquid chromatography (LC) system (Agilent Technologies, Santa Clara, CA, United States) coupled with an Agilent Technologies 6545 quadrupole time-of-flight mass spectrometer (Q-TOF-MS) equipped with an electrospray ionization (ESI) source.
Chromatographic separation was carried out using an Agilent Eclipse Plus C18 column (2.1 mm × 50 mm, 1.8 μm) with a constant flow rate of 0.4 ml/min at 30 °C. The mobile phase was composed of water containing 5 μmol/ml ammonium formate (A) and acetonitrile (B) in the negative ion mode (ESI−) and 0.1% formic acid-water (A) and acetonitrile (B) in the positive ion mode (ESI+). Gradient elution was set as follows: 95–90% A for 0–10 min, 90%–70% A for 10–16 min, 70%–30% A for 16–21 min, 30%–20% A for 21–25 min, and 20% A for 25–30 min. The injection volume was 2 μl. The samples were detected at 210 and 270 nm.
Q-TOF-MS was operated in both ESI+ and ESI−. The operating parameters were as follows: drying gas (N2) flow rate, 8 L/min; drying gas temperature, 350 °C; nebulizer, 35 psig; capillary, 3.5 kV; sheath gas temperature, 350 °C; sheath gas flow, 11 L/min; October 1 RF Vpp, 750 V; and fragmentor voltage, 150 V. Full scan mass spectra were acquired in the range of 100–2000 m/z. The collision energies were set at 10, 20, and 40 V.
Data Analysis
LC-MS data analysis was performed using the Mass Hunter Workstation software (Version B.08.00 Qualitative Analysis, Agilent Technologies). Statistical analysis was performed using SPSS 21.0 using unpaired t-test and data are presented as the mean ± standard deviation (SD). The differences with p < 0.05 were considered statistically significant.
RESULTS
Characterization of the Components in QWBZP-TG
The base peak chromatograms (BPCs) of QWBZP-TG are presented in Figure 1. A total of 68 components were identified in QWBZP-TG on the basis of accurate molecular weight, fragmentation behavior, and by comparison with reference standards or literature information. Details including retention times (tR), identified names, formulas, experimental and calculated mass m/z, errors, and fragment characteristic ions are listed in Table 2.
[image: Figure 1]FIGURE 1 | The BPC profiles of QWBZP-TG. (A) ESI+; (B) ESI−.
TABLE 2 | Identification of chemical constituents of QWBZP-TG.
[image: Table 2]According to previous reports (Peng et al., 2011; Miao et al., 2013; Yan et al., 2013; Zhou et al., 2013; Hao et al., 2014; Li et al., 2015; Wang H.-P. et al., 2016; Zhao et al., 2017; Guo et al., 2020; Shi et al., 2020; Xie L. X. et al., 2021; Chang et al., 2021; Fu et al., 2021), the identified glycosides were mainly derived from Panax ginseng, Pueraria lobata, Glycyrrhiza uralensis, and Pogostemon cablin. These compounds can be classified into eight classes including triterpenoid saponins (compounds 1–27), isoflavone glycosides (compounds 28–50), flavone glycosides (compound 51), flavanone glycosides (compounds 52, 53), chalcone glycosides (compounds 54, 55), phenylethanoid glycoside (compounds 56–58), lignan glycoside (compound 59), and aglycone (compounds 60–68). Among them, compounds 3 (ginsenoside Rg1), 4 (ginsenoside Re), 5 (ginsenoside Ro), 32 (puerarin), 35 (daidzin), 54 (liquiritin), and 61 (liquiritin apioside) were confirmed by comparison with the reference standards. The BPC and fragmentation ions of the reference standards are presented in Supplementary Figure S1 and Supplementary Figure S2, respectively. The representative compounds in QWBZP-TG are presented in Figure 2.
[image: Figure 2]FIGURE 2 | The fragmentation ions of representative compounds in QWBZP-TG. (A) ginsenoside Rg2, (B) ginsenoside Rg3, (C) puerarin, (D) daidzin, (E) liquiritin, and (F) glycyrrhizic acid.
The abundance of the components was measured by peak area percentage. Puerarin (7.25%), 3′-methoxypuerarin (5.48%), 3′-hydroxypuerarin (3.79%), 6″-O-xylosylpuerarin (3.62%), and daidzin (2.31%) were the five most abundant compounds in QWBZP-TG, owing to the large amount of Pueraria lobata in the formula.
Identification of the in vitro Metabolites of QWBZP-TG
In this study, ESI− was more sensitive and suitable for QWBZP-TG analysis than ESI+. Therefore, ESI− was selected for the identification of QWBZP-TG metabolites. All components except for licorice saponin G2, licorice saponin A3, ginsenoside Re1/2/3, ginsenoside Rb2/Rb3, ginsenoside Rg9, and ginsenoside Rs4 were detected in the metabolic samples of Y0, NG0, and MG0. The BPCs of the different groups at different times are shown in Figure 3. Seven potential metabolites were identified in this study. The MS data of the metabolites are summarized in Table 3 and the product ion spectra of the metabolites are shown in Figure 4.
[image: Figure 3]FIGURE 3 | The BPCs of metabolic samples. (A) Y, (B) NG, (C) MG, (D) N, and (E) M.
TABLE 3 | Identification of in vitro metabolites of QWBZP-TG.
[image: Table 3][image: Figure 4]FIGURE 4 | The in vitro metabolites of QWBZP-TG (A) dihydrodaidzein, (B) liquiritigenin, (C) dehydroliquiritigenin, (D) 4′-dehydroxyliquiritigenin-7-methyl ether, (E) dihydroisoliquiritigenin, (F) zingibroside R1, and (G) compound (K)
The characteristic ions produced by the Retro-Diels-Alder (RDA) reaction (m/z 149, 135, 133, 119, 117, and 91) were found in M1–M4, which indicated that they were the metabolites of flavone glycosides. M1 exhibited an [M-H]- ion at m/z 255.0661 (C15H12O4), which was 2 Da (2 H) higher than that of daidzein. Based on fragmentation and reference standard, M1 was identified as dihydrodaidzein, the reduction product of daidzein (Prasain et al., 2004) (Figure 4A). M2–M4 are metabolites that were transferred from liquiritin and its related compounds. M2 was eluted at 15.074 min and showed an [M-H]- ion at m/z 255.0660 (C15H12O4), which was 162 Da lower than that of liquiritin, indicating the absence of a Glc moiety. The typical ions at m/z 135, 119, and 91 produced by RDA cleavage were in accordance with the reference standard. Thus, M2 was confirmed as liquiritigenin (Figure 4B), a hydrolysis metabolite of liquiritin. The deprotonated ions of M3 (Figure 4C) and M5 (Figure 5E) were 2 Da lower and 2 Da higher than that of M2, respectively. Prominent ions were formed by the RDA reaction. Based on fragment information and literature data (Li et al., 2018; Zhang et al., 2020; Wu et al., 2021), M3 and M5 were suggested to be the dehydrogenation and hydrogenation products of M2, respectively. The fragment ion of M4 at m/z 239 (-14 Da) indicated the presence of methyl. According to a previous report (Zhang et al., 2020), M4 was deduced to be 4′-dehydroxyliquiritigenin-7-methyl ether (Figure 4D).
[image: Figure 5]FIGURE 5 | The metabolic ratios of glycosides and corresponding metabolites of normal and diarrheal mice. Each data point is expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
M6 and M7 were metabolites of ginsenosides. M6 showed a deprotonated ion [M-H]- at m/z 793.4385 (C42H66O14), which was 162 Da less than that of the ginsenoside Ro. The fragment ions at m/z 631, 587, and 455 were attributed to the successive loss of Glc, CO2, and GlcA, respectively (Figure 4F). The fragmentation behavior was in accordance with literature data for zingibroside R1 (Wang J. et al., 2016). Consequently, M6 was identified as zingibroside R1. M7 gave [M + COOH]- ions at m/z 667.4407. Moreover, the [M-H]- ion at m/z 621.4347 and characteristic ions of the protopanaxadiol (PPD)-type aglycone at m/z 459 were observed (Figure 4G). Based on the abovementioned information, M7 was identified as compound K, which is a hydrolysis metabolite of the ginsenoside Rg3 or F2 (Wang et al., 2014).
Characteristics of QWBZP-TG Metabolized by the GM of Normal and Diarrheal Mice
To compare the differences in QWBZP-TG metabolized by the GM of normal and diarrheal mice, all metabolic samples from different groups and times were analyzed. The relative content of the components was evaluated based on the peak area. The results showed that the metabolic profiles of QWBZP-TG between the NG and MG groups were similar. In total, most of the components did not change significantly over time. Deglycosylation, dehydrogenation, hydrogenation, and methylation reactions were observed and showed stage characteristics. Among them, deglycosylation was the primary reaction during the whole process of in vitro metabolism, while dehydrogenation, hydrogenation, and methylation occurred after 4 h. Although most of the components did not change significantly in the two groups, the metabolic rate of several components, including liquiritin, liquiritin apioside, isoliquiritin apioside, ginsenoside Ro, ginsenoside Rd, and ginsenoside Rg3/F2, was different between NG and MG groups (Figure 5). No significant differences were observed among the Y0, NG0, and MG0 samples. Subsequently, the metabolic differences increased with time.
The daidzein (the aglycone of puerarin and daidzin) content increased with time in both groups (Figure 5A). Daidzein increased sharply at 0–2 h in the NG group and then stabilized, while it increased continuously from 0–24 h in the MG group. The daidzein contents in MG2 (p = 0.000), MG4 (p = 0.000), and MG12 (p = 0.018) were significantly lower than those in NG2, NG4, and NG12. Surprisingly, no significant differences were observed between NG24 and MG24. The results indicated that the GM of normal mice exhibited strong deglycosylation capability at 0–2 h, whereas deglycosylation occurred persistently in the GM of diarrheal mice at 0–24 h.
Liquiritin apioside, isoliquiritin apioside, and liquiritin exhibited similar metabolic behaviors. As shown in Figures 5B,C, liquiritin apioside and isoliquiritin apioside decreased from 0–8 h in both NG and MG groups and were not detected in the samples after 8 h, suggesting that the two components were completely degraded by the GM within 8 h. Similarly, liquiritin decreased significantly during 0–2 h and then continuously during 4–12 h in both groups, and it was not detected after 12 h (Figure 5D). Liquiritigenin was found in the two groups from 2–24 h (Figure 5E). The liquiritigenin contents in NG2 and NG4 were 35.7- and 11.7- fold greater than those in MG2 (p = 0.000) and MG4 (p = 0.001), respectively. However, the liquiritigenin content in MG grew sharply at 4–8 h and exceeded that in NG. It was evident that the deglycosylation ability of diarrheal mice GM recovered gradually, which may due to the proliferation of bacteria which is responsible for the deglycosylation process.
Dehydrogenation and hydrogenation of liquiritigenin was observed in the two groups at 8 h, indicating that oxidation and reduction reactions occurred after deglycosylation. Importantly, the dehydrogenation of liquiritigenin in the GM of diarrheal mice was more powerful than that in the GM of normal mice (P24 = 0.050) (Figure 5J), while hydrogenation of diarrheal mice was weaker than that in normal mice (P8 = 0.019; P12 = 0.000; P24 = 0.000) (Figure 5K). Interestingly, dihydrodaidzein was detected only in NG24, which supports the aforementioned conclusion. 4′-dehydroxyliquiritigenin-7-methyl ether was detected in the two groups at 12 h (Figure 5L), and its content was higher in NG than that in MG (P12 = 0.001; P24 = 0.000). This implies that methylation occurred later than the oxidation and reduction reactions in this study.
PPD-type and oleanane (OLE)-type ginsenosides were more easily metabolized than protopanaxatriol (PPT)-type ginsenosides in both NG and MG groups. The ginsenoside Ro content decreased over time in both groups (Figure 5F) and was transferred to zingibroside R1. Zingibroside R1 surged from 0–4 h and then dropped from 4–24 h in NG (Figure 5G), implying that zingibroside R1 was further converted to other metabolites. However, the reduction in zingibroside R1 began at 12 h in the MG group. The content difference of zingibroside R1 in the two groups decreased gradually. The metabolic ratios of ginsenosides Rd and Rg3/F2 in the two groups are shown in Figures 5H,I. Compound K, a metabolite derived from ginsenoside Rg3/F2, was detected in both groups at 12 h (Figures 5M). The content of compound K in NG24 was higher than that in MG24 (p = 0.002).
DISCUSSION
Deglycosylation is the main type of glycoside hydrolysis that occurs in the intestine (Xu et al., 2017). The GM secretes abundant glycoside hydrolases, such as β-d-glucosidase, β-d-glucuronidase, β-xylosidase, and α-l-rhamnosidase, which contribute to the stepwise cleavage of sugar moieties (Xu et al., 2017). Glycosyl and glucuronosyl moieties are the representative groups of glycosides in QWBZP-TG. In this study, GM metabolized QWBZP-TG via a multi-step reaction. An abundance of deglycosylation products was detected in the biotransformation samples, while metabolites produced by hydrogenation and dehydrogenation were found at 8 h and methylation metabolites at 12 h. The rate of deglycosylation, hydrogenation, and methylation were faster in the GM of normal mice than that in the GM of diarrheal mice, which is in accordance with the report of Ling et al. (2018). Furthermore, dihydrodaidzein was only detected in the fecal incubation solution of normal mice. According to our previous study (Shao et al., 2020), the GM diversity diminished after antibiotic administration. In particular, lower activities of β-d-glucosidase and β-d-glucuronidase were observed in diarrheal mice compared to those in normal mice (in press). Bifidobacteria and Lactobacillus, which possess glycosyl hydrolase, were promoted by QWBZP-TG in vivo (Xie G. Z. et al., 2021). Thus, the decrease in GM abundance and enzyme activity may result in slower QWBZP-TG metabolism in diarrheal mice. Although slower deglycosylation was observed in the GM of diarrheal mice, persistent deglycosylation may help diarrheal mice to produce adequate saccharides and aglycones. These two components can improve diarrhea by promoting the proliferation of beneficial bacteria and exerting anti-inflammatory effects, respectively. In turn, the growth of glycoside-hydrolyzing bacteria accelerated the deglycosylation reaction. Actually, we also noted that the content differences of daidzein and liquiritigenin between the two groups narrowed from 8 h. Additionally, the peak areas of the two aglycones at 24 h in the GM of diarrheal mice were larger than that of normal samples. This result confirms the abovementioned hypothesis. As a result, glycoside-bacteria interaction may be a key mechanism for QWBZP in diarrhea therapy.
The selective/preferential metabolism of the GM of a system containing multiple ingredients is an issue of concern. It has been reported that many members of the GM were predisposed to metabolize monosaccharides, disaccharides, and/or oligosaccharides (Turroni et al., 2018). In addition, the GM exhibits structural specificity for drug metabolism (Zimmermann et al., 2019b). For example, drugs that contain ester or amide groups can be specifically metabolized by Bacteroidetes, and compounds with nitro or azo groups can be metabolized by most bacteria, except Proteobacteria (Zimmermann et al., 2019b). Flavonoids with hydroxyl groups at the 5-, 7-, and 4′-positions are degraded more quickly by the GM (Ling et al., 2021). In this study, flavone glycosides and triterpenoid saponins were the two main types of glycosides detected in QWBZP-TG. Importantly, GM metabolizes liquiritin apioside (flavanones glycoside), isoliquiritin apioside (chalcones glycoside), and liquiritin (flavanones glycoside) more effectively than other flavone glycosides under the same conditions, in agreement with earlier studies (Huang et al., 2012). All of them had a glucose unit at the 4′ position of the B ring. Thus, the small number of sugar units and steric hindrance can explain why they are easier to hydrolyze. According to Li et al. (2017), the metabolic efficiency of PPD-type ginsenosides was higher than that of PPT-type ginsenosides, and the superior deglycosylation sequence was C-3 > C-20 > C-6, which was also supported by our study. Interestingly, ginsenoside Ro was also relatively easy to metabolize by normal mice GM, which was consistent with a previous report (Wan et al., 2013). Compared to other ginsenosides, the glucose group of ginsenoside Ro is dehydrated with the carboxyl group at C-28 to form an esteroside bond, leading to easier hydrolysis. Ginsenoside Ro was transformed into zingibroside R1 after removing the glucose group of C-28.
QWBZP-TG is a complex system that includes glycosides and aglycones, which are mutually converted into each other during intestinal metabolism. Consequently, many compounds are both prototypes and metabolites. Thus, it is challenging to clarify the metabolic pathways and metabolites of QWBZP-TG. Taking puerarin, daidzin, and daidzein as examples, daidzein is the hydrolysis metabolite of puerarin and daidzin, all of which were detected in the QWBZP-TG. The amount of daidzein increased with time in GM biotransformation samples. However, the amounts of puerarin and daidzin did not show an obvious decline. Puerarin is a C-glycoside that is difficult to hydrolyze. 6″-O-acetyl daidzin and daidzein-4′,7-O-glucoside were metabolized to daidzin and daidzein, respectively, which contributed to the changes in the daidzin and daidzein contents. On the other hand, stepwise deglycosylation is the main metabolic behavior of ginsenosides in the intestine. Hence, it is difficult to obtain clear metabolic rules for systems containing multiple ginsenosides. In addition, the number GM members that can be aerobically cultured in vitro is limited; therefore, the in vitro GM metabolism can only reflect a part of the intestinal metabolism. Further studies on the in vivo GM metabolism are required.
CONCLUSION
This study aimed to investigate the in vitro metabolic profiles and differences of multi-glycosides in the GM of normal and diarrheal mice. The results suggest that the GM metabolizes multi-glycosides through several reactions, among which deglycosylation is the primary and dominant reaction. Moreover, the deglycosylation rate in the GM of normal mice was faster than that in the GM of diarrheal mice. However, the deglycosylation capability of diarrheal mice gradually recovered. The abundant deglycosylation metabolites may help regulate the GM and further improve diarrhea. In the multi-glycoside system (from QWBZP), liquiritin apioside, isoliquiritin apioside, liquiritin, and PPD-type and OLE-type ginsenoside were degraded more quickly by GM than other glycosides.
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