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Cholesterol gallstone (CG) disease has relationships with several metabolic abnormalities. Astragalus polysaccharides (APS) have been shown to have multiple benefits against metabolic disorders. We attempted to uncover the effect and mechanism of action of APS on diet-induced CG formation in mice. Animals were fed a chow diet or lithogenic diet (LD) with or without APS supplementation. The effect of APS on CG formation was evaluated. The level of individual bile acids (BAs) in gallbladder bile and ileum were measured by liquid chromatography-tandem mass spectrometry. Real-time reverse transcription-quantitative polymerase chain reaction and western blotting were used to assess expression of the genes involved in BA metabolism and the enterohepatic circulation. Cecal contents were collected to characterize microbiota profiles. APS ameliorated LD-induced CG formation in mice. APS reduced the level of total cholesterol, bile acid hydrophobicity index and cholesterol saturation index in gallbladder bile. The protective effect of APS might result from reduced absorption of cholic acid in the intestine and increased hepatic BA synthesis. APS relieved the LD-induced activation of the intestinal farnesoid X receptor and decreased ileal expression of fibroblast growth factor 15. In the liver, expression of cytochrome P450 (Cyp) enzyme Cyp7a1 and Cyp7b1 was increased, whereas expression of adenosine triphosphate-binding cassette (Abc) transporters Abcg5 and Abcg8 was decreased by APS. APS improved the diversity of the gut microbiota and increased the relative abundance of the Bacteroidetes phylum. APS had demonstratable benefits against CG disease, which might be associated with enhanced BA synthesis and improved gut microbiota. Our results suggest that APS may be a potential strategy for the prevention of CG disease.
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INTRODUCTION
Cholelithiasis is relatively common worldwide. Cholesterol gallstone (CG) disease is the most common type of cholelithiasis (Lammert et al., 2016). Cholecystectomy is the most efficacious treatment in management of symptomatic CG disease, but results in high socioeconomic costs (Everhart and Ruhl, 2009; Lammert et al., 2016). Cholesterol, bile acids (BAs), and phospholipids are the main lipids in bile. Cholesterol hypersaturation in bile is an important prerequisite for CG formation (Lammert et al., 2016; Di Ciaula et al., 2018). In the normal physiologic state, BAs and phospholipids form mixed micelles in which hydrophobic cholesterol can be solubilized. However, under certain pathophysiologic conditions (e.g., hepatic hypersecretion of cholesterol and deficiency of BAs or phospholipids), the homeostasis of biliary cholesterol can be disturbed. Supersaturated bile of cholesterol leads to the precipitation of cholesterol crystals that accumulate and grow in the gallbladder (Di Ciaula et al., 2018).
Cholesterol, BAs, and phospholipids are secreted into the biliary tract by an elaborate network of transporters. Cholesterol is secreted by the adenosine triphosphate-binding cassette (Abc) transporters Abcg5 and Abcg8 (Lammert et al., 2016). BA secretion is mediated by bile acid export pump (Bsep) and multidrug resistance protein (Mrp) 2 (Kunst et al., 2020). Abcb4 (also known as multidrug resistance protein 3) is a major transporter of phospholipids (Poupon et al., 2013).
BA formation is another crucial catabolic pathway for cholesterol (Jia et al., 2021). BA synthesis can be accomplished via two routes. The classical pathway is initiated by cytochrome P450 (Cyp) enzyme Cyp7a1. The alternative pathway is initiated by Cyp27a1 (Wahlstrom et al., 2016). Cyp8b1 and Cyp7b1 are also crucial enzymes involved in BA synthesis (Wahlstrom et al., 2016). Gallbladder BAs are secreted into the small intestine following food intake. Most BAs are reabsorbed in the ileum and return to the liver via the portal circulation (Wahlstrom et al., 2016) in a process known as the ”enterohepatic circulation of BAs”.
BA synthesis is regulated mainly by the nuclear farnesoid X receptor (Fxr), which shows high expression in the liver and small intestine (Kong et al., 2012). Fxr-mediated induction of hepatic small heterodimer partner (Shp) and intestinal fibroblast growth factor 15 (Fgf15; FGF19 in humans) reduce expression of the genes encoding BA synthetic enzymes (Kong et al., 2012). Fxr has varying affinities for different BA species. Cholic acid (CA) and deoxycholic acid (DCA) are agonists of the Fxr (de Aguiar Vallim et al., 2013), whereas muricholic acids (MCAs) are Fxr antagonists (Sayin et al., 2013).
CG disease has relationships with several metabolic abnormalities (Di Ciaula et al., 2019) and is associated with alteration of the gut microbiota (Wang et al., 2017; Grigor'eva and Romanova, 2020; Wang et al., 2020b). Several types of herbal polysaccharides can improve metabolic disorders (Wu et al., 2019; Sun et al., 2020). Astragalus polysaccharides (APS) are natural macromolecules extracted from Astragalus mongholicus Bunge, which is a commonly used traditional Chinese medicine. Several studies have reported that APS can ameliorate obesity, insulin resistance, hepatic steatosis, and hypercholesteremia in mice and cell lines (Huang et al., 2017; Ke et al., 2017; Hong et al., 2020). A recent study reported that APS had beneficial effects on high-fat diet-induced metabolic disorders in mice because it could regulate intestinal metabolism as well as gut microbial structure and function (Hong et al., 2020). However, whether APS has a beneficial effect on diet-induced CG formation is not known. Here, we aimed to uncover the effect and mechanism of action of APS on lithogenic diet (LD)-induced CG formation.
MATERIALS AND METHODS
Ethical Approval of the Study Protocol
The study protocol was approved by the Animal Care and Use Committee of Affiliated Sixth People’s Hospital within Shanghai Jiao Tong University (Shanghai, China).
Animals and Treatment
After 1 week of acclimatization, 40 male C57BL/6J mice (aged 6 weeks) were divided randomly into four groups (10 mice in each group and five mice in each cage): Chow; LD; LD with low-dose APS (2%; AL group); LD with high-dose APS (8%; AH group).
The chow diet was LAD 0011, and the LD was TP 28900, both of which were from Trophic Diet (Nantong, China). The LD contained 15% fat, 1.25% cholesterol, and 0.5% CA with and without APS supplementation. Mice were fed these diets for 6 weeks. APS was purchased from Ci Yuan Biotechnology (Shanxi, China) and the purity of polysaccharides from A. mongholicus was 98%. Mice were housed in standard cages at 20–24°C with 12-h light–dark cycles and ad libitum access to food and water. At the end of experimentation, mice were killed after a 12-h fast.
Serum and Bile Analyses and Cholesterol Saturation Index Calculation
Levels of metabolites in serum and bile were measured by enzymatic assays using a microplate reader (BioTek, Winooski, VT, United States ). Levels of total cholesterol (TC) and triglycerides (TG) in serum and levels of TC and BAs in gallbladder bile were measured using kits according to manufacturer (Jiancheng Bioengineering Institute, Nanjing, China) instructions. Phospholipid levels in gallbladder bile were measured according to kit instructions (Wako Pure Chemicals, Osaka, Japan). The CSI of gallbladder bile was calculated using the following equation: actual molar percentage of TC in bile/highest concentration of soluble TC at a given bile molarity in the Carey table (Carey, 1978).
Analyses of Bile Acids Species in Bile and the Ileum
Individual BA levels in gallbladder bile and the ileum were measured by negative electrospray liquid chromatography-tandem mass spectrometry (LC-MS/MS) in multiple-reaction-monitoring mode on an Acquity ultra-high-pressure liquid chromatography (UPLC) system (Waters, Milford, MA, United States ). Thirty-eight BA standards were weighed accurately and prepared as standard solutions through serial dilution using methanol. UPLC separations were undertaken on an Acquity UPLC BEH C18 column (internal dimensions: 2.1 mm × 100 mm, 1.7 μm; Waters). The temperature of the column was set at 40°C. The injection volume of the sample was 5 μL. Eluents consisted of 0.01% formic acid in water (eluent A) and acetonitrile (eluent B). The flow rate was set at 0.25 ml/min. A 38 min elution gradient was used: 0–4 min, 25% B; 4–9 min, 25–30% B; 9–14 min, 30–36% B; 14–18 min, 36–38% B; 18–24 min, 38–50% B; 24–32 min, 50–75% B; 32–35 min, 75–100% B; 35–38 min, and 100–25% B.
For gallbladder bile, a 10 µL bile sample was mixed with 500 μL of methanol (−20°C), vortex-mixed with oscillation for 1 min, and then centrifuged (12,000 × g, 10 min, 4°C). Twenty microliters of supernatant was transferred to a clean tube and diluted 2000-fold with methanol. After dilution, 300 μL of supernatant was ready for LC-MS/MS. The Hydrophobicity Index (HI) of gallbladder bile were calculated as reported previously (Heuman, 1989; Posa, 2014).
For ileum samples, the ileum was flushed with physiologic (0.9%) saline and soaked with gauze. Ileum tissue was weighed precisely (∼50 mg), homogenized in 1 ml of methanol (−20°C), and centrifuged (12,000 × g, 10 min, 4°C). One-hundred microliters of supernatant was mixed with 900 μL of methanol, vortex-mixed with oscillation for 30 s, and passed through a 0.22-μm filter membrane. After centrifugation, the supernatant was ready for LC-MS/MS.
Histology of Liver Tissue
Liver sections were fixed in 4% neutral-buffered formaldehyde, embedded in paraffin, cut into slices (thickness, 4 μm), and then stained with hematoxylin and eosin (H&E). To determine lipid-droplet accumulation in the liver, Oil Red O (Servicebio, Wuhan, China) staining of frozen liver sections was undertaken. The corresponding positively stained area was quantified with Image-Pro Plus v6.0.0 (Media Cybernetics, Rockville, MD, United States) and results are expressed as a percentage of the total area of a high-power field.
Analyses of Hepatic Lipids
Hepatic lipids were extracted using the Folch method (Huang et al., 2019). Briefly, liver tissues were homogenized in a mixture of chloroform:methanol (2:1; v/v), followed by a series of dispersion, agitation, centrifugation, and resuspension steps. Levels of TC and TG were measured with assay kits following manufacturer instructions.
Real-Time Reverse Transcription-Quantitative Polymerase Chain Reaction
Total RNA in liver and ileum tissues was isolated using a tissue RNA purification kit (EZBioscience, Roseville, MN, United States). The total RNA of each sample was quantified by a spectrophotometer (NanoDrop™ 2000C; Thermo Fisher, Waltham, MA, United States). Complementary (c)DNA synthesis was done using HiScript™ III RT SuperMix for qPCR (Vazyme, Nanjing, China). RT-qPCR primers were designed and synthesized (Sangon Biotech, Shanghai, China) and the sequences are listed in Table 1. RT-qPCR was undertaken using AceQ Universal SYBR® qPCR Master Mix (Vazyme) on an ABI QuantStudio seven Flex RT-PCR system (Applied Biosystems, Foster City, CA, United States ). The values of the target genes were normalized to that of glyceraldehyde 3-phosphate dehydrogenase (Gapdh) and the 2−ΔΔCt method was used to determine relative expression of target genes.
TABLE 1 | Primer sequences for quantitative real-time PCR analysis.
[image: Table 1]Western Blotting
Ileum and liver samples were homogenized in RIPA lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China) containing protease and a phosphatase inhibitor cocktail (Beyotime Institute of Biotechnology). The protein extract was supplied with loading buffer (EpiZyme, Shanghai, China) and denatured by boiling at 100°C for 10 min. Equal amounts of total cellular proteins (40 μg) were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis using 10% gels and transferred to Immobilon-P Transfer Membranes (Millipore, Tullagreen, Ireland). The latter were blocked with 5% nonfat milk in 0.1% TBS-Tween 20 for 1 h, incubated with primary antibodies overnight at 4°C, and then incubated with horseradish peroxidase-linked secondary antibody (catalog number, 7,074; Cell Signaling Technology, Danvers, MA, United States ). Bands were visualized using SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) with a ChemiDoc MP imaging system (Bio-Rad Laboratories, Hercules, CA, United States).
Gapdh was included as a loading control. The antibodies used (which were all raised in rabbits and the dilution was 1:1,000) were: anti-Gapdh (catalog number, 5174S; Cell Signaling Technology), anti-Fgf15 (ab229630; Abcam, Cambridge, United Kingdom), anti-Cyp7a1 (ab65596; Abcam), anti-Abcg8 (DF6673; Affinity, Changzhou, China), anti-Abcg5 (27722-1-AP; Proteintech, Rosemont, IL, United States ), and anti-Cyp7b1 (24889-1-AP; Affinity).
Preparation of 16S rRNA Gene Libraries, and Analyses of Sequencing and Diversity
16S rRNA-sequencing of cecal contents was carried out. Briefly, total genomic DNA from samples was extracted using the cetyltrimethylammonium-bromide method. 16S rRNA genes of distinct regions (V3–V4) were amplified using specific primers. The mixture of PCR products was purified with a gel extraction kit (Qiagen, Hilden, Germany). Sequencing libraries were generated using the TruSeq® DNA PCR-Free Sample Preparation kit (Illumina, San Diego, CA, United States) following manufacturer instructions, and index codes were added. A Qubit@2.0 fluorometer (Thermo Fisher) and bioanalyzer (2,100 system; Agilent Technologies, Santa Clara, CA, United States ) were used to assess the quality of the library. The latter was sequenced on a NovaSeq platform (Illumina), and 250-bp paired-end reads were generated.
Sequencing was done using Uparse v7.0.1001 (http://drive5.com/uparse/) (Edgar, 2013). Operational taxonomic unit (OTU) analyses enabled clustering of sequences at a similarity level of 97%. Representative sequences for each OTU were screened for further annotation. The Silva Database (www.arb-silva.de/) (Quast et al., 2013) was used based on the Mothur algorithm to annotate taxonomic information. Information on OTU abundance was normalized using a standard sequence number corresponding to the sample with the fewest sequences. Alpha diversity was employed to analyze the complexity of species diversity and was calculated with QIIME 1.7.0 (http://qiime.org/). Beta-diversity analyses were used to evaluate differences in samples with regard to species complexity. Beta diversity on weighted UniFrac was calculated by QIIME 1.9.1. Principal coordinate analysis (PCoA) was undertaken to obtain principal coordinates and visualize complex, multidimensional data.
Statistical Analyses
Data are the mean ± standard deviation (SD). Appropriate statistical analyses were applied depending on data distribution. For data that showed a normal distribution, the two-tailed Student’s t-test was used between two groups, and one-way analysis of variance followed by Tukey’s test for multiple comparisons was used between three or four groups. For datasets with a skewed distribution, the Mann–Whitney test was used between two groups, and the Kruskal–Wallis test followed by Dunn’s test for multiple comparisons was done between three or four groups. Statistical analyses were undertaken using Prism 8 (www.graphpad.com). Correlations between the level of BAs in the ileum and relative abundance of the microbiome were carried out using Spearman’s correlation analysis followed by p-value correction of the false discovery rate, which was visualized using R 3.6.2 (R Institute for Statistical Computing, Vienna, Austria; www.r-project.org/). p < 0.05 was considered significant.
RESULTS
Astragalus polysaccharides Ameliorated Lithogenic Diet-Induced Cholesterol Gallstone Formation in Mice
Mice in the chow group did not have CG formation and had clear gallbladders. Ninety percent of mice in the LD group had CGs and ”cloudy” gallbladders (Figures 1A,C). The color and morphology of CGs in mice are shown in Figure 1B. With APS supplementation, the prevalence of CG formation in the AL group and AH group was 60 and 30%, respectively, (Figures 1A,C). We graded CGs according to the method described by Akiyoshi and colleagues (Akiyoshi et al., 1986). The grade of CG formation in mice fed the LD was significantly higher than that of chow diet-fed mice, and was decreased significantly upon APS supplementation (Figure 1D). Bodyweight gain was not significantly different among the groups (Figure 1E). Compared with chow diet-fed mice, the ratio of liver weight-to-bodyweight was significantly higher in mice fed the LD, and APS could reverse these changes partially (Figure 1F).
[image: Figure 1]FIGURE 1 | Bodyweight, and liver weight, and cholesterol gallstone (CG) prevalence. (A) Representative gallbladders per group. (B) CGs from the LD group. (C) CG prevalence. (D) Grades of CG formation. (E) Bodyweight gain. (F) Ratio of liver weight-to-bodyweight. Data are the mean ± SD (n = 10). *p < 0.05, **p < 0.01. Chow, chow diet; LD, lithogenic diet; AL, low-dose APS; AH, high-dose APS.
Astragalus polysaccharides Altered Biliary Composition and the Cholesterol Saturation Index in Mice fed the Lithogenic Diet
We evaluated lipid profiles in gallbladder bile to understand the mechanism involved in the reduction of CG formation by APS. Compared with that in the chow group, the TC level was increased significantly in the gallbladder bile of mice fed the LD, whereas APS decreased the TC level significantly (Figure 2A). However, total BAs and phospholipids in gallbladder bile was not altered significantly by APS supplementation (Figure 2A). The CSI in the LD group was higher than that in the chow group, and APS supplementation reduced it (Figure 2B).
[image: Figure 2]FIGURE 2 | Biliary Cholesterol Saturation Index (CSI) and Hydrophobicity Index (HI) of bile acids (BAs) in gallbladder bile. (A) Total cholesterol (TC), BAs and phospholipids (PL) (n = 8–10). (B) CSI (n = 8–10). (C) Analysis of BA species (n = 6). Top-13 most abundant BA species are shown. (D) HI of BAs (n = 6). (E) Total conjugated BAs and unconjugated BAs (n = 6). Data are the mean ± SD, *p < 0.05, **p < 0.01. Chow, chow diet; LD, lithogenic diet; AL, low-dose APS; AH, high-dose APS.
The solubility and hydrophobicity of individual BAs were different. The rank order from hydrophobic to hydrophilic was: lithocholic acid (LCA) > DCA > chenodeoxycholic acid (CDCA) > CA > ursodeoxycholic acid (UDCA) > MCA (de Aguiar Vallim et al., 2013). We employed BA-targeted metabolomics analysis to determine the changes in individual BAs in gallbladder bile. Compared with that in the chow group, the level of CA, TDCA, GCA, α-MCA, and GDCA in gallbladder bile was increased significantly in the LD group. APS administration reduced the level of CA and α-MCA significantly, and increased the level of T-α-MCA, T-β-MCA, TUDCA, TCDCA, and β-MCA, in gallbladder bile (Figure 2C). The percentage of BAs in gallbladder bile is shown in Supplementary Figure S1. The HI of gallbladder-bile BAs in the LD group was significantly higher than that in the chow group, but APS supplementation reduced the HI (Figure 2D). Principal component analysis (PCA) of BAs in gallbladder bile showed clear separation among groups (Supplementary Figure S2, left). The level of total unconjugated BAs in bile was increased significantly in the LD group, whereas APS reversed these changes (Figure 2E). However, the level of total conjugated BAs in bile was not significantly different among the three groups (Figure 2E). These results indicated that APS could reduce the TC level and increase the level of hydrophilic BA, which might attenuate cholesterol hypersaturation in gallbladder bile.
Astragalus polysaccharides Ameliorated Lithogenic Diet-Induced Metabolic Disorders
LD administration resulted in significant hepatic steatosis (as revealed by H&E and Oil Red O staining), whereas APS supplementation improved hepatic steatosis (Figures 3A,B). APS significantly reduced the hepatic TC level and serum level of TC and TG, which were increased by LD consumption (Figures 3C,D). The hepatic level of TG was not reduced significantly by APS (Figure 3E). These results indicated that APS could ameliorate LD-induced metabolic disorders in mice.
[image: Figure 3]FIGURE 3 | APS attenuated LD-induced metabolic disorders. (A) Representative images of H&E and Oil Red O staining per group (scale bar: 50 μm). (B) Percentage of Oil Red O positive area. (C) Serum levels of total cholesterol (TC) and triglycerides (TG). (D) Hepatic level of TC. (E) Hepatic level of TG. Data are the mean ± SD (n = 10). *p < 0.05, **p < 0.01. Chow, chow diet; LD, lithogenic diet; AL, low-dose APS; AH, high-dose APS.
Astragalus polysaccharides Reduced the Cholic Acid in the Ileum and Downregulated Expression of the Fxr–Fgf15 Axis
We analyzed the individual BA species in the ileum (where most BAs are reabsorbed) to explore the influence of APS on BA metabolism in the intestine (Huang et al., 2019; Jia et al., 2021). APS significantly reduced the CA level in the ileum, which was increased by LD consumption (Figure 4A). After APS supplementation, the level of T-β-MCA was increased significantly (Sayin et al., 2013) (Figure 4A). The level of total conjugated BAs and total unconjugated BAs was increased in mice fed the LD, whereas APS reduced the level of total unconjugated BAs significantly (Figure 4B).
[image: Figure 4]FIGURE 4 | Bile acid (BA) species in the ileum and Fxr–Fgf15 axis. (A) Analyses of BA species (n = 10). Top-13 most abundant BA species are shown. (B) Total conjugated BAs and unconjugated BAs (n = 10). (C) Ileal mRNA expression of Fxr, Shp, and Fgf15 (n = 8). (D) Ileal expression (left panel) and quantification (right panel) of Fgf15 protein (n = 6). Data are the mean ± SD. *p < 0.05, **p < 0.01. Chow, chow diet; LD, lithogenic diet; AH, high-dose APS.
Next, we analyzed expression of Fgf15 and Shp in the ileum (both of which are target genes of Fxr) (Kong et al., 2012). APS decreased the mRNA expression of Fgf15 and Shp in the ileum significantly, which was increased significantly by LD consumption (Figure 4C). Western blotting further confirmed the reduced protein expression of Fgf15 in APS-treated mice (Figure 4D).
Astragalus polysaccharides Decreased the Canalicular Efflux of Cholesterol and Enhanced Bile Acids Synthesis
Consistent with the activation of intestinal Fxr, we found that hepatic mRNA expression of Cyp7a1, Cyp8b1, and Cyp7b1 was decreased significantly in mice fed the LD (Figure 5A). APS significantly increased hepatic mRNA expression of Cyp7a1 and Cyp7b1 (Figure 5A). Western blotting confirmed the increased protein level of Cyp7a1 and Cyp7b1 in APS-treated mice (Figure 5B). Consistent with the increased de novo synthesis of BAs from cholesterol, the hepatic level of cholesterol was reduced (Figure 3D). Compared with the LD group, expression of Fgf receptor 4 (Fgfr4) and its coreceptor β-klotho was unchanged in APS-treated mice (Figure 5C). Hepatic expression of Fxr and Shp was unchanged (Supplementary Figure S3D), which suggested that hepatic Fxr might not account for the increased expression of Cyp7a1 and Cyp7b1 in APS-treated mice. APS reduced mRNA and protein expression of Abcg5 and Abcg8 significantly, which were increased by LD consumption (Figures 5D,E). This finding was consistent with the reduced cholesterol level in gallbladder bile (Figure 2A). Taken together, these results indicated that increased expression of Cyp7a1 and Cyp7b1 might have resulted from the inhibition of intestinal Fxr and decreased Fgf15 expression in the ileum.
[image: Figure 5]FIGURE 5 | Expression of the genes involved in cholesterol transport and bile-acid synthesis in the liver. (A) mRNA expression of Cyp7a1, Cyp8b1, Cyp7b1, and Cyp27a1 (n = 8). (B) Protein expression (left panel) and quantification (middle and right panel) of Cyp7a1 and Cyp7b1 (n = 6). (C) mRNA expression of Fgfr4 and β-klotho (n = 8). (D) mRNA expression of Abcg5 and Abcg8 (n = 8). (E) Protein expression (left panel) and quantification (middle and right panel) of Abcg5 and Abcg8 (n = 6). Data are the mean ± SD. *p < 0.05, **p < 0.01. Chow, chow diet; LD, lithogenic diet; AH, high-dose APS.
Astragalus polysaccharides Changed Expression of the Genes Involved in Bile Acids Transport in the Liver and Ileum
Uptake and efflux of BAs are mediated by a series of efficient BA transporters in the liver. Sodium taurocholate cotransporting polypeptide (Ntcp) and organic anion-transporting polypeptides (Oatps) are responsible for transporting BAs from portal blood into hepatocytes (Kunst et al., 2020). mRNA expression of Oatp1a1 and Oatp1a4 was decreased significantly and increased in mice fed the LD, respectively, whereas APS reversed these changes (Supplementary Figure S3A). mRNA expression of Oatp1b2 and Ntcp did not change significantly in any group (Supplementary Figure S3A). For sinusoidal uptake transporters, increased mRNA expression of Mrp3 and Mrp4 in the LD group was decreased significantly by APS supplementation (Supplementary Figure S3A). Bsep and Mrp2 pump bile salts out of hepatocytes into primary bile (Kunst et al., 2020). mRNA expression of Bsep was increased significantly in mice fed the LD, but APS had little effect on mRNA expression of Bsep and Mrp2 (Supplementary Figure S3A). mRNA expression of Abcb4—a major phospholipid transporter (Poupon et al., 2013)—was not affected significantly (Supplementary Figure S3C).
Apical sodium-dependent bile acid transporter (Asbt) actively reabsorbs BAs in the distal ileum, and the reabsorbed BAs are then transported into the portal circulation by organic solute transporter α/β (Ostα/β) (Ticho et al., 2019). LD consumption decreased expression of Asbt mRNA and Ostβ mRNA in the ileum significantly, which might have been caused by activation of intestinal Fxr (Ticho et al., 2019), whereas APS normalized these changes partly (Supplementary Figure S3B).
Astragalus polysaccharides Reversed Lithogenic Diet-Induced Gut Dysbiosis in Mice
We further explored the influence of APS on the gut microbiota by 16S rRNA-sequencing. The Shannon Index and Simpson Index were reduced significantly in the LD group, and the Simpson Index was increased significantly by APS supplementation, which suggested that APS could improve the diversity of the gut microbiota (Figure 6A). Weighted UniFrac PCoA showed clear separation among groups (Figure 6B). Taxonomic profiling of the top-nine most abundant phyla showed that LD consumption significantly increased the relative abundance of the phyla Verrucomicrobia, Proteobacteria and Cyanobacteria and reduced the relative abundance of the phylum Bacteroidetes, whereas APS reversed the changes in the abundance of Bacteroidetes and Verrucomicrobia (Figures 6C,D). Considering the intestinal crosstalk between BAs and microbiota, we undertook Spearman’s correlation analysis between BAs in the ileum and the relative abundance of bacterial genera. In general, the abundance of [Eubacterium]_fissicatena_group, Intestinimonas, and Negativibacillus genera was correlated negatively with the level of β-MCA and T-β-MCA, whereas the abundance of the Muribaculum genus was correlated positively with the T-β-MCA level (Supplementary Figure S4).
[image: Figure 6]FIGURE 6 | APS changed the composition of the gut microbiota. (A) Shannon Index and Simpson Index. (B) Weighted Unifrac principal coordinate analysis (PCoA). (C, D) Multigroup difference analysis of the top-9 most abundant phyla. Data are the mean ± SD (n = 10). *p < 0.05, **p < 0.01. Chow, chow diet; LD, lithogenic diet; AH, high-dose APS.
DISCUSSION
We found that APS could ameliorate LD-induced CG formation in mice. APS supplementation decreased the level of TC, the HI of BAs and CSI in bile. The protective effect of APS might result from reduced absorption or reabsorption of CA in the intestine and increased BA synthesis in the liver. Increased expression of Cyp7a1 and Cyp7b1 might have resulted from inhibition of intestinal Fxr and decreased expression of Fgf15 in the ileum. APS also improved LD-induced gut dysbiosis.
CG disease has relationships with several metabolic abnormalities: obesity, type-2 diabetes mellitus, atherosclerosis, and nonalcoholic fatty liver disease (Lammert et al., 2016; Di Ciaula et al., 2019). Recent studies have indicated that APS can ameliorate obesity, insulin resistance, hepatic steatosis, and hypercholesteremia in mice and cell lines (Huang et al., 2017; Ke et al., 2017; Hong et al., 2020). We found that APS could ameliorate LD-induced CG formation in mice. In addition, APS improved LD-induced hepatic steatosis and hypercholesterolemia.
Studies have shown that dietary fiber can protect against CG formation in prairie dogs, and this effect was associated with a decrease in the cholesterol level in bile (Schwesinger et al., 1999). Reduced reabsorption of BAs in the ileum is considered a major mechanism that explains the cholesterol-reducing effects of dietary fibers (Naumann et al., 2020). Several studies have reported that the viscous and adsorptive effects of dietary fibers can reduce BA reabsorption in the intestine (Naumann et al., 2018; Naumann et al., 2019; Naumann et al., 2020). In the intestine, BAs are absorbed in two ways: active and passive (Ticho et al., 2019). Active absorption relies on transepithelial transporters located on apical and basolateral sides, such as Asbt and Ostα/β in the ileum (Ticho et al., 2019). BAs can also diffuse passively through membranes, and passive absorption can occur in all regions of the small and large intestines (Ticho et al., 2019). We found that APS could inhibit BA absorption and reduce the CA level in the ileum, and that the level of T-β-MCA was increased. APS decreased the LD-induced expression of Fgf15, a target gene of Fxr (Kong et al., 2012). Fgf15 reaches the liver through portal blood, where it binds to the Fgfr4/β-klotho heterodimer complex to inhibit BA synthesis in the liver (Wahlstrom et al., 2016).
Cholesterol hypersaturation is a prerequisite for CG formation, and excessive hepatic secretion of cholesterol is a cause of supersaturated bile (Lammert et al., 2016). Hydrophilic BAs such as β-MCA and UDCA can act as biliary cholesterol-desaturating agents for the prevention and dissolution of CGs (Jazrawi et al., 1992; Wang and Tazuma, 2002). In the present study, in accordance with the relieved activation of intestinal Fxr and decreased Fgf15 expression in the ileum, hepatic expression of Cyp7a1—the rate-limiting enzyme for BA synthesis (Wahlstrom et al., 2016)—and Cyp7b1 was increased. Enhanced BA synthesis can increase cholesterol depletion. As a result, the cholesterol level in the bile and liver was reduced, and expression of Abcg5 and Abcg8 [which are responsible for biliary cholesterol secretion (Lammert et al., 2016)] was also decreased by APS. More hydrophilic BAs, such as T-α-MCA, T-β-MCA and TUDCA, were synthesized in mice, which decreased the HI of BAs and increased cholesterol solubility in bile. It has been reported that the biliary secretion of phospholipids and cholesterol is coupled to that of BAs under physiological conditions (Scherstén et al., 1971; Carulli et al., 1984; Gooijert et al., 2015). Several studies find that acute BAs infusion stimulates biliary secretion of phospholipids and cholesterol (Carulli et al., 1984; Gooijert et al., 2015). Whereas there is hypersaturation of the bile with cholesterol in mice fed LD, whether the correlation is altered or not still needs to be further explored. Hepatic Shp also regulates expression of Cyp7a1 and Cyp7b1 (Kong et al., 2012). However, a significant change in hepatic Shp expression was not observed, which suggested that hepatic Fxr might not account for the increased expression of Cyp7a1 and Cyp7b1 noted in APS-treated mice.
Recent studies have shown that CG formation is associated with alterations in the gut microbiota (Wang et al., 2017; Grigor'eva and Romanova, 2020; Wang et al., 2020b). APS is a type of prebiotic that can modulate the gut microbiome and host metabolism (Hong et al., 2020). We discovered that APS improved the diversity of the gut microbiota and increased the relative abundance of bacteria belonging to the Bacteroidetes phylum, data that are consistent with results from a study by Hong and coworkers (Hong et al., 2020).
Our study had two main limitations. First, the relative BA composition in BA pools in the humans and mice is different (de Aguiar Vallim et al., 2013). Mouse models of gallstones established with a combination of cholesterol and cholic acid are used widely (Wang et al., 2018; Munoz et al., 2019; Wang et al., 2020a), but the pathogenesis of CG formation in mice and humans is not identical. For example, humans do not ingest CA via the diet. When translating findings from mice to humans, these differences should be taken into account. Second, the hypotheses that lower CA absorption, enhanced BA synthesis, or microbial changes cause beneficial effects must be verified by additional mechanistic experiments, which we will do in the future.
CONCLUSION
Although cholecystectomy is efficacious treatment for CG disease, it has some limitations, such as surgical complications and high socioeconomic costs. More emphasis should be given to the prevention of CG disease. We found that the herbal polysaccharide APS demonstrated benefits against CG disease, which may be associated with enhanced BA synthesis and improved gut microbiota. Our study provides preliminary findings of APS preventing CG in a murine model. Future research is required to understand the underlying mechanism and the potential relevance to the prevention of human CG disease.
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Cyp7b1
Cyp7al
Cyp8b1
Cyp2rat
B-kiotho
Mip2
Mip3
Mip4
Oatpial
Oatplad
Oatp1b2
Bsep
Asbt
Ntcp
Osta
Ostp
Fof15
Ffr4
Abcbd
Fxr

Shp
Abcgs
Abcg8
Gapah

Forward primer

GGAGCCACGACCCTAGATG
AGCAGCCTCTGAAGAAGTGAATGG
ACACCAAGGACAAGCAGCAAGAC
ACACGGATGCCTTAAACGAGG
TGTTCTGCTGCGAGCTGTTAC
GTGTGGATTCCCTTGGGCTTT
CTGGGTCCCCTGCATCTAC
GGCACTCCGGTTAAGTAACTC
GTGCATACCTAGCCAAATCACT
GCTTTTCCAAGATCAAGGCATTT
AGATCAGAGAAGACAAGGCACT
TCTGACTCAGTGATTCTTCGCA
GTCTGTCCCCCAAATGCAACT
CAAACCTCAGAAGGACCAAACA
AGGCAGGACTCATATCAAACTTG
AGATGCGGCTCCTTGGAATTA
ATGGCGAGAAAGTGGAACGG
GCTCGGAGGTAGAGGTCTTGT
CAGCGAGAAACGGAACAGCA
GCTTGATGTGCTACAAAAGCTG
TGGGTCCCAAGGAGTATGC
AGGGCCTCACATCAACAGAG
CTGTGGAATGGGACTGTACTTC
AGGTCGGTGTGAACGGATTTG

Reverse primer

TGCCAAGATAAGGAAGCCAAC
AGAGCCGCAGAGCCTCCTTG
TGGCTCACTTCCACCCACTCC
GCAGCCAATCCTTTTCTCAAAC
CCGGACTCACGTACTGTTTTT
CACAACGAACACCTGCTTGG
GCCGTCTTGAGCCTGGATAAC
TGTCACTTGGTCGAATTTGTTCA
CCAGGCCCATAACCACACATC
CGTGGGGATACCGAATTGTCT
CTTTGGTCGGTGTAGCTTGG
CCCATAAACATCAGCCAGTTGT
CACCCCATAGAAAACATCACCA
GTAGGAGGATTATTCCCGTTGTG
TGAGGGCTATGTCCACTGGG
TGGCTGCTTCTTTCGATTTCTG
CTGACACAGACTGGGATTGCT
CCACGCTGACTGGTAGGAA
TCAGAGTATCGGAACAGTGTCA
CGTGGTGATGGTTGAATGTCC
GCTCCAAGACTTCACACAGTG
GCTGACGCTGTAGGACACAT
GTTGGACTGACCACTGTAGGT
TGTAGACCATGTAGTTGAGGTCA

Cyp7b1, cytochrome P450 7b1; Cyp7at,cytochrome P450 7at; Cyp8bl, cytochrome P450 8b1; Cyp27al, cytochrome PA50 27al; p-Klotho, beta-kiotho; M2, multidrug resistance
protein 2; M3, multichug resistance protein 3; Mrpd, multidug resistance protein 4; Oatp 1al, organic anion-transporting polypeptide 1a1; Oatp1ad, organic anion-transporting
polypeptide Ta; Oatp1b2, organic anion-transporting polypeptide 1b2; Bsep, bile acid export pump; Asbt, apical sodium dependent bile acid transporter; Nicp, Na/taurocholate
cotransporting polypeptidle; Osta, organic solute transporter alpha; Ostp, organic solute transporter beta; Fgf15, fibroblast growth factor 15; Fgird, fibroblast growth factor receptor 4;
Abcbd, ATP-bindling cassette; subfamily B; member 4; Fxr, bile acid receptor; Shp, nuclear receptor subfamily 0 group B member 2; AbcgS, ATP-binding cassette subfamily G member 5;

AbcgB, ATP-binding cassette sublamily G mamber 8: Gapdh, alyceraldehyde-3-phosphate defiydroganase.
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