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Abstract
BACKGROUND
[bookmark: OLE_LINK83][bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK47][bookmark: OLE_LINK48][bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK6][bookmark: OLE_LINK7]Bile acids (BAs) have attracted attention in the research of irritable bowel syndrome with predominant diarrhea (IBS-D) due to their ability to modulate bowel function and their tight connection with the gut microbiota. The composition of the fecal BA pool in IBS-D patients is reportedly different from that in healthy populations. We hypothesized that BAs may participate in the pathogenesis of IBS-D and the altered BA profile may be correlated with the gut microbiome.

AIM
To investigate the role of BAs in the pathogenesis of IBS-D and the correlation between fecal BAs and gut microbiota.

METHODS
[bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK49][bookmark: OLE_LINK22][bookmark: OLE_LINK23]Fifty-five IBS-D patients diagnosed according to the Rome IV criteria and twenty-eight age-, sex-, and body mass index-matched healthy controls (HCs) were enrolled in this study at the gastroenterology department of China-Japan Friendship Hospital. First, clinical manifestations were assessed with standardized questionnaires, and visceral sensitivity was evaluated via the rectal distension test using a high-resolution manometry system. Fecal primary BAs including cholic acid (CA) and chenodeoxycholic acid (CDCA), secondary BAs including deoxycholic acid (DCA), lithocholic acid (LCA), and ursodeoxycholic acid (UDCA) as well as the corresponding tauro- and glyco-BAs were examined by ultraperformance liquid chromatography coupled to tandem mass spectrometry. The gut microbiota was analyzed using 16S rRNA gene sequencing. Correlations between fecal BAs with clinical features and gut microbiota were explored.

RESULTS
Fecal CA (IBS-D: 3037.66 [282.82, 6917.47] nmol/g, HC: 20.19 [5.03, 1304.28] nmol/g; P < 0.001) and CDCA (IBS-D: 1721.86 [352.80, 2613.83] nmol/g, HC: 57.16 [13.76, 1639.92] nmol/g; P < 0.001) were significantly increased, while LCA (IBS-D: 1621.65 [58.99, 2396.49] nmol/g, HC: 2339.24 [1737.09, 2782.40]; P = 0.002] and UDCA (IBS-D: 8.92 [2.33, 23.93] nmol/g, HC: 17.21 [8.76, 33.48] nmol/g; P = 0.025) were significantly decreased in IBS-D patients compared to HCs. Defecation frequency was positively associated with CA (r = 0.294, P = 0.030) and CDCA (r = 0.290, P = 0.032) and negatively associated with DCA (r = −0.332, P = 0.013) and LCA (r = −0.326, P = 0.015) in IBS-D patients. In total, 23 of 55 IBS-D patients and 15 of 28 HCs participated in the visceral sensitivity test. The first sensation threshold was negatively correlated with CDCA (r = −0.459, P = 0.028) in IBS-D patients. Furthermore, the relative abundance of the family Ruminococcaceae was significantly decreased in IBS-D patients (P < 0.001), and 12 genera were significantly lower in IBS-D patients than in HCs (P < 0.05), with 6 belonging to Ruminococcaceae. Eleven of these genera were negatively correlated with primary BAs and positively correlated with secondary BAs in all subjects.

CONCLUSION
The altered metabolism of BAs in the intestine of IBS-D patients was associated with diarrhea and visceral hypersensitivity and might be ascribed to dysbiosis, especially the reduction of genera in Ruminococcaceae.
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Core Tip: This study comprehensively investigated the fecal bile acid profile of irritable bowel syndrome with predominant diarrhea (IBS-D) patients and healthy controls, and the correlations between bile acids (BAs) and clinical characteristics as well as the gut microbiota of IBS-D patients. We found that the composition of fecal BAs in IBS-D patients is featured by increased primary BAs and decreased secondary BAs, which was associated with diarrhea and visceral hypersensitivity. The abnormality of BAs might be induced by dysbiosis in IBS-D patients, especially the reduction of genera in the Ruminococcaceae family, which contains the majority of bacteria that are capable of converting primary BAs into secondary BAs.


INTRODUCTION
Irritable bowel syndrome (IBS) is a chronic and sometimes intractable functional bowel disorder, characterized by recurrent abdominal pain related to defecation or accompanied by changes in stool frequency or form. It affects 1.1%–35.5% of the population across different countries[1], with a prevalence of 6.5% in the Chinese population[2]. IBS is classified into four subtypes based on the predominant stool form of the patients: IBS with predominant diarrhea (IBS-D), IBS with predominant constipation (IBS-C), IBS with mixed bowel habits, and IBS unclassified[3]. As the most common subtype in China, IBS-D accounts for 47.1%–66.3% of all IBS cases[4,5]. The exact pathogenesis of IBS is incompletely understood. Motility disturbances and visceral hypersensitivity are generally thought to be involved, and gut dysbiosis, immune dysregulation, intestinal barrier dysfunction, and brain-gut interaction disorder may also be implicated in the pathophysiology of IBS[6]. 
Recently, bile acids (BAs) metabolism has attracted attention in IBS. Apart from facilitating the absorption of lipids, BAs can also affect gastrointestinal motility, mucosal permeability, and the secretion of water, electrolytes, and mucus in the gut[7]. Changes in BAs metabolism between IBS patients and healthy populations have been reported[8-10], but the data delineating BAs metabolism in Chinese IBS-D patients are still sparse. Moreover, BA sequestrants, which can bind intraluminal BAs, can attenuate diarrhea and decrease the score of the IBS Symptom Severity Scale (IBS-SSS) in IBS-D patients[11-13]. Therefore, the involvement of BAs in the pathogenesis of IBS-D is worthy of particular note.
[bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK13]Primary BAs, including cholic acid (CA) and chenodeoxycholic acid (CDCA), are formed from cholesterol in hepatocytes, excreted through the biliary tree into the gallbladder after conjugation with glycine or taurine, and further released into the duodenum in response to meal ingestion. Conjugated CA and CDCA are then chemically modified by the intestinal microbiota through deconjugation and 7α-dehydroxylation, converting them into secondary BAs, i.e. deoxycholic acid (DCA) and lithocholic acid (LCA), respectively. Apart from LCA, a small part of CDCA is transformed into another kind of secondary BA, ursodeoxycholic acid (UDCA), by microbiota through 7α/β-epimerization[14,15]. DCA, LCA, and UDCA can also be conjugated with glycine or taurine. Over 90% of conjugated BAs are reabsorbed in the terminal ileum and return to the liver through the portal circulation, while unconjugated BAs can be reabsorbed by passive diffusion across the epithelium of the small intestine and colon[7,16]. Because of the critical position of the gut microbiome in BAs synthetic regulation, gut dysbiosis may lead to dysmetabolism of BAs[14]. Ample evidence has suggested that the gut microbiota of IBS-D patients differs from that of healthy controls (HCs)[17-21], and gut dysbiosis has been considered to be involved in the putative pathophysiology of IBS[22-24]. However, information about correlations between fecal BAs and the gut flora in IBS-D patients is limited.
Due to the evidence of altered fecal BA profile and gut microbiota in IBS-D patients, we hypothesized that BAs may participate in the pathogenesis of IBS-D, and the gut dysbiosis may contribute to the abnormity of BAs metabolism. To investigate this hypothesis, BAs-related metabolomic analyses and 16S rRNA gene sequencing of feces were performed in an IBS-D cohort and matched HCs to explore the association between the composition of fecal BA pool and the gut microbiota.

MATERIALS AND METHODS
Subject recruitment and sample collection
A total of 55 IBS-D patients aged between 18 and 60 years along with 28 age-, sex-, and body mass index (BMI)-matched HCs were recruited in this study. The sample size was calculated with PASS 08.0.3 (NCSS LLC., Kaysville, UT, United States), based on the proportions of primary BAs, secondary BAs, and conjugated BAs in IBS-D patients and HCs in a previous study[25]. A sample size of 22 patients and 11 HCs will have 90% power to detect the difference in fecal BAs composition at a significance level of 0.05.
All patients visited the gastroenterology department of China-Japan Friendship Hospital from May 2019 to October 2019 and were diagnosed with IBS-D according to the Rome IV criteria. The score of IBS-SSS of the patients was required to be above 75 to ensure that they were symptomatic at the study entry. HCs were recruited through public advertisements. Subjects with a history of organic diseases (including gastrointestinal diseases and other major organ injuries), major abdominal surgery, endoscopic retrograde cholangiopancreatography, psychiatric disorders, and abuse of alcohol were excluded. Pregnant or lactating female subjects and those with dysmenorrhea were also excluded. Subjects who took probiotics, antibiotics, prokinetics, antispasmodics, analgesics, non-steroidal anti-inflammatory drugs, and antidepressants within 4 wk, or corticosteroids, immunosuppressants, BA sequestrants, and lipid-lowering agents within 6 mo before the study were excluded. Informed consent was obtained from each subject before his/her entry to the study. This study was approved by the Ethics Committee of the China-Japan Friendship Hospital (No. 2019-64-K44).
Fresh stool samples were collected with sterile plastic tubes from all subjects in China-Japan Friendship Hospital and were immediately transferred to the laboratory and stored at −80 °C until analysis. Each sample was homogenized and divided into at least 2 parts for BAs and microbiota analyses. Considering the circadian rhythm in BAs synthesis and metabolism[26], all of the samples were collected between 07:00 am and 10:00 am. All subjects were asked to maintain their usual dietary habits at least 1 wk before the collection of the stool samples and until all of the assessments were finished. The pharmacological agents aforementioned were not allowed throughout the study period.

Clinical and psychological assessments
Disease severity was evaluated with the IBS-SSS, a validated questionnaire including five items (severity and frequency of abdominal pain, abdominal bloating, bowel habit dissatisfaction, and overall interference with quality of life)[27]. The highest score was 100 for each item and the total score ranges from 0 to 500. All subjects were asked to report their stool consistency according to the Bristol stool form scale (BSFS) and defecation frequency per day during the preceding 2 wk.
Psychological characteristics were assessed with the hospital anxiety and depression scale (HADS) consisting of 7 items for anxiety and 7 items for depression. The maximum score is 21 for both of the dimensions, with a score of less than 8 for non-cases, a score of 8–10 for doubtful cases, and a score of more than 10 for definite cases of anxiety or depression[28]. In addition, the visceral sensitivity index (VSI) scale was used to measure gastrointestinal symptoms-specific anxiety (GSA)[29], with 15 items ranging from score 0 (no GSA) to 5 (severe GSA) and a maximum score of 75.
Visceral sensitivity was assessed with a high-resolution manometry system that has been used previously in our laboratory[30]. Briefly, after completely emptying the rectum with a glycerin enema, a resolution anorectal catheter with a latex balloon at the tip was inserted into the rectum of subjects. After subjects adapted to the catheter in the rectum, the balloon was manually inflated with air through a 100-mL syringe at a speed of 10 mL/5s, and subjects were asked to report their feelings of initial perception, defecation sensation, and discomfort/pain during the process, with the corresponding balloon volumes recorded as the first sensation threshold, defecating sensation threshold, and maximum tolerable threshold, respectively.

BAs analysis
[bookmark: OLE_LINK14]Chemicals: All 15 standards were obtained from Steraloids Inc. (Newport, RI, United States) and TRC Chemicals (Toronto, ON, Canada) including CA, CDCA, DCA, LCA, UDCA, glyco-cholic acid, glyco-chenodeoxycholic acid, glyco-deoxycholic acid, glyco-lithocholic acid, glyco-ursodeoxycholic acid (GUDCA), tauro-cholic acid (TCA), tauro-chenodeoxycholic acid, tauro-deoxycholic acid, tauro-lithocholic acid, and tauro-ursodeoxycholic acid (TUDCA). Six deuterated internal standards were obtained from Steraloids Inc. (Newport, RI, United States) and C/D/N Isotopes Inc. (Quebec, Canada). 

Sample preparation: To diminish sample degradation, feces samples were thawed in an ice-bath at first. Next, approximately 10 mg of each sample was weighed and transferred to a tube together with 25 mg zirconium oxide beads and 200 μL acetonitrile/methanol (8/2) containing 10 μL internal standards. The sample was centrifuged at 13500 g for 20 min at 4 °C after homogenization. Then, 10 μL supernatant was diluted with 90 μL of the mixture containing the equal amount of acetonitrile/methanol (8/2) and ultrapure water. After centrifugation, the supernatant was used to quantitate the BAs with the ultraperformance liquid chromatography coupled to tandem mass spectrometry (UPLC-MS/MS) system (ACQUITY UPLC-Xevo TQ-S, Waters Corp., MA, United States).

UPLC-MS/MS analysis: Each sample was injected splitless into an ACQUITY UPLC Cortecs C18 1.6 μM VanGuard precolumn (2.1 mm × 5 mm) and an ACQUITY UPLC Cortecs C18 1.6 μM analytical column (2.1 mm × 100 mm). The mobile phases consisted of 10 mmol/L ammonium acetate with 0.25% acetate acid (mobile phase A) and acetonitrile/methanol/isopropanol (8/1/1) (mobile phase B). The flow rate was 0.40 mL/min with the following mobile phase gradient: 0-0.3 min (5% B), 0.3-0.5 min (5%-10% B), 0.5-2 min (10%-15% B), 2-3 min (15%-30% B), 3-6 min (30% B), 6-8 min (30%-35% B), 8-9 min (35%-40% B), 9-10 min (40% B), 10-15 min (40%-75% B), 15-15.5 min (75%-100% B), 15.5-16.2 min (100% B), 16.2-16.3 min (100%-5% B), 16.3-17 min (5% B). The column temperature was 30 °C and the injection volume of each sample was 5 μL. The capillary voltage was 2.0 kV in negative ion mode. The source temperature was maintained at 150 °C and the desolvation gas temperature was maintained at 550 °C. 

Data processing: The raw data files generated by UPLC-MS/MS were processed using MassLynx software (v4.1; Waters, MA, United States) to perform peak integration, calibration, and quantitation for BAs in the samples. The BAs analysis was conducted by the Metabo-profile Biotechnology (Shanghai, China).

16S rRNA gene sequencing analysis
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]Microbial DNA was extracted from the fecal samples of the subjects using a QIAamp Fast DNA Stool Mini Kit (Qiagen, Valencia, United States). DNA quality was determined by 1% agarose gel electrophoresis and Thermo NanoDrop 2000 (Thermo Fisher Scientific, MA, United States). The amplification of the hypervariable V3-V4 region was conducted using primers 341F (5’-CCTACGGGRSGCAGCAG-3’) and 806R (5’-GGACTACVVGGGTATCTAATC-3’). The KAPA HiFi Hotstart ReadyMix PCR Kit (Kapa Biosystems, Massachusetts, United States) was used for PCR, containing 15 μL of 2 × Kapa Library Amplification ReadyMix, 1 μL forward primer, 1 μL reverse primer, and 50 ng template DNA. The amplicons were then extracted with 2% agarose gels and further purified using an AxyPrep DNA Gel Extraction Kit (Axygen, CA, United States), and quantified using a Qubit dsDNA HS Assay Kit (Invitrogen, MA, United States). After the library was constructed, sequencing was performed using the Illumina NovaSeq PE250 platform (Illumina, CA, United States). Fecal 16S rRNA analysis was conducted by the Realbio Genomics Institute (Shanghai, China).
[bookmark: OLE_LINK54][bookmark: OLE_LINK55]Sequences with similarity ≥ 97% were defined as operational taxonomic units. Alpha-diversity was analyzed with QIIME (V1.9.1), including the Shannon and Simpson indexes to depict microbial diversity as well as the Chao1 index to depict microbial richness. Beta diversity was assessed by principal coordinate analysis (PCoA) based on weighted and unweighted UniFrac distance metrics analysis. The Mann-Whitney U-test was employed to compare the relative abundance of bacterial taxa between the IBS-D group and the control group after logarithmic transformation. The distinguishing features of the fecal microbiota were analyzed using linear discriminant analysis (LDA) effect size (LEfSe), which can identify floras both significantly different and biologically meaningful[31]. The LEfSe P-value of 0.05 and the LDA score threshold of 2.0 were used in this study.

Statistical analysis
Data are presented as the mean ± SD or the median (Q1, Q3). Comparisons between groups were performed using the independent samples t-test or the nonparametric Mann-Whitney U-test, and qualitative data were analyzed using the Chi-squared test, with a two-sided P < 0.05 considered statistically significant. False discovery rate (FDR) correction following the Benjamin-Hochberg method was applied when comparing the concentrations of BAs and the relative abundances of gut microbiota in the two groups. The relationships of BAs with the other clinical and microbial parameters were analyzed by Spearman’s correlation. Statistical analyses were performed using SPSS version 23.0 (SPSS Inc., Chicago, IL, United States). Statistical charts were generated using Graph Prism version 6.0 (GraphPad Software Inc., La Jolla, CA, United States).
Apart from the absolute concentrations of the different BAs, several parameters were also analyzed. The total BAs is the sum of the 15 BAs. The unconjugated BAs is the sum of CA, CDCA, DCA, LCA, and UDCA, and the conjugated BAs is the sum of their corresponding glyco- and tauro-BAs. The primary BAs is the sum of CA and CDCA and their glyco- and tauro- derivatives, and similarly, the secondary BAs is the sum of DCA, LCA, UDCA, and their glyco- and tauro-derivatives. 

RESULTS
Demographics and clinical characteristics
Fifty-five IBS-D patients (41 men, 14 women) and 28 age-, sex-, and BMI-matched HCs (20 men, 8 women) participated in the study. Their demographic and clinical characteristics are presented in Table 1. The median duration of disease was 3.0 years (range, 0.5–30 years) and the median IBS-SSS score was 180.0 (range, 100–410) in the IBS-D group. The scores of abdominal pain severity and frequency on the IBS-SSS were 40.0 (20.0, 50.0) and 30.0 (20.0, 40.0) in the IBS-D group, respectively. The defecation frequency and BSFS scores were both significantly higher in IBS-D patients than in HCs (P < 0.001). Meanwhile, scores of HADS-anxiety, HADS-depression, and VSI were significantly increased in patients compared to controls (P < 0.01), indicating that IBS-D patients were prone to suffering from comorbid anxiety and depression.
In total, 23 of the 55 IBS-D patients and 15 of the 28 HCs participated in the visceral sensitivity test, while the other subjects refused this examination due to the concern of the discomfort caused by the catheter in the rectum. The maximum tolerable threshold was significantly lower in the patients compared to that in HCs (P < 0.001). The defecating sensation threshold tended to decrease in the patients, but the difference was not statistically significant (P = 0.073). The difference between the first sensation thresholds of the two groups was not significant (Table 2).

Fecal BA pool composition
The absolute concentrations of the 15 fecal BAs measured were available for all of the subjects and are summarized in Table 3. Compared to HCs, primary BAs, including CA, CDCA, and corresponding conjugated BAs, were significantly elevated in IBS-D patients (P < 0.01). Moreover, IBS-D patients displayed a significant decrease of LCA (P < 0.01) and a decreased trend of DCA although not significantly (P = 0.084). In addition, TUDCA and GUDCA were also significantly increased (P < 0.01), while UDCA was significantly decreased in IBS-D patients compared to HCs (P < 0.05). The level of total fecal BAs was significantly elevated in the IBS-D group (P < 0.05). 
[bookmark: OLE_LINK80][bookmark: OLE_LINK81]In terms of unconjugated BAs and conjugated BAs, the fecal BA pool of the IBS-D group and the HC group were both predominantly composed of unconjugated BAs. The ratio of conjugated BAs to unconjugated BAs (CBA/UBA) was significantly increased in the IBS-D group (P < 0.01), with the levels of unconjugated BAs and conjugated BAs both significantly higher in IBS-D patients compared to HCs (P < 0.05). Meanwhile, the level of fecal secondary BAs was much higher than primary BAs in the control group; however, this trend was inversed in some IBS-D patients, leading to a significantly increased ratio of primary BAs to secondary BAs (PBA/SBA) in the IBS-D group (P < 0.001). 
To further explore the proportion of IBS-D patients with a remarkably imbalanced fecal BAs composition, the 90th percentiles of the CBA/UBA ratio (0.0299) and the PBA/SBA ratio (1.40) in the control group were determined as cutoff values, and we found that 10 (18.2%) and 30 (54.5%) patients had a high CBA/UBA ratio (≥ 0.0299) and a high PBA/SBA ratio (≥ 1.40) among the 55 IBS-D patients, respectively. There were no significant differences in demographic indices, BMI, or duration of disease between the high CBA/UBA and low CBA/UBA group, as well as between the high PBA/SBA and low PBA/SBA group.

Correlations between fecal BAs and clinical parameters
We analyzed the correlations between the fecal BAs and clinical parameters in the IBS-D group. Defecation frequency was positively associated with the levels of CA and CDCA and inversely associated with the levels of DCA and LCA (P < 0.05) (Figure 1A-D). Moreover, we observed an inverse correlation between the first sensation threshold and the concentration of CDCA (P < 0.05) (Figure 1E). The defecating sensation threshold also tended to be negatively correlated with CDCA (P = 0.060) (Figure 1F). However, the duration of disease, IBS-SSS, abdominal pain severity, abdominal pain frequency, the BSFS score, and the maximum tolerable threshold showed no significant correlations with fecal BAs. Additionally, there were no significant correlations between the HADS-anxiety score, HADS-depression score, or VSI and fecal BAs, in line with the earlier studies[9,32].
In the IBS-D group, patients with a high PBA/SBA ratio had a significantly higher defecation frequency than those with a low PBA/SBA ratio (3.5 [2.5, 4.5] vs 3.0 [1.5, 3.5]; P = 0.038), along with an increasing trend of bowel habit dissatisfaction (70.0 [60.0, 72.5] vs 60.0 [45.0, 70.0]; P = 0.059] and abdominal pain severity (40.0 [30.0, 60.0] vs 30.0 [20.0, 50.0]; P = 0.077). However, all of the clinical parameters aforementioned showed no significant difference between patients with high and low CBA/UBA ratios.

Characteristics of the gut microbiome of IBS-D patients
We performed 16S rRNA gene sequencing of the fecal samples from all subjects. Chao1 analysis exhibited a decrease of microbiota richness in IBS-D patients compared with HCs (P < 0.05) (Figure 2A), whereas the results of the Shannon and Simpson indices showed no evident differences in the diversity and evenness of the colonic microbiota. Unweighted and weighted UniFrac PCoA showed that the global microbiota structure of the samples of IBS-D patients differed significantly from that of HCs (P < 0.05) (Figure 2B and C). The configuration of the gut microbiota in the two groups is shown in Figure 3.
[bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK21]Furthermore, distinguishing phylotypes at the phylum, class, order, family, and genus levels were analyzed via LEfSe (Figure 4). As dominant phyla in human feces, the relative abundance of Proteobacteria was significantly higher in IBS-D group (P < 0.001), and Bacteroidetes and Actinobacteria tended to increase while Firmicutes tended to decrease in the IBS-D group. The gut microbiota of IBS-D patients were characterized by decreased relative abundance of the class clostridia (LDA score [log10] > 4.8, P = 0.011), the order Clostridiales (LDA score [log10] > 4.8, P = 0.011), and the family Ruminococcaceae (LDA score [log10] > 4.8, P < 0.001), and increased relative abundances of the class Gammaproteobacteria (LDA score [log10] > 3.6, P < 0.001), the order Enterobacteriales (LDA score [log10] > 3.6, P < 0.001), and the family Enterobacteriaceae (LDA score [log10] > 3.6, P < 0.001). At the genus level, 12 genera were significantly less abundant (P < 0.05) in the fecal microbiota of IBS-D patients, including 6 genera in Ruminococcaceae (Anaerofilum, Anaerotruncus, Clostridium IV, Faecalibacterium, Gemmiger, and Oscillibacter), 2 genera in the family Lachnospiraceae (Clostridium XlVb and Coprococcus), 2 genera in the family Porphyromonadaceae (Barnesiella and Odoribacter), 1 genus in the family Rikenellaceae (Alistipes) and 1 genus in the family Synergistaceae (Cloacibacillus), yet the differences of Clostridium IV, Clostridium XlVb and Barnesiella lost significance after FDR correction. In parallel, 8 genera were significantly more abundant in the IBS-D group (P < 0.05), including Escherichia/shigella, Enterococcus, Streptococcus, Rothia, Klebsiella, Saccharibacteria genera incertae sedis, Fusobacterium, and Veillonella. Ruminococcus belonging to Ruminococcaceae was also increased in the IBS-D group (P = 0.049), but it lost significance after FDR correction.

Correlations between fecal BAs and microbiota composition 
To explore whether the changes in fecal BA profile correlated with the configuration of gut flora, and given that conjugated BAs only account for a minor part of fecal BA pool, we analyzed the associations between the five unconjugated BAs (CA, CDCA, DCA, LCA, and UDCA) and the distinguishing genera in all subjects. Markedly, the genera reduced in the IBS-D group except for Cloacibacillus exhibited a negative correlation with primary BAs and a positive correlation with secondary BAs, and Ruminococcus presented a similar trend (Figure 5).

DISCUSSION
In this study, we comprehensively assessed the composition of the fecal BA pool of IBS-D patients, the correlations between clinical features and the imbalance of fecal BAs, and the correlations between fecal BAs and the gut microbiome. The fecal BA pool of IBS-D patients was characterized by increased primary BAs and decreased secondary BAs, along with increased total BAs. Correlations between defecation frequency and thresholds of rectal distention testing with fecal BAs were observed. Furthermore, we found that several genera with discrepant relative abundances between IBS-D patients and HCs were significantly related to fecal BAs, especially the genera within the family Ruminococcaceae. 
Evidence is accumulating that fecal primary BAs are increased in IBS-D[9,10,25,33]. A study with 14 IBS-D patients and 18 HCs by Duboc et al[33] reported that fecal DCA was reduced in IBS-D patients, and the levels of LCA and UDCA in IBS-D patients were similar to those in HCs, whereas our results showed that LCA and UDCA were decreased significantly in IBS-D patients and DCA tended to decrease. Over half of the subjects in the IBS-D group had a higher PBA/SBA ratio than the 90th percentiles of the PBA/SBA ratio in HCs in the current study, suggesting that the imbalance between primary BAs and secondary BAs in IBS-D deserves more attention. The level of total fecal BAs in IBS-D is inconsistent in different studies, with several reporting an increase[34,35] while others showing no significant difference compared with HCs[8,10,25,33]. A meta-analysis reported that BA malabsorption (BAM) appeared in 28.1% of IBS-D patients[36]. However, Peleman et al[37] demonstrated that fecal CA and CDCA concentrations in IBS-D patients without BAM were still significantly higher than those in HCs, suggesting that abnormal BA metabolism might exist in IBS-D patients whether they have co-occurring BAM or not.
Both fecal conjugated and unconjugated BAs were increased significantly in the IBS-D group in the present study. One likely explanation is that the BA biosynthesis increases in IBS-D patients, as evidenced by elevated serum 7α-hydroxy-4-cholesten-3-one (C4, the precursor of primary BAs in the liver and thus a marker of hepatic BA synthesis[38]) in several studies[8,11,35], thereby the conjugated BAs entering the intestine may also increase, leading to more unconjugated BAs. However, only a minority of the IBS-D patients had a CBA/UBA ratio above the 90th percentiles of the CBA/UBA ratio in HC, and we found no significant difference in clinical manifestations between patients with high and low CBA/UBA ratios, suggesting that an abnormality of conversion from conjugated BAs to unconjugated BAs may not widely exist in IBS-D patients. 
BAs have been previously shown as an intraluminal factor influencing the secretion function of the colon. Rectal perfusion of CDCA, DCA, and their conjugated BAs in healthy volunteers can induce water and chloride secretion[39]. Experiments in vitro revealed that CDCA, DCA, and their conjugated patterns can inhibit Cl-/OH- exchange and activate the cystic fibrosis transmembrane conductance regulator of colonic epithelial cells, attenuating the absorption and stimulating the secretion of chloride, respectively[40-42]. Besides, several studies found that instillation of TCA into the sigmoid colon and oral administration of CA and CDCA could accelerate colon motility[43-45], and the colonic transit rate of IBS-D patients showed positive correlation with the proportion of primary BAs in feces[37], indicating that primary BAs can modulate colonic motor function. The positive association between defecation frequency and primary BAs found in the current study, consistent with previous reports[9,33], might result from the promotion of secretion and motility of the colon by CA and CDCA. It is noteworthy that the relationship between colonic motility and luminal BAs is not unidirectional. Aside from BAs, abnormal motility may be induced by other factors such as neuromuscular dysfunction and chronic stress in IBS-D patients[46,47]. The variance in colonic transit may influence the passive absorption of BAs across the colon epithelium and result in changes of BAs excreted in feces[37], which is corroborated by the decrease or increase of total BAs in the feces of healthy volunteers when intervened with loperamide or senna, respectively[48]. Therefore, correlations cannot be equated with causal associations in this observational study, and a longitudinal study is required to verify these results.
Previous studies mainly focused on the relationship between gastrointestinal motility rather than visceral sensitivity and BAs in IBS-D[9,10,35]. Experiments in animals and healthy volunteers demonstrated that instillation of CDCA and DCA could increase the sensitivity to rectal distension[49-51]. Consistently, we observed that the first sensation threshold and the defecating sensation threshold inversely associated with fecal CDCA in IBS-D patients, suggesting that increased CDCA in the colon might induce a decline in the colonic sensory thresholds, which could be one of the potential mechanisms of visceral hypersensitivity of IBS-D patients. Still, these observational results should be viewed with caution, and further studies on the link between hypersensitivity and BAs in IBS-D are warranted.
We next compared the composition of the gut microbiome in IBS-D patients and HCs. As expected, gut dysbiosis was observed in IBS-D patients. In agreement with a previous study[52], we found that the richness of the gut flora was reduced in IBS-D while the diversity and evenness showed no significant difference between IBS-D patients and HCs, and we also found that Firmicutes tended to decrease while Bacteroidetes tended to increase in IBS-D. The proportions of the Clostridiales order and the Ruminococcaceae family within it have been reported to decrease in IBS[52,53], which is supported by our findings. In particular, we observed six genera in Ruminococcaceae were significantly decreased in IBS-D, including Anaerofilum, Anaerotruncus, Clostridium IV, Faecalibacterium, Gemmiger, and Oscillibacter.
The conversion of BAs in the intestine depends on the microbial community. Tauro- and glyco- BAs are first deconjugated into taurine/glycine and unconjugated BAs under the action of bacterial bile salt hydrolase (BSH) enzymes in various bacteria, as a prerequisite for further BAs metabolism by the microbiome[14]. Subsequently, the formation of DCA and LCA from CA and CDCA through 7α-dehydroxylation was carried out by bacteria with BA-inducible (bai) genes[14]. BSH distributes widely at the phylum level including Firmicutes, Bacteroidetes, and Actinobacteria in humans[54], while the capability to convert primary BAs to secondary BAs is limited to only a small number of species, mainly in Clostridiales, with an overwhelming majority of the strains belonging to Ruminococcaceae, and a marginal part belonging to the Lachnospiraceae and Peptostreptococcaceae families[55-57].
Given the imbalance of primary and secondary BAs in IBS-D and the essential position of microbiota in the metabolism of BAs, we further investigated the association between fecal BAs and the gut microbiota. The multiple genera of Ruminococcaceae and Lachnospiraceae decreased in IBS-D patients were positively associated with secondary BAs while negatively associated with primary BAs, indicating that the altered composition of the fecal BA pool might be ascribed to the reduction of bacteria with bai, which could lower the efficiency of conversion from primary BAs to secondary BAs. Ruminococcaceae has been reported to be positively associated with DCA in the feces of cirrhotic patients[58]. Kwan et al[59] also provided evidence that DCA and LCA in serum were positively correlated with Ruminococcaceae and Lachnospiraceae in feces although fecal BAs were not reported, supporting the importance of these two families in the metabolism of BAs. However, aside from microbial factors, faster colonic transit can result in shorter time for biotransformation of BAs and may be another cause for the imbalance between primary and secondary BAs[37], and the inverse association between DCA and defecation frequency in IBS-D patients in our study may be explained by the shortened CA exposure time caused by accelerated colonic transit, despite that DCA is considered as a secretory BA.
It must be noted that there are reciprocal regulations between the microorganism and BAs[60,61]. The antibacterial activity of BAs[62,63] may affect the gut community structure, thus the abnormal BAs concentration in the gut may, in turn, influence the gut microbiota in IBS-D patients. Increased CA in the gut could induce increased Gammaproteobacteria[64], which could be a potential reason for increased Gammaproteobacteria in IBS-D patients. Interestingly, animal studies found that CA intake induced expansion of Firmicutes, especially the groups capable of 7α-dehydroxylation, and reduction of Bacteroidetes[64,65], contrary to the features of the microflora we observed in IBS-D patients, which support to some extent that the reduction of the bacteria with bai genes might happen prior to the increase of CA in the gut of IBS-D patients. However, further animal experiments and longitudinal research in humans are required, and BA sequestrants may contribute to the exploration of causal associations between BAs dysmetabolism and gut dysbiosis in IBS-D patients.
There were several limitations in this preliminary study. First, in consideration that women only accounted for approximately 25% of our patients, the findings in this study need to be verified in the future with more female patients recruited. The sex disparity in the distribution of IBS subtypes may be the major reason for the sex imbalance in this study, with IBS-D more prevalent in men and IBS-C more prevalent in women[66,67]. Besides, women with dysmenorrhea were excluded in this study, resulting in a further reduction of available female patients. Second, although BAs can theoretically affect the secretory function of the colon, we failed to observe a correlation between stool form and BAs, which might be a result of the similarity in the BSFS score in most IBS-D patients. Hence, feces moisture, a more precise parameter than the BSFS score, can be a better choice in a future study. Third, we did not supply a standardized diet for subjects during the study period, though subjects were required not to change their daily dietary habits throughout the study period, considering that the short-term modification of a diet can rapidly disturb the gut microbiota[68]. A standardized diet can largely control the influence of disparate eating habits on the microbiota and BA profile. However, the difference between the standardized diet and the usual dietary habits of patients may cause perturbation to the gut microbiota, masking the gut microbiota under usual dietary habits. Therefore, the measures of gut microbiota and BAs before and after a standardized diet combined with a detailed assessment of the usual dietary habits of patients are necessary for a future study. 

CONCLUSION
In conclusion, our study depicted the composition of fecal BA pool in IBS-D patients, which was characterized by increased primary BAs and decreased secondary BAs and associated with diarrhea as well as visceral hypersensitivity. The imbalance of primary and secondary BAs might be induced by dysbiosis in IBS-D, especially the reduction of Ruminococcaceae. These preliminary findings may offer insight into the complicated pathophysiology of IBS-D, and provide evidence for BAs modulation in the treatment of IBS-D.

ARTICLE HIGHLIGHTS
Research background
[bookmark: OLE_LINK45][bookmark: OLE_LINK46]Bile acids (BAs) have attracted attention in irritable bowel syndrome with predominant diarrhea (IBS-D) because of the effects on gastrointestinal motility and secretion function of the intestine. Experiments in animals and healthy volunteers also indicated that hypersensitivity can be caused by BAs, which is a major pathophysiological abnormality in IBS-D. The metabolism of BAs in the intestine depends on the gut microbiota. Therefore, it could be hypothesized that BAs may be involved in the pathogenesis of IBS-D and the altered BA profile in the intestine may be associated with microbiota.

Research motivation
Although a few studies have portrayed the composition of fecal BAs in IBS-D patients, the data in Chinese IBS-D patients are still sparse. Besides, few studies have explored the correlations between the gut flora and BAs in IBS-D patients. The main topics of this study included identifying the correlations of BAs with clinical features containing rectoanal sensory parameters of IBS-D patients, and exploring the correlations between the composition of fecal BAs and the gut microbiome. The findings may add insight to the pathogenesis of IBS-D, and provide evidence for regulating intestinal BAs to treat IBS-D.

Research objectives
The present study aimed to evaluate the correlations of BAs with clinical features of IBS-D patients and to explore whether the composition of fecal BAs was associated with the gut microbiome in IBS-D patients.

Research methods
Subjects underwent clinical and psychological assessments, including IBS symptom severity system, the grade of Bristol stool form scale and defecation frequency per day in the preceding 2 wk, hospital anxiety and depression scale, and visceral sensitivity index, along with visceral sensitivity testing with a high-resolution manometry system. Fecal BAs were measured by ultraperformance liquid chromatography coupled to tandem mass spectrometry. The gut microbiota was analyzed using 16S rRNA gene sequencing. Relationships between fecal BAs and clinical characteristics as well as gut microbiota were explored.

Research results
Cholic acid, chenodeoxycholic acid (CDCA), and their conjugated BAs were significantly increased, while lithocholic acid (LCA) and ursodeoxycholic acid were significantly decreased and deoxycholic acid (DCA) tended to decrease in IBS-D patients. Defecation frequency was positively associated with primary BAs and inversely associated with DCA and LCA in IBS-D patients. The first sensation threshold was negatively correlated, and the defecating sensation threshold tended to be negatively correlated with CDCA in IBS-D patients. Furthermore, several genera were significantly reduced in IBS-D patients compared with HCs and exhibited a negative correlation with primary BAs and a positive correlation with secondary BAs, especially the genera in the Ruminococcaceae family.

Research conclusions
This study presented evidence that the composition of the fecal BA pool was characterized by increased primary BAs and decreased secondary BAs in IBS-D, which was associated with diarrhea and visceral hypersensitivity in IBS-D. The dysmetabolism of BAs in IBS-D might be ascribed to gut dysbiosis especially the reduction of Ruminococcaceae.

Research perspectives
In the future, careful evaluation of the usual dietary habit of subjects is required, and diet needs to be standardized during the study period. Large multicenter studies are also necessary to verify the conclusions drawn in this study. Notably, BA sequestrant may contribute to the studies on the involvement of BAs in IBS-D pathophysiology as well as the association between BAs and microbiota.
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[bookmark: OLE_LINK71][bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK75][bookmark: OLE_LINK76][bookmark: OLE_LINK77]Figure 1 Correlations between fecal bile acids and clinical parameters in patients with diarrhea-predominant irritable bowel syndrome. A-D: Defecation frequency was positively correlated with the level of cholic acid and chenodeoxycholic acid (CDCA), and negatively correlated with the level of deoxycholic acid and lithocholic acid; E: The first sensation threshold was negatively correlated with CDCA; F: The defecating sensation threshold tended to be negatively correlated with CDCA. CA: Cholic acid; CDCA: Chenodeoxycholic acid; DCA: Deoxycholic acid; LCA: Lithocholic acid.
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[bookmark: OLE_LINK69][bookmark: OLE_LINK70][bookmark: OLE_LINK38]Figure 2 Fecal bacterial structures of patients with diarrhea-predominant irritable bowel syndrome and healthy controls. A: Chao1 index in the irritable bowel syndrome with predominant diarrhea (IBS-D) group and the healthy control (HC) group, Chao1 index was decreased significantly in the IBS-D group; B and C: Weighted and unweighted principal coordinate analysis of fecal bacterial in the IBS-D and HC groups, both differed significantly between the two groups. Boxes indicate the interquartile range; lines inside the boxes indicate the medians; the two whiskers indicate the maximum and minimum of the data; the points outside the box indicate outliers. PCoA: Principal coordinate analysis.
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[bookmark: OLE_LINK63][bookmark: OLE_LINK64][bookmark: OLE_LINK65][bookmark: OLE_LINK66]Figure 3 Configuration of fecal bacterial of patients with diarrhea-predominant irritable bowel syndrome and healthy controls. Relative bacterial abundance of fecal bacterial at phylum, class, order, family, and genus levels in the irritable bowel syndrome with predominant diarrhea group and the healthy control group. IBS-D: Irritable bowel syndrome with predominant diarrhea; HC: Healthy control.
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[bookmark: OLE_LINK67][bookmark: OLE_LINK68][bookmark: OLE_LINK58][bookmark: OLE_LINK56][bookmark: OLE_LINK57]Figure 4 Linear discriminant analysis effect size analysis of fecal bacterial of patients with diarrhea-predominant irritable bowel syndrome and healthy controls. A: The cladogram showed enriched taxa in the irritable bowel syndrome with predominant diarrhea (IBS-D) group (blue) and the healthy control (HC) group (yellow); the taxa represented by the English letters in the cladogram are shown in the legend on the right; B: Taxa enriched in the IBS-D group are indicated with a positive linear discriminant analysis (LDA) score (blue) and taxa enriched in the HC group are indicated with a negative score (yellow); only taxa with LDA effect size (LEfSe) P values ＜ 0.05 and LDA scores ≥ 2.0 are presented. 
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Figure 5 Correlations between fecal bile acids and microbiota composition in all subjects. The heatmap presents the Spearman correlation coefficients between unconjugated fecal bile acids and the distinguishing genera in all subject. Seven genera belong to the family Ruminococcaceae (Oscillibacter, Clostridium IV, Gemmiger, Anaerofilum, Anaerotruncus, Faecalibacterium, and Ruminococcus); one genus belongs to the family Rikenellaceae (Alistipes); two genera belong to the family Porphyromonadaceae (Odoribacter and Barnesiella); two genera belong to the family Lachnospiraceae (Coprococcus and Clostridium XlVb). All of the genera were decreased significantly in the IBS-D group except for Ruminococcus. aP < 0.05, bP < 0.01. CA: Cholic acid; CDCA: Chenodeoxycholic acid; DCA: Deoxycholic acid; LCA: Lithocholic acid; UDCA: Ursodeoxycholic acid.


Table 1 Demographics and clinical characteristics of patients with diarrhea-predominant irritable bowel syndrome and healthy controls
	Features
	IBS-D patients
	Controls
	P value

	n
	55
	28
	NA

	Age in yr
	35.1 ± 9.8
	34.4 ± 10.6
	0.754

	Gender, male: female
	41: 14
	5: 2
	0.761

	Body mass index in kg/m2
	23.3 ± 3.4
	22.6 ± 3.1
	0.335

	Duration of disease in yr
	3.0 (1.5, 7.0)
	NA
	NA

	Defecation frequency
	3.5 (2.5, 4.0)
	1.0 (0.7, 1.0)
	< 0.001

	BSFS score
	5.5 (5.0, 6.0)
	4.0 (4.0, 4.0)
	< 0.001

	IBS-SSS
	180.0 (150.0, 240.0)
	NA
	NA

	 Abdominal pain severity
	40.0 (20.0, 50.0)
	NA
	NA

	 Abdominal pain frequency
	30.0 (20.0, 40.0)
	NA
	NA

	 Abdominal bloating
	10.0 (0.0, 20.0)
	NA
	NA

	 Bowel habit dissatisfaction
	60.0 (60.0, 70.0)
	NA
	NA

	 Overall interference with QOL
	30.0 (30.0, 50.0)
	NA
	NA

	HADS anxiety score
	5.0 (3.0, 10.0) 
	2.0 (0.0, 3.8)
	< 0.001

	HADS depression score
	4.0 (1.0, 7.0)
	1.5 (0.0, 3.8)
	0.009

	VSI score
	30.0 (19.0, 42.0)
	4.0 (0.0, 13.3)
	< 0.001


[bookmark: OLE_LINK78][bookmark: OLE_LINK79]The data are presented as the mean ± SD or the median (Q1, Q3). BSFS: Bristol stool form scale; HADS: Hospital anxiety and depression scale; IBS-D: Irritable bowel syndrome with predominant diarrhea; IBS-SSS: Irritable bowel syndrome symptom severity scale; NA: Not applicable; QOL: Quality of life; VSI: Visceral sensitivity index.

Table 2 Visceral sensation thresholds in patients with diarrhea-predominant irritable bowel syndrome and healthy controls
	Visceral sensation threshold in mL
	IBS-D patients,
n = 23
	Controls,
n = 15
	P value

	First sensation threshold
	40 (20, 50)
	40 (35, 60)
	0.235

	Defecating sensation threshold
	60 (50, 85)
	70 (65, 100)
	0.073

	Maximum sensation threshold
	105 (90, 120)
	160 (145, 190)
	< 0.001


The data are expressed as median (Q1, Q3). IBS-D: Irritable bowel syndrome with predominant diarrhea.


Table 3 Levels of fecal bile acids in patients with diarrhea-predominant irritable bowel syndrome and controls
	Bile acids in nmol/g
	IBS-D patients,
n = 55
	Controls,
n = 28
	P value

	CA
	3037.66 (282.82, 6917.47)
	20.19 (5.03, 1304.28)
	< 0.001

	CDCA
	1721.86 (352.80, 2613.83)
	57.16 (13.76, 1639.92)
	< 0.001

	DCA
	2012.66 (232.57, 2659.34)
	2159.78 (1676.03, 3094.08)
	0.084

	LCA
	1621.65 (58.99, 2396.49)
	2339.24 (1737.09, 2782.40)
	0.002

	UDCA
	8.92 (2.33, 23.93)
	17.21 (8.76, 33.48)
	0.025

	TCA
	5.36 (0.62, 26.39)
	0.72 (0.46, 2.11)
	0.004

	TCDCA
	6.85 (1.54, 22.89)
	1.41 (0.37, 3.58)
	0.001

	TDCA
	1.53 (0.93, 8.08)
	1.75 (0.86, 6.63)
	1.000

	TLCA
	0.88 (0.57, 1.85)
	1.03 (0.36, 2.80)
	0.908

	TUDCA
	1.43 (0.68, 2.61)
	0.37 (0.07, 1.23)
	0.002

	GCA
	4.36 (2.31, 17.52)
	2.23 (1.39, 3.55)
	< 0.001

	GCDCA
	17.47 (5.61, 51.56)
	5.17 (2.56, 10.51)
	< 0.001

	GDCA
	3.32 (0.63, 10.63)
	2.67 (1.44, 6.83)
	0.867

	GLCA
	0.64 (0.39, 1.61)
	0.91 (0.41, 1.28)
	0.282

	GUDCA
	1.27 (0.56, 4.76)
	0.65 (0.38, 0.87)
	0.002

	Total BAs
	8227.35 (5218.49, 12464.03)
	5220.28 (3971.35, 8272.29)
	0.011

	Unconjugated BAs
	8197.73 (5135.49, 11622.72)
	5183.71 (3945.65, 8253.23)
	0.017

	Conjugated BAs
	55.28 (27.09, 198.08)
	28.51 (9.68, 36.32)
	0.002



	Tauro-BAs
	23.00 (5.03, 58.65)
	6.34 (2.52, 18.05)
	0.006

	Glyco-BAs
	28.03 (13.20, 69.07)
	12.77 (6.18, 23.15)
	< 0.001

	CBA/UBA ratio
	0.0080 (0.0036, 0.0172)
	0.0035 (0.0019, 0.0058)
	0.004

	[bookmark: OLE_LINK84][bookmark: OLE_LINK85]Primary BAs
	5534.22 (672.24, 10546.54)
	85.88 (27.08, 3197.10)
	< 0.001

	Secondary BAs
	3759.10 (336.36, 4694.96)
	4675.59 (3543.60, 5623.73)
	0.009

	[bookmark: OLE_LINK82]PBA/SBA ratio
	1.66 (0.22, 11.14)
	0.02 (0.01, 0.57)
	< 0.001


The bile acids data are presented as the median (Q1, Q3). The P value after FDR correction was presented in the table. BAs: Bile acids; CA: Cholic acid; CBA/UBA ratio: The ratio of conjugated BAs to unconjugated BAs; CDCA: Chenodeoxycholic acid; DCA: Deoxycholic acid; GCA: Glyco-cholic acid; GCDCA: Glyco-chenodeoxycholic acid; GDCA: Glyco-deoxycholic acid; GLCA: Glyco-lithocholic acid; GUDCA: Glyco-ursodeoxycholic acid; IBS-D: Irritable bowel syndrome with predominant diarrhea; LCA: Lithocholic acid; PBA/SBA ratio: The ratio of primary BAs to secondary Bas; TCA: Tauro-cholic acid; TCDCA: Tauro-chenodeoxycholic acid; TDCA: Tauro-deoxycholic acid; TLCA: Tauro-lithocholic acid; TUDCA: Tauro-ursodeoxycholic acid; UDCA: Ursodeoxycholic acid.
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