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ABSTRACT
Irritable bowel syndrome (IBS), majorly characterized by irregular bowel movements
and abdominal pain, is one of the most prevalent functional gastrointestinal disorders
(FGIDs) in the world. Disturbance of gut microbiota, closely linking with gut
dysfunction, has been regarded as one of important pathogenetic factors for IBS.
However, gut microbiota-driven mechanism underlying IBS remains unclear, which
leads to inefficient and non-specific effects of current microbiota-oriented therapy. In
this thesis, function-based microbiota investigation with combination of metagenomic
and metabolomic analyses was separately performed in IBS cohort and model to
precisely link pathogenic species with disordered GI motor function. A series of
microbiota manipulation studies in rodents were conducted to explore bacteria-driven
molecular mechanism. Firstly, a pilot study with ‘omics’ analyses revealed fecal
microbial structure significantly varied in IBS patients with disorder GI motility
relative to healthy controls (HC). Such changed IBS enterotype was functionally
characterized by disturbed metabolism of bile acids (BAs) that are previously proved
to regulate GI motor function. It indicates microbiota-driven GI dysmotility relevant to
disturbance of BA metabolism in IBS. Secondly, a systematic review with metaanalysis was performed to comprehensively understand existing findings related to BA
metabolism and its linkage with IBS. Results showed that abnormal BA excretion,
previously reported in at least one IBS subtype, is associated with dysregulation of BA
synthesis, marked with abnormalities of circulating indices 7α-hydroxy-4-cholesten-3one (C4) and fibroblast growth factor 19 (FGF19). However, what’s the role of gut
microbiota in abnormal BA excretion is undetermined. Thirdly, to explore possible
role of gut microbiota in abnormal BA excretion in IBS, BA metabolites and BA-related
microbiome were simultaneously analyzed in stools of recruited subjects. Results found
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that total BA and microbiota-derived BAs were remarkably elevated in a quarter of
IBS-D patients (BA+IBS-D) who exhibited more frequent defecation, higher level of
serum C4 but lower level of serum FGF19 than those with normal BA excretion (BAIBS-D). In line with metabolic results, abundances of BA-metabolizing bacteria,
particularly Clostridium scindens (C. scindens) simultaneously expressed hdhA and
bais that are responsible for BA 7α oxidation and dehydroxylation, were highly
enriched in fecal metagenomes of such particular IBS-D population. These findings
suggest the increased BA-metabolizing microbiome is associated with the dysregulated
host BA synthesis in the subgroup of BA+IBS-D patients. Fourthly, by analyzing
metabolites and bacteria related to BA metabolism, a neonatal maternal separation
(NMS)-induced IBS-D rat model characterized by accelerated GI motility and
excessive BA excretion were found to largely mimic gut microbial BA metabolism in
BA+IBS-D patients. Specifically, intraluminal total and secondary BAs were
significantly elevated in the large intestinal lumens (cecum, proximal colon and feces)
of NMS rats, together with increased abundances of hdhA- and bais-expressing
Clostridium species, including C. scindens. Moreover, quantitative polymerase chain
reaction (PCR) analysis showed upregulated mRNA expression of cholesterol 7 αhydroxylase (CYP7A1) whereas downregulated mRNA expression of small
heterodimer partner (SHP) in the liver of NMS rats, indicating enhanced hepatic BA
synthetic level. These observations based on such IBS-D model suggest the association
of excessive BA-metabolizing microbiome and increased hepatic BA synthesis. Fifthly,
to further clarify whether excessive BA-metabolizing bacteria contribute to enhanced
hepatic BA synthesis and to explore the underlying molecular mechanism, we
performed bacterial intervention in pseudo germ-free (GF) or/and specific pathogen
free (SPF) mice by transplantation of human fecal microbiota and the signal strain C.
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scindens. Compared with GF mouse recipients of HC and BA-IBS-D fecal microbiota,
BA+IBS-D fecal microbial recipients displayed shorter GI transit and increased
subsistence of C. scindens in the cecal contents. In line with higher level of serum C4,
taurine-conjugated BA contents and mRNA expressions of BA synthetase CYP7A1
and sterol 12α-hydroxylase (CYP8B1) were significantly elevated in the liver of
BA+IBS-D recipients. These findings showed bioactive effects of BA+IBS-D fecal
microbiota with enrichment of C. scindens on hepatic BA synthesis. Next, to further
confirm the effects of the species C. scindens on host BA synthesis, we individually
colonized C. scindens strains (ATCC 37504) to pseudo GF and SPF mice. Results
showed both mice models with single strain colonization exhibited accelerated GI
transit and higher contents of hepatic total and taurine-conjugated BAs compared with
individual vehicles treated with PBS. Combining metabolic changes, the upregulated
expressions of hepatic CYP7A1 mRNA in colonized mice indicate that C. scindens
substantially promote hepatic BA synthesis in colonized mice. Furthermore, contents
of taurine-conjugated BAs, served as natural antagonists of farnesoid X receptor (FXR)
that negatively control of new BA synthesis, were elevated in ileal lumens of colonized
mice. Expressions of FXR-targeted genes SHP and fibroblast growth factor 15 (FGF15)
were consistently reduced in the liver and ileum tissues of colonized mice, respectively.
Results suggest that suppression of FXR-mediated feedback signaling is involved in
Clostridium-driven hepatic BA oversynthesis, which deserve the further investigation.
Collectively, the works of this thesis integrating clinical and animal studies indicate
that BA-metabolizing bacteria, particularly C. scindens, enhance hepatic BA synthesis
and consequently leads to BA overexcretion. It provides novel bacteria-driven
mechanism for enhanced GI motility, and supply a direction in precise microbiotarelated pathogenesis and medication for IBS-D population in future.
iv
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INTRODUCTION
Irritable bowel syndrome (IBS), majorly characterized by abdominal pain or discomfort
and irregular bowel habits, is one of the most common functional gastrointestinal
disorders (FGIDs)(1). It approximately affects 11% of the population worldwide and
6.6% in Hong Kong(2, 3). The chronic or recurrent episodes of bowel symptoms impose
a significant economic burden on the individual patients and severely impact their
quality of life. Generally, IBS is considered as one GI disorder without structural or
biochemical basis, which ultimately leads to symptom driven therapeutic strategies (4).
Emerging therapeutic options mainly include modification of lifestyle and dietary,
medical foods, agonists or antagonists for channel ions, muscarinic, opioid and 5-HT
receptors, bacteria-driven drugs (eg. antibiotics, prebiotics and probiotics) as well as
alternative medication (eg. Traditional Chinese Medicine and acupuncture)(5, 6). Based
on randomized controlled trials, these treatments show certain efficacies to alleviate
patients’ bowel symptoms (7-9). However, most of them cannot effectively terminate
the progression of the IBS symptoms (10). Current issues in the imprecise therapeutic
targets and ineffective patient management largely due to the complicated and
incompletely clarified pathogenesis underlying IBS (11).

Initial mechanistic research attempted to explore pathogenesis underlying IBS,
focusing on disordered gut physiologies, such as visceral hypersensitivity and GI
dysmotility (12). Recent few years, pathogenetic investigations have shifted towards
dysfunction of the gut-brain axis, varied genotypes, serotonin dysregulation and gut

1

dysbiosis, but not limit in the gut(13). Several widely-accepted mechanistic candidates
are described as follows.

Current mechanisms underlying IBS
Disordered gut–brain axis
A meta-analytic study reported that depression and anxiety are highly associated with
IBS after comparing with healthy population and patients with known organic
pathology(14). Based on structured interviews, a study reported 40% of patients with
mental disorder and 23% of patients with anxiety developed these diagnoses after
suffering with IBS(15). Other epidemiological surveys from different countries also
reported the appearance of GI symptoms prior to development of psychological
disorders in a substantial proportion of IBS patients(16, 17). These evidences suggest
disordered GI physiology might be driver of the psychical disorder in at least a subset
of IBS patients. By using magnetic resonance imaging analysis, several studies reported
activation of brain centers (eg. parietal areas, prefrontal cortex, cerebellum, anterior
cingulate cortex, insula, periaqueductal gray, thalamus and amygdala, etc.) in response
to rectal balloon dilation in IBS patients(18, 19). These central nervous structures have
been previously shown to control gut motility, sensory and secretion (20). Moreover,
Leibregts, et al. revealed significant correlation of LPS-induced TNF-alpha level with
anxiety in IBS patients, suggesting that activation of proinflammatory cytokine
responses also mediate function of the gut-brain axis in IBS(21).
Genetic variation
A family case-control study revealed that IBS aggregates strongly in families(22).
Another twin study found larger correlation of IBS with monozygotic twins than
2

dizygotic twins(23). These clinical evidences support contribution of genetics in IBS.
To date, over 60 risk genes have been identified in IBS patients, which largely related
to mucosal immune activation, serotonin metabolism, bile acid synthesis, nociception
and neuropeptide signaling(24). Of them, varied genotype of the TNFSF15 gene,
consistently reported in several IBS cohorts(25-27), encodes for TNF-like ligand 1A
(TL1A) that mediates regulation of inflammatory responses. Moreover, two studies
reported strongly association of genotype variation of the neuropeptide S receptor gene
(NPSR1) with colonic transit time and recurrent abdominal pain(28, 29). Despite how
much genetic contribution to the risk of IBS is uncertain, current findings demonstrate
its importance in the pathogenesis.
Serotonin dysregulation
Release of products from enteroendocrine cells (ECs), such as serotonin (5-HT) has
been proved to physiologically modulate GI motility, sensation and secretion(30).
Observational results that increased circulating 5-HT level in patients with IBS-D while
decreased 5-HT level in patients with IBS-C also emphasize the role of 5-HT in GI
function under pathophysiological condition(31, 32). On this basis, drug candidates
targeting on 5-HT receptors (5-HT3 and 5-HT4) with good efficacy on improvement of
GI movement and visceral pain have been tested in IBS trials(33, 34). In addition, recent
studies disclosed that gut microbiota manipulate host 5-HT biosynthesis(35, 36),
suggesting a possible contribution of gut microbiota in 5-HT abnormalities in IBS.
Gut dysbiosis
Growing studies have reported gut dysbiosis in the last few decades. Gut microbiota of
IBS suffers has been shown as a higher susceptibility in response to diets and a lower
3

taxonomic richness (37, 38). Some studies reported altered ratio of Firmicutes to
Bacteroidetes in global IBS or specific subgroups of IBS(39-43). Of changed bacteria
identified in IBS patients, certain phylotypes have been linked with bowel symptoms.
Specifically, abdominal pain and bloating are positively correlated with the abundances
of Sporobacter, Subdoligranulum, Anaerovorax and Ruminococcus, but negatively
correlated with Veillonella, Lactobacillus, Bifidobacterium and Coprococcus (39, 4446). Members of Methanobacteriaceae and Desulfohalobiaceae showed positive
relationships with the colonic transit time(39). The relative abundance of Ruminococcus
torques species is associated with elevation of mast cell numbers and cytokine gene
expressions in the rectal tissues of IBS patients(47). These findings indicate a vital role
of the gut microbiota in IBS.

To comprehensively understand gut microbiota-related findings in the field of IBS, and
to explore possible microbiota-mediated mechanism in IBS, we systematically
reviewed current evidences regarding microbial structure and its link with IBS
pathogenesis.

IBS-associated gut microbiota
By searching the terms “gut microbiota” and "irritable bowel syndrome" on PUBMED
(2005- Feb 2018), thirty-two clinical studies were found to profile gut microbiota of
IBS patients or specific subtypes thereof mostly in stools and rectal biopsies, rarely in
oral mucosa and duodenal aspirates via culture-dependent or/and independent methods
(Table 1.1). To more visually understand enterotypes of IBS patients, a phylogenetic
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tree of bacterial taxa with significant changes identified in at least one independent IBS
cohort study were generated (Figure 1.1).

Table 1.1 Existing findings of IBS enterotype resulted from recent case-control studies.
Study ID

Country

Sample
type

Analytical
methods

Nagy-Szakal
(2017)(48)

USA

Feces

Shotgun
metagenomic
sequencing

Labus (2017)(49)

USA

Feces

16S rRNA
sequencing

Nagel (2016)(40)

Australia

Feces

16S rRNA
sequencing

Zeber-Lubecka
(2016)(41)

Poland

Feces

16S rRNA
sequencing

Ringel-Kulka
(2016)(44)

USA

Feces

454
Pyrosequencing

Tap (2016)(50)

Sweden

feces and
mucosa

454
pyrosequencing

Fourie (2016)(51)

USA

Oral
buccal
mucosa

PhyloChip
microarray

Dior (2016)(52)

France

Feces

454
Pyrosequencing

USA

Duodenal
aspirates

16s rDNA
sequencing,
qPCR and
culture

GiamarellosBourboulis (2015)
(53)

Costabile (2014)
(54)

UK

Feces

Ng (2013)(42)

Hong
Kong

Rectal
biopsies

Anaerobic
culture and
fluorescence in
situ
hybridization
454
pyrosequencing
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Principle findings
Elevation in unclassified
Alistipes and Reduction in
Faecalibacterium in ME/CFS
with IBS
Genera Faecalibacterium,
Blautia, and Bacteroides
contribute to IBS
subclassification
Increased Firmicutes to
Bacteoridetes ratio
Altered Firmicutes to
Bacteoridetes ratio between
subtypes of IBS
Strong association of the
microbiota with bloating
symptoms and stool
characteristics
Clostridiales or Prevotella
species enriched in IBS;
symptom severity negatively
correlated with bacterial
richness
Decreased richness of
Bacteroidetes and Bacillus in
IBS-overweight participants
Decreased Firmicutes and
increased Bacteroidetes,
Bifidobacterium and
Bacteroides in IBS-C; increase
of Proteobacteria and
Escherichia in IBS-D
Lower microbial diversity,
increase of Escherichia/
Shigella, Aeromonas, and
decrease of Acinetobacter,
Citrobacter, and Microvirgula
Decreased numbers of
Bifidobacteria
Less microbial diversity and
evenness; increased

metagenomic
and
metatranscripto
mic sequencing
DNA
microarray and
qPCR assays
16S rRNA
sequencing

Durban
(2013)(43)

Spain

Feces

Jalanka-Tuovinen
(2013)(47)

Finland

Feces

Jeffery (2012)(39)

Ireland

Feces

Carroll (2012)(55)

USA

Feces

454
Pyrosequencing

Duboc (2012)(56)

France

Feces

qPCR analysis

Parkes (2012)(57)

UK

Rectal
biopsies

Fluorescent in
situ
hybridization

Rigsbee (2012)
(58)

USA

Feces

16S rRNA
sequencing and
qPCR analysis

Maccaferri (2012)
(59)

Italy

Feces

DNA
microarray

France

Feces

Anaerobic
culture and
fluorescent in
situ
hybridization

Carroll (2011)(61)

USA

Feces and
colonic
mucosa

Saulnier (2011)
(62)

USA

Feces

Gall (2011)(63)

UK

Feces

PCR-DGGE

Rinttilä
(2011)(64)

Finland

Feces

qPCR assay

Ponnusamy
(2011)(65)

Korea

Feces

DGGE and
qPCR analysis

Chassard (2012)
(60)

Terminalrestriction
fragment length
polymorphism
analysis
PhyloChip DNA
hybridization
and 454
pyrosequencing,

6

Bacteroidetes and Synegitestes
whereas reduced Actinobacteria
higher temporal instability in
the microbiota related to the IBS
condition and fluctuating
symptoms
Increased members of
Bacteroidetes and decreased
uncultured Clostridia
higher Firmicutes:
Bacteroidetes ratio
Lower bacterial β-diversity and
richness; higher
Enterobacteriaceae and lower
Fecalibacterium
Increase of Escherichia coli and
decrease of Leptum and
Bifidobacterium
Higher level of total mucosaassociated bacteria; lower
Bifidobacteria in IBS-D
Increased abundances of
Veillonella, Prevotella,
Lactobacillus, and
Parasporobacterium but less
abundances of Bifidobacterium
and Verrucomicrobium
Increased abundance of
Lactobacilli, B. cereus and B.
clausii, Bifidobacteria,
Clostridium cluster IX and E.
rectale, and decreased
abundance of Bacteroides/
Prevotella and Veillonella
Lower numbers of lactateproducing and - utilizing
bacteria, H2-consuming
populations, methanogens and
reductive acetogens, butyrateproducing Roseburia- E. rectale
group; increased sulphatereducing population
Lower biodiversity of microbes
in feces of IBS-D

Greater percentage of γproteobacteria
Association of the gut
microbiota profile with
metabolite composition
Positive test for Staphylococcus
aureus in 17% IBS but not
controls
Higher diversity of total
bacteria, Bacteroidetes and

Tana (2010)(66)

Japan

Feces

Real-time PCR

Malinen (2010)
(46)

Finland

Feces

qPCR analysis

Noor (2010)(67)

UK

Feces

PCR-DGGE

Lyra (2009)(68)

Finland

Feces

Maukonen
(2006)(69)

Finland

Feces

Matto (2005)(70)

Finland

Feces

Malinen (2005)
(71)

Finland

Feces

16s rRNA
sequencing
PCR-DGGE and
RNA-based RTPCR-DGGE
analysis
PCR-DGGE
analysis
Real-time PCR
assay

Lactobacilli and less diversity
of Bifidobacter and Clostridium
coccoides
Higher counts of Veillonella and
Lactobacillus
R. torques-like phylotype
associated with severity of IBS
symptoms, reduced amounts of
C. cocleatum, C. aerofacienslike and C. eutactus phylotypes
Lower biodiversity of the
bacterial species
Higher abundance of R. torques
in IBS-D
A lower proportion of the C.
coccoides-E. rectale group in
IBS-C
More temporal instability in
IBS-D
Lower amounts of Lactobacillus
spp. in IBS-D and increased
amounts of Veillonella spp. in
IBS-C

Principle taxa changes were obtained by searching for “gut microbiota” and “irritable bowel
syndrome” on PubMed (2005-Feb 2018).

At phylum level, IBS enterotype difference is predominantly shown in four phyla of
Actinobacteria, Bacteroidetes, Proteobacteria and Firmicutes (Figure 1.1). Of them,
instability of Clostridial groups is more frequently reported than other dominant
bacteria. Specifically, increased abundances of Clostridium cluster XI and XIVa (eg.
Blautia) were found in IBS patients (39, 40), and bacterial members Faecalibacterium,
Anaerovorax, Oscillibacter, Roseburia, and Eubacterium, belonging to Clostridiales
are decreased in non-constipated IBS subjects(44, 55, 61, 62). Classified as subgroups
of Bacilli, Lactobacillus and Veillonella showed elevated abundances in IBS population
while Streptococcus showed inconsistent changes between studies(40, 44, 58, 61, 62,
66, 72). Some genera from Bacteroidetes also significantly altered in IBS patients.
Relative abundance of Prevotella was increased in IBS patients(47, 58), and relative
abundances of Parabacteroides and Alistipes were reduced(39, 41). However, changed
7

level of Bacteroides was diverse across several studies(39, 41, 73, 74). Another two
genera Bifidobacterium and Escherichia also showed varied results(56, 58, 72, 75).

Figure 1.1 Phylogenetic tree of the gut microbiota with significant changes identified
in feces or mucosa of IBS patients from at least one independent study. Taxonomic
variation from phylum, class, order, family to genus levels are presented by circles
marked with diverse sizes and colors. The size of circle expresses the mentioned
frequency of existing publications, and colors represent their changed trends in IBS
samples (red for increase, green for decrease and gray for inconsistent results cross
studies). Featured bacterial genera with well-defined groups identified in more than two
independent studies are shown as capital letters from A to M.
8
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Gut microbiota-mediated pathogenesis in IBS
Trillions of microbes inhabit human bodies, from skin, oral cavity, respiratory tract to
GI tract(76). The largest collection of microorganisms located in the GI tract show
variation in microbial diversity and composition in the different regions of the gut
depending on various physicochemical factors (eg. pH, diet-derived compounds, bile,
mucus, etc.)(77). Such complex and adaptive ecosystem play important contribution in
the physiology of the host, including defense against pathogens, metabolism of
nutrients, maturation of the immune system, maintenance of the gut function and
development of the nervous system(78, 79). On this basis, scientists have proposed that
gut dysbiosis potentially mediates pathogenesis underlying IBS.
Infection
A subset of IBS population, ranging from 5% to 32% worldwide, is developed by an
acute pathogenic bacterial infection that consists of some species belonging to
Campylobacter, Salmonella, Shigella, Escherichia, and Staphylococcus(64, 80).
Moreover, introduction of bacterial or parasite species, for instance, E.coli,
Campylobacter jejuni, Citrobacter rodentium and Trichinella spiralis, can induce post
infectious IBS (PI-IBS)-like symptoms in rodents(81, 82). Villani, et al. screened 79
functional genes in PI-IBS cohort, and varied genotypes of TLR9, CDH1, IL6 are
associated with cytokine releases, bacterial recognition, and intestinal epithelial
integrity(83). It suggests that mechanism of pathogen infections related to impaired
function of epithelial barrier and activated response of the innate immune system.
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Small intestinal bacterial overgrowth (SIBO)
By glucose or lactulose hydrogen breath testing, SIBO has been recognized in IBS
population, varying form 4%-78%(84). A meta-analysis including 11 studies found that
abnormal breath testing was more often appeared in IBS patients than healthy controls.
A clinical study with antibiotic intervention found that eradication of SIBO effectively
reverse IBS symptoms in 48% of subjects(85). These clinical evidences implicate
contribution of SIBO in appearance of IBS symptoms. Abnormal breath gas pattern
with higher H2 and CH4 levels reported in IBS patients is partially explained by SIBO
(86-88). Changed gas pattern has been linked with visceral hypersensitivity, gut
inflammation and dysmotility in IBS patients(89-91), suggesting that abnormalities of
bacteria-released gases probably contribute to gut pathophysiology in IBS.
Psychological stresses
Psychological stressors, such as early life stress and social stress, are proposed as
important risk factors for IBS development(92). A population-based study reported that
people subjected to abuse, sexual abuse, emotional or verbal abuse in childhood and
adulthood more easy to suffer IBS(93). Disordered hypothalamic-pituitary-adrenal
(HPA) axis and immune dysregulation are considered as widely-accepted stress-driven
mechanisms(94). Hyper-responsiveness of the HPA axis, marked by increased levels
of corticosterone and corticotropin-releasing factor, were found in the paraventricular
nucleus of rats when exposed to stress(95). Animals with maternal deprivation
exhibited mast cell hyperplasia in the colon from 4 to 12 weeks, while pretreatment of
the mast cell stabilizer attenuated the early weaning-induced intestinal barrier
disturbances(96, 97). More recently, several studies pointed out gut dysbiosis in
stressed rodents, and altered gut microbiota probably mediate stress-induced gut and
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neural pathophysiology by influencing release of hormone from the host or modulating
microbiota-derived bioactive metabolites(98, 99).
Disturbed metabolism of diet-derived nutrients
Diet is another important pathogenic trigger for gut and neural pathophysiology in
IBS(100). A clinical survey found that association of foods with symptoms occurs in
84% of IBS population, most of those are sensitive to dietary carbohydrates or/and
fat(101). A meta-analysis reported that intake of fermentable oligosaccharides,
disaccharides, monosaccharides and polyols (FODMAPs) induce symptoms of pain and
bloating in substantial population of IBS, but limited consumption of FODMAPs in
diets can improve them(102). FODMAPs-induced IBS symptoms is proposed to
involve in bacterial overgeneration of short chain fatty acids (SCFAs) and activation of
SCFA-mediated signaling pathways(103, 104). Moreover, digested lipids cometabolized by host and gut microbiota increased the sensitivity of the rectum and
perception of colonic distension in IBS patients, but not in healthy subjects(105). These
evidences illustrate mechanistic candidates underlying diets-driven IBS pathogenesis
are relevant to gut microbiota.

Cumulated clinical and basic findings have linked gut dysbiosis with the development
of IBS. And some studies also attempted to investigate possible role of the gut
microbiota in IBS. For example, fecal microbiota from IBS donors has been previously
shown to enhance colonic transit, enhance paracellular permeability and abdominal
contractions in mice recipients (74, 106). Besides, three trials published in 2017 also
reported substantial efficiency of healthy fecal microbiota on IBS symptoms relief
(107-109). These studies with microbiota intervention indicate substantial contribution
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of gut microbiota in the development of IBS. However, so far, there is no consensus in
microbial signature of IBS or certain IBS subtype, and underlying mechanism by which
microbiota drive IBS symptoms remains undetermined. It leads to shortcomings of nonspecificity, risks of drug resistance, low responses and efficiency for existing
microbiota-oriented therapies in IBS medication (110-112). Therefore, microbiotadriven mechanistic research is very necessary to improve pathogenetic understanding
and develop precise medication for IBS.

Scope of the thesis
As described in the paragraphs of microbiota-mediated pathogenesis underlying IBS,
disturbance of bioactive substances, derived from gut flora only or co-metabolized by
host and gut microbiota, have been linked with the severity of bowel symptoms in
IBS(33, 34, 103, 104). Moreover, some signaling pathways mediated by microbiotarelated molecules, such as gases, 5-HT, bile acids (BAs), lipopolysaccharides, have
been considered as potential therapeutic targets(8). Recent gut microbiome-related
studies showed that these end-products of microbial fermentation or substances cometabolized by host and gut microbiota often exhibit species specificity. Therefore, we
suppose that metabolism of gut microbiota only and their metabolic interaction with
host may benefit understanding microbiota-driven mechanism for IBS. But, microbial
metabolism has not been well studied in IBS population. On this basis, we aimed to
comprehensively analyze metabolic function of IBS microbiota, and investigate
pathogenic species and its driven molecular mechanism underlying IBS in this thesis.
Accordingly, several investigative objectives were drawn as followings: 1) what’s the
metabotype of IBS gut microbiota; 2) whether the metabotype of IBS gut microbiota
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links with IBS symptoms; 3) which species and how they manipulate(s) such
metabotype.

To address these objectives, we functionally characterized gut microbiota of IBS
patients by integration of metabolomic and metagenomic analyses, bottom-up linking
clinical symptoms, featured metabolomes with specific microbiota. To further explore
precise microbiota-driven mechanism via a series of experiments with microbiota
intervention in rodents. The main findings of each chapters are described briefly as
follows.

In chapter 2, we profiled metagenomes and metabolomes in stools of IBS patients and
healthy volunteers. Both omics analyses consistently revealed altered fecal microbiota
of IBS patients characterized by abnormal lipid metabolism. Of them, disturbance of
microbiota-derived BAs, such as cholic acid (CA), deoxycholic acid (DCA) and 7ketodeoxycholic acid (7-KDCA), showed close association with defecation phenotypes,
especially defecation frequency, in patients with diarrhea-predominant IBS (IBS-D).
Results from this pilot study suggest microbiota-driven GI dysmotility is involved in
the BA metabolism.

Many studies have disclosed association of abnormal BA excretion with IBS, and some
individually reported metabolic, proteins or genetic findings related to BA metabolism.
To comprehensively understand existing findings related to BA metabolism in IBS and
provide research direction for further microbiota-driven mechanism, we performed a
systematic review with meta-analysis across published case-control studies in chapter
3. Abnormal BA excretion, especially excessive BA excretion more frequently reported
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in IBS-D patients with primary bile acid diarrhea, showed close linkage with GI motility
disorder. These IBS patients showed fecal BA disturbance along with alteration of
synthetic markers 7α-hydroxy-4-cholesten-3-one (C4) and fibroblast growth factor 19
(FGF19) in serum relative to healthy controls, indicating that BA disturbance of IBS
patients is associated with dysregulation of host BA synthesis. However, the role of gut
microbiota in problemed BA excretion is absent in the field of IBS.

In chapter 4, to investigate possible function of gut microbiota in BA disturbance, BArelated biochemical indices, BA metabolites, and BA-related microbiome were
simultaneously quantified in the IBS cohort. Referring to the 90th percentile of fecal
total BA from healthy controls, there are 69 of 277 IBS-D patients showed higher level
of BA excretion (BA+IBS-D), accompanied with increased serum C4 but decreased
serum FGF19. Moreover, proportions of microbiota-derived BAs and abundances of
BA-metabolizing taxa, particularly Clostridium scindens (C. scindens) that expresses
functional genes hdhA and bais, significantly elevated in stools of those BA+IBS-D
patients relative to either controls or IBS-D patients with normal BA excretion (BAIBS-D). These clinical observations suggest a potential connection of BA-metabolizing
bacteria with host BA synthetic regulation.

The process of BA metabolism, especially secondary BA generation from the gut
microbiota, is partially inconsistent between human beings and rodents(113). Thus, the
role of gut microbiota in disturbed BA excretion was clarified in a IBS rodent model
again in chapter 5, which lays the foundation for further bacteria-driven mechanistic
studies in rodents. Of IBS models, neonatal maternal separation (NMS)-induced early
life stress model characterized by gut dysbiosis and enhanced GI motility was found to
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display similar profiles of BA metabolites and BA-metabolizing microbiome,
particularly Clostridium species as that of BA+IBS-D patients. Moreover, elevation of
taurine-conjugated BA contents and upregulation of classic BA synthetase (CYP7A1)
in the liver tissues of NMS rats demonstrate enhanced hepatic BA synthesis. Although
partial results of BA-related gene profile and fecal taxonomies are inconsistent between
IBS-D patients and rat model, excessive BA-metabolizing species (including C.
scindens) and enhanced host BA synthesis identified in BA+IBS-D population was also
reproducible in NMS rats. Findings from such animal model verified the relationship
between BA-metabolizing microbiome and host BA synthetic level in IBS-D.

In chapter 6, to further investigate whether and which BA-metabolizing species affect
host BA synthetic level, we specifically modulate murine gut microbiota through fecal
microbiota transplantation (FMT) and signal strain colonization. FMT of human fecal
microbiota from IBS-D patients and HC subjects was performed in pseudo germ-free
(GF) mice that is established by administration of antibiotic cocktail. Results showed
that BA+IBS-D fecal microbial recipients exhibited accelerated GI transit, total BA
overexcretion and increased relative levels of Clostridium species compared with other
mouse recipients of HC or BA-IBS-D fecal microbiota. Moreover, elevation in levels
of C4 in serum and contents of primary and secondary BAs in liver and GI lumens,
together with upregulated expressions of hepatic CYP7A1 gene and protein, were
shown in BA+IBS-D recipients also, indicating stimulatory effects of BA+IBS-D fecal
microbiota on BA synthesis. Furthermore, the BA-metabolizing species C. scindens,
consistently enriched in enterotypes of BA+IBS-D patients and NMS model, was
separately colonized to pseudo GF and SPF mice to further clarify whether such
bacteria are one of major contributors for host BA oversynthesis in vivo. After
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colonization, both of pseudo GF and SPF mice showed accelerated GI transit and BA
overexcretion compared with individual PBS-treated vehicles. Meanwhile, colonized
mice consistently exhibited increased contents of taurine-conjugated BAs and
upregulated expression of CYP7A1 in liver tissues. These observations indicate that C.
scindens is able to enhance hepatic BA synthesis. In addition, mice with bacterial
interventions of BA+IBS-D FMT and C. scindens colonization both expressed reduced
levels of farnesoid X receptor (FXR)-target genes small heterodimer partner (SHP) and
fibroblast growth factor 15 (FGF15) in liver and ileal tissues, respectively. It suggests
us that the molecular mechanism underlying bacteria-driven BA oversynthesis might
target on FXR-mediated intestinal signaling. Its possibility will be further clarified in
our next-step works.

Collectively, the works of this thesis disclosed the relationship between BAmetabolizing bacteria and GI motility disorder in at least one subtype of IBS. Animals
with microbiota colonization revealed substantial contribution of BA-metabolizing
species, particularly C. scindens in modulation of host BA synthesis and gut motor
function under both physiological and pathological situations. Further exploration of its
molecular mechanism may benefit a microbiota-oriented precise medication for treating
IBS and other diseases that are accompanied with disturbed BA metabolism.
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ASSOICATION OF GUT DYSBIOSIS
WITH DISTURED METABOLISM OF BILE ACIDS
IN IBS POPULATION: A PILOT STUDY
Background
By reviewing existing microbiota-related clinical studies, the enterotypes of IBS
patients are majorly resulted by 16s ribosomal sequencing analysis and quantitative
PCR analysis (Table 1.1). Although sample type, analytical methods and research
location are similar, structural results of gut microbiota showed big variation across
studies(1), suggesting that single-dimensional study of gut microbiota is
inappropriate for IBS patients with larger individual differences. More recently,
metagenomics is a revolutionary method widely applied in pathogenetic studies of
microbiota-driven human diseases(2). It does not only allow for a rapid and
extensive exploration of the gut microbial structure, but also allow functional
characterization of gut microbiota and its interaction with the host(3).

Furthermore, to achieve a more comprehensive study of human gut microbiota, the
metagenomics is proposed to combine with other omics(4). Of them, metabolomics
is rapidly becoming critical to evolutionally and functionally investigate gut
microbiota.

Metabolomics

is

a

high-throughput

analytical

method

to

comprehensively identify and quantify microbial metabolites, which are considered
the most direct indicator for internal environment of the body or the alteration of
metabolic homeostasis(5, 6). Moreover, microbial metabolomes are sensitive to
environmental or exogenous factors (eg. diets, xenobiotics and stressors, etc.),
26

which might provide valuable information not only for microbial features but also
for its interaction with the host(7).

Combination of microbial structure with its metabolic function has been applied in
pathogenetic research of GI diseases and other chronic diseases(8). Jonathan et al.
found that microbial type is strongly correlated with metabolic phenotype,
particularly increased taurine and tryptophan, in patients with inflammatory bowel
disease(9). In one study with obese patients, the abundance of Bacteroides
thetaiotaomicron showed inverse relationship with circulating glutamate(10).
Moreover, novel microbiota-derived metabolites GlcNAc-6-P and mannitol,
significantly correlated with clinical biochemical indexes, were identified as
diagnostic biomarkers from plasma of patients with coronary heart disease based
on metabolomic and metagenomic technologies(11). These investigative examples
suggest that simultaneous profiling enterotype and metabotype might accurately
characterize complex microbial community of IBS population.

Currently, an observational study was performed to analyze fecal metagenomes and
metabolomes in IBS patients that are defined by the ROME IV criteria. Compared
with matched healthy controls, IBS enterotype was functionally characterized by
disturbed metabolism of lipids. Particularly, a group of bile acids, significantly
correlated with most of dominant bacteria, showed close association with the
defecation habit in IBS-D patients.
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Materials and Methods
Patient recruitment and questionnaires
Recruitment of participants was performed in clinics at the School of Chinese
Medicine, Hong Kong Baptist University, Hong Kong, China. The participants
were recruited through advertisements or press releases in local newspaper as our
previous study(12). Diagnosis of IBS was conducted based on ROME IV criteria
(13). Subjects were recruited only if they fulfilled the followings: 1) meet of
diagnosis of IBS; 2) age of 18 to 65 years; 3) IBS Symptom Severity Scale (IBSSSS) > 75 points at baseline and during the 2-week run-in period(14); 4) Normal
colonic evaluation within 5 years; 5) without medical history of inflammatory
bowel diseases, carbohydrate malabsorption, hormonal disorder, known allergies to
food additives, and/or any other organic diseases; 6) Written informed consent.
Additionally, patients were excluded if they were pregnancy or breast-feeding or
had suicidal ideas or attempts or aggressive behavior. Referring to published
method(15), all recruited patients were required to fill out the questionnaires of IBSSSS (Figure 2.1) and Stool Bristol Score (Figure 2.2) for evaluation of the severity
of IBS symptoms when meeting with physicians.

Furthermore, age and gender-matched healthy volunteers without medical history
of neurodegenerative diseases, cardiovascular diseases, metabolic disorders, GI
diseases and surgical histories of cerebral cranium, gallbladder removal, and GI
tract were also recruited in the same clinical center. The study protocol was
approved by the Ethics Committee on the Use of Human Subjects for Teaching and
Research (Approval no. HASC/16-17/0027).
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Figure 2.1 Irritable Bowel Syndrome Symptom Severity Scale (IBS-SSS)
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Figure 2.2 Evaluation of stool consistency by the Bristol Stool Scale.
Type 1
種類 1

THE BRISTOL STOOL FORM SCALE
Separate hard lumps, like nuts
乾硬便、成粒狀

Options
1
乾硬

Type 2
種類 2

Sausage-like but lumpy
便、成條狀

Type 3
種類 3

Like a sausage but with cracks in the
surface 條狀大便、表面不平、稍乾

Type 4
種類 4

Like a sausage or snake, smooth and
soft
條狀軟便、表面平滑

Type 5
種類 5

Soft blobs with clear-cut edges
細軟便、偏爛

Type 6
種類 6

Fluffy pieces with ragged edges, a
mushy stool 大便稀爛、不成形

Type 7
種類 7

Watery, no solid pieces

2

3

4

5

6

水樣便

7

Collection of biospecimens and measurements of biochemical indexes
Prior to sample collection, all included participants were instructed to complete a
dietary questionnaire that recorded diet information and dietary habits in the past
six months. Such questionnaire was applied to exclude individuals that had specific
dietary habits, for instance long-term alcohol consumption or a completely
vegetable-based diet for minimize the impact of diets on the further metabolic and
microbial analysis. The participants were instructed to provide fasting blood sample.
Moreover, the participants were not permitted to consume any alcohol 48 hour and
do strenuous exercise 24 hour before the visits. Blood samples were collected for
preparing serum and testing biochemical indexes. Stool samples (500 mg at least)
were instructed to collect without mixing with urine, sanitizer and sewage. All
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specimens were transported to the lab using dry ice and immediately frozen at 80 °C. Finally, biospecimens of both blood and stool were available to 347 patients
and 89 controls. In addition, biochemical indexes, including glucose, urea,
creatinine, alkaline phosphatase (ALP), alanine transaminase (ALT), aspartate
transaminase (AST), total cholesterol (TC) and triglycerides (TG), were determined
in serum samples of all recruited subjects in Chan & Hou (CH) Medical
Laboratories Ltd, Hong Kong, China.

Fecal DNA extraction and metagenomic sequencing
Frozen stools were precisely weighted (~250 mg) for microbial DNA extraction.
The extracting procedure of fecal total DNA isolation followed the instrument of a
commercial stool DNA Isolation Kit (Qiagen, Valencia, CA). Individual DNA
samples with high quality were sequenced on the Illumina Hiseq 4000 platform.
Removing adaptor and low-quality reads, the host DNA genome was eliminated
from the remaining reads by referring the human genome based on SOAPalign
v2.21(16). Finally, 180.15 Gb high-quality pair-end reads for 431 human samples
(347 IBS patients and 84 HC subjects) was acquired with an average of 6.21 and
5.42 Gb per sample in groups of IBS and HC, respectively (Table 2.2).

Diversity analysis, taxonomic assignment and functional characterization
Contigs assembly was performed for prediction of ORFs by using assembly
software SOAPdenovo (v2.0455) and the MetaGeneMark programme(v3.26) (17).
A non-redundant gene catalog was constructed using obtained ORFs through CDhit (v4.6.4) (18). Microbial α-and β-diversities were estimated by the Shannon
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index and Bray-Curtis dissimilarity metric, respectively, for reflecting intra-group
and inter-group diversity differences(10).

For taxonomic assignment, all predicted genes were blasted against the reference
microbial genomes from NCBI (including 4,258 microbial genomes) by using
BLAST (v 2.2.26) with the default parameters. The 65% identity for phylum, 85%
identity for genus, and 95% identity for species were applied for taxonomic
identification (19, 20). The gene abundance was used for calculation of taxonomic
abundance. And National Center for Biotechnology Information BLASTP against
the KEGG gene database (v79) was applied to predict protein sequences, and each
protein was assigned to the KEGG group by the highest scoring annotated hits.
Statistical difference in the relative abundances of genes, KOs, taxonomies between
IBS and control groups were compared by two-tailed Wilcoxon rank-sum test.

Extraction of fecal metabolites
As described in our previous study(21), stool samples (100 mg) were completely
mixed with five-fold volume of ice-cold distilled water for preparation of fecal
sewage. Water supernatants were extracted and transferred to a new 2 mL tube from
mixture after centrifugation at 13000 rpm for 15 min at 4°C. Subsequently, a
volume of 500 µL of methanol was added into the pellet sample. Methanolcontained mixture was also homogenized and centrifuged. Methanol supernatants
were then combined with the previous water extractions. After strong vortex and
centrifugation, the final resulting supernatants were obtained for further LC/MS
analysis. Meanwhile, a quality control (QC) sample pooling all human samples was
prepared using the same protocol.
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LC/MS-based analysis and metabolic identification
Ultrahigh-performance liquid chromatography (UPLC, Agilent 1290 Infinity, USA)
coupled to electrospray ionization (ESI) quadrupole time-of-flight mass
spectrometer (Q/TOF-MS, Agilent 6543, USA) was employed for fecal
metabolome acquisition (22). A Waters ACQUITY UPLC BEH C18 column
(1.7μm, 2.1mm×50mm, Waters Corporation, Milford, MA) was operated for
metabolite separation. The mobile phase consisted of water containing 0.1% formic
acid (A) and acetonitrile containing 0.1% formic acid (B). The gradient program
was as follows: starting from 30 % B and progressing to 100 % B in 6 min, holding
at 100 % B for 2 min and then returning to 30 % B in 2 min. Two μL aliquot of
each sample was injected into the column with 0.35 mL min‒1 of flow rate, which
temperature was kept at 40 °C. Meanwhile, mass spectrometry detection was
carried in both the positive (ESI+) and negative (EIS － ) ion modes with a gas
temperature at 300 °C, drying gas flow rate at 8 L min‒1, capillary voltage at 3000
V, fragment voltage at 150 V. The m/z range of acquisition was set from 80 - 1000.
Raw data processing of metabolic segments includes deconvolution, alignment and
normalization based on R-scipt with xcms package (R version 3.4.2). A generated
data matrix was used for multivariate statistical analysis in the software SIMCA-P
(Version 11.0, Umetrics, Umea, Sweden). The variable importance in the projection
(VIP) threshold (VIP > 1) from the model of partial least squares-discriminant
analysis (PLS-DA), combining with the false discovery rate (FRD) control (adjust
p< 0.05), was applied for selection of metabolic difference (23). Identification of
metabolites was processed by comparison of ionic fragments resulted from the
target MS/MS mode with fragmental information from open-access databases,
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including HMDB (http://www.hmdb.ca), METLIN (http://metlin.scripps.edu/) and
LipidMaps (http://www.lipidmaps.org/), as well as standard chemicals.

Statistical analysis
Statistical analyses of sequencing data were performed in R (v3.4.10) software.
Difference of genes, taxonomies and KOs among subjects were evaluated by twotailed Wilcoxon rank-sum test. For comparison of fecal metabolites among IBS and
HC groups were performed by one-way ANOVA. Spearman’s correlation method
was performed to analyze the relationship between species abundances and
identified metabolites(24). These statistical analyses were conducted in GraphPad
Prism 7 (GraphPad software lnc., CA, USA). Statistical significance is defined as
*, p<0.05; **, p<0.01; ***, p<0.005.

Results
Demographics and clinical phenotypes of IBS patients in Hong Kong
A total of 600 potential subjects were screened from July 2016 to Jan 2017. Of them,
397 were successfully included in this study, and 203 subjects were excluded
because of not meeting inclusion criteria or declining to participate or providing
specimens. In addition, fecal DNA extracts from 40 IBS patients and 7 controls
could not be sequenced due to the poor qualities of fecal DNA extracts. As shown
in the flowchart (Figure 2.3), complete data of IBS-relevant questionnaires and
biochemical tests were available in the cohort of 84 healthy controls (HC) and 357
IBS subjects, comprising 277 IBS-D, 32 IBS-C, 33 mixed IBS (IBS-M), and 15 unsubtyped IBS (IBS-U). The subtype of IBS-D, with about 77% of proportion, is
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much more prevalent than other IBS subtypes in this IBS cohort. Female patients
accounted for a considerable proportion (>50%) in each subtype of IBS, particularly
over 70% in subtypes of IBS-C and IBS-U.

Figure 2.3 Flowchart of participant recruitment and sample collection in the IBS
cohort

35

Demographics of included subjects were summarized in Table 1.2. Compared with
HC group, abnormalities of defecation habits (including stool frequency and
consistency) resulted from questionnaires were shown in IBS patients,
predominantly the subtypes of IBS-D, IBS-C and IBS-M. Most of circulating
biochemical indices were similar between IBS and HC subjects. However, serum
glucose and triglyceride (TG) levels were significantly increased in IBS-D
subgroup compared with HC, despite both markers of patients are within normal
reference ranges (3.6-6.1mmol/L for glucose; 0.45-1.7 mmol/L for TG)(25). The
biochemical results suggest a possibility of metabolic disturbance in IBS-D patients.

Table 2.1 Demographics and clinical phenotypes of included subjects.
Gender (F/M)
Age (y)
BMI (kg/m2)

IBS-D
(n=277)
149/128
43.20±0.69
21.92±0.22

IBS-C
(n=32)
23/9
45.56±2.22
21.47±0.65

IBS-M
(n=33)
20/13
38.55±2.01
21.3±0.63

IBS-U
(n=15)
11/4
45.47±2.74
21.29±0.69

HC
(n=84)
65/19
40.00±1.33
21.29±0.32

IBS-SSS score

271.30±4.37

268.10±14.70

286.80±12.29

245.50±22.25

—

IBS-SSS pain
55.45±1.43
51.94±4.80
62.55±2.85
52.47±4.64
—
IBS-SSS
40.16±1.83
52.32±5.05
41.68±4.82
33.67±6.89
—
distension
Stool
2.50±0.08***
0.80±0.09*
2.07±0.21*
1.46±0.25
1.35±0.09
frequency
Stool
5.50±0.04***
2.23±0.20**
3.94±0.18
4.61±0.35
3.84±0.06
consistency
Fasting
glucose
4.87±0.05*
4.71±0.08
4.65±0.065
4.69±0.07
4.58±0.04
(mmol/L)
Urea (mmol/L)
4.78±0.07
4.35±0.21
4.50±0.07
4.27±0.27
4.51±0.13
Creatinine
67.28±0.91
64.87±2.49
66.55±2.15
67.86±4.36
63.30±1.28
(umol/L)
ALP (U/L)
67.97±1.61
64.03±3.22
66.26±2.88
64.31±3.23
63.64±1.71
ALT (U/L)
19.65±0.89
17.65±1.16
16.33±2.06
10.73±1.34
18.22±1.37
AST (U/L)
25.65±0.81
24.21±1.09
25.42±1.30
22.92±1.23
24.48±0.63
TC (mmol/L)
5.07±0.06
4.94±0.19
4.80±0.13
5.34±0.24
4.88±0.09
TG (mmol/L)
1.40±0.05*
1.30±0.22
1.04±0.08
1.18±0.24
0.97±0.07
Data in the table is expressed as mean ±SEM. The comparison of each items between IBS
patients and controls is calculated by nonparametric test, significant change is defined by
*, p< 0.05; **, p< 0.01; ***, p< 0.005.
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Gut microbial structure of IBS patients
Fecal metagenomes were deeply sequenced in the cohort of 357 IBS patients and
89 controls. In total, 2.58 million contigs without ambiguous bases were produced
from 83.53% of the sequencing reads with high quality (6.06 GB per sample on
average). Average 63.66% of the reads were mapped in each sample to be (Table
2.2). Compared with controls, microbial genes and α-diversities obtained from
stools of IBS patients showed no significant difference (Figure 2.4). However,
microbial β-diversity measured by Bray-Curtis dissimilarity was significantly
increased in IBS and IBS-D groups, but not other IBS groups. It suggests that larger
variation of gut microbial community within the IBS-D population (Figure 2.4).

Table 2.2 Read production, quality control and gene prediction of obtained fecal
metagenomic data from included subjects.
Data production

Map to gene catalog

Group

Read
Length

Raw
Read

Number
of Clean
Reads

Rate
(%)

#Clean
Bases
(Gb)

Host
DNA(%)

Number
of Align
Reads

Reads
Mapping
Ratio(%)

Number
of gene

HC

150

4.14E+07

3.61E+07

87.14

5.42

0.33

2.32E+07

64.26

4.11E+05

IBS

150

5.07E+07

4.15E+07

82.70

6.21

0.64

2.64E+07

63.52

4.37E+05

Total

150

4.90E+07

4.05E+07

83.54

6.06

0.59

2.58E+07

63.66

4.32E+05
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Figure 2.4 Altered fecal microbial diversities of included IBS subjects compared
with controls. (A) Total gene counts among five groups. (B) Microbial α-diversity
based on the Shannon index among five groups. (C) β-diversity based on BrayCurtis dissimilarity among five groups. Box plots represent the 95% confidence
interval for the medians, significance among subtypes of IBS is expressed as ***,
p<0.005. Abbreviation: HC, healthy controls; IBS-D, diarrhea-predominant IBS;
IBS-C, constipation-predominant IBS; IBS-M, mixed IBS; IBS-U, un-subtyped
IBS.
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Furthermore, taxonomic profile of fecal microbes was analyzed at phylum, genus
and species levels. The identified taxonomies with over 0.1% of relative abundance
at different levels were shown in Table 2.3-2.5. At phylum level, four phyla with
over 1% of relative abundances (including Actinobacteria, Bacteroidetes,
Firmicutes, and Proteobacteria) dominated the fecal microbial communities of
recruited subjects (Figure 2.5 and Table 2.3). There is no difference in relative
abundances of dominant bacteria between the whole IBS and HC groups at phylum
and genus levels (Figure 2.5). However, alteration of bacterial subgroups can be
found in specific IBS subtype. Increased relative abundance of Proteobacteria was
presented in IBS-D subtype, but not other subtypes (Figure 2.5). Moreover, at genus
level, abundances of Escherichia and Ruminococcus were significantly increased
in the IBS-D group (Figure 2.5 and Table 2.4). Reduced Prevotella and Odoribacter
abundances were found in patients of IBS-C and IBS-M, respectively (Figure 2.5
and Table 2.4). Additionally, changes of dominant species (Bacteroides dorei,
Prevotella copri, Bacteroides ovatus and Odoribacter splanchnicus) were only
shown in IBS-C and IBS-M groups (Table 2.5). Altered taxonomic levels obviously
found in patients with abnormal defecation habits indicate association of gut
dysbiosis with disordered GI motility in IBS cohort.
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Figure 2.5 Altered fecal taxonomic profiles of included IBS subjects relative to
controls. (A) Fecal microbial composition at phylum level. (B) dominant genera
with significant alterations in IBS patients. Bar charts are shown as mean ± SEM,
Differential taxa between IBS patients and controls are expressed as *, p<0.05.
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Table 2.3 Relative abundances of dominant phyla among included participants.
Taxa (%)
HC
IBS-D
IBS-C
IBS-M
IBS-U
Actinobacteria
1.12
1.26
1.20
1.10
1.03
Bacteroidetes
49.44
48.85
46.02
50.17
51.96
Firmicutes
10.81
11.42
11.74
10.19
9.32
Fusobacteria
0.11
0.36
0.06
0.15
0.19
Proteobacteria
1.97
3.28*
2.55
2.03
1.44
Verrucomicrobia 0.15
0.14
0.19
0.14
0.19
Data are expressed as average abundances (%) of individual taxa. Significant difference in
abundances of taxa between patients and controls was expressed as *, p<0.05.

Table 2.4 Relative abundances of dominant genera among included participants.
Taxa (%)
HC
IBS-D
IBS-C
IBS-M
IBS-U
Bacteroides
40.64
41.48
41.18
39.41
43.76
Alistipes
3.61
3.43
3.84
3.57
2.76
Faecalibacterium
2.30
2.04
2.28
1.65
2.32
Prevotella
2.86
1.94
0.30*
0.62
0.97
Eubacterium
1.29
1.60
1.38
1.30
1.05
Blautia
1.36
1.51
1.46
1.42
1.20
Escherichia
0.72
1.46*
1.44
0.80
0.69
Ruminococcus
0.86
1.24*
1.15
0.93
0.77
Bifidobacterium
0.92
1.06
0.95
0.92
0.70
Clostridium
0.84
0.91
1.08
1.06
0.67
Roseburia
0.73
0.81
0.75
0.81
0.48
Parabacteroides
0.83
0.77
0.84
0.67
0.94
Bilophila
0.36
0.52
0.44
0.40
0.41
Klebsiella
0.31
0.54
0.34
0.44
0.05
Parasutterella
0.28
0.41
0.16
0.24
0.07
Odoribacter
0.34
0.29
0.33
0.20*
0.21
Dorea
0.21
0.28
0.24
0.23
0.24
Fusobacterium
0.11
0.30
0.06
0.14
0.19
Megasphaera
0.26
0.29
0.08
0.17
0.16
Coprococcus
0.19
0.21
0.20
0.14
0.19
Collinsella
0.14
0.15
0.14
0.08
0.29
Akkermansia
0.15
0.14
0.18
0.13
0.19
Acidaminococcus
0.34
0.14
0.13
0.15
0.08
Data are expressed as average abundances (%) of individual taxa. Significant difference in
abundances of taxa between patients and controls was expressed as *, p<0.05.
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Table 2.5 Relative abundances of dominant species among included participants.
Taxa (%)
HC
IBS-D IBS-C
IBS-M
IBS-U
Acidaminococcus intestini
0.34
0.13
0.13
0.15
0.07
Akkermansia muciniphila
0.13
0.12
0.08
0.01
0.16
Alistipes putredinis
2.2
2.13
2.27
2.07
1.62
Alistipes shahii
0.59
0.59
0.76
0.64
0.48
Unclassified Alistipes sp.
0.23
0.22
0.22
0.25
0.16
HGB5
Bacteroides dorei/vulgatus
6.23
5.6
4.1
5.2
5.86
Bacteroides uniformis
6.08
5.59
6.42
6.56
7.38
Bacteroides caccae
0.77
0.87
0.7
0.95
1.24
Bacteroides clarus
0.19
0.29
0.15
0.28
0.28
Bacteroides coprocola
0.79
0.82
0.91
0.3
0.82
Bacteroides coprophilus
0.26
0.17
0.08
0.09
0.39
Bacteroides dorei
4.79
4.52
3.14*
4.61
5.25
Bacteroides eggerthii
1.35
0.82
0.49
0.32
0.92
Bacteroides finegoldii
0.31
0.36
0.28
0.28
0.64
Bacteroides fragilis
2.08
2.41
4.23
1.79
1.07
Bacteroides intestinalis
0.42
0.43
0.41
0.96
0.43
Bacteroides ovatus
3.2
3.41
3.65
5.61**
2.98
Bacteroides plebeius
0.76
0.9
0.92
0.91
2.20*
Bacteroides stercoris
1.93
2.58
3.11
2.58
2.44
Bacteroides
1.81
2.59
1.52
1.8
1.88
thetaiotaomicron
Bacteroides xylanisolvens
1.98
2.07
1.85
2.86
2.79
Bifidobacterium
0.43
0.36
0.43
0.32
0.21
adolescentis
Bifidobacterium
catenulatum0.15
0.22
0.15
0.17
0.14
pseudocatenulatum complex
Bifidobacterium longum
0.21
0.38
0.26
0.32
0.22
Bilophila wadsworthia
0.35
0.51
0.43
0.39
0.41
Butyrate-producing
0.23
0.38
0.22
0.39
0.22
bacterium
Coprococcus comes
0.11
0.12
0.09
0.08
0.11
Escherichia coli
0.71
1.45
1.43
0.79
0.69
Eubacterium eligens
0.17
0.12
0.1
0.09
0.05
Eubacterium rectale
0.6
0.93
0.74
0.62
0.59
Eubacterium ventriosum
0.17
0.23
0.15
0.23
0.1
Faecalibacterium
1.66
1.45
1.62
1.16
1.66
prausnitzii
Fusobacterium varium
0.04
0.15
0.05
0.005
0.07
Klebsiella
0.28
0.48
0.28
0.41
0.04
variicola/pneumoniae
Odoribacter splanchnicus
0.32
0.27
0.31
0.18*
0.19
Parabacteroides distasonis
1.46
1.64
1.17
1.91
1.76
Parabacteroides merdae
0.54
0.49
0.63
0.38
0.66
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Parasutterella
excrementihominis
Prevotella copri
Roseburia hominis
Roseburia intestinalis
Roseburia inulinivorans
Ruminococcus bromii
[Ruminococcus] gnavus
[Ruminococcus] obeum
[Ruminococcus] torques
Unclassified Ruminococcus
sp. 5_1_39BFAA
Unclassified Ruminococcus
sp. SR1/5

0.2

0.22

0.09

0.08

0.03

2.38
0.15
0.22
0.22
0.28
0.51
0.12
0.42

1.54
0.15
0.18
0.33
0.52
0.55
0.14
0.53

0.14*
0.14
0.15
0.3
0.51
0.4
0.16
0.65

0.42
0.1
0.24
0.32
0.27
0.46
0.15
0.56

0.61
0.13
0.16
0.08
0.27
0.22
0.14
0.62

0.29

0.39

0.27

0.38

0.25

0.1

0.13

0.09

0.10

0.10

Data are expressed as average abundances (%) of individual taxa. Significant difference in
abundances of taxa between patients and controls was expressed as *, p<0.05.

Function characterization of IBS enterotype
Functional annotation of sequenced metagenomic results was obtained using
National Center for Biotechnology Information BLASTP against the KEGG gene
database (v79). A total of 7040 KOs were identified from fecal microbial
communities of recruited subjects. KEGG pathway analysis revealed that identified
KOs showed diverse functions, majorly enriched in the function of metabolism
(Figure 2.6). Of them, alteration of KOs between IBS and HC groups were mapped
into several metabolic pathways, including lipid metabolism, secondary metabolites
biosynthesis, metabolism of amino acids and vitamins (Table 2.6).
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Figure 2.6 The mapped KEGG pathways of all KOs identified from fecal microbial
communities of recruited subjects.

Table 2.6 The enriched metabolic pathways with significant difference between IBS
and HC groups
Map name (ID)

HC

IBS

adjust p

Folate biosynthesis (map00790)
Styrene degradation (map00643)
Indole alkaloid biosynthesis (map00901)
Glycine, serine and threonine metabolism
(map00260)
Glutamine and glutamate metabolism (map00471)
Butanoate metabolism (map00650)
Tryptophan metabolism (map00380)
Tropane, piperidine and pyridine alkaloid
biosynthesis (map00960)
Mucin type O-Glycan biosynthesis (map00512)
Purine metabolism (map00230)
Steroid hormone biosynthesis (map00140)
α-Linoleic acid metabolism (map00592)

1.47E-01
2.23E-03
6.96E-05

1.51E-01
2.35E-03
8.44E-05

0.00
0.01
0.01

1.20E-01

1.18E-01

0.01

3.55E-02
8.29E-02
1.62E-02

3.42E-02
8.29E-02
1.59E-02

0.02
0.02
0.02

8.61E-03

8.77E-03

0.02

1.27E-04
6.23E-01
3.18E-02
4.08E-04

1.21E-04
6.21E-01
3.27E-02
4.65E-04

0.02
0.03
0.04
0.04
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To further clarify metabolic function of IBS fecal microbiota, fecal metabolomes
were profiled in recruited subjects based on an untargeted method with liquid
chromatography-quadrupole time-of-flight mass spectrometry (UPLC/Q-TOF/MS).
Totally, 328 metabolites were identified from fecal metabolomes of subjects
through comparison of fragmental ions against databases of mass spectrometry.
PLS-DA results demonstrates distinct fecal metabolic signatures between IBS and
HC groups (Figure 2.7). Metabolic differences between IBS and HC groups were
screened out and shown in Table 2.7-2.8. S-plot of PLS-DA analysis presented large
contribution of bile acids and long chain fatty acids in discrimination of fecal
metabolomes between IBS patients and controls (Figure 2.4). Metabolite set
enrichment analysis of metabolic features also revealed association of lipid
metabolism (including bile acid biosynthesis, steroidogenesis and linoleic acid
metabolism) with IBS. Disturbed metabolism of lipids consistently characterized in
the IBS enterotype between metagenomic and metabolomic approaches.

Table 2.7 Metabolic features identified in fecal metabolomes of IBS patients.
Rt
log2 FC
VIP
p
M/z
Metabolites
(min)
(IBS/HC) score value
0.48
179.0562 Glucose
-0.49
1.10
0.05
0.50
180.0652 L-Tyrosine
-0.59
1.16
0.03
0.53
195.0511 Gluconic acid
0.39
1.01
0.05
0.59
178.0535 Hippuric acid
-1.28
4.56
0.05
0.75
129.0558 3-Methyl-2-oxovaleric acid
-0.41
1.32
0.02
0.81
343.212 17-HDoHE
-0.35
1.01
0.02
0.82
187.0923 Nonanedioic acid
-0.61
2.40
0.01
0.92
118.0652 Indole
-0.35
1.00
0.05
1.00
313.1093 Dihydropteroic acid
-0.63
1.15
0.01
1.06
445.1918 Estrone glucuronide
-0.35
1.00
0.01
1.15
201.1137 Sebacic acid
-0.34
1.00
0.05
1.41
369.1756 Androsterone sulfate
-0.44
1.71
0.02
1.96
211.1339 7-Oxo-11-dodecenoic acid
-0.82
1.04
0.05
2.16
397.2069 Pregnanolone sulfate
-0.24
1.03
0.04
2.16
405.266 7-ketodeoxycholic acid
0.46
2.74
0.04
45

2.50
2.58
2.68
3.29
3.29
3.35
3.51
3.83
4.10
4.33
4.40

359.1909
407.2815
448.3077
313.2394
314.2427
455.2489
389.2709
422.32
295.2287
311.1698
365.2321

4.47

357.2793

4.47
4.47
4.47
4.47
4.48
4.49

340.2717
786.5963
375.2891
339.2683
391.3821
413.2664

4.49

416.2854

4.55
4.60
4.87
4.88
5.08

375.2919
398.3137
335.2367
299.2603
297.2445

5.10

481.3011

5.22

425.3412

5.28

403.2865

5.49

375.2512

5.51
5.86
6.34
7.27

271.2288
279.2337
281.2493
381.3385

Cortisone
Cholic acid
Glycodeoxycholic acid
Octadecanedioic acid
Decanoylcarnitine
Lithocholic acid sulfate
12-Ketodeoxycholic acid
α-linolenyl carnitine
9-HODE
2-Hydroxyethinylestradiol
Tetrahydrocortisol
5β-Chola-8(14),11-dien-24-oic
Acid
Oleoyl glycine
Dioleoylphosphatidylcholine
3b-Hydroxy-5-cholenoic acid
11,12-DiHETrE
Deoxycholic acid
LysoPC(10:0)
17-phenyl trinor PGF2α ethyl
amide
Lithocholic acid
PGF2a ethanolamide
6-Trans-leukotriene B4
3-Hydroxy-Octadecanoic acid
3-Oxooctadecanoic acid
26-Hydroxycholesterol
3sulfate
α-Tocotrienol
7b-Hydroxy-3-oxo-5b-cholan24-oate
Androst-4-ene-3β,17β-diol
diacetate
3-Hydroxy-hexadecanoic acid
Linoleic acid
Oleic Acid
Cholesta-4,6-dien-3-one
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-0.35
0.31
-1.02
-0.44
-0.46
0.50
-0.14
-0.36
-0.74
-0.35
-0.59

1.61
3.20
1.25
2.53
1.15
4.00
1.00
1.00
1.97
1.22
1.20

0.05
0.05
0.02
0.00
0.00
0.05
0.05
0.04
0.00
0.00
0.01

0.33

6.18

0.05

0.39
0.30
0.33
0.32
0.40
-0.37

1.00
1.92
1.10
1.60
3.27
1.56

0.02
0.04
0.05
0.05
0.03
0.05

0.48

1.87

0.04

-0.21
-0.95
-0.53
-0.28
-0.24

1.26
3.03
1.50
6.55
1.15

0.05
0.05
0.01
0.05
0.05

-0.19

1.56

0.05

-0.60

1.01

0.03

-0.77

2.20

0.00

-0.60

1.55

0.02

-0.32
-0.47
-0.45
-0.68

1.00
1.01
1.08
1.51

0.03
0.05
0.01
0.05

Table 2.8 Metabolic differences within individual IBS subgroups and controls
Metabolites
HC
IBS-D IBS-C IBS-M IBS-U
Glucose
9.559
7.093
5.062
7.075
2.991
L-Tyrosine
6.388
4.359
3.943
3.808
2.914
Gluconic acid
7.700
10.382 10.657 7.083
8.879
Hippuric acid
67.606 31.579 21.901 8.554
0.957
3-Methyl-2-oxovaleric acid 10.984 7.589
10.495 11.209 11.222
17-HDoHE
7.082
5.486
6.535
5.751
4.179
Nonanedioic acid
23.091 13.766 19.283 23.273 14.335
Indole
6.584
5.256
5.505
4.840
3.309
Dihydropteroic acid
4.982
3.100
4.328
3.143
3.851
Estrone glucuronide
5.432
4.033
5.665
4.789
4.327
Sebacic acid
9.603
6.848
11.552 10.342 7.001
Androsterone sulfate
17.161 12.958 11.445 11.778 8.891
7-Oxo-11-dodecenoic acid
4.566
2.438
3.107
1.932
8.412
Pregnanolone sulfate
16.662 14.701 10.273 13.846 11.145
7-Ketodeoxycholic acid
51.423 71.618 49.854 88.388 42.869
Cortisone
38.548 28.417 45.202 29.201 45.334
Cholic acid
126.260 167.654 90.050 132.663 101.852
Glycodeoxycholic acid
6.966
3.722
1.923
2.500
2.939
Octadecanedioic acid
23.112 16.677 19.196 17.915 16.785
Decanoylcarnitine
4.494
3.214
3.717
3.417
3.075
Lithocholic acid sulfate
92.992 133.896 150.815 85.881 154.415
12-Ketodeoxycholic acid
41.423 36.436 44.267 37.410 57.613
α-linolenyl carnitine
8.124
6.272
5.850
6.837
7.502
9-HODE
10.693 5.892
9.984
7.106
8.382
2-Hydroxyethinylestradiol
7.441
5.928
5.794
5.300
4.496
Tetrahydrocortisol
6.145
3.891
4.957
5.030
3.292
5β-Chola-8(14),11-dien-24- 290.332 362.829 363.480 377.907 399.471
oic Acid
Oleoyl glycine
4.945
6.380
6.526
7.018
7.360
Dioleoylphosphatidylcholine 43.736 52.875 51.601 56.734 67.096
3b-Hydroxy-5-cholenoic
9.175
11.762 10.555 10.861 11.108
acid
11,12-DiHETrE
20.948 25.684 26.039 27.911 29.200
Deoxycholic acid
646.516 673.306 610.384 574.116 614.695
LysoPC(10:0)
32.001 24.784 30.997 21.321 20.982
17-Phenyl trinor PGF2α 16.562 23.742 21.751 19.459 22.622
ethyl amide
Lithocholic acid
76.658 70.401 73.128 66.681 91.382
PGF2a ethanolamide
38.201 21.984 18.801 11.314 2.615
6-Trans-leukotriene B4
10.013 6.156
9.249
11.157 8.573
3-Hydroxy-Octadecanoic
443.437 338.220 514.533 464.550 324.235
acid
3-Oxooctadecanoic acid
26.404 19.789 36.287 30.667 27.954
26-Hydroxycholesterol
3- 49.176 43.218 36.956 43.585 54.596
sulfate
α-Tocotrienol
2.261
1.454
1.861
1.487
1.512
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7b-Hydroxy-3-oxo-5bcholan-24-oate
Androst-4-ene--3β,17β-diol
diacetate
3-Hydroxy-hexadecanoic
acid
Linoleic acid
Oleic Acid
Cholesta-4,6-dien-3-one

9.485

5.196

8.495

5.806

6.447

11.333

7.990

3.954

7.004

6.089

16.796

12.340

16.223

15.282

35.288

6.587
3.540
11.573

4.360
2.317
6.583

7.128
4.395
8.037

4.528
3.092
8.346

10.624
3.572
20.748
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Figure 2.7 Altered metabolomic profiles of stool samples in subjects suffered with
IBS relative to controls. (A) Two dimensional PLS-DA score plots of fecal
metabolomes between IBS patients and controls. Fecal metabolome was plotted by
the 1st and 2nd principle components that explain 7.25% and 7.7% of variation in
the dataset, respectively. (B) Scatter plot of metabolic features from PLS-DA model
of fecal metabolomes. The PLS-DA model was generated by using SIMCA-P
(Version 11, Umetrics, Sweden). (C) Pathway enrichment of altered fecal
metabolites resulted from metabolite set enrichment analysis based on
MetaboAnalyst (v4.0). Abbreviation: 7-KDCA, 7-ketodeoxycholate; DCA,
deoxycholate; LCA-sulfate, sulfate of lithocholate; 3-keto-C18:0, 3-ketooctadecenoate; 3-OH-C18:0, 3-hydroxy-octadecenoate.
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Disturbance of excretive bile acids associated with IBS enterotype
Subsequently, the relationship between dominant genera and fecal metabolites was
analyzed by Spearman’s correlation. As shown in Figure 2.8, majority of fecal
lipids, particularly for BAs, showed significant correlation with top 20 abundant
genera. Specifically, ursodeoxycholic acid (UDCA), 12-ketodeoxycholic acid (12KDCA), lithocholic acid (LCA) and cholic acid methyl ester showed positive
relationships with eight genera (Roseburia, Faecalibacterium, Odoribacter,
Alistipes, Parabacteroides, Prevotella, Coprococcus and Anaerotuncus), but
negatively correlated with four genera (Bacteroides, Coprobacillus, Escherichia
and Clostridium). Meanwhile, cholic acid (CA), glycodeoxycholic acid (GDCA)
and

7-KDCA

exhibited

negative

correlations

with

Anaerotruncus,

Pseudoflavonifracter, Alistipes, and Odoribacter, but positively correlated with
Escherichia (Figure 2.8). These results demonstrate strong association of excretive
bile acids with IBS enterotypes.
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Figure 2.8 Spearman’s correlation of dominant genera with fecal metabolome in
IBS patients. Only metabolites correlated with at least one genus with statistical
significance are shown in the heatmap. Categories of BAs and BA derivates
strongly correlated with genera are highlighted in yellow block. The statistics is
marked by *, p<0.05; **, p<0.01.
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Figure 2.9 Spearman’s correlation of clinical indices with fecal metabolomes in IBS
cohort. The statistics is marked by *, p<0.05; **, p<0.01.
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Disturbance of excretive bile acids associated with IBS symptoms
Spearman’s correlation between clinical indices and fecal metabolites were also
analyzed in the IBS cohort. As shown in Figure 2.9, lipid metabolites, including
BAs, steroids and fatty acids, show close relationships with clinical phenotypes of
stool frequency, stool consistency and IBS-SSS score that resulted from
questionnaires in IBS population. Of them, a group of BA and BA derivates,
particularly BA metabolites 7-KDCA and sulfate of lithocholic acid (LCA)
transformed by gut microbiota showed positive correlation with IBS-SSS score and
stool characteristics (Figure 2.9). Moreover, another biochemical marker serum TG
also showed very close relationships with BA metabolites, positively correlated
with levels of fecal CA, 7-KDCA, DCA whereas negatively correlated with 12KLCA. Interestingly, microbiota-derived BA metabolites DCA, CA and 7-KDCA
were significantly elevated in IBS-D patients, but not other IBS subtypes (Figure
2.10). Such close relationships between microbiota-derived BAs and abnormal
defecation phenotype in patients with IBS, particularly IBS-D, indicate abnormal
BA metabolism by gut microbiota is involved in the bowel symptoms. Collectively,
correlation analyses between enterotypes, metabolomes and clinical phenotypes
suggest the enterotype of IBS, especially IBS-D, was primarily characterized by
disturbance of BA metabolism that is associated with disordered GI phenotypes in
such included population.
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Figure 2.10 Changes of microbiota-derived BAs in IBS patients with different
defecation habits relative to healthy controls. Significant differences of bile acids
between patients and controls are shown as *, p<0.05. Abbreviation: 12-KDCA,
12-ketodeoxycholic acid; DCA, deoxycholic acid; LCA, lithocholic acid; 7-KDCA,
7-ketodeoxycholic acid; CA, cholic acid; GDCA, glycodeoxycholic acid.

Discussion
Among different IBS subtypes, stool samples of IBS-D patients commonly showed
greater variation in the diversity and phylogenetic type of gut microbiota(1, 26, 27).
Particularly, increased abundance of Proteobacteria and Firmicutes, predominantly
Clostridium cluster XIVa and Ruminococcaceae, and reduced relative abundance
of Bacteroidetes are associated with IBS-D(28-30). Similarly, we also found higher
abundances of Ruminococcus and Escherichia in IBS-D patients. Moreover, the
fecal microbiota of IBS-C patients showed the reduced abundance of Prevotella,
which has been previously reported in chronic constipated patients(31). Previous
studies and our metagenomic analysis obviously revealed altered microbial
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structure in those IBS patients displayed irregular defecation, indicating the
possible linkage between gut dysbiosis and GI motility disorder in IBS.

To our best knowledge, IBS enterotype was functionally characterized by disturbed
metabolism of lipids for the first time. Of them, disturbance of excretive BAs, such
as 7-KDCA, was obviously related to IBS-SSS score and the frequency of
defecation. Several metabolic studies also reported BA changes in IBS patients.
Gall et al. revealed increase of DCA in fecal extracts of IBS patients, but not
subjects with ulcerative colitis, by using 1H NMR-based metabolomic profiling(32).
Another 1H NMR study also reported increase of BAs in IBS children compared to
controls(33). These clinical evidences suggest strong association of BA disturbance
with IBS.

BAs have been shown to physiologically modulate enteric motor function of the
host, mediated by the G protein-coupled membrane receptor 5 (TGR5)(34). Poole
et al. found that BAs can inhibit spontaneous contractions of longitudinal muscle
in isolated ileal segments of the mouse(35). While physiological concentrations of
secondary BA metabolites DCA and LCA significantly promote colonic movement
in wild-type but not Tgr5-/- mice(36). Moreover, DCA enhances the luminal
pressure and secretory response of the isolated animal colon(37). Compared with
primary BAs, microbiota-produced secondary BAs are more potent in TGR5
activation(38).

In FGIDs, especially for IBS, abnormality of BA excretion has been linked with
disordered GI motility(39). Excessive fecal BA excretion is significantly correlated
55

with the frequency of defecation and colonic transit time in IBS-D patients(40, 41).
Perfusion of DCA, but not CA and CDCA, increases colonic motility in patients
with IBS and healthy subjects (42). Moreover, rats treated with DCA exhibit several
characteristic post-inflammatory IBS phenotypes, like enhanced stool frequency
(43). These observations suggest the role of gut microbiota in GI motility disorder
possibly related to disturbance of BA metabolism.

Conclusion
This study with omics analyses found that gut dysbiosis in IBS patients who exhibit
irregular defecation is strongly associated with disturbance of excretory BAs. It
provides a research direction that the role of gut microbiota in GI motility disorder
might be involved in disturbed microbial BA metabolism

References
1.

2.
3.
4.

5.
6.

M. Pozuelo, S. Panda, A. Santiago, S. Mendez, A. Accarino, J. Santos, F.
Guarner, F. Azpiroz, C. Manichanh, Reduction of butyrate- and methaneproducing microorganisms in patients with Irritable Bowel Syndrome. Sci
Rep 5, 12693 (2015).
A. Heintz-Buschart, P. Wilmes, Human Gut Microbiome: Function Matters.
Trends Microbiol 26, 563-574 (2018).
S. Amrane, D. Raoult, J. C. Lagier, Metagenomics, culturomics, and the
human gut microbiota. Expert Rev Anti Infect Ther 16, 373-375 (2018).
V. Aguiar-Pulido, W. Huang, V. Suarez-Ulloa, T. Cickovski, K. Mathee, G.
Narasimhan, Metagenomics, Metatranscriptomics, and Metabolomics
Approaches for Microbiome Analysis. Evol Bioinform Online 12, 5-16
(2016).
O. Fiehn, Metabolomics--the link between genotypes and phenotypes. Plant
Mol Biol 48, 155-171 (2002).
P. Bernini, I. Bertini, C. Luchinat, S. Nepi, E. Saccenti, H. Schafer, B.
Schutz, M. Spraul, L. Tenori, Individual human phenotypes in metabolic
space and time. J Proteome Res 8, 4264-4271 (2009).
56

7.

8.
9.

10.

11.

12.

13.
14.

15.
16.
17.
18.
19.

G. D. Wu, C. Compher, E. Z. Chen, S. A. Smith, R. D. Shah, K. Bittinger,
C. Chehoud, L. G. Albenberg, L. Nessel, E. Gilroy, J. Star, A. M. Weljie, H.
J. Flint, D. C. Metz, M. J. Bennett, H. Li, F. D. Bushman, J. D. Lewis,
Comparative metabolomics in vegans and omnivores reveal constraints on
diet-dependent gut microbiota metabolite production. Gut 65, 63-72 (2016).
W. Aw, S. Fukuda, An Integrated Outlook on the Metagenome and
Metabolome of Intestinal Diseases. Diseases 3, 341-359 (2015).
J. P. Jacobs, M. Goudarzi, N. Singh, M. Tong, I. H. McHardy, P. Ruegger,
M. Asadourian, B. H. Moon, A. Ayson, J. Borneman, D. P. McGovern, A. J.
Fornace, Jr., J. Braun, M. Dubinsky, A Disease-Associated Microbial and
Metabolomics State in Relatives of Pediatric Inflammatory Bowel Disease
Patients. Cell Mol Gastroenterol Hepatol 2, 750-766 (2016).
R. Liu, J. Hong, X. Xu, Q. Feng, D. Zhang, Y. Gu, J. Shi, S. Zhao, W. Liu,
X. Wang, H. Xia, Z. Liu, B. Cui, P. Liang, L. Xi, J. Jin, X. Ying, X. Wang,
X. Zhao, W. Li, H. Jia, Z. Lan, F. Li, R. Wang, Y. Sun, M. Yang, Y. Shen, Z.
Jie, J. Li, X. Chen, H. Zhong, H. Xie, Y. Zhang, W. Gu, X. Deng, B. Shen,
X. Xu, H. Yang, G. Xu, Y. Bi, S. Lai, J. Wang, L. Qi, L. Madsen, J. Wang,
G. Ning, K. Kristiansen, W. Wang, Gut microbiome and serum metabolome
alterations in obesity and after weight-loss intervention. Nat Med 23, 859868 (2017).
Q. Feng, Z. Liu, S. Zhong, R. Li, H. Xia, Z. Jie, B. Wen, X. Chen, W. Yan,
Y. Fan, Z. Guo, N. Meng, J. Chen, X. Yu, Z. Zhang, K. Kristiansen, J. Wang,
X. Xu, K. He, G. Li, Integrated metabolomics and metagenomics analysis
of plasma and urine identified microbial metabolites associated with
coronary heart disease. Sci Rep 6, 22525 (2016).
L. L. D. Zhong, C. W. Cheng, W. Kun, L. Dai, D. D. Hu, Z. W. Ning, H. T.
Xiao, C. Y. Lin, L. Zhao, T. Huang, K. Tian, K. H. Chan, T. W. Lam, X. R.
Chen, C. T. Wong, M. Li, A. P. Lu, J. C. Y. Wu, Z. X. Bian, Efficacy of
MaZiRenWan, a Chinese Herbal Medicine, in Patients With Functional
Constipation in a Randomized Controlled Trial. Clin Gastroenterol Hepatol,
(2018).
D. A. Drossman, Functional Gastrointestinal Disorders: History,
Pathophysiology, Clinical Features and Rome IV. Gastroenterology, (2016).
M. C. Passos, A. J. Lembo, L. A. Conboy, T. J. Kaptchuk, J. M. Kelly, M. T.
Quilty, C. E. Kerr, E. E. Jacobson, R. Hu, E. Friedlander, D. A. Drossman,
Adequate relief in a treatment trial with IBS patients: a prospective
assessment. Am J Gastroenterol 104, 912-919 (2009).
T. Wilkins, C. Pepitone, B. Alex, R. R. Schade, Diagnosis and management
of IBS in adults. Am Fam Physician 86, 419-426 (2012).
R. Li, C. Yu, Y. Li, T. W. Lam, S. M. Yiu, K. Kristiansen, J. Wang, SOAP2:
an improved ultrafast tool for short read alignment. Bioinformatics 25,
1966-1967 (2009).
W. Zhu, A. Lomsadze, M. Borodovsky, Ab initio gene identification in
metagenomic sequences. Nucleic Acids Res 38, e132 (2010).
W. Li, A. Godzik, Cd-hit: a fast program for clustering and comparing large
sets of protein or nucleotide sequences. Bioinformatics 22, 1658-1659
(2006).
J. Qin, R. Li, J. Raes, M. Arumugam, K. S. Burgdorf, C. Manichanh, T.
Nielsen, N. Pons, F. Levenez, T. Yamada, D. R. Mende, J. Li, J. Xu, S. Li,
D. Li, J. Cao, B. Wang, H. Liang, H. Zheng, Y. Xie, J. Tap, P. Lepage, M.
57

20.

21.

22.
23.
24.

25.
26.

27.

28.
29.

30.

31.

Bertalan, J. M. Batto, T. Hansen, D. Le Paslier, A. Linneberg, H. B. Nielsen,
E. Pelletier, P. Renault, T. Sicheritz-Ponten, K. Turner, H. Zhu, C. Yu, S. Li,
M. Jian, Y. Zhou, Y. Li, X. Zhang, S. Li, N. Qin, H. Yang, J. Wang, S. Brunak,
J. Dore, F. Guarner, K. Kristiansen, O. Pedersen, J. Parkhill, J. Weissenbach,
H. I. T. C. Meta, P. Bork, S. D. Ehrlich, J. Wang, A human gut microbial
gene catalogue established by metagenomic sequencing. Nature 464, 59-65
(2010).
Q. Feng, S. Liang, H. Jia, A. Stadlmayr, L. Tang, Z. Lan, D. Zhang, H. Xia,
X. Xu, Z. Jie, L. Su, X. Li, X. Li, J. Li, L. Xiao, U. Huber-Schonauer, D.
Niederseer, X. Xu, J. Y. Al-Aama, H. Yang, J. Wang, K. Kristiansen, M.
Arumugam, H. Tilg, C. Datz, J. Wang, Gut microbiome development along
the colorectal adenoma-carcinoma sequence. Nat Commun 6, 6528 (2015).
L. Zhao, Y. Huang, L. Lu, W. Yang, T. Huang, Z. Lin, C. Lin, H. Kwan, H.
L. X. Wong, Y. Chen, S. Sun, X. Xie, X. Fang, H. Yang, J. Wang, L. Zhu, Z.
Bian, Saturated long-chain fatty acid-producing bacteria contribute to
enhanced colonic motility in rats. Microbiome 6, 107 (2018).
B. Zhou, J. F. Xiao, L. Tuli, H. W. Ressom, LC-MS-based metabolomics.
Molecular bioSystems 8, 470-481 (2012).
Y. Benjamini, Y. Hochberg, Controlling the False Discovery Rate - a
Practical and Powerful Approach to Multiple Testing. J Roy Stat Soc B Met
57, 289-300 (1995).
F. H. Karlsson, V. Tremaroli, I. Nookaew, G. Bergstrom, C. J. Behre, B.
Fagerberg, J. Nielsen, F. Backhed, Gut metagenome in European women
with normal, impaired and diabetic glucose control. Nature 498, 99-103
(2013).
A. Tirosh, I. Shai, R. Bitzur, I. Kochba, D. Tekes-Manova, E. Israeli, T.
Shochat, A. Rudich, Changes in triglyceride levels over time and risk of type
2 diabetes in young men. Diabetes Care 31, 2032-2037 (2008).
E. Giamarellos-Bourboulis, J. Tang, E. Pyleris, A. Pistiki, C. Barbatzas, J.
Brown, C. C. Lee, T. T. Harkins, G. Kim, S. Weitsman, G. M. Barlow, V. A.
Funari, M. Pimentel, Molecular assessment of differences in the duodenal
microbiome in subjects with irritable bowel syndrome. Scand J
Gastroenterol 50, 1076-1087 (2015).
I. M. Carroll, T. Ringel-Kulka, J. P. Siddle, Y. Ringel, Alterations in
composition and diversity of the intestinal microbiota in patients with
diarrhea-predominant irritable bowel syndrome. Neurogastroenterol Motil
24, 521-530, e248 (2012).
I. B. Jeffery, P. W. O'Toole, L. Ohman, M. J. Claesson, J. Deane, E. M.
Quigley, M. Simren, An irritable bowel syndrome subtype defined by
species-specific alterations in faecal microbiota. Gut 61, 997-1006 (2012).
M. Rajilic-Stojanovic, E. Biagi, H. G. Heilig, K. Kajander, R. A. Kekkonen,
S. Tims, W. M. de Vos, Global and deep molecular analysis of microbiota
signatures in fecal samples from patients with irritable bowel syndrome.
Gastroenterology 141, 1792-1801 (2011).
L. Krogius-Kurikka, A. Lyra, E. Malinen, J. Aarnikunnas, J. Tuimala, L.
Paulin, H. Makivuokko, K. Kajander, A. Palva, Microbial community
analysis reveals high level phylogenetic alterations in the overall
gastrointestinal microbiota of diarrhoea-predominant irritable bowel
syndrome sufferers. Bmc Gastroenterol 9, (2009).
L. Zhu, W. Liu, R. Alkhouri, R. D. Baker, J. E. Bard, E. M. Quigley, S. S.
58

32.

33.

34.
35.

36.

37.
38.
39.
40.

41.

42.
43.

Baker, Structural changes in the gut microbiome of constipated patients.
Physiol Genomics 46, 679-686 (2014).
G. Le Gall, S. O. Noor, K. Ridgway, L. Scovell, C. Jamieson, I. T. Johnson,
I. J. Colquhoun, E. K. Kemsley, A. Narbad, Metabolomics of fecal extracts
detects altered metabolic activity of gut microbiota in ulcerative colitis and
irritable bowel syndrome. J Proteome Res 10, 4208-4218 (2011).
V. Shankar, D. Homer, L. Rigsbee, H. J. Khamis, S. Michail, M. Raymer, N.
V. Reo, O. Paliy, The networks of human gut microbe-metabolite
associations are different between health and irritable bowel syndrome.
ISME J 9, 1899-1903 (2015).
N. W. Bunnett, Neuro-humoral signalling by bile acids and the TGR5
receptor in the gastrointestinal tract. J Physiol 592, 2943-2950 (2014).
D. P. Poole, C. Godfrey, F. Cattaruzza, G. S. Cottrell, J. G. Kirkland, J. C.
Pelayo, N. W. Bunnett, C. U. Corvera, Expression and function of the bile
acid receptor GpBAR1 (TGR5) in the murine enteric nervous system.
Neurogastroenterol Motil 22, 814-825, e227-818 (2010).
F. Alemi, D. P. Poole, J. Chiu, K. Schoonjans, F. Cattaruzza, J. R. Grider, N.
W. Bunnett, C. U. Corvera, The receptor TGR5 mediates the prokinetic
actions of intestinal bile acids and is required for normal defecation in mice.
Gastroenterology 144, 145-154 (2013).
N. H. Kim, J. H. Park, J. S. Park, Y. H. Joung, The Effect of Deoxycholic
Acid on Secretion and Motility in the Rat and Guinea Pig Large Intestine. J
Neurogastroenterol Motil 23, 606-615 (2017).
H. Duboc, Y. Tache, A. F. Hofmann, The bile acid TGR5 membrane receptor:
from basic research to clinical application. Dig Liver Dis 46, 302-312 (2014).
A. Bajor, H. Tornblom, M. Rudling, K. A. Ung, M. Simren, Increased
colonic bile acid exposure: a relevant factor for symptoms and treatment in
IBS. Gut 64, 84-92 (2015).
A. Shin, M. Camilleri, P. Vijayvargiya, I. Busciglio, D. Burton, M. Ryks, D.
Rhoten, A. Lueke, A. Saenger, A. Girtman, A. R. Zinsmeister, Bowel
functions, fecal unconjugated primary and secondary bile acids, and colonic
transit in patients with irritable bowel syndrome. Clin Gastroenterol
Hepatol 11, 1270-1275 e1271 (2013).
S. T. Odunsi-Shiyanbade, M. Camilleri, S. McKinzie, D. Burton, P. Carlson,
I. A. Busciglio, J. Lamsam, R. Singh, A. R. Zinsmeister, Effects of
chenodeoxycholate and a bile acid sequestrant, colesevelam, on intestinal
transit and bowel function. Clin Gastroenterol Hepatol 8, 159-165 (2010).
I. Taylor, P. Basu, P. Hammond, C. Darby, M. Flynn, Effect of bile acid
perfusion on colonic motor function in patients with the irritable colon
syndrome. Gut 21, 843-847 (1980).
R. J. Traub, B. Tang, Y. Ji, S. Pandya, H. Yfantis, Y. Sun, A rat model of
chronic postinflammatory visceral pain induced by deoxycholic acid.
Gastroenterology 135, 2075-2083 (2008).

59

CURRENT

UNDERSTANDING

OF

BILE ACID METABOLISM AND ITS LINKAGE
WITH IBS: A SYSTEMATIC REVIEW WITH METAANALYSIS
Background
Disturbance of excretory BAs is previously reported in IBS patients(1), more
commonly appeared in IBS-D(2). Such BA disturbance is closely related to the severity
of IBS symptoms, particularly irregular defecations and colonic transit (1-3). Clinical
trials also showed that BA-driven drugs, such as BA binding agents (eg. colesevelam
and cholestyramine) and BA receptor agonists (eg. CDCA and UDCA), effectively
alleviate GI motility disorder of IBS patients(3, 4). These clinical evidences indicate
abnormal BA excretion is one of important pathogeneses underlying disordered GI
motility in IBS.

BAs are primarily synthesized by CYP7A1 from cholesterol and subsequently
conjugated with taurine or glycine in the liver cells (5). After secreting into the lumen
of the intestine, BAs, particularly conjugated BAs, are initially absorbed by the apical
sodium bile acid transporter (ASBT) in the ileum, transported to the liver from portal
blood, and re-secreted in a process, known as enterohepatic circulation(5). Ileal uptake
of BAs results in activation of FXR-mediated feedback signaling that negatively control
of hepatic BA synthesis(6). In addition, conjugated BAs escaped from ileal absorption
can be converted into diverse species of secondary BAs in large intestinal lumen
through different gut microbial transforming reactions(7), ultimately excreted out of the
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body. From these understanding, abnormal BA excretion in IBS population is possibly
related to the process of hepatic synthesis, ileal absorption as well as microbial
biotransformation in the GI lumen.

Although precise mechanism of abnormal BA excretion in IBS remains unclear, some
independent studies have attempted to explore changes in metabolites, proteins or/and
genes that involve in the BA metabolism in IBS patients, and most of them focused on
the host. For example, serum C4, an intermediate product of BA synthesis from
cholesterol by hepatic CYP7A1 (8), was significantly altered in IBS subjects(2, 9-13).
Fibroblast growth factor 19 (FGF19), a hormone produced in the ileum that negatively
regulates new BA synthesis, was also differed in serum of IBS patients relative to
controls(2, 9, 10, 12-14). With use of single nucleotide polymorphism (SNP) analysis,
varied genotypes of BA feedback regulators Klothoβ (KLB) and fibroblast growth
factor receptor 4 (FGFR4) were also reported in IBS patients (5, 15). Moreover, BArelated bacterial counts were also changed significantly in IBS patients, although
existing BA-metabolizing bacterial studies are still limited(9, 10, 16).

To comprehensively understand current findings related to the BA metabolism of IBS
patients, and to provide direction for further investigation of microbial role in abnormal
BA excretion, we systematically reviewed existing findings related to BA synthesis,
transport and absorption in clinical studies of IBS. By using the terms “irritable bowel
syndrome” and “bile acids”, case-control studies were searched on PUBMED and
EMBASE databases. Among BA-related indices, abnormal fecal BAs along with
changed serum C4 and FGF19 shown in IBS patients with irregular defecations (IBS-
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C and IBS-D) compared with controls, indicating BA disturbance of IBS is involved in
dysregulated host BA synthesis.

Methods
Search strategy and study selection
This systematic review with meta-analyses was consistent with recommendations from
the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA)
statement(17). Two independent reviewers (Ling Zhao and Peter W C Lam) searched
PUBMED (1980- June 2018) and EMBASE (1980- June 2018) using the terms "bile
acid" and "irritable bowel syndrome", as well as their abbreviations and free-text terms
searching. Selection criteria included (i) definition of IBS based on specific diagnostic
criteria (i.e. ROME or Manning); (ii) BA-related testing conducted in IBS patients; (iii)
controls with sufficient evaluation for the absence of any GI diseases; (iv) studies
published in peer-reviewed journals. Any disagreement on the eligibility of a paper was
judged by a third author (Bian ZX) expert in the field of IBS. The workflow diagram
of the study selection for this systematic review with meta-analyses was presented in
Figure 3.1.

Quality assessment
A modified Newcastle-Ottawa Scale (NOS) was used for assessing the quality of all
included studies to accommodate the study of BA in IBS(18, 19). Separate scores were
assigned for the selection, comparability and exposure (i.e., laboratory methods)
domains, where the sum of these three scores was equal to total modified NOS (as
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shown in Table 3.1). The level of risk of bias was assessed by NOS guideline responses
to each of the 9 questions across each individual study.

Table 3.1 Modified Newcastle - Ottawa Scale (NOS) for assessment of included studies.
Selection (Maximum four *)
S1) How was irritable bowel syndrome defined?
a) It was confirmed by the investigating physicians, based on specific diagnostic
criteria (e.g. ROME). *
b) It was based on self-reports or record linkage.
c) No description is provided.
S2) Were selected cases representative of IBS patients? (Maximum one *)
a) All cases over a defined period of time were selected. *
b) All cases in a community were selected. *
c) Consecutive cases from a medical setting or multicenter were selected. *
d) Random samples from a population were selected. *
e) There is potential for selection biases.
f)
No
information
on
recruitment
is
reported.
S3) How were controls selected?
a) Based on community controls. *
b) Based on hospital controls.
c) No description is provided.
S4) How were controls defined?
a) No history of IBS or other gastrointestinal diseases. *
b) No description is provided.
Comparability (Maximum two *)
C1) Were cases and controls matched in age and/or age is adjusted for in the statistical
analysis?
a) Yes *
b) No
C2) Were cases and controls matched in sex and/or sex is adjusted for in the statistical
analysis?
a) Yes *
b) No
Exposure (Maximum three *)
E1) Was the bile acid studying method described?
a) Yes *
b) No
E2) Were the method of measurements same for cases (and controls)?
a) Yes *
b) No
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E3) Exclusion rate (Maximum one *)
a) Exclusion rate is same for both cases and controls. *
b) Non-respondents or exclusion of data in the analysis is explained. *
c) Number of subjects differs in the analysis and no explanation is provided.

Figure 3.1 Flow diagram for bile acid-related clinical studies recruited in the systematic
review with meta-analysis.
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Data extraction
Diagnostic criteria, basic information (sample size, gender, and age) of study subjects
and BA-related testing items (include but not limit to total BA, BA metabolites, BAassociated genes, proteins and microbiota data) were extracted from each study. The
value of individual test, expressing as mean and standard deviation (SD), was extracted
from full-text of all included studies. For meta-analyses, those values presented as
median (interquartile range) with a median range were estimated into values of mean
and SD according to a published study(20).

Statistical analysis
As described previously(21), mean difference (MD) generated in Review Manager
version 5.3 (The Nordic Cochrane Centre, Copenhagen, Denmark; The Cochrane
Collaboration, 2014) was chosen for the meta-analysis. The meta-analysis based on the
comparisons of indices between IBS subtypes (i.e., IBS-D or IBS-C) and HC, pooled
across studies to generate a pooled estimate with 95% CI. Heterogeneity was assessed
using the I2 values, where I2 > 50% indicates inconsistency and heterogeneity using the
random-effect model. While fixed-effects model was used when I2 ≤ 50%. The results
were pooled and presented as forest plots, where weight of each study showed how
much it contributed to the pooled estimated MD.
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Results
Search results
As illustrated in the flowchart (Figure 3.1), 175 abstracts were yielded from PUBMED
and EMBASE after searching and removing duplicates. Among the abstracted articles,
full texts of 62 articles relevant to clinical studies were read for detail screening. Studies
with incomparable or unavailable data on BA and without BA-associated tests were
excluded. Finally, eight studies were included for this systematic review with metaanalysis on BAs and BA-associated parameters in IBS. In total, these included studies
contained 304 HC and 359 IBS patients, including 233 IBS-D patients and 126 IBS-C
patients. The characteristics of 8 included studies, including study design, diagnostic
criteria, subject information, BA-related tests and score of quality assessment had been
shown in Table 3.2.

Table 3.2 Characteristics of the included BA-related clinical studies for IBS.
Study
(year)

Origin

Diagnostic
criteria

Camilleri
(2009)(11)

USA

Not
specified

OdunsiShiyanbade
(2010)(14)

USA

Not
specified

HC (60)
IBS-D (24)

Duboc
(2012)(16)

France

Rome III

HC (18)
IBS-D (14)

Wong
(2012)(2)

USA

Rome II

HC (23)
IBS-C (26)
IBS-D (22)

Shin
(2013)(22)

USA

Rome III

HC (30)
IBS-C (30)
IBS-D (31)

Fecal total BA
Fecal BAs

8

HC (30)
IBS-C (30)
IBS-D (64)

Serum C4 and FGF19
Fecal total BA
Fecal BA metabolites
Genotypes (KLB,
FGFR4, and GPBAR1)

8

Camilleri
(2014)(12,
13)

USA

Rome III

All subjects
BA-related tests
(n) a
HC (111)
IBS-C (15)
Serum C4
IBS-D (15)
Others (44)
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Serum C4 and FGF19
Fecal total BA
Fecal BAs
Fecal bacteria
Serum C4 and FGF19
Fecal total BA
Genotypes (KLB and
FGFR4)

Modified
NOS b
4

6
6

6

Serum C4 and FGF19
Fecal total BA
HC (17)
Camilleri
Fecal BAs
USA
Rome III
IBS-C (10)
6
(2015)(9)
Genotypes and mRNA
IBS-D (47)
(GPBAR1, NR1H4,
SLC10A2, and FGFR4)
Serum C4 and FGF19
HC (15)
Dior
Serum and fecal total BA
France
Rome III
IBS-D (16)
7
(2016)(10)
Serum and fecal BAs
IBS-C (15)
Fecal bacteria
Superscript: a, basic information of all subjects included in individual study, including healthy
controls (HC), IBS and other patients; b, quality of the included studies were assessed by a
modified Newcastle-Ottawa Scale (NOS).

Fecal BA excretion
Seven included studies determined fecal total BA level, which was expressed in
different ways (including μΜ/48h, μmol/24h, nmol/g and μΜ/g). Only three studies
from Camilleri’s group with unified unit (μΜ/48h) have been used for meta-analysis of
fecal total BA(9, 12, 13, 22). Comparing with HC, the level of fecal total BA was
significantly increased in 142 IBS-D patients (MD: 1.03, [95%CI: 0.23, 1.83]; p=0.01,
Chi2=6.28, I2=68%) whereas decreased in 60 IBS-C patients (MD: -0.32, [95%CI: 0.45, -0.19]; p<0.01, Chi2=0.07, I2=0%) (Figure 3.2).

Furthermore, five studies presented proportions of dominant BA metabolites in serum
or/and fecal excretion of IBS patients. Of them, proportions of fecal primary and
secondary BAs were reported in IBS-D patients from two studies (Dior, et al and Duboc,
et al) (10, 16). Although showed larger heterogeneities exhibited in such meta-analysis,
elevation in proportion of primary BAs (MD: 16.84, [95%CI: 6.75, 26.93]; p<0.01,
Chi2=15.63, I2=94%) and reduced proportion of secondary BAs (MD: -21.14 [95%CI:
-33.78, -8.51]; p<0.01, Chi2=30.45, I2=97%) were found in 30 IBS-D patients
compared with 33 HC (Figure 3.3).
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Figure 3.2 The meta-analysis of fecal total BA level between IBS patients and healthy
controls. (A) Fecal total BA levels between IBS-D patients and controls. (B) Fecal total
BA levels between IBS-C patients and controls. Weight shows how much each study
contributes to the pooled estimated mean difference (MD). IV, Inverse variation; CI,
confidence interval.
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Figure 3.3 The meta-analysis of proportions of primary and secondary BAs in fecal
total BA excretion between IBS-D patients and controls. (A) The proportion of primary
BAs in total BA excretion. (B) The proportion of secondary BAs in total BA excretion.

Host BA synthetic regulation
Serum C4
There are five included studies that assayed the concentration of serum C4 (ng/mL) in
subtypes of IBS-C (97 patients) or/and IBS-D (163 patients) (2, 9-13). The pooled
estimated results from meta-analysis showed higher serum C4 level in both subgroups
of IBS-D (MD: 9.16, [95%CI: 0.61, 17.71]; p<0.01, Chi2=26.70, I2=85%) and IBS-C
(MD: 3.27, [95%CI: 2.18, 4.35]; p=0.61, Chi2=1.83, I2=0%) compared with HC (Figure
2.4).
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Figure 3.4 The meta-analysis of serum C4 level across included IBS studies. (A) Serum
C4 level between IBS-D patients and controls. (B) Serum C4 level between IBS-C
patients and controls.

Serum FGF19
The concentration of serum FGF19 (pg/mL) was tested in patients of IBS-C (67 patients)
or/and IBS-D (172 patients) in five included studies (2, 9, 10, 12-14). Comparing with
HC, reduced serum FGF19, but without significance, was showed in group of IBS-D
(MD: -14.36, [95%CI: -44.92, 16.20]; p=0.36, Chi2=20.06, I2=80%), whereas serum
FGF19 was elevated in IBS-C patients (MD: 16.16, [95%CI: 5.61, 26.70]; p<0.01,
Chi2=3.08, I2=35%) (Figure 2.5).
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Figure 3.5 The meta-analysis of serum FGF19 level across included IBS studies. (A)
Serum FGF19 level between IBS-D patients and controls. (B) Serum FGF19 level
between IBS-C patients and controls.

BA transport and its mediated signaling
Current evidences of BA transport and absorption concentrate on gene polymorphism.
Genotypes of BA transporters (SLC10A2, known as ASBT), BA receptors (FXR,
TGR5) and FGF19 receptor complex (FGFR4 and KLB) were analyzed in Camilleri’s
studies(9, 12, 13), which comprise 133 IBS-D patients, 66 IBS-C patients and 70 HC
subjects. Although these gene data is unavailable for meta-analysis, varied genotype of
FGFR4 and upregulated expression of colonic TGR5 showed significant correlation
with enhanced fecal total BA and colonic transit in IBS-D patients.

Bacterial BA transformation
Two included studies determined the counts of total bacteria and BA-related bacteria
including F. prausnitzii, Lactobacillus, Bidifobacterium, Bacteroides, E. coli, C.
coccoides and C. leptum in the feces of IBS patients (including 29 IBS-D patients and
15 IBS-C patients) (10, 16). The results of most bacterial species were inconsistently
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observed in both studies except absolute counts of Bacteroides, which was elevated in
IBS-C patients but unchanged in IBS-D patients, compared with controls. Moreover,
Dior et al. reported decreased activity of in vitro bacterial deconjugation, which is a
major procedure of bacterial BA transformation converting taurine/glycine-conjugated
BAs into free BAs, in both subgroups of IBS-C and IBS-D(10).

Discussion
Though lacking BA data in mixed and un-subtyped IBS, meta-analysis results that
changes of fecal total BA levels in patients with IBS-C and IBS-D indicate association
of abnormal BA excretion with defecation habits. Meanwhile, altered proportion of
primary and secondary BAs in IBS-D population suggest such abnormal BA excretion
is attributed by host and gut microbiota.

Combination of C4 and FGF19, simultaneously measured in patients’ serum or plasma,
are used to monitor BA synthetic regulation(8, 23, 24). Based on comparison with
controls, meta-analysis results of fecal BAs, circulating C4 and FGF19 demonstrate
abnormal BA excretion in IBS patients is linked with hepatic BA synthesis. Specifically,
such relationship is obviously appeared in the subtype of IBS-D, showing increase of
fecal total BA and serum C4 whereas reduction of serum FGF19. In IBS-C patients
with BA deficiency, Vijayvargiya et al. found lower serum C4 level while higher serum
FGF19 level (25). However, our meta-analysis result that higher levels of both serum
C4 and FGF19 shown in the subtype of IBS-C compared with HC does not support a
reverse association between both circulating BA synthetic markers. It is possibly
attributed to a larger variation in serum C4 testing results across included studies, and
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it need to be further verified based on more large-scale clinical studies. From these
evidences, abnormal BA excretion is related to the level of hepatic BA synthesis at least
in IBS-D subtype.

Moreover, Camilleri’s studies reported variation of genotypes for FGF19 receptor
FGFR4 (FGFR4 rs434434) or/and Klothoβ (KLB rs17618244) in IBS-D patients (2, 9,
12, 13), which significantly correlated with fecal total BA and colonic transit in IBS-D
patients(15). These results suggest contribution of genetics in BA disturbance in IBS.
However, whether genetics indeed affect BA metabolism in IBS patients and how much
population it might affect are debatable.

The impaired intestinal BA absorption has been proposed as one potential mechanism
for BA disturbance, and it more commonly appears in subjects with organic GI diseases,
such as ileal disease (eg. Crohn’s diseases) or GI surgery(26, 27). Additionally, the
level of ileal ASBT showed no difference between IBS patients sand controls from
either gene polymorphism analysis or mRNA quantification (9), suggesting idiopathic
BA disturbance in IBS might be irrelevant to intestinal BA absorption.

Altered proportions of primary and secondary BAs in total BA excretion of IBS patients,
together with disturbance of fecal microbiota-derived BAs resulted from our pilot study,
implicate alteration of bacterial BA conversion in GI tract of IBS patients. It supported
by alteration of BA-related bacterial counts resulted from two included studies.
However, gut microbial transformation and its role in abnormal BA excretion are still
poorly understood in IBS patients. It offers research direction that BA-related gut
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bacteria, as well as its interaction with the host, should be further clarified in the
particular population of IBS patients, with comorbid abnormal BA excretion.

There are several limitations in our study. First, as only case-control studies were
included, data on IBS patients without comparison with HC in same study was excluded
It may artificially narrow actual sample size of each BA testing in clinical studies of
IBS. Second, data was included not limited to number of supporting articles, it would
be difficult to judge the reliability of results based on one or two independent articles.
Third, there is a significant heterogeneity (I2 > 50%) were showed in all of analyses in
IBS-D patients. Such greater heterogeneity of BA-related assessments in subgroup of
IBS-D is probably resulted from limited studies with small sample size and a great
operating difference in sampling and analytical procedures.

Conclusion
This review comprehensively integrated metabolic, protein and gene findings involving
in BA metabolism in IBS. Meta-analysis performed between IBS patients and HC
subjects revealed changed fecal total BA level are associated with dysregulation of host
BA synthesis at least in IBS-D subtype, marked with increased serum C4 level but
reduced serum FGF19 level. However, whether gut microbiota contribute to such
disturbed BA metabolism in IBS remains unclear.
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ASSOCIATION OF INCREASED BILE
ACID-METABOLIZING MICORBIOME WITH BILE
ACID OVEREXCRETION IN IBS-D PATIENTS
Background
Based on the description of the preceding chapter, abnormal BA excretion in substantial
population of IBS is probably attributed to altered co-metabolism of host and gut
microbiota. It suggests that host metabolism also need to be considered when studying
bacteria-related mechanism in IBS. Biochemical indicators of fecal BAs, serum C4 and
serum FGF19, have been utilized individually or combinedly to adjudge whether BA
metabolism is normal or not in clinical practices, despite there is no standards for their
testing approaches and cut-off values(1). Of them, the determination of C4 and BA
metabolites are only available in laboratories based on mass spectrometer(2).

By using ultra-performance liquid chromatography coupled to triple quadruple mass
spectrometer (UPLC-TQ-MS), high-throughput BA detecting platforms have been
developed and improved. Steiner, et al. quantified 15 human BAs and their precursor
C4 in the serum(3). Later, over 30 species of BAs have been profiled in human beings
and animals(4). Recent studies from Wei Jia’s group and Nicholson’s group profiled
more than 40 and 70 BA metabolites in biofluids of human beings, respectively(5, 6).
Of detected BA species, a group of microbiota-derived BAs accounts for a considerable
proportion (>85%) in fecal total BAs of healthy subjects(7).
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Although the genomic information in microbial BA transformation has not been fully
identified, several transforming actions that produce dominant BA species, including
deconjugation of bile salts, 7-dehydroxlation, oxidation and epimerization, have been
previously disclosed(7). Bile salt hydrolases (BSH), responsible for converting amino
acid conjugates of BAs to free BAs, have been characterized in most species of
intestinal bacteria(8). Hydroxysteroid dehydrogenases (HSDHs) are identified to
process BA oxidation and epimerization of hydroxyl groups (7). Of which, 7α-HSDHs
are widely expressed in genera Clostridium, Eubacterium, Bacteroides, and
Escherichia while 7β-HSDHs were detected in Firmicutes only(9). 7-Dehydroxylation
performed by bile acid-inducible (bai) enzyme system is only identified in Firmicutes,
predominantly Clostridium spp.(10). Taken together, all these evidences suggest the
necessity of a targeted profile of BAs and BA-transforming genes in investigation of
gut microbial BA transformation in IBS patients.

In this study, we simultaneously quantified BAs and BA derivates, together with serum
C4 and FGF19, in subjects’ specimens that were obtained from our pilot study.
Moreover, we analyzed fecal microbiomes between patients with or without comorbid
abnormal BA excretion to explore BA-related enterotype in IBS. By comparing with
fecal BAs, serum C4 and FGF19 between patients and controls, abnormal BA
metabolism obviously affected IBS-D patients in included IBS population. Of them, a
quarter of IBS-D subjects exhibited BA overexcretion, accompanied with higher serum
C4 level whereas lower serum FGF19 level. Meanwhile, featured enterotype highly
enriched by BA-metabolizing microbiome was also shown in the subset of IBS-D
population. This study disclosed association of increased BA-producing microbiome
with BA overexcretion in IBS-D patients.
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Methods and materials
Measurements of serum FGF19 by ELISA
The concentration of FGF19 was detected in serum samples by commercial enzymelinked immunosorbent assay (ELISA) kit (CAS#, EHFGF19; Thermo scientific,
Waltham, MA, USA).

Measurements of fecal total BA by ELISA
Human stool samples (~ 200 mg) were weighted to prepare fecal sewage with 5-fold
sterile deionized water. Total BA level was then tested in prepared fecal sewage using
total BA assay kit (CAS#, STA-631; Cell Biolabs, Inc; San Diego, CA, USA).

Chemical and reagents
A total of thirty-seven BA standards, containing CA, chenodeoxycholic acid (CDCA),
α-muricholic acid (αMCA), β-muricholic acid (βMCA), ω-muricholic acid (ωMCA),
hyocholic acid (HCA), hyodeoxycholic acid (HDCA), DCA, isodeoxycholic acid
(IsoDCA), isolithocholic acid (IsoLCA), UDCA, 7-KDCA, 6-ketolithocholic acid (6KLCA), 7-ketolithocholic acid (7-KLCA), 12-ketolithocholic acid (12-KLCA),
dehydrocholic acid (DHCA), LCA, allo-cholic acid (ACA), 23-nordeoxycholic acid
(23-NDCA), glycocholic acid (GCA), glycochenodeoxycholic acid (GCDCA), GDCA,
glycolithocholic

acid

glycohyodeoxycholic

(GLCA),
acid

glycodehydrocholic

(GHDCA),

glycohyocholic

acid
acid

(GDHCA),
(GHCA),

glycoursodeoxycholic acid (GUDCA), taurodeoxycholic acid (TDCA), taurohyocholic
acid (THCA), taurohyodexoycholic acid (THDCA), taurocholic acid (TCA),
taurochenodeoxycholic acid (TCDCA), tauroursodeoxycholic acid (TUDCA),
taurolithocholic acid (TLCA) were purchased from Sigma-Aldrich (St. Louis, MO,
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USA). tauro-α-muricholic acid (TαMCA), tauro-β-muricholic acid (TβMCA) and C4
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and Toronto
Research Chemicals Inc (North York, ON, Canada), respectively. These different BA
species are classified into primary and secondary BAs by whether their generation
requires microbial biotransformation (Figure 4.1). Deoxycholic acid-2,2,4,4-d4 (DCAd4) served as internal standard (IS) was obtained from CDN isotopes (Pointe-Claire,
Quebec, Canada). Other HPLC grade reagents for LC/MS analysis were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

Extraction of bile acid metabolites from stool samples
As described in our previous study(11), an aliquot of deionized water (500 µL) was
used to extract BA metabolites from 100 mg of feces. After adequate vortex and
centrifugation (13,500 rpm for 15 min at 4 ̊C), water supernatants (300 μL) were
transferred into new tubes, and the remaining pellets were mixed with another 500 μL
of methanol. The same volume of 300 μL of supernatants from twice extractions were
mixed. The concentration of 50ng/ml of DCA-d4 were served as IS. The final combined
supernatants were extracted for BA profile analysis.
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Figure 4.1 Chemical structures of dominant BA metabolites tested in this study.
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Preparation of stock solution and calibration curve
Stock solutions of each BA standards with a concentration of 5 mg/ml were individually
prepared with methanol, and mixed stock solution was generated with mixing all these
standard stock solution. By using methanol, working solutions were prepared at a series
of concentrations from 0.020 to 40000 ng/ml for individual BA, while at concentration
of 0.064, 0.32, 1.6, 8, 40, 200, 1000, and 5000 ng/ml for serum C4. The standard curves
and regression coefficients were adjusted by the signal of IS. Each BA metabolite was
found within the testing range of standard curves.

Targeted BA profiling based on UPLC/MS
With minor modification in the method of ion acquisition, fecal BA metabolites were
profiled as a published method(5). The BA analysis was performed based onan ultrahigh-performance liquid chromatography (Agilent UHPLC 1290, USA) coupled with
a triple-quadrupole mass spectrometer (Agilent QQQ-MS 6438, USA). BA metabolites
and C4 were simultaneously analyzed using a single acquisition with positive/negative
ion switching method under multiple reaction monitoring (MRM) mode. Of them, BAs
were detected in the ESI- mode while C4 was tested in the ESI+ mode. A volume of 2
μL of each sample were injected to an ACQUITY BEH C18 column (1.7 μm, 100mm
×2.1 mm) for BA separation, and the column temperature was maintained at 45 ̊C. The
mobile phases consist of 0.1% formic acid (FA) in water (A) and 0.1% FA in
acetonitrile (B), flow rate of mobile phase was set at 0.35 ml/min. The gradient program
was: 25% to 40% B for the first 6 min, 40% to 70% B for 14 min, 70% to 100% B for
0.1 min, held at 100% B for 2.9 min, then re-equilibration at 25% B for 0.1 min, and
held at 25% B for 2.9 min. The capillary voltage was 3.5 kV and 4 kV for ESI+ and
ESI-, respectively. BA metabolites with corresponding MRM transitions and MS/MS
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parameters were listed in Table 4.1. Agilent MassHunter Workstation Software was
utilized for BA quantification.

Table 4.1 MRM transitions and MS parameters for the analytes and IS
Bile acid
TαMCA, TβMCA,
TCA, THCA
TDCA, TUDCA,
THDCA, TCDCA
TDHCA, TLCA
GCA, GHCA
GDHCA
GDCA, GCDCA,
GHDCA, GUDCA
GLCA
α/β/ωMCA
CA, HCA
UDCA, CDCA,
DCA, HDCA,
IsoDCA
ACA, 12-KLCA,
7-KLCA, 6-KLCA
23-NDCA
LCA
DCA-d4
C4

Parent
(m/z)

Daughter
(m/z)

Dwell
time (s)

Frag (V)

Collision
(V)

Polarity

514

80

25

250

87

Negative

498

80

25

192

80

Negative

482
464
458

80
74
74

25
25
25

220
250
250

80
39
35

Negative
Negative
Negative

448

74

25

250

35

Negative

432
407
407

74
407
407

25
25
25

210
180
250

51
10
10

Negative
Negative
Negative

391

391

25

250

10

Negative

389

389

25

250

10

Negative

377
375
395
401

331
375
349
177

25
25
25
200

250
250
250
200

35
10
35
23

Negative
Negative
Negative
Positive

Statistical analysis
Comparison of BA metabolites and BA-related markers among different groups were
evaluated using one-way ANOVA. Less than 0.05 of p value was regarded as
significant difference. Distribution of fecal total BA in subjects was evaluated by the
Shapiro-Wilks normality. The 90th percentile of fecal total BA level in healthy controls
was obtained by columns statistics program by Prism 7 with default settings. The
correlation analysis was performed by Spearman’s correlation. Analyses was
performed by Prism 7 (GraphPad Software Inc., San Diego, CA, USA) and significance
threshold was set to 0.05.
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Results
Alteration of BA synthesis and excretion in the IBS-D group
Untargeted metabolomic profiling showed abnormal BA excretion in IBS patients,
particularly in IBS-D subtype, indicating alteration of BA metabolism in such cohort.
To further confirm it, we detected fecal total BA, fecal individual BA metabolites,
circulating C4 and FGF19 in recruited participants. In comparison to the HC group
(5.76±0.42 µmol/g), significant increase of total BA level was found in stools of IBSD patients (8.32±0.27 µmol/g), but not in other subtypes (IBS-C, 6.67±0.95 µmol/g;
IBS-M, 7.21±0.76 µmol/g; IBS-U, 7.66±1.56 µmol/g) (Figure 4.2). Similarly,
cumulated contents of primary and secondary BAs were remarkably increased in the
IBS-D subgroup only (Figure 4.3). Moreover, the serum C4 level was significantly
elevated in the IBS-D group (19.31±0.66 ng/mL) relative to HC subjects (15.31±1.37
ng/mL) (Figure 4.2). Although no significant difference was found in other three
subtypes, a lower serum C4 level (14.67±1.27 ng/mL) was showed in IBS-C patients
compared with IBS-D patients (Figure 4.2). In contrast, circulating FGF19 was
unchanged between IBS subtypes and HC group (Figure 4.2). Increase of fecal BA
contents and serum C4 suggests a higher level of BA synthesis and excretion in IBS-D
patients.
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Figure 4.2 Alteration of BA-related indices in feces and serum between IBS patients
and control subjects. (A) Fecal total BA levels of included subjects. (B) Serum C4 level
of included subjects (C) Serum FGF19 level of included subjects. Values are shown as
mean ± SEM, and significance is indicated by *, p <0.05 and ***, p <0.005.

Figure 4.3 The cumulated levels of primary and secondary BAs in stools of IBS patients
and control subjects based on UPLC/MS analysis. (A) The absolute level of primary
BAs in recruited subjects. (B) The absolute level of secondary BAs in recruited subjects.
Data are expressed as mean ± SEM, and statistical significance is defined as *, p <0.05
and ***, p <0.005 compared with HC group.
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Enhanced BA synthetic level in IBS-D patients with BA overexcretion
There is no gold standard to clinically evaluate abnormal BA excretion(2). It is
generally judged by the level of fecal total BA in published studies with IBS-D, and the
cut-off value is resulted from the 90th percentile value of healthy population recruited
in the same study(12, 13). In this cohort, the Shapiro-Wilks normality test revealed that
distribution of fecal total BA in normal subjects was skewed (p<0.05), with about 8fold variation between the 10th and 90th percentiles (Figure 4.4). The values with log
transformation were normalized in the HC group (p=0.29). However, absolute and log
transferred values of fecal total BA in IBS-D patients displayed skewed distributions
(Shapiro-Wilks test, p<0.05), exhibiting lower inter-individual variation (4.3-fold) than
the HC group (Figure 4.4).

In accordance to the 90th percentile of fecal total BA (10.61 µmol/g) from HC subjects,
69 of 277 IBS-D patients (25%) were classified into the higher fecal total BA excretion
(BA+IBS-D, >10.61 µmol/g). Other 208 IBS-D patients with normal fecal total BA
excretion (<10.61 µmol/g) were grouped as BA-IBS-D. Further, we also compared the
demographics, clinical phenotypes and BA-related markers between IBS-D subgroups
with and without total BA overexcretion (Table 4.2). The BA+IBS-D group exhibits a
higher male proportion (~57%) than that of the BA-IBS-D group (~43%). The
defecation frequency was significantly increased in BA+IBS-D patients, stool
consistency and IBS-SSS value are also raised but with no statistical significance (Table
4.2). These results revealed BA+IBS-D patients exhibited more severe symptoms of the
GI motility disorder.
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Figure 4.4 Distributions of fecal total BA level in IBS-D patients and HC subjects. (A)
Histogram of absolute (left) and log transferred (right) values of fecal total BA in the
HC group. (B) Histogram of absolute (left) and log transferred (right) values of fecal
total BA in the IBS-D group. (C) The Shapiro-Wilks normality of fecal total BA
generated by Prism 7 with default settings.

88

Among biochemical indices detected in serum, both BA synthetic markers of C4 and
FGF19 showed statistical difference between two IBS-D subgroups. The serum C4
level was remarkably elevated in BA+IBS-D patients, in reverse, serum FGF19 level
was reduced (Table 4.2). Unsurprisingly, serum C4 level was negatively correlated with
serum FGF19 level in both patients and controls. However, the relationships between
fecal total BA and BA synthetic markers were distinct between IBS-D and HC groups,
as well as within IBS-D subgroups. Of them, fecal total BA level showed positive
relationship with serum C4 level in IBS-D groups but not the HC group. Inverse
correlation between fecal total BA and serum FGF19 were only found in BA+IBS-D
patients (Figure 4.5). These observations indicate dysregulated host BA synthesis
appeared in a quarter of IBS-D patients.

Table 4.2 Demographics, defecation habits, and quantitative traits of IBS-D subgroups
based on fecal total BA excretion
BA+IBS-D group
BA-IBS-D group
(>10.61µmol/g)
(<10.61µmol/g)
Gender (F/M)
30/39
119/89
Age (y)
42.11±1.34
42.30±0.82
BMI
22.13±0.39
21.88±0.26
Stool frequency (n/d)
2.83±0.21*
2.39±0.09
Stool consistency
5.65±0.07
5.44±0.05
IBS-SSS score
279.19±9.00
270.31±4.84
Fasting glucose (mmol/L)
4.89±0.07
4.84±0.07
Urea (mmol/L)
4.86±0.13
4.75±0.08
Creatinine (µmol/L)
69.58±1.66
66.26±1.11
ALP (U/L)
66.83±1.83
68.44±2.02
ALT (U/L)
20.27±1.57
19.33±1.02
AST (U/L)
24.48±0.78
25.95±1.03
TC (mmol/L)
5.06±0.12
5.07±0.06
TG (mmol/L)
1.48±0.09
1.38±0.06
Serum C4 (ng/mL)
21.23±1.19 **
9.18±0.38
Serum FGF19 (pg/mL)
442.59±49.05 **
966.05±65.96
Fecal total BA (µmol/g)
14.03±0.40 ***
5.78±0.20
Values are expressed as mean±SEM, statistical significance is defined by *, p<0.05; **, p<0.01;
***, p<0.005 compared with BA-IBS-D groups.
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Figure 4.5 Spearman correlation among three makers of serum C4, serum FGF19 and
fecal total BA in IBS-D patients with and without BA overexcretion. (A) Correlation
between serum C4 and fecal TBA. (B) Correlation between serum C4 and serum FGF19.
(C) Correlation between serum FGF19 and fecal total BA. The correlation is calculated
by Prism 7 with default settings, and significance is defined as p<0.05.
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Elevated fecal microbiota-derived BAs in IBS-D patients with BA overexcretion
Over 35 BA species were simultaneously quantified in stools of all included subjects,
of which TαMCA, TβMCA, αMCA, βMCA, TCDCA, TCA, GCDCA and GCA are
classified as primary BAs while THCA, THDCA, TUDCA, TDCA, TLCA, GHCA,
GDHCA, GUDCA, GHDCA, GDCA, GLCA, DCA, LCA, 7-KDCA, 7-KLCA, UDCA,
6-KLCA, HCA, MCA, DHCA, IsoDCA, IsoLCA, 12-KLCA, ACA and 23-NDCA
were recognized as secondary BAs(14). Fecal BA profiling results showed that CA,
CDCA, DCA, LCA and UDCA consistently dominated fecal total BA pool in patients
and controls. In comparison to HC and BA-IBS-D groups, cumulated absolute amounts
of primary and secondary BAs were significantly elevated in BA+IBS-D patients.
Particularly, free BA metabolites derived by gut microbiota, including CA, CDCA,
DCA, LCA, 7-KDCA, 7-KLCA, UDCA and β/ωMCA, were dramatically elevated in
stools (Figure 4.6). In addition, HDCA, 6-KLCA, HCA and ACA were decreased in
BA-IBS-D subgroup (Figure 4.6). Furthermore, BA+IBS-D patients also presented a
specific pattern in fecal BA composition, with higher proportions of CA, CDCA,
UDCA and 7-KDCA and lower proportions of LCA and 12-KLCA in total fecal BA
level. In line with levels of fecal total BA and serum C4, elevated majority of BA
individuals in BA+IBS-D patients also support enhanced BA synthetic level. In addition,
composition of fecal microbiota-derived BAs specifically altered in BA+IBS-D patients,
but not BA-IBS-D patients, suggest changed BA biotransformation by gut microbiota
in the GI tract. Next, we also confirmed such viewpoint by metagenomic results from
both taxonomic and functional perspectives.
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Figure 4.6 Differential absolute and relative levels of fecal BAs in IBS-D patients and
HC subjects. (A, B) The cumulated amounts of fecal primary and secondary BAs. (C,
D) The levels of individual conjugated and unconjugated BA species in stool samples.
(E) Proportions of dominant BA metabolites in fecal total BA level. Values of fecal BAs
are expressed as mean ± SEM, statistical significance is defined as *, p<0.05; **,
p<0.01; ***, p<0.005 compared with HC group.
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Enhanced BA-metabolizing microbiome in fecal enterotype of IBS-D patient with BA
overexcretion
Fecal metagenomes were also compared between two subgroups of IBS-D patients.
Microbial richness evaluated by total gene counts and Shannon index showed no
difference between IBS-D patients and HC subjects (Figure 4.7). However, Bray-Curtis
dissimilarity results reflected larger variation of β-diversity in fecal microbial
community of BA+IBS-D patients, while fecal microbiota of BA-IBS-D group showed
similar fecal microbial β-diversity as that of HC subjects (Figure 4.7). Such results
demonstrate larger intra-group diversity of gut microbial communities in BA+IBS-D
population.

Figure 4.7 Alterations of microbial α- and β-diversity in stools of IBS-D patients with
and without BA overexcretion (A) Total gene numbers obtained from metagenomic
sequencing. (B) The α-diversity of gut microbiota based on the Shannon index. (C) The
Bray-Curtis dissimilarity-based β-diversity. Box plots are expressed as 5th and 95th
percentiles of values. Comparison among three groups are estimated by using the
Benjamini-Hochberg method, statistical difference is defined as ***, p<0.005
compared with HC group.
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The fecal enterotype of BA+IBS-D patients also showed altered phylogenetic type at
different taxonomic levels. At phylum level, relative abundances of Actinobacteria,
Firmicutes, Fusobacteria, Proteobacteria were increased while abundances of
Bacteroidetes were decrease (Figure 4.8 and Table 4.3). Accordingly, the ratio of
Firmicutes to Bacteroidetes (F/B ratio) was significantly elevated in the BA+IBS-D
subgroup. Furthermore, majority of dominant genera with over 0.1% of relative
abundances were significantly changed in the BA+IBS-D subgroup (Figure 4.8 and
Table 4.3). Of them, genera Escherichia, Eubacterium, Bifidobacterium, Ruminococcus
and Clostridium exhibited higher relative abundances, and relative abundance of
Alistipes was decreased (Figure 4.9 and Table 4.3). At species level, abundances of
Bacteroides uniformis, Alistipes shahii and Odoribacter splanchnicus were reduced in
BA+IBS-D patients, but the other identified species Escherichia coli, Eubacterium
rectale, Bilophila wadsworthia, Ruminococcus bromii, Dorea formicigenerans and
Clostridium scindens showed elevated abundances (Figure 4.9 and Table 4.3).

Moreover, spearman’s correlation results revealed close relationship between top 10
abundant species and most of fecal BA metabolites in BA+IBS-D patients (Figure 4.10).
Of them, Escherichia coli (E. coli), Bilophila wadsworthia (B. wadsworthia) and
Clostridium scindens (C. scindens) were positively correlated with CA, CDCA, GHCA,
UDCA, 7-KLCA, 7-KDCA and α/β/ωMCA. Reversely, Bacteroides uniformis (B.
uniformis), Alistipes shahii (A. shahii) and Odoribacter splanchnicus (O. splanchnicus)
negatively correlated with these BAs (Figure 4.8).
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Figure 4.8 Altered profiles of microbial phyla in IBS-D patients and HC subjects.(A)
Relative abundances of dominant phyla. The phyla with over 1% of relative abundances
were shown in the legend. (B) The ratio of Firmicutes to Bacteroidetes between IBS-D
and HC groups. Comparison among three groups are performed by the BenjaminiHochberg method, statistical difference is defined as *, p<0.05; **, p<0.01; ***,
p<0.005 compared with HC group.
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Figure 4.9 Alteration of abundant genera and species in fecal microbial communities of
IBS-D patients and HC subjects. (A) Relative abundances of top ten dominant genera
among three groups. (B) Relative abundances of top ten dominant species among three
groups. Comparison among three groups are performed by the Benjamini-Hochberg
method, statistical difference is defined as *, p<0.05; **, p<0.01 compared with HC
group.
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Table 4.3 Alteration of taxonomic profiles in IBS-D subjects at phylum, genus and
species levels.
HC
BA+IBS-D
BA-IBS-D
Phylum
Mean
Mean
p value
Mean
p value
Actinobacteria
1.118
2.294
0.047
0.916
0.349
Bacteroidetes
49.437
41.325
0.010
51.388
0.363
Firmicutes
10.814
13.176
0.042
10.826
0.989
Fusobacteria
0.112
0.641
0.049
0.260
0.086
Proteobacteria
1.968
5.188
0.002
2.629
0.164
Genus
Escherichia
0.716
2.706
0.016
1.042
0.269
Eubacterium
1.289
2.092
0.026
1.429
0.527
Alistipes
3.608
2.298
0.038
3.812
0.690
Ruminococcus
0.863
1.488
0.002
1.160
0.165
Clostridium
0.842
1.190
0.017
0.817
0.855
Bilophila
0.360
0.836
0.007
0.417
0.493
Fusobacterium
0.111
0.497
0.033
0.237
0.108
Dorea
0.210
0.370
0.009
0.244
0.395
Odoribacter
0.336
0.169
0.001
0.327
0.870
Species
Bacteroides uniformis
6.079
3.325
0.000
6.179
0.893
Escherichia coli
0.712
3.078
0.009
1.033
0.264
Eubacterium rectale
0.603
1.346
0.009
0.818
0.289
Bilophila wadsworthia
0.350
0.692
0.007
0.460
0.306
Ruminococcus bromii
0.277
0.637
0.037
0.492
0.188
Unclassified Ruminococcus
0.288
0.532
0.007
0.349
0.452
sp.
Butyrate-producing
0.232
0.514
0.003
0.343
0.397
bacterium
Alistipes shahii
0.594
0.303
0.035
0.664
0.575
Odoribacter splanchnicus
0.319
0.156
0.001
0.305
0.789
Dorea formicigenerans
0.065
0.112
0.004
0.094
0.040
Butyrate-producing
0.022
0.047
0.003
0.031
0.313
bacterium
Coprococcus catus
0.027
0.034
0.154
0.037
0.034
Unclassified
0.012
0.033
0.020
0.014
0.454
Lachnospiraceae bacterium
Clostridium scindens
0.011
0.027
0.046
0.012
0.905
Unclassified
0.034
0.023
0.327
0.020
0.020
Lachnospiraceae bacterium
Unclassified Clostridium sp. 0.033
0.020
0.053
0.023
0.018
Eubacterium siraeum
0.082
0.016
0.055
0.036
0.030
Bacteria over 0.01% abundance with significant alteration (p<0.05) in at least one IBS-D
subgroup is shown in the table.
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Figure 4.10 Strong association of dominant bacterial species with secretory BA
metabolites in IBS-D patients with BA overexcretion. Relationship between species and
BAs were tested by spearman correlation analysis. Statistical difference is marked by
*, p<0.05; **, p<0.01;**, p<0.005.

Functional annotation of metagenomes identified BA-transforming genes bsh, hdhA,
and bile acid-inducible (bai) genes in fecal communities of IBS-D patients and controls.
These genes separately are in charge of encoding bile salt hydrolases, 7αhydroxysteroid dehydrogenases (7-HSDHs) and 7-dehydroxlases. Of them, relative
abundances of BA-metabolizing genomes hdhA, baiA, baiCD and baiH were
significantly increased in the BA+ IBS-D group compared with the HC group (Figure
4.11), suggesting higher levels of bacterial 7α-oxidation and 7α-dehydroxylation.
Moreover, species E. coli and C. scindens with raised abundances were identified to
express hdhA gene, but only the species C. scindens express a set of bai genes (Table
4.4). Collectively, combination of fecal BA profiles and metagenomes revealed a
featured enterotype of BA+IBS-D patients characterized by enhancement of BAmetabolizing microbiome, particularly hdhA- or/and bai-expressing species.
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Figure 4.11 Enhancement of secondary BA-transforming gene abundances in fecal
microbiome of IBS-D patients with BA overexcretion.Gene bsh encodes to bile salt
hydrolase, hdhA encodes to 7-hydroxysteroid dehydrogenase, and bile acid-inducible
(bai) genes are responsible for encoding 7-dehydroxlases. Comparison among three
groups are performed by the Benjamini-Hochberg method, statistical difference is
defined as *, p<0.05 compared with HC group.

Table 4.4 Identified KOs related to production of secondary bile acids
KO name

KEGG definition

bsh

bile salt hydrolases

hdhA

7α-hydroxysteroid dehydrogenase

baiA

3α-hydroxy bile acid-CoA-ester 3dehydrogenase

baiB

bile acid-coenzyme A ligase

baiCD

NAD+-dependent 7α-hydroxy-3oxo bile acid-CoA-ester 4dehydrogenase

baiE

bile-acid 7α-dehydratase

baiF

bile acid CoA-transferase

baiH
baiI

NAD+-dependent 7β-hydroxy-3oxo bile acid-CoA-ester 4dehydrogenase
bile acid 7β-dehydratase
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Taxa (genera or species)
Alistipes,
Bacteroides,
Blautia,
Bifidobacterium, Clostridium, Collinsella,
Eubacterium, Fusobacterium, Odoribacter,
Parabacteroides, Roseburia, Ruminococcus
Bacteroides intestinalis, Blautia hansenii,
Clostridium scindens, Escherichia coli,
Fusobacterium
varium,
unclassified
Lachnospiraceae bacterium
Clostridium scindens, Clostridium hylemonae,
unclassified Lachnospiraceae_bacterium_
Clostridium
scindens,
unclassified
Lachnospiraceae_bacterium
Clostridium scindens, Clostridium hylemonae,
Clostridium
hiranonis,
unclassified
Lachnospiraceae bacterium_
Clostridium scindens, Clostridium hylemonae,
Clostridium
hiranonis,
unclassified
Lachnospiraceae bacterium_
Clostridium
scindens,
Pyramidobacter
piscolens, unclassified Lachnospiraceae
bacterium
Clostridium
scindens,
Lachnospiraceae bacterium
NA

unclassified

Discussion
By testing fecal total BA, several clinical studies from United States have reported BA
overexcretion in a subset of IBS-D patients, varying from 11.8% to 42.6%(12, 13, 15).
In our study, about 25% of IBS-D patients displayed higher level of BA excretion,
suggesting a similar prevalence of BA overexcretion in IBS population of Hong Kong
as IBS-D westerners. In addition, similar concentrations of fecal BAs, serum C4 and
serum FGF19 among IBS-C, IBS-M, IBS-U and HC groups suggest that BA
disturbance might be less relevant to these IBS subtypes. It still needs to be further
verified in a large-scale IBS cohort, with similar sample size for each IBS subtypes.
Similar as previous studies(16-18), elevated serum C4 but reduced serum FGF19 were
consistently found in part of IBS-D subjects with BA overexcretion, suggesting
enhanced host BA synthetic level. It is also supported by elevated contents of fecal total
and individual BAs in BA+IBS-D patients. However, this study is limited to clear
whether hepatic BA synthesis is excessive or not in BA+IBS-D patients. The hepatic
BA synthesis need to be further verified in IBS-D animal model.

Altered fecal BA composition, particularly increased proportions of CA and CDCA
whereas reduced proportions of DCA and LCA, was shown in the subset of BA+IBS-D
patients. Such fecal BA pattern is not found by chance, it is consistent with two previous
studies and our meta-analysis result(19, 20). It possibly can be explained that synthetic
rate of primary BAs in the liver might be much higher than the metabolizing rate of gut
microbiota. Furthermore, increased abundances of BA-metabolizing taxa and
enrichment of functional genes hdhA and bais indicate a higher level of bacterial
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secondary BA production, particularly BA metabolites generated by BA nucleus C-7
oxidation and dehydroxylation, in BA+IBS-D patients. Of them, E. coli, B. wadsworthia,
Ruminococcus spp. and C. scindens, significantly correlated with most of fecal BAs and
highly enriched in BA+IBS-D fecal microbiota, have been reported to transform or
tolerate BA salts (9, 21). Such observations suggest the fecal enterotype of BA+IBS-D
patients largely adapt specific intraluminal physiochemical environment enriched by
excessive contents of BAs.

Animal studies proposed that gut microbiota play substantial role in regulation of host
BA metabolism. Gut microbiota modified by VSL#3 probiotics significantly enhanced
hepatic CYP7A1 mRNA expression in normal mice(22). Another study with antibiotic
intervention showed that changed composition of gut microbiota extremely increased
intracolonic taurine-conjugated BAs and changed the expression of liver or ileal
proteins related to BA negative feedback(23). These basic findings pointed out possible
impacts of gut microbiota on host BA synthesis.

Linkage between gut microbiota and host BA synthetic regulation is also previously
discovered in obesity and nonalcoholic fatty liver diseases (24, 25). Kang, et al. proved
that gut microbiota with greater ability of BA transformation can induce mRNA
expressions of hepatic BA enzymes CYP7A1 and CYP8B1 in humanized obese
mice(26). Another study revealed elevated serum BA levels and mRNA expression of
CYP7A1 are closely associated with altered BA-converting microbiome in NAFLD
patients(27). These evidences make us draw a hypothesize that BA-producing bacteria
may modulate host BA synthesis in IBS patients. The possibility was verified by a series
of animal studies in the following chapters.
101

In addition, another population of IBS-D patients displayed normal BA excretion
suggest underlying mechanism of microbiota-related GI dysmotility is probably
unrelated to BA metabolism. Our pilot study with untargeted metabolomics found there
are some other metabolic features significantly altered in these BA-IBS-D patients
relative to HC subjects, but showed no difference in BA+IBS-D patients. For example,
cystathionine sulfoxide, one of cystathionine metabolites that is a precursor of hydrogen
sulfide (H2S), was significantly elevated in BA-IBS-D patients. Endogenous metabolite
H2S is proved to induce rodents’ visceral hypersensitivity and accelerated GI motility
that are two major bowel phenotypes of IBS-D patients as well(28, 29). Moreover,
alteration of polyunsaturated long chain fatty acid derivates, with increased Narachidonoyl glycine and 17-phenyl trinor PGF2α ethyl amide while decreased 17hydroxydocosahexaenoic acid (17-HDoHE), is also exhibited in feces of BA-IBS-D
subgroup. Of them, N-arachidonoyl glycine and 17-phenyl trinor PGF2α ethyl amide
are agonists of cannabinoid receptors (CBs) and several transient receptor potential ion
channels (TRPs) while 17-HDoHE severs as inhibitor of TRPs(30). Abnormal CB and
TRP-mediated signaling pathways are involved in dysfunction of GI immune, sensation
and motility in IBS(31, 32).

Conclusion
In this IBS cohort, we found abnormal BA metabolism obviously occurred in IBS-D
subtype, but not in other IBS subtypes. Over a quarter of IBS-D population exhibited
BA overexcretion along with increased serum C4 and reduced serum FGF19.
Meanwhile, fecal microbiota from such subset of IBS-D patients showed increase levels
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of microbiota-derived BA metabolites and higher abundances of BA-producing
microbiome. These findings suggest a possible connection between BA-producing
microbiome and host BA synthetic level in IBS-D.
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ALTERED HOST-GUT MICROBIOTA
BILE

ACID

METABOLISM

IN

NEONATAL

MATERNAL SEPARATION-INDUCED IBS-D MODEL
Background
In the preceding chapter, we discovered that increased BA-metabolizing microbiota are
associated with host BA synthetic level in a subset of IBS-D population. To verify its
possibility, hepatic BA synthesis and underlying mechanistic investigation needs to be
analyzed in animals. However, luminal BA composition and BA co-metabolism by host
and gut microbiota are partially different between human beings and rodents(1). Hence,
the relationship between BA-metabolizing microbiota and host BA synthesis needs to
be also investigated in IBS model. Several IBS model induced by chronic psychosocial
stressors have been developed, of which maternal deprivation is the most widely used
stressor for model establishment in the cellular mechanistic studies of IBS (2, 3).

Early life stress is associated with a variety of physical health problems later in life,
such as GI diseases(3). Clinical reports showed that early adversity, such as
sexual/physical abuse, infantile, and childhood trauma, is more common in community
and clinical subjects suffered with IBS and other FGIDs (4, 5). In animal studies, early
life stress in rodents and porcine, such as neonatal maternal separation (NMS), results
in long-term GI dysfunction (eg. visceral hyperalgesia and increased GI motility, etc.),
which mimic clinical symptoms of IBS (6-8).
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Moreover, early life stress has been shown to influence neonatal gut microbial
colonization and development across lifespan(9, 10). Abnormal gut microbial profile
with increased abundance of Lachnospiraceae and reduced abundance of genus
Mucispirillum has been described in mice treated with NMS (11). Rats subjected to
NMS were more susceptible to infection of Nippostrongylus brasiliensis (12). Not only
in murine, a significant decrease in fecal bacteria especially Lactobacilli, was also
found in maternal separated infant rhesus monkeys. And such drop diversity of
microflora was associated with the display of abnormal behaviors (13). Upon stress,
change of gut microbiota is associated with bowel dysfunction(14, 15). These findings
suggest that NMS model characterized by gut dysbiosis and GI dysfunction might be a
suitable animal model to investigate the role of BA-producing microbiota in BA
metabolism.

In this study with NMS model, metabolites and genes related to host-gut microbiota
BA metabolism were separately profiled in multiple tissue regions in the enterohepatic
system. Results showed that excretive total and secondary BAs were elevated in feces
and large intestinal lumens of adult NMS rats, which is similar as metabolic findings
from BA+IBS-D patients. Also, increased abundances of BA-metabolizing microbiome,
particularly Clostridium spp. and BA-transforming genes (hdhA and bais) that highly
enriched in fecal metagenomes of BA+IBS-D patients, were reproducible in fecal
enterotype of NMS models. Moreover, elevated contents of taurine-conjugated primary
BAs in the liver of NMS model, together with upregulated mRNA expression of
CYP7A1 but downregulated expression of SHP in hepatic tissues, indicate an enhanced
hepatic BA synthesis in NMS rats. With such IBS-D model, we verified the linkage
between excessive BA-metabolizing microbiota and enhanced host BA synthesis.
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Materials and methods
Animals and NMS handling
Pregnant Sprague-Dawley (SD) rats were purchased from the Laboratory Animal
Services Centre of The Chinese University of Hong Kong. All rats were maintained on
a 12-h light/dark cycle with free access to food and water under specific pathogen-free
(SPF) condition. Referring to our previous study(16), four pregnant rats were housed
individually in cages. Newborn pups staying with dams were classified as non-handled
control, while pups daily separated from dams for 3 hours from postnatal days (PD) 2
to 14 were grouped as NMS. After weaning on PD22, only male pups (n=8/group) with
similar body weight were housed until PD 56 for this study. At adulthood (on PD56),
these male rats were assessed for their GI motility through determination of fecal
frequency and gut transit. Finally, biospecimens related to enterohepatic system (serum,
liver, feces, luminal contents and tissues of jejunum, ileum, cecum and colon) were
collected after CO2 anesthesia. The animal experiments have followed the Animals
Ordinance, Department of Health, Hong Kong SAR, China.

Evaluation of GI motility in vivo
The GI motility was determined through evaluating gut transit time and defecation
frequency. The transit time was observed using a 6% carmine red solution (in 0.5%
methylcellulose). Individual rats without fasted beforehand were gavaged with the 10
μL/g of carmine solution at 9:00 a.m. The time from gavage to initial appearance of
carmine in the feces was recorded as the gut transit time for that rat. On the other hand,
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rats were separately located into a sterile cage, and their cumulative fecal pellets of each
rats within 60 min were recorded as corresponding defecation number.

BA extraction from specimens of rats
BA extraction from serum and feces was processed similar as previous description for
human samples’ extraction. For extraction from liver, five-fold mixture of chloroform,
methanol and water (1:2.5:1, v/v/v) will be added into tissue samples (about 100 mg).
After adequate homogenization and high-speed centrifugation, a 150-μL aliquot of
supernatant could be obtained. Again, the deposit will be re-homogenized with fivefold volume of pure methanol, and another 150-μL aliquot of supernatant will be
transferred and combined with the previous one for further quantification analysis.
Moreover, for extraction from luminal contents, samples weighted 100 mg will be
mixed with five-fold volumes of ice-cold water. The mixture will be vortexed for 60s
and centrifuged at 14,000rpm for 15 min at 4 °C. A 300-μL aliquot of supernatants will
be transferred into new tubes, and the pellets will be extracted again with ice-cold
methanol same as the previous step. Another 300-μL aliquot of supernatants can be
isolated and combined into the initial aliquot. After a high-speed centrifugation for 20
min, the resulting supernatants can be used for further analysis. In addition, the
analytical conditions of the UPLC-TQ-MS equipment were set referring to human BA
quantification.

Quantitative PCR analysis of proteins related to enterohepatic circulation
To comprehensively observe all proteins involved in BA metabolism, the mRNA
expressions of enzymes (CYP7A1, CYP7B1, CYP8B1, CYP27A1, FGF15 and FGFR4)
related to BA synthetic regulation, the protein BAAT related to BA conjugation in liver,
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hepatic BA transporters (MRP2, MRP4, OSTα, OSTβ, BSEP and NTCP) and ileum
BA transporters (MRP2, MRP4, OSTα, OSTβ and ASBT) related to BA transport and
absorption will be examined by using RT-PCR analysis. These primer sets were
summarized in Table 5.1. Liver or ileum tissues (30 mg) will be weighted and
homogenized with TissueLyzer and total RNA will be isolated and extracted by
TRIZOL (CAS# 15596026, Life technologies, Invitrogen, Carlsbad, CA, USA). A
7900HT Fast Real-time PCR system (Applied Biosystems) with random hexamer
primers were used to evaluate the expression of target genes. The mRNA expression
will be calculated with the ∆∆-CT.

Table 5.1 Primer sets for quantitative RT-PCR analysis of genes related to BA
metabolism for rats’ samples.
Gene
CYP7A1
CYP8B1
CYP27A1
BAAT
NTCP
BSEP
MRP2

MRP4
OSTα
OSTβ
ASBT

Full name
Cholesterol 7αhydroxylase
Sterol 12αhydroxylase
Sterol 27hydroxylase
Bile acid CoA:
amino acid Nacyltransferase
Na+-taurocholate
cotransporting
polypeptide
Bile salt export
pump
Multidrug
resistanceassociated
protein 2
Multidrug
resistanceassociated
protein 4
Organic solute
transporter alpha
Organic solute
transporter beta
Apical sodium
dependent bile
acid transporter

Forward/reverse Sequences (5′–3′)
F: TGAAAGCGGGAAAGCAAAGACCAC
R: TCTTGGACGGCAAAGAGTCTTCCA
F: TCCATATGTCCCGGCAGGTTCTTT
R: TGTCAGGGTCCACCAGTTCAAAGT
F: ACCTTTCCTGAGCTGATCTTGGCT
R: GCATGTGGGCAAAGTCCTTGTTCT

Amplicon
size (bp)
117
97
169

F: GGTTGGCATCCTTTCTGTGTGCAT
R: ATTCTTCACTGCAGGGTGTAGGCT

167

F: AGGATGGAGGTGCACAACGTATCA
R: AGCCCAGTGAGAGCATGATAAGCA

133

F: ATCTGTTAATCCTGGGCAGACGCT
R: TGGGAGACAATCCCGATGTTGGAA

180

F: AACCGGGAAGGTCAAGTTCTCCAT
R: TTGTCAGAGTCACTGGTCCAAGCA

153

F: ATTGTGGGAAGAACTGGAGCTGGA
R: TGGTTCCAGTGAACAGGACAGGTT

175

F: AGCAATTTCCTTGCTGTGTCCACC
R: AGGATGACAAGCACCTGGAACAGA
F: TCCGTTCAGAGGATGCAACTCCTT
R: CATTCCGTTGTCTTGTGGCTGCTT
F: TGGGCTTCCTCTGTCAGTTTGGAA
R: AGTGTGGAGCAAGTGGTCATGCTA
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131
140
196

TGR5
FGF15
FGFR4
β-Actin

G proteincoupled bile acid
receptor 1
Fibroblast
growth factor 15
Fibroblast
growth factor
receptor 4
Beta-actin

F: TTGCTCCTGTCAGTCTTGGCCTAT
R: TTGGGTCTTCCTCGAAGCACTTGT

191

F: ACAATTGCCATCAAGGACGTCAGC
R: TGAAGATGATGTGGAGGTGGTGCT

172

F: TCACAGTTGAGGCCTTCTGTTCCA
R: TGCTTCGCTCCTTTGAGGATGAGT
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F: ACCGAGCATGGCTACAGCGTCACC
R: GTGGCCATCTCTTGCTCGGAGTCT
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Total DNA isolation and metagenomic sequencing
Total bacterial DNA was isolated and purified from fecal pellets (precisely weighted
200 mg) using a stool DNA Isolation Kit (Qiagen, Valencia, CA). All samples were
sequenced based on the Illumina Hiseq 4000 platform (paired-end; insert size, 350 bp;
read length, 150 bp). After removal of adaptor and low-quality reads, the remaining
reads were filtered to eliminate the host DNA genome based on the genome reference
of Rattus norvegicus by SOAPalign v2.21(17). Finally, 105.81 Gb high-quality pairend reads for the 16 rats samples (n=8/group) was acquired with an average of 6.61 Gb
per sample in groups of NMS and control.

Construction of the gene catalogue
The reads were assembled into contigs for all samples using the assembly software
SOAPdenovo v2.0455. Average 75.67% of the total reads were used to generate 1.6
million contigs without ambiguous bases (minimum length of 500 bp). ORFs were
predicted from the assembled contigs using the MetaGeneMark v3.26 programme(18).
The 6,116,823 ORFs longer than 100 bp covered 89.67% of the total length of the
contigs and about half (50.51%) of the ORFs appeared complete. All ORFs were
clustered by CD-hit v4.6.4 to construct a non-redundant gene catalog using a stringent
criterion of 95% identity at the nucleotide level over 90% of the length of the shorter
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ORFs(19). The final non-redundant gene set contained 1,462,418 ORFs with an average
length of 728 bp.
Diversity analysis, taxonomic assignment and functional characterization.
The α-diversity (within-sample diversity) and β-diversity (between-sample diversity)
were estimated by the Shannon index and Bray-Curtis dissimilarity metric,
respectively(20). For taxonomic assignment, all predicted genes were blasted against
the reference microbial genomes from NCBI (including 4,258 microbial genomes) by
using BLAST (v 2.2.26, default parameter) with at least 80% overlap of query.
Taxonomic identification was performed as 65% identity for phylum, 85% identity for
genus, 95% identity for species(21, 22). The taxonomic abundance was calculated
based on gene abundance, and protein sequences of the predicted genes were searched
using National Center for Biotechnology Information BLASTP against the KEGG gene
database (v79). Each protein was assigned to the KEGG group by the highest scoring
annotated hits.

Statistical analysis
Differential abundance of genes, taxonomies and KOs were compared between both
groups by two-tailed Wilcoxon rank-sum test based on R (v3.4.10) software. Statistics
of other testing items, including metabolites and gene expressions, between two groups
were performed using the Student’s t-test. All statistical analyses were conducted by
GraphPad Prism 7, and significance is set to 0.05.
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Results
Adult NMS model exhibited accelerated GI motility
The gut motor function was assessed by using stool frequency and GI transit time as
previously described(23). Compared with control rats, cumulation of fecal pellet
number within 60 min from NMS rats was significantly increased (Figure 5.1). In line
with stool frequency, the shortened GI transit was also observed in the NMS group
(Figure 5.1). These results suggest accelerated GI motility in the rats subjected to NMS.

Figure 5.1 Adult rats subjected to neonatal maternal separation (NMS) displayed
accelerated colonic motility. (A) Accumulative fecal pellet output within 60 min. (B)
The shortened colonic transit time measured by administration of carmine red marker.
Comparison between both groups was performed using Student’s t-test, and statistical
difference was expressed by *, p<0.05; **, p<0.01 compared with controls.
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Altered total BA pool and peripheral BA composition in NMS model
Serum cholesterol and C4, together with BA metabolites involving in the enterohepatic
system, were separately quantified for investigating peripheral profiles of BAs and BA
derivates in NMS model. The results showed serum C4 and cumulated amounts of fecal
BAs were significantly increased in NMS rats compared with control rats, but no
change was observed in serum cholesterol level (Figure 5.2).

Figure 5.2 Elevation of circulating C4 and fecal total BA level in adult NMS models
(A) Serum cholesterol concentration. (B) Serum C4 concentration. (C) Fecal total BA
level. Comparison between models and controls is calculated by Student’s t-test, and
statistics is expressed by *, p < 0.05; **, p < 0.01 compared with controls.

Targeted BA profile analysis was individually performed in different regions (serum,
liver, feces and enteric lumens) of the enterohepatic system in NMS model. As shown
in Figure 5.3, taurine-conjugated primary BA TCA was significantly increased in serum,
liver and small intestinal lumens (duodenum, jejunum and ileum). Microbiota-derived
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secondary BAs, especially DCA and LCA, were dramatically elevated in serum and
large intestinal lumens (cecum, colon and feces). In serum, both of primary BA TCA
and secondary BA DCA were significantly elevated in NMS model compared with
controls. The metabolic results indicate excessive contents of primary and secondary
BA contents in NMS rats, suggesting higher levels of both host BA synthesis and
microbial BA transformation.

Figure 5.3 Altered profile of dominant BA metabolites in enterohepatic circulation of
adults NMS models. Data are shown as mean ± SEM, and statistics is expressed by *,
p < 0.05; **, p < 0.01 compared with controls. Abbreviation: TCA, taurocholic acid;
TDCA, taurodeoxycholic acid; GCA, glycocholic acid; GDCA, glycodeoxycholic acid;
CA, cholic acid; CDCA, chenodeoxycholic acid; UDCA, ursodeoxycholic acid; DCA,
deoxycholic acid; LCA, lithocholic acid.
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Altered expressions of genes related to BA synthesis and reabsorption in NMS rats
To further determine host BA metabolism in NMS model, relative expressions of
individual genes related to BA synthesis, conjugation and transporters in the liver, and
enteric genes involved in BA reabsorption were quantified by qPCR. In comparison to
the control group, expression of rate-limiting synthetase CYP7A1 was significantly
increased in the liver of NMS rats, while BA transporter ASBT and feedback regulator
FGF15 and SHP showed reduced expressions in ileal tissues (Figure 5.4). The
expression of BA transporter Ostβ was increased in the liver but decreased in the ileum.
Gene results from liver and ileum suggests impaired ileal BA reabsorption and
suppressive negative control of BA synthesis in NMS model. Such gene change is
consistent with excess of serum C4 and fecal total BA excretion (Figure 5.2). In
addition, BA receptor TGR5, previously reported to mediate the prokinetic action of GI
tract (24), exhibited increased expression in colon tissues of NMS model. Along with
increased intracolonic secondary BAs, upregulated colonic TGR5 level suggests
enhanced GI motility of NMS rats is probably contributed by enhanced BA/TGR5
signaling.
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Figure 5.4 Changed expressions of hepatic and enteric proteins involved in
enterohepatic circulation at transcriptional level in NMS rats compared with controls.
(A) The mRNA expression of enzymes for BA synthesis and conjugation in liver tissues.
(B) The mRNA expression of portal and biliary BA transporters in liver tissues. (C)
The mRNA expression of hepatic feedback regulators and enteric BA receptors. (D)
The mRNA expression of ileal and colonic BA transporters. Values are expressed as
mean ±SD, significance is defined as *, p < 0.05; **, p < 0.01 compared with controls.
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Enhanced BA-metabolizing genomes in fecal microbial community of NMS rats
From metabolic perspective, elevation of secondary BA levels in the lumens of large
intestine suggests enhanced microbial BA transforming levels in NMS model (Figure
5.4). To further investigate the changes in bacterial BA metabolism resulted from NMS,
full genome of fecal microbiota were deeply sequenced. Fecal metagenomic results
showed reduced microbial α-diversity and larger dissimilarity of β-diversity in fecal
samples of NMS rats compared to that of control rats (Figure 5.5).

Phylogenetic types of gut microbiota were also profiled at phylum and genus levels, of
which identified taxa with significant differences were shown in Table 5.2-5.3.
Although dominant phyla with over 1% of abundances showed no difference between
both groups (Figure 5.5), featured taxonomic profile of NMS rats can be discriminated
at genera level, largely contributed by lower abundances of Bacteroides,
Parabacteroides, Blautia, Helicobacter, Roseburia and higher abundances of Bilophila,
Prevotella, Clostidium, Subdoligranulum and Parasutterella (Figure 5.5).

Among changed abundant genera in fecal microbes of NMS rats (Table 5.3), genera
Clostridium and Bilophila showed increased abundances that is consistent with results
from BA+IBS-D patients. Total genomic levels of hdhA and baiCD/E genes, encoding
to enzymes of 7-HSDH and 7-dehydroxylases that are responsible for encoding
enzymes for BA C-7 dehydroxylation and epimerization of BA nucleus (25), were
significantly raised in fecal microbiota of NMS model (Figure 5.6). Of them, many
species belonging to Clostridium express BA-transforming hdhA and bai genes, of
which species C. leptum and C. scindens were highly enriched in feces of NMS rats
(Figure 5.6). Further, bacterial qPCR analysis also confirmed that relative level of C.
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scindens was significantly increased in NMS cecal microbiota (Figure 5.6). Luminal
BA profile and BA-metabolizing microbiome consistently revealed higher capability
of secondary BA generation in the large intestine of NMS model.

Figure 5.5 Changed fecal microbial structure of NMS rats by metagenomic sequencing.
(A) The richness and α-diversity of fecal microbes based on total gene counts and
Shannon index, respectively. (B) Microbial β- diversity measured by Bray-Curtis
dissimilarity. (C) Relative abundances of dominant phyla identified in rats’ fecal
enterotype. (D) Principal coordinate analysis (PCoA) of taxonomic profile at genus
level. Box charts are plotted by medium value with IQR, and bar charts are expressed
as mean ±SD, and significance is defined as ***, p< 0.005 compared with controls.
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Table 5.2 Alteration of phyla in fecal microbiota in NMS rats relative to controls
Control
NMS
Phylum
Enrichment
adjust p
(median%)
(median%)
Chloroflexi
NMS
0.0111505
0.0330305
0.0011
Verrucomicrobia
Control
0.1041028
0.0284927
0.0031
Synergistetes
Control
0.0231308
0.0171330
0.0843
Fusobacteria
Control
0.0169270
0.0140505
0.0483
Cyanobacteria
Control
0.0096063
0.0036501
0.0133
Elusimicrobia
Control
0.0037094
0.0008751
0.0011
Nitrospirae
Control
0.0016417
0.0008507
0.0252
DeinococcusNMS
0.0001419
0.0004224
0.0011
Thermus
Aquificae
Control
0.0002915
0.0001302
0.0252
Chrysiogenetes
Control
0.0005442
0.0000921
0.0011
Ignavibacteriae
Control
0.0001813
0.0000806
0.0032

Table 5.3 Alteration of dominant genera in fecal microbiota in NMS rats relative to
controls
Genus
Enrichment
Control
NMS
adjust p
(median%)
(median%)
Prevotella
NMS
1.0350
1.4275
0.038
Lactobacillus
NMS
1.0160
1.2021
0.0408
Alistipes
NMS
0.0582
0.8002
0.0011
Subdoligranulum
NMS
0.2886
0.5260
0.0207
Clostridium
NMS
0.0948
0.5063
0.0047
Barnesiella
NMS
0.2084
0.2670
0.0029
Bilophila
NMS
0.0202
0.2386
0.0011
Butyricimonas
NMS
0.1459
0.2062
0.0011
Roseburia
Control
0.6515
0.1529
0.0379
Marvinbryantia
Control
0.1629
0.1313
0.0148
Sutterella
Control
0.1829
0.1134
0.0019
Acetivibrio
NMS
0.0546
0.1074
0.0047
Dorea
Control
0.1430
0.0808
0.0499
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Figure 5.6 Relative abundances of Clostridium species and BA-transforming genes
highly enriched in stools of NMS models. (A) Abundances of Clostridium species
identified in fecal microbes of rats. (B) Abundances of functional genes related to
secondary BA production. Box charts are plotted by medium value with 5th and 95th
percentiles. Differential abundance of genes or taxa is expressed by *, p< 0.05; ***, p<
0.005 compared with controls.
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Discussion
After comparison of BA-related GI motor function, total BA excretion, serum C4 and
well as intraluminal profile of BAs between NMS model and control rats, enhanced GI
motility and elevated BA contents were observed in such IBS-D model that largely
mimic disturbed BA metabolic observation in BA+IBS-D patients. Moreover, BAmetabolizing microbiome of NMS rats showed similar alteration with BA+IBS-D
patients as well. Particularly, enrichment of Clostridium and Bilophila in NMS
microbiota is consistent with their changes in the BA+IBS-D patients. Of them,
Clostridium is identified as a typical BA-metabolizing genus while Bilophila is a bileresistant bacterial genus (26). Of them, high enrichment of the species C. scindens,
previously proved to produce secondary BAs, were shared in the fecal microbiota of
IBS-D patients and NMS model. Consistently, BA-metabolizing genes hdhA and bais
also showed increased relative abundances in fecal microbiota of NMS rats, which is
also similar to the metagenomic results from BA+IBS-D patients. Furthermore,
elevation of serum C4 and fecal total BAs was in line with upregulation of hepatic
CYP7A1 mRNA expression in NMS rats illustrate excessive hepatic BA synthesis,
which is consistent with higher level of serum C4 in BA+IBS-D population. Taken
together, such NMS model largely mimic host BA synthesis and microbial BA
metabolism of BA+IBS-D patients.

Expression of BA transporter ASBT were significantly reduced in the ileum of NMS
rats, suggesting that NMS probably impair the function of small intestinal BA
reabsorption. Such situation of destroyed BA transport are more prevalent in diarrheal
patients suffered with type 1 and type 3 BA malabsorption(27). These patients are
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generally characterized by obvious organic lesion in the ileum, secondary to ileal
resection, ileal inflammation (eg. Crohn’s diseases), or other GI surgeries(28). However,
it rarely affects patients with idiopathic BA malabsorption (type 2), such as IBS. It is
also supported by the unchanged genotype and mRNA expression of ileal BA receptor
gene ASBT between IBS-D and HC subjects (29). Our results related to BA metabolism
in NMS rats suggests partial inconsistence in the process of BA transport between IBSD patients and model rats. Beyond such model, another widely-used IBS model
triggered by water avoidance stress was also applied to analyze BA metabolism in our
pilot study, however, BA excretion and metabolism showed no difference.

Conclusion
In NMS model characterized by accelerated GI motility, we observed elevated primary
and secondary BA production by host and gut microbiota and increased abundances of
BA-metabolizing bacteria (eg. C. scindens) and genes (eg. hdhA and bais), which are
similar as clinical findings in BA+IBS-D patients. Upregulated primary BA contents
and CYP7A1 mRNA expression in the liver of NMS model indicate excessive hepatic
BA synthesis. Based on such BA+IBS-D-like model, we validated the association of
BA-metabolizing microbiome with hepatic BA synthesis.
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BACTERIUM

ACID-MATABOLIZING

ENHANCE

GASTROINTESTINAL

MOTILITY AND HAPATIC BILE ACID SYNHTESIS
IN MICE WITH MICORBIOTA INTERVENTION
Background
The observational evidences in either IBS-D patients or rat models demonstrate indeed
connection between the BA-metabolizing bacteria and the hepatic BA synthesis.
Similar linkage has been previously found in some studies with metabolic syndromes.
Vrieze, et al. showed that male obese subjects with microbial regulation by vancomycin
(primarily against Firmicutes) exhibited decrease in fecal secondary BA generation (1).
Moreover, downregulation of fecal BA-metabolizing bacteria and hepatic secondary
BA levels were linked with changed hepatic BA synthetic proteins in mice with
antibiotic intervention, and such changes can be reversed by supplementation of
secondary BA LCA and DCA (2). These results suggest that BA-metabolizing
microbiota may regulate hepatic BA synthesis.

After comparing the BA composition and profile of genes related to enterohepatic
system between GF and conventional mice, gut microbiota has been proved to affect
ileal FGF15 expression and hepatic CYP7A1 expression (3). Modulation of gut
microbiota by probiotics enhanced fecal BA excretion, elevated hepatic CYP7A1 and
CYP8B1 expressions but suppressed ileal FGF15 expression in mice. But such changes
were not detected in FXR-/-mice(4). Jiao, et al showed increased expression of hepatic
CYP7A1 whereas reduced level of serum FGF19 in patients with non-alcoholic fatty
liver disease, who also exhibited changed BA-metabolizing microbiome in stools(5).
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These findings suggest microbiota-driven regulatory effects on BA synthesis probably
involving in the intestinal FXR-FGF19/15 axis.

To investigate the role of IBS-D microbiota in BA metabolism, and to clarify whether
host BA synthesis can be affected by BA-metabolizing bacteria, we performed a series
of animal studies by microbiota modulation, including FMT and signal strain
colonization. Mice colonized with BA+IBS-D fecal microbiota and C. scindens
consistently displayed accelerated GI motility and enhanced BA synthetic level. These
in vivo evidences clarified contribution of BA-metabolizing bacteria, particularly C.
scindens, in enhanced host BA synthesis and GI motility.

Methods and materials
Strains and growth conditions
C. scindens (ATCC35704) was purchased from ATCC and was identified by DNA
sequencing. The strains was stored as a 30% glycerol at -80 °C prior to experiments.
Such strains were cultured using Brain Heart Infusion (BHI) broth under anaerobic
condition (Bactron300 Anaerobic Chamber Glovebox, Shel Lab Inc., USA).

Measurement of bacterial BA transforming activity in vitro
By quantifying BA substrates and products based on mass spectrometry, we analyzed
in vitro BA-transforming activity for isolated fecal microbiota and extracted protein of
the C. scindens strains as previously described(6). Briefly, mixed bacteria cells were
extracted from human feces (500 mg) using 10 mL sterile PBS. A volume of 1 mL of
bacterial reaction mixture, containing bacterial extracts (100 µL), BHI medium and
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2.5mM GCDCA (or CDCA), were prepared and shaken continuously at 37 °C for 24
hours. The concentrations of supplemented BA substrates were obtained from the
absolute level of fecal BAs detected in IBS-D patients. After then, culture medium was
mixed with 3-fold methanol. The BA substrates and products were extracted after highspeed centrifugation (12000 rpm, 10 min at 4 °C). Moreover, protein extracts (0.3
mg/mL) of live strains C. scindens were used to prepare another reaction mixtures (100
µL in total) with 100µM of BA substrate CDCA in a time course (0, 1, 2, 4, 6 and 8
hours) for measurement of BA converting capability. The transforming activity of
mixed and single bacteria were evaluated through the levels of substrate consumption
or/and product generation.

Pseudo germ-free modeling and colonization of fecal bacteria or C. scindens strains
Referring to our published method(7), pseudo GF mice model (n=6/group) was
established by 10 consecutive days of antibiotic cocktail (ABX)-contained water, which
is consist of ampicillin (1 g/L), neomycin (1 g/L) and metronidazole (0.5 g/L). The
accumulative volumes of daily and water total consumption were no difference among
all cages. Referred to a previous method(8), donors’ feces from IBS-D patients and HC
subjects (n=11/12 per group) were pooled and completely homogenized in pre-reduced
PBS at 1mL per pellet. One milliliter of fecal suspension was administered to pseudo
GF mice daily for six consecutive days. One week later, BA-related GI bowel
symptoms (including stool frequency, GI transit time and fecal water contents) were
separately determined in colonized GF mice. Cecal contents were collected for bacterial
analysis, multiple biospecimens (liver, serum, gallbladder, feces, luminal contents and
tissues of the ileum and proximal colon) in the enterohepatic system were collected for
profiling metabolites and genes related to BA synthesis. In addition, to test effects of C.
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scindens on hepatic BA synthesis in vivo, live cells (108 CFU per 1mL PBS) were also
separately colonized into ABX-pretreated and SPF mice after confirming its BA
transforming activity. Sampling was processed as human microbiota FMT experiments.
Moreover, cecal mass and water contents were also compared between colonized and
control mice.

Real-time PCR-based analysis of bacteria and BA-related proteins in mice
Bacterial DNA was extracted from 100 mg of cecal contents, and specific bacterial
subgroups were analyzed by real-time qPCR as previously described(9). Amplification
and detection were performed with a real-time PCR cycler (ViiA™ 7 Dx Instrument,
Applied Biosystems, CA, USA). For bacterial analysis, reaction mixtures consisted of
DNA template (50 ng), 0.5µM each DNA oligonucleotide primers, and SYBR Green
PCR Master Mix (2X) were prepared. Each reaction was performed in duplicate. The
thermal cycling conditions were set referred to a published method(10). The
oligonucleotides for total bacteria, dominant specific genus or species identified in IBS
patients are summarized in Table 6.1. The counts of bacterial genera or species were
normalized to total bacterial 16S ribosomal RNA level.

Furthermore, liver and ileum tissues (50mg) were collected from GF or SPF mice and
homogenized by TissueLyzer (Qiagen, Hilden, Germany). Isolation of total RNA from
tissues by using Trizol method following manufacturer's instruction (Life technologies,
Invitrogen, Carlsbad, CA, USA). The cDNA samples were generated based on the
SuperScript® First-Strand synthesis system for RT-PCR analysis (Invitrogen, Carlsbad,
CA, USA). Quantitative real-time PCR was processed by Power SYBR Green Master
Mix (Applied Biosystems, Foster city, CA, USA) on the ViiA™ 7 Real-Time PCR
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System (Applied Biosystems, Foster city, CA, USA). Oligonucleotide primers
purchased from Thermo Fisher Scientific (Invitrogen, Carlsbad, CA, USA) were shown
in Table 6.2. Expression of each target gene was adjusted by β-actin level with ∆∆CT
analysis.

Table 6.1 Oligonucleotides used in this study for the qPCR determination.
Bacterial groups
Total bacteria
Firmicutes
Bacteroidetes
Bacteroides/ Prevotella
Eubacterium
rectale/
Clostridium coccoides
Escherichia.coli
Clostridium scindens
Ruminococcus bromii
Clostridium Cluster XIVa

Sequences (5’→3’)
F: GTGSTGCAYGGYTGTCGTCA
R: ACGTCRTCCMCACCTTCCTC
F: GGAGYATGTGGTTTAATTCGAAGCA
R: AGCTGACGACAACCATGCAC
F: GGARCATGTGGTTTAATTCGATGAT
R: AGCTGACGACAACCATGCAG
F: CCTWCGATGGATAGGGGTT
R: CACGCTACTTGGCTGGTTCAG
F: GACGCCGCGTGAAGGA
R: AGCCCCAGCCTTTCACATC
F: GTTAATACCTTTGCTCATTGA
R: ACCAGGGTATCTAATCCTGTT
F: GCAACCTGCCTTGCACT
R: ACCGAATGGCCTTGCCA
F: CAGCMGCCGCGGTAATAC
R: CCGTCAATTCCTTTGAGTTT
F: AAATGACGGTACCTGACTAA
R: CTTTGAGTTTCATTCTTGCGAA

References
(11)
(12)
(12)
(13)
(13)
(10)
(14)
(15)
(16)

Table 6.2 Oligonucleotides for quantitative RT-PCR analysis of mouse genes related to
BA synthesis, transport and absorption.
Abbreviatio
n

Genes
Cholesterol
hydroxylase

7α-

CYP7A1

Sterol 27-hydroxylase

CYP27A1

Sterol 12α-hydroxylase

CYP8B1

25-hydroxycholesterol
7α-hydroxylase
Organic solute transporter
α
Organic solute transporter
β
Multidrug
resistance
associated protein 2

CYP7B1
OSTα
OSTβ
MRP2

Sequence (5’→3’)
F: AGCAACTAAACAACCTGCCAGTACTA
R: GTCCGGATATTCAAGGATGCA
F: GCCTCACCTATGGGATCTTCA
R: TCAAAGCCTGACGCAGATG
F: GGCTGGCTTCCTGAGCTTATT
R: ACTTCCTGAACAGCTCATCGG
F: TAGCCCTCTTTCCTCCACTCATA
R: GAACCGATCGAACCTAAATTCCT
F: TGTTCCAGGTGCTTGTCATCC
R: CCACTGTTAGCCAAGATGGAGAA
F: GATGCGGCTCCTTGGAATTA
R: GGAGGAACATGCTTGTCATGAC
F: CTGAGTGCTTGGACCAGTGA
R: CAAAGTCTGGGGGAGTGTGT
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Multidrug
resistance
associated protein 3
Na+-taurocholate
cotransporting
polypeptide

MRP3

F: CGCTCTCAGCTCACCATCAT
R: GGTCATCCGTCTCCAAGTCA

NCTP

F: ATGACCACCTGCTCCAGCTT
R: GCCTTTGTAGGGCACCTTGT

Bile salt export pump

BSEP

β-Klotho

KLB

Small heterodimer partner

SHP

Fibroblast growth factor
15

FGF15

Farnesoid X Receptor
Fibroblast growth factor
receptor 4
Apical sodium dependent
bile acid transporter
β-actin

FXR
FGFR4
ASBT
β-actin

F: GTTCAGTTCCTCCGTTCAAA
R: AAGCTGCACTGTCTTTTCAC
F: CAGAGAAGGAGGAGGTGAGG
R: CAGCACCTGCCTTAAGTTGA
F: CGATCCTCTTCAACCCAGATG
R: AGGGCTCCAAGACTTCACACA
F: ACGTCCTTGATGGCAATCG
R: GAGGACCAAAACGAACGAAATT
F: TGTGAGGGCTGCAAAGGTT
R: ACATCCCCATCTTGGAC
F: GCCTCCGACAAGGATTTGGCA
R: GAGTGCAGACACCCAGCAGGT
F: ACCACTTGCTCCACACTGCTT
R: CGTTCCTGAGTCAACCCACAT
F: ACCTGACAGACTACCTCATGAAGA
R: TCATGGATGCCACAGGATTCCATA

Results
Pseudo GF mouse recipients of BA+IBS-D fecal microbiota exhibited BA-related GI
symptoms
Prior to FMT, fecal microbial suspensions were separately prepared from 11 HC
individuals, 11 BA+IBS-D patients, and 12 BA-IBS-D patients. The demographics of
donors were summarized in Table 6.3. BA+IBS-D donors showed higher levels of
serum TG, C4 and fecal primary BA level but decreased serum FGF19 level in
comparison to either HC or BA-IBS-D subjects. Moreover, in vitro BA transforming
activity of human fecal microbiota were also evaluated. By comparison of BA extracts
resulted from UPLC-TQ-MS, elevated generation of LCA and UDCA were detected in
the reaction mixture of BA+IBS-D microbiota supplemented with CDCA, suggesting
increased capability of bacterial 7α-dehydroxylation and 7α-HSDH (Figure 6.1).
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Table 6.3 The demographics of donors for FMT experiments.
HC
BA+IBS-D
(n=11)
(n=11)
Age (y)
37.18±3.46
38.63±3.91

BA-IBS-D
(n=12)
40.25±2.41

BMI

22.13±1.13

21.61±0.72

22.60±1.30

Glucose (mmol/L)

4.49±0.08

4.79±0.13

4.57±0.08

Urea (mmol/L)

4.31±0.29

4.57±0.30

4.09±0.35

Creatinine (µmol/L)

66.18±4.51

69.09±4.63

62.50±3.62

ALP (U/L)

64.18±4.47

71.18±6.98

59.40±4.48

ALT (U/L)

17.91±2.01

21.45±4.80

11.89±1.78

AST (U/L)

23.82±1.11

24.73±1.98

22.20±1.37

TC (mmol/L)

4.85±0.29

4.75±0.28

5.22±0.25

TG (mmol/L)

0.80±0.13

*

1.35±0.34

Serum TBA (ng/mL)

0.29±0.08

1.52±0.33
0.56±0.18

0.34±0.06

***

5.90±0.49

Fecal TBA (µmol/g)

7.15±0.80

13.73±0.92

Serum C4 (ng/mL)

5.46±0.46

18.28±1.82

***

6.07±0.86

1.16±0.41

*

1.18±0.44

**

1.02±0.21

Serum FGF19 (ng/mL)
Fecal primary BA (µmol/g)

1.83±0.58

Fecal secondary BA (µmol/g)

5.32±0.77

Fecal frequency (n/d)

0.91±0.06

Fecal consistency

3.77±0.19

0.4±0.09

8.10±0.89
5.83±0.85

*

2.63±0.43
5.64±0.15

5.83±0.49
*

2.39±0.42
5.70±0.12

Data are shown as mean ± SEM, and statistical significance is expressed by *, p<0.05; **,
p<0.01; ***, p<0.005 compared with the HC group. Abbreviation: BA+IBS-D, IBS-D patients
with BA overexcretion; BA-IBS-D, IBS-D patients with normal BA excretion.
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Figure 6.1 The in vitro activities of microbial transforming actions in stools of IBS-D
patients and HC subjects. Each of microbial deconjugation (A), 7α-dehydroxylation
(B) and 7α-oxidation (C) was evaluated by the ratio of individual BA products to
substrates that were quantified by UPLC/MS. Values of fecal BAs are expressed as
mean ± SEM, statistical significance is defined as *, p<0.05; **, p<0.01; ***, p<0.005
compared with the HC group.

Fecal microbiota of individuals from the same group were completely pooled and then
prepared as PBS suspensions for mice FMT experiment as our previous study(7). The
experimental procedure for FMT in pseudo GF model was portrayed in Figure 6.2. One
week later after FMT, we evaluated the GI motility in all recipient mice. GF mice with
BA+IBS-D microbiota (ABX+BA+) showed reduced gut transit time compared with
HC microbiota recipients (ABX+HC) and BA-IBS-D microbial recipients (ABX+BA-)
(Figure 6.2), suggesting that fecal microbiota from BA+IBS-D donors can accelerate GI
transit in GF model. The proportion of fecal water was significantly elevated in
ABX+BA+ mice relative to other recipient groups. These findings showed enhancement
of GI motor and fecal water contents that are clinically linked with fecal total BA level
in IBS-D patients were both exhibited in mice recipients of BA+IBS-D fecal microbiota.
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Figure 6.2 Pseudo GF mice recipients of BA+IBS-D fecal microbiota exhibited
accelerated GI motility and increased fecal water secretion. (A) The timeline of FMT
experiment. (B) The GI transit time of GF recipients. (C) Fecal water contents of GF
recipients. Values are expressed as mean ± SEM, and significance is defined by *,
p<0.05 compared with the ABX+HC group.
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Changes of bacterial counts in the cecal contents of recipient mice
The levels of total bacterial DNA extracted from 100 mg of cecal contents were similar
among different groups of FMT mice, reflecting no difference in gut microbial richness.
Adjusted by the total bacterial level in individual samples, alteration of bacterial species,
with increased relative levels of Firmicutes, E.coli, E.rectale/ C.coccoides, C.scindens
and R. bromii while decreased relative level of Bacteroides/Prevotella in cecal contents
of ABX+BA+ mice (Figure 6.3). The bacterial results in IBS-D microbiota recipients
were consistent with their donors’ enterotypes, suggesting dominant bacterial species
in IBS-D patients largely reappeared in recipient mice.

Figure 6.3 Alteration of bacterial species in the cecal contents of donors and FMT GF
mice recipients based on qPCR analysis. (A) Relative levels of dominant bacteria in
fecal microbiota of donors. (B) Relative levels of dominant bacteria in fecal microbiota
of mouse recipients. Fold change of each bacteria was obtained from comparison with
of bacterial levels detected from healthy control donors or recipients, significance is
expressed by *, p<0.05 compared with results of healthy control donors or recipients.
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Altered total BA pool and BA profile in GF mice colonized with BA+IBS-D fecal
microbiota
To investigate the effects of fecal microbiota in BA metabolism, we simultaneously
quantified serum C4 and twenty BA species in multiple specimens (serum, liver,
gallbladder, luminal contents of ileum and proximal colon and feces) of individual
recipient mice. Results showed that serum C4 and cumulated levels of total BAs were
remarkably elevated in the enterohepatic system (serum, gallbladder, lumens of small
and large intestines) of ABX+BA+ (Figure 6.4). It suggests that fecal microbiota from
BA+IBS-D donors upregulated total BA pool in GF mice, predominantly in circulation
and the lumens of GI tract.

Figure 6.4 Elevation in concentrations of serum C4 and cumulated total BAs in
biospecimens of FMT GF recipients of BA+IBS-D fecal microbiota. (A, B) Serum C4
and total BA levels in mice recipients. (C) Total BA level in liver, gallbladder, feces and
lumens of small and large intestine in mice recipients. Values are expressed as mean±
SEM, and significance is defined by *, p<0.05 compared with the ABX+HC group.
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Moreover, the profile of individual BA metabolites showed significant alteration in the
liver and GI lumens of mouse recipients of IBS-D fecal microbiota. Compared with HC
and BA-IBS-D microbial recipients, BA+IBS-D microbial recipients exhibited
elevation in primary and secondary BA contents, particularly TβMCA, TCDCA,
THDCA, TUDCA, TDCA and α/βMCA, in the liver tissues (Figure 6.5). In GI lumens
of mouse recipients, taurine-conjugated bile acids (eg. TCA and TβMCA) dominated
in small intestinal lumens while unconjugated BAs, such as CA, βMCA, ωMCA and
DCA, were abundant in the large intestinal lumens (Figure 6.5). Both primary and
secondary BAs, comprising Tα/βMCA, TCA, TCDCA, THDCA and TDCA, were
significantly increased in luminal contents of the small intestines in ABX+BA+ mice
compared with ABX+HC mice (Figure 6.5). In the large lumens, a group of secondary
BAs ωMCA, UDCA, DCA and LCA were increased. Although the primary BA level
was unchanged among recipient mice, intracolonic TCA and CA were reduced in
BA+IBS-D FMT mice. Altered luminal BA composition of FMT mice revealed that
BA+IBS-D microbiota enhance host-gut microbial BA production in the liver and GI
lumens.
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Figure 6.5 Altered BA profile in the liver, small and large intestines of mice receiving
BA+IBS-D fecal microbiota relative to other FMT mice. The luminal contents of small
and large intestines were collected from ileum and proximal colon, respectively.
Significance is expressed by *, p<0.05; **, p<0.01 compared with the ABX+HC group.
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Altered genes related to host BA synthesis in GF mice colonized with BA+IBS-D fecal
microbiota
To further determine whether BA+IBS-D microbiota affects host BA metabolic process,
we tested relative mRNA expression of proteins related to BA synthesis, transport and
reabsorption in recipients’ liver or ileum tissues. Results showed that portal BA
transporters NTCP and OSTβ were consistently altered in the liver of mice receiving
BA+IBS-D and BA-IBS-D microbiota relative to control recipients (Figure 6.6).
However, most of gene changes are unique in mice recipients of BA+IBS-D microbiota
(Figure 6.6). Of them, BA synthases CYP7A1 and CYP8B1 involved in the classical
BA synthetic pathways showed upregulated expression in the liver. Reversely, FXRtargeted genes FGF15 and SHP, responsible for negatively control of hepatic CYP7A1
expression, were significantly decreased in the ileum tissues. These gene results suggest
that BA+IBS-D microbiota possibly attenuate intestinal FXR-mediated BA negative
control signaling and enhance hepatic BA synthetic level.
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Figure 6.6 Altered profiles of genes related to BA synthesis, transport and negative
feedback regulation in the liver and ileum of BA+IBS-D microbiota-colonized mice
relative to other mice recipients. (A, B) Relative mRNA expressions of BA synthetases
and transporters and feedback regulators in the liver. (C) Relative mRNA expressions
of transporters and feedback regulators in the ileum. Values are shown as mean ± SD,
and significance is expressed by *, p<0.05; **, p<0.01 compared with the ABX+HC
group.
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C. scindens-colonized mice displayed BA-related GI symptoms
Metabolomic and metagenomic results from IBS-D patients and models consistently
showed that higher abundances of Clostridium spp. are associated with excessive BA
excretion. Experiments of FMT and antibiotic intervention in GF and SPF mice found
the species C. scindens is strongly associated with host BA synthetic level. Thus, we
hypothesized that such species might be one of pathogenic manipulators for disordered
gut motility and dysregulation of host BA synthesis. To further its possibility, we
colonized C. scindens (ATCC37504) to normal (SPF) and antibiotics-pretreated (ABX)
mice. Prior to the experiment, we confirmed its secondary BA transforming activity in
vitro via assessment of BA substrate consumption and product generation based on
mass spectrometry. Our fecal metagenomic data from human being or rodents identified
hdhA and bai genes in such species, suggesting 7α-HSDH and 7α-dehydroxylating
activities (17). As shown in Figure 6.7, with the extension of reaction time, UDCA and
LCA levels were increasingly generated in C. scindens protein solution supplemented
with 100µM CDCA. But the blank solution without protein extracts showed no
difference in substrates with the time course. The in vitro transforming results proved
its secondary BA producing capability for C. scindens strains.
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Figure 6.7 Bile acid 7α-HSDH and 7α-dehydroxylating activities of the protein extracts
of live strain C. scindens (ATCC 35704) based on an in vitro reaction system under
anaerobic condition. Substrates (left) and products (right) of each BA transforming
actions were adjusted by contents of internal standard. Reaction mixture without protein
extracts were used as control.

To investigate the effects of C. scindens on host BA synthesis regulation and bowel
motor function, we separately colonized such strains (108 CFU daily) in mice with
healthy and weak gut micro-environment (n=5-6/group). The experiment timeline was
shown in Figure 6.8. After 7 days of strain administration, BA-related bowel
phenotypes (including GI transit time and fecal water contents) were measured in mice
with and without colonization. There is no significant changes in the GI motility
between SPF groups, but SPF colonized mice showed slightly shortened gut transit
(Figure 6.8). In mice subjected to ABX pretreatment, the increased accumulation of
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fecal pellets output within 60 mins and shortened gut transit time were notably observed
in C. scinden-colonized group (Figure 6.8).

Figure 6.8 The stimulatory effects of C. scindens on the GI motor function in mice with
healthy or weak microecosystem. (A) The timeline of colonization experiments. (B)
Stool frequency within 60 mins of mice with and without colonization. (C) The gut
transit time of mice with and without colonization. Multiple comparisons in stool pellets
and transit time between each two groups were performed using Kruskal-Wallis tests,
and significance is expressed by **, p<0.01 compared the SPF+PBS group; ###,
p<0.005 compared with the ABX+PBS group.
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Altered gut bacterial profile in cecal contents of C. scindens-colonized mice
Previous study reported bigger cecal mass in GF mice(8). Similarly, the ABX-induced
GF mice showed larger cecal mass than the SPF mice no matter whether the bacterial
strains were colonized (Figure 6.9). Interestingly, we found that colonization of C.
scindens significantly enlarged the cecal mass in both SPF and ABX mice after
comparison with individual vehicle groups (Figure 6.9). The alteration of cecal
morphology suggest effects of C. scindens on gut microflora.

Figure 6.9 The effects of C. scindens on cecal morphology in SPF and ABX mice. (A)
The cecal size of mice colonized with C. scindens or treated with PBS. (B) The cecal
mass of mice colonized with C. scindens or treated with PBS. Multiple comparisons
between each two groups were performed using Kruskal-Wallis tests, and significance
is expressed by *, p<0.05 compared the SPF+PBS group; ###, p<0.005 compared with
the ABX+PBS group.
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As described in previous studies (18, 19), broad-spectrum of antibiotic cocktail induced
dramatical reduction in microbial diversity in the gut of rodents, but it did not result in
complete elimination of gut microbiota, and the microorganic community was able to
be partially recovered very soon after the treatment was stopped. However, C. scindenscolonized mice, particularly with ABX pretreatment, showed reduced bacterial total
DNA concentrations and DNA integrity in cecal contents (Figure 6.10), suggesting
inhibitory effects of C. scindens on gut microbial richness in SPF mice and microbial
community recovery in ABX-treated mice, respectively. Moreover, by real-time PCR
method with specific primers, we analyzed cecal bacteria in mice with and without
colonization. Adjusted by expression of bacterial 16s rRNA, relative levels of
Firmicute, Clostridium cluster XIVa, E.coli and C. scindens were increased in the
colonized mice relative to their control groups. In the ABX mice, exogenous strains of
C. scindens showed obvious inhibitory effects against Bacteroidetes and
Bacteroides/Prevotella, but promoted subsistence of the E.rectale/C. coccoides
subgroups (Figure 6.10). Collectively, an excess of C. scindens species manipulates gut
microbial diversity and structure.
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Figure 6.10 Altered density and abundant species of cecal flora in SPF and ABX mice
with colonization of C. scindens. (A) Total microbial DNA concentrations of cecal
contents of mice. (B) The DNA integrity of cecal microbiota in mice. (C) Relative levels
of dominant bacterial groups in cecal contents of mice tested by qPCR analysis.
Significance is expressed by *, p<0.05; **, p<0.01 compared with the SPF+PBS group;
#
, p<0.05, ##, p<0.01 compared with the ABX+PBS group.
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Changed BA profile in the liver and GI lumens of C. scindens colonized mice
To investigate the effect of C. scindens on total BA pool and BA composition in the
enterohepatic system, we analyzed C4 and BA metabolites in serum, liver, gallbladder,
GI lumens and feces of mice. Serum C4 level of the colonized mice was consistently
higher than that of the PBS-treated mice under either healthy or weak ecosystem in the
gut. Of them, it showed statistical significance between both ABX groups (Figure 6.11).
In specimens of the enterohepatic system, cumulated levels of BA metabolites were
found significantly elevated in the small intestinal lumen of colonized mice relative to
controls, despite a higher total BA level detected in the ABX mice than the SPF mice
(Figure 6.11). However, the total BAs in large intestinal lumen were elevated in the
SPF colonized mice only.

Figure 6.11 Altered levels of serum C4 and peripheral BA pool in SPF and ABX mice
with colonization of C. scindens. (A) serum C4 level in colonized mice. (B) The total
BA level in serum, liver, gallbladder, feces and small and large intestinal lumens of
colonized mice. Significance is expressed by *, p<0.05 compared with the SPF+PBS
group; #, p<0.05 compared with the ABX+PBS group.
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A total of 14 dominant BA metabolites were simultaneously quantified in the liver
tissues, small and large intestinal lumens of experimental mice. As shown in Figure
6.12, levels of primary BAs, particularly TβMCA, were significantly increased in the
liver of C. scindens-colonized SPF and ABX mice. In addition, taurine-conjugated
secondary BAs, including TUDCA and TDCA, showed elevation in the liver of C.
scindens-colonized ABX mice only compared with PBS-treated ABX mice. The
hepatic BA profile suggest higher level of BA synthesis in C. scindens-colonized mice,
especially those with ABX pretreatment.

Moreover, taurine-conjugated primary BAs, comprising TβMCA and TCA, were
dramatically elevated in the ileal lumens of colonized SPF and ABX mice relative to
individual controls (Figure 6.12), indicating that C. scindens promote formation of
taurine-conjugated primary BAs in mouse small intestinal lumen. Unconjugated
primary BAs, such as CA and βMCA, showed diverse alteration in the ileal lumens
between SPF and ABX colonized mice, suggesting variation in luminal bacterial BA
transformation. It was more forcefully explained by the luminal BA composition in the
colonic lumens. Compared with vehicle mice treated with PBS, C. scindens
significantly upregulated contents of secondary BAs, especially for ωMCA, UDCA and
DCA, in the colonic lumens of SPF mice (Figure 6.12). In contrast, C. scindens notably
attenuated secondary BAs but elevated conjugated BAs in ABX-pretreated mice
(Figure 6.12). Such luminal BA profile illustrates that introduction of C. scindens
enhanced secondary BA generation in the colonic lumen which originally inhabited by
microflora, but severely limits secondary BA converting level under the absence of
original microbial inhabitants in the GI tract.
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Figure 6.12 Changed BA profile in the liver, ileal and colonic lumens of SPF and ABX
mice with C. scindens colonization. Significance is expressed by *, p<0.05; **, p<0.01
compared with the SPF+PBS group, #, p<0.05; ##, p<0.01 compared with the ABX+PBS
group.
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Altered expression of genes and proteins related to host BA synthesis in C. scindenscolonized mice
In comparison with the vehicle SPF mice, the C. scindens-colonized SPF mice
exhibited increased mRNA expression of hepatic CYP7A1, but slight reduction in the
mRNA expressions of hepatic SHP and ileal FGF15 without significant difference
(Figure 6.13). But C. scindens showed no effect on expression of ileal BA transporter
ASBT in SPF mice. Moreover, elevated expression of hepatic CYP7A1 and
downregulated expression of ileal FGF15 were also shown in C. scindens-colonized
SPF mice at protein level (Figure 6.13).

Compared with SPF mice, remarkable suppression in mRNA expressions of CYP7A1
and CYP8B1 while raised expression of CYP27A1 in the liver of the ABX-pretreated
mice indicate that administration of antibiotic cocktail can disrupt classic BA synthetic
pathway but enhance the alternative synthetic pathway that is in line with a previous
research from the United States(20). Furthermore, regardless of the impact of
antibiotics, C. scindens upregulated hepatic mRNA expressions of CYP7A1 and
CYP8B1 in ABX mice. In contrast, mRNA expressions of CYP27A1 and SHP in the
liver and mRNA expression of FGF15 in the ileum were reduced by such single strain
colonization (Figure 6.13). Of them, upregulated expression of hepatic CYP7A1 and
downregulated expression of ileal FGF15 were also confirmed in C. scindens-colonized
ABX mice at protein level (Figure 6.13). Such changes in BA synthetic genes and
proteins in C. scindens-colonized mice, together with elevated serum C4 and contents
of BA production in the liver and GI lumens, suggest stimulatory effects of C. scindens
on host BA synthetic level in vivo. Moreover, no difference in ileal ASBT was observed
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between mice with and without colonization, suggesting the effects of C. scindens on
the synthetic control irrelevant to ileal BA transport level.

Figure 6.13 Altered relative expressions of proteins related to BA synthetic regulation
in the liver and ileum tissues of SPF and ABX mice with colonization of C. scindens.
(A) Relative mRNA expression of proteins related to BA synthesis in the liver tissues.
(B) Relative mRNA expression of BA transporter and feedback regulator in the ileal
tissues. (C) Protein expression of BA synthetase CYP7A1 in the liver and FGF15 in the
ileum. Multiple comparisons of genes between both groups were performed using
Kruskal-Wallis tests, and significance is expressed by *, p<0.05; **, p<0.01; ***,
p<0.005 compared with the SPF+PBS group; #, p<0.05; ##, p<0.01 compared with the
ABX+PBS group.
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Discussion
Although fecal microbiota of IBS patients has been proved to induce GI motor
dysfunctions in recipient rodents from several recent studies(21, 22), the knowledge of
intestinal bacteria and how they interact with the host is very limited. Introduction of
BA+IBS-D fecal microbiota or Clostridium spp. effectively accelerates defecation
frequency and shortens GI transit time in mouse recipients, which always displayed an
excess of total BA level in GI tract. The results illustrate substantial contribution of BAproducing bacteria in modulation of the GI motility, and underlying mechanism is
related to disturbed BA metabolism.

Targeted BA analysis consistently found increased serum C4 and higher levels of total
and individual BAs in the liver and GI lumens of the mice recipients receiving BA+IBSD fecal microbiota and C. scindens. In line with the metabolic results, increased
expression of hepatic CYP7A1 and reduced expressions of hepatic SHP and ileal
FGF15 were also presented in FMT and colonized mice relative to individual vehicles.
Combination of metabolic and gene evidences in mice recipients indicate that BAmetabolizing bacteria, particularly C. scindens, can promote hepatic BA synthesis.

Despite the role of C. scindens in maintenance of the whole gut microbial structure is
unclear, we found that the relative levels of E.coli and Clostridium cluster XIVa were
increased in the C. scindens-colonized mice. Similarly, a recent publication also
reported that C. scindens significantly enhanced abundances of Enterobacteriales and
Clostridiales whereas reduced Lactobacillales abundance in vancomycin-pretreated
mice (23). Meanwhile, we also found that C. scindens colonization remarkably
inhibited gut microbial density in mouse cecal contents. As a consequence of the
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decreased flora, the level of BA deconjugation is probably attenuated in the GI tract.
The specific BA pattern in the GI lumens of ABX-pretreated mice, with increased levels
of taurine-conjugated BAs and reduced levels of secondary BA, also support such
opinion. Excessive contents of conjugated BAs, previously proved to naturally
antagonize FXR(3, 24), may attenuate intestinal BA negative feedback signaling. It
might be one potential mechanism for C. scindens to enhance host BA synthetic level.

On the other hand, C. scindens also plays very important role in modulation of sex
hormones. Ridlon, et al. revealed that such species expressed cortisol-inducible operon
(desABCD) that was capable of androgens generation from glucocorticoids by sidechain cleavage controlled by 20α-hydroxysteroid dehydrogenase(25, 26), which
suggests gut flora modified by C. scindens may also lead to disturbance of other
molecules beyond BA metabolites in the GI lumen. Some molecules, with non-steroid
structures, such as polyunsaturated long-chain fatty acids, can also effectively
antagonize FXR(27). Hence, apart from natural BA antagonists, metabolic substances
derived from C. scindens-modified microbiota may also regulate FXR-mediated
signaling. Mechanism of C. scindens-driven BA oversynthesis will be explored in our
future work.

Conclusion
Through colonization of BA+IBS-D fecal microbiota and C. scindens to mice, we
disclosed contribution of BA-metabolizing bacteria in acceleration of GI motility and
enhancement of BA synthesis. Moreover, the underlying mechanism of C. scindensdriven BA oversynthesis is probably mediated by intestinal FXR-mediated signaling.
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This study suggests the importance of BA-metabolizing bacteria in the maintenance of
host BA metabolism and gut function under both physiological and pathological
situations.
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FUTURE WORK
Cumulated findings from studies in the previous chapters reveal that BA-producing
microbiota, particularly Clostridium spp., contribute to accelerated GI motility and
enhanced BA synthesis in IBS-D patients and animals. The gene profile related to the
enterohepatic system indicated that bacteria-driven BA oversynthesis is involved in
intestinal FXR-mediated signaling pathways. The results of cecal microbiota and BArelated metabolites and genes from mice with single strain colonization suggest that C.
scindens might suppress FXR activity by modulating endogenous metabolites derived
from host or/and gut flora. It offers possible investigative directions targeting on
bacteria-bacteria interaction and host-bacteria interaction

Investigation of bacteria-driven molecular mechanism based on bacteria-bacteria
interaction
In this part of study, the major objective is to investigate the effects of Clostridium spp.
on the whole gut microbial community and BA-transforming bacteria species in vitro.
Initially, we intend to individually co-culture gut microbial extracts from small and
large intestinal lumens of mice with the species C. scindens. To determine its effect on
subsistence of the whole gut microbiota and BA-transforming taxa, we will analyze
dominant bacterial groups and BA-transforming genes in total DNA extracts of
individual co-cultural materials by qPCR analysis. After that, we will further verify the
interacting effect of C. scindens with specific species (strains) that significantly altered
detected in the mixed microbial co-culture experiments.
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Experimental protocols
Strains and culture medium
The strain C. scindens will be amplified using the same culture medium BHI as our
pervious works. Other BA-transforming species (strains) with significant changed
counts detected in co-cultural materials will be separately purchased later. A
nonselective Gut Microbiota Medium (GMM) will be prepared for culturing gut
microbial extracts as previously described.(1),.

Co-culturing gut microbiota extracted from different segments of mouse GI tract with
C. scindens
As described previously by Goodman et al.(1), luminal contents from mouse ileum,
cecum and colon will be collected in PBS with 0.1% cysteine (1.5 mL/100mg), and
then suspended with 5 min-vortex. After insoluble particles settled to the tube bottom
by a slight centrifugation, gut microbiota will be collected from the supernatants. A prereduced and nonselective fluid GMM will be used for culturing extracted microbiota at
37 °C under an atmosphere of 75% N2, 20% CO2, and 5% H2 in anaerobic chamber.
Further, to investigate the effects of C. scindens on the whole gut microbiota and BAtransforming bacteria, we proposed to separately co-culture gut microbial extracts with
three different concentrations of C. scindens for 8,12 and 24 hours. Based on qPCR
results of bacterial profile, we will individually co-culture C. scindens with specific
species, with significant changes in total counts or BA-transforming genes detected in
gut microbial cultural materials to further clarify underlying bacteria-bacteria
interaction
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qPCR analysis of bacterial profile and BA-transforming genes
Bacterial DNA will be isolated from individual co-culture mixtures through phenol
chloroform-isoamyl alcohol extraction method. After washing and drying, DNA pellets
will be resuspended with 0.2 mL of Tris-EDTA containing 4 μg RNAseA, and columnpurified using the Rapid PCR Purification Kit. Based on genus-specific primers, the
profile of dominant bacterial groups will be quantified by qPCR. Moreover, BAtransforming genes (bsh, hdhA and bais) previously reported to express in changed
genera will be designed for indirectly elevating BA transforming capability of cocultured microbiota.

Investigation of bacteria-driven molecular mechanism based on bacteria-host
interaction
In this part, investigative objective is to systematically identify metabolic substances
derived from Clostridium spp. and Clostridium-modified gut flora, and to clarify effects
of these natural molecules on intestinal FXR activity in vitro and in vivo. Firstly, the
medium of co-culture of gut microbiota and C. scindens were collected for untargeted
metabolomic profiling by UPLC-qTOF-MS analysis, and testing their effects on
epithelial FXR expression in vitro. Moreover, we will also individually testify whether
endogenous molecules with significant difference identified from culture medium can
affect epithelial FXR expression. If no difference in the protein expression, we will
investigate the potency of each identified metabolites on FXR activation, subsequently.
Finally, on the basis of in vitro studies, we will verify the effects of identified
metabolites on FXR expression and FXR-mediated signaling pathway in vivo.
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Experimental protocols
Metabolite extraction and metabolomic profiling of co-cultural medium
Each co-cultural medium of C. scindens and gut microbiota that are extracted from
different intestinal lumens will be collected by 5-min centrifugation. To extendedly
extract microbial metabolomes, we would like to use different extracting solvents
(including methanol, chloroform, 1-pentanol, and γ-caprolactone) for metabolite
extraction, allowing to obtain diverse chemical structures(2-4). Furthermore, multiple
analytical platform based on mass spectrometry will be applied for hydrophilic and
lipophilic metabolome profiling. By comparing among different co-cultural mixtures,
those changed molecules in response to C. scindens will be precisely identified.

The effects of culture media and individual identified molecules on FXR expression in
vitro based on cell models
To test the potency of co-cultural medium or individual bacterial substances on
intestinal FXR, we will initially determine their effects on expressions of FXR, and
FXR-target genes in the model of human intestinal Caco‐2 cell. The Caco‐2 cells (clone
C2BBe1) will be purchased from American Type Culture Collection (ATCC, Manassas,
VA). The growth condition of cells will be referred to a previous study(5). Cell models
will be treated with microbiota co-cultural media as well as each identified metabolic
substance. At the end of treatment, cellular mRNA will be extracted for analyzing
expression of FXR, FGF15 and SHP. Each treatment will be performed in triplicate
wells.
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The potency of each identified metabolite on FXR Signaling based on qHTS assay
According to a published method(6), suspended FXR-bla cells will be used for
screening compounds with BA-induced transactivation of FXR. Briefly, the mixtures
of cell and compound(s) with 1 mL of CDCA will be prepared as 50mM of final agonist
concentration. Under 16-hour incubation, 1 mL of CCF4-AM substrate reagents will be
supplemented to each well using a Bioraptr Flying Reagent Dispenser workstation.
Samples will be excited at 405 nm, read at 460 nm and 530 nm.

The effects of individual identified molecule on FXR expression and activity in vivo
To further clarify antagonistic effects of endogenous metabolites derived from gut
microbiota in vivo, we will separately treat C57 mice with individual chemicals in
physiological concentration. The expressions of FXR-mediated proteins (SHP, FGF15,
CYP7A1) in the BA enterohepatic system will be analyzed in these-treated mice. In
addition, other circulating biochemical indices regulated by FXR, such as insulin,
glucose, triglycerides and fatty acids, will be measured in mice at the same time.
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