Chen et al. Journal of Translational Medicine (2025) 23:55 J ourna | Of
https://doi.org/10.1186/512967-024-05873-6 X .
Translational Medicine

. ®
Gut bacteria Prevotellaceae related et
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Abstract

Background The conversion of primary bile acids to secondary bile acids by the gut microbiota has been implicated
in colonic inflammation. This study investigated the role of gut microbiota related bile acid metabolism in colonic
inflammation in both patients with inflammatory bowel disease (IBD) and a murine model of dextran sulfate sodium
(DSS)-induced colitis.

Methods Bile acids in fecal samples from patients with IBD and DSS-induced colitis mice, with and without antibi-
otic treatment, were analyzed using ultraperformance liquid chromatography-mass spectrometry (UPLC-MS). The
composition of the microbiota in fecal samples from IBD patients and DSS-colitis mice was characterized via lllumina
MiSeq sequencing of the bacterial 165 rRNA gene V3-V4 region. Metagenomic profiling further identified metab-
olism-related gene signatures in stool samples from DSS-colitis mice. Histological analysis, quantitative PCR (qPCR)
and Western Blotting were conducted on colonic samples from DSS-induced colitis mice to assess colonic inflam-
mation, mucosal barrier integrity, and associated signaling pathways. The multivariate analysis of bile acids was con-
ducted using Soft Independent Modelling of Class Analogy (SIMCA, Umetrics, Sweden). The relation between the rela-
tive abundance of specific phyla/genera and bile acid concentration was assess through Spearman’s correlation
analyses. Finally, lithocholic acid (LCA), the key bile acid, was administered via gavage to evaluate its effect on colonic
inflammation and mucosal barrier integrity.

Results In patients with IBD, the composition of colonic bile acids and gut microbiota was altered. Moreover,
changes in the gut microbiota further modulate the composition of bile acids in the intestine. As the gut micro-

biota continues to shift, the bile acid profile undergoes additional alterations. The aforementioned alterations were
also observed in mice with DSS-induced colitis. The study revealed a correlation between dysbiosis of the gut
microbiota and modifications in the profile of colonic bile acids, notably LCA observed in both patients with IBD

and mice with DSS-induced colitis. Through multivariate analysis, LCA was identified as the key bile acid that signifi-
cantly affects colonic inflammation and the integrity of mucosal barrier. Subsequent experiments confirmed that LCA
supplementation effectively mitigated the inhibitory effects of gut microbiota on colitis progression in mice, primarily
through the activation of the sphingosine-1-phosphate receptor 2 (S1PR2)/NF-kB p65 signaling pathway. Analysis

of the microbiome and metagenomic data revealed changes in the gut microbiota, notably an increased abundance
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of an unclassified genus within the family Prevotellaceae in DSS-induced colitis mice. Furthermore, a positive correla-
tion was observed between the relative abundance of Prevotellaceae and bile acid biosynthesis pathways, as well

as colonic LCA level.

Conclusions These findings suggest that LCA and its positively correlated gut bacteria, Prevotellaceae, are closely
associated with intestinal inflammation. Targeting colonic inflammation may involve inhibiting LCA and members
of the Prevotellaceae family as potential therapeutic strategies.

Keywords IBD, Colonic bacteria, Bile acid, Lithocholic acid, Prevotellaceae

Background

Inflammatory bowel disease (IBD), including Crohn’s dis-
ease (CD) and ulcerative colitis (UC), is a multifactorial
and debilitating disorder [1]. Numerous studies indicate
that colonic bacteria play an important role in the forma-
tion of colonic inflammation during the colitis develop-
ment [2]. Notably, areas of the intestine with the greatest
bacterial biomass exhibit more pronounced inflamma-
tion [3]. Experimental studies have demonstrated that
germ-free mice subjected to dextran sulfate sodium
(DSS)-induced colitis experience a milder form of the
disease compared to normal control mice [4, 5]. Further-
more, the severity of experimental colitis in mice was
ameliorated through the manipulation of gut microbiota
via broad-spectrum antibiotic treatment [6, 7]. Therefore,
understanding the impact of gut microbiota on colonic
inflammation is crucial for developing effective interven-
tions to mitigate colitis.

Research has demonstrated gut microbiota-related
metabolites are closely linked to colonic inflammation
[8]. The regulatory functions of gut microbiota rely on the
abundant microbial-related metabolites, such as short-
chain fatty acids, lipopolysaccharides and bile acids [9].
Among them, the increasing revelation of the significant
role of bile acids in the pathogenesis and progression of
colitis is noteworthy [10]. Moreover, notable disparities
in colonic microbial-related metabolites between IBD
patients and healthy individuals, with a significant alter-
ation in bile acid level observed in the stool of patients
with CD and UC patients [10-12].

Bile acid metabolism can be modulated by gut micro-
biota. Primary bile acids are biosynthesized from cho-
lesterol in the liver, which are subsequently transported
to the intestine where specific gut bacteria convert them
into secondary bile acids [13]. Abnormal bile acid metab-
olism has been observed in IBD patients, and the inter-
play between gut microbiota and bile acids is known to
be significant in the development and progression of IBD
[12, 14, 15].

Several studies have elucidated the impact of gut
microbiota on bile acid metabolism in colitis. Addition-
ally, the regulation of bile acid metabolism by gut micro-
biota has been found to influence colonic inflammation.

The deficiency of secondary bile acid induced by dys-
biosis has been shown to exacerbate colonic inflamma-
tion [14]. Furthermore, gut microbiota-related bile acid
metabolism could influence colitis and the response to
anti-alphadbeta7-integrin therapy in colitis mice [16,
17]. Certain compounds, including 5-aminosalicylic acid,
Herba Origani and dihydromyricetin, have demonstrated
the ability to alleviate DSS-colitis mice through reshaping
gut microbiota and regulating bile acid metabolisms [18—
20]. The biosynthesis of secondary bile acids required
the involvement of bile salt hydrolase enzymes derived
from Bifidobacteriales, Lactobacillales, Bacteroidales and
Clostridiales [21]. Furthermore, the supplementation of
these gut bacteria has been shown to ameliorate colitis
by modulating the metabolism of bile acid [22]. Thus,
protective bacteria hold potential for improving colitis
through regulating bile acid metabolism.

However, there is limited knowledge regarding the spe-
cific bacteria that promote the development of colitis by
modulating bile acid metabolism. Exploring the influ-
ence of colonic bacteria on bile acid metabolism in the
inflamed intestine may provide insights into the patho-
genesis of IBD and identify potential therapeutic tar-
gets. This study aimed to investigate the impact of gut
microbiota on the composition of colonic bile acid, and
determine whether the modification of bile acid pool by
dominant bacteria would affect the severity of colonic
inflammation in IBD patients and DSS-colitis mice.

Methods

Participants

IBD patients and normal individuals were recruited from
participants at Tongji Hospital, Huazhong University of
Science and Technology, Wuhan, China for this study.
They were divided into five groups, i.e. normal control
(NC) group, Crohn’s disease without antibiotics admin-
istration (CD) group, Crohn’s disease with antibiotics
administration (CD-A) group, ulcerative colitis without
antibiotics administration (UC) group, and ulcerative
colitis with antibiotics administration (UC-A) group,
as showed in Table 1. IBD clinical classification was
assessed according to the Montreal classification sys-
tem. IBD clinical activity was evaluated by total Mayo
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Table 1 Demographics and clinical features of IBD patients
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Variables cD CD-A

uc UC-A NC P

Gender, n
Male 11 10
Female 1 2
Age,y 37411 35+13
Total Mayo scores
CDAI 203+96 227+86
SES-CD 46+15 55+14
Montreal classification, n (%)
UC extent

E1 Proctitis

E2 Left-sided colitis

E3 Extensive colitis
Age at diagnosis (A)

A1 16 years or younger 1 1

A2 17-40 years 8 10

A3 Over 40 years 3 1
Location (L)

L1 Terminal ileum

L2 Colon

L3 lleocolon

L4 Upper Gl
Behaviour (B)

B1 Nonstricturing, nonpenetrating

o o — un
o w NN

N N W

4
B2 Stricturing 8
B3 Penetrating 0

5

P Perianal disease modifier 4

0.053
10 9 10
47+14 49+16 41+17 0.058
9.1+£19 10.1+23 0.181
0.527
0.134

0.830

0.543

0435

0.514

CD Crohn’s disease without antibiotics administration group, CD-A Crohn's disease with antibiotics administration group, UC ulcerative colitis without antibiotics
administration group, UC-A ulcerative colitis with antibiotics administration group, NC normal control group, CDAI Crohn's disease activity index, SES-CD simple

endoscopic score for Crohn’s disease

scores for UC patients, and Crohn’s disease activity index
(CDAI) and simple endoscopic score for Crohn’s disease
(SES-CD) for CD patients [23, 24]. Fecal samples were
collected for bacteria and targeted metabolomics of bile
acids analysis. IBD diagnosis was established on the basis
of conventional clinical, radiological, endoscopic and
histological findings according to European Crohn’s and
Colitis Organisation guidelines [25]. Written informed
consents were obtained from participants. The study
was conducted following the Declaration of Helsinki and
approved by the Ethical Committee of Tongji Hospital
(TJ-C20161201).

Animals and experimental procedures

6-week-old C57BL/6 female mice were obtained from the
Tongji Laboratory Animal CO. LTD (Tongji Laboratory
Animal Center, Tongji hospital) and adapted to environ-
mental conditions for one week before experiments. All
the animal experiments were approved by the Animal
Care and Use Committee of Tongji Hospital, Huazhong

University of Science and Technology (TJ-A20161212).
Acute colitis was induced by treating the animals with
3% w/v DSS (36-50 kDa, MP Biomedicals, Solon, OH,
USA), given in the drinking water, for 7 days. Simultane-
ously, different kinds of antibiotics were administrated
in three different groups, respectively, i.e. ceftriaxone
sodium (CRO, 100 mg/kg, Roche, given by gavage) as
mostly anti-Gram-negative bacteria [26], vancomycin
(VA, 100 mg/kg, Hisun, given by gavage) as mostly anti-
Gram-positive bacteria [27], and VA +imipenem (IPM,
100 mg/kg, Merck, given by intraperitoneal injection)
as broad-spectrum antibiotics, as described in previous
studies [28]. To study the effect of LCA, LCA (250 mg/kg,
376.57 Da, Yuanye Biotechnology Ltd., Shanghai, China)
were given by gavage when DSS or DSS+VA+IPM
administrated simultaneously. On the 8th day, the mice
were sacrificed via intraperitoneal injection of a lethal
dose of sodium pentobarbital. Then the full colons and
fecal material were collected and stored in a freezer at
— 80 °C. The remains were collected in plastic biohazard
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bags and subsequently stored in the designated animal
carcass freezer for standardized disposal by specialized
waste management personnel.

DAl and histological analysis

Mice were weighed and assessed for diarrhea and rec-
tal bleeding daily. The disease activity index (DAI) was
scored according to the criteria previously described by
Sann et al. [29]. Colonic samples after formalin-fixed and
paraffin-embedded were sectioned and hematoxylin and
eosin-stained in standard procedures. The sections were
graded blindly by three pathologists. The colitis was his-
tologically graded on a scale as used in previous study
[30].

Isolation of RNA and qPCR

Total RNA was isolated from colon tissues and cells using
TRIzol reagent according to the manufacturer’s proto-
col (Invitrogen, Carlsbad, CA, USA). One microgram of
RNA was used for cDNA synthesis with the PrimeScript
RT reagent Kit (TaKaRa, Dalian, China) for quantitative
PCR on an ABI StepOne Real-Time PCR System (Applied
Biosystems, Carlsbad, CA, USA) in the presence of the
fluorescent dye SYBR Mix (GeneCopoeia, Rockville,
MD, USA). The procedures were performed following a
three-step method for programming the PCR reaction:
95 °C initial denaturation for 10 min; 95 °C denaturation
for 10 s, 60 °C annealing for 20 s, 72 °C extension for 15 s
for 40 cycles; and melting curve analysis. The value of
2-AACt was used to determine fold differences between
samples with normalization to GAPDH expression. The
primers used were designed according to NCBI Primer-
BLAST, and the primer sequences are presented in Sup-
plementary Table 1.

Western Blot

The proteins were extracted from colon tissue using the
Protein Extraction Kit according to the manufacturer’s
protocol (Beyotime, Haimen, China). The protein con-
centration was determined with a BCA Protein Assay
Kit (Beyotime, Haimen, China). For performing Western
Blot, 30 ug proteins were separated on a 12% SDS-PAGE
gel. The blotted membranes were blocked with 5% non-
fat dried milk in TBST for 1 h at room temperature and
then incubated at 4°C with each primary antibody over-
night. Anti-p-Actin (1:1000), ZO-1 (1:1000), Occludin
(1:1000) and NF-kB p65 (1:1000) were purchased from
Abcam, USA. The membranes were washed and incu-
bated with HRP-labelled goat anti-mouse IgG (1:10,000)
or HRP-labelled goat anti-rabbit IgG (1:10,000) for 1 h.
The immunoreactive bands were visualized by enhanced
chemiluminescence using a Beyo ECL Plus Kit (Beyo-
time, Haimen, China). Western blot bands were scanned
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and analyzed using the Image] analysis software package
(NIH).

Targeted metabolomics of bile acids

Bile acids in feces from participants and mice were ana-
lyzed by ultraperformance liquid chromatography-mass
spectrometry (UPLC-MS) as previously reported [31].
Briefly, bile acids were extracted with 70% ethanol at
55 °C for 4 h and then subjected to solid-phase extraction
using solid-phase extraction technique [UCT-Clean-Up
C18 (Chromatographic Specialties Inc., Brockville, ON,
Canada); Oasis-HLB and Oasis-MAX cartridges (Waters
Corporation, Milford, MA)]. The resultant residue was
redissolved in 100 mL of methanol and centrifuged at
18,000 rpm for 10 min. Chromatography was performed
on a Shimadzu HPLC system (Kyoto, Japan) coupled to
an AB SCIEX 4000 mass spectrometer (Applied Bio-
systems, MDS; SCIEX, Framingham, MA). A Waters
Atlantis T3 column (2.1 X100 mm, 3 mm) protected by
a Security Guard (Phenomenex Inc., Torrance, CA) was
used for chromatographic separation. The mobile phase
consisted of 0.1% formic acid in water and methanol.
d4-CA was used as internal standards. Fourteen bile
acids were detected including cholic acid (CA), cheno-
deoxycholic acid (CDCA), taurocholic acid (TCA), tau-
rochenodeoxycholic acid (TCDCA), beta-muricholic
acid (BMCA), tauro-alpha-muricholic acid (TaMCA),
tauro-beta-muricholic acid (TPMCA), deoxycholic acid
(DCA), lithocholic acid (LCA), ursodeoxycholic acid
(UDCA), taurodeoxycholic acid (TDCA), taurolitho-
cholic acid (TLCA), ursocholic acid (UCA), hyode-
oxycholic acid (HDCA) in the fecal samples of patients.
Fourteen bile acids were detected including CA, CDCA,
TCA, TCDCA, alpha-muricholic acid (aMCA), PMCA,
TaMCA, TPMCA, DCA, LCA, UDCA, TDCA, TLCA,
tauroursodeoxycholic acid (TUDCA) in the mouse fecal
samples.

16S rRNA sequencing and bacteria analysis

Amplicons were extracted from 2% agarose gels, puri-
fied via the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, USA), and quantified by
QuantiFluor™-ST (Promega BioSciences LLC, Sunnyvale,
CA, USA) according to the manufacturer’s protocols.
Then, purified amplicons were pooled and paired-end
sequenced (2% 300) on an Illumina MiSeq platform (Illu-
mina Inc., San Diego, CA, USA) according to the stand-
ard instructions. All raw reads were screened according
to barcode and primer sequences, through Quantita-
tive Insights Into Microbial Ecology (QIIME, version
1.17), with the following criteria: (1) The 300 bp reads
were truncated at any site receiving an average quality
score <20 over a 10 bp sliding window; (2) the truncated
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reads which were shorter than 50 bp were abandoned;
(3) Sequences that overlap <10 bp, or>2 nucleotide mis-
match in primer matching, or reads containing ambigu-
ous characters were removed. Operational taxonomic
units (OTUs) were clustered with the cut-off value of 97%
similarity using UPARSE (version 7.1, http://drive5.com/
uparse/), and UCHIME was used to identify and remove
chimeric sequences. RDP Classifier (http://rdp.cme.msu.
edu/) was used to analyze the phylogenetic affiliation of
the 16S rRNA gene sequence, against the Silva (version
138.1) 16S rRNA database with a confidence threshold of
70%.

Metagenomic sequencing

Total genomic DNA was extracted from mice fecal sam-
ples via the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek,
Norcross, GA, U.S.) according to the standard instruc-
tions. DNA extract was fragmented to an average size
of about 400 bp using Covaris M220 (Gene Company
Limited, China) for paired-end library construction.
Paired-end library was built by NEXTFLEX Rapid
DNA-Seq (Bio Scientific, Austin, TX, USA). Adapt-
ers which contained the full complement of sequencing
primer hybridization sites were ligated to the blunt-end
of fragments. Paired-end sequencing was executed on
[lumina NovaSeq/HiSeq X ten (Illumina Inc., San Diego,
CA, USA) at Majorbio Bio-Pharm Technology Co., Ltd.
(Shanghai, China) using NovaSeq Reagent Kits/HiSeq X
Reagent Kits according to the standard protocols (www.
illumina.com). Finally, 47.7 Gb of high-quality PE reads
for the 15 samples were acquired with an average of
3.2 Gb per sample. Sequence data have been deposited
in the NCBI Short Read Archive database, https://www.
ncbi.nlm.nih.gov/bioproject/1161371. Open reading
frames (ORFs) in contigs were confirmed by MetaGene
(http://metagene.cb.k.u-tokyo.ac.jp/). The predicted
ORFs with length>100 bp were retrieved and trans-
lated into amino acid sequences via the NCBI translation
table (http://www.ncbi.nlm.nih.gov/Taxonomy/taxon
omyhome.html/index.cgi?chapter=tgencodes#SG1). A
non-redundant gene catalog was established by CD-HIT
(http://www.bioinformatics.org/cd-hit/, version 4.6.1)
with 90% coverage and 90% sequence identity. Qualitied
reads were mapped to the non-redundant gene cata-
log with 95% identity using SOAPaligner (http://soap.
genomics.org.cn/, version 2.21), and gene abundance in
each sample were assessed. Representative sequences
of non-redundant gene catalog were annotated based
on the NCBI NR database by blastp as implemented in
Diamond (http://www.diamondsearch.org/index.php,
version 0.8.35) with e-value cutoff of le™ for taxonomic
annotations. Cluster of orthologous groups of proteins
(COG) annotation for the representative sequences
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were implemented by Diamond against eggNOG data-
base (version 4.5.1) with an e-value cutoff of le™>. The
KEGG annotation was performed via Diamond against
the Kyoto Encyclopedia of Genes and Genomes data-
base (http://www.genome.jp/keeg/, version 94.2) with an
e-value cutoff of 1le™>.

Statistical analysis

Statistical analyses were performed with SPSS 21.0 (SPSS,
Inc., Chicago, IL, USA) and GraphPad Prism (version
8.01, GraphPad Prism Inc., USA). Results are expressed
as meantstandard deviation (S.D.). Data among
groups were evaluated by one-way ANOVA or two-way
ANONA, followed by Tukey’s post-test. The Mann—
Whitney U test was used to examine differences in
bacterial composition between the two groups. The mul-
tivariate data analysis of bile acids was carried out using
Soft Independent Modelling of Class Analogy (SIMCA,
Umetrics, Sweden) and variable importance in projec-
tion (VIP) analysis was used to investigate which bile
acids distinguish these groups [32]. The relation between
the relative abundance of certain phylum/genus and bile
acids concentration was performed by Spearman’s corre-
lation analyses. Spearman’s correlation analyses were also
used to assess the changes of 8 types of bile acid biosyn-
thesis pathway genes and the relative abundance of top
20 genera among the five groups. A two-side P<0.05 was
considered to be statistically significant.

Results

Altered bile acid composition and colonic microbiota

in IBD patients.

The demographic characteristics of the participants were
presented in Table 1. There were no significant differ-
ences in gender and age among the groups classified as
NC, UC, UC-A, CD, CD-A. Furthermore, the clinical
features, Montreal classification and total Mayo scores
for UC, as well as Montreal classification, CDAI and SES-
CD for CD, were not significantly different between UC
group and UC-A group or between CD group and CD-A
group.

Principal component analysis (PCA) was performed
to examine the distribution of fecal bile acids among
the five groups (Fig. 1A). A distinct separation was
observed between NC group and IBD groups. Addition-
ally, a discernible distinction in bile acid composition was
observed between UC group and UC-A group, as well
as CD group and CD-A group (Fig. 1A). Furthermore,
an orthogonal partial least squares discriminant analy-
sis (OPLS-DA) model displayed that the samples from
each group clustered closely together (Fig. 1B). There
were notable differences observed in various bile acids
between IBD patients and normal control. Furthermore,
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Fig. 1 Multivariate analysis of bile acid profiling data for participants. A PCA scores plot. B OPLS-DA scores plot. C Variable importance in projection
(VIP) plot identified by OPLS-DA displaying the bile acids. NC normal control group, CD Crohn's disease without antibiotics administration group,
CD-A Crohn's disease with antibiotics administration group, UC ulcerative colitis without antibiotics administration group, UC-A ulcerative colitis
with antibiotics administration group, PCA principal component analysis, OPLS-DA orthogonal partial least squares-discriminant analysis

the administration of antibiotics to modulate the micro-
biota resulted in alterations in certain bile acids (SFig-
ure 1). The overall contribution of each bile acid was
assessed using the variable importance in the projection
(VIP) method (Fig. 1C). Notably, the bile acids TCDCA,
TCA, DCA, LCA and PMCA were identified significantly
different among the five groups when the VIP threshold
was set to 1. These findings indicated the five bile acids
possessed the highest predictive power.

At the phylum level, the dominant phyla of the five
groups were Firmicutes, Proteobacteria, Bacteroidetes,
Actinobacteria and Fusobacteriota (Fig. 2A). The UC
group and the CD group exhibited significantly lower
relative abundance of Bacteroidetes compared to the NC
group, while the UC group and the CD group showed
significantly higher relative abundance of Proteobacte-
ria compared to the control group. At the genus level,
the UC group and the CD group displayed lower relative
abundance of Bacteroides compared to the NC group,
and this relative abundance was further reduced after
antibiotics administration (Fig. 2B). Similar changes in

the gut microbiota could be detected at the class, order,
family and species levels (SFigure 2).

Modulation of gut microbiota attenuates the severity

of DSS-colitis in mice

Colon length was shorter in the DSS-colitis mice
compared to controls, with a partial recovery after
modulation of gut microbiota by antibiotics co-adminis-
tration (Fig. 3A, B). The DAI and histological score were
improved in DSS-colitis mice co-administrated with
antibiotics as compared to the DSS-colitis mice without
antibiotics (Fig. 3C-E). The mRNA expression of pro-
inflammatory factors TNF-a, IL-1p and IFN-y in colon
tissues was elevated enormous times as 9.4, 14.6, 11.0,
respectively after DSS administration and the increase
was suppressed when the microbiota were modulated by
antibiotics treatment (Fig. 3F—H). The protein expression
levels of ZO-1 and occludin were markedly decreased in
the colitis mice compared to controls, with a partial res-
toration with antibiotics co-administration (Fig. 3I1-K).
The findings indicated that, a partial recovery of the
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colitis was observed in DSS-colitis mice after modulation
of gut microbiota by antibiotics co-administration.

LCA has the most predictive power on colonic
inflammation in DSS-colitis mice

A clear separation was observed among NC group, DSS
group and DSS +antibiotics groups by PCA (Fig. 4A).
The OPLS-DA model demonstrated that the samples
within each group exhibited a high degree of clustering.
(Fig. 4B). Compared with the control group, the levels
of aMCA, UDCA, BMCA, TLCA, CA were increased
significantly, and the level of DCA was decreased sig-
nificantly in DSS group (SFigure 3). In comparison to
the DSS group, the modulation of microbiota through
antibiotic administration in DSS-colitis mice resulted
in a significant elevation of taurine-associated bile acids
TBMCA, TCA, and TUDCA, while concurrently lead-
ing to a reduction in secondary bile acids LCA, UDCA,

(See figure on next page.)

TDCA, TLCA, and DCA (SFigure 3). As shown in
Fig. 4C, the predominant bile acids LCA was chosen
when VIP threshold of 2.5 was used. It indicated the LCA
had the most predictive power on the colitis severity.

Gut bacteria play an important role in bile acid metabolism
in DSS-colitis mice

At the phylum level (Fig. 5A), the dominant phyla of
the five groups were Firmicutes, Bacteroidetes, Proteo-
bacteria, Tenericutes and Epsilonbacteraeota. The rela-
tive abundance of Firmicutes was the highest in the five
groups. The relative abundance of Bacteroidetes was
reduced after antibiotics administration. At the genus
level (Fig. 5B), the relative abundance of Lactobacillus
was highest in the NC group, and the relative abundance
of Lactobacillus were significantly lower in the DSS
group, DSS+CRO group and DSS+VA+IPM group,
except for DSS+ VA group. At the class, order, family

Fig. 3 Changes in DSS-colitis severity and mucosal barrier damage. A Representative images showing the gross appearance of colons of five
groups. B Colon length at sacrifice. C The changes in DAI, scored in terms of body weight loss, stool consistency, and bleeding. D HE-stained colon
sections of mice (original magnification x 100 and x 200). Scale bar: 40 um (upper panels), 20 um (lower panels). E Histological scores of tissues
from mice of five groups. F, G, H Relative mRNA expression of TNF-q, IL-13, IFN-y from mice of five groups. I, J, K Colonic expression of tight-junction
protein ZO-1 and OCLN were assessed by western blot. NC normal control group, DSS colitis induced by treating with dextran sulfate sodium

(DSS) group, DSS + CRO treated with DSS and ceftriaxone sodium group, DSS + VA treated with DSS and vancomycin group, DSS + VA + IPM treated
with DSS, vancomycin and imipenem group, TNF-a tumor necrosis factor alpha, /L-18 Interleukin 1 beta, IFN-y interferon gamma, ZO-1 zonula

occludens-1, OCLN occludin. The relative grey value was used to quantify ZO-1

and OCLN protein expression. Statistical analysis was performed

with one-way or two-way ANOVA with Tukey's post-test versus NC group. *P<0.05, **P<0.01, ***P <0.001, versus DSS group. #P < 0.05, ##P < 0.01,

##HP<0.001
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and species levels, similar changes in the gut microbiota  and bile acid. The results showed that the rest 48 gen-
could be tested (SFigure 4). era out of the top 50 genera were significantly associ-

Spearman correlation analysis was carried out in the ated with changes in at least one bile acid, except for
top 50 genera of relative abundance among the five the two genera Romboutsia and Eubacterium_fis-
groups to find out the relation between gut bacteria  sicatena. The relative abundance of 31 genera were
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Fig. 5 Changes in microbiota abundance in feces of DSS-colitis mice. A Community bar-plot analysis shows relative abundance of microbiota
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groups at the genus level. Statistical analysis was performed with one-way ANOVA with Tukey’s post-test. NC normal control group, DSS colitis
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positively correlated with the level of LCA. 6 gen- genera, respectively, was not significantly different in
era were negatively correlated with the level of LCA  the CRO, VA and VA +IPM groups, compared to the
(Fig. 6A). The relative abundance of 72, 62, 99 bacterial NC group, respectively. The relative abundance of
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Fig. 6 Correlations between fecal bacteria and metabolome of bile acids. A Correlation heatmap of the bile acids and the top fifty genera. B, C, D,
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45 genera was increased in the DSS group compared
with the NC group. To further look for the LCA-
associated bacteria which were increased in DSS-
colitis and restored to normal level with antibiotics
modification, Venn diagrams further demonstrated

significant overlaps between the genera above and the
LCA-positive genera (Fig. 6B-E). Among these over-
laps, the genus unclassified_f _Prevotellaceae was the
only overlap of the five clusters (Fig. 6E). It suggested
that LCA level was consistent with the abundance of
unclassified_f _Prevotellaceae.
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Prevotellaceae is positively correlated with bile acid
biosynthesis pathways and the colonic LCA level

in DSS-colitis mice

The important bile acid biosynthesis pathway genes
included hdhA, E3.5.1.24, baiB, baiA, baiCD, baiF, baiH,
bail (Fig. 7A). We focused on the conversion of primary
bile acids to LCA. The results showed the major micro-
bial contributor was genus Prevotella, which belongs
to family Prevotellaceae (Fig. 7B). This suggested that
Prevotellaceae may be particularly active in the conver-
sion of primary bile acids to LCA.
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Given the identification of the key bacterium
unclassified_f _Prevotellaceae in the aforementioned
results (Fig. 6E), the focus shifted towards examining
the changes in unclassified_f Prevotellaceae across
the various groups (Fig. 7C). Notably, the abundance
of unclassified_f _Prevotellaceae exhibited a signifi-
cant increase in the DSS group when compared to the
NC group. Subsequent administration of antibiotics
resulted in a significant decrease in the abundance of
unclassified_f _Prevotellaceae compared to the DSS
group, although no significant difference was observed
when compared to the NC group (Fig. 7C). These
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Fig. 7 Effect of unclassified_f _Prevotellaceae on colonic LCA. A KEGG module for bile acid biosynthesis. B Correlations between genera and bile
acid biosynthesis associated KOs (red and blue for positive and negative correlation, respectively). Spearman correlation test:* denotes FDR
P<0.05;** denotes FDR P<0.01;*** denotes FDR P< 0.001. C The proportion of unclassified_f__Prevotellaceae in feces of five groups. D Correlations
between Family Prevotellaceae and bile acid biosynthesis associated KOs (red and blue for positive and negative correlation, respectively). NC normal
control group, DSS colitis induced by treating with dextran sulfate sodium (DSS) group, DSS + CRO treated with DSS and ceftriaxone sodium group,
DSS + VA treated with DSS and vancomycin group, DSS + VA + IPM treated with DSS, vancomycin and imipenem group. Spearman correlation test:
“*'denotes FDR P < 0.05; **' denotes FDR P< 0.01;***' denotes FDR P< 0.001. (C) Statistical analysis was performed with one-way ANOVA followed

by with Tukey's post-test versus NC group. *P < 0.05, **P<0.01, ***P <0.001; versus DSS group. #P < 0.05, ##P <0.01, ###P < 0.001
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findings suggested that antibiotic administration had the
potential to alter the abundance of unclassified_f Prevo-
tellaceae. Additionally, an assessment of the correlations
was conducted between the LCA biosynthesis pathway
and the family Prevotellaceae, which includes genus
unclassified_f _Prevotellaceae, Prevotella, Alloprevo-
tella, Hallella and Paraprevotella (Fig. 7D). The abun-
dance of unclassified f _Prevotellaceae was positively
correlated with the LCA biosynthesis pathway (Fig. 7D).
Furthermore, unclassified_f _Prevotellaceae was closest
to Prevotella in family Prevotellaceae by cluster analysis
(Fig. 7D).

These results suggested that in DSS-colitis mice, the
increased abundance of Prevotellaceae displayed high
expression levels for the genes implicated in the conver-
sion of primary bile acids to LCA, and was associated
with an increase in LCA levels Fig. 7A-D).

LCA deteriorates DSS-induced colitis in mice

To further assess the effect of LCA on gut microbiome
associated colonic inflammation, LCA was added to DSS-
colitis mice as well as DSS-colitis mice with microbiome
depletion induced by VA +IPM. The colon length of the
mice was significantly shorter (Fig. 8A, B), and the DAI
(Fig. 8C) was higher in the DSS+ VA +IPM +LCA group
compared to the DSS+ VA +IPM group. The histologi-
cal score was significantly lower in the DSS+ VA +IPM
group comparing with that in the DSS+ VA +1PM + LCA
group (Fig. 8D, E). The mRNA expression of TNF-alpha
and IFN-y in colon tissues was decreased after modulat-
ing microbiota by antibiotics treatment, but the expres-
sion was increased by supply of LCA (Fig. 8F-H). The
protein expression levels of ZO-1 and occludin were
markedly decreased in DSS+VA+IPM+LCA group
than the DSS+ VA +IPM group (Fig. 81-K). These data
suggested that antibiotics treatment attenuated the
severity of colitis and restores the mucosal barrier, while
the effects of antibiotic treatment was repealed after co-
administration of LCA on DSS-induced colitis Fig. 8A—
K). SIPR2 mRNA expression was significant increase
in the mucosal tissue of the DSS group compared with
the NC group and modulating microbiota by antibiotics

(See figure on next page.)
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resulted in a decrease, but supply of LCA abolished the
effects of antibiotic treatment (SFigure 5A). The level of
NEF-kB p65 was significantly increased in the DSS group
than the NC group and could be suppressed after antibi-
otics treatment (SFigure 5B, 5C), which indicated that the
SIPR2/NF-kB p65 signaling pathway might be involved in
the LCA mediated aggravation of DSS-colitis.

Taking together, anti-inflammatory effects of gut bac-
teria modification, especially unclassified_f _Prevotel-
laceae, in DSS-colitis may be attributed to decreased
LCA levels.

Discussion
The findings of this study indicate that Prevotellaceae
related LCA may play a significant role in the regulation
of colonic inflammation. This conclusion is supported by
the following observations. (A) The presence of LCA in
the stool exhibited alterations in both IBD patients and
DSS-colitis mice when compared to the control group.
(B) Coadministration of antibiotics during DSS colitis
induction ameliorated the colitis, whereas the supple-
mentation of LCA counteracted the anti-inflammatory
effect. (C) The abundance of unclassified_f _Prevotel-
laceae exhibited an increase in DSS-colitis mice, but
returned to baseline levels following antibiotics admin-
istration. (D) The relative abundance of unclassified f _
Prevotellaceae displayed a positive correlation with bile
acid biosynthesis pathways and the colonic LCA level.
Consequently, LCA and its positively related bacteria
unclassified f _Prevotellaceae could potentially serve as
an intervention target to suppress colonic inflammation.
In our study, LCA was regulated remarkably in DSS-
colitis mice after antibiotic administration. Additionally,
alterations in gut bacteria were found to induce changes
in several types of bile acids. To ascertain the predomi-
nant bile acid involved in colitis regulation, VIP followed
by OPLS-DA analysis was performed, revealing that LCA
played a crucial role in both IBD patients and DSS-coli-
tis mice. It is worth noting that distinct bile acid species
exert varying effects on colonic inflammation, with cer-
tain bile acids, such as UDCA and DCA, promoting colon
repair and alleviating colonic inflammation, while others,

Fig. 8 The effect of LCA on DSS-induced colitis. A Representative images showing the gross appearance of colons of five groups. B Colon length

at sacrifice. C The changes in DAI, scored in terms of body weight loss, stool consistency, and bleeding. D HE-stained colon sections of mice (original
magnificationx 100 and x 200). Scale bar: 40 um (upper panels), 20 um (lower panels). E Histological scores of tissues from mice of five groups. F, G,
H Relative mRNA expression of TNF-q, IL-163, IFN-y from mice of five groups. |, J, K Colonic expression of tight-junction protein ZO-1 and OCLN were
assessed by western blot. NC normal control group, DSS colitis induced by treating with dextran sulfate sodium (DSS) group, DSS + VA + IPM treated
with DSS, vancomycin and imipenem group, DSS + VA + IPM + LCA treated with DSS, vancomycin, imipenem and lithocholic acid group, DSS + LCA
treated with DSS and lithocholic acid group, TNF-a tumor necrosis factor alpha, /=18 Interleukin 1 beta, IFN-y interferon gamma, ZO-1 zonula
occludens-1, OCLN occludin. Statistical analysis was performed with one-way or two-way ANOVA with Tukey's post-test versus NC group. *P < 0.05,

**P<0.01,***P<0.001, versus DSS group. #P < 0.05, ##P < 0.01, ###P <0.001
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like CA and CDCA, potentially exacerbating it [20, 33,
34]. However, another study revealed that secondary bile
acid LCA, when present in low concentrations, exerted
an anti-inflammatory effect within the colon by dimin-
ishing the levels of pro-inflammatory cytokines [35]. One
potential mechanism could involve the perturbation of
cell membranes, subsequently activating protein kinase C
and releasing arachidonic acid [36], which stimulated the
production of inflammatory factors such as TNF-a [37,
38]. S1IPR2 was found to be highly expressed in intestinal
epithelial cells [39]. In DSS-treated mice, the expression
of S1IPR2 was upregulated, and colonic inflammation and
pathological damage were alleviated by inhibiting SIPR2
[40]. Similarly, our study found that S1IPR2/NF-kb p65
were up-regulated after LCA application in DSS-treated
mice.

The gut microbiota plays a crucial role in the onset and
development of colonic inflammation [41]. Factors that
influence the gut microbiota, such as antibiotics, impact
the probability and propagation of IBD [42]. The gut
microbiota is now considered to play an essential role in
the development and progression of IBD inflammatory.
IBD is characterized by decreased microbiota diversity
in the gut, altered relative abundances of health-associ-
ated taxa and pathobionts, increased numbers of bacteria
attaching to the intestinal epithelium [43, 44]. Research
has demonstrated that even minor alterations in the
microbial community can significantly alter its func-
tion [45]. The proliferation of specific pathogenic bacte-
ria, such as Bacilli, Escherichia coli and Proteobacteria,
or heightened interaction between the immune system
and the normal symbiotic flora, like Candida albicans, is
considered as triggers for chronic inflammation of IBD
[46—49]. Compared with healthy subjects, patients with
IBD exhibit a notable decrease in the diversity of their
colonic microbiota, and this dysbiosis is often accompa-
nied by an elevation in potentially pathogenic bacteria
or a depletion of protective bacteria [50-52]. Further-
more, increased abundance of Bifidobacterium longum
was found to be related to maintaining remission in CD
patients [53]. These findings suggest the potential of
utilizing the microbiome as a standalone treatment for
IBD. Therefore, it is imperative to investigate the precise
mechanisms by which specific bacteria promote colonic
inflammation.

This study suggested that Prevotellaceae could poten-
tially impact colonic inflammation by modulating the
composition of secondary bile acids in the stool. Elinav
et al. found that mice deficient in the NLRP6 inflamma-
some exhibited exacerbated DSS-induced colitis, which
was attributed to alteration in the fecal microbiota char-
acterized by an expanded representation of the bacte-
rial family Prevotellaceae [54]. Additionally, the deletion
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of Ninjurinl in mice led to heightened susceptibility to
colitis through increasing the abundance of colitogenic
Prevotellaceae strains and decreasing the presence of
immunoregulatory Lachnospiraceae strains [55]. Conse-
quently, an increase in the abundance of Prevotellaceae
may aggravate colitis in mice. Another study proposed
that Kuijieyuan decoction ameliorated colitis partially
by modulating gut microbiota, specifically by increasing
the proportions of Alloprevotella, Treponema, Prevotel-
laceae and Prevotella, while reducing the proportions of
Escherichia_Shigella and Desulfovibrio [56]. The relative
abundance of Alloprevotella significantly decreased fol-
lowing acute DSS induction, and the relative abundance
of Prevotellaceae_UCG-001 significantly decreased
following chronic DSS induction [57]. Our study fur-
ther demonstrated that an increase in the abundance of
unclassified_f _Prevotellaceae may deteriorate colonic
inflammation.

Within the Bacteroidetes phylum, Prevotellaceae spe-
cies in stool exhibited a significant correlation with
fibrosis-associated and steatosis-associated bile acid
parameters [58]. Additionally, Prevotellaceae actively
participated in the production of short-chain fatty acids
[59]. At the genus level, uncultured bacterium_f Prevo-
tellaceae demonstrated significant correlations with
biomarkers related to amino acid and lipid metabolism
[60]. Our study provided evidence that an increase in the
abundance of unclassified f Prevotellaceae may exacer-
bate colonic inflammation by altering the composition of
secondary bile acids, particularly by promoting the accu-
mulation of LCA.

Our study further demonstrated the adverse effects of
LCA on colonic inflammation. Therefore, the indirect
inhibition of LCA by the reduction of gut microbiota
composition, especially unclassified f Prevotellaceae,
offers a safer therapeutic approach for managing IBD
compared to the direct activation of target pharmacolog-
ical agents, such as specific bile acids.

Certain limitations need to be taken into account.
Firstly, further research is needed to investigate the pre-
cise regulatory pathways through which Prevotellaceae
interacts with LCA. Secondly, additional studies are nec-
essary to explore the regulatory effects of Prevotellaceae
as an intervention target for colitis.

Conclusions

Altered bile acid composition and colonic microbiota
were found in IBD patients. Further, this study has con-
tributed novel insights into the underlying mechanism
by which specific bacteria impact secondary bile acid
metabolism in DSS-induced colitis. Our findings dem-
onstrate that an unclassified genus within the family
Prevotellaceae bacteria play a role in promoting colonic
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inflammation in mice by the modulation of bile acid
LCA metabolite. Consequently, this study suggested
that targeting LCA and its positively related bacteria
an unclassified genus within the family Prevotellaceae
could serve as a potential intervention strategy to miti-
gate colonic inflammation.
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