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A B S T R A C T   

The intestinal tract hosts the gut microbiota (GM), actively shaping health. Bile acids(BAs) are both digestive and 
signaling molecules acting as hormones via the activation of farnesoid X receptor (FXR). Obstruction of bile flow 
initiates a cascade of pathological events ultimately leading to intestinal mucosal injury. Administration of BAs in 
models of obstructed bile flow counteracts these detrimental effects. Objective of this study was to investigate the 
effects of the novel FXR agonist 3α, 7α, 11β-Trihydroxy-6α-ethyl-5β-cholan-24-oic Acid (TC-100) on intestinal 
mucosa integrity and cecal microbiome composition after surgical bile duct ligation (BDL), a rodent model 
causing bile flow obstruction. 

Pharmacological FXR activation was accomplished by daily oral gavage with TC-100 for 5 days. 2 days after 
treatment initiation, BDL was performed. BAs measurement was carried out and the 16S rDNA (V5-V6 hyper- 
variable regions) extracted from the cecal content was sequenced. 

TC-100 activates Fxr in the gut-liver axis and this translated into a significant reduction of serum and bile BA 
pool size with a shift to a more hydrophilic composition, while signs of intestinal mucosal damage were pre-
vented. Firmicutes:Bacteroidota ratio progressively increased from Sham Operated (SO) mice to TC-100-treated 
mice. LEfSe analysis showed that Verrucomicrobia, and particularly Akkermansia muciniphila (Amuc) increasingly 
recognized for improving gut homeostasis and immune functions, were strongly associated to TC-100-treated 
mice. Intriguingly, Amuc abundance was also negatively associated to cholic acid levels. 

Collectively, these data indicate that intestinal FXR activation by TC-100 prevents early signs of intestinal 
mucosal damage by modulating BA homeostasis and GM composition.  

Abbreviation: Amuc, Akkermansia muciniphila; Ang1, angiogenin 1; ASV, Amplicon Sequence Variants; BA, bile acid; BDL, bile duct ligation; BSH, bile salt hy-
drolase; CA, cholic acid; Cldn, Cloudin; Cyp7a1, Cholesterol 7 alpha-hydroxylase or Cytochrome P450 Family 7 Subfamily A Member 1; DCA, deoxycholic acid; 
ddPCR, Droplet digital PCR; FGF15/19, fibroblast growth factor 15/19; FGFR4, fibroblast growth factor receptor 4; FXR, farnesoid X receptor; GCA, glycol-cholic 
acid; GM, gut microbiota; H&E, Hematoxylin and Eosin; HI, hydrophobicity index; LDA, linear discriminant analysis; MC, methyl-cellulose; MCA, muricholic acid; 
KLB, klotho-beta; OCA, obeticholic acid; qRT-PCR, quantitative real time polymerase chain reaction; SEM, standard error of the mean; Shp, small heterodimer 
partner; SO, sham operated; Tau-α-MCA, tauro-α-MCA; Tau-CA, taurocholic acid; Tau-MCA, tauro-muricholic acid; TC-100, 3α, 7α, 11β-Trihydroxy-6α-ethyl-5β- 
cholan-24-oic Acid; Tau-CDCA, tauro-chenodeoxycholic acid; Tau-DCA, tauro-deoxycholic acid; Tau-UDCA, tauro-ursodeoxycholic acid; UDCA, ursodeoxycholic 
acid; UPLC-MS, Ultra Performance Liquid Chromatography-Mass Spectrometry system; WGCNA, Weighted Gene Correlation Network Analysis; WT, wild type. 
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1. Introduction 

The human intestinal tract hosts a huge variety of microorganisms 
actively shaping human health, collectively named gut microbiota 
(GM). Intestinal bacteria could be divided in six main phyla: Firmicutes, 
Bacteroidota, Proteobacteria, Actinobacteria, Fusobacteria, and Verru-
comicrobia [1], with Firmicutes and Bacteroidota making up to 90 % of 
the total bacterial composition. The host and its resident microbiota are 
constantly engaged in a dynamic bidirectional communication governed 
by complex codes. A very sophisticated balance regulates host’s health 
and diseases. While an excessive number or imbalance of resident bac-
teria may contribute to the onset of inflammatory or autoimmune con-
ditions, a reduced variety of microorganisms decreases the ability of the 
host to resist infections, assimilate nutrients or perform a wide range of 
metabolic activities [2]. The composition of the GM is influenced by 
multiple factors such as lifestyle, nutrition, drug administration, genetic 
and epigenetic factors. In homeostasis, the GM efficiently performs his 
specific functions: maintaining its own balance by regulating the 
integrity of the intestinal epithelium, peristalsis and by training and 
supporting the intestinal resident immune system. Perturbation of this 
balance, also known as dysbiosis, increases susceptibility to infections 
and can prime aberrant immune responses, thereby playing a role in the 
pathogenesis of diseases of the gut-liver axis [3], inflammatory [4] and 
autoimmune diseases [5]. 

Bile acids (BA) are amphypathic molecules synthesized from 
cholesterol in the liver and released in the intestine after a meal to aid 
the absorption of lipids and liposoluble vitamins. Primary BAs act as 
signaling hormones via binding to their cognate Farnesoid X receptor 
(FXR) [6–8]. Once activated by BAs, FXR primes the transcription of 
genes involved in BA synthesis, transport and metabolism in the 
gut-liver axis. In particular, via a negative feedback loop, activated FXR 
inhibits BA hepatic synthesis, via the transactivation of its intestinal 
target Fibroblast growth factor 15/19 (FGF15/19 in mouse and human, 
respectively) [9] that travels back to the liver, binds to its cognate 
co-receptor fibroblast growth receptor 4 (FGFR4)-Klotho-beta (KLB) and 
initiate a phosphorylation signaling cascade resulting in the inhibition of 
the rate-limiting enzyme of BA synthesis, Cholesterol 7 
alpha-hydroxylase (CYP7A1) [10–13]. An altered BA signaling in the 
gut-liver axis, and in particular abnormally elevated BA levels, have 
been associated with a wide range of diseases of the gut-liver axis 
[14–18]. Besides acting as digestive metabolites and signaling molecules 
via FXR, BAs also interact with the gut microbial community and affect 
the integrity of the intestinal epithelial barrier. Obstruction of bile flow, 
as it occurs in bile duct obstruction, leads to abnormal hepatic BA 
accumulation and abrogates intestinal FXR signaling [19]. Surgical 
ligation of the common bile duct (BDL) is a commonly used model for 
studying the underlying molecular and cellular events induced by arrest 
of bile flow in the gut-liver axis. BDL also devoids the intestine of BAs, an 
event that negatively influences the intestinal microbial community and 
cause mucosal injury [20]. Administration of BAs [21–24] to both ro-
dents and humans in conditions of biliary obstruction as well as FXR 
activation [19] or FGF19 [25] administration in the presence of intes-
tinal inflammatory triggers, counteract intestinal mucosal damage and 
bacterial overgrowth and translocation. 

The GM and BAs dynamically interact with each other. BA flow along 
the intestine controls bacterial overgrowth and protects against 
inflammation while intestinal microorganisms affect BA metabolism 
[26,27], mainly via the action of the microbial bile salt hydrolase (BSH) 
enzymes that catalyze BA deconjugation [28,29]. BSH activity has been 
found in all major bacterial groups and archaeal species in the human 
gut [30], including members of Lactobacilli [31,32], Bifidobacteria 
[33–35] and Clostridium [36,37]. The novel FXR agonist 3α, 7α, 
11β-Trihydroxy-6α-ethyl-5β-cholan-24-oic Acid (TC-100) is a novel 
semi-synthetic BA [38]. Intriguingly, TC-100 displays a peculiar phar-
macological profile combining the ability to bind and regulate intestinal 
FXR in vivo with high potency and selectivity together with hydrophilic 

BA properties similar to ursodeoxycholic acid (UDCA) [38]. Compared 
to the most well studied and characterized bile acid-derivative obe-
ticholic acid (OCA), TC-100 exhibits higher water solubility, poor 
detergent properties and absence of cytotoxicity [39]. The aim of this 
study is to investigate the effect of TC-100 on the intestinal mucosa and 
GM composition, in relation to BA pool size and composition, in a mouse 
model of obstructed bile flow. 

2. Material and methods 

2.1. Animals 

Wild-type (WT) C57BL/6J male mice (9–12 weeks old) were ob-
tained from Charles River Laboratories (Calco, Lecco, Italy). Mice were 
fed ad libitum and housed in a temperature and light-controlled room. 
The Ethical Committee of the University of Bari and Fondazione “Mario 
Negri” Sud approved this experimental set-up, which was also certified 
by the Italian Ministry of Health in accordance with internationally 
accepted guidelines for animal care (protocol code 17198-X/10 date 7 
March 2014). 

2.2. Pharmacological activation of FXR and bile duct ligation 

TC-100 was kindly provided by TES Pharma. Pharmacological acti-
vation of FXR was accomplished by daily oral gavage with 10 mg/kg/ 
day of TC-100 (n = 6) or vehicle [1 % methyl-cellulose (MC); n = 5] 
from 2 days before bile duct ligation (BDL). Mice were then randomly 
assigned to BDL or sham-operated groups (SO; n = 5). For the BDL 
groups, the common bile duct was exposed and ligated. Sham-operated 
mice underwent the same procedure with bile duct exposure but without 
ligation. Surgery was performed under anesthesia and sterile surgical 
conditions. After 48 h from the BDL procedure, mice were sacrificed, and 
blood and bile collected and organs harvested and snap frozen for RNA 
extraction and subsequent analysis. On the last day, 4 h prior the sac-
rifice mice were given the last oral gavage with either 1 % MC or TC-100 
and subjected to fasting. 

2.3. Serum analysis 

Blood was obtained from the heart of anesthetized mice and centri-
fuged at 10,000g for 5 min at 4◦C to separate serum. Total bilirubin was 
measured using Diazyme kits (Diazyme, Poway, CA), following the 
manufacturer’s instructions. 

2.4. Histology 

Ileal specimens were fixed in 10 % formalin (24 h), dehydrated, 
embedded in paraffin and subsequently stained with hematoxylin and 
eosin (H&E) and Periodic acid-Schiff (PAS), according to manufacturer’s 
instructions. Stained slides were scanned on an AperioScanScope AT and 
image analysis and quantification was performed using AperioImage-
Scope software (Leica Biosystems, Nußloch, Germany). PAS signal was 
normalized to area and image analyses were done using Aperio algo-
rithms (Leica Biosystems). Goblet cells were also counted. Depletion of 
goblet cells was scored using a semiquantitative scoring index from 0 to 
4 (0 = no depletion; 1 =0–10 % depletion; 2 = 10–25 % depletion; 3 =
25–50 % depletion; 4 = 50–100 % depletion; values were normalized to 
the SO condition). Analysis was performed by an investigator blinded to 
study design with results confirmed by an independent investigator. 

2.5. mRNA extraction and quantitative real time qRT-PCR analysis 

RNA was isolated from the liver and ileum of mice using the RNeasy 
Micro kit (Qiagen, Milano, Italy). cDNA was generated from 4 µg total 
RNA using High-Capacity DNA Archive Kit (Applied Biosystem, Foster 
City, CA) and following the manufacturer’s instructions. Primers to 
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detect the mRNA expression level of each gene were designed using 
Primer Express software (Applied Biosystem) based on GenBank 
sequence data. mRNA expression levels were quantified by qRT-PCR 
using Power Sybr Green chemistry and normalized to cyclophilin 
mRNA levels. Validated primers for qRT-PCR used are listed in Supple-
mentary Table 1. 

2.6. Bile acid analysis 

Serum and bile BAs were quantified using a Ultra Performance Liquid 
Chromatography-Mass Spectrometry system (UPLC-MS2, Acquity H- 
Class Bio UPLC from Waters). A mixture of internal standards (6-Ethyl 
Cholic Acid and Tauro-6-Ethyl Cholic Acid) in methanol were added to 
the biological samples with a final concentration of 2.5 µM. 5 µL of 
sample were injected into the UPLC-ESI-MS2 system. The UPLC is 
coupled to a XEVO TQD (Waters) triple quadrupole mass spectrometer, 
operating with negative ionization electrospray. BAs acquisition was 
performed in Multiple Reaction Monitoring mode (MRM). The analyt-
ical column was a UPLC CSH Phenyl-Hexyl Column (Waters) 1.7 µm, 2.1 
× 75 mm protected by a guard column (Waters) 2.1 × 5 mm. The mobile 
phase was a mixture of ammonium acetate buffer 15 mM, pH 8.0 (Sol-
vent A) and Acetonitrile: Methanol = 75:25(V/V) (Solvent B). The 
analysis was performed in the gradient mode. Elution was performed at 
a flow rate of 0.44 mL/min. Sample injection volume was 5 µL. The 
temperature of the chromatographic column was maintained at 45 ◦C. 

2.7. Serum extraction method 

100-µL aliquots of serum samples were spiked with 10 µL of the in-
ternal standards working solution and were diluted. Serum samples 
were loaded onto the conditioned SPE (The solid phase extraction, C18) 
cartridge and then eluted with 3 mL of methanol. The eluate was dried 
under vacuum and then reconstituted with 100 µL of the mobile phase 
(ammonium acetate buffer: acetonitrile = 50:50 v/v), and injected into 
the UPLC-ES-MS system. 

2.8. Bile extraction method 

Mouse bile samples were brought to room temperature, briefly stir-
red, and suitably diluted with mobile phase (ammonium acetate buffer: 
acetonitrile = 50:50 v/v), previously spiked with the internal standards 
working solution. The final solution was transferred into an autosampler 
vial and injected into the UPLC-ES-MS system. 

2.9. Prokaryotic profiling of cecal microbiome 

Total DNA was extracted from 50 mg of cecal content sampled from 
the analyzed mice (16 mice in total, divided according to the treatment 
in: 6 mice for TC-100 group, 5 mice for SO group, 5 mice for MC group) 
using the FastDNA© SPIN Kit for Soil (BIO 101, Carlsbad, CA) following 
the manufacturer’s instructions. The bead-beating step was performed 
in the FastPrep Instrument (BIO 101, Carlsbad, Canada) set to 6.0 m/s 
speed for 40 s. In order to check for possible contaminations related to 
the extraction process, negative control samples were prepared using 
nuclease free water and processed together with the samples. The 
quantity and quality of the extracted DNA were assessed using the 
NanoDrod 2000c (Thermo Fisher Scientific, Inc., DE, USA) and agarose 
gel (1 %) electrophoresis, respectively. The V5–V6 hypervariable re-
gions of the bacterial 16S rRNA genes were chosen as the target for 
Prokaryotic identification [40]. The total DNA extracted from each 
sample was used as template for amplicon libraries preparation 
following the protocol described in [41]. The obtained metagenomic 
libraries were sequenced by the MiSeq platform (Illumina) and gener-
ated 2 × 250 paired-end (PE) reads, using the V2 chemistry. The phage 
PhiX genomic DNA library was added to the mix and co-sequenced as 
internal control for Illumina sequencing run. Raw sequences were 

analyzed by using the QIIME2 pipeline (version 2019.7; https://qiime2. 
org/) [42] relying on the ASVs (Amplicon Sequence Variants) inference 
and their taxonomic classification. In particular, PE sequences were 
imported and the Illumina adapters removed by using cutadapt. 
Following the evaluation of sequence quality, the PE were denoised by 
the DADA2 plugin [43]. During this step, the specific V5–V6 primer 
pairs were trimmed and the raw reads filtered according to the observed 
expected error. Then, he obtained ASVs were taxonomically annotated 
by using the feature-classifier (method: classify_sklearn) plugin [44] 
against Silva database (release 138) [45]. The phylogenetic inference 
was achieved by using the align-to-tree-mafft-fasttree plugin: a multiple 
sequence alignment of ASVs sequences was obtained by using MAFFT 
[46] and the phylogenetic tree was inferred by the maximum-likelihood 
procedure implemented in Fasttree 2 [47]. Contaminant ASVs were 
identified and removed by using the R package Decontam [48]. Ac-
cording to rarefaction curves, the ASV table was normalized by rare-
faction to 115,000 sequences per sample and alpha and beta diversity 
analysis were performed, using the diversity core-metrics-phylogenetic 
plugin. 

In order to investigate putative metabolic functions of the bacterial 
communities associated with the investigated samples, the metagenomic 
prediction tool called “Phylogenetic Investigation of Communities by 
Reconstruction of Unobserved States 2” (PICRUSt2, version 2.2.0-b 
[49], was applied. The ASV data, generated from QIIME2, were used 
as input for the analysis. 

The microbial network was obtained by applying the Weighted Gene 
Correlation Network Analysis (WGCNA) R package [50], on genera 
aggregated counts. Initially, the clr (centered log-ration) transformation 
was applied to the ASVs table, to properly address the compositional 
nature of DNA-metabarcoding data [51]. To reduce the effect of spurious 
associations and highlight strong correlations, a Spearman correlation 
matrix was inferred and transformed into a weighted adjacency one by 
WGCNA. In particular, the adjacency matrix was obtained by raising the 
absolute correlation by a soft thresholding power β, which was empiri-
cally determined by considering the lowest power obtaining a scale-free 
topology index (R2) of 0.80. The adjacency matrix was transformed into 
a topological overlap matrix, to optimally reduce the effect of spurious 
correlation, and dissimilarities were calculated. Finally, highly 
co-occurrent genera were clustered in modules by using a minimum size 
of 5. Module associations with serum and bile BAs were measured by 
Spearman rank correlation (rs). Modules with p values ≤ 0.05 were 
regarded as significant. The microbial network was plotted by using the 
R package graph and considering only edges with an association 
strength ≥ 0.2. 

2.10. Absolute quantification of Akkermansia muciniphila 

Droplet digital PCR (ddPCR) (Bio-Rad, CA, USA) was performed to 
quantify the A. muciniphila 16S rRNA gene copy number in the tested 
samples. The ddPCR reaction mixtures were prepared on ice by mixing 
11 µL of 2 × QX200TM ddPCR EvaGreen Supermix (Bio-Rad), 200 nM of 
A. muciniphila specific primers pair [52] and 1 µL of the DNA extracted 
from cecal samples at different concentration (100, 10, 1, 0.1 and 0.01 
ng). Emulsion was produced in the QX200 Droplet Generator (Bio-Rad) 
according to the manufacturer’s instructions. Thermal cycling condi-
tions were as follows: 1 cycle at 95 ◦C for 5 min, 40 cycles at 95 ◦C for 30 
s and 60 ◦C for 1 min, 1 cycle at 4 ◦C for 5 min, 1 cycle at 90 ◦C for 5 min, 
final hold at 4 ◦C. Each DNA sample was analyzed at least in duplicate, 
preparing independent dilutions. For each experiment, a negative con-
trol (no template control) was used. Absolute quantification was per-
formed using QuantaSoft software (Bio-Rad, CA, USA, version 7.4.1) and 
the negative/positive thresholds were manually set, excluding samples 
with a number of droplets lower than 10,000. Output results were 
expressed in 16S copies/mg of cecal content. For each analyzed sample, 
the obtained results were converted to number of copies present in the 
starting material, taking into consideration the 3 copies of the 16S rRNA 
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gene present in A. muciniphila. 

2.11. Statistical analysis 

All results are expressed as means ± standard error of the mean 
(SEM). Statistically significance traits in the microbial composition 
characterizing the analyzed samples were evaluated at different taxo-
nomic ranks using both ANOVA univariate and LDA effect size (LEfSe) 
methods [53]. Moreover, the statistical comparisons among the micro-
bial taxa and pathway abundances were performed by using the 
ANCOM-BC package, which is specifically designed to deal with 
compositional data and controls for False Discovery Rate by correcting 

p-values using the Benjamini and Hochberg (BH) algorithm [54]. Sta-
tistical analyses for all other measurements were performed with 
GraphPad Prism software (v5.0; GraphPad Software Inc., San Diego, 
CA), as indicated in figure legend. 

3. Results 

3.1. TC-100-dependent FXR activation protects from intestinal mucosal 
injury caused by BDL 

Bile duct ligation induced jaundice, as indicated by increased serum 
total bilirubin, effect that was counteracted by TC-100 (Supplementary 

Fig. 1. TC-100-dependent FXR activation protects BDL mice from intestinal mucosa injury. Representative sections of the terminal ileum are shown for SO 
mice, and BDL mice treated with vehicle (MC) and TC-100. Sections were stained with H&E (A) and PAS (B). Edema is indicated by yellow arrowheads (scale bar 
200 µm) (A). Quantification of PAS positivity (C) and Goblet cell loss score. Quantitative real time qRT-PCR of Cldn-1, Cldn-2, Cldn-8 (D) and Cldn-2 (E). Statistical 
analysis was performed using ANOVA followed by Dunnett’s post hoc test (*p < 0.05 vs MC, ***p < 0.001 vs MC). 
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Fig. 1). To assess whether lack of BAs due to BDL caused intestinal 
mucosal damage and the potential effects of TC-100 in this respect, ileal 
section were stained with H&E and PAS, which detects mucosubstances 
and mucins in tissues. BDL caused an early stage submucosal edema and 
Goblet cell loss, that were prevented by TC-100-dependent FXR activa-
tion (Fig. 1A–C). Alterations in the expression levels of tight junctions 
affect the intestinal barrier integrity in different ways [55]. In particular, 
downregulation of claudin 1 (Cldn-1) [56], Cldn-3 [57,58] and Cldn-8 
[59] can drastically reduce the barrier integrity; in contrast, claudin-2, 
is a tight junction protein required for the formation of paracellular 
water channels that and is highly expressed in leaky epithelial tissues, is 
upregulated in IBDs and promotes inflammation [59–61]. 
TC-100-dependent Fxr activation promoted the upregulation of Cldn-1, 
Cldn3 and Cldn-8 (Fig. 1D), while downregulating the expression of the 
“leaky” [62–64] Cldn2 (Fig. 1E). Taken together, these data indicate that 
TC-100-dependent intestinal Fxr activation protects from signs of in-
testinal mucosal injury in BDL mice. 

3.2. TC-100 activates FXR-dependent control of BA synthesis in the gut- 
liver axis and decreases BA levels and hydrophobicity index in serum and 
bile in BDL mice 

Previously published work from our group have shown that mice 
lacking intestinal BAs due to BDL and treated with TC-100 displayed a 
strong induction of the Fxr-Fgf15 duo in the gut-liver axis, ultimately 
controlling BAs synthesis via Cyp7a1 repression in the liver [38]. To 
evaluate whether this impacted BA metabolism in mice, BA pool size and 
composition were quantified. Serum BA composition is shown in  
Table 1. Mice subjected to BDL and treated with MC presented with a 
serum BA concentration 50-fold higher than the SO group (p<0.001). 
TC-100 administration significantly reduced the total BA pool size by 
67% (p<0.001; Fig. 2A). Tau-CA was the most prominent 
primary-conjugated BA in mouse serum, followed by Tau-MCA. Both 
endogenous BAs were increased upon BDL. TC-100 treatment strongly 
decreased Tau-CA levels (331 ± 19.86 μM in MC group vs 50.96 
± 26.26 μM in TC-100-treated mice, *p<0.05; see Table 1, Fig. 2B). In 
contrast, treatment with TC-100 did not reduce levels of Tau-MCA 
significantly (90 ± 10 μM in MC group vs 81 ± 12 μM in 
TC-100-treated mice, see Table 1). Therefore, treatment with TC-100 
reduced the levels of Tau-CA but not the levels of Tau-MCA which 
then becomes the most abundant BA in the pool of these mice (Fig. 2C). 
Since the relative enrichment in Tau-MCA (Fig. 2C) could reflect a 
change in the hydrophilicity of the BA pool, the hydrophobicity Index 
(HI) was calculated. TC-100 shifted the HI of the BA mixture toward 
lower hydrophobicity, indicating a reduced circulating toxic potential. 
Each BA’s contribution to the overall HI is dependent on its relative 
abundance within the mixture, and therefore low abundance species 
such as deoxycholic acid (DCA), chenodeoxycholic acid (CDCA) and 
UDCA have lower impact. Consequently, the shift towards increased 
hydrophilicity is primarily driven by an increase in the relative abun-
dance of Tau-α-MCA, a highly hydrophilic species. TC-100-treated mice 
clearly displayed, indeed, a more hydrophilic BA pool compared to 
vehicle-treated mice (Table 2 and Fig. 2D). 

Endogenous BA concentration in bile samples was also quantified 

Table 1 
Endogenous serum BAs (μM).   

Tau-DCA Tau-CDCA DCA CDCA GCA Tau-CA Tau- 
UDCA 

CA UDCA Tau-MCA MCA Total BA 

SO 0.06 
± 0.05 

0.11 
± 0.1 

0.07 
± 0.03 

0.03 ± 0 0.04 
± 0.03 

6.79 ± 4.19 0.17 
± 0.11 

0.09 
± 0.05 

0.03 
± 0.02 

1.91 ± 1.2 0.08 
± 0.05 

9.38 ± 5.56 

Vehicle 0.63 
± 0.53 

4.5 
± 0.21 

0.09 ± 0 0.05 
± 0.03 

0.87 
± 0.29 

331.2 
± 19.86 

4.79 
± 4.01 

0.49 
± 0.17 

0.04 ± 0 89.65 
± 9.87 

4.13 
± 0.41 

436.3 
± 5.21 

TC-100 0.21 
± 0.12 

9.31 
± 2.76* 

0 ± 0 0.01 
± 0* 

0.07 
± 0.03* 

50.96 
± 26.26* 

1.03 
± 0.4* 

0 ± 0** 0 ± 0 80.83 
± 12.14 

2.32 
± 0.86* 

144.7 
± 36.51* 

Statistical analysis was performed using the Mann-Whitney test (TC100 vs Vehicle; *p<0.05; **p<0.01). 

Fig. 2. TC-100-dependent FXR activation decreases serum BA pool and 
composition in BDL mice. Serum BA concentration (A). Quantitation of Tau- 
CA in serum samples (B). Endogenous serum BA pool composition (C). 
Graphical representation of the change in the hydrophobicity index in serum 
samples (D). Concentration values are expressed as mean ± SEM in μM. Sta-
tistical analysis was performed using ANOVA followed by Dunnett’s post hoc 
test (**p < 0.01 vs MC; *** p < 0.001 vs MC). 

Table 2 
Serum BAs hydrophobicity index.   

Mean ± SD 

SO -0.16 ± 0.02 
Vehicle -0.17 ± 0.03 
TC-100 -0.45 ± 0.08** 

Statistical analysis was performed using Mann- 
Whitney test (TC100 vs Vehicle; **p<0.01). 
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(Table 3). Mice subjected to BDL and treated with MC presented with 
double bile BA concentration compared to the surgery control group 
(SO; **p<0.01). In sharp contrast, treatment with TC-100 reduced bile 
BA concentration by 29%. (**p<0.01; Fig. 3A). Analyzing all BA species 
quantified in bile samples (Table 3), Tau-CA levels were significantly 
decreased by treatment with TC-100 (*p<0.05; Fig. 3B). TC-100 
significantly reduced the total BA pool in bile of mice subjected to 
BDL (*p<0.05; Fig. 3C). Subsequently, the hydrophobicity index was 
calculated (Table 4). Despite a decrease of 29 % in hydrophobicity in 
mice subjected to BDL and treated with TC-100, HI changes were not 
significant (Fig. 3D). This is probably due to the extremely high BA 
concentration in bile and a slightly higher intra-variability. 

3.3. TC-100 promotes intestinal microbiome reshaping in BDL mice and 
nurtures an intestinal environment favorable to Amuc enrichment in BDL 
mice 

To explore whether the protection of the intestinal mucosa structure 
by TC-100 works via regulation of the GM composition in BDL mice, 
from each of the 16 samples a library of dual indexed 420 bp long 
amplicons of the V5–V6 hypervariable regions of the 16S rRNA gene 
were successfully sequenced, obtaining about 270.000 reads/sample. 
Based on the ASVs counts generated by DADA2, rarefaction curves were 
generated (Fig. 4A) and two alpha diversity indices calculated 
(Fig. 4B–C). No significant variation was observed amongst the different 
experimental conditions. To investigate beta diversity, weighted and 
unweighted UniFrac dissimilarity matrices were used to obtain Principal 
Coordinates Analysis (PCoA) plots (Fig. 4D–E). In the weighted UniFrac 
plot (Fig. 4D), all samples related to treatment with TC-100 clustered 
apart from SO according to the first component (PCoA1 93.27%). MC 
samples were proportionally distributed among the other two groups 
(TC-100 and SO). MC and SO samples were overall discriminated along 
the second component (PCoA2 2.84%). Moreover, an intra-group clus-
tering for TC-100 was observed along the y-axis. Considering the un-
weighted UniFrac plot (Fig. 4E), results obtained with the weighted 
UniFrac analysis were confirmed and characterized by a clear separation 
between the treated and the other two groups, according to the first 
component (PCoA1 40.5%). A sub-clustering of TC-100 samples was 
observed on the y-axis (PCoA2 16.49%). Permanova analysis high-
lighted how mice groups are associated to 63% and 40% of the observed 
diversity using weighted and unweighted UniFrac measures, respec-
tively (Table 5). 

Taxonomic assignments and relative abundances for phylum, class 
and family are shown as donut charts (Fig. 5). Only the taxa with a 
relative abundance (RA) equal or higher than 1% were plotted, other-
wise they were collapsed into “Others”. Actinobacteriota, Bacteroidota, 
Campilobacterota, Cyanobacteria, Deferribacterota, Desulfobacterota, 
Firmicutes, Patescibacteriota, Proteobacteria, Verrucomicrobiota were 
the phyla assigned to the three conditions. Among these phyla, Bacter-
oidota (28.72±6.19% in the SO, 22.99±13.44% in the MC, 17.47 
±10.26% in the TC-100), Firmicutes (58.65±21.72% in the SO, 60.26 
±17.32% in the MC, 62.54±9.15% in the TC-100) and Verrucomicro-
biota (1.93±1.7 % in the SO, 5.40±6.97% in the MC, 15.83±4.27% in 
the TC-100), were common among SO, MC and TC-100 samples 
(RA>1%). Statistical comparison among microbial taxa showed a sta-
tistically significant abundance of the phyla Bacteroidota and Deferri-
bacterota in SO (p<0.05). The family Bacteroidaceae and genus 
Bacteroides were also more abundant in SO compared to TC-100. The 
Bacteroidia was the only class belonging to the phylum Bacteroiodota. 
The families Bacteroidaceae, Muribaculaceae, Prevotellaceae and Rike-
nellaceae (c. Bacteroidia, o. Bacteroidales), were identified in all the 
analyzed samples, represented at genus level by Bacteroides, 

Table 3 
Endogenous bile BAs (mM).   

Tau-DCA Tau-CDCA GCA Tau-CA Tau-UDCA CA Tau-MCA MCA Total BA 

SO 0.35 ± 0.06 0.66 ± 0.14 0.02 ± 0.01 9.63 ± 0.2 0.53 ± 0.14 0.13 ± 0.05 7.31 ± 0.41 0.12 ± 0 18.78 ± 0.63 
Vehicle 0.39 ± 0.2 0.49 ± 0.26 0.04 ± 0.02 19.9 ± 4.38 0.97 ± 0.56 0.04 ± 0.03 13.43 ± 2.92 0.09 ± 0.02 35.36 ± 4.5 
TC-100 0.47 ± 0.17 0.84 ± 0.14* 0.02 ± 0* 10.8 ± 2.54** 0.59 ± 0.14 0.04 ± 0.02 12.12 ± 2.2 0.05 ± 0.02 24.94 ± 1.57** 

Statistical analysis was performed using the Mann-Whitney test (TC100 vs Vehicle; *p<0.05; **p<0.01). 

Fig. 3. TC-100-dependent FXR activation decreases bile BA pool and 
modifies its composition in BDL mice. BA concentration in bile (A). Quan-
titation of Tau-CA levels in bile sample (B). Endogenous bile BA pool compo-
sition (C). Graphical representation of the change in the hydrophobicity index 
in bile samples (D). Concentration values are expressed as means ± SEM in μM. 
Statistical analysis was performed using ANOVA followed by Dunnett’s post hoc 
test (**p<0.01 vs MC). 

Table 4 
Bile BAs HI.   

Mean ± SD 

SO -0.30 ± 0.01 
Vehicle -0.31 ± 0.06 
TC-100 -0.38 ± 0.08  
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Muribaculaceae, Muribaculum, Prevotella and Alistipes, respectively. At 
species level the Bacteroides caecimuris was significantly more abundant 
in SO compared to TC-100 samples (p<0.05). The Prevotellaceae 
NK3B31 group was statistically more abundant in TC-100 compared to 
SO and MC (p<0.05), while the genus Muribaculum was less abundant in 
TC-100 compared to SO (p<0.05). Bacteroides acidifaciens was the only 
species assigned, with RA>1%, in SO, MC and TC-100 (1.84±1.52%, 
2.22±2.20%, 1.54±1.16%, respectively). The phylum Firmicutes was 
represented by the following two classes: Bacilli and Clostridia (10.06 
±5.32% in SO, 14.95±13.14% in MC, 7.53±3.67% in TC-100; 48.59 
±22.82% in SO, 45.31±29.38% in MC, 55.00±9.35% in TC-100, 
respectively). In the class of Bacilli, the order Lactobacillales, repre-
sented by the family Lactobacillaceae and genus Lactobacillus, were 
identified in all three conditions (1.97±1.41% in SO, 12.09±12.13% in 

MC, 5.59±3.38% in TC-100). The genus Lactobacillus was statistically 
less abundant in SO compared to TC-100 and MC conditions (p<0.05). 
The genus Enterococcus (o. Lactobacillales, f. Enterococcaceae) resulted 
assigned, with RA> 1%, to MC samples (3.84±7.15%). Conversely, the 
order Erysipelotrichales, represented by the family Erysipelotrichaceae, 
was statistically more observed in SO. In particular, the species Ilei-
bacterium valens was found, with RA > 1 %, exclusively in SO 
(p<0.001). Moreover, the Clostridium cocleatum was more observed in 
SO compared to both MC and TC-100 (p<0.001). Within the class 
Clostridia, the families Lachnospiraceae (order i), Oscillospiraceae (o. 
Oscillospirales) and Ruminococcaceae (o. Oscillospirales) were identi-
fied. Akkermansia muciniphila (p. Verrucomicrobiota, o. Verrucomicro-
biales, f. Akkermansiaceae) resulted the only assigned species (1.93 
±1.73% in SO, 5.40±6.97% in MC, 15.83±4.27% in TC-100) for the 
class Verrucomicrobiae, and significantly more observed in samples 
from TC-100-treated mice (p<0.05). Within the phylum Actino-
bacteriota, Bifidobacterium pseudolongum (0.17±0.24% in SO, 0.23 
±0.32% in MC, 2.36±5.17% in TC-100), and Patescibacteriota, repre-
sented by the genus Candidatus Saccharimonas (0.02±0.03% in SO, 0.40 
±0.45% in MC, 0.90±0.75% in TC-100), RA threshold was above 1% 
only in the TC-100 group. For Proteobacteria (f. Enterobacteriaceae), 
RA>1% were observed for SO and MC but not for TC-100. The other 
phyla were represented with relative abundance lower than 1% in all 
analyzed samples (Supplementary Table 2 and all the data relative to 
differential abundance analysis with ANCOM-BC are available in Sup-
plementary Table 3). 

Fig. 4. No significant alpha diversity variation was observed amongst the different experimental conditions. Rarefaction curves obtained by sampling an 
increasing number of sequences (A). Shannon and Simpson diversity (alpha diversity) indices are shown as box-plots according to treatment groups (B–C). PCoA plots 
obtained for weighted and unweighted UniFrac dissimilarity matrices (D–E). 

Table 5 
Permanova analysis was performed by using both weighted and unweighted 
UniFrac distances. R2 and p-values represent the portion of data variability 
explained by the proposed model and the achieved significance, respectively. 
Residuals correspond to the amount of variability the model was unable to 
capture.   

Weighted UniFrac Unweighted UniFrac 

R2 (%) P-value R2 (%) P-value 

Conditions  63.07  0.001  40.24  0.001 
Residuals  36.03    59.76    
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Moving on to species level, Lefse analysis have shown that Ilei-
bacterium valens, Clostridium cocleatum and Bacteroides caecimuris were 
strongly associated to SO samples (LDA score= 3.5, 2.5 and 2.9, 
respectively); Clostridiales bacterium and Lactobacillus murinus were 
associated to MC (LDA score = 2.9 and 3.9, respectively); while, in 
Akkermansia muciniphila, Parabacteroides distasonis and Helicobacter 
typhlonius were associated to TC-100 (LDA scores = 4.1, 2.6 and 2.3, 
respectively) (Supplementary Table 4 and Fig. 6). Moreover, LEfSe 
analysis highlighted 1, 20 and 17 metabolic pathways (Supplementary 
Table 5 and Fig. 7) associated with MC, SO and TC-100, respectively. In 
particular, 14 out of 17 metabolic pathways linked to TC-100 encom-
passed biosynthetic activities, such as thiazole and peptidoglycan 
biosynthesis (LDA Score ≥ 3). In contrast, a catabolic signature was 
related to SO samples, such as adenosine nucleotides degradation and 
glucose degradation (LDA Score ≥ 3), even if also some biosynthetic 
activities were observed, like L-phenylalanine and L-tyrosine biosyn-
thesis (LDA score ≥ 3). Only the allantoin degradation pathway was 
associated with MC samples (LDA Score < 3). 

Akkermansia muciniphila (Amuc) showed the highest association in 
terms of Lefse with TC-100 treatment. To validate this taxonomic result 
in the experimental samples, absolute quantification was performed 
using the Droplet Digital PCR system. The copy number counts of Amuc 
resulted significantly higher in TC-100-treated mice (mean 91.419 
±7.210) compared to SO (mean 6.527±37,479, p<0.01) and MC treated 
mice (mean 27.868±25.467, p< 0.05) (Fig. 8). 

In order to explore a possible link between highly related taxa and 
physiopathological read-outs in terms of BA pool composition in the 
different experimental groups, microbial networks were inferred by 
using WGCNA and highly co-occurrent nodes were clustered in 6 mod-
ules (i.e. clusters of highly correlated ASVs), collecting all the observed 
ASVs labeled using color names (Table 6). 

The association among the WGCNA inferred clusters and serum and 
bile BAs were calculated. Both the Pink and Brown (rs 0.6) modules 
positively correlated with the serum level of CA while red, green, and 
yellow showed a negative correlation (rs − 0.6, − 0.7 and − 0.6, 
respectively) (Fig. 9 A). The green module positively correlated with 
bile levels of Tau-CDCA (rs 0.5) while the brown one showed a negative 
correlation (rs − 0.5) (Fig. 9B). Moreover, the blue module was nega-
tively correlated with GCA (rs − 0.5), Tau-CA (rs − 0.5) and total BA (rs 
− 0.6). The pink cluster was positively associated to both Tau-CA and 
total BA (rs − 0.5). The microbial network in Supplementary Fig. 2 

shows ASVs that in the previous analysis (modules) obtained a signifi-
cant correlation with BA species (Supplementary Table 6). The pink 
nodes are mainly connected to the brown ones and each other. Yellow 
nodes are strictly connected to the green one, while both the green and 
the brown vertices represent a connection among the green and pink 
ones. In the green and yellow clusters several ASVs were associated to 
classes abundant in the TC-100 treatment group (as shown by LEfSe 
analysis), such as Candidatus Saccharimonas, Clostridia UCG-014, 
Akkermansia, Helicobacter and Desulfovibrio. ASVs classified as Clos-
tridium_senso_stricto_1, Faecalibaculum and Prevotella were observed in 
the pink modules and associated to MC in LEfSe. Moreover, in the red 
module, the ASVs belonging to the Monoglobus genus is associated to MC 
class (as shown in LEfSe analysis). 

4. Discussion 

The intestinal barrier is mainly composed by the enterocyte strictly 
associated to each other. Its paracellular permeability is tightly regu-
lated thanks to the coordinated activity of several tight junction proteins 
[65]. Destruction of the intestinal barrier cause increased intestinal 
permeability, which in turn disrupt intestinal homeostasis and allows 
translocation of pathogens or harmful substances to the blood stream. 
BAs are metabolites playing both a major lipid digestive role and acting 
as signaling molecules via the nuclear receptor FXR. FXR detects 
nutritional cues, thereby activating a transcriptional program involved 
in BA metabolic regulation. Biliary obstruction causes mucosal damage 
and dysbiosis in the small intestine, a detrimental event reversible by 
administration of BAs [19–24]. Intestinal bacteria and BAs have a 
mutual sophisticated relationship. In particular, BAs flowing along the 
intestine control bacterial overgrowth and protect against intestinal 
mucosal damage while intestinal microorganisms affect BA metabolism. 
This, in turn, shapes the magnitude of BA-induced FXR activation in the 
gut [24–29]. It has been previously shown that BA-dependent FXR 
activation protects from inflammation-driven mucosal injury in the in-
testine in a multilevel fashion [14]. Moreover, FGF19 administration to 
mice subjected to chemically-induced intestinal inflammation causes a 
beneficial shift in the intestinal microbiota, only in the presence of Fxr 
[25]. 

In the present study, we wanted to assess the potential enter-
oprotective role of the novel FXR agonist TC-100 in the absence of bile 
flow, hence in a condition of deactivated BA-dependent communication 

Fig. 5. Taxonomic assignments and relative abundances for phylum, class and family are shown as donut charts.  
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between the liver and intestine. TC-100 displays intestinal compart-
mentalization, no chemical cytotoxicity and modulates intestinal FXR- 
dependent genes more effectively than OCA [38]. TC-100 is well 
absorbed in the intestine and metabolized as tauro-conjugate. As pre-
viously shown, TC-100-dependent FXR activation induces Fgf15 
expression which in turn inhibits hepatic Cyp7a1 [38]. Here, we show 
that the activation of the Fxr-Fgf15 duo in the gut-liver axis decreased 
the BA pool size and shifts its composition to a less hydrophobic one in 
both serum and bile. 

In the intestine, TC-100 preserves the intestinal mucosal fitness by 
preventing early signs of submucosal edema and Goblet cell loss due to 
BDL. This is accompanied by a decreased expression of the “leaky” 
junction Cld-2 and an increase of the “tight” junctions Cldn-1, Cldn-3 
and Cldn-8. In terms of microbial signature, TC-100 shapes a different 
microbial population sustaining beneficial effects compared to control 
mice. In fact, despite an intra-sample (alpha) biodiversity statistically 
comparable amongst groups, beta diversity and taxonomic analyses 
highlight a specific microbiome signature strictly associated with each 
experimental condition. At phylum level, a particularly high relative 
abundance of Verrucomicrobiota was assessed in samples treated with 

TC-100. Moving onto class and then family, this translates into a higher 
relative abundance of Verrucomicrobiae and Akkermansiaceae. Further 
analysis at species level showed that Amuc had the highest association to 
TC-100 treatment in terms of Lefse. The remarkable enrichment of Amuc 
in TC-100 treated BDL mice and the concomitant preservation of the 
integrity of the intestinal epithelial barrier further strengthen the notion 
of its beneficial involvement in intestinal fitness [66,67]. Amuc belongs 
to the phylum Verrucomicrobia and is a Gram-negative bacterium firstly 
isolated in human fecal samples. This species represents 3–5% of the 
microbial composition in the healthy human intestinal tract [68,69] and 
has a central role in the regulation of the gut barrier function [70]. Amuc 
encodes several mucin-degrading enzymes allowing for mucus coloni-
zation and degradation resulting in the production of metabolites such 
as short-chain fatty acids, which play a beneficial role in metabolic 
health and inflammation [71,72]. It has been recently shown in a rodent 
model that Amuc treatment ameliorate chemically-induced mucosal 
inflammation potentially via promoting eubiosis while improving gut 
barrier functions [73]. Interestingly, Amuc has also been described as a 
regulator of the immune system leading to production of antimicrobial 
peptides and improves gut homeostasis [74,75]. Reduced levels of Amuc 

Fig. 6. Cladogram representing LEfSe results. In particular, the nodes’ background reflects taxonomic association to one given condition.  
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have been observed in patients with inflammatory bowel diseases, 
mainly ulcerative colitis [7–76] indicating it bears anti-inflammatory 
properties. 

To unfold the complexity of BA metabolism, the GM-BAs axis and its 
impact in health and disease is being actively studied and Amuc appears 
to be highly involved in this axis and the network data presented in this 
study represent a first step towards understanding the intertwined 
relation between microbiota species and the mice “bileome”. It has been 
previously shown that administration of ursodeoxycholic acid could 

increase the number of Amuc and improve colitis in mice [77]. Increase 
in the BA pool size, and particularly CA, reduces the abundance of Amuc 
in diet–induced obese mice [78]. Moreover, primary BAs (e.g. CA, GCA, 
and GCDCA) have an inhibitory effect against Amuc and high BA con-
centration inhibits its growth in vitro [79]. In line with this, here we 
show for the first time that BDL-induced intestinal epithelial damage, 
accompanied by the increase of plasmatic primary conjugated BAs, was 
counteracted by TC-100. Remarkably, this is paralleled by a gut mi-
crobial reshaping characterized by an increased abundance of Amuc, 
which – in turn – is negatively correlated to serum CA levels. 

Taken together, our data show that, in the absence of bile flow, the 
activation of intestinal FXR by the novel agonist TC-100 regulates BA 
metabolism in the gut-liver axis and nurtures an intestinal environment 
favorable to Amuc enrichment, thereby preserving the intestinal mucosa 
structure while contributing to the beneficial modulation of the BA pool 
size and composition. These findings confirm the crucial role for acti-
vated FXR in protecting the small intestine from epithelial disruption 
and dysbiosis and provide further evidence for the modulation of the gut 
microbiota by BAs. Recent findings have indicated that suppression of 
endogenous BA synthesis by the BA-derived drug OCA leads to an 
increased representation of BA–sensitive bacterial species in the human 
small intestine via an FXR-dependent dynamics [80]. The specific 
pattern of gut microbiome components associated to a specific BA pro-
file presented here emphasizes the importance of both components as 
co-metabolic assets in the same organism. The mirroring of the two 
profiles implies the intriguing possibility of harnessing BA composition 

Fig. 7. Bar-plot representing LEfSe results on the inferred microbial metabolic pathways.  

Fig. 8. Amuc is enriched in BLD mice treated with TC-100. Average copy 
number of Amuc in 1 mg of cecal content collected from the different groups 
(SO, MC and TC-100) as determined by Droplet Digital PCR (*p<0.05, 
** p<0.01). 

Table 6 
WGCNA modules and the corresponding number of clustered 
genera.  

Module name Number of clustered genera 

pink 206 
blue 58 
brown 46 
yellow 41 
green 36 
red 32  
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to produce an effect on the gut microbiome (and vice versa) for a healthy 
gut. Further research is needed to translate our findings on the beneficial 
role of TC-100-dependent FXR activation in maintaining the intestinal 
barrier integrity while promoting microbial reshaping in humans and to 
unravel whether Amuc could have preventive health benefits and/or 
represent a probiotic-adjuvant therapeutic strategy for the treatment of 
intestinal inflammatory diseases. Finally, the strong association between 
specific BA profiles and gut bacterial species needs to be further inves-
tigated to discover novel biomarkers predicting clinical response to 
BA-based drugs and aiding patients’ stratification in diseases of the 
gut-liver axis, such as NASH - in which OCA has been shown to improve 
histological feature of fibrosis [81–83] - and intestinal inflammation 
concomitant to impaired bile flow, as seen in IBD-PSC patients. 
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Fig. 9. Microbial and bileome networks. Association matrix between clustered genera (modules) and serum BAs. The observed modules are represented in rows 
and the plasma BAs in columns. Each cell contains the inferred correlation and p-values. Blue and red color shades correspond to negative and positive correlations, 
respectively (A). Associations matrix between clustered genera (modules) and bile BAs. The observed modules are represented by row and the bile BA by column. 
Each cell contains the inferred correlation and p-values. Blue and red color shades correspond to negative and positive correlations, respectively (B). Letter “s” and 
“b” before the different BA species indicate “serum” and “bile”, respectively. 
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