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ABSTRACT

Background and Aims: Primary sclerosing cholangitis (PSC) is a chronic cholestatic liver disease characterised by progressive
biliary inflammation and fibrosis, leading to liver cirrhosis and cholangiocarcinoma. GPBAR1 (TGR5) is a G protein-coupled
receptor for secondary bile acids. In this study, we have examined the therapeutic potential of BAR501, a selective GPBAR1
agonist in a PSC model.

Methods: Single-cell analysis of healthy human liver samples and gene expression analysis of PSC liver samples were conducted.
In vitro studies on a human cholangiocyte cell line (NHC), U937 and human hepatic stellate cells (hSteCs) were performed.
Additionally, Abchb4~/~ mice were treated with BAR501 for 12-24 weeks.

Results: Single-cell analysis demonstrated that GPBARI is expressed by macrophages, NXK cells, sinusoidal cells and to a lesser
extent by cholangiocytes. Total liver expression of GPBARI increases in PSC patients compared to that in healthy controls and

Abbreviations: Abcb4, ATP binding cassette subfamily B member 4; ALP, alkaline phosphatase; ALT, alanine transaminase; ANIT, a-naphthyl-isothiocyanate; AST, aspartate
aminotransferase; BECs, biliary epithelial cells; CA, cholic acid; CDCA, chenodeoxycholic acid; ConA, concanavalin A; EC50, half-maximal effective concentration; Elf3, E74-like factor 3;
Fgf15, fibroblast growth factor 15; FXR, farnesoid X receptor; Glpl, glucagon-like peptide 1; GPBAR1, G protein bile acid-activated receptor 1; GUDCA, glycoursodeoxycholic acid; HCA,
hyocholic acid; HLA, human leukocyte antigen; hSteCs, human hepatic stellate cells; IBD, inflammatory bowel disease; IHC, immunohistochemistry; IL, interleukin; KRT, cytokeratin; LC/MS/
MS, liquid chromatography with tandem mass spectrometry; LCA, lithocholic acid; LPS, lipopolysaccharide; MCA, muricholic acid; Mdr2, multidrug-resistance transporter 2; MRGPR4,
Mas-related G protein-coupled receptor 4; NF-xB, nuclear factor kappa-light-chain-enhancer of activated B cells; NHCs, normal human cholangiocytes; NK, natural killer; NLRP3, NOD-,

LRR- and pyrin domain-containing protein 3; Ntrk2, neurotrophic receptor tyrosine kinase 2; PCA, principal component analysis; PSC, primary sclerosing cholangitis; TGFf, tumour growth
factor 8; TGRS, Takeda G protein receptor 5; TNF-a, tumour necrosis factor a; tSNE, t-distributed stochastic neighbour embedding; TUDCA, tauroursodeoxycholic acid; U937, human
monocytes; UDCA, ursodeoxycholic acid.
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positively correlates with markers for monocytes and NXK cells and cytokeratin 19. In vitro treatment of NHCs with BAR501 re-

versed the acquisition of a pro-inflammatory phenotype and the downregulation of GPBARI expression promoted by LPS in an

NF-xB-dependent manner. Treating Abch4~/~ mice reduced bile duct inflammation and liver fibrosis and prevented the down-
regulation of GPBAR1 expression. Treating mice with BAR501 also modulated the bile acid pool composition and reduced the
dysbiosis-associated gut permeability, and intestinal and systemic inflammation. Ex vivo experiments using conditioned media
from BARS501-treated cholangiocytes mitigated the activation of macrophages.

Conclusions: Our study provides evidence for the therapeutic potential of selective GPBAR1 agonists in intestinal inflamma-

tion-associated cholestasis, warranting the evaluation of BAR501 in PSC patients.

1 | Introduction

Primary sclerosing cholangitis (PSC) is a chronic liver disorder
characterised by a progressive inflammation of intrahepatic
and extrahepatic bile ducts leading to bile duct strictures and
fibrosis, and eventually to liver cirrhosis and cholangiocarci-
noma [1]. Despite genome-wide association studies positioned
the PSC as an immune-mediated disorder with both human
leukocyte antigen (HLA) and non-HLA predisposing genes
[2], the aetiology of PSC remains elusive. A key mechanistic
point, however, is that in 70%-80% of patients, PSC develops
in the context of inflammatory bowel disease (IBD), mostly
a right-sided ulcerative colitis, indicating that PSC with IBD
should be viewed as the standard phenotype of a disease that
manifests in two organs [3]. A current pathogenetic hypoth-
esis is that, in genetically predisposed individuals, intestinal
inflammation and dysbiosis lead to impaired intestinal muco-
sal barrier and aberrant trafficking of intestinal lymphocytes
towards the liver, leading to damage and senescence of biliary
epithelial cells (BECs) [4]. Activated cholangiocytes, in turn,
engage in a cross-talk with immune cells, particularly mac-
rophages, amplifying the inflammatory milieu in the liver.
This interaction between cholangiocytes and macrophages is
a central driver of the fibrotic processes observed in PSC [5].
Despite improvements in the understanding of pathogenesis
and the recent development of risk-stratification tools, ther-
apeutic progress to fundamentally alter the course of PSC is
lacking and no effective medical therapy exists [4]. The devel-
opment of therapies directed towards the two main diseases
remains a major medical need.

The G protein bile acid-activated receptor (GPBAR) 1, also
known as Takeda G protein receptor (TGR)5 [6], is a membrane
receptor for secondary bile acids [7]. The receptor is highly ex-
pressed in the intestine, epithelial and non-epithelial cells, as
well as in non-parenchymal liver cells, that is Kupffer cells, liver
sinusoidal and stellate cells, cholangiocytes [8-10] and particu-
larly in cells of innate immunity, including monocytes, macro-
phages and natural killer (NK) cells [6, 11].

In the context of PSC, GPBAR1 plays several roles [12]: in mac-
rophages, activation of GPBAR1 is associated with the devel-
opment of a tolerogenic phenotype, whereas receptor ablation
promotes liver and intestinal inflammation [13], and in cholan-
giocytes, GPBAR1 promotes a bicarbonate-enriched choleretic
and exerts cell-protective effects, including anti-apoptotic and
anti-senescence effects [9], highlighting a functional role for
this receptor in maintaining cholangiocytes homeostasis. Even
though GPBARI-deficient mice do not develop spontaneously

cholestatic disorders, it has been shown that PSC development
is associated with a selective reduction of the expression/func-
tion of GPBARI in BECs, which is reversed by treatment with
ursodeoxycholic acid (UDCA) [10].

A similar pattern of dysregulation occurs in BECs isolated
from the liver of ATP-binding cassette subfamily B member 4
(Abcb4~/") mice, a mouse model for PSC [5]. However, although
UDCA reverses PSC-induced GPBAR1 downregulation in chol-
angiocytes, the contribution of GPBARL1 to the pharmacologi-
cal activity of UDCA in PSC remains unclear. Indeed, UDCA is
only partially effective in PSC, and while there is evidence that
UDCA and its tauro derivative (TUDCA) weakly transactivate
GPBARI1 in vitro [14], others have suggested that the main phar-
macological effects of UDCA, its main metabolite in humans,
glyco (G)-UDCA, are mainly contributed by a direct and/or in-
direct antagonistic effect on the farnesoid X receptor (FXR) [15].

Building on this premise, we investigated whether treating mice
with BARS501 [16], a selective agonist for GPABR1, reverses
cholestasis and inflammation in Abcb4~~ mice. Our findings
highlight the potential of GPBAR1 agonism as a novel therapeu-
tic strategy to modulate the inflammatory cross-talk between
cholangiocytes and macrophages, thereby addressing the un-
derlying immune dysfunction and fibrosis characteristic of PSC.

2 | Materials and Methods

2.1 | 2D Culture Cell Lines

Epithelial-like kidney cells (HEK293T), normal human cholan-
giocytes (NHCs), human monocytes (U937) and human hepatic
stellate cells (hSteCs) were used in this study.

2.2 | Mice Models of Cholestasis

Abcb4~/~ and Gpbarl~~ mice, along with their C57BL/6 con-
genic littermates, were used in this study.

Extensive materials and methods are detailed in the Supporting
Information S1.
3 | Results

Previous studies have shown that expression of GPBARI
(TGR5) in the liver is restricted to non-parenchymal cells
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Summary

« Primary sclerosing cholangitis (PSC) is a progressive
liver disease characterised by chronic inflammation
and fibrosis of the bile ducts.

In this study, we investigated the therapeutic potential
of BAR501, a selective agonist of the GPBAR1 recep-
tor, in a mouse model of PSC.

Our findings demonstrate that BAR501 effectively re-
duces bile duct inflammation, mitigates liver fibrosis
and restores bile acid homeostasis and gut microbiota
balance.

» These results suggest that BAR501 could represent
a novel therapeutic strategy for managing PSC in
patients.

[8], but a comparison of relative abundance of the receptors
in different liver cell subsets of normal subjects and PSC pa-
tients is lacking. We have therefore examined the expression
profiles of GPBARI by single-cells analysis carried out on the
GSE115469 dataset, along with two human cohorts of PSC
patients. Single-cell analysis further revealed that GPBAR1
expression is higher in immune cell populations, particularly
macrophages and NKT cells, whereas cholangiocytes showed
only mild expression of the receptor (Figure 1A). The inter-
nal cohort consisting of nine PSC patients and nine age- and
sex-matched healthy controls (n =9) (Table S1, Figure 1B), and
a validation cohort of 12 PSC patients and healthy controls
were retrieved from the GSE159676 repository (Figure 1C).
Both cohorts demonstrated that the expression of GPBAR1
increases in the whole liver tissue of PSC patients compared
to healthy controls (Figure 1B,C). The immune deconvolution
analysis of the GSE196009 dataset, which showed a signifi-
cant increase in the expression of biomarkers for monocytes,
NK cells and T cell subsets, indicated immune dysregulation
in PSC (Figure 1D). Furthermore, a correlation analysis re-
vealed a direct association between GPBARI expression levels
and markers for monocytes, NK cells and CD4* T cells in PSC
patients (Figure 1E). Additionally, we found a direct correla-
tion between cytokeratin 7 (KRT7) and GPBAR1 expression
(Figure 1E).

3.1 | Gpbarl Expression Was Reduced in Inflamed
Primary Cholangiocyte Cell Lines

Because these data suggest a potential role of GPBARI at the
interface of macrophages and biliary epithelial cells, we have
investigated whether the agonism towards GPBAR1 mod-
ulates the inflammatory response at the interface between
cholangiocytes, macrophages and stellate cells using primary
and immortalised cell lines. In these studies, LPS-activated
cell co-cultures were exposed to BAR501 (Figure 2A), a se-
lective GPBARI1 agonist (EC50 of 1uM in transactivation
assay on HEK293 cells) [16, 17]. The results of these studies
demonstrate that while exposure of NHC cells, a human chol-
angiocyte primary culture, to 100ng/mL of LPS promotes the
acquisition of a pro-inflammatory phenotype, cell activation
resulted in a profound downregulation of GPBARI expression

[10], gene and protein (Figure 2B,C). Treating LPS-primed
NHC cells with BAR501 effectively reversed GPBAR1 down-
regulation (Figure 2C). BAR501 counteracted the development
of a pro-inflammatory phenotype, reducing the expression of
inflammatory biomarkers in a concentration-dependent man-
ner (Figure 2C, Figure S1). Activation of NHC by LPS also
promoted the phosphorylation of NF-xB, which was reversed
by BAR501 (1 uM) (Figure 2D). Given that, in addition to chol-
angiocytes, GPBARI1 is expressed by macrophages [13] and
hepatic stellate cells (HSCs) [18, 19], we investigated whether
inflamed cholangiocytes could form a pro-inflammatory niche
by recruiting activated macrophages and HSCs and whether
this property could be reversed by GPBARI activation. As il-
lustrated in Figure 2E,F, challenging U937/HSC co-cultures
with the conditioned media harvested from LPS-primed NHC
activates a pro-inflammatory program, as demonstrated by
a robust increase in the expression of IL-13, IL-6 and TNF-«a
mRNAs in U937 and COLIA1, TGFf3/R2 and TNF-a mRNA in
HSCs. This pattern was reversed by BAR501 (Figure 2E,F),
highlighting the concept that GPBAR1 agonism could miti-
gate inflammation at the cholangiocyte/macrophage/fibro-
blast interface.

3.2 | GPBARI1 Agonism Attenuates Cholestasis in
Mouse Models of PSC

We have then investigated whether GPBAR1 agonism at-
tenuates disease development in a mouse model of cholesta-
sis. Two-month-old Abcb4~/~ mice were administered with
10mg/kg BARS501 or left untreated and monitored until the
age of 5 or 8 months. Wild-type mice were used as controls
(Figure 3, Figure S2). As shown in Figure 3, while there was
no difference in body weight changes among the three exper-
imental groups over the time, AST, ALT, ALP and bilirubin
plasma levels were significantly higher in naive Abcb4~/~
mice compared to their wild-type counterparts (Figure 3B).
Administering Abcb4~~ mice with BAR501 reduced AST,
ALT, ALP and bilirubin at 5 and 8 months (Figure 3B). The
pathology examination at both time points demonstrated that
Abcb4~/~ mice left untreated develop PSC-like features: ac-
cumulation of inflammatory cells surrounding the bile ducts
and extending into the hepatic parenchyma, bile duct prolif-
eration (cytokeratin 19 immunostaining) and liver fibrosis
(Sirius red staining) (Figure 3C-E). Treating Abcb4~/~ mice
with BARS501 effectively attenuated development of these
changes at both 5 and 8 months (Figure 3D,E, Figure S3).
By immunofluorescence, GPBAR1 expression was detected
in bile epithelial cells (BECs) from intrahepatic (Figure 3F)
and extrahepatic bile ducts (Figure S4A-D), and as shown in
Figure 3F, the expression of the receptor in intrahepatic BECs
was robustly reduced in 5- and 8-month-old Abcb4~~ mice.
In contrast, there were no changes in GPBAR1 expression in
extrahepatic bile duct epithelia (Figure S4A-D). This differen-
tial regulation may be attributed to the distribution of ciliated
and non-ciliated cholangiocytes along the biliary tree [20].
The ciliated cholangiocytes, which harbour the higher expres-
sion of the receptor, are abundant in larger bile ducts that were
less inflamed in comparison to small intrahepatic ducts [20].
Treating Abch4~/~ mice with BAR501 reversed Gpbarl down-
regulation in BECs (Figure 3F, Figure S4).
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FIGURE 1 | Single-cell analysis of GPBAR1 expression in human parenchymal and non-parenchymal liver cells, and GPBAR1 expression in
the whole liver of PSC patients compared to healthy controls. Panel (A) illustrates single-cell analysis of healthy human liver, derived from the
GSE115469 dataset, showing the expression of GPBARI (TGR5) and FXR across different liver cell types. Panel (B) displays the relative mRNA ex-
pression levels of GPBAR1 and NR1H4 (FXR) in liver samples from an internal cohort of PSC patients and healthy controls (Ctrl) (n=9). Panel (C)
depicts a comprehensive human microarray analysis of liver tissues from healthy controls (Ctrl) and PSC patients, sourced from the GSE159676 se-
ries. Particularly, in the first row, gene expression of GPBARI (TGR5), FGFR4 and NR1H4 (FXR) is displayed, along with cholangiocyte proliferation
markers including EPCAM, KRT19 and KRT?7 as well as the macrophage marker CDI4 (from left to right). The second row illustrates the expression
of fibrosis markers COLIAI and TGFB2, alongside genes involved in bile acid homeostasis, CYP7A1, CYP8BI and CY27A1. In the third line, the ex-
pression levels of various transporter genes, NTCP, OSTA and OSTB, and PPAR isoforms genes PPARA, PPARD and PPARG are showed. In panel
(D), immune deconvolution analysis based on human microarray and in panel (E), correlation analysis between immune population, cholangiocytes
markers and GPBAR1 expression in both healthy controls and PSC patients are exhibited. COL1A1, collagen type I alpha 1 chain; EPCAM, epithelial
cell adhesion molecule; NTCP, Na+—taurocholate co-transporting polypeptide; OSTA, organic solute transporter alpha; OSTB, organic solute trans-

porter beta; PPAR, peroxisome proliferator-activated receptor.

Consistent with the THC analysis, we found that expression of
GPBAR1 mRNA and protein was significantly reduced in BECs
isolated from naive Abcb4~/~ but was restored by in vivo treat-
ment with BAR501 (Figure S5).

To further investigate whether GPBAR1 contributes to maintain
immune homeostasis, we have then investigated whether dele-
tion of GPBAR1 worsens liver damage in two chemical models
of cholestasis (Figures S6 and S7). In the model of cholestasis
induced by ANIT, GPBARI gene ablation failed to worsen the
disease severity (Figure S6). As this model is considered mostly
a model of direct hepatocyte/cholangiocyte toxicity, with minor
immune activation, these findings confirm that GPBARI, in
contrast to FXR, does not regulate xenobiotic metabolism in
the liver, whereas it exerts a role in immune cell regulation.
Confirming this view, GPBARI1 gene ablation dramatically
worsened the severity of liver injury induced by ConA, a model
for autoimmune liver disease (Figure S7).

3.3 | Gpbarl Agonism Resets the Liver Immune
Landscape in Abcb4~/- Mice, Modulating
Macrophage Polarisation and Immune Cell
Dynamics

To gain further detail on the transcriptional profile promoted
by Gpbarl agonism through BARS501 treatment, AmpliSeq
Transcriptome analysis (RNAseq) was performed on total liv-
ers of wild-type and Abcb4~/~ le BAR501. These transcriptomic
studies revealed that 1907 transcripts were differentially mod-
ulated in Abcb4~/~ in comparison to Abcb4 ++-naive mice (red
circle), whereas only 27 transcripts were exclusively modulated
by BARS501 treatment (green circle). The intersection between
the two red and green circles included 43 common transcripts
that were modulated in Abcb4~/~ mice treated or not treated
with BARS501, highlighting the extent of gene expression
changes due to Gpbarl agonism (Figure 4A).

The per pathway analysis of these differentially expressed genes
was performed by the TAC software (Affimetrix) to dissect
the molecular pathways underlining the development of the
disease (Figure 4B on left) and the effect of Gpbarl agonism
(Figure 4B on right). The analysis demonstrated that BAR501
downregulated several pathways in inflammation, fibrosis and
cellular proliferation (Figure 4C). The most upregulated gene in

Abcb4~/~ mice in comparison to wild-type mice was Calnexin
(Canx), a calcium-binding chaperone critical for glycoprotein
folding, whose dysregulation exacerbates bile duct inflamma-
tion and fibrosis [21]. Additionally, the neurotrophic receptor ty-
rosine kinase 2 (Ntrk2) gene [22] and the E74-like factor 3 (EIf3)
[23] and CdI4, a marker for myeloid cells in humans [6], were
robustly upregulated in the model and their expression was re-
versed by treating mice with BAR501 (Figure 4D,E) [12, 24].

The heatmap shown in Figure 4D summarises the folds of
changes of 43 genes differentially modulated in both settings,
that is Abcb4~/~ versus wild type, and Abcb4~~ plus BAR501
versus Abcb4~/~. As shown in this figure, treating mice with
BARS501 reversed these changes. Additionally, as shown in
Figure 4E, treating mice with BAR501 downregulated the ex-
pression of several genes involved in immune responses and
cytokine signalling including several components of NF-xB
and the Nlrp3 pathway. The activation of the NLRP3 inflam-
masome in biliary epithelial cells is NF-xB dependent and once
assembled leads to increased production of pro-inflammatory
cytokines and disruption of epithelial barrier integrity, which
contributes to disease progression [28].

The immune deconvolution analysis of the liver transcriptome
in the three experimental subsets revealed the assembly of a dis-
tinct immune cell population within the liver of Abch4~/~ mice
compared to their wild-type counterparts (Figure 5A). Specific
signatures of this cholestatic models were an increase in M1,
pro-inflammatory macrophages, in Abchb4~/~ mice compared
to their wild-type counterparts. Treating mice with BAR501
(Figure 5B) skewed the macrophage polarisation by reducing
M1 macrophages while increasing the expression of marker for
M2, anti-inflammatory, macrophages (Figure 5C).

To further characterise the immune phenotypes, we have
carried out a t-SNE analysis of non-parenchymal liver cells
isolated from the three experimental groups. The results of
these studies demonstrated that the development of cholesta-
sis in Abcbh4~/~ mice associates with a significant inflow of
leukocytes in the liver microcirculation (Figure 5D-F). A
prototypal signature of this inflammatory response is the ex-
pansion of the myeloid compartment with the recruitment of
two distinct macrophage subsets (Figure 5F), popl and pop2.
The macrophages in the popl subset were further classified as
M1 and M2. The M1 macrophages were found to be elevated in
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FIGURE 2 | BARS5O01 reversed the LPS-induced Gpbarl downregulation in normal human cholangiocyte cell line, reducing NFxB phosphoryla-
tion, and exerts a protective role at macrophage/stellate cells interface. NHC cells were exposed to LPS 100ng/mL alone or plus 0.1, 1 and 10 uM of
BARS501 for 24 h or left untreated. In panel (A), 2D structure of the Gpbarl agonist, BAR501, is shown and GPBARI transactivation assay of BAR501
on HEK393T cells. (B) This panel exhibits IF analysis of GPBAR1 (green) in NHC cells, with the estimated mean fluorescence intensity (MFI) anal-
ysis. Panel (C) illustrates the relative mRNA expression GPBARI, IL-6, CCL2, ICAM1 and CXCLIO0 (from left to right). Each value is normalised to
GAPDH. In panel (D), representative Western blot analysis of pNFkB and NFkB, and tubulin protein analysis with densitometric analysis demon-
strating pNFkB/NFkB ratio are displayed. Results are the mean+SEM of three samples of the group. (*represents statistical significance versus
NT, p<0.05). NHCs were seeded and exposed to LPS or vehicle, and their supernatant was used to treat serum-starved U937 cells and HSC, with
or without BAR501, for 48h. RNA was then extracted from U937 and hSteC cells for gene expression analysis. Panels (E and F) depict the effects
of BAR501 on co-culture of U937, a human macrophage cell line, and human HSCs stimulated with supernatants from LPS-activated cholangio-
cytes. Particularly, in panel (E), relative mRNA expression of IL-1B, IL-6 and TNF-« in U937 is exhibited. Similarly, panel (F) presents the relative
mRNA expression of Collal, TGFB, PPARy, TGFBR2 and TNF-« in HSCs. Each value is normalised to GAPDH. Results are the mean = SEM of three
samples of the group. (*Statistical significance vs. NT, p <0.05). These results highlight the concept that GPBAR1 agonism mitigates inflammation
at the cholangiocyte/macrophage/fibroblast interface. CCL2, C-C motif chemokine ligand 2; CXCL10, C-X-C motif chemokine ligand 10; GAPDH,

glyceraldehyde-3-phosphate dehydrogenase; ICAM]1, intercellular adhesion molecule 1; MFI, mean fluorescent intensity.

Abcb4~/~ mice compared to both controls and BAR501-treated
mice. In contrast, M2 macrophages were increased in BAR501-
treated mice, suggesting a shift towards an anti-inflammatory
phenotype induced by the treatment (Figure 5F). A similar
change was observed for T cells, which increased dramatically
in Abcb4~/~ mice and were reduced by BAR501 treatment.
Together, with the immune deconvolution, these findings pro-
vide evidence that GPBAR1 agonism in Abch4~/~ resets the
immune cell dynamics, skewing the macrophage polarisation
towards an anti-inflammatory phenotype.

3.4 | BAR501 Administration Remodels the Bile
Acid Pool in Abcb4—/— Mice

We have then assessed whether development of cholestasis in
Abcb4~/~ mice and its reversal by BAR501 associates with re-
modelling of the bile acid pool. The LC/MS/MS analysis of bile
acids in relevant compartments of Abcb4~/~ mice confirmed that
changes in bilirubin and ALP associate with increased levels of
total bile acids in the plasma and liver, whereas the faecal excre-
tion was reduced. Furthermore, although levels of primary bile
acids (CA, CDCA and MCAs) were increased in both plasma and
liver, the faecal excretion of secondary bile acids was reduced,
leading to a higher primary/secondary bile acid ratio in various
compartments (Figure 6A-D). Plasma levels of CDCA, TCDCA
and GCDCA were increased in Abchb4~/~ mice (Figure SSB),
as well as aMCA and its amidated derivatives (Figure S8C).
Among secondary bile acids, plasma levels of lithocholic acid
(LCA) (Figure S8E) and UDCA (Figure S8F) were increased
in Abcb4~/~ mice compared with their naive counterparts.
These biochemical changes were reversed by treating mice with
BARS501 (Figure S8), which also led to the normalisation of the
primary/secondary bile acid ratio (Figure 6B).

The liver content of CA, the main FXR ligand in mice, GCA,
TCA and T-HyoCA (THCA) (Figure S9A) and levels of TCDCA
(Figure S9B) and MCAs and their tauro-derivatives (Ta- and
TBMCA) were also higher in naive Abcb4~~ mice compared
to wild-type mice (Figure S9C). Treating Abcb4~/~ mice with
BARS501 reduced the levels of amidated and non-amidated pri-
mary bile acids in the liver. The content of secondary bile, in-
cluding hyodeoxycholic acid (HDCA) and THDCA (Figure S9D),
LCA and its derivatives (tauro-, 3-oxo-, T30x0- and 7keto-LCA)

(Figure S9E), and UDCA and its derivatives (Figure S9F), was
higher in Abcb4~/~ mice but was reduced by treatment with
BARS5O01.

Accumulation of bile acids in the plasma, liver and gallbladder
(Figure 6C, Figure S10) is associated with a reduction in their
faecal excretion (Figure 6D). This reduction was significant for
both primary bile acids, CDCA and MCAs, and their derivatives,
and secondary bile acids, including DCA and 30xoDCA, LCA
and isoAlloLCA, and TUDCA (Figure S11B-F). The ratio of
primary-to-secondary bile acids in faeces was also normalised
by BARS501 treatment. Overall, these findings indicate that
obstructive cholestasis in Abcb4~~ mice leads to significant
alterations in bile acid metabolism, which are consistent with
changes observed in PSC patients and were partially corrected
by BAR501.

The RNAseq analysis of liver transcriptome in the three experi-
mental groups confirmed that the development of cholestasis in
Abcb4~~ mice associates with adaptive changes that typically
occur in cholestasis, including downregulation of the expression
of Cyp7al and Cyp27al, the two rate limiting enzymes of the
bile acid synthesis (26). Treating mice with BAR501 restored the
liver expression of Cyp7al and Cyp8bl, but not that of Cyp27al
(Figure 6E). As Cyp27al is essential for the synthesis of CDCA,
which in mice is converted into MCAs by the activity of Cyp2c70
(27), these findings might contribute to explain the observed re-
duction in «MCA levels in Abcb4~/~ mice, treated or not treated
with BAR501. Overall, these findings suggest that obstructive
cholestasis in Abcb4~/~ mice led to significant alterations in bile
acid metabolism, which was partially corrected by BAR501,
which also modulated the expression of genes involved in bile
acid homeostasis.

3.5 | Gpbarl Agonism Modulates Gut-Liver Axes
and Systemic Inflammation in Abcb4~/~ Mice

The analysis of faecal microbiota demonstrated that Abcb4~/~
mice develop a severe dysbiosis (Figure 7). This view is
supported by several statistical approaches, including the
principal component analysis (PCA) plot, which illustrates the
clustering of microbiota samples based on their composition,
showing distinct patterns between the three experimental
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FIGURE 3 | BARS501 exerted a protective effect on Abchb4~/~ cholestatic mice, improving liver biochemical function and histopathological fea-
tures. In this experimental set, 2-month-old Abcb4~/~ mice were administered 10 mg/Kg of BAR501 or left untreated and monitored until the age of 5
or 8 months. Abcb4+/+ mice were used as control. (A) In this panel is reprented the trend of body weight (g) over time in Abcb4 *+/+ (black), Abcb4~/~
(red) and Abcb4~/~ mice administered BAR501 (10mg/kg) (green). Panel (B) displays the trend of plasma levels of AST, ALT, ALP and bilirubin (vs.
Abcb4*/%). Liver histopathology analysis is illustrated in panels (C-F). Particularly, panel (C) illustrates haematoxylin and eosin (H&E) staining

of liver sections and liver weight/body weight ratio. The H&E staining demonstrates cytoplasmic vacuolization of hepatocytes and loss of normal

lobular organisation occurring in portal areas. Panel (D) portrays the assessment of liver fibrosis by Sirius red staining of liver collagen and relative

fibrosis score (% of area). The Sirius red staining demonstrates that Abcb4~/~ develop portal-portal bridging and portal-central bridging that were

reversed by BAR501. Panel (E) shows the assessment of proliferation of cholangiocytes through THC of cytokeratin 19 (CK19) in liver section and

its relative expression in % of area. Panel (F) describes the protein expression of Gpbarl evaluated through immunofluorescence analysis (green) of

intrahepatic bile duct and mean fluorescence (MFI) analysis. Results are the mean + SEM of seven mice per group. *p <0.05.

groups: Abcb4*/*, Abcb4~/~ and Abcb4~/~ treated with BAR501
(Figure 7A). The Abcb4~/~ mice showed lower species di-
versity and evenness compared to the wild-type controls,
which were partially corrected by treating mice with BAR501
(Figure 7B,C).

Generi (Figure S12) and phyla analyses (Figure 7D,E) were per-
formed. Phyla analysis demonstrated a significant increase in
Firmicutes and a reduction in Bacteroidetes and Proteobacteria
compared to wild-type control, which were partially re-
stored by BAR501. Further analysis at the bacterial families
showed an enrichment in Ruminococcacae, Clostridiaceae and
Lachnospiraceae, linked to inflammatory and metabolic alter-
ations (Figure 7F,G). BAR501 also modulated specific bacterial
families including Clostridium fusiformis and Prevotella sp.
(Figure 7H), which are associated with intestinal barrier func-
tion and immune regulation [25, 26]. Particularly, the Prevotella
sp. family is a butyrate producer, and its relative abundance is
associated with enhanced intestinal tight junction regulation
and maintenance of intestinal barrier function [25, 26]. Lower
butyrate levels might weaken the barrier integrity and reduce
mucosal immunity. Additionally, BAR501 administration effec-
tively reduced the Blautia gnavus species (Figure 7H), whose
relative abundance is increased in Abcb4~~ mice and PSC pa-
tients and linked to increased intestinal permeability in sys-
temic lupus erythematosus [27].

At the age of 5 and 8months, Abchb4~~ mouse developed an
increased gut permeability (Figure 8A,B) as demonstrated by
a decreased expression of the tight junction genes E-Cadherin
and Claudin, and an upregulation of the pro-inflammatory
genes Il-6 and Tnf-a and Gpbarl in the colonic lamina propria,
likely due to immune cell infiltration (Figure 8C). Additionally,
we detected reduction in GIpI and Fgf15 gene expression in the
small intestine of Abcb4~~ mice compared to wild-type con-
trol (Figure 8D). Consistent with the development of altered
intestinal permeability, Abch4~/~ mice developed a systemic in-
flammation, as demonstrated by enhanced expression of Tnf-c,
Cd11b and Cd4 mRNAs in the spleen (Figure 8E) and mesen-
teric lymph nodes (mLNs) (Figure 8F) in Abcb4~/~ compared to
naive mice. These changes were reversed by Gpbarl agonism.
To further clarify how colonic inflammation in Abch4~/~ mice
contributes to systemic inflammation, macrophages isolated
from the buffy coat of healthy blood donors were exposed to
faecal homogenates prepared from Abch4~/~ mice treated or not
with BAR501 (Figure 8G). Gene expression analysis revealed
that faecal homogenate from Abcb4~/~ mice exerted a potent

pro-inflammatory activity, increasing IL-6 and II-1§3 expression,
polarising macrophages towards the M1 phenotype. In contrast,
faeces obtained from Abcb4~/~ mice administered BAR501
failed to promote polarisation towards the M1 phenotype while
increasing the expression of IL-10 (Figure 8G).

4 | Discussion

Previous studies have suggested that dysregulation of GPBAR1
in cholangiocytes is mechanistically linked to PSC develop-
ment. Thus, not only GPBAR1 maintains cholangiocytes ho-
meostasis, but its disruption or nonsynonymous mutation leads
to increased susceptibility to develop intestinal, biliary and
systemic inflammation. Furthermore, UDCA that is currently
recommended [28] as first-line therapy in the treatment of PSC
in Europe [29-31] might function as a GPBAR1 agonist [14].
Relevant to its putative mechanistic role in PBC, it has been
shown that UDCA and NorUDCA might positively regulate the
expression of GPBARI in cholangiocytes isolated from PSC pa-
tients [10]. Furthermore, Gpbarl overexpression in transgenic
Abcb4~~ mice alters the disease progression and protects from
cholestasis development [10]. Although these findings suggest
that activation of GPBARI1 could be beneficial in PSC and could
support the beneficial effects of bile acid-based therapies, it
must be recognised that UDCA is a weak GPBAR1 agonist and
its beneficial effects in PSC patients are limited.

BARS5O01 is a steroidal derivative of UDCA that, as shown in the
present study (Figure S13), undergoes an extensive liver me-
tabolism when administered in vivo, with the taurine deriva-
tive representing its main circulating form. In previous studies
we have shown that BAR501 dose-dependently attenuates in-
flammation and leukocytes recruitment in animal models of
intestinal [13], liver [32, 33] and vascular inflammation [34].
Here, we report that treating Abcb4—/— mice with BAR501
effectively reverses inflammation, immune dysfunction and
fibrosis in in vitro human and murine cholangiocytes and in
Abcb4~/~ mice, a validated model of PSC, suggesting poten-
tially translational relevance of this agent for the pharmacolog-
ical treatment of PSC patients. In details, we have shown the
following. (1) In human cholangiocytes, GPBAR1 expression is
downregulated by LPS. This model of inflammation-driven se-
nescence of cholangiocytes is thought to reproduce some of the
feature of dysfunctional BEC isolated from PSC patients and is
deemed useful to obtain mechanistic insights in disease devel-
opment [12, 35]. (2) Treating LPS-primed cholangiocytes with
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FIGURE 4 | BARS501 downregulates genes involved in hepatic inflammation and fibrosis process in Abcb4~/~ mice. Two-month-old Abch4~/~
mice were administered 10mg/kg of BAR501 or left untreated and monitored until the age of 5months. Abcb4+/+ mice were used as control.
Transcriptomic analysis of liver tissue was performed. In panel (A), Venn diagram of differentially expressed genes showing the overlapping region
between the Abcb4~/~ naive versus Abcb4*/+ (red circle) and Abcb4~/~ naive Abcb4~/~ plus BAR501 (10mg/kg) (green circle) are depicted. Panel (B)
describes per pathway analysis in Abcb4~/~ naive versus Abcb4*/+ naive (on left) and Abcb4~/~ naive versus Abcb4~/~ plus BAR501 (10mg/kg) (on
right). Expression (Log2) of most up- and downregulated genes in (C) Abcb4~/~ naive versus Abcb4*/+ naive analysis (on left) and Abcb4~/~ naive
Abcb4~/~ plus BAR501 (10 mg/kg) analysis (on right). The overlapping region between the experimental groups of mice was considered. Panel (D)
shows the expression (Log2) of the most up- and downregulated genes, and in panel (E), the per pathway analysis in Abch4~/~ naive versus Abch4+/+
naive (on top) and Abcb4~/~ naive and Abch4~/~ plus BAR501 (10mg/kg) (on bottom) is illustrated. Results are the mean = SEM of seven mice per

group; (fold change < -2 or > 2, p value <0.05).

BARS501, concentration dependently restores the expression of
GPBARI1, mRNA and protein, whereas blunts the generation
of cytokines, chemokines and adhesion molecules mechanisti-
cally involved in recruiting leukocytes to the biliary interface
[12]. (3) Mechanistically, we have demonstrated that BAR501
reverses NFxB phosphorylation induced by LPS [36], indicating
that GPBAR1 agonism might directly protect from cholangio-
cytes senescence, which is central to PSC pathogenesis [12]. (4)
Results from co-culture experiments demonstrated that BAR501
also counteracts the activation of macrophages and stellate cells
stimulated with conditioned media obtained from LPS-activated
cholangiocytes.

These in vitro findings translate to the in vivo model, be-
cause 3-5months’ treatment of Abch4~/~ mice with BARS501
improved biochemical signs of cholestasis along with histo-
pathological features of PSC, including bile duct proliferation,
inflammatory cell infiltration and fibrosis. Additionally, treat-
ing Abcb4-/- mice with BAR501 resulted in a strong remodel-
ling of bile acid profiles. Thus, although Abcb4-/- mice were
characterised by an accumulation of primary bile acids in the
liver and plasma, coupled with reduced excretion in faeces,
treatment with BARS501 reversed this pattern. After 12 weeks
of treatment with BARS501, the 5-month-old Abch4~/~ mice
showed improved biochemical signs of cholestasis and reduced
plasma levels of primary bile acids along with recovery of sec-
ondary bile acids [37]. The resetting of bile acid structure might
contribute to the beneficial effects of BAR501 in the model,
because secondary bile acids are GPBAR1 agonists and their
relative increase enhances GPBARI1 signalling in the intestine
and liver [6]. Several mechanisms support the beneficial ef-
fects exerted by BAR501 in remodelling the bile acid structure.
First, we have shown that BAR501 selectively impacts the liver
expression of genes involved in bile acid synthesis. Specifically,
although treating Abchb4~~ mice with BARS501 restored the
liver expression of Cyp7al and Cyp81 (the expression of both
genes was downregulated in response to cholestasis), there

was no effect on the expression of Cyp27al mRNA, whose
gene product is essential for the synthesis of CDCA, which in
mice is converted to MCAs by the activity of Cyp2c70 [38]. As
CA is the main bile acid ligand of FXR in mice, while TBMCA
functions as FXR antagonists [39], this pattern might contrib-
ute to the beneficial effects exerted by BAR501 in vivo by in-
creasing FXR signalling. A second explanation pinpoints the
effects BARS501 exerts on the intestinal microbiota. Dysbiosis,
or the imbalance in the microbial community, has been impli-
cated in the exacerbation of liver inflammation and bile duct
injury in PSC patients and rodent models of PSC [25]. In our
study, the Abcb4~~ mice developed a severe dysbiosis, char-
acterised by reduced microbial diversity and altered composi-
tion of gut bacteria, as shown by changes in the Shannon and
Simpson indices. The key features of the PSC-like dysbiosis
observed in Abcb4-/- mice were an increase in the relative
abundance of Firmicutes and a reduction in Bacteroidetes and
Proteobacteria [40], with an increase in the relative abundance
of Ruminococcaceae, Clostridiaceae, and Lachnospiraceae,
which are usually associated with metabolic and inflamma-
tory disorders and PSC development [31, 41]. Although the rel-
ative abundance of Lachnospiraceae has been found to either
increase or decrease [26] in PSC patients, Mendelian random-
ization studies have identified a positive correlation between
the relative abundance of Ruminococcaceae and the risk of
developing PSC [42]. One functional consequence of intesti-
nal dysbiosis observed in Abcb4~/~ mice was the development
of loss of tight junction integrity, resulting in enhanced gut
permeability, bacterial translocation to mLNs and systemic
inflammation [43]. Treatment with BAR501 mitigated these
changes by restoring gut barrier function, reducing microbial
translocation and lowering systemic inflammatory responses,
a finding that is consistent with previously reported beneficial
effects of GPBAR1 agonism in rodent models of colitis [13].

Although the present findings suggest a potential benefit of
BARS501 in clinical settings, these conclusions should be taken

FIGURES5 | Gpbarl agonism modulates hepatic immune infiltrate promoting macrophage polarisation towards an anti-inflammatory phenotype

in Abcb4~/~ mice. Immune deconvolution analysis based on mouse liver transcriptomic analysis was performed. In panel (A), the frequencies of im-
mune subpopulation in total liver are represented. Panel (B) shows the percentage of pro-inflammatory macrophages (M1) and panel (C) illustrates
the percentage of anti-inflammatory macrophages (M2) in all experimental groups. Non-parenchymal cells were isolated from liver tissue derived
from Abcb4+/* naive, Abcb4~/~ naive and Abcb4~/~ plus BAR501 (10 mg/kg). Panel (D) exhibits the ratio of total number of immune cells (10°) and
liver weight (mg). Panel (E) displays tSNE analysis of non-parenchymal liver cells and frequencies of immune cell populations. Panel (F) presents the
ratio between number of macrophages (10°) and liver weight (mg) and frequencies of macrophage subpopulation on total macrophages classified into
M1 and M2 subtypes. Results are the mean + SEM of five mice per group. *p <0.05.
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FIGUREG6 | Bileacid changes in the mouse model of PSC. Two-month-old Abcb4~/~ mice were administered 10 mg/kg of BAR501 or left untreated
and monitored until the age of 5months. Abcb4+/+ mice were used as control. Panel (A) presents hepatic bile acids content (pg/ug), primary bile acid
content (pg/ug), secondary bile acid content (pg/ug) and ratio of primary and secondary bile. In panel (B), plasmatic bile acid content (pg/ug), prima-
ry bile acid content (pg/ug), secondary bile acid content (pg/ug) and ratio of primary and secondary bile are exhibited. Panel (C) displays gallbladder
bile acid content (pg/ug), primary bile acid content (pg/ug), secondary bile acid content (pg/ug) and ratio of primary and secondary bile. Panel (D)
presents faecal bile acids content (pg/ug), primary bile acid content (pg/ug), secondary bile acid content (pg/ug) and ratio of primary and secondary

bile. Panel (E) describes hepatic bile acid homeostasis gene expression (Log2). *p <0.05.

carefully because of potential GPBAR1-related adverse events,
such as pruritus and gallbladder enlargement. However, al-
though an initial study by Alemi et al. [44] has suggested a
potential role for GPBAR1 in mediating itching caused by top-
ical application of bile acids, this finding has not been con-
firmed by others [45, 46]. Currently, there is a robust evidence
that the Mas-related G protein-coupled receptor 4 (MRGPR4),
rather than GPBAR1, mediates the pruritogenic effects of nat-
ural and semi-synthetic bile acids in cholestasis, and clinical
trials are currently ongoing to evaluate the effect of EP457, a
MRGPRX4 antagonist, in PSC patients (ClinicalTrials.gov ID
NCT05525520) [47]. Furthermore, Yang et al. have recently
shown that an essential structural requirement for MRGPRX4
activation by bile acids is the presence of a 3-hydroxyl (3-OH)
group in the A ring, which, however, is not present in BAR501
[48]. Furthermore, GPBARI agonists are currently under de-
velopment for their benefit in metabolic syndrome [49].

Despite our having shown a beneficial effect of GPBAR1 agonism
by BAR501 in Abcb4~/~, a previous study by Baghdasaryan et al.
[50] has reported that selective GPBAR1 (TGRS5) agonism lacks
efficacy in this model. The two studies, however, differ substan-
tially and are not comparable. First INT-777, the GPBARI ligand
used in the Baghdasaryan et al.'s paper [50], is a CDCA deriva-
tive, similar to OCA, whereas BAR501 is a UDCA derivative,
resulting in substantially different PK and PD. Furthermore, the
Abcb4~/~ mice used in the previous paper were on an FVB/N
background, whereas mice used in the present paper were on a
C57BL6 background. The two strains have specific characteris-
tics in terms of disease development and duration. Finally, the
treatment length was significantly longer in the present study
(12weeks vs. 4 weeks).

In conclusion, in this study, we have provided evidence support-
ing the therapeutic potential of a selective GPBARI agonist in
PSC. BAR501 reduces bile duct inflammation and liver fibro-
sis but also restores bile acid homeostasis and modulates the
gut-liver axes, offering a multifaceted approach to managing
this challenging disease. The present results ground a study of
BARS501 in PSC patients.
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FIGURE 7 | GPBARI agonism restores intestinal dysbiosis in Abcb4~/~ mice. Two-month-old Abcb4~/~ mice were administered 10mg/kg of
BARS501 or left untreated and monitored until the age of 5months. Abcb4*/+ mice were used as control. At the end of experiment, colonic faeces were
collected and microbiota was analysed as described in the Materials and Method section. Panel (A) shows the analysis of the microbiota taxonom-
ic profiles at the family level using the principal component analysis (PCA) plot of 8 diversity showing the distribution of all experimental groups:
Abcb4*'* (black circle), Abch4~/~ natve (red circle) and Abcb4~/~ plus BAR501 (green circle). Measurement of « diversity through, in panel (B), the
Shannon and, in panel (C), the Simpson index. Panel (D) exhibits the relative abundance (% mapped reads) of phyla and panel (E) portrays the repre-
sentative histograms of phyla statistically modulated: Firmicutes, Bacteroidetes and Proteobacteria in each experimental group. In panel (F), relative
abundance (% mapped reads) of familiae and in panel (G) representative histograms of familiae statistically modulated in each experimental group
are described. Panel (H) shows the relative abundance (% mapped reads) of species and (I) histograms of species statistically modulated.
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FIGURE 8 | BARS501 ameliorates intestinal permeability and systemic inflammation in Abch4~/~ mice. Two-month-old Abch4~/~ mice were ad-
ministered 10mg/kg of BAR501 or left untreated and monitored until the age of 5months. Abcb4*/+ mice were used as control. At the end of ex-
periment, gut, colonic faeces, spleen and mLN were collected. Panel (A) shows H&E staining of colonic tissue section. Panel (B) illustrates that gut
permeability was measured through FITC dextran assay as described in the Materials and Methods section. Panel (C) describes the relative mRNA

expression of Gpbarl, E-cadherin, Claudin, Il-6, TNF-aand Cd206 of colon tissue on all experimental groups. In panel (D), the relative mRNA expres-
sion of Glp-1 and Fgf15in the small intestine is depicted. Panel (E) shows the relative mRNA expression of [11-8, Tnfa, Cd11b, TgfB, F4/80,Cd4and C
d8in spleen. Panel (F) illustrates the relative mRNA expression of Tnfa, Cd11b,Cd4and Tgfin mLN. Each value is normalised to Gapdh. Finally, as

illustrated in panel (G), faeces from PSC naive or administered with 10mg/kg of BAR501 were homogenised and filtered to remove all microorgan-

isms. The obtained faecal homogenate was used to stimulate macrophages obtained from the healthy donor buffy coat. Relative mRNA expression

ofIl-6, Il1-B3, Il-10 was assessed in macrophages. Each value is normalised to GAPDH. Results are the mean + SEM of seven mice per group. *p <0.05.

FITC, fluorescein isothiocyanate; mLN, mesenteric lymph nodes.

Data Availability Statement

The transcriptomic and metagenomic data are publicly available in
Mendeley Data, doi: 10.17632/xf635572vb.1. RNA-seq data that support
the findings of this study were obtained from the GSE159676 series
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE159676) that
includes gene expression profiles by Affymetrix Human Gene 1.0 ST array.
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