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Background and Purpose: Ursodeoxycholic acid (UDCA) is the first-line treatment
for primary biliary cholangitis, but its effects on the enterohepatic circulation of bile
acid (BA) have been under-investigated. Therefore, we studied the influence of
UDCA on BA enterohepatic circulation in vivo and the mechanisms by which UDCA
affects the BA kinetics.

Mice were treated with UDCA and other BAs to observe

changes in BA pool and BA transporters involved in enterohepatic circulation. Isotope

Experimental Approach:

dilution techniques and biochemical analyses were applied to study BA kinetics after

oral administration of UDCA, and the mechanism involved.

Key Results: Oral administration of UDCA in mice reduced the overall BA pool
and produced a unique BA profile with high-abundance conjugated UDCA species,
including tauroursodeoxycholic acid (TUDCA) and GUDCA. We found increased
expression of several main BA transporters in the ileum and liver. BA kinetic exper-
iment showed that feeding UDCA shortened cycling time of BA and accelerated BA
enterohepatic circulation. Additionally, we found evidence that the effect of UDCA
administration on accelerating BA enterohepatic circulation was due to the
inhibition of farnesoid X receptor (FXR) signalling in the ileum and FGF15/19 in
the liver.

Conclusion and Implications: Oral administration of UDCA produced a unique BA
profile with high-abundance TUDCA and GUDCA and significantly accelerated BA
enterohepatic circulation through the inhibition of intestinal FXR signalling and
reduced level of FGF15/19, which in turn, induced the expression of BA transporters
in the liver. These findings highlight a critical role for UDCA in maintaining the

homeostasis of BA enterohepatic circulation in vivo.

Abbreviations: ASBT, apical sodium-dependent bile acid transporter; BSEP, canalicular bile salt export pump; CA, cholic acid; CCK, cholecystokinin; CDCA, chenodeoxycholic acid; CYP7A1,
cholesterol 7a-hydroxylase; CYP7B1, oxysterol 7a-hydroxylase; CYP8B1, sterol 12a-hydroxylase; DCA, deoxycholic acid; FXR, farnesoid X receptor; IBABP, ileal bile acid binding protein;
MRP, multidrug resistance-associated protein; NTCP, sodium taurocholate cotransporting polypeptide; OATP, organic anion transporting polypeptide; OSTa/p, organic solute transporter a/B;
SHP, small heterodimer partner; UDCA, ursodesoxycholic acid
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1 | INTRODUCTION

Bile acids (BAs) have long been recognized as signalling molecules
that help regulate lipid, glucose, and energy metabolism and maintain
liver and gut metabolic homeostasis via activation of BA sensitive
nuclear receptors such as the farnesoid X receptor (FXR) and G
protein-coupled BA receptor-1 (Chiang, 2013). Ursodeoxycholic acid
(UDCA) is a BA with choleretic, anti-inflammatory, and cytoprotective
properties (Paumgartner & Beuers, 2004; Ward & Lajczak, 2017) and
is a first-line treatment approved by the Food and Drug Administra-
tion for primary biliary cholangitis (PBC; Marschall et al., 2005).
UDCA has been shown to enhance the expression of hepatobiliary
secretion transporters (Marschall et al., 2005), which are positively
regulated by the FXR (Trauner & Boyer, 2003; Halilbasic, Claudel, &
Trauner, 2013). However, UDCA has also been reported to be an
FXR antagonist in humans (Mueller et al., 2015), leaving some ques-
tions as to the mechanism by which UDCA facilitates hepatic BA
secretion and exerts protective effects on the liver.

The enterohepatic circulation of BAs from the liver to the intes-
tine and back to the liver plays a central role in nutrient absorption
and distribution, as well as metabolic regulation and homeostasis
(Chiang, 2013). A dysfunction in BA homeostasis and a compromised
enterohepatic circulation may lead to cholestasis, non-alcoholic fatty
liver disease, microbiota dysbiosis, or non-hepatobiliary disease
(Chow, Lee, & Guo, 2017; Dermadi et al., 2017; Jovanovich et al.,
2018; Li, Tang, Leung, Gershwin, & Ma, 2017). Thus, BA homeostasis
is important for an optimal enterohepatic circulation and it depends
on adequate hepatic synthesis, biliary secretion, intestinal reabsorp-
tion, and hepatic uptake of BAs. The de novo synthesis and transport
of BAs are both directly and indirectly regulated by the nuclear
receptor FXR (Halilbasic et al., 2013). As endogenous ligands of
FXR, BAs have been shown to regulate their own homeostasis by
activation of the FXR (Makishima et al., 1999; Parks et al., 1999).
The ability of individual BAs to activate FXRs and influence the
expression of transporters has been studied, but there is limited con-
sensus among the results (Liu et al., 2014; Song, Rockwell, Cui, &
Klaassen, 2015). The frequency of BA enterohepatic recycling is
another key factor for BA homeostasis. The kinetics of the
enterohepatic circulation of BAs may be closely associated with an
individual's liver pathophysiology and has been under-investigated
in recent years.

In the present study, we conducted comprehensive studies in
male C57BL/6 mice to compare the effects of administering UDCA
and other individual BAs on the enterohepatic circulation, including
BA pool size, composition, distribution, and excretion. Based on
the detection of BA levels in various tissues and BA transporters
in the ileum and liver, we found that UDCA decreased the BA pool
size relative to the other BAs administered. Furthermore, an investi-
gation of BA enterohepatic circulation kinetics demonstrated that
UDCA accelerates BA circulation frequency in vivo. Intestinal FXR
and FGF15/19 were subsequently found to be altered and may play
an important role in the mechanism by which UDCA and its taurine-

and glycine-conjugated derivatives affect these kinetics.
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What is already known
e Ursodeoxycholic acid (UDCA) is a bile acid (BA) with

choleretic, anti-inflammatory, and cytoprotective
properties.
What this study adds

e UDCA accelerates the enterohepatic circulation of BAs
by inhibiting intestinal farnesoid X receptor (FXR)-SHP
and FXR-FGF15/19 signalling.

What is the clinical significance
o UDCA affects the BA kinetics, which has profound

effects on BA homeostasis and drug metabolism.

2 | METHODS

2.1 | Animal experiments

Animal studies are reported in compliance with the ARRIVE guidelines
(Kilkenny, Browne, Cuthill, Emerson, & Altman, 2010) and the editorial
on reporting animal studies (Mcgrath & Lilley, 2015) with the recom-
mendations made by the British Journal of Pharmacology.

2.2 | Animal experiment 1

Pathogen-free male C57BL/6 mice (18.97 + 0.84 g, MGI Cat#
5656552, RRID:MGI:5656552), at 5 weeks of age, were purchased
from SLAC Laboratory (SH, China) and were housed under specific
pathogen-free condition (12 hr on/off; lights on at 7:00 a.m.) and
temperature-controlled (22-25°C) environment. Mice were acclima-
tized to the housing facility for 1 week with mouse chow and water
available ad libitum.

The mice were divided into six groups, three of cage companions,
six in each group. One group was given control chow, and the others
were supplied with a diet containing various BAs: CA group (cholic
acid, J&K 977474, 0.1% w/w), CDCA group (chenodeoxycholic acid,
J&K 951898, 0.1% w/w), DCA group (deoxycholic acid, J&K 393388,
0.1% w/w), UDCA group (ursodeoxycholic acid, J&K 970735, 0.1%
w/w), and LCA group (lithocholic acid, J&K 241301, 0.01% w/w;
Trophic Animal Feed High-Tech Co., Ltd, JS, China). All the mice were
given diet and water ad libitum. After 8 weeks, mice were fasted for
12 hr and then serum and faeces were collected and livers, gall blad-
ders, intestines, and intestinal contents were removed immediately
after mice had been killed. All samples and tissues collected were then

frozen in liquid nitrogen and stored at -80°C prior to testing.

2.3 | Animal experiment 2

In a second experiment, pathogen-free male C57BL/6 mice
(18.96 + 0.56 g), at 5 weeks of age, were purchased from SLAC


http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=603
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=summary&ligandId=7104
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=609
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=609
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=608
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=610
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=611

ZHANG ET AL

2850 BRITISH
PHARMACOLOGICAL
SOCIETY

Laboratory (SH, China) and acclimatized to the housing facility as
described above. The mice were then divided into three groups
(n = 12 per group, three in each cage), one was supplied with control
chow, one with a diet containing UDCA (0.1% w/w), and one with a
diet containing DCA (0.1% w/w). All the mice were housed under
specific pathogen-free conditions (12 hr on/off; lights on at 7:00 a.
m.) and temperature-controlled (22-25°C) environment, with food
and water available ad libitum. After 8 weeks, 240 pg of [?H,]cholate
(CDN, D-2452) in a solution of PBS (pH = 7.4) was administered i.v.
to half of the mice in each group (n = 6 per group). Blood samples
(100 pl) were subsequently collected at 12, 24, 36, 48, and 60 hr
after administration of the [2Hj]cholate. Serum was obtained from
the blood samples by centrifugation at 6000 rpm (4065x g) for
10 min and stored at -80°C until analysed. The other half of the
three groups of mice (n = 6 per group) were fasted for 12 hr at
8 weeks and anaesthetized with pentobarbital sodium (60 mg-kg™%)
by intraperitoneal injection and subjected to bile duct cannulation.
To ensure accurate measurements, the initial 5 min of bile collected
after cannulation was discarded (Kok et al., 2003). Bile was sampled

for 30 min thereafter and stored at -80°C until analysis.

2.4 | Animal experiment 3

In the third experiment, pathogen-free male C57BL/6 mice
(18.75 £ 0.91 g), at 5 weeks of age, were acclimatized to the housing
facility as described above. The mice were then divided into two
groups (n = 6 per group, three in one cage), one was given FGF19
(100 pg-kg ! BW; 969-FG-025/CF, R&D Systems, Inc.) by i.p. injec-
tion and the other was given normal saline i.p. as the control. After
2 hr, blood was collected, the mice were then killed and both liver
and gall bladder were removed. Livers were frozen in liquid nitrogen
and stored at -80°C before testing. Gall bladders were weighed by
precision electronic autobalance and then stored at -80°C. Serum
was obtained by centrifugation of blood samples at 6000 rpm
(4065x% g) for 10 min and stored at -80°C until analysis was

performed.

2.5 | Animal experiment 4

Pathogen-free male C57BL/6 mice (18.93 + 0.55 g), at 5 weeks of age,
were purchased from SLAC Laboratory (SH, China) and acclimatized to
the housing facility as described in the first experiment. The mice then
were divided into three groups, five in each group (five in one cage),
and were given control chow, UDCA diet, and DCA diet respectively.
The diet, housing conditions, and environment were the same as the
first animal experiment. After 8 weeks, the mice were fasted for
12 hr, venous blood was collected and aprotinin (Sigma A1153) was
added immediately. Then next, mice were administered a test meal
(20% dextrose, 5% casein, and 1% corn oil; 10 pl-g™* BW) by oral
gavage. Venous blood was collected 30 min after the test, and
aprotinin was added immediately. Serum was obtained from the blood

samples by centrifugation at 6000 rpm (4065x g) for 10 min and

stored at -80°C until analysed. Two days later, mice were killed and
livers, gall bladders, intestines, and intestinal contents were removed
immediately. All samples and tissues collected were then frozen in
liquid nitrogen and stored at -80°C prior to testing.

2.6 | Cell culture and treatment

Human liver L-02 (RRID:CVCL_6926) and intestine NCI-H716 (ATCC
Cat# CCL-251, RRID:CVCL_1581) cell lines were cultured in DMEM
supplemented with 10% charcoal-stripped FBS (Omega Scientific,
Tarzana, CA) and were incubated at 37°C in a humidified atmosphere
containing 5% CO, in air. The 2D and 3D cultures of L-02 and
CRL-251 cell lines, respectively, were exposed to DMSO (control),
UDCAs (TUDCA, GUDCA, UDCA, TLCA, and LCA at a ratio of
100:100:25:5:0.5, 50 uM:50 uM:12.5 uM:2.5 uM:0.25 uM, termed
as UDCAs) or DCAs (TCA, TDCA, GDCA, and DCA at a ratio of
100:25:25:1, 50 uM:12.5 uM:12.5 uM:0.5 uM, termed as DCAs). In
addition, FGF19 (20, 80, and 160 ng-ml™) was added to 2D cultures
of liver L-02 cells. After 5 days of each treatment, cells were harvested
for western blotting and immunofluorescence staining. Targeted
protein levels were determined by integrated densities or mean

fluorescence intensity.

2.7 | Real-time quantitative PCR

Total RNA was isolated from frozen mouse liver and intestinal tissue
using TRIzol reagent (Invitrogen) according to the manufacturer's
instructions. RNA concentration was measured using the Nano Drop
2000C (Thermofisher). Reverse transcription was performed using
the RT reagent kit (Takara, Otsu, Japan) according to the manufac-
turer's instructions. Real-time quantitative PCR was performed on
cDNA samples to quantify mRNA levels by using ABI 7900 (Applied
Biosystems, Foster City, CA). Primer sequences were synthesized by
Sangon Biotech (Shanghai, China). The target gene mRNA relative to
GAPDH mRNA was shown as fold change relative to those of the
control group.

2.8 | Measurement of BAs

The BA levels in plasma, liver, gall bladder, intestine, intestinal con-
tents, and faeces were quantitatively measured by ultra-performance
liquid chromatography triple quadrupole mass spectrometry according
to our previously reported protocol (Xie et al., 2013; Wang et al.,
2016). All separations were performed with an ACQUITY BEH C18
column (1.7 mm, 100 mm 3 2.1 mm internal dimensions; Waters,
Milford, MA). Data acquisition was performed using MassLynx version
4.1 and BA levels were quantified using the TargetLynx applications
manager version 4.1 (Waters, Milford, MA). The bile acid standards
are shown in Table 1.
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TABLE 1 Standards list

Bile acid standard Full name From No.

1 CA cholic acid SIGMA C1129

2 TCA taurocholate acid FLUKA 86339

3 GCA glycocholic acid SIGMA G7132

4 CDCA chenodeoxycholic acid SIGMA C9377

5 TCDCA Taurochenodeoxycholic acid SIGMA T6260

6 GCDCA glycochenodeoxycholic acid FLUKA 50534

7 aMCA a-muricholic acid Steraloids C1890-000

8 TaMCA tauro a-muricholic acid Steraloids C1893-000

9 bMCA B-muricholic acid Steraloids C1895-000
10 TbMCA tauro B-muricholic acid Steraloids C1899-000
11 UDCA ursodeoxycholic acid SIGMA U5127
12 TUDCA tauroursodeoxycholic acid SIGMA 51755898
13 GUDCA glycoursodeoxycholic acid SIGMA 06863
14 LCA lithocholic acid SIGMA L6250
15 TLCA taurolithocholic acid SIGMA T7515
16 GLCA glycolithocholic acid Steraloids C1437-000
17 DCA deoxycholic acid FLUKA 30960
18 TDCA taurodeoxycholate acid SIGMA TO875
19 GDCA glycodeoxycholic acid SIGMA G9910
20 wMCA w-muricholic acid Steraloids C1888-000
21 TwMCA tauro w-muricholic acid Steraloids C1889-000
22 HDCA hyodeoxycholic acid Steraloids C0860-000
23 THDCA taurohyodeoxycholic acid SIGMA T0682
24 GHDCA glycohyodeoxycholic acid Steraloids C0867-000
25 HCA hyocholic acid Steraloids C1850-000
26 THCA taurohyocholic acid Steraloids C1887-000
27 GHCA glycohyocholic acid Steraloids C1860-000
28 7-ketoDCA 7-ketodeoxycholic acid Steraloids C1250-000
29 ACA allocholic acid TRC A545000
30 dehydroLCA dehydrocholic acid SIGMA 30830
31 alloLCA allolithocholic acid Steraloids C0700-000
32 isoLCA isolithocholic acid Steraloids C1475-000
33 23-norDCA 23-nordeoxycholic acid Steraloids N2000-000
34 6-ketoLCA 6-ketolithocholic acid Steraloids C1560-000
35 7-ketoLCA 7-ketolithocholic acid Steraloids C1600-000
36 12-ketoLCA 12-ketolithocholic acid Steraloids C1650-000
37 apoCA apocholic acid Steraloids C2500-000
38 muroCA Murocholic acid Steraloids C0910-000
39 beta-UDCA 3B-Ursodeoxycholic Acid TRC U850005
40 6, 7-diketoLCA 6,7-diketolithocholic acid Steraloids C1485-000
41 3-ketoCA 3-dehydrocholic acid Steraloids C1272-000
42 7, 12-diketoLCA 7,12-diketolithocholic acid Steraloids C1500-000
43 12-ketoCA 12-dehydrocholic acid Steraloids C1200-000
44 UCA ursocholic acid TRC U849900

(Continues)
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TABLE 1 (Continued)

Bile acid standard Full name From No.

45 betaCA 3B-Cholic Acid TRC C432605
46 isoDCA isodeoxycholic acid Steraloids C1170-000
47 DHLCA dehydrolithocholic acid Steraloids C1750-000
48 TDHCA taurodehydrocholic acid Steraloids C2045-000
49 GDHCA glycodehydrocholic acid Steraloids C2022-000

2.9 | Western blotting

Protein was extracted from liver, intestine tissue, or cultured cells
using RIPA lysis buffer (with PMSF) according to the manufacturer's
instructions. Protein concentrations were determined using a
bicinchoninic acid protein assay kit. Each sample was diluted to
5 pg-ul™* and mixed with an equal volume of loading buffer (Beyotime
Biotechnology). Protein was loaded and electrophoresed through 12%
or 8% SDS-PAGE and electrotransferred onto PVDF membranes
(Millipore, Bedford, MA). After being blocked with 5% non-fat milk
for 1 hr at room temperature, membranes were incubated overnight
at 4°C with primary antibodies and then washed six times for 5 min
each; the membranes were subsequently incubated with HRP-
conjugated secondary antibodies for 1 hr. Then, membranes were
again washed six times in TBST buffer for 5 min each. Protein-
antibody complexes were detected using an enhanced chemilumines-
cent kit (Thermo) and exposure to film. After the film had been devel-
oped, integrated densities were quantified using Image) software
(ImageJ, RRID:SCR_003070). Antibodies used in this procedure
include ASBT, ileal bile acid binding protein (IBABP), NTCP, OATP1,
BSEP (ABCB11), MRP2 (ABCC2), CYP7A1, FXR, SHP, FGF15,
FGF19, B-actin, goat anti-rabbit 1gG HRP-linked antibody (1:5,000),
and horse anti-mouse 1gG HRP-linked antibody (1:3,000). Data were
normalized to B-actin protein levels and expressed as fold change to
those of the control group. The catalogue number and RRIDs of anti-
bodies are provided in the table below. The immuno-related proce-
dures used comply with the recommendations made by the British

Journal of Pharmacology (Alexander et al., 2018).

ASBT (Abcam Cat# ab174610, RRID:AB_2801375)
IBABP (Abcam Cat# ab91184, RRID:AB_10563324)
NTCP (Abcam Cat# ab131084, RRID:AB_11155311)
OATP1 (Abcam Cat# ab203036, RRID:AB_2801377)
BSEP
MRP2

(Abcam Cat# ab112494, RRID:AB_10860892)
(Abcam Cat# ab203397, RRID:AB_2801378)
CYP7A1 (Abcam Cat# ab65596, RRID:AB_1566114)
(
(

FXR Abcam Cat# ab56902, RRID:AB_942089)

SHP Abcam Cat# ab186874, RRID:AB_2797389)

FGF15 (Santa Cruz Biotechnology Cat# sc-27177,
RRID:AB_2104062)

FGF19 (Abcam Cat# ab85042, RRID:AB_10562610)

B-actin (Cell Signaling Technology Cat# 4970,

RRID:AB_2223172)

goat anti-rabbit (Cell Signaling Technology Cat# 7074,

18G RRID:AB_2099233)
horse anti-mouse (Cell Signaling Technology Cat# 7076,
1gG RRID:AB_330924)

2.10 | Immunohistochemistry and
immunofluorescence

Liver and intestine tissue were fixed in 4% paraformaldehyde
solution or frozen in optimal cutting temperature compound (OCT;
Sakura Finetek USA). Paraffin-embedded or OCT frozen liver and
intestine tissue were processed for immunohistochemistry and
immunofluorescence staining. The 2D or 3D cultured cells were
processed for immunofluorescence staining. Primary antibodies
used include those against ASBT, IBABP, NTCP, BSEP, MRP2, OSTa,
FXR, SHP, FGF15, and FGF19. Secondary antibodies used
included Alexa Fluor 488-conjugated anti-mouse IgG (1:500) and
goat anti-rabbit 1gG (H+L) Superclonal (1:1,000). The slides were
photographed using a digitalized microscope camera (Zeiss,
Oberkochen, Germany). The images from both the immunohisto-
chemistry and immunofluorescence samples were quantified using
Image-Pro Plus software (Image-Pro Plus, RRID:SCR_007369). The
catalogue number and RRIDs of antibodies used are provided in

the table below.

ASBT (Abcam Cat# ab203205, RRID:AB_2801376)
IBABP (Abcam Cat# ab91184, RRID:AB_10563324)
NTCP (Abcam Cat# ab131084, RRID:AB_11155311)

BSEP (Abcam Cat# ab112494, RRID:AB_10860892)

MRP2 (Abcam Cat# ab203397, RRID:AB_2801378)

OSTa (Santa Cruz Biotechnology Cat# sc-100078,
RRID:AB_2092072)

FXR (Santa Cruz Biotechnology Cat# sc-1205,
RRID:AB_2155054)

SHP (Abcam Cat# ab186874, RRID:AB_2797389)

FGF15 (Santa Cruz Biotechnology Cat# sc-27177,
RRID:AB_2104062)

FGF19 (Abcam Cat# ab85042, RRID:AB_10562610)

Alexa Fluor (Abcam Cat# ab150117, RRID:AB_2688012)

488-conjugated
anti-mouse 1gG

Goat anti-rabbit IgG
(H+L) superclonal

(Thermo Fisher Scientific Cat# A27033,
RRID:AB_2536096)
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211 | ELISA

Cholecystokinin (CCK) concentration were measured by ELISA kits
(Phoenix Pharmaceuticals, Inc.) according to the manufacturer's
instructions. Aprotinin was added to blood samples for CCK measure-
ment immediately after they had been collected. The kits were read at

450 nm by using SpectraMax i3 (Molecular Devices).

2.12 | Calculations

2.12.1 | Isotope dilution technique

The isotope dilution technique has previously been described in detail
by Hulzebos et al. (2001; Kok et al., 2003; Koopman et al., 1988;
Stellaard et al., 1984). Enrichment was defined as the increase in M4-
cholate/MO-cholate relative to baseline measurements after adminis-
tration of [?Ha]cholate and is expressed as the natural logarithm of
the atom percent excess (In APE) value. The decay of In APE (atom
per cent excess) over time was calculated by linear regression analysis.
From the linear decay curve, the fractional turnover rate and pool size
of cholate were calculated. The fractional turnover rate per day equals
the slope of the regression line multiplied by 24.

The pool size (nmol-g’1 BW) was determined according to the
following formula:

Pool size = D x b x 100/e® - D, where D is the amount of label
administered, b is the isotope purity, and a is the intercept on the y

axis of In APE versus time curve.

2.12.2 | Enterohepatic cycling time

The cholate cycling time, that is, the time it takes the cholate pool to
circulate once in the enterohepatic circulation, was calculated by
dividing the cholate pool size (nmol-g™* BW) by the biliary secretion
rate of cholate (nmol-g™* BW/h). The cholate biliary secretion rate
was calculated by multiplying the bile flow (ul-g™* BW/h) by the
cholate concentration (nmol-L™%) in a single 30-min fraction, obtained
from 5 to 35 min after cannulation of the gall bladder. The cholate
cycling frequency is equal to the cholate cycling time divided by 24.

2.13 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and analysis
in pharmacology (Curtis et al., 2015; Curtis et al., 2018). Results are
expressed as mean = SEM for the indicated number of independent
experiments. The PLS-DA was used in multivariate analysis of BA
profile. Student's unpaired two-tailed t test was used for comparison
between two groups of mice. P values less than .05 were considered

statistically significant.
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2.14 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY (Harding et al., 2018), and are permanently archived in the
Concise Guide to PHARMACOLOGY 2017/18 (Alexander, Cidlowski,
et al, 2017; Alexander, Fabbro, et al., 2017; Alexander, Kelly, et al.,
2017).

3 | RESULTS

3.1 | UDCA has a distinct effect on BA pool size and
composition

To explore the effects of UDCA on BA enterohepatic circulation and
its difference between other BAs in vivo, we measured the BAs in
the serum, liver, gall bladder, small intestine, caecum, colon, and the
contents of various intestinal segments from mice that were given
either UDCA or other BAs in their food. The total BAs in these tissues
comprised the BA pool. The results of a multivariate analysis (PLS-DA),
groups of mice that were administered different BAs exhibited
distinctly different BA profiles especially when comparing the groups
fed UDCA and DCA (Figure 1a). To further characterize the difference,
we compared the BA pool size, composition, distribution, and excre-
tion after BA supplementation. The BA pool size was sharply
decreased after UDCA supplementation (Figure 1b), while other BAs
did not cause a significant change. In the control group, the proportion
of primary BAs was slightly higher than that of secondary BAs
(Figure 1c), and the ratio of 12-OH-BAs (cholic acid [CA] and its deriv-
atives) to non-12-OH-BAs ( CDCA and its derivatives) was almost 3:7
(Figure S1A). After dietary supplementation with UDCA, the composi-
tion of the BA pools was significantly altered, which was demon-
strated by the proportion of TUDCA, which increased to 44.1%,
while that of taurocholic acid (TCA) decreased to 2.99% (Figure 1c),
and secondary BAs became more predominant than primary BAs
(Figure 1c) and non-12-OH-BAs occupied 95% of the BA pool
(Figure S1A). In contrast, the primary BA proportion increased to
73.7% in the CA group and 76.2% in the DCA group (Figure 1c), in
which taurocholic acid was detected with 43.4% and 52.0% in the
CA and DCA groups respectively (Figure 1c). The proportions of
primary and secondary BAs showed a little change in the CDCA sup-
plemented group (Figure 1c), but non-12-OH-BAs were significantly
increased (Figure S1A).

Aside from BA pool composition, we also calculated the total BAs
in different organs involved in enterohepatic circulation and compared
their distribution (Figure 1d). In all groups, most BAs were distributed
in the small intestine and stored in gall bladder. However, the propor-
tion (Figure 1d) and amount of total BAs distributed in the caecum and
colon were significantly increased in the UDCA supplemented group.
In addition, the amount of total BAs excreted through faeces within

24 hr was dramatically elevated after UDCA supplementation
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FIGURE1 UDCA has a distinct effect on bile acid pool. (a) The multivariate analysis model (PLS-DA) based on the bile acid profile of the bile acid
pool shows that groups of mice that were administered different bile acids were clearly separated, especially the UDCA and DCA group (n = 6 per
group). (b) The total concentration of BAs per body weight in the BA pool was shown to be different depending on specific BA supplementation;
44 bile acids were detected and quantitated in different organs and tissues. The BA pool is equal to the sum of the total bile acids in liver, gall

bladder, small intestine, caecum, colon, and serum (n = é per group). (c) The bile acid composition of bile acid pool. The outside circle shows the
proportion of primary and secondary bile acids in the bile acid pool. The inner circle shows 28 individual bile acid proportions and the sum of 16
low content bile acid proportions of the bile acid pool (n = 6 per group). (d) The bile acid distribution of the bile acid pool in the enterohepatic

circulation (n = 6 per group). (e) The amount of BA excreted in faeces within 24 hr (n = 6 per group). Mean values + SEM are expressed for the bar

chart. *P < .05 versus normal control group

(Figure 1e). In summary, UDCA intervention caused unique effects on
the BA pool including changes in size, composition, distribution, and
excretion.

3.2 | UDCA induces the expression of BA synthetase
in the liver and BA transporters in the ileum

In order to explore the reason why the BA pool was different after
UDCA intervention compared to other BAs, we performed mRNA
detection of BA synthetic enzymes in the liver and BA transporters
in the ileum along with the relative protein expression of the
transporters, apical sodium-dependent BA transporter (ASBT), and
the carrier protein, ileal BA binding protein (IBABP). Samples from a
second BA group, DCA, were also examined as an intervention control
as its BA pool composition displayed the greatest variance to that of

the UDCA group in the prior study.

The mRNAs of enzymes involved in the classic BA-synthetic path-
way as well as the alternative BA-biosynthetic pathway were quanti-
fied. Cholesterol degradation to BAs in the liver can be initiated by
cholesterol 7a-hydroxylase (CYP7A1) and sterol 12a-hydroxylase
(CYP8B1) of the classic (neutral) pathway or by mitochondrial sterol
27-hydroxylase (CYP27A1) and oxysterol 7a-hydroxylase (CYP7B1)
of the alternative (acidic) pathway (Chiang, 2004; Chiang, 2013), syn-
thesizing two primary BAs, CA and CDCA, in humans. In the classic
pathway, CYP8B1 is required for synthesis of CA, but without
12a-hydroxylase transformation, the product is CDCA, and initiation
through the alternative pathway also results in the production of
CDCA (Chiang, 2013).

After CYP7A1 and CYP8B1 mRNA
expression had almost no change in the UDCA experimental group,

BA supplementation,

while in the DCA group exhibited significant enzyme suppression
(Figure 2a). However, the UDCA experiment group did show a
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as a bar chart (n = 6 per group). Mean values + SEM are expressed for
the bar chart. *P < .05 versus normal control group

significant induction of CYP7B1, the enzyme involved in the alterna-
tive BA-biosynthetic pathway (Figure 2a), which was consistent with
its BA pool composition in which non-12-OH-BAs were increased
(Figure S1A).

In enterohepatic circulation, transporters play a critical role in
maintaining BA homeostasis, so next we quantified the BA trans-
porters in the ileum and liver. The gene of the main transporter
involved in BA active reabsorption in the terminal ileum, ASBT
(Hagenbuch & Dawson, 2004), was up-regulated in the UDCA group
(Figure 2b). Multidrug resistance-associated protein 2 (MRP2), another
transporter presenting at the apical membrane of enterocytes that
ensures apical excretion of BA (Thomas, Pellicciari, Pruzanski, Auwerx,

& Schoonjans, 2008), was down-regulated in the UDCA group
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(Figure 2b). IBABP, the carrier protein which binds BAs and promotes
BA flux (Dawson, Lan, & Rao, 2009), was also induced by UDCA
supplementation (Figure 2b). The protein level of heteromeric organic
solute transporter a (OSTa), a major BA efflux pump located in the
ileal basolateral membrane (Dawson et al., 2005), was up-regulated
as measured by immunohistochemistry (IHC) after UDCA supplemen-
tation (Figure 2d). The protein expression of other BA transporters in
the ileum was further examined by western blot (WB) and IHC
(Figure 2c,d), confirming that protein levels were consistent with
changes seen in gene expression for the UDCA group. For example,
WB and IHC showed a significant elevation in ASBT and IBABP levels
relative to control in UDCA group. In the DCA group, ASBT showed
no changes in mRNA expression by RT-PCR (Figure 2b), WB
(Figure 2c), or IHC (Figure 2d). However, the mRNA expression of
MRP2 in the DCA group was significantly up-regulated in contrast to
the UDCA supplemented group (Figure 2b). Together, these results
indicated that UDCA induced the expression of BAs transporters in

the ileum and had not repressed the BAs synthesis.

3.3 | UDCA induces the expression of BA
transporters in the liver

BAs returning to the liver via the portal vein are taken up by the Na+-
taurocholate cotransporting polypeptide (NTCP) and to a lesser extent
by organic anion transporter 1(OATP1, Slcolal; Thomas et al., 2008).
Both NTCP and OATP1 transporters were up-regulated by UDCA
supplementation both in mRNA expression (Figure 3a) and protein
levels (Figure 3b,c). The canalicular bile salt export pump (BSEP) is
the predominant transporter responsible for the excretion of monova-
lent BAs into the bile through the canalicular membrane, and MRP2
mediates canalicular membrane transport of divalent BAs (Trauner &
Boyer, 2003). After UDCA intervention, both BSEP and MRP2 mRNA
(Figure 3a) and protein (Figure 3b,c) expression were induced. In the
DCA group, OATP1 and BSEP showed almost no changes in mRNA
or protein level (Figure 3a-c). However, NTCP and MRP2 results were
not consistent between different detection methods. Meanwhile, we
found that total BA concentration in the liver tended to increase in
the DCA group (Figure S1B) while BA synthesis was repressed
(Figure 2a); therefore, we hypothesized that BA levels in the liver
resulted from the observed changes in hepatic transporter protein
levels. When there is hepatocellular BA overload, alternative
basolateral BA transporters, such as multidrug resistance-associated
protein 3 (MRP3), multidrug resistance-associated protein 4 (MRP4),
organic anion transporting polypeptide 2 (OATP2, Slcola4), and
OSTa/B, can transport excess BAs to the systemic circulation
(Halilbasic et al., 2013; Thomas et al., 2008). DCA did in fact induce
the mRNA expression of OSTp (Figure 3a), which was consistent with
the finding of significantly increased total BAs concentration in serum
(Figure S1C). However, an increased level of MRP4 was induced in
UDCA group (Figure 3a) but the total BA concentration in the serum
and liver was unchanged (Figure S1C), which may be due to the up-
regulated BSEP and MRP2.
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FIGURE 3 UDCA induces the expression of bile acid transporter genes and protein in the liver. (a) Diagram and mRNA analysis of bile acid
transporters in the liver, OATP1 (Slcolal), OATP2 (Slcola4; n = 6 per group). (b) Protein expression levels of bile acid transporters in the liver
and densities of protein levels relative to B-actin shown as fold change relative to the control group (n = 6 per group). (c) Representative pictures of
immunohistochemistry of bile acid transporter proteins in liver and integrated option density shown as a bar chart (n = 6 per group). (d) Total bile
acid secretion rates by bile flow (n = 6 per group). Mean values + SEM are expressed for the bar chart. *P < .05 versus normal control group

In conclusion, we found that (a) after UDCA intervention, BA
transporters in the ileum such as ASBT, IBABP, and OSTa/p were
up-regulated (Figure 2), which enhanced BA reabsorption from the
ileum, while in the liver, administration of UDCA induced NTCP,
OATP1, BSEP, and MRP2 (Figure 3), which led to both increased BA
uptake from the portal vein to the liver and increased BA efflux from
the liver to the cholangiocytes. (b) In addition, CYP27A1 and CYP7B1
up-regulation was induced after UDCA feeding (Figure 2a), implying
that the synthesis of bile acids was not inhibited but rather enhanced
through the alternative synthetic pathway. Considering the size of the
BA pool was decreased in the UDCA group (Figure 1b), the results
seem to indicate an increased BA output that is even greater than
their increased synthesis. Indeed, BAs excreted in the faeces were
increased (Figure 1d) and could not be attributed to reduced reabsorp-
tion of BAs due to the higher expression of ASBT. The smaller BA pool
size may therefore be the result of a highly enhanced bile efflux. (c)

The total BA secretion rate through bile was somewhat higher than

control (Figure 3d), consistent with the up-regulated expression of
BSEP and MRP2 in the liver (Figure 3a-c), but the difference was
not statistically significant (Figure 3d). From the above results, we
UDCA administration accelerates the BA

enterohepatic circulation frequency and that this is manifested by

hypothesized that

increased BA output and decreased BA pool size. We therefore
employed an isotope dilution technique in a mouse model to test this

hypothesis.

3.4 | UDCA accelerates the BA enterohepatic
circulation frequency

Isotope dilution techniques applying radioactive or stable isotopes
in vivo have been accepted as the preferred method to study BA
kinetics (Hulzebos et al., 2001; Kok et al., 2003; Koopman et al.,
1988; Stellaard, Sackmann, Sauerbruch, & Paumgartner, 1984). CA
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decay curves measured in serum exhibited first-order kinetics
(Figure 4a). The average linear regression correlation coefficients were
0.9393 (P < .05) in the control group, 0.8119 (P < .05) in the UDCA
group, and 0.7674 (P < .05) in the DCA group. Mean values of the
slopes of the In APE-versus-time curves determined in individual mice
were represented as the fractional turnover rate (Figure 4b), among
which UDCA administration induced the highest fractional turnover
rate. Calculated from the y-intercept of the linear regression line, CA
pool size was shown (Figure 4c). In agreement with the previous data
that administration of UDCA led to a smaller BA pool size (Figure 1b),
it resulted in a much smaller CA pool size for this experiment (Figure 4
c), as well. UDCA supplementation also resulted in less CA cycling time
and faster CA cycling frequency (Figure 4d,e). Under the assumption
that all bile salt species would display a similar cycling frequency to
CA, we can use these calculations to compare BA cycling kinetics
(Hulzebos et al., 2001; Kok et al., 2003; Koopman et al., 1988;
Stellaard et al., 1984). These results, therefore, demonstrate that
UDCA does indeed accelerate the BA enterohepatic circulation fre-

quency in vivo.

3.5 | Conjugated UDCAs are antagonists of intestinal
FXR in vivo and in vitro

To explore the mechanism by which UDCA accelerates BA
enterohepatic circulation in healthy mice, we measured both mRNA
and protein levels for the BA nuclear receptor, FXR, considered the
master transcriptional regulator of BA homeostasis. FXR acts as a tran-
scription factor for BA synthetic enzymes and transporter proteins
thereby maintaining homeostasis through BA synthesis, influx, and
efflux (Halilbasic et al., 2013).

In vivo experiments revealed that intestinal FXR mRNA expression
was repressed significantly by UDCA administration (Figure 5a).
Similarly, intestinal FXR protein expression was also reduced after
UDCA feeding (Figure 5b). In the IHC staining of ileal tissue sections,
we observed that the downstream partners of FXR, small heterodimer

partner (SHP), and FGF15 protein levels were decreased (Figure 5c),
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which was consistent with the change of FXR (Figure 5a,b). On the
contrary, for the DCA group, intestinal FXR, SHP, and FGF15 were
up-regulated, either in mMRNA or protein expression (Figure 5a-c). In
the liver, FXR and SHP mRNA expression and protein level were
unchanged in UDCA group (Figure 5a,b). In summary, the intestinal
FXR signalling pathway was inhibited after UDCA feeding, while liver
FXR signalling was not.

To further verify the effect of BAs on FXR and BA transporters, we
added UDCAs and DCAs, mimicking the BA profiles derived from
UDCA or DCA administration in vivo (Figure S2A-C), to 3D and 2D
cultures of enterocytes and hepatocytes. We found that treatment
with UDCAs which contained predominantly TUDCA and GUDCA
inhibited FXR significantly in intestinal cell cultures, with a simulta-
neous down-regulation of FGF19 (Figure 6a,b). In the same cells, the
main BA transporter, ASBT, was up-regulated (Figure 6éa). Next, we
used UDCA and its derivatives (50 pmol-L™?) to treat 2D and 3D
cultures of enterocytes respectively and found that TUDCA was the
most potent inhibitor of FXR expression (Figure S3A-C). In liver cell
culture, FXR was also found to be inhibited by UDCAs (Figure S4A,
B), and further, we found that the transporter NTCP was up-regulated
(Figure S4A). The change in
transporters we observed in liver cell culture was consistent with pre-

but BSEP was down-regulated

viously findings observed when liver FXR is repressed (Alrefai & Gill,
2007; Thomas et al., 2008; Halilbasic et al., 2013) but was not in
accordance with what we saw for BSEP in vivo (Figure 3a-c). From
the above, it may be inferred that some other factors participate in
controlling some of the BA transporters in liver cells.

3.6 | FGF15/19 regulates liver BA transporters
in vivo and in vitro and represses cholecystokinin level

FGF15/19 (FGF15 in mouse and FGF19 in human), is a gut-derived
hormone which upon binding to its receptor FGF receptor-4 (FGFR4)
in the liver acts to down-regulate BA synthesis (Inagaki et al., 2005).
Our results showed that level of FGF15 was down-regulated in the

UDCA group from the in vivo study (Figure 5c), so we treated cultured
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FIGURE 4 UDCA accelerates the bile acids enterohepatic circulation. (a) Decay of i.v. administered

[?H.,]-cholate in the mice (n = 6 per group).

Fractional turnover rate (b) (n = 6 per group), pool size (c) (n = 6 per group), cycling time (d) (n = 6 per group), and cycling frequency for 24 hr (e)
(n = 6 per group) of cholate as derived from [?H,]-cholate isotope enrichment measurements in serum of the mice were shown. Data are mean

values + SEM. *P < .05 versus normal control group
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liver cells with FGF19 at different concentrations (20, 80, and
160 ng-ml™?) to observe its influence on BA transporters. As a result,
liver BA transporters MRP2 and BSEP were inhibited by FGF19 in a
dose-dependent manner (Figure 7a). Quantification of the mean
fluorescence intensity, using a 160-ng:-ml™* FGF19 cell treatment, also
indicated that both MRP2 and BSEP were inhibited (Figure 7b). We
also investigated liver BA transporters in vivo after intraperitoneal
injection of FGF19 in mice and observed its influence. We found that
the mRNA of BA synthetic enzyme CYP7A1 was inhibited 2 hr after
the FGF19 injection, and at the same time, several BA transporters
were also inhibited (Figure 7c). Evidence was shown that FGF15/19
inhibited expression of hepatic BA uptake transporters NTCP and
OATPs both in vivo and in vitro (Slijepcevic, Roscam Abbing,
Katafuchi, & Blank, 2017). In our study, we observed that FGF15/19
repressed MRP2 and BSEP both in vivo and in vitro (Figure 7a-c).

Based on these results and that level of FGF15 decreased significantly

in the UDCA fed mice, we conclude that FGF15 is a factor in the reg-
ulation of BA transporters in the liver. Moreover, FGF15 has been
reported to be required for gall bladder filling via its function of
inhibiting cholecystokinin (CCK) levels (Choi et al., 2006). In the mouse
study, we found that the size of the gall bladder in the UDCA group
was smaller, especially when compared with the DCA group (Figure
S5A,B). Quantification of the CCK level in different treatment groups
revealed that UDCA intervention led to a much higher fold change
in CCK levels between the postprandial and fasted status (Figure 6c)
which corresponded to the decreased FGF15 levels (Figure 5c). After
intraperitoneal injection of FGF19 in vivo, the weight of gall bladder
increased (Figure 7d).

In conclusion, oral administration of UDCA, or taurine-/glycine-
conjugated UDCA derivatives in vitro, were shown to inhibit intestinal
FXR-SHP and FXR-FGF15 (Figures 5 and 6). Reduced SHP and FGF15,

in turn, induced more expression of ASBT and promoted increased BA
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FIGURE 6 The influence of UDCAs on the FXR signalling pathway
in vitro and CCK fold change in vivo. (a) Representative pictures of
protein expression of the FXR signalling pathway components and the
bile acid transporter ASBT from six samples each group in 3D cultured
intestine cells. (b) Immunofluorescent staining of FXR signalling
pathway components in 3D cultured intestine cells and mean
fluorescence intensity shown as a bar chart (FGF19 n = 15 per group,
FXR n = 6 per group). (c) Fold change in CCK postprandial versus
fasting condition (n = 5 per group). (UDCAs means the mixture of
TUDCA, GUDCA, UDCA, TLCA, and LCA at a concentration of 50, 50,
12.5, 2.5, and 0.25 uM; DCAs means the mixture of TCA, TDCA,
GDCA, and DCA at a concentration of 50, 12.5, 12.5, and 0.5 uM.)
Data are mean values + SEM. *P < .05 versus normal control group

reabsorption from the ileum (Li et al.,, 2005). With the reduction of
FGF15 level, the liver transporters, NTCP, BSEP, and MRP2 were
induced (Figure 3), although liver FXR signalling showed no change
(Figure 5b). The increased expression of NTCP, BSEP, and MRP2
thereby facilitated BA influx and efflux in the liver. Furthermore,
decreased level of FGF15 led to enhanced gall bladder contraction
along with increased CCK levels (Figure 6c) which promoted bile

release from the gall bladder to the small intestine. In summary,
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FGF15/19 plays an important role in regulating BA synthesis and
transport, and intestinal FXR is important for overall BA homeostasis.

4 | DISCUSSION

In this study, we showed that UDCA supplementation led to a smaller
BA pool and enhanced the expression of BA transporters involved in
the enterohepatic circulation, including ASBT for reabsorption of
BAs in the distal ileum and NTCP, MRP2, and BSEP for uptake and
excretion of BAs in the liver. Several years ago, there were a number
of studies in the field that were focused on hepatic BA transporters
after oral UDCA administration (Marschall et al., 2005; Paumgartner
& Beuers, 2004). However, in the present study, we evaluated the
effect of oral UDCA administration on BA transporters in the ileum
in conjunction with the liver, in addition to an examination of the
kinetics associated with BA enterohepatic circulation. We found that
reabsorption and excretion of BAs were both enhanced upon UDCA
administration. A calculation of the BA circulation frequency using
widely accepted isotope dilution techniques demonstrated that UDCA
actually accelerates BA circulation in vivo.

In order to examine how UDCA might accelerate BA enterohepatic
circulation, we examined the expression of various FXR transcriptional
targets in both the ileum and liver, as BA transporters are both directly
and indirectly regulated by the FXR nuclear receptor (Halilbasic et al.,
2013). We verified that oral administration of UDCA antagonized
intestinal FXR signalling. In vitro studies showed that FXR was not
inhibited by UDCA alone, but by a mixture of UDCA derivatives that
mimicked the BA composition derived from UDCA administration
in vivo. After oral administration of UDCA, TUDCA increased
dramatically, while MCAs remained unchanged or slightly decreased
(Figure S7). Conjugated MCAs are thought to be FXR antagonists
(Jiang et al., 2015). Our results suggest that UDCA conversion to
MCAs was minimal in this study, and the suppression of FXR signalling
was attributed to conjugated UDCA species such as TUDCA. ASBT
was found to be negatively regulated by ileal FXR-SHP (Li et al.,
2005; Neimark, Chen, Li, & Shneider, 2004), which was consistent
with our finding that ASBT was induced after UDCA suppression of
ileal FXR-SHP expression. The inconsistency in the results for hepatic
FXR signalling in vivo and in vitro brought our attention to the
gut-derived hormone FGF15/19 that linked the crosstalk between
the gut and liver (Inagaki et al., 2005). Evidence was shown that
FGF15/19 inhibits expression of hepatic BA uptake transporters
NTCP and OATPs both in vivo and in vitro (Slijepcevic et al., 2017).
In our study, we observed that the hepatic BA transporters, including
NTCP, OATP1, BSEP, and MRP2, were down-regulated after FGF19
administration both in vivo and in vitro. This implied that FGF15/19
was involved in regulating BA transporters in the liver. The use of
FGF19 to replace FGF15 was a limitation in this study, although
FGF19 was previously used to mimic FGF15 in mouse (Slijepcevic
et al., 2017). In addition, it was previously reported that FGF15/19
causes gall bladder filling via inhibition of CCK (Choi et al., 2006). In
this study, UDCA administration led to lower level of FGF15, and
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FIGURE 7 The influence of FGF15/19 in regulating BA transporters in vivo and in vitro. (a) Representative pictures of protein expression of BA
transporters in 2D cultured liver cells from six samples each group treated with different concentrations of FGF19. (b) Immunofluorescent staining
of BA transporters in 2D cultured liver cells after treatment with FGF19 and mean fluorescence intensity shown as a bar chart (n = 6 per group). (c)
mRNA analysis of BA synthetic enzymes, and bile acid transporters in liver after treatment with FGF19 (100 pg-kg™? per BW) (n = 6 per group). (d)
Gall bladder weight after i.p. injection of FGF19 (n = 6 per group). (e) A diagram of the proposed mechanism for UDCA-induced acceleration of
enterohepatic circulation. Data are mean values £ SEM. *P < .05 versus normal control group

higher level of serum CCK, which corresponded to smaller gall
bladders and increased bile flow in UDCA-treated mice. The lower
level of FGF15 and higher level of CCK in vivo would strengthen gall
bladder contraction and contribute to the acceleration of BA
enterohepatic circulation.

UDCA, the first Food and Drug Administration approved treatment
for PBC, has also been used for non-cholestatic as well as non-
hepatobiliary diseases (Roma et al., 2011). It has also been shown to
attenuate colon carcinogenesis in both humans and in animal models
(Krishna-Subramanian et al., 2012). Additionally, it is thought to play
a protective role in bile-induced pancreatic ductal injury (Katona
et al., 2016) and has been evaluated for the treatment of non-alcoholic
steatohepatitis, although the therapeutic effect remains controversial
(Dufour et al., 2006; Laurin et al., 1996; Leuschner et al., 2010; Lindor
et al, 2004; Mueller et al., 2015; Ratziu et al.,, 2011). Even though
UDCA is widely used for PBC, and also for more common ailments,
such as gallstones or obstetric cholestasis, very little study has been

done regarding its mechanism of action, especially in organisms

without prior liver disease. In the present investigation, we found that
at least one of these mechanisms is to accelerate enterohepatic circu-
lation via an intestinal FXR signalling pathway. This is a critical finding
as enterohepatic circulation has profound effects on the pharmacol-
ogy and toxicology of everything that is processed by the liver and
excreted into the bile. In addition, the involvement of the FXR recep-
tor is important as its impact is seen not only in BA homeostasis but as
an important regulator of hepatic triglycerides and intestinal fluid
equilibrium. In addition to our finding of UDCA's influence on FXR,
we showed that the UDCA derived TUDCA was an even more potent
inhibitor of this pathway in intestinal cells in vitro, which is consistent
with a study recently published (Sun et al., 2018). There have been
some reports which have indicated that TUDCA has the ability to
decrease ER stress, act as a leptin-sensitizing agent, and thus may pro-
vide a novel treatment for obesity (Ozcan et al., 2009). Along this line,
Nor-UDCA is another derivative of UDCA, which has been approved
for the attenuation of non-alcoholic steatohepatitis progression

(Beraza et al., 2011). Considering the impact on critical enterohepatic
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processes and signalling pathways, UDCA derivatives may yet have
untapped therapeutic potential for the treatment of other still uniden-
tified diseases in the gut-liver axis. The fact that this study used male
mice only is a limitation. Future studies should include both male and
female mice and compare the metabolic differences between the two
genders. In the meantime, an important next step will be to further
characterize human serum and other samples to test that our results

are indeed translational.
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