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Glucagon-like peptide-2 pharmacotherapy
activates hepatic Farnesoid X receptor-signaling
to attenuate resection-associated bhile acid loss
in mice
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Peggy Berlin', Nagi Elleisy’, Robert H. Forster', Alexander Cecil®, Robert Jaster', Jerzy Adamski®,
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ABSTRACT

Objective: Villus growth in the small bowel by Glucagon-like peptide-2 (GLP-2) pharmacotherapy improves intestinal absorption capacity and is
now used clinically for the treatment of short bowel syndrome and intestinal failure occurring after extensive intestinal resection. Another recently
acknowledged effect of GLP-2 treatment is the inhibition of gallbladder motility and increased gallbladder refilling. However, the impact of these
two GLP-2-characteristic effects on bile acid metabolism in health and after intestinal resection is not understood.

Methods: Mice were injected with the GLP-2-analogue teduglutide or vehicle. We combined the selenium-75-homocholic acid taurine (SeHCAT)
assay with novel spatial imaging in healthy mice and after ileocecal resection (ICR mice) and associated the results with clinical stage targeted bile
acid metabolomics as well as gene expression analyses.

Results: ICR mice had virtual complete intestinal loss of secondary bile acids, and an increased ratio of 12a.-hydroxylated vs. non-12a-hy-
droxylated bile acids, which was attenuated by teduglutide. Teduglutide promoted SeHCAT retention in healthy and in ICR mice. Acute con-
centration of the SeHCAT-signal into the hepatobiliary system was observed. Teduglutide induced significant repression of hepatic cyp8b1
expression, likely by induction of MAF BZIP Transcription Factor G.

Conclusions: The data suggest that GLP-2-pharmacotherapy in mice significantly slows bile acid circulation primarily via hepatic Farnesoid X

receptor-signaling.
© 2025 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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1. INTRODUCTION [6,7]. The second and more recently observed striking effect of

exogenous GLP-2-stimulation is inhibition of gallbladder motility and

Enterohormones orchestrate the digestive process by modulating
gastrointestinal secretions and motility, epithelial function and
visceral blood flow. Glucagon-like peptide-2 (GLP-2) is an enter-
ohormone secreted from L-cells in the distal gastrointestinal tract
upon ingestion of nutrients [1]. GLP-2 is a 33 amino acid peptide
hormone cleaved from Proglucagon, which is encoded by the Pre-
proglucagon gene [2]. The most striking effect of exogenous GLP-2-
stimulation, villus growth in the small bowel, was discovered ~25
years ago [3] and improves intestinal absorption capacity in mice and
humans [4,5]. This effect is now used clinically for the treatment of
intestinal failure, which typically occurs after major intestinal
resection involving the ileum as the main site of bile acid reabsorption

increased gallbladder refilling [8,9]. This effect has been suggested
to contribute to an increased risk of cholelithiasis [9].

However, the impact of these two GLP-2-characteristic effects on bile
acid metabolism after intestinal resection is not understood.

Bile acid metabolism is a complex and tightly regulated system,
involving de novo synthesis from cholesterol, conjugation for solubili-
zation, secretion and storage in the biliary system, as well as intestinal
reabsorption, and back flow to the liver via the portal vein in the
enterohepatic circulation (EHC). Importantly, besides the function of
bile salts as detergents in the intestinal lumen, bile acids bind to the
farsenoid X receptor (FXR), primarily to regulate their own metabolism
[10]. Of note, the system shares most important features in mice and

"Division of Gastroenterology and Endocrinology, Department of Medicine II, Rostock University Medical Center, Rostock, Germany 2Department of Nuclear Medicine, Rostock
University Medical Center, Rostock, Germany 3Department of General, Visceral, Thoracic, Vascular and Transplant Surgery, Rostock University Medical Center, 18057
Rostock, Germany “Metabolomics and Proteomics Core (MPC), Helmholtz Zentrum Miinchen, Germany Core Facility Multimodal Small Animal Imaging, Rostock University
Medical Center, Rostock, Germany ®Rudolf-Zenker-Institute for Experimental Surgery, Rostock University Medical Center, 18057 Rostock, Germany

*Corresponding author. Division of Gastroenterology and Endocrinology, Department of Medicine Il, Rostock University Medical Center, Germany. E-mail: Johannes.reiner@
med.uni-rostock.de (J. Reiner).

Received December 27, 2024 « Revision received March 2, 2025 « Accepted March 7, 2025 « Available online 15 March 2025

https://doi.org/10.1016/j.molmet.2025.102121

MOLECULAR METABOLISM 95 (2025) 102121 © 2025 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 1
www.molecularmetabolism.com


Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
http://creativecommons.org/licenses/by-nc/4.0/
mailto:Johannes.reiner@med.uni-rostock.de
mailto:Johannes.reiner@med.uni-rostock.de
https://doi.org/10.1016/j.molmet.2025.102121
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molmet.2025.102121&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://www.molecularmetabolism.com

humans, including the presence of a gallbladder (which is not present
in rats). Two important differences are the predominance of hydrox-
ylated muricholic acid in mouse bile and the preference for taurine-
instead of glycine-conjugation.

Exogenous GLP-2 may interfere with bile acid metabolsm via two
different mechanisms. 1) it may increase bile acid reabsorption by
inducing small intestinal growth. Through the intestinal Fxr-feedback
loop involving Fgf-15, the mouse homolog of human FGF-19, this
would reduce de novo synthesis by repressing Cyp7al, which medi-
ates the rate limiting step in hepatic cholic acid synthesis. 2) by
slowing enterohepatic circulation through retention of bile acids in the
hepatobiliary system (HBS). The latter would stimulate hepatic Fxr
signaling to inhibit de novo synthesis of primary unconjucated bile
acids. Hepatic Fxr represses Cyp8b1 to reduce 12-alpha-conjugation
capacity, but this is not a rate limiting step under steady state [11].
To estimate pharmacologic effects of GLP-2 therapy on bile acid cir-
culation and metabolism after ileocecal resection (ICR) in mice, we
used a spatially resolved selenium-75-homocholic acid taurine (SeH-
CAT) test, gene expression analyses and targeted metabolomics. Here,
we show that GLP-2-pharmacotherapy in mice slows bile acid circu-
lation by affecting both the biliary as well as the enteral limb of the EHC
to converge on hepatic Fxr signalling.

2. RESEARCH DESIGN AND METHODS

2.1. Mice

All animal experiments were performed according to European Union
Directive 2010/63/EU and were approved by the local animal welfare
authority (Landesamt fiir Landwirtschaft, Lebensmittelsicherheit und
Fischerei Mecklenburg-Vorpommern, 7221.3-1.1-008/16 and 7221.3-
1.1-021/20). C57BL6/J mice were purchased from The Jackson
Laboratory (Bar Harbor, ME) and bred in the animal facilities at the
Rudolf-Zenker-Institute for Experimental Surgery, University Medical
Center Rostock. Mice were housed in groups of up to five ata 12 h
light—dark cycle (dark: 7 pm—7 am), a temperature of 21 & 2 °C and
relative humidity of 60 & 20% with free access to standard chow
(pellets, 10 mm, ssniff-Spezialdidten GmbH, Soest, Germany) until the
start of the experiment with free access to standard chow and water
until surgical intervention. A timeline of the experiments is shown in
Figure 1A. Adult male mice (body weight ~ 30 g) at the mean age of
3—6 months were randomly assigned to one of the following groups:
non-ICR mice received injections twice daily at 8 am 4 30 min and 8
pm = 30 min, respectively, from day 1 to day 9, as (a) vehicle (volume-
adjusted PBS) and (b) teduglutide (0.1 mg/kg BW). Alongside, ICR mice
were operated on day 0, then received injections twice daily at 8
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Figure 1: GLP-2 pharmacotherapy promotes mucosal growth. (A) Design for main experiment 1 with non-ICR mice. (B) Design for main experiment 2 with ICR mice. At the end
of the experiments blood, intestine and liver tissue was collected and analyzed. (C) Representative images of proximal jejunum from non-ICR mice stained for ki-67. (D)
Representative images of proximal jejunum from ICR mice stained for ki-67. (E) positivity for ki-67 was counted along the crypt base in non-ICR, vehicle (veh) and teduglutide (ted)
-injected mice, n = 6 and 7, mean + SEM. *p < 0.05, one-way ANOVA. (F) positivity for ki-67 was counted along the crypt base in ICR veh and ted mice, n = 5 and 6,
mean + SEM. *p < 0.05, one-way ANOVA. (G) Mucosal height was measured in non-ICR mice, n = 6 and 7, mean + SD, *p < 0.05, unpaired t-test. (H) Mucosal height was

measured in non-ICR mice, n = 5 and 6, mean + SD, *p < 0.05, unpaired t-test.
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am == 30 min and 8 pm == 30 min, respectively, from day 1 to day 7, as
(c) vehicle (volume-adjusted PBS) and (d) teduglutide (0.1 mg/kg BW).
For SeHCAT and gene expression analyses, group (a) was compared to
group (b), whereas group (c) was compared to group (d) For bile acid
pool analyses, two separate groups were included as controls. For the
non-ICR arm, a group (e) was included, receiving vehicle injections
twice daily at 8 am == 30 min and 8 pm = 30 min, from day 1 to day 9,
but fasted for 12 h before autopsy. For the surgical arm, a sham
operated group (f) was included, as a plausibility control - operated on
day 0, then received vehicle injections twice daily at 8 am 4+ 30 min
and 8 pm == 30 min, respectively, from day 1 to day 7. Group allocation
was done randomized, according to a prespecified order list, in order to
minimize confounding from surgical day. Injections were done
blockwise, alternating treatment and vehicle group. ICR and non-ICR
groups were done in parallel. Injections were not blinded. Teduglu-
tide (Revestive®) was purchased through the hospital pharmacy.

2.2. lleocecal resection surgery procedures

For surgery, mice were weighed and anesthetized by intraperitoneal
injection of ketamine (100 mg/kg bw) and xylazine (15 mg/kg bw). The
operative technique of ileocecal resection was performed as described
previously [12]. In brief, the ileocecal junction and the ileum were
eviscerated through a midline incision. In mice undergoing ileocecal
resection (ICR), the mesenteric blood vessels of the resected segment
were ligated using clips (Weck, Horizon; Teleflex Medical, Kernen,
Germany), and the intestine was divided 11 cm proximal to the ileo-
cecal junction and immediately distal to the cecum. lleum and cecum
were resected, and an end-to-end, full-thickness jejunocolic anasto-
mosis with interrupted stiches using a 10-0 monofilament suture
(Ethilon; Ethicon, Norderstedt, Germany) was created under an oper-
ating microscope. Sham control mice received a single transection and
reanastomosis 11 cm proximal to the cecum without resection.
Immediately after extubation, all mice were weighted and resuscitated
with subcutaenous injection of 1 ml saline and 5 mg/kg carprofen as
an analgesic. Mice were allowed to recover in a heated terrarium
(29 °C) for ~4 h and then returned to cages with free access to liquid
food and water.

2.3. Animal interventions

All mice were placed in single cages, in order to allow determination of
individual food intake, stool consistency, and to prevent co-coprophagy
in the SeHCAT-experiments. To prevent intestinal obstruction in the
resected mice, these mice were switched to liquid diet (AIN 93G;
Ssniff, Soest, Germany) 2 days before operation. For comparability of
groups, all mice received this liquid diet from two days before the start
of the experiment until the end of the observation period. Body weight
and food intake were measured daily. Stool water content was
analyzed on days 0, 2 and 7 of the experiment. EDTA-blood was drawn
by retroorbital puncture on the final day of the experiment. Plasma was
obtained after centrifuging at 4,000 U/min for 15 min. Plasma was
frozen at —20 °C and shipped on dry ice from Rostock to Munich for
bile acid metabolome analysis.

2.4. SeHCAT retention-test

SeHCAT retention test was performed with cohorts of mice which
were pretreated as shown in Figure 1A. The SeHCAT capsule (GE
Healthcare) of 370 kBg was dissolved and activity of approximately
20.5 Mbqg was orally gavaged. Then, mice were anesthetized with
inhaled isoflurane and placed with the abdomen in the center of the
4 x 4 cm? field of view of the portable CrystalCam (Crystal Photonics,
Berlin, Germany) (Figure 2). To improve sensitivity, the camera has
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been used uncollimated as also recommend for clinical applications
[13]. Spatial imaging was performed for 120 s using an energy
window of 40—400 keV in order to include the high- and the low
energy peak of 75Ge. The measurements were performed at the
following times: for non-ICR mice immediately (0 h), 4 h, 24 h, 48 h,
and 96 h after gavage; for non-ICR mice immediately (0 h), 4 h, 24 h,
48 h after gavage. Of note, for the acute study, the measurement was
performed right before injection of teduglutide 0.1 mg/kg BW, and 1 h
after injection. Focus ratio was calculated from the highest signal
intensity in the center compared to the lower signal intensity back-
ground around. At the final day of the experiment, mice were
pseudonymized, to allow blinding of outcome measures. After the
final whole-body image was taken, and cervical dislocation, the in-
testine was completely removed, then measured on the CrystalCam.
The hepatobiliary system, including liver and the intact gall bladder,
was removed and imaged in the same manner. Intestine/HBS-ratio
was calculated from the signal intensities. In vehicle-injected ICR
mice, the signal from the intestine was below the lower limit of
detection in 2/5 mice in teduglutide treated mice, the signal from the
intestine was below the lower limit of detection in 2/6 mice. These
data points were excluded from the statistical analysis. Observation
period of 96 h for non-ICR mice was chosen pragmatically: it has
previously been shown that 24 h-fecal SeHCAT-excretion rate is 20—
50% in rodents with intact EHC [14]. The observation period of 48 h
for ICR-mice was chosen pragmatically: it has previously been shown
that SeHCAT-retention after ileal resection in man is reduced to only
~10% of non-ICR man within less than 72 h. The ideal point of time
to measure differences attributable to ileal resection was deemed the
half total observation period in man [15].

2.5. Plasma bile acid metabolome analysis

Mouse plasma bile acids were analyzed using LC-ESI-MS/MS tech-
nology and the AbsoluteIDQTM Bile Acids kit (Biocrates Life Sciences
AG, Innsbruck, Austria), see Table 1. Compound identification and
quantification were based on scheduled multiple reaction monitoring
measurements (SMRM). The complete assay procedures of the Bile
Acids kit and the results of an inter-laboratory ring trial have been
described in detail previously [16,17].

In short: the extracts were diluted with 60 pL ultrapure water, cooled
at 10 °C for LC-MS/MS measurements. The LC-separation was
performed using 10 mM ammonium acetate in a mixture of ultrapure
water/formic acid v/v 99.85/0.15 as mobile phase A and 10 mM
ammonium acetate in a mixture of methanol/acetonitrile/ultrapure
water/formic acid v/v/v/v 30/65/4.85/0.15 as mobile phase B. Bile
acids were separated on the UHPLC column for BiocratesTM Bile
Acids Kit (Product No. 91220052120868) combined with the pre-
column SecurityGuard ULTRA Cartridge C18/XB-C18 (for 2.1 mm ID
column, Phenomenex Cat. No. AJ0-8782). All solvents that have been
used for sample preparation and measurement were of HPLC grade.
Mass spectrometric analyses were done on an APl 4000 ftriple
quadrupole system (SCIEX Deutschland GmbH, Darmstadt, Germany)
equipped with a 1260 Series HPLC (Agilent Technologies Deutschland
GmbH, Boblingen, Germany) and a HTC-xc PAL auto sampler (CTC
Analytics, Zwingen, Switzerland) controlled by the software Analyst
1.6.2. Data evaluation for quantification of metabolite concentrations
and quality assessment were performed with the software MultiQuant
3.0.1 (Sciex) and the MetIDQ™ software package. Metabolite con-
centrations were calculated using internal standards and reported in
uM. The ratios for taurine-over unconjugated as well as for 12q-
hydroxylated vs non-12a-hydroxylated primary bile acids was
calculated.
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Figure 2: GLP-2 pharmacotherapy slows enterohepatic recirculation. (A) Setup for determination of SeHCAT retention. (B) Time course of relative whole body activitiy for non-
ICR mice, injected with teduglutide (ted) or vehicle (veh), normalized to baseline att = 6 h, n = 6 and 7 per group, mean + SEM, *p < 0.05, multiple t-tests, corrected by FDR
(Benjamini, Krieger, and Yekutieli) (C) time course of relative whole body activitiy for ICR mice, normalized to baseline att = 6 h, n = 5 and 6 per group, mean & SEM, *p < 0.05,
multiple t-tests, corrected by FDR (Benjamini, Krieger, and Yekutieli) (D) SeHCAT elimination rate in non-ICR mice, n = 6,7, mean =+ SD, *p < 0.05, one-way ANOVA. (E) SeHCAT
elimination rate in non-ICR mice, n = 6,7, mean + SD, *p < 0.05, one-way ANOVA. (F) Representative images from CrystalCam-scans of intestine and liver on the final day of the
experiment ex vivo. (G) Of intestinal signal vs. hepatobiliary signal ex vivo, n = 6,7,3,4 (veh, ted, ICR veh, ICR ted), mean + SEM, *p < 0.05, paired t-test.

2.6. RNA expression

Immediately after the final in vivo measurement, the ileum segment
13 cm proximal of the ileocecal junction in non-ICR mice and 2 cm
proximal of the ileocolonic anastomosis in ICR mice was obtained and
placed for histology. RNA was isolated with the RNeasy Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturers’ in-
structions. Frozen tissue (~30 mg) was placed in lysis buffer and
then mechanically disrupted with a bead beater (TissueLyser LT;
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Qiagen, Hilden, Germany) at 50 Hz for 5 min with 7-mm stainless-
steel beads (Qiagen, Hilden, Germany). The process included
15 min DNA digestion at room temperature using the RNase-free
DNase set (Qiagen). For cDNA synthesis, 2 g RNA was tran-
scribed using the High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific, Schwerte, Germany) according to the
manufacturer’s instructions. Tagman-probes were Nr0b2 (MmOO
442278_m1), Nr1h4 (Mm00436425_m1), Actb (Mm00607939_s1),

© 2025 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Table 1 — List of metabolites measured with the Biocrates® Bile Acids Kit

MPC Metabolomics Platform, Helmholtz Zentrum Miinchen.

Bile Acids (20)

CA Cholic acid

CDCA Chenodeoxycholic acid

DCA Deoxycholic acid

GCA Glycocholic acid

GCDCA Glycochenodeoxycholic acid
GDCA Glycodeoxycholic acid
GLCA Glycolithocholic acid
GUDCA Glycoursodeoxycholic acid
HDCA Hyodeoxycholic acid

LCA Lithocholic acid

MCA(a) Alpha-muricholic acid
MCA(b) Beta-muricholic acid
MCA(0) Omega-Murichoclic acid

TCA Taurocholic acid

TCDCA Taurochenodeoxycholic acid

TDCA Taurodeoxycholic acid

TLCA Taurolithocholic acid

TMCA (a+b) Tauromuricholic acid (sum of alpha and beta)
TUDCA Tauroursodeoxycholic acid

UDCA Ursodeoxycholic acid

Cyp7al (Mm00484150_m1), Cyp8b1 (Mm00501637_s1), Cyp27atl
(MmO00470430_m1), Fgfr4 (MmO01341852_m1), Hnf4a (MmO
1247712_m1), Mafg (Mm00521961_g1), Vil7 (Mm00494146_m1),
Fgf15 (Mm00433278_m1), Slc10a2 (Mm00488258_m1). ACt was
calculated in the ileum against the epithelium-specific marker Vil7,
and in the liver against Actb.

2.7. Histology

Immediately after the final in vivo measurement, the ileum segment
12 cm proximal of the ileocecal junction in non-ICR mice and 1 cm
proximal of the ileocolonic anastomosis in ICR mice was obtained and
placed for histology in 4% paraformaldehyde. After 24 h, tissue was
dehydrated, paraffin-embedded and stored at RT. For quantification of
villus height, 5 um thick tissue slides were made, hematoxylin and
eosin-stained and five well-oriented, full-length crypts and villi per
sample were measured and averaged using an Axio Observer inverted
microscope (Zeiss) and Zen 2.3 software. To evaluate proliferative
activity, ki-67 was immunohistochemically stained using ImmPress
polymer reaction (Vector Laboratories) with the Ki-67 Monoclonal
Antibody SolA15, eBioscience™, catalogue-no.: 14-5698-80. For
quantification of proliferative activity, each cell position from the crypt
base to cell position 25 was manually scored for presence or absence
of ki-67-positivity.

2.8. Statistical analysis

Sample size calculation was done for the following three primary
outcomes: a) SeHCAT retention at the final day of the experiment, b)
overall plasma bile acid concentration, c) expression change in
cyp7atl, for B = 0.2, using SPSS. The data were analyzed using
GraphPad Prism 7.05 (GraphPad Software). Data are presented as
means =+ SD/SE or median for the indicated number of mice (n) per
group. Data from mice with any preanastomotic bowel distension
(deemed due to stenosis) was not included in the statistical analysis. In
the case of normal distribution, and groupwise comparison, student’s t
test was applied. In the case of nonparametric distribution, Mann—
Whitney U-test was applied. Multiple group comparisons were per-
formed by One-way ANOVA or the nonparametric Kruskal—Wallis test
correcting with the Dunn’s test for multiple testing, as indicated. p
values of <0.05 were considered significant.
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3. RESULTS
3.1. Pharmacologic GLP-2-stimulation promotes bile acid retention

via enhanced intestinal uptake

In order to recapitulate the known actions of GLP-2-pharmacotherapy,
villus length and ki-67-index were measured in the jejunum. As ex-
pected, treatment with teduglutide enhanced proliferation, as indicated
by the amount of ki-67-positive cells in the small intestine crypts in
both non-ICR as well as ICR mice (Figure 1C—F). This expansion of
proliferating cells was accompanied by strong villus growth at day 7 in
the teduglutide treated groups (Figure 1G,H). Next, the effect of
teduglutide on enterohepatic bile acid circulation was characterized
(Figure 2A). First, SeHCAT retention was determined in non-ICR mice,
which were treated with teduglutide and compared to vehicle-injected
non-ICR mice. In vehicle-injected non-ICR mice, SeHCAT retention
decreased over time from 100% to 47% after 24 h, 23% after 48 h and
7% after 96 h. Teduglutide-injected non-ICR mice had significantly
increased SeHCAT retention, with 65% after 24 h, 39% after 48 h, and
14% after 96 h (Figure 2B). In vehicle-injected non-ICR mice, the
elimination rate of SeHCAT was highest in the first 24 h (Figure 2D), but
not significantly different between the different time intervals. In
vehicle-injected ICR mice, SeHCAT retention was only 14% after 24 h
and 5% after 48 h, well corresponding to the intestinal loss of primary
bile acids (Figure 2C). In teduglutide-injected ICR mice SeHCAT
retention was significantly increased to 29% after 24 h and it was 10%
after 48 h (Figure 2C). Of note, SeHCAT elimination rate was signifi-
cantly slowed by teduglutide compared to the vehicle-injected ICR
mice in the first 24 h (Figure 2E). Because in the first 24 h after gavage
of SeHCAT, intestinal uptake is the major determinant of incorporation
into the EHC [18], the SeHCAT-signal in the intestine vs. the HBS was
also determined 8 h after vehicle or teduglutide injection (Figure 2F) at
autopsy — i.e. ex vivo. In the teduglutide-injected non-ICR mice,
intestine/HBS-ratio after 8 h was significantly increased compared to
vehicle-injected non-ICR mice, suggesting intact recirculation
(Figure 2G). In ICR mice, such increased intestine/HBS-ratio was not
detectable at autopsy, suggesting disturbed recirculation in the ICR
mice. In teduglutide injected ICR mice, body weight loss and stool
water content increase on day 7 was numerically less pronounced.
Teduglutide treatment did not have an effect on chow intake
(Supplemental Fig. 1).

3.2. Pharmacologic GLP-2-stimulation acutely promotes biliary
SeHCAT-retention in non-ICR mice

In previous studies, acute effects on gall bladder motility have been
described for GLP-2 but not been found of functional relevance [8].
Thus, to study the acute effect of teduglutide on hepatobiliary bile acid
retention in vivo, SeHCAT-distribution was determined on the Crys-
talcam 1 h before, and 1 h after injection of vehicle or teduglutide in
non-ICR mice (Figure 3A). In vehicle-injected non-ICR mice, no change
of signal distribution was notable, as indicated by unchanged focus
ratio. After teduglutide-treatment, a strong accumulation of the
SeHCAT-signal in projection to the gallbladder was detected and
quantified by a significantly increased focus ratio (Figure 3B,C). This
observation may suggest that the previously described acute effect of
gall bladder relaxation is associated with acute retention of bile acids in
the hepatobililary system.

3.3. Pharmacologic GLP-2-stimulation shifts the bile acid
metabolome

To further characterize the functional relevance of teduglutide-
mediated slowing of the EHC after ICR, the composition of the
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Figure 3: GLP-2 pharmacotherapy acutely promotes hepatobiliary retention. (A) Representative 2D-images from the CrystalCam before and after injection of vehicle or
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plasma bile acid pool in sham, vehicle-injected ICR and teduglutide-
treated ICR mice was analyzed. Plasma bile acid pool size was
larger in both vehicle-injected ICR and teduglutide-treated ICR mice,
compared to sham operated mice (1.55 + 0.62 umol/l vs.
1.50 + 0.32 pmol/l vs. vs. 1.12 £ 0.34 umol/I for veh ICR vs. ted ICR
vs. sham). Plasma bile acid pool size was not increased by teduglutide

treatment. Compared to sham-operated mice, vehicle-injected ICR
mice had a complete loss of secondary bile acids from their plasma.
Primary bile acids were increased in vehicle-injected ICR mice
compared to sham operated mice. In teduglutide-injected ICR mice,
secondary bile acids were diminished as well (Figure 4A). However, in
ICR mice, teduglutide induced a strong shift to conjugated bile acids
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over unconjugated bile acids, as indicated by a significantly increased
ratio of taurine-vs. unconjugated cholic acid (CA) (Figure 4B). Similar
trends were observed for the other primary bile acids chenodeox-
ycholic acid (CDCA) as well as muricholic acids (MCA). Of note, the
ratio of 12c-hydroxylated vs. non-12c.-hydroxylated bile acids was
significantly increased in vehicle ICR mice compared to sham operated
mice. In contrast, the ratio of 120.—OH— to non-12c-OH bile acids
was not significantly different in the teduglutide treated ICR mice
compared to sham operated mice (Figure 4C). Of note, in non-ICR
mice, GLP-2 pharmacotherapy induced a change of bile acid pool
composition of both plasma and gall bladder bile towards the fasted
state (Figure 5 A & B).

3.4. Pharmacologic GLP-2-stimulation promotes hepatic Fxr-
dependent gene expression

Next, the bile acid signaling pathways in the ileum and the liver were
analyzed on a transcriptional level. In the ileum, no significant changes
of Slc10a2 (lleal sodium/bile acid cotransporter, IBAT) or Fgf15 mRNA
abundance by teduglutide were detected (Figure 6A,B). In the liver, Fxr
expression was not significantly different after ICR and not changed by
teduglutide. However, Shp (=Nr0b2) mRNA (nuclear receptor sub-
family 0 group B member 2) expression was reduced after ICR, indi-
cating reduced hepatic Fxr signaling. In the liver, consistent with
severe bile acid loss, Cyp7ail was significantly induced in the ICR
groups. Of note, teduglutide treatment did not significantly attenuate
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this resection-triggered Cyp7ai-induction (Figure 7B). However, the
Cyp8b1 mRNA abundance was significantly reduced by teduglutide in
non-ICR mice (Figure 7A). After ICR, significant Cyp8b1-reduction by
teduglutide was also detectable when normalized to Cyprat
(Figure 7C). In parallel to this specific Cyp8b1 downregulation, we
observed a significant upregulation of Mafg (MAF BZIP Transcription
Factor G) by teduglutide both in healthy as well as in ICR mice. Taken
together, the data are well in line with the notion that teduglutide
promotes the beneficial non-12c-hydroxylated bile acid pool changes
via MafG-associated Cyp8b1 reduction in ICR mice.

4. DISCUSSION

In the gut, GLP-2 pharmacotherapy promotes small intestinal villus
growth by enhancing intestinal epithelial proliferation through stimu-
lation of the GLP-2 receptor (GLP-2R), which is expressed in sub-
epithelial myofibroblasts[19—22]. This effect can well be modeled in
the ICR mouse model (Figure 1). The GLP-2 analogue teduglutide has a
half-life of ~1 h in mice and thus repeated GLP-2-stimulation
translates to a continuous and durable effect on small intestinal vil-
lus growth [23]. GLP-2 pharmacotherapy promotes intestinal absorp-
tion of water and electrolytes, in part by enhancing intestinal barrier
function [24—27]. Following resection of the ileum, absorption ca-
pacity of the small bowel is reduced, but the reabsorption of bile acids
is specifically reduced and results in disturbance of the EHC [28]. In the
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ICR mouse model, ~80% of ileum plus the cecum are resected, i.e.,
most of the site of active bile acid reabsorption, which at the same time
reflects the primary site of intestinal Fxr-activity. Thus, after ICR, the
accelerated EHC may be a potential druggable target of GLP-2 phar-
macotherapy to counteract fecal bile acid losses and bile acid
malabsorption.

It has previously been shown that in the gall bladder GLP-2 acts
through the GLP-2R on subepithelial myofibroblasts to promote gall
bladder relaxation [8]. The functional effect of GLP-2-dependent gall
bladder relaxation on bile acid metabolism has previously been thought
negligible, because hepatic bile flow, as measured by short-term
catheterization of the common bile duct, was not altered by GLP-2-
treatment in non-ICR mice [8]. Also, using knock-out mice, the pres-
ence of GIp2r expression has previously not been found essential for
bile acid pool homeostasis in non-ICR mice [29]. However, it has been
shown that GLP-2 pharmacotherapy affects bile acid metabolism, but
the mechanisms have not been clarified [30—32].

Thus, we aimed to characterize the effect of teduglutide on enter-
ohepatic circulation in mice by a novel, enhanced SeHCAT test
(Figure. 2A) using the portable 2D gamma camera,

First, SeHCAT retention was determined in ICR mice — modelling the
most frequently encountered postoperative anatomy in humans
receiving teduglutide. In these mice, SeHCAT retention was very low,
confirming severe intestinal bile acid loss. Importantly, teduglutide
significantly increased SeHCAT retention in ICR mice (Figure 2). Of
note, SeHCAT elimination rate was significantly slowed by teduglutide
compared to the vehicle injected ICR mice in the first 24 h but not
thereafter, suggesting enhanced uptake of SeHCAT into the EHC by
teduglutide. Of note, non-ICR teduglutide treated mice also had
significantly increased SeHCAT retention compared to vehicle injected
mice. This effect was somewhat unexpected, because mice with an
intact ileum do not have bile acid loss which could be corrected by
teduglutide. Thus, time-resolved spatial imaging was performed to
study time-dependent changes of the distribution of the SeHCAT signal
(Figure 3). Upon acute treatment with teduglutide (i.e. 1 h after in-
jection), the SeHCAT signal was strongly accumulated in the hep-
atobiliary system, an effect which disappeared 12 h after injection.
Importantly, at autopsy the teduglutide treated mice had prominently
filled gall bladders as opposed to vehicle injected control mice,
consistent with a relaxation effect by teduglutide.

Thus, in contrast to previous knowledge, our data suggest that the
before described GLP-2 dependent acute relaxation of the gall bladder
is indeed associated with acute retention of bile acids in the hep-
atobiliary system and slows enterohepatic circulation. Because this
effect could be highly relevant after extensive ileocecal resection, we
aimed to characterize the plasma bile acid pool along with signaling
pathways in the intestine and the liver.

In the ileum, teduglutide did not induce significant changes in abun-
dance of the prime FXR-target genes. While we cannot exclude that
any GLP-2-dependent changes of FXR-dependent gene expression in
the intestinal epithelium occur, this observation suggests that the in-
testinal pathway is far less involved in the GLP-2-effect on bile acid
retention, as the ileocecum is the site of intestinal Fxr-activity and the
major source of Fgf-15/19 (Figure 6).

After ICR, expression of the rate-limiting enzyme for de novo bile acid
synthesis, i.e. Cyp7al, was significantly induced in both resected
groups in the liver (Figure 7), likely reflecting increased 7c.-hydroxy-4-
cholesten-3-one (7a-C4) synthesis[33—35]. However, teduglutide
treatment did not attenuate this elevated Cyp7a7-induction. Instead,
and much to our surprise, Cyp8b7 mRNA abundance was significantly
reduced by teduglutide under nonoperated conditions. A strong
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reduction of Cyp8b1 by teduglutide was also detectable in ICR mice.
The 12-alpha-hydroxylase Cyp8b1 promotes the synthesis of cholic
acid, a non-rate-limiting step in bile acid synthesis under steady state,
when its substrate, 7a.-C4, is present at regularly low concentrations.
Cyp8b1 mediates the ratio of cholic acid to the non-12-alpha-
hydroxlated bile acids chenodeoxycholic acid and muricholic acid.

Of note, after ICR and in the absence of teduglutide treatment, 12¢-
OH/non-120.-0H bile acid-ratio was significantly higher than in sham-
operated mice. In contrast, in teduglutide treated ICR mice, this rise of
120.-0H/non-12a.-0H bile acid-ratio was prevented.

Thus, our hypothesis is that after ICR, when 7a-C4 is compensatory
generated through Cyp7al induction, indirect reduction of Cyp8b1 by
GLP-2-pharmacotherapy could result in 12-alpha-hydroxylation
becoming the saturated and rate-limiting step for de-novo-generation
of cholic acid to decrease the ratio of the primary unconjugated 12a.-
hydroxylated vs. non-12a.-hydroxylated bile acids (Figure 8). While the
intestinal Fxr-pathway is critical for suppressing both Cyp7a? and
Cyp8b1 gene expression, the hepatic Fxr-pathway, which is under
control of the concentration of bile acids reaching the hepatocyte, is
suppressing Cyp7at to a far lesser extent than Cyp8b1 [36], likely
involving MafG signaling [11]. Consistently, and paralleled by this
specific Cyp8b1 downregulation, we observed an upregulation of Mafg
by teduglutide both in healthy as well as in ICR mice. In ICR mice, this
teduglutide stimulated Mafg-associated Cyp8b7 downregulation
probably limits conversion of the increasingly synthetized 70.-C4 to the
12a-hydroxylated CA to favour conversion of 7a-C4 to non-12a.-hy-
droxylated CDCA and MCA via Cyp27a1. Thus, our observations sug-
gest that teduglutide influences the hepatic Fxr-pathway, which is
activated by bile acids in the hepatocyte, by increasing recirculation of
bile acids from the intestine, by increasing hepatobiliary retention, or,
most likely, both (Figure 8). Increased hepatobiliary bile acid retention
is likely mediated by the GLP-2R, expressed in myofibroblasts and
hepatic stellate cells [37] This novel mechanism of GLP-2 action may in
part be responsible for the unexpected failure to detect a dose-
dependent downregulation of the severely increased fasting serum
70-C4 concentrations by GLP-2-pharmacotherapy in jejunostomy
patients [30], because in the setting of maximal bile acid synthesis,
7a-C4 levels may not reflect Cyp7at activity only, but also GLP-2-Fxr-
MafG-reduced transformation via Cyp8b1.

Of note, loss of secondary bile acids after ICR was not prevented by
teduglutide. However, teduglutide induced a striking shift to conju-
gated bile acids over unconjugated bile acids in ICR mice, as indicated
by a significantly increased ratio of taurine-vs. unconjugated bile acids.
While the 40% ICR mouse model is not a complete model of intestinal
failure with short bowel syndrome (SBS) on parenteral nutrition, but
rather a model of intestinal resection in mice, fully enterally fed, it is
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resection-associated bile acid loss.
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possible that the observations in bile salt pool changes do not
completely translate to clinical scenarios. However, an increased
prevalence of conjugated bile acids in the setting of SBS may be
particularly aimed for because replacement therapy with conjugated
bile acids has been shown to alleviate burden of urolithiasis by
enhancing fat absorption and thus reducing calcium fatty acid soap
formation and oxalate hyperabsorption [38], a frequently encountered
complication of SBS [39]. Additionally, experiments in non-ICR mice
showed that teduglutide induced specific changes in the bile acid pool
composition of plasma and bile. GLP-2-pharmacotherapy seems to
promote the interdigestive phase, ultimately optimizing conditions for
the next digestive process (Figure 5).

Taken together, GLP-2-pharmacotherapy effects on bile acid recircu-
lation and pool composition may be specifically important in the
context of intestinal failure associated liver disease (IFALD): Genetic
ablation of Cyp8b1, the enzyme increasing 120.-OH/non-12a.-0H bile
acid-ratio has been shown to preserve host metabolic function by
repressing steatohepatitis and altering gut microbiota composition
upon exposure to high carbohydrates [40]. If potentially beneficial GLP-
2-pharmacotherapy effect on IFALD development is, as addressed with
this ICR mouse model, more promising in patients with a colon in
continuity, than with a jejunostomy, would require a well-controlled
clinical trial. Nevertheless, normalization of the increased 12a-0H/
non-120-0OH bile acid-ratio after ileocecal resection by teduglutide
may be therapeutically considered potentially beneficial, because an
increased 120.-OH/non-12a-0H bile acid-ratio is associated with in-
sulin resistance [41,42] and lipogenesis [43]. It may thus be one hit
which together with other factors (parenteral nutrition, systemic
inflammation, increased intestinal permeability) may drive the devel-
opment for IFALD [44], which puts the liver at risk to develop overt
IFALD after another hit such as infection.

Therefore, we propose that pharmacologic GLP-2 treatment indirectly
promotes hepatic Fxr signaling by increased bile acid recirculation
from the intestine, as well as increased bile acid retention in the biliary
system. Synergistically, these effects alleviate bile acid metabolome
dysfunction and malabsorption resulting from loss of the ileocecum.
The findings suggest that GLP-2 pharmacotherapy should be explored
in diseases of relative or absolute impaired hepatic FXR signaling, such
as IFALD, and also for other forms of bile acid malabsorption.
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