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Bile acids drive colonic secretion of glucagon-like-peptide 1 and
peptide-YY in rodents. Am J Physiol Gastrointest Liver Physiol 316:
G574-G584, 2019. First published February 15, 2019; doi:10.1152/
ajpgi.00010.2019.—A large number of glucagon-like-peptide-1
(GLP-1)- and peptide-YY (PYY)-producing L cells are located in the
colon, but little is known about their contribution to whole body
metabolism. Since bile acids (BAs) increase GLP-1 and PYY release,
and since BAs spill over from the ileum to the colon, we decided to
investigate the ability of BAs to stimulate colonic GLP-1 and PYY
secretion. Using isolated perfused rat/mouse colon as well as stimu-
lation of the rat colon in vivo, we demonstrate that BAs significantly
enhance secretion of GLP-1 and PYY from the colon with average
increases of 3.5- and 2.9-fold, respectively. Furthermore, we find that
responses depend on BA absorption followed by basolateral activation
of the BA-receptor Takeda-G protein-coupled-receptor 5. Surpris-
ingly, the apical sodium-dependent BA transporter, which serves to
absorb conjugated BAs, was not required for colonic conjugated BA
absorption or conjugated BA-induced peptide secretion. In conclu-
sion, we demonstrate that BAs represent a major physiological stim-
ulus for colonic L-cell secretion.

NEW & NOTEWORTHY By the use of isolated perfused rodent
colon preparations we show that bile acids are potent and direct
promoters of colonic glucagon-like-peptide 1 and peptide-YY secre-
tion. The study provides convincing evidence that basolateral
Takeda-G protein-coupled-receptor 5 activation is mediating the ef-
fects of bile acids in the colon and thus add to the existing literature
described for L cells in the ileum.
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INTRODUCTION

The endocrine glucagon-like peptide-1 (GLP-1)- and pep-
tide-YY (PYY)-positive L cells are found along the length of
the gut, with increasing density toward the colon (16, 18, 20,
55). The colonic L-cells release biologically active GLP-1 (14),
but only little is known about the impact of colonic-derived
peptide hormones on whole body metabolism. The best char-
acterized stimuli for L-cell secretion in vivo are nutrients
(including carbohydrates, proteins, and fats) (11, 17, 33, 43,
45, 53), but as they are absorbed in the most proximal part of
the small intestine, only limited amounts reach the colonic L
cells. Like the small intestine, the colon expresses the sodium
glucose-cotransporter 1 (SGLT-1), the primary transporter re-
sponsible for intestinal glucose absorption, and can absorb
glucose resulting in GLP-1 secretion. However, the colonic
absorption rate and secretory responses are dramatically re-
duced compared with what is found for the ileum or the
jejunum (32, 58), and glucose does, therefore, not appear to be
a major stimuli for GLP-1 and PYY secretion from the colon.
Other possible colonic stimuli include bile acids (BAs), since
they are among the few substances that, in spite of small
intestinal uptake, are found in the colon (4). Recent in vitro as
well as in vivo studies have already pointed to BAs as potent
stimulators of GLP-1 and PYY secretion (1, 2, 8, 19, 23, 34,
42, 46, 50, 51), but exactly where in the intestine BAs partic-
ularly act to stimulate L cell secretion is unknown. Once
absorbed, BAs are returned to the liver trough the enterohe-
patic circulation (13, 38), where they interact with the nuclear
farnesoid X receptor (FXR), which regulates hepatic BA syn-
thesis and also appears to be involved in lipid and glucose
metabolism (29, 35, 66). Additionally, BAs stimulate the
Takeda-G protein-coupled-receptor 5 (TGRS; or G protein-
bile-acid-receptor-1), which activates Ga,-signaling increasing
intracellular cAMP levels (27, 28, 36, 60). TGRS is the central
candidate receptor proposed to be involved in BA-induced
GLP-1 secretion from the small intestine (8, 34, 46, 63), and
although TGRS mRNA is found in the mouse colon (5, 26, 52),
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it is not known whether TGRS is expressed on colonic L cells
and involved in secretion here.

In the present study, we investigated whether BAs stimulate
colonic hormone secretion, and if so, by what mechanisms. To
do so, we isolated and perfused colons from rats and TGRS
receptor knockout mice to assess the importance of colonic BA
delivery and finally tested if the findings ex vivo could be
recapitulated in vivo.

METHODS

Ethical approval. Handling of the donor animals was performed
in accordance with international accepted guidelines (National
Institutes of Health Publication No. 8023) and with permission
from the Danish Animal Experiments Inspectorate (License No.
2013-15-2934-00833).

Chemicals. The following BAs were obtained from Sigma-Aldrich:
sodium cholate (CA; cat. no. C1254), sodium glycol-cholate (GCA;
cat. no. G7132), sodium tauro-cholate (TCA; cat. no. 86339), sodium
deoxycholate (DCA; cat. no. D6750), sodium glyco-deoxycholate
(GDCA; cat. no. G9910), sodium tauro-deoxycholate (TDCA; cat. no.
T0875), sodium chenodeoxycholate (CDCA; cat. no. C8261), sodium
glycol-chenodeoxycholate (GCDCA; cat. no. GO759), sodium tauro-
chenodeoxycholate (TCDCA; cat.no T6260), sodium glycol-urso-
deoxycholate (GUDCA; cat. no. 06863). Sodium urso-deoxycholate
was purchased from Santa Cruz Biotechnology (UDCA; cat. no.
222407) and sodium tauro-urso-deoxycholate from Millipore
(TUDCA; cat. no. 580549). The remaining reagents were purchased
from the flowing: Cholesevelam (Cholestagel; Genzyme Biosurgery),
TGRS agonist (codename no. tauro-R0O5527239, kindly provided by
Dr. Christopher Ullmer, Roche Holding), sodium-dependent BA
transporter inhibitor (IBAT inhibitor; GlaxoSmithKline Pharma),
bombesin (positive control; cat. no. H-2155; Bachem), DMSO (cat.
no. 67-68-5; Sigma-Aldrich), dextran T-70 (Pharmacosmos; cat. no.
40014), bovine serum albumin (cat. no. 1.12018.0500; Merck), and
3-isobutyl-1-methylxanthine (cat. no. 15879; Sigma-Aldrich).

Animals. Male Wistar rats (Janvier, Saint Berthevin Cedex, France)
weighing between 250 and 300 g and 16-wk-old TGRS knockout
(7/7) mice (2 males and 2 females) and wild-type littermates (3 males
and 2 females) were used as donors. TGR5%* and TGR5 ™/~ were
generated from heterozygous (*/7) mice (60), which were transferred
from Switzerland and bred in-house at the University of Copenhagen.
Animals followed a 12:12-h light-dark cycle with free access to
standard chow and drinking water. Rats were used for experiments
after at least 1 wk of acclimatization and were anaesthetized with a
subcutaneous injection of hypnorm/midazolam (0.0158 mg fentanyl
citrate + 0.5 mg fluanisone + 0.25 mg midazolam/100 g) before
surgery. Mice were anesthetized with an intraperitoneal injection of
ketamine-xylazine (90 mg/kg ketamine; Ketaminol Vet.; MSD Ani-
mal Health, Madison, NJ) + 10 mg/kg xylazine (Rompun Vet; Bayer
Animal Health, Leverkusen, Germany) before surgery.

Isolation of rat/mouse colon. After induction of surgical anesthesia,
a midline incision was made exposing the abdominal cavity. The
colonic vascular supply was isolated from the remaining circulation as
described in Ref. 12. In brief, the arterial supply to the small intestine,
cecum, spleen, stomach, and kidneys was ligated to prevent perfusion
of these organs. The celiac artery partly perfusing the pancreas was
ligated too. The colon was transected immediately after the cecum and
again just proximal to the entry of the inferior mesenteric artery
leaving a segment of on average 10.9 = 1.0 cm (rats) and 5.6 = 0.4
cm (mice), which was used for perfusion. A tube was inserted into the
most proximal colon, thus establishing a route for luminal stimula-
tions, and allowing removal of colonic content by gently flushing with
a prewarmed saline (0.9% NaCl solution) infusion. A catheter was
inserted into the abdominal aorta and perfusion was started immedi-
ately. A draining catheter was then inserted into vena portae allowing
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collection of venous effluent. Finally, the animal was euthanized by
cutting the diaphragm, while the colon was kept artificially alive.

Perfusion protocol. After the operation, the colon was perfused in
situ using equipment dedicated for rodent organ perfusion (Hugo
Sachs Elektronik, March-Hugstetten, Germany) (12). Experiments
were initiated after a 30-min equilibrium period to ensure that hor-
mone secretion had stabilized and that any impact from anesthesia had
vanished. In the rat, flow rate of vascular perfusion buffer was kept
constant at 3 ml/min while luminal saline was infused at 0.15 ml/min
throughout the experiment, except when test substances were admin-
istered luminally. In the mouse, the vascular perfusion flow was kept
constant at 1.5 ml/min, while saline was infused luminally at 0.025
ml/min. Luminally applied test substances were infused for 15 min at
an initial flow rate of 0.25 ml/min in the rat and at 0.1 ml/min in the
mouse to remove luminal saline. After 3 min, flow rate was reduced
to 0.15 ml/min (rat) and 0.025 ml/min (mouse) for the remaining
stimulation period. After luminal stimulations were completed, saline
was infused luminally at 0.25 ml/min (rat) and 0.1 ml/min (mouse) for
3 min to remove test substances. Vascularly applied test substances
were infused at a flow rate of 0.15 and 0.075 ml/min in rat and mouse,
respectively, via a three-way stop cock using a syringe infusion pump.
The perfusion buffer consisted of a modified Krebs-Ringer bicarbon-
ate buffer, containing in addition 5% dextran T-70, 0.1% bovine
serum albumin, 10 uM 3-isobutyl-1-methylxanthine, 3.5 mM glucose,
and 5 mM pyruvate, fumarate, and glutamate. Perfusion buffer was
heated to 37°C and continuously gassed throughout the experiment
with 95% 0,-5% CO. to achieve pH 7.4 and a high oxygen partial
pressure. Effluent samples were collected by a fraction collector at
1-min intervals, stored on ice within few minutes and subsequently
kept at —20°C until analysis. Perfusion pressure, vascular output, and
respiration (calculated from the partial pressures of CO, of arterial
and venous perfusion medium samples) were monitored throughout
the experiments to assess colonic condition.

In vivo protocol. Male Wistar rats (~300 g; Janvier) were fasted
overnight (from 2200) and used for experiments the following day
between 0800 and 1400 (total fast of 10—16 h). The rats were
anesthetized as described above, and, once unconscious, a midline
incision was made exposing their abdominal cavity. A plastic tube
was inserted into the most proximal part of the colon and secured by
a tight ligation, thereby establishing a route for colonic luminal
stimulation but also serving to prevent leakage of test substances.
Retrograde flow through the tubing was prevented by keeping the
syringe used for administration attached. A needle was inserted into
the abdominal vena cava, and blood samples (300 1) were drawn at
—10, 0, 2, 5, 10, 15, and 25 min and transferred into prechilled
EDTA-coated Eppendorf tubes. Test substances (2 ml) were admin-
istered immediately before sample 0 was drawn (10 s). After collec-
tion, samples were instantly put on ice and centrifuged at 2,800 rpm
for 10 min (4°C) within 30 min. Subsequently, plasma was transferred
into fresh Eppendorf tubes and kept on ice until stored at —20°C
(within 1 h). Rats were randomly divided into three test groups: one
group received 2 ml of a mixture of nine different BAs consisting of
both conjugated and unconjugated BAs (CA, GCA, TCA, DCA,
GDCA, TDCA, CDCA, GCDCA, and TCDCA: 1 mM each; total
concentration of 9 mM), another group received 2 ml of a mixture of
ursodeoxy cholic acid forms (UDCA, TUDCA, and GUDCA: 3 mM
each; total concentration of 9 mM), and the third group received 2 ml
of a 50% (wt/vol) glucose solution (3 g/kg body wt). Rats from the
same cage received different treatments, so fasting times were equal
between groups. Based on plasma glucose and peptide secretion, the
difference in fasting hours did not affect the study outcome.

Sample analysis. Effluent perfusion samples were analyzed by
in-house radioimmunoassays: total GLP-1 was measured using anti-
serum no. 89390, directed against the COOH terminus of the GLP-1
molecule and validated in (44), while total PYY immunoreactivity
(i.e., the sum of PYY 1-36 + PYY 3-36) was measured with a
porcine antiserum (cat. no T-4093; Bachem) validated in Ref. 62.
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Total BA concentrations (in perfusion effluents and rat plasma) were
determined using an enzymatic assay (cat. no. STA-631; Cell Bio-
labs). For the in vivo study, plasma glucose was measured immedi-
ately after blood samples were drawn by a handheld glucometer
(Accu-check). Plasma total GLP-1 (cat. no. 10-1278-01; Mercodia;)
and plasma insulin (cat no. 10-1250-01; Mercodia) were measured by
sandwich ELISAs. For each commercial assay the protocol provided
by the manufacturer was followed.

Individual BA quantitation. Unless otherwise stated, all reagents
were obtained from Sigma-Aldrich (now Merck KGaA, Darmstadt,
Germany) at highest purity. Conjugated and nonconjugated murich-
olic acid (MCA) alpha, beta, and gamma were obtained from Ster-
aloids (Newport, RI).

Perfusion buffer and effluent perfusion samples at time points
26-32 min (BA infusion fraction) and 60—64 min (BA + IBAT
infusion fraction) were thawed at ambient temperature with constant
shaking at 300 rpm using an Eppendorf Thermomixer. After thawing,
all samples were placed in wet ice. Time points within each fraction
were combined in equal volumes (5 wl each) and diluted 1/152nd
using perfusion buffer. The dilution was determined from total BA
concentrations (method described above) to ensure BA concentrations
were within the linear range of the assay. A standard curve was
composed by combining 10 wl of standard (0.15, 0.3, 0.5, 1.5, 3, 5, 10,
15, and 25 pM of CA, CDCA, DCA, GCA, GCDCA, GDCA,
GUDCA, LCA, MCA alpha, MCA beta, MCA gamma, TCA,
TCDCA, TDCA, tauro-MCA alpha (TMCA alpha), TMCA beta,
TMCA gamma, TLCA, TUDCA, and UDCA) with 10 wl of internal
standard solution (0.3 uwM of TLCA-d4, TDCA-d4, DCA-ds, CA-ds,
TCA-d4, TUDCA-d4, TDCA-d4, LCA-ds, and CDCA-dy4) and 120 .l
of perfusion buffer. Standard quality controls (QCs) were composed
in triplicate in the same manner as standards at concentrations of 0.25,
2.5, and 12.5 pM. An internal standard blank containing liquid
chromatography-mass spectrometry (LC-MS) grade water instead of
standard was also composed in the same manner. Samples were
adulterated with the same amount of internal standard as above.
Five-hundred twenty-five microliters of ice-chilled LC-MS grade
methanol was added to all standards and samples. All were vortexed
briefly (~3 s, top speed of 1,850 rpm) immediately after addition. All
were placed in an Eppendorf thermomixer and shaken at 1,400 rpm
and 22°C for 10 min. Samples were centrifuged for 10 min at 22°C
and 20,817 g to clarify supernatants. Supernatants were dried via
speed vacuum for 2 h.

Dried samples were suspended in 50 pl of LC-MS grade 5 mM
ammonium acetate/acetonitrile [95/5% (vol/vol)] containing 0.1%
LC-MS grade formic acid (Thermo Fisher Scientific, Roskilde, DK).
Samples were centrifuged as above and transferred to autosampler
vials (cat. no. AR0-3920-12, Phenomenex, Vearlgse, Denmark). Ten
microliters of each sample were combined in one vial to form a
QC-pooled sample. Samples were randomized and placed in a Dionex
Ultimate 3,000 autosampler without temperature control. The QC-
pooled sample as well as the QC standards were injected (15 wl) at
equal intervals throughout the queue. BAs were detected in negative
ion mode using a Bruker Impact II quadrupole coupled to time of
flight (Q-TOF) mass spectrometer (BRUKER DALTONIK Life Sci-
ences, Bremen, Germany) after reverse phase separation over a
Phenomenex PS C18 column (2.1 X 100 mm, 1.7 wm; Phenomenex).
BAs were quantified using the internal standard normalized standard
curve for all except CDCA, which was quantified based on the ratio
of the area of CDCA in sample compared with the area of CDCA D4.
The limit of quantification was estimated based on the lowest con-
centration included in the standard curve (0.15 pM).

Immunohistochemistry. Colonic tissue samples were collected from
male Wistar rats (~300 g; Janvier) and fixed in paraformaldehyde.
Tissue samples were used for double immunofluorescence staining of
GLP-1 and the TGRS receptor as described in detail elsewhere (34).

Statistical analysis. Hormone secretion from isolated perfused
colon is presented as total output (fmol/min; effluent concentration X
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perfusion flow; means * SE). To compare treatments within experi-
ments, baseline subtracted outputs are presented. Statistical analysis
of responses was performed by comparing mean basal output (10-min
consecutive observations) with mean output during stimulation using
a paired r-test. For vascular stimulations 10-min observations starting
5 min into the infusion period were used, while 10-min observations
starting 15 min into the infusion period were used for luminal
stimulations. Baseline subtracted total outputs are compared by a
paired -test except for the comparison of outputs from TGR5 '~
versus TGR5"/* where an unpaired r-test was used. Absorption data
are also presented as means = SE and as baseline subtracted mean
values, but the statistical analysis was done by a one-way ANOVA for
repeated measurements followed by Tukey’s multiple comparison
test. In vivo data are presented as means = SE and as incremental
(baseline subtracted) areas under the curve (AUCs) (minutes X
concentration) calculated over the entire course of the experiments.
Statistical significance was tested by comparing the total AUCs
(iIAUCs) by one-way ANOVA for repeated measurements followed
by Tukey’s multiple comparison test, except for the analysis of BA
absorption, which was analyzed by an unpaired z-test since the glucose
group was not included, leaving only two groups to be tested. All
statistics were performed using GraphPad Prism 7. P < 0.05 were
considered significant.

RESULTS

Colonic BA absorption elicits GLP-1 and PYY secretion. We
first stimulated the isolated perfused rat colon with a mixture
of BAs (CA, GCA, TCA, DCA, GDCA, TDCA, CDCA,
GCDCA, and TCDCA) representing a combination of conju-
gated and unconjugated BAs with varying agonist potency to
TGRS to mimic in vivo conditions. Intra-arterial (total concen-
tration: 0.1 mM) and luminal (total concentration: 9 mM) BA
administration resulted in markedly increased GLP-1 and PYY
secretion (GLP-1: 2.2-fold increase, P = 0.001; PYY: 2.2-fold
increase, P = 0.0499; n = 6; Fig. 1A) (GLP-1: 4.2-fold
increase, P = 0.003; PYY: 4.3-fold increase, P = 0.01; n = 6;
Fig. 1B). In another line of experiments, intraluminal admin-
istration of same BA mixture failed to stimulate secretory
responses when administered together with the BA sequestrant
cholesevelam (GLP-1: P = 0.51; PYY: P = 0.25), while
subsequent luminal BA administration without cholesevelam
stimulated secretion as seen in the first experiment (GLP-1:
2.5-fold increase, P = 0.004; BA + cholesevelam vs.
BA — cholesevelam, P = 0.004; PYY: 2.0-fold increase, P =
0.006; BA + cholesevelam vs. BA — cholesevelam, P = 0.03;
Fig. 10). In all experiments, intra-arterial administration of 10
nM bombesin was included as a positive control at the end of
protocol and resulted in robust GLP-1 and PYY responses in
all experiments (Fig. 1, A—C). Total concentration of BAs was
measured in perfusion effluents, directly reflecting the BA
absorption rate. As expected, no BA absorption occurred in
presence of the BA sequestrant cholesevelam, Fig. 1D (base-
line = 16.50 = 1.02 nmol/min vs. infusion = 19.41 = 2.70
nmol/min, P = 0.55; n = 6), whereas BAs were efficiently
absorbed when subsequently administered alone (base-
line = 17.88 = 2.16 nmol/min vs. infusion = 84.15 = 5.79
nmol/min, P = 0.005; n = 6). Together, our data support that
BAs stimulate GLP-1 and PYY secretion from the rat colon.

Basolateral TGRS activation is essential for BA-mediated
colonic GLP-1 and PYY secretion. Next, we stimulated the
perfused rat colon with a poorly absorbable TGRS5-specific
agonist (tauro-R0O5527239). Luminally administered tauro-
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Fig. 1. Glucagon-like-peptide-1 (GLP-1) and peptide-YY (PYY) secretion (fmol/min) from isolated perfused rat colon. Values are means = SE and baseline
subtracted total outputs = SE; n = 6 in each group. *P < 0.05, **P < 0.01, ***P < 0.001, significant increase from baseline. AP < 0.05, AAP < 0.01,
significant difference between baseline subtracted outputs. A: intra-arterial stimulation with a 0.1-mM bile acid (BA) mixture solution (sodium cholate, sodium
glycol-cholate, sodium tauro-cholate, sodium deoxycholate, sodium glyco-deoxycholate, sodium tauro-deoxycholate, sodium chenodeoxycholate, sodium
glycol-chenodeoxycholate, and sodium tauro-chenodeoxycholate). B: luminal bile acid mixture stimulation, 1 mM each = total concentration 9 mM. C: BAs
infused luminally with and without the bile acid sequestrant cholesevelam. A—C: 10 nM bombesin (intra-arterially) were included at the end of each experiment
as a positive control. D: total bile acid absorption measured as the presence of BAs in perfusion effluents (nmol/min) with and without cholesevelam, means * SE.

R0O5527239 had no impact on GLP-1 or PYY secretion
(GLP-1: 1.0-fold increase, P = 0.73; PYY: 1.1-fold increase,
P = 0.054; n = 6), whereas vascular stimulation resulted in
instant and robust GLP-1 and PYY responses (GLP-1: 3.1-fold
increase, P = 0.003; PYY: 2.7-fold increase, P = 0.005; n =
6; Fig. 2A) Furthermore, two conjugated BAs, TUDCA and
TDCA, were infused intra-arterially to the perfused colon.
TUDCA is a poor TGRS receptor agonist and neither affected
GLP-1 nor PYY secretion (GLP-1: P = 0.80; PYY: P = 0.22;
n = 6), while TDCA (a potent TGRS receptor agonist) in-
creased secretion of both hormones robustly, Fig. 2B (GLP-1:
3.3-fold increase, P = 0.008; PYY: 3.6-fold increase, P =
0.003; n = 6). To test dependence of TGRS signaling for
colonic GLP-1 and PYY secretion, isolated colon preparations
from TGRS knockout mice as well as their wild-type litter-
mates were perfused and stimulated with the BA mixture.
Intra-arterial (total concentration: 0.1 mM) as well as luminal
(total concentration: 9 mM) BA stimulation had no impact on
GLP-1 secretion in TGRS knockout mice (vascular: 0.8-fold
increase, P = 0.19; luminal: 1.7-fold increase, P = 0.08; n =
4; Fig. 2Ca). A small increase in PYY secretion was, however,
seen during luminal BA stimulation in TGRS knockouts but
not during vascular BA stimulation (vascular: 1.0-fold in-
crease, P = 0.778; luminal: 2.0-fold increase, P = 0.003; n =
4; Fig. 2Cb). In contrast, the same BA mixture dramatically
increased secretion of both hormones in wild-type control mice
both from the vascular and luminal route (GLP-1: vascular
stimulation, 8.0-fold increase, P = 0.03, luminal stimulation:

3.0-fold increase, P = 0.003; PYY: vascular stimulation:
4.2-fold increase, P = 0.04, luminal stimulation: 3.0-fold
increase, P = 0.0001; n = 5). These responses were signifi-
cantly different from those observed in TGRS knockouts
(GLP-1: vascular responses control vs. knockout, P = 0.018,
luminal responses control vs. knockout, P = 0.002; PYY:
vascular responses control vs. knockout, P = 0.022, luminal
responses control vs. knockout, P < 0.0001; n = 4-5; Fig. 2,
Ca and Cb). Moreover, immunohistochemical data show that
TGRS expression in the rat colon colocalizes with the colonic
GLP-1-producing L cells (Fig. 2D; n = 4).

Conjugated BAs induce GLP-1 and PYY secretion indepen-
dent of IBAT. In the terminal ileum conjugated BAs are
absorbed by IBAT (or ABST). Low expression of IBAT is also
found in the colon, so to study the fate of conjugated BAs in
the colon, we infused three conjugated BAs, TDCA, GDCA,
and GCDCA (1 mM each), into the colonic lumen with and
without an IBAT inhibitor. When administered alone, the
conjugated BAs significantly increased GLP-1 and PYY secre-
tion (GLP-1: 2.4-fold increase, P = 0.0001; PYY: 2.4-fold
increase P = 0.006, n = 6), and this was also the case when
infused together with the transport inhibitor (GLP-1: 2.0-fold
increase, P = 0.003; PYY; 1.5-fold increase, P = 0.002; n =
6; Fig. 3A). BA absorption, measured as the presence of total
BAs in perfusion effluents, indicated that inhibition of IBAT
transport reduced uptake of conjugated BAs by only 16.0%
compared with BA absorption without IBAT inhibition (Fig.
3B). To investigate the role of possible bacterial deconjugation
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in the colon, the individual BAs as well as their deconjugated
forms were measured in effluents by LC-MS. The deconju-
gated version of the BAs (DCA and CDCA) were present in
only low amounts in perfusion effluents (DCAzs 30 = 5.4 = 1.5
nmol/min; DCAgo_64 = 3.9 £ 1.2 nmol/min; CDCAs6_30 =
6.9 = 4.8 nmol/min; CDCAgy_¢4 = 2.7 = 1.2 nmol/min; n =
6; Fig. 3, Ca and Cb). In contrast, GDCA and GCDCA were
present in amounts of 26.1 * 4.2 nmol/min and 33.6 = 5.4
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nmol/min, respectively, when infused alone, and although
levels were lower when infused together with the IBAT inhib-
itor (GDCA = 14.1 = 2.7 nmol/min; GCDCA = 17.7 = 3.6
nmol/min), the responses were not significantly different
(Fig. 3, Cc and Cd). Finally, IBAT inhibition did not
significantly impact TDCA absorption (TDCAzs_30 = 10.9 £ 4.4
nmol/min; TDCAgp_64 = 14.1 £ 7.8 nmol/min, n = 6; Fig.
3Ce).

BAs stimulate GLP-1 secretion from the colon in vivo. To
support perfusion findings using another physiologically rele-
vant model, the complex BA mixture was administered to the
colonic lumen in vivo in anesthetized rats. Plasma glucose
concentrations did not differ significantly between treatment
groups (IAUCEA mix VS. IAUC yrs0 mixs P = 0.528; iIAUCBA mix
vs. IAUCgiucoses P = 0.471; 1AUC 50 mix VS. IAUCqucoses P =
0.087; n = 7-8 in each group; Fig. 4, Aa and Ab). The total BA
concentration in plasma did not increase after intraluminal BA
administration, and no significant difference in plasma concen-
trations was observed between groups (iIAUCgA mix Vs. 1AU-
Curso mixs P = 0.393; n = 7-8 in each group; Fig. 4, Ba and
Bb). Plasma total GLP-1 concentration was significantly higher
upon BA stimulation compared with the two other treatment
groups (IAUCgA mix VS. IAUCyrs0 mix, P = 0.021; IAUCgA mix
vs. 1IAUCgiucose; P = 0.007; 1AUC 50 mix VS. IAUCglucoses P =
0.933; n = 7-8 in each group; Fig. 4, Ca and Cb). Plasma
insulin secretion was not significantly different between groups
but tended to increase upon stimulation with the UDCA and the
complex BA mixture (IAUCEA mix VS. IAUC 50 mix, P = 0.377;
iIAUCgA mix VS. 1AUCgiucoses P = 0.784; iAUCurso mix VS.
1AUCq1ucose; P = 0.129; n = 7-8 in each group; Fig. 4, Da
and Db).

DISCUSSION

This study investigated whether the colon might act as an
endocrine organ and, in significant amounts, release the prod-
ucts of one of its most abundant endocrine cells, the L cell, into
the circulation. Since BAs act as powerful stimuli for L-cell
secretion in the distal half of the small intestine (34), and
because there is a significant spillover of BAs from the ileum
to the colon, we hypothesized that BAs may be a potent
stimulator of colonic secretion. To test our hypothesis, we
investigated the effects of a complex mixture of BAs on
colonic GLP-1 and PYY secretion. Secretion of both hormones

Fig. 2. Glucagon-like-peptide-1 (GLP-1) and peptide-YY (PYY) secretion
(fmol/min) from isolated perfused rat colon and Takeda-G protein-coupled-
receptor 5 [TGRS5(~/7)/(*'*)] mouse colon. Values are means = SE and
baseline subtracted total outputs = SE. *P < 0.05, **P < 0.01, ***P < 0.001,
significant increase from baseline. AP < 0.05, AAP < 0.01, AAAAP <
0.0001, significant difference between baseline subtracted outputs. A: colonic
(rat) luminal (10 wM) and vascular (1 pM) stimulation with a poorly absorb-
able TGRS specific agonist (tauro-R05527239) (n = 6). B: infusion of 0.1 mM
sodium tauro-urso-deoxycholate (TUDCA) and sodium tauro-deoxycholate
(TDCA) into the vascular supply of the rat colon (n = 6). Ca: GLP-1 secretion
from TGR5 knockout mice (~/~; KO) and wild-type littermates (*/*; WT)
upon vascular (0.1 mM) and luminal (9 mM) bile acid (BA) stimulation. Cb:
PYY secretion from TGRS knockout mice (~/~) and wild-type littermates
(*'*) upon vascular (0.1 mM) and luminal (9 mM) BA stimulation
[n(KO) = 4, n(WT) = 5]. A—C: 10 nM bombesin (intra-arterially) were in-
cluded at the end of each experiment as a positive control. D: immunohisto-
chemistry showing colocalization of GLP-1 and TGRS in rat colon [TGRS:
red; GLP-1: green; bar = 5 uM (X900); n = 4].
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Fig. 3. A: glucagon-like-peptide-1 (GLP-1) and peptide-YY (PYY) secretion (fmol/min) from isolated perfused rat colon, means = SE and baseline subtracted
total outputs = SE. Sodium tauro-deoxycholate (TDCA), sodium glyco-deoxycholate (GDCA), and sodium glycol-chenodeoxycholate (GCDCA) were infused
with and without an apical sodium-dependent bile acid transporter (IBAT) inhibitor (IBATi) into the lumen of the rat colon. Ten nanomoles of bombesin
(intra-arterially) were included at the end as a positive control. B: total bile acid absorption rate measured as the presence of BAs in perfusion effluents (nmol/min)
with and without inhibition of IBAT activity. Values are means * SE. C: absorption rate of sodium chenodeoxycholate (CDCA; Ca), sodium deoxycholate
(DCA; Cb), GDCA (Cc), GCDCA (Cd), and TDCA (Ce) with and without inhibition of IBAT activity measured in perfusion effluents (nmol/min) by mass
spectrometry. Values are means = SE; n = 6 in each group. *P < 0.05, **P < 0.01, ****P < 0.0001, significant increase from baseline.

was markedly increased upon both intra-arterial and intralumi-
nal BA stimulation. Furthermore, we demonstrate that re-
sponses rely on BA absorption followed by basolateral TGRS
activation. Interestingly, we also found that conjugated BAs
induce peptide secretion independently of IBAT. The present
results are summarized in Fig. 5 and are consistent with
previous animal and human studies as will be discussed in the
following but are significant as we demonstrate the isolated
direct effect of BAs on colonic endocrine secretion. This was
possible due to the use of our isolated perfused colon prepa-
ration, which allows for the mechanistic evaluation of a tar-
geted sensory system without disturbing the organ’s natural
blood flow, intrinsic neural supply, and cell polarity. Thereby,
investigation of the integrated communication between differ-
ent cell types of an organ is possible, which is optimal for
studying the dynamics of secretion.

In cell lines transiently transfected with TGRS cDNA some
BAs activate human and rat TGRS (7, 34), and in isolated
primary cell cultures from mice these BAs increase GLP-1 and
PYY release (8), suggesting that TGRS mediates the response.
Here, we demonstrate that the importance of TGRS also
applies for colonic hormone responses (Fig. 2), and we show
that the TGRS receptor co-localizes with colonic L cells,
supporting that BAs stimulate endocrine secretion from the
colon by a direct mechanism. Furthermore, since no impact on
secretion was observed upon luminal stimulation with a spe-
cific water soluble and poorly absorbable TGRS receptor ago-

nist (tauro-R0O5527239), while markedly increased GLP-1 and
PYY responses were observed upon intra-arterial stimulation,
our functional data suggest that the TGRS receptor is located
on the basolateral side of the colonic L cell. This is consistent
with a previous study by Ullmer and colleagues (63), which
demonstrated that the same TGRS5-specific agonist stimulated
GLP-1 and PYY secretion from mice when administered sys-
temically but not luminally. In line with this, inhibition of BA
absorption by resin drugs with BA-sequestering properties
(such as cholesevelam) led to an acute blockage of GLP-1
secretion (9, 25); however, prolonged resin administration is
also found to increase GLP-1 secretion (22, 26) and improve
glucose tolerance (41), which may be due to increased colonic
BA delivery and thus colonic TGRS activation. Absent peptide
responses to the poor TGRS receptor ligand, TUDCA (28, 34),
further support the importance of the receptor, which again is
similar to a human study where no gut hormone responses were
seen upon oral ingestion of UDCA, whereas the primary BA,
CDCA, increased secretion of GLP-1, PYY, neurotensin,
C-peptide, and glucagon (42). Finally, GLP-1 responses to
intra-arterial as well as intraluminal BA stimulation remained
unchanged in TGR5 knockouts (opposite to TGR5™/* mice),
clearly demonstrating that TGRS is essential for BA-mediated
GLP-1 secretion from the colon. Regarding PYY, responses
were similar to those observed for GLP-1, except that luminal
BA stimulation in TGRS knockouts resulted in a small increase
in PYY secretion. However, compared with the response in
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TGR5"/" mice the increase appears insignificant, and may
soley be a side effect caused by distention of the colon when
luminal flow rate was increased or perhaps might be a second-
ary effect of the physicochemical properties of BAs.
Previously, we have shown that the conjugated BA TDCA
stimulates peptide secretion from the distal small intestine by
an IBAT-dependent mechanism and that unconjugated BAs
stimulate secretion by an IBAT-independent mechanism (34).
In the colon, IBAT expression is very low (34, 37) and the
transporter may therefore not play a major role for colonic
absorption of conjugated BAs. However, the three conjugated
BAs, GDCA, GCDCA, and TDCA increased GLP-1 and PYY

secretion both with and without inhibition of the conjugated
BA transporter IBAT) (Fig. 3). In these experiments, absorp-
tion was also measured and showed that IBAT inhibition
resulted in a minor reduction in total BA absorption of only
16%. Apparently, this reduction was not enough to impact
GLP-1 and PYY output, as peptide responses were not differ-
ent between the two stimulations. This can be explained by the
EC50 values of GDCA (EC50 = 0.453 MM), GCDCA (EC50
>1 pM), and TDCA (ECso = 0.530 wM) to TGRS (34), since
the effluent BA concentrations during IBAT inhibition reached
levels far beyond the ECso values, just as they did without
IBAT inhibition. It is unlikely that we did not block the
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Fig. 5. Bile acids (BAs) that escape absorption in the ileum spill over to the
colon where absorption also takes place, thus completing the enterohepatic
circulation (total gut reabsorption capacity ~95%). Unconjugated BAs pas-
sively diffuse across the apical membrane, most likely facilitated by bacterial
deconjugation of conjugated BAs. In the colon, a small fraction of conjugated
BAs are actively absorbed by Na* coupled transport through apical sodium-
dependent-bile-acid-transporter (IBAT) but perhaps also via an unknown
mechanism. Irrespectively of absorption mechanism, conjugated and uncon-
jugated BAs bind and activate Takeda-G protein-coupled-receptor 5 (TGRS)
on the basolateral L cell membrane. TGRS signaling results in increased
intracellular cAMP levels, which eventually stimulates colonic glucagon-like-
peptide-1 (GLP-1) and peptide-YY (PYY) secretion. OST, organic solute
transporter.

transporters completely, since same concentration (10 wM) of
the inhibitor previously was used to completely block the
transporters in the distal small intestine, where BA absorption
as well as peptide release was completely inhibited, in spite of
the much greater expression of the transporter (34). Also, it
does not seem plausible that our perfused preparation was
suffering from any damages, since a leaky epithelium would
make it impossible to completely block absorption with cho-
lesevelam and impossible to prevent the poorly absorbable
TGRS agonist from being absorbed and stimulate secretion.
However, it does not explain how the conjugated BAs were
absorbed, and therefore, we tested whether the conjugated BAs
had been deconjugated before absorption by measuring which
specific BAs were actually absorbed. The deconjugated CDCA
and DCA levels were relatively low throughout the experi-
ments, and no sign of bacterial dconjugation (increase in
CDCA and DCA during IBAT inhibition) was observed. On
the contrary, TDCA and especially GDCA and GCDCA levels
in perfusion effluents increased during infusions, and their
absorption was not different with and without inhibition of
IBAT-mediated transportation. Eventually, it needs to be men-
tioned that the perfusion setup may not be the best model for
investigating bacterial modifications as the colonic lumen is
emptied before experiments, whereby a large part of the
bacteria most likely will be lost. Our findings suggest that
conjugated BAs that escape absorption in the terminal ileum
are passively absorbed in the colon, both in their intact conju-
gated form, but most likely also after bacterial dehydroxylation
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and de-conjugation, which is a known effect of the colonic
bacteria (13, 38). The low expression of IBAT transporters in
the colon may account for a small fraction of active conjugated
BA absorption (absorbing BAs against their gradient) and
could possibly be important for the high total BA reabsorption
rate (~95%) in the gut.

Through the use of isolated perfused rat and mouse colon,
we have demonstrated BAs as direct stimulators of colonic
GLP-1 and PYY secretion. To support the relevance of our
findings and to understand whether this activation would im-
pact plasma levels of these hormones in vivo, we stimulated
the colon of anesthetized rats with luminal BAs (Fig. 4). One
group of animals received glucose, but considering the poor
colonic glucose absorption capacity and the mechanisms be-
hind glucose induced GLP-1 secretion (32, 33, 58), glucose is
not an ideal colonic stimulus. However, responses obtained
with glucose illustrate the power and relevance of BAs, as
BA-induced GLP-1 responses were significantly greater than
responses to glucose. Since BAs stimulate secretion upon
absorption, it is not unlikely that BAs impact secretion from
cells outside site of delivery (in this case the colon) once they
enter the systemic circulation. However, this would require that
some BAs escape retention in the liver in significant amounts,
which in the present study did not seem to be the case, as
plasma BA levels did not increase upon colonic BA adminis-
tration. The total BA concentration in the portal vein (3, 6, 15)
is estimated to be four to five times higher than that measured
in peripheral veins (where concentrations are within the lower
micromolar range) but much less concentrated than luminal
levels (4—12 mM in response to food intake; Refs. 56, 57, 64).
Accordingly, the BA concentrations measured directly in per-
fusion effluents (before retention in the liver) were found to
reach ~30 pM (equaling almost 100 nmol/min, Fig. 1),
whereas the in vivo data would be consistent with near com-
plete BA uptake by the liver. The dependence of BA absorp-
tion on BA-induced secretion is in line with the relatively
smaller magnitude of GLP-1 secretion obtained in humans
upon proximal BA delivery (25) compared with studies inves-
tigating distal BA delivery either by rectal infusions (a rather
unphysiological stimulus) (1, 2) or by oral delivery to gastric
bypass operated individuals where the upper part of the gut is
surgically shunted away from intestinal continuity (42). The
significantly larger responses reported here, suggest that re-
sponse size depends on site of stimulation and absorption as
also pointed out by Nielsen et al. (42). Finally, BAs do not
directly impact secretion of pancreas-derived hormones (34),
but insulin secretion was measured, since BAs have been
reported to increase both insulin and glucagon secretion when
ingested by humans (25, 42) or when administered intraluminal
into the upper small intestine in rats (34). However, no differ-
ence in insulin secretion was observed between groups in the
present study, most likely due to the fact that GLP-1 stimulated
insulin secretion is glucose dependent (39), and plasma glucose
levels remained fairly low throughout experiments.

Although it has been known for decades that the colonic
mucosa harbors a significant number of the GLP-1- and PYY-
producing L cells (16, 18, 20, 55), secretagogues of colonic
endocrine secretion are much less investigated compared with
those of the small intestine (11, 17, 33, 43, 45, 53). However,
cell number and actual level of hormone release do not neces-
sarily correlate, since secretion, in particular, also depends on
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the expression pattern of a given molecular sensory machinery
(59), as exemplified here with BA-mediated secretion. Nutrient
stimuli such as glucose (32, 50, 51) and peptones (products of
partial hydrolyzed proteins; perfusion data from our laboratory,
unpublished) have a minor impact on peptide secretion from
the colon, consistent with their low prevalence in the distal gut
in vivo. Endocrine routes for distal gut stimulation, including a
proximal-distal hormonal loop, have repeatedly gained interest
as this would contribute to an explanation of the early post-
prandial rise in plasma GLP-1 (43, 61). Thus, in our hands
glucose-dependent insulinotropic polypetide (1 nM), but not
cholecystokinin (1 nM), is able to induce GLP-1 and PYY
secretion from the isolated perfused rat colon (unpublished
data) in agreement with a previous study (48) but in contrast to
others (31, 49). However, the physiological relevance of high
concentrations of duodenal hormones is questionable (24),
while the neuropeptide vasoactive intestinal peptide (10 nM),
stimulating cAMP accumulation in enterocytes, also seems to
be without effect on endocrine secretion from the perfused rat
colon (unpublished data). Another currently hot topic is the
impact of colonic fermentation products (short chain fatty
acids) on GLP-1 and PYY secretion, and recently, we showed
that acetate and butyrate increased peptide secretion from the
colon once metabolized in the L cells (12). In humans, how-
ever, data are more ambiguous as several different outcomes of
colonic fermentation on hormone release have been reported
(10, 21, 47, 54, 65). Compared with the impact of fermentation
products and the other just mentioned stimuli, which in our
hands had remarkable little or no impact on colonic secretion,
BAs appear to induce much more robust endocrine responses
from the colon. This raises the question about the timing of the
response, since transfer of BA from the small to the large
intestine does not occur in the early postprandial phase, sug-
gesting that a colonic release of these hormones does not
contribute to the typical postprandial response. Indeed, meal-
induced GLP-1 responses were completely unaffected by total
colectomy in humans (40). Instead, the colonic release may be
related to the delayed arrival of nutrients to the colon or may
even account for the low amounts of circulating peptides
measurable in plasma during fasting. Considering the slow
colonic transit time, BAs may constitute a late but long-term
colonic L-cell stimuli. Irrespectively, the colon may hereby
contribute to dampening of appetite and upper gastrointestinal
motility or perhaps exert local protective actions on the colonic
mucosa, as clearly demonstrated in models of chemotherapy
induced mucositis (30).

In conclusion, we find that BAs are potent and direct
promoters of colonic gut peptide secretion and may represent
the most important physiological stimulus for colonic secretion
of GLP-1 and PYY.

ACKNOWLEDGMENTS

A special thanks goes to Dr. Christoph Ullmer (F. Hoffmann-La Roche) for
providing us the TGRS agonist (tauro-R0O5527239).

GRANTS

This work was supported by the Lundbeck Foundation (Grant R180-2014-
2868), a research grant from the Danish Diabetes Academy funded by the
Novo Nordisk Foundation (Grant OUH OL8201), and an advanced grant from
the European Research Council (695069; to J.J.H.). Also, the study was
supported by the Novo Nordic Foundation Center for Basic Metabolic Re-
search, and an additional grant from the Novo Nordic Foundation (Dissection

BILE ACID-MEDIATED COLONIC PEPTIDE SECRETION

of the Mechanisms Underlying Secretion of Appetite and Metabolism-Regu-
lating Hormones from the Gut, Grant 16574).

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the authors.

AUTHOR CONTRIBUTIONS

C.B.C., REK, and J.J.H. conceived and designed research; C.B.C. and
R.E.K. performed experiments; C.B.C., S.A.J.T., and N.J.W.A. analyzed data;
CB.C,S.AJT,NJW.A,RA,MP.G,REK, and J.J.H. interpreted results
of experiments; C.B.C. prepared figures; C.B.C. and J.J.H. drafted manuscript;
CB.C.,, S.AJT,NJW.A., KS., RA., MP.G, REK, and J.J.H. edited and
revised manuscript; C.B.C., S.AJ.T., NJW.A, K.S,, RA., M.P.G, REK.,
and J.J.H. approved final version of manuscript.

REFERENCES

1. Adrian TE, Ballantyne GH, Longo WE, Bilchik AJ, Graham S,
Basson MD, Tierney RP, Modlin IM. Deoxycholate is an important
releaser of peptide YY and enteroglucagon from the human colon. Gur 34:
1219-1224, 1993. doi:10.1136/gut.34.9.1219.

2. Adrian TE, Gariballa S, Parekh KA, Thomas SA, Saadi H, Al Kaabi
J, Nagelkerke N, Gedulin B, Young AA. Rectal taurocholate increases L
cell and insulin secretion, and decreases blood glucose and food intake in
obese type 2 diabetic volunteers. Diabetologia 55: 2343-2347, 2012.
doi:10.1007/s00125-012-2593-2.

3. Ahlberg J, Angelin B, Bjorkhem I, Einarsson K. Individual bile acids
in portal venous and systemic blood serum of fasting man. Gastroenter-
ology 73: 1377-1382, 1977.

4. Ajouz H, Mukherji D, Shamseddine A. Secondary bile acids: an under-
recognized cause of colon cancer. World J Surg Oncol 12: 164, 2014.
doi:10.1186/1477-7819-12-164.

5. Alemi F, Poole DP, Chiu J, Schoonjans K, Cattaruzza F, Grider JR,
Bunnett NW, Corvera CU. The receptor TGRS mediates the prokinetic
actions of intestinal bile acids and is required for normal defecation in
mice. Gastroenterology 144: 145-154, 2013. doi:10.1053/j.gastro.2012.
09.055.

6. Angelin B, Bjorkhem I, Einarsson K, Ewerth S. Hepatic uptake of bile
acids in man. Fasting and postprandial concentrations of individual bile
acids in portal venous and systemic blood serum. J Clin Invest 70:
724-731, 1982. doi:10.1172/JCI110668.

7. Bala V, Rajagopal S, Kumar DP, Nalli AD, Mahavadi S, Sanyal AJ,
Grider JR, Murthy KS. Release of GLP-1 and PYY in response to the
activation of G protein-coupled bile acid receptor TGRS is mediated by
Epac/PLC-¢ pathway and modulated by endogenous H2S. Front Physiol
5: 420, 2014. doi:10.3389/fphys.2014.00420.

8. Brighton CA, Rievaj J, Kuhre RE, Glass LL, Schoonjans K, Holst JJ,
Gribble FM, Reimann F. Bile acids trigger GLP-1 release predominantly
by accessing basolaterally located G protein-coupled bile acid receptors.
Endocrinology 156: 3961-3970, 2015. doi:10.1210/en.2015-1321.

9. Brgnden A, Albér A, Rohde U, Gasbjerg LS, Rehfeld JF, Holst JJ,
Vilsbgll T, Knop FK. The bile acid-sequestering resin sevelamer elimi-
nates the acute GLP-1 stimulatory effect of endogenously released bile
acids in patients with type 2 diabetes. Diabetes Obes Metab 20: 362-369,
2018. doi:10.1111/dom.13080.

10. Canfora EE, van der Beek CM, Jocken JW, Goossens GH, Holst JJ,
Olde Damink SWM, Lenaerts K, Dejong CH, Blaak EE. Colonic
infusions of short-chain fatty acid mixtures promote energy metabolism in
overweight/obese men: a randomized crossover trial. Sci Rep 7: 2360,
2017. doi:10.1038/s41598-017-02546-x.

11. Carr RD, Larsen MO, Winzell MS, Jelic K, Lindgren O, Deacon CF,
Ahrén B. Incretin and islet hormonal responses to fat and protein inges-
tion in healthy men. Am J Physiol Endocrinol Metab 295: E779-E784,
2008. doi:10.1152/ajpendo.90233.2008.

12. Christiansen CB, Gabe MB, Svendsen B, Dragsted LO, Rosenkilde
MM, Holst JJ. The impact of short-chain fatty acids on GLP-1 and PYY
secretion from the isolated perfused rat colon. Am J Physiol Gastrointest
Liver Physiol 315: G53-G65, 2018. doi:10.1152/ajpgi.00346.2017.

13. Dawson PA. Role of the intestinal bile acid transporters in bile acid and
drug disposition. Handb Exp Pharmacol 201: 169-203, 2011. doi:10.
1007/978-3-642-14541-4_4.

14. Deacon CF, Johnsen AH, Holst JJ. Human colon produces fully pro-
cessed glucagon-like peptide-1 (7-36) amide. FEBS Lett 372: 269-272,
1995. doi:10.1016/0014-5793(95)00983-G.

AJP-Gastrointest Liver Physiol « doi:10.1152/ajpgi.00010.2019 - www.ajpgi.org
Downloaded from journals.physiology.org/journal/ajpgi (106.051.226.007) on August 4, 2022.


https://doi.org/10.1136/gut.34.9.1219
https://doi.org/10.1007/s00125-012-2593-2
https://doi.org/10.1186/1477-7819-12-164
https://doi.org/10.1053/j.gastro.2012.09.055
https://doi.org/10.1053/j.gastro.2012.09.055
https://doi.org/10.1172/JCI110668
https://doi.org/10.3389/fphys.2014.00420
https://doi.org/10.1210/en.2015-1321
https://doi.org/10.1111/dom.13080
https://doi.org/10.1038/s41598-017-02546-x
https://doi.org/10.1152/ajpendo.90233.2008
https://doi.org/10.1152/ajpgi.00346.2017
https://doi.org/10.1007/978-3-642-14541-4_4
https://doi.org/10.1007/978-3-642-14541-4_4
https://doi.org/10.1016/0014-5793%2895%2900983-G

15.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

BILE ACID-MEDIATED COLONIC PEPTIDE SECRETION

Eggink HM, van Nierop FS, Schooneman MG, Boelen A, Kalsbeek A,
Koehorst M, Ten Have GA, de Brauw LM, Groen AK, Romijn JA,
Deutz NE, Soeters MR. Transhepatic bile acid kinetics in pigs and
humans. Clin Nutr 37: 1406-1414, 2018. doi:10.1016/j.clnu.2017.06.015.

. Eissele R, Goke R, Willemer S, Harthus HP, Vermeer H, Arnold R,

Goke B. Glucagon-like peptide-1 cells in the gastrointestinal tract and
pancreas of rat, pig and man. Eur J Clin Invest 22: 283-291, 1992.
doi:10.1111/5.1365-2362.1992.tb01464.x.

. Ezcurra M, Reimann F, Gribble FM, Emery E. Molecular mechanisms

of incretin hormone secretion. Curr Opin Pharmacol 13: 922-927, 2013.
doi:10.1016/j.coph.2013.08.013.

. Ferri GL, Adrian TE, Ghatei MA, O’Shaughnessy DJ, Probert L, Lee

YC, Buchan AM, Polak JM, Bloom SR. Tissue localization and relative
distribution of regulatory peptides in separated layers from the human
bowel. Gastroenterology 84: 777-786, 1983.

. Flynn CR, Albaugh VL, Cai S, Cheung-Flynn J, Williams PE,

Brucker RM, Bordenstein SR, Guo Y, Wasserman DH, Abumrad NN.
Bile diversion to the distal small intestine has comparable metabolic
benefits to bariatric surgery. Nat Commun 6: 7715, 2015. doi:10.1038/
ncomms8715.

Fothergill LJ, Ringuet MT, Sioras E, Hunne B, Fazio Coles TE,
Martins PR, Furness JB. Cellular and sub-cellular localisation of oxyn-
tomodulin-like immunoreactivity in enteroendocrine cells of human,
mouse, pig and rat. Cell Tissue Res 375: 359-369, 2018. doi:10.1007/
s00441-018-2921-z.

Freeland KR, Wolever TM. Acute effects of intravenous and rectal
acetate on glucagon-like peptide-1, peptide Y'Y, ghrelin, adiponectin and
tumour necrosis factor-alpha. Br J Nutr 103: 460-466, 2010. doi:10.1017/
S0007114509991863.

Fuchs CD, Paumgartner G, Mlitz V, Kunczer V, Halilbasic E,
Leditznig N, Wahlstrom A, Stahlman M, Thiiringer A, Kashofer K,
Stojakovic T, Marschall HU, Trauner M. Colesevelam attenuates chole-
static liver and bile duct injury in Mdr2~~ mice by modulating composi-
tion, signalling and excretion of faecal bile acids. Gut 67: 1683-1691,
2018. doi:10.1136/gutjnl-2017-314553.

Goldspink DA, Lu VB, Billing LJ, Larraufie P, Tolhurst G, Gribble
FM, Reimann F. Mechanistic insights into the detection of free fatty and
bile acids by ileal glucagon-like peptide-1 secreting cells. Mol Metab 7:
90-101, 2018. doi:10.1016/j.molmet.2017.11.005.

Hansen L, Holst JJ. The effects of duodenal peptides on glucagon-like
peptide-1 secretion from the ileum. A duodeno-ileal loop? Regul Pept 110:
39-45, 2002. doi:10.1016/S0167-0115(02)00157-X.

Hansen M, Scheltema MJ, Sonne DP, Hansen JS, Sperling M, Rehfeld
JF, Holst JJ, Vilsbgll T, Knop FK. Effect of chenodeoxycholic acid and
the bile acid sequestrant colesevelam on glucagon-like peptide-1 secretion.
Diabetes Obes Metab 18: 571-580, 2016. doi:10.1111/dom.126438.
Harach T, Pols TW, Nomura M, Maida A, Watanabe M, Auwerx J,
Schoonjans K. TGRS potentiates GLP-1 secretion in response to anionic
exchange resins. Sci Rep 2: 430, 2012. doi:10.1038/srep00430.

Jensen DD, Godfrey CB, Niklas C, Canals M, Kocan M, Poole DP,
Murphy JE, Alemi F, Cottrell GS, Korbmacher C, Lambert NA,
Bunnett NW, Corvera CU. The bile acid receptor TGRS does not interact
with B-arrestins or traffic to endosomes but transmits sustained signals
from plasma membrane rafts. J Biol Chem 288: 22942-22960, 2013.
doi:10.1074/jbc.M113.455774.

Kawamata Y, Fujii R, Hosoya M, Harada M, Yoshida H, Miwa M,
Fukusumi S, Habata Y, Itoh T, Shintani Y, Hinuma S, Fujisawa Y,
Fujino M. A G protein-coupled receptor responsive to bile acids. J Biol
Chem 278: 9435-9440, 2003. doi:10.1074/jbc.M209706200.

Kir S, Beddow SA, Samuel VT, Miller P, Previs SF, Suino-Powell K,
Xu HE, Shulman GI, Kliewer SA, Mangelsdorf DJ. FGF19 as a
postprandial, insulin-independent activator of hepatic protein and glyco-
gen synthesis. Science 331: 1621-1624, 2011. doi:10.1126/science.
1198363.

Kissow H, Hartmann B, Holst JJ, Poulsen SS. Glucagon-like peptide-1
as a treatment for chemotherapy-induced mucositis. Gut 62: 1724-1733,
2013. doi:10.1136/gutjnl-2012-303280.

Ko BS, Han JH, Jeong JI, Chae HB, Park SM, Youn SJ, Lee KY.
Mechanism of action of cholecystokinin on colonic motility in isolated,
vascularly perfused rat colon. J Neurogastroenterol Motil 17: 73-81,
2011. doi:10.5056/jnm.2011.17.1.73.

Kuhre RE, Christiansen CB, Saltiel MY, Wewer Albrechtsen NJ,
Holst JJ. On the relationship between glucose absorption and glucose-
stimulated secretion of GLP-1, neurotensin, and PYY from different

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

G583

intestinal segments in the rat. Physiol Rep 5: €13507, 2017. doi:10.14814/
phy2.13507.

Kuhre RE, Frost CR, Svendsen B, Holst JJ. Molecular mechanisms of
glucose-stimulated GLP-1 secretion from perfused rat small intestine.
Diabetes 64: 370-382, 2015. doi:10.2337/db14-0807.

Kuhre RE, Wewer Albrechtsen NJ, Larsen O, Jepsen SL, Balk-Mgller
E, Andersen DB, Deacon CF, Schoonjans K, Reimann F, Gribble FM,
Albrechtsen R, Hartmann B, Rosenkilde MM, Holst JJ. Bile acids are
important direct and indirect regulators of the secretion of appetite- and
metabolism-regulating hormones from the gut and pancreas. Mol Metab
11: 84-95, 2018. doi:10.1016/j.molmet.2018.03.007.

Ma K, Saha PK, Chan L, Moore DD. Farnesoid X receptor is essential
for normal glucose homeostasis. J Clin Invest 116: 1102-1109, 2006.
doi:10.1172/JCI25604.

Maruyama T, Miyamoto Y, Nakamura T, Tamai Y, Okada H,
Sugiyama E, Nakamura T, Itadani H, Tanaka K. Identification of
membrane-type receptor for bile acids (M-BAR). Biochem Biophys Res
Commun 298: 714-719, 2002. doi:10.1016/S0006-291X(02)02550-0.
Meier Y, Eloranta JJ, Darimont J, Ismair MG, Hiller C, Fried M,
Kullak-Ublick GA, Vavricka SR. Regional distribution of solute carrier
mRNA expression along the human intestinal tract. Drug Metab Dispos
35: 590-594, 2007. doi:10.1124/dmd.106.013342.

Mertens KL, Kalsbeek A, Soeters MR, Eggink HM. Bile acid signaling
pathways from the enterohepatic circulation to the central nervous system.
Front Neurosci 11: 617, 2017. doi:10.3389/fnins.2017.00617.

Nauck MA, Homberger E, Siegel EG, Allen RC, Eaton RP, Ebert R,
Creutzfeldt W. Incretin effects of increasing glucose loads in man
calculated from venous insulin and C-peptide responses. J Clin Endocrinol
Metab 63: 492-498, 1986. doi:10.1210/jcem-63-2-492.

Nauck MA, Siemsgliiss J, Orskov C, Holst JJ. Release of glucagon-like
peptide 1 (GLP-1 [7-36 amide]), gastric inhibitory polypeptide (GIP) and
insulin in response to oral glucose after upper and lower intestinal
resections. Z Gastroenterol 34: 159-166, 1996.

Nerild HH, Christensen MB, Knop FK, Brgnden A. Preclinical discov-
ery and development of colesevelam for the treatment of type 2 diabetes.
Expert Opin Drug Discov 13: 1-7, 2018. doi:10.1080/17460441.2018.
1538206.

Nielsen S, Svane MS, Kuhre RE, Clausen TR, Kristiansen VB, Reh-
feld JF, Holst JJ, Madsbad S, Bojsen-Moller KN. Chenodeoxycholic
acid stimulates glucagon-like peptide-1 secretion in patients after Roux-
en-Y gastric bypass. Physiol Rep 5: e13140, 2017. doi:10.14814/phy2.
13140.

Orskov C, Jeppesen J, Madsbad S, Holst JJ. Proglucagon products in
plasma of noninsulin-dependent diabetics and nondiabetic controls in the
fasting state and after oral glucose and intravenous arginine. J Clin Invest
87: 415423, 1991. doi:10.1172/JCI115012.

Orskov C, Rabenhgj L, Wettergren A, Kofod H, Holst JJ. Tissue and
plasma concentrations of amidated and glycine-extended glucagon-like
peptide I in humans. Diabetes 43: 535-539, 1994. doi:10.2337/diab.43.4.
535.

Parker HE, Reimann F, Gribble FM. Molecular mechanisms underlying
nutrient-stimulated incretin secretion. Expert Rev Mol Med 12: el, 2010.
doi:10.1017/S146239940900132X.

Parker HE, Wallis K, le Roux CW, Wong KY, Reimann F, Gribble
FM. Molecular mechanisms underlying bile acid-stimulated glucagon-like
peptide-1 secretion. Br J Pharmacol 165: 414-423, 2012. doi:10.1111/j.
1476-5381.2011.01561 .x.

Piche T, des Varannes SB, Sacher-Huvelin S, Holst JJ, Cuber JC,
Galmiche JP. Colonic fermentation influences lower esophageal sphincter
function in gastroesophageal reflux disease. Gastroenterology 124: 894 —
902, 2003. doi:10.1053/gast.2003.50159.

Plaisancie P, Bernard C, Chayvialle JA, Cuber JC. Regulation of
glucagon-like peptide-1-(7-36) amide secretion by intestinal neurotrans-
mitters and hormones in the isolated vascularly perfused rat colon. Endo-
crinology 135: 2398-2403, 1994. doi:10.1210/endo.135.6.7988423.
Plaisancié P, Bernard C, Chayvialle JA, Cuber JC. Release of peptide
YY by neurotransmitters and gut hormones in the isolated, vascularly
perfused rat colon. Scand J Gastroenterol 30: 568574, 1995. doi:10.
3109/00365529509089791.

Plaisancié P, Dumoulin V, Chayvialle JA, Cuber JC. Luminal gluca-
gon-like peptide-1(7-36) amide-releasing factors in the isolated vascularly
perfused rat colon. J Endocrinol 145: 521-526, 1995. doi:10.1677/joe.0.
1450521.

AJP-Gastrointest Liver Physiol « doi:10.1152/ajpgi.00010.2019 - www.ajpgi.org
Downloaded from journals.physiology.org/journal/ajpgi (106.051.226.007) on August 4, 2022.


https://doi.org/10.1016/j.clnu.2017.06.015
https://doi.org/10.1111/j.1365-2362.1992.tb01464.x
https://doi.org/10.1016/j.coph.2013.08.013
https://doi.org/10.1038/ncomms8715
https://doi.org/10.1038/ncomms8715
https://doi.org/10.1007/s00441-018-2921-z
https://doi.org/10.1007/s00441-018-2921-z
https://doi.org/10.1017/S0007114509991863
https://doi.org/10.1017/S0007114509991863
https://doi.org/10.1136/gutjnl-2017-314553
https://doi.org/10.1016/j.molmet.2017.11.005
https://doi.org/10.1016/S0167-0115%2802%2900157-X
https://doi.org/10.1111/dom.12648
https://doi.org/10.1038/srep00430
https://doi.org/10.1074/jbc.M113.455774
https://doi.org/10.1074/jbc.M209706200
https://doi.org/10.1126/science.1198363
https://doi.org/10.1126/science.1198363
https://doi.org/10.1136/gutjnl-2012-303280
https://doi.org/10.5056/jnm.2011.17.1.73
https://doi.org/10.14814/phy2.13507
https://doi.org/10.14814/phy2.13507
https://doi.org/10.2337/db14-0807
https://doi.org/10.1016/j.molmet.2018.03.007
https://doi.org/10.1172/JCI25604
https://doi.org/10.1016/S0006-291X%2802%2902550-0
https://doi.org/10.1124/dmd.106.013342
https://doi.org/10.3389/fnins.2017.00617
https://doi.org/10.1210/jcem-63-2-492
https://doi.org/10.1080/17460441.2018.1538206
https://doi.org/10.1080/17460441.2018.1538206
https://doi.org/10.14814/phy2.13140
https://doi.org/10.14814/phy2.13140
https://doi.org/10.1172/JCI115012
https://doi.org/10.2337/diab.43.4.535
https://doi.org/10.2337/diab.43.4.535
https://doi.org/10.1017/S146239940900132X
https://doi.org/10.1111/j.1476-5381.2011.01561.x
https://doi.org/10.1111/j.1476-5381.2011.01561.x
https://doi.org/10.1053/gast.2003.50159
https://doi.org/10.1210/endo.135.6.7988423
https://doi.org/10.3109/00365529509089791
https://doi.org/10.3109/00365529509089791
https://doi.org/10.1677/joe.0.1450521
https://doi.org/10.1677/joe.0.1450521

G584

51.

52.

53.

54.

55.

56.

57.

58.

59.

Plaisancié P, Dumoulin V, Chayvialle JA, Cuber JC. Luminal peptide
YY-releasing factors in the isolated vascularly perfused rat colon. J
Endocrinol 151: 421-429, 1996. doi:10.1677/joe.0.1510421.

Poole DP, Godfrey C, Cattaruzza F, Cottrell GS, Kirkland JG, Pelayo
JC, Bunnett NW, Corvera CU. Expression and function of the bile acid
receptor GpBAR1 (TGRS5) in the murine enteric nervous system. Neuro-
gastroenterol Motil 22: 814-825, 2010. doi:10.1111/j.1365-2982.2010.
01487 x.

Reimann F, Habib AM, Tolhurst G, Parker HE, Rogers GJ, Gribble
FM. Glucose sensing in L cells: a primary cell study. Cell Metab §:
532-539, 2008. doi:10.1016/j.cmet.2008.11.002.

Ropert A, Cherbut C, Rozé C, Le Quellec A, Holst JJ, Fu-Cheng X,
Bruley des Varannes S, Galmiche JP. Colonic fermentation and proxi-
mal gastric tone in humans. Gastroenterology 111: 289-296, 1996.
doi:10.1053/gast.1996.v111.pm8690193.

Sjolund K, Sandén G, Hakanson R, Sundler F. Endocrine cells in
human intestine: an immunocytochemical study. Gastroenterology 85:
11201130, 1983.

Sjovall J. On the concentration of bile acids in the human intestine during
absorption. Bile acids and sterioids 74. Acta Physiol Scand 46: 339-345,
1959. doi:10.1111/j.1748-1716.1959.tb01763 x.

Sonne DP, van Nierop FS, Kulik W, Soeters MR, Vilsbgll T, Knop FK.
Postprandial Plasma Concentrations of Individual Bile Acids and FGF-19
in Patients With Type 2 Diabetes. J Clin Endocrinol Metab 101: 3002—
3009, 2016. doi:10.1210/jc.2016-1607.

Sun EW, de Fontgalland D, Rabbitt P, Hollington P, Sposato L, Due
SL, Wattchow DA, Rayner CK, Deane AM, Young RL, Keating DJ.
Mechanisms Controlling Glucose-Induced GLP-1 Secretion in Human
Small Intestine. Diabetes 66: 2144-2149, 2017. doi:10.2337/db17-0058.
Symonds EL, Peiris M, Page AJ, Chia B, Dogra H, Masding A,
Galanakis V, Atiba M, Bulmer D, Young RL, Blackshaw LA. Mech-

60.

61.

62.

63.

64.

65.

66.

BILE ACID-MEDIATED COLONIC PEPTIDE SECRETION

anisms of activation of mouse and human enteroendocrine cells by
nutrients. Gut 64: 618—626, 2015. doi:10.1136/gutjnl-2014-306834.
Thomas C, Gioiello A, Noriega L, Strehle A, Oury J, Rizzo G,
Macchiarulo A, Yamamoto H, Mataki C, Pruzanski M, Pellicciari R,
Auwerx J, Schoonjans K. TGR5-mediated bile acid sensing controls
glucose homeostasis. Cell Metab 10: 167-177, 2009. doi:10.1016/j.cmet.
2009.08.001.

Toft-Nielsen MB, Madsbad S, Holst JJ. Determinants of the effective-
ness of glucagon-like peptide-1 in type 2 diabetes. J Clin Endocrinol
Metab 86: 3853-3860, 2001. doi:10.1210/jcem.86.8.7743.

Toréng S, Veedfald S, Rosenkilde MM, Hartmann B, Holst JJ. The
anorexic hormone Peptide YY3-36 is rapidly metabolized to inactive
Peptide YY3-34 in vivo. Physiol Rep 3: €12455, 2015. doi:10.14814/phy?2.
12455.

Ullmer C, Alvarez Sanchez R, Sprecher U, Raab S, Mattei P, Dehm-
low H, Sewing S, Iglesias A, Beauchamp J, Conde-Knape K. Systemic
bile acid sensing by G protein-coupled bile acid receptor 1 (GPBARI)
promotes PYY and GLP-1 release. Br J Pharmacol 169: 671-684, 2013.
doi:10.1111/bph.12158.

Van Deest BW, Fordtran JS, Morawski SG, Wilson JD. Bile salt and
micellar fat concentration in proximal small bowel contents of ileectomy
patients. J Clin Invest 47: 1314—1324, 1968. doi:10.1172/JCI1105823.
van der Beek CM, Canfora EE, Lenaerts K, Troost FJ, Holst JJ,
Masclee AA, Dejong CH, Blaak EE. Colonic Acetate Infusions Promote
Fat Oxidation and Improve Metabolic Parameters in Overweight Males.
Clin Nutr 33: S16-S17, 2014. doi:10.1016/S0261-5614(14)50039-8.
Zhang Y, Lee FY, Barrera G, Lee H, Vales C, Gonzalez FJ, Willson
TM, Edwards PA. Activation of the nuclear receptor FXR improves
hyperglycemia and hyperlipidemia in diabetic mice. Proc Natl Acad Sci
USA 103: 1006-1011, 2006. doi:10.1073/pnas.0506982103.

AJP-Gastrointest Liver Physiol « doi:10.1152/ajpgi.00010.2019 - www.ajpgi.org
Downloaded from journals.physiology.org/journal/ajpgi (106.051.226.007) on August 4, 2022.


https://doi.org/10.1677/joe.0.1510421
https://doi.org/10.1111/j.1365-2982.2010.01487.x
https://doi.org/10.1111/j.1365-2982.2010.01487.x
https://doi.org/10.1016/j.cmet.2008.11.002
https://doi.org/10.1053/gast.1996.v111.pm8690193
https://doi.org/10.1111/j.1748-1716.1959.tb01763.x
https://doi.org/10.1210/jc.2016-1607
https://doi.org/10.2337/db17-0058
https://doi.org/10.1136/gutjnl-2014-306834
https://doi.org/10.1016/j.cmet.2009.08.001
https://doi.org/10.1016/j.cmet.2009.08.001
https://doi.org/10.1210/jcem.86.8.7743
https://doi.org/10.14814/phy2.12455
https://doi.org/10.14814/phy2.12455
https://doi.org/10.1111/bph.12158
https://doi.org/10.1172/JCI105823
https://doi.org/10.1016/S0261-5614%2814%2950039-8
https://doi.org/10.1073/pnas.0506982103

