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ABSTRACT

Objectives: Obesity is a complex disease associated with a high risk of comorbidities. Gastric bypass surgery, an invasive procedure with low
patient eligibility, is currently the most effective intervention that achieves sustained weight loss. This beneficial effect is attributed to alterations in
gut hormone signaling. An attractive alternative is to pharmacologically mimic the effects of bariatric surgery by targeting several gut hormonal
axes. The G protein-coupled receptor 39 (GPR39) expressed in the gastrointestinal tract has been shown to mediate ghrelin signaling and control
appetite, food intake, and energy homeostasis, but the broader effect on gut hormones is largely unknown. A potent and efficacious GPR39
agonist (Cpd1324) was recently discovered, but the in vivo function was not addressed. Herein we studied the efficacy of the GPR39 agonist,
Cpd1324, on metabolism and gut hormone secretion.

Methods: Body weight, food intake, and energy expenditure in GPR39 agonist-treated mice and GPR39 KO mice were studied in calorimetric
cages. Plasma ghrelin, glucose-dependent insulinotropic polypeptide (GIP), glucagon-like peptide-1 (GLP-1), and peptide YY (PYY) levels were
measured. Organoids generated from murine and human small intestine and mouse colon were used to study GLP-1 and PYY release. Upon
GPR39 agonist administration, dynamic changes in intracellular GLP-1 content were studied via immunostaining and changes in ion transport
across colonic mucosa were monitored in Ussing chambers. The G protein activation underlying GPR39-mediated selective release of gut
hormones was studied using bioluminescence resonance energy transfer biosensors.

Results: The GPR39 KO mice displayed a significantly increased food intake without corresponding increases in respiratory exchange ratios or
energy expenditure. Oral administration of a GPR39 agonist induced an acute decrease in food intake and subsequent weight loss in high-fat diet
(HFD)-fed mice without affecting their energy expenditure. The tool compound, Cpd1324, increased GLP-1 secretion in the mice as well as in
mouse and human intestinal organoids, but not in GPR39 KO mouse organoids. In contrast, the GPR39 agonist had no effect on PYY or GIP
secretion. Transepithelial ion transport was acutely affected by GPR39 agonism in a GLP-1- and calcitonin gene-related peptide (CGRP)-
dependent manner. Analysis of Cpd1324 signaling properties showed activation of Gog and Gaiy Signaling pathways in L cells, but not Gois
signaling.

Conclusions: The GPR39 agonist described in this study can potentially be used by oral administration as a weight-lowering agent due to its
stimulatory effect on GLP-1 secretion, which is most likely mediated through a unique activation of Gor subunits. Thus, GPR39 agonism may

represent a novel approach to effectively treat obesity through selective modulation of gastrointestinal hormonal axes.
© 2021 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION obesity drugs are currently on the market [1,2] and none are suffi-

ciently efficacious to obtain a substantial and sustained weight loss.
Obesity is a complex disease that is associated with an increased risk  Currently, the only long-lasting anti-obesity treatment is gastric
of various comorbidities, such as heart disease, type 2 diabetes (T2D),  bypass, which can induce up to 30% weight loss that is sustained at
fatty liver disease, and certain cancers. However, only a few anti- 15 years of follow up, often alongside remission of T2D and fatty liver
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Abbreviations

BRET Bioluminescence resonance energy transfer
BW Body weight

CGRP Calcitonin gene-related peptide

CCK Cholecystokinin

Ex4 Exendin 4

Ex(9—39) Exendin (9—39)

GPR39 G protein-coupled receptor 39
GPCRs G protein-coupled receptors
Gl Gastrointestinal

GLP-1 Glucagon-like peptide-1

GIP Glucose-dependent insulinotropic polypeptide
HFD High-fat diet

KO Knockout

NT Neurotensin

OGTT Oral glucose tolerance test
PYY Peptide YY

RER Respiratory exchange ratio
TER Trans-epithelial resistance
T2D Type 2 diabetes.

disease [3—5]. This operation’s effectiveness relies to a large extent on
metabolic benefits of increased plasma levels of satiety hormones
seen after the surgery: glucagon-like peptide 1 (GLP-1), peptide YY
(PYY), neurotensin (NT), and cholecystokinin (CCK). The hunger-
inducing hormone ghrelin is also reduced following gastric surgery
[4]. These changes in hormonal composition are critical for reduced
food intake and body weight [6]. Unfortunately, gastric bypass is often
associated with post-surgical complications and side effects [7].
Therefore, an attractive alternative to gastric bypass is developing a
pharmacological treatment that induces sustained weight loss by
mimicking the complex changes in hormone levels characteristic of
gastric bypass. However, a major challenge is the lack of mechanistic
understanding of how intestinal hormone co-release is controlled and
coordinated.

Several G protein-coupled receptors (GPCRs) have been described to
regulate hormone secretion from enteroendocrine cells [8,9]. The
orphan receptor GPR39 has been suggested to mediate hormone
release [10,11]. GPR39 is a member of the ghrelin receptor family and
has been implicated in the control of appetite, food intake, and energy
homeostasis [12,13]. GPR39 is highly expressed in the gastrointestinal
(GI) tract, adipose tissue, pancreas, and liver, with limited distribution
in the central nervous system [14,15]. Global knockout studies of
GPR39 (GPR39 KO) suggest that receptor activation improves 3 cell
function and survival [16,17] as well as glucose-stimulated insulin
secretion. Furthermore, we have previously shown that GPR39 KO
animals gained significantly higher fat mass compared to wild-type
mice when fed a high-fat diet (HFD). This effect was attributed to
increased fat accumulation in combination with a near elimination of
diet-induced thermogenesis [18]. Fasting plasma ghrelin levels also
increased in these GPR39-deficient animals [10].

The subsequent development of selective GPR39 agonists has
permitted direct investigation of the physiological function of GPR39
without potential compensatory mechanisms that may occur in global
GPR39 KO mice. However, only a few GPR39 agonists have been
developed to date and the selectivity of most ligands remains to be
proven in GPR39 KO models [11,19—21]. We recently described the
GPR39 agonist, Cpd1324, whose receptor specificity has been verified
in knockout models [10]. Cpd1324 caused a decrease in ghrelin

secretion from primary gastric mucosa cell cultures, presumably
mediated through increased somatostatin secretion [10]. These ob-
servations raise the possibility that GPR39 could modulate a broader
range of hormone release [10].

Based on the increased sensitivity of the GPR39 KO mice to a HFD and
the modulation of ghrelin secretion, in the present study, we charac-
terized the GPR39-mediated impact on body weight regulation, food
intake, and secretion of hormones from the gut known to modulate
appetite using both the global knockout model and the proven selective
GPR39 agonist Cpd1324.

2. MATERIALS AND METHODS

2.1. Chemicals, reagents, and kits

PEG200, HCI, Pefabloc, and acetaminophen were purchased from
Sigma Aldrich (Cat. No. P3015, 1.00317, 76,307, and A7085; Soborg,
Denmark). BIBO3304 (Y1 antagonist), BIIE0246 (Y2 antagonists), and
BIBN4096 (CGRP antagonist) were purchased from Tocris (Cat. No.
2412, 1700 and 4561; Bristol, UK). Somatostatin receptor antagonist
was purchased from Bachem (iSST, Cat. No. BIM-23627; Bubendorf,
Switzerland). Exendin 4 (Ex4) and Exendin (9—39) (Ex(9—39)) were
both purchased from Anaspec (Cat. No. ANA24463 and ANA24467;
Cambridge Bioscience, Cambridge, UK). Obestatin was kindly provided
by Annette Beck-Sickinger and synthesized as previously described
[12]. ELISAs for GLP-1 and insulin were obtained from MesoScale (Cat.
No. L4503PA and K152BZC; MesoScale Diagnostics, Maryland, USA).
GIP and total ghrelin were acquired from Merck/Millipore (Cat. No.
EZRMGIP-55K and EZRGRT-91K; Merck/Millipore Darmstadt, Ger-
many). PYY ELISA was purchased from Crystal Chem (Cat. No. 81501;
Zaandam, Netherlands). An acetaminophen kit was obtained from
Sekisui Diagnostics (Cat. No. 506—10; Sekisui, Lexington, MA, USA).
Cpd1324 was synthesized by InterBioScreen Ltd. as previously
described [10] and formulated with a vehicle containing 3.2 puM
(—5.5 M) of zinc ions for all of the in vivo experiments.

2.2. Bioluminescence resonance energy transfer (BRET) assays
BRET assays were performed as previously described [22—25]. Acti-
vation of specific G proteins was confirmed using BRET sensors that
monitored the separation between Ga. and Gy4 subunits in HEK293
cells. The HEK293 cells were seeded in white 96-well plates at a
density of 30,000 cells per well and co-transfected with human
GPR39, a Go-Rlucll construct, untagged GB4, and GFP10-Gyq [22]
24 h after seeding.

2.3. Human tissue

Human jejunum tissue samples were obtained from patients under-
going pancreatic surgery (Whipple’s procedure) at the Center for
Cancer and Organ diseases at Rigshospitalet (Copenhagen, Denmark).
All of the patients provided informed consent, and the research pro-
tocol was approved by the National Research Ethics Committee (H-
18015120). The patients did not receive any anti-cancer treatment
prior to surgery.

2.4. In vivo mouse studies

C57BL/6J male mice (Janvier, Le Genest-Saint-Isle, France) were used
for all of the studies unless otherwise stated. They were housed in
normal 12-h light, 12-h dark cycles and had free access to regular
chow (Altromin #1314; Lage, Germany) or a high-fat diet (HFD) (60E%
fat, #12492; Research Diets, New Brunswick, NJ, USA) and tap water
unless otherwise stated. Germline GPR39-deficient mice (GPR39 KO)
[16] and their WT littermates were used to test the housing conditions
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and acute effects of Cpd1324 on hormone release. All of the studies
were performed in male mice aged 9—11 weeks old unless otherwise
stated. The animal studies were conducted in accordance with insti-
tutional guidelines and approved by the Animal Experiment Inspec-
torate in Denmark and the Home Office (UK).

2.5. Food intake, energy expenditure, and body weight

The mice were acclimatized in an indirect calorimetry system (TSE
system; Bad Homburg, Germany) for four days. All of the mice were
fed regular chow unless otherwise stated. To test phenotypes under
basal conditions, the GPR39 KO mice and their WT littermates were
placed in a calorimetry system their and food intake and energy
expenditure were measured. A stress-free environment was obtained
by placing the mice in a calorimetry system within sound-proofed
climate chambers with a constant temperature and humidity. To
test the effect of Cpd1324, C57BL/6J mice were fed a HFD 4 days
prior to dosing. Thirty min before the onset of the dark phase, the
mice were orally dosed with either Cpd1324 (30 mg/kg BW) or
vehicle 10 ml/kg BW (PEG200/Saline/EtOH) (40/57.5/2.5) with a final
concentration of 3.2 uM of ZnCl,. Food intake and energy expendi-
ture were monitored for 24 h. The mice were dosed orally (once daily)
for six consecutive days. Body weight was measured before and after
the study.

2.6. Pharmacokinetic study of Cpd1324 in mice

The plasma samples (30 pL) were quenched with ice-cold acetonitrile
(90 pL) followed by vortexing and centrifugation (15 min, 10.000 g).
The supernatants were analyzed by LC-MS using a system consisting
of an Agilent 6130 mass spectrometer with electron spray ionization
(ESI) coupled to an Agilent 1200 HPLC system with a C18 reverse
phase column (Zorbax Eclipse XBD-C18, 4.6 mm x 50 mm), auto-
sampler, diode array detector, and a linear gradient of the binary
solvent system of buffer A (MilliQ H,0:acetonitrile:formic acid, 95:5:0.1
v/v%) to buffer B (acetonitrile:formic acid, 100:0.1 v/v%) with a flow
rate of 1 mlL/in. The chromatograms were analyzed based on the
selective ion mode (SIM) function and UV absorbance at 214 nm.
Compound peaks were integrated and the resulting AUC values were
used to quantify the compound concentrations based on a standard
curve prepared by spiking compound into blood plasma.

2.7. Gut hormone measurements, glucose tolerance tests, and
gastric emptying

The mice were fasted for 16 h (overnight). At 8 a.m., the animals were
dosed with 30 mg/kg of Cpd1324 or vehicle. Blood was collected from
the orbital sinus vein into EDTA-coated tubes at t = 30, 60, 120 and
240 min after dosing. The plasma was isolated by centrifugation at
3,000 g for 15 min at 4 °C and subsequently stored at —80 °C. For
GLP-1 and GIP measurements, DPP-IV inhibitor (valine pyrrolidide
kindly provided by Jens Juul Holst) was immediately added to the
blood, while Pefabloc (1 mg/ml) and HCI were added to the plasmato a
final concentration of 0.05 N for ghrelin measurement. GLP-1, GIP,
ghrelin, and PYY were measured using commercially available kits,
and neurotensin was measured using an in-house radioimmunoassay
[26]. Oral glucose tolerance tests (OGTT) and a gastric emptying test
using acetaminophen were carried out in a separate cohort of mice.
These mice were fasted for16 h with free access to water before
administration of either Cpd1324 (15, 30, 60, or 120 mg/kg) or vehicle
120 min prior to the experiment. At t = 0, the animals were dosed
orally with glucose (1.5 g/kg BW) and acetaminophen (100 mg/kg BW).
Blood glucose was measured att = —120, 0, 15, 30, 60, and 120 min
in tail blood using a handheld glucometer (Contour Xt Ascensia).
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Plasma insulin and acetaminophen concentrations were determined at
the indicated time points.

2.8. Conditioned taste aversion

Conditioned taste aversion tests were performed in lean mice (n = 7—
8) as previously described [27]. During conditioning, the mice received
either vehicle, liraglutide (400 ng/kg, s.c.), Cpd1324 (30 mg/kg, p.o.),
or Cpd1324 (120 mg/kg, p.o.). Treatment with liraglutide served as a
positive control. All of the mice received both an s.c. (vehicle or lir-
aglutide) and oral administration (vehicle or Cpd1324) on the two
conditioning days.

2.9. Intestinal organoid studies

Mouse and human intestinal organoids were established and cultured
as previously described [27,28]. Fragments of the murine distal ileum
(2 cm proximal to the cecum) and proximal colon (1 cm distal to the
caecum) were used. GLP-1 secretion experiments were performed as
previously described [29,30]. In brief, 15 pL of organoid suspension in
Matrigel was plated in each well of a 96-well plate. After 48 h,
organoid cultures were washed with DMEM/F12 supplemented with
2 mM of L-glutamine and 10 mM of HEPES and incubated in 50 pL of
the same medium with either Cpd1324 or vehicle containing 0.1%
DMSO for 2 h at 37 °C. Medium from the wells was collected,
centrifuged at 300 g for 2 min at 4 °C, transferred to fresh tubes, and
assayed for hormone content. After the experiment, the DNA content
was measured in the wells using DNA Quantitation Kit Fluorescence
Assays (Cat. No. DNAQF-1 KT; Sigma Aldrich) according to the man-
ufacturer’s instructions. The experiments were repeated three times
with 3—6 replicates per series. GLP-1 and PYY levels were measured
using the previously described kits and values from each well were
normalized to the DNA content.

2.10. Measurement of colonic mucosal ion transport (as a short-
circuit current, lgc) in vitro

Mucosal preparations with intact submucosal innervation were pre-
pared from adult male C57BL/6J mice as previously described [32,33].
In this study, four adjacent pieces of mucosa from the proximal colon
and four pieces from the distal colon were each placed in Ussing
chambers. They were voltage-clamped at 0 mV allowing resultant
electrogenic ion transport to be measured continuously as Ig
(uA.cm*2 and also intermittently checking the transepithelial resis-
tance (TER)). In experiments assessing the pharmacology of Cpd1324
(10 uM in the presence of 10 puM of ZnCly), the drugs and ZnCl, were
added to the basolateral reservoir. The contributions of endogenous
GLP-1, PYY, or oCGRP to Cpd1324 responses were assessed by
pretreating tissue with optimal blocking concentrations of either Ex(9—
39) (1 uM [32]), a combination of Y1 and Y2 antagonists, BIBO3304
(300 nM), and BIIE0246 (1 1M [33]) or the CGRP antagonist BIBN4096
(1 uM [32]), respectively. Selective antagonism was confirmed by
adding Ex4 (100 nM), PYY (10 nM), or «CGRP (10 nM) 30 min after
Cpd1324 administration (data not shown). Peak changes in Is; were
pooled for each drug and the responses were compared with vehicle
controls.

2.11. Immunostaining

Mouse large intestinal organoids were cultured in a 24-well plate (Cat.
No. 662892, Greiner sensoplate) as previously described and incu-
bated with either 0.1% DMSO (vehicle) or Cpd1324 (100 uM) in
DMEM/F12, 2 mM of L-glutamine, and 10 mM of HEPES media for
30 min at 37 °C. The wells were washed with PBS and fixed with 4%
paraformaldehyde (Sigma Aldrich) for 10 min at RT and washed in
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PBS. The wells were blocked with blocking buffer (2% (w/v) bovine
serum albumin in PBS) for 10 min at RT and incubated primary mouse
anti-GLP-1 antibodies (Cat. No. ab26278; Abcam) diluted 1:1000 and
guinea pig anti-PYY antibodies (Cat. No. EUD5201; Acris) diluted 1:400
in blocking buffer overnight at 4 °C. The wells were then washed with
incubated secondary donkey anti-mouse IgG AF568 (Cat. No.
ab175700; Abcam) and donkey anti-guinea pig lgG CF488 (Cat. No.
20169; Biotium) antibodies diluted 1:300 in blocking buffer for 1 h at
RT before washing and counterstaining with DAPI. The cells were
analyzed and images were captured using a confocal microscope
(LSM780; Zeiss). L cells were identified based on the presence of PYY-
positive granules and the number of cells co-expressing GLP-1 was
determined only in cells containing visible nuclei. Quantification of the
exact amount of secreted granules after GPR39 agonist treatment was
not accessible by this method. Negative control studies revealed no
unspecific binding of secondary antibodies.

2.12. Statistical analysis

Data are presented as means + SEM. Statistical significance was
established and graphs were constructed using GraphPad Prism (La
Jolla, CA, USA). Student’s t tests, one-way ANOVA, and two-way
ANOVA with repeated measurements were calculated with appro-
priate post hoc tests as indicated in the figure legends. For mucosal ion
transport measurements, pooled Is; responses are expressed
throughout as the mean + SEM from a minimum of five different
specimens. To analyze energy expenditure, the data were corrected for
body weight using an ANCOVA model in SAS (SAS Institute Inc., Cary,
NC, USA). Single comparisons between data groups were performed
using Student’s unpaired f test, whereas multiple comparisons used
one-way ANOVA with Dunnett’s, Bonferroni’s or Holm-Sidak’s post hoc
tests as appropriate. The results were considered significantly different
when P < 0.05.

3. RESULTS

3.1. Metabolic phenotype of GPR39 KO mice

Based on the obese phenotype previously observed in GPR39 KO mice
[18], we performed a thorough characterization of the metabolic
phenotype in calorimetry cages, where we observed significantly
higher food intake in the GPR39 KO mice compared to the wild-type
littermate control mice. This phenotype was only observed under the
climate cabinets’ environmentally stable conditions, presumably due to
higher sensitivity to stress when modulating the GPR39 function [18].
In the GPR39 KO mice, food intake was unchanged during the light

phase; however, during the dark phase, when the mice are most
active, food intake significantly increased, reaching an average intake
per day of 3.4 4 0.2 g compared to 2.7 4 0.2 g in the WT mice during
the three days we monitored the animals (Figure 1A). There was no
corresponding increase in the respiratory exchange ratio (RER)
(Figure 1B) or energy expenditure in the GPR39 KO mice compared to
the control mice (Figure 1C and Figs. S1A—D).

3.2. Effects of Cpd1324 on food intake, body weight, and energy
expenditure

We previously described an orally active selective GPR39 agonist,
compound TM-N1324 (herein called Cpd1324), which was developed
as a tool compound to explore the physiological function of GPR39 [10].
Since zinc is known to modulate the function of Cpd1324 [10] and
enhance GPR39 activity, we included zinc in the vehicle for the in vivo
and ex vivo experiments. To evaluate the bioavailability after a single
oral dose of Cpd1324 at respectively 30 and 120 mg/kg, we monitored
plasma levels of Cpd1324 after 2, 4, and 6 h. As shown in Figs. S2A
and a 30 mg/kg dosage resulted in robust plasma concentrations
above 7.5 uM for up to 6 h after gavage, a concentration that is more
than sufficient to obtain full activation of the GPR39 receptor [10]. The
optimal treatment dose for food intake was identified in a pilot
experiment in which we followed food intake after a single oral bolus of
15, 30, 60, or 120 mg/kg of Cpd1324 in the HFD-treated mice after
four days of habituation to the diet (Figs. S2B—I), suggesting 30 mg/kg
as an optimal dose. The mice treated with 30 mg/kg of Cpd1324
displayed a lower food intake compared to the vehicle-treated mice
(Figure 2A,D). The food intake decreased to 76% in the vehicle group
(Figure 2D) during the first dark phase following Cpd1324 dosing,
whereas there was no significant difference in energy expenditure
(Figure 2B,E, and S2J-M). However, a trend toward a lower RER was
present during the dark phase (Figure 2C,F, P= 0.078), potentially due
to the decrease in food intake (Figure 2D) as no effect on activity levels
was observed (Fig. S3A). Importantly, oral administration of 30 mg/kg
Cpd1324 to the GPR39 KO mice on the HFD did not cause any change
in food intake (Figure 2G), indicating that the food intake reducing
effect was dependent on the receptor GPR39. Daily dosing of Cpd1324
for six consecutive days on the HFD resulted in a small but significant
body weight reduction of 4.5% (Figure 2H) compared to the vehicle.

3.3. Effects of Cpd1324 on gastric emptying and glucose tolerance

A decrease in food intake may result from a decreased rate of gastric
emptying, which in humans may translate into nausea [34]. To
investigate the effect on gastric emptying, we administrated Cpd1324

A B C

- ; 150-

s — ~ 0 v, [ GPrR3g WT
5+ " g T . v [JGPR39KO

. - < 1004 s
% 37 vy g 09 v 4 E ' vy ah $
[ S L I I I Y
o - . < 0.8 Q 50
3 d 14 >
w17 | e I‘FL‘
A ¢ E
0 : . . : 0.7 : r r . 0

Dark Phase Light Phase

Dark Phase

Light Phase Dark Phase  Light Phase

Figure 1: GPR39 KO mice displayed increased food intake. (A) The average food intake over a 3-day period (B), energy expenditure, and (C) respiratory exchange ratio (RER) of
GPR39-deficient (open columns; n = 7) and WT littermate (gray columns, n = 8) mice were measured under stable environmental conditions in climate cabinets. The data were
collected during a three-day period and divided into light and dark phases. Statistical significance was tested by Student’s unpaired f test. Data are shown as means + SEM.

*P < 0.05.
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Figure 2: GPR39 agonist Cpd1324 led to an acute reduction in food intake and body weight. C57BL/6J mice were fed a HFD 4 days prior to dosing of Cpd1324 or vehicle.
The 24 h accumulation: (A) food intake, (B) energy expenditure, and (C) respiratory exchange ratio (RER) in C57BL/6J mice after a single oral bolus of Cpd1324 (30 mg/kg) (black
dots) or vehicle (gray dots). Food intake was reduced by 24%. (D) The 24 h food intake, (E) energy expenditure, and (F) RER divided into dark and light phases in Cpd1324 (gray
columns) and vehicle-treated mice (open columns). (G) The 24 h accumulated food intake in GPR39 KO mice after a single oral bolus of Cpd1324 (30 mg/kg). (H) Body weight after
6 days of once-daily dosing of Cpd1324 (30 mg/kg) or vehicle to C57BL/6J mice. (I) Plasma acetaminophen (p.g/ml) following oral gavage of acetaminophen. Significance of the
difference was tested by 2-way ANOVA followed by Sidak’s test (A, B, C, D, F, and G) or Student’s unpaired ttest (E and H). n = 6—8. All of the animals were 9—11 weeks of age.

Data are shown as means + SEM. *P < 0.05.

orally 2 h before an oral gavage of acetaminophen and no difference in
gastric emptying was observed between the mice treated with
Cpd1324 and vehicle, indicating that Cpd1324 did not modulate
gastric motility (Figure 2I). We also examined conditioned taste aver-
sion using administration of 400 pg/kg of liraglutide (s.c.), the dose
used in several weight-reducing studies [35] as a positive control and
observed a 6-fold decrease in saccharine intake compared to the
control group. In comparison, a single oral bolus of 30 or 120 mg/kg of
Cpd1324 (p.o.) caused only a 2- or 3-fold reduction in saccharin
intake, respectively (Fig. S3B). To evaluate the effect of Cpd1324 on
glucose homeostasis, we performed a glucose tolerance test 2 h after
a moderate (30 mg/kg) and high (120 mg/kg) oral dose of Cpd1324 on
lean and diet-induced obese (DIO) mice. In the lean mice, no difference
was observed between the Cpd1324-treated and vehicle-treated mice
in the glucose clearance rate (Figure 3A,B) or insulin levels during the
test (Figure 3C,D) at either 30 mg/kg or 120 mg/kg. However, in the
DIO mice, while the glucose clearance rate was unchanged
(Figure 3E,F), we observed increased plasma insulin after 30 mg/kg
15 min after a moderate dose of 30 mg/kg (Figure 3G). Using a high
dose of Cpd1324 (120 mg/kg) in the DIO mice, we observed a further
enhanced insulin secretion that was significantly better than the

vehicle-treated mice at the basal level (P = 0.01) and very close to
significant after 15 min (P = 0.0505) (Figure 3H).

3.4. Effects of Cpd1324 on hormone release

To study whether appetite regulatory gut hormones were responsible
for the decreases in food intake and body weight, we measured a
panel of gut hormones in plasma samples at 30, 60, 120, and 240 min
following oral administration of 30 mg/kg of Cpd1324 in the lean mice.
Based on our previously published ex vivo data [10] from gastroin-
testinal preparations, a decrease in the plasma level of the gastric
hormone ghrelin could be expected following Cpd1324 administration.
A decrease in ghrelin was indeed observed after 2 and 4 h (P= 0.0012
and P = 0.002, respectively, Figure 4A) when performed with a low
level of environmental stress. GIP secreted from K cells located in the
upper small intestine has been demonstrated to be efficiently regulated
by nutrient receptors such as short- and long-chain free fatty acids
[36,37]. However, Cpd1324 did not significantly affect GIP secretion at
any investigated time point (Figs. 4B and S4D), although a slight
attenuation in the plasma levels was observed after 30 min (P = 0.08,
Fig. S4D). Secretion of NT, which is expressed in N cells and co-
expressed with GLP-1 and PYY in L cells [38,39], only increased to
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a minor degree by Cpd1324 (Figure 4C). PYY and GLP-1 are secreted
from L cells in the small and large intestine and both hormones have
been shown to regulate appetite and food intake [40]. We observed a
2.2-fold increase in total GLP-1 levels 2 h and 4 h after Cpd1324
administration (Figure 4D), with no effect at earlier time points
(Fig. S4A). Surprisingly, PYY levels were not affected by administration
of the GPR39 agonist (Figure 4E), although it is well established that
PYY and GLP-1 granules are clustered together within the same
enteroendocrine L cells and that peptides are often co-secreted
[38,39,41—43] We then investigated whether the effect of Cpd1324
on GLP-1 secretion was mediated specifically through GPR39 re-
ceptors. We found that Cpd1324 had no effect on GLP-1 secretion in
the global GPR39 KO mice (Figure 4F), suggesting GLP-1 secretion was
dependent on GPR39. However, it was not possible to determine the
exact tissue origin of the Cpd1324-mediated increase in plasma GLP-1
levels.

3.5. Ex vivo characterization of GLP-1 and PYY secretion following
GPR39 agonism

To further elucidate the apparent selective secretion pattern induced by
the GPR39 agonist in vivo, we used organoids cultured from the murine
ileum and colon as an ex vivo model. The organoids are generated by
self-renewing cryptal stem cells, which produce differentiated cell
types in the intestinal epithelium, including enteroendocrine cells. They
are characterized by a three-dimensional structure similar to the in vivo
situation, where hormone-producing cells are maintained by the
extracellular matrix [31,44]. Using ileal organoids from wild-type mice
incubated with 10 M or 50 puM of Cpd1324, we observed a significant
concentration-dependent increase in GLP-1 release (Figure 5A). In
contrast, Cpd1324-induced GLP-1 secretion was absent in organoids
derived from the GPR39 KO mice (Figure 5B), indicating that GPR39-
expressing intestinal cells were responsible for GLP-1 release. G-
protein coupled bile acid receptor (GPBAR or TGR5) agonist L3740 [45]
was used a positive control to demonstrate an increased GLP-1
secretion in ileal organoids from the wild-type and GPR39 KO mice.

Since we did not detect any PYY secretion in response to either the
TGR5 agonist or Cpd1324 (data not shown), suggesting that PYY was
not expressed in these small intestinal preparations.

To examine whether Cpd1324-mediated GLP-1 secretion was
dependent on a decreasing somatostatin tone, we stimulated ileal
organoids with Cpd1324, a broad-spectrum somatostatin receptor
(SSTR) antagonist (BIM-23627) or a combination of the two. As shown
in Fig. S5A, while administration of the SSTR antagonist to the orga-
noids resulted in secretion of GLP-1 similar to that of Cpd1324-
stimulated organoids, a combination of the two resulted in an addi-
tive effect, suggesting that GLP-1 secretion was not dependent on the
somatostatin tone. Thus, GPR39 activation resulted in elevated plasma
concentrations of GLP-1, which could contribute to the anorectic effect
of Cpd1324. Other groups have reported that the gastric hormone
obestatin can interact with GPR39 [46,47]; however, obestatin had no
effect on GLP-1 secretion in our organoids (Fig. S5B).

Cpd1324 also increased GLP-1 secretion in organoid preparations
from the human jejunum (Figure 5C) in which the samples were ob-
tained from patients undergoing surgery, suggesting translation of the
GPR39-mediated hormone signatures from rodents to humans
(Figure 5C).

In mouse colon organoids, Cpd1324 increased GLP-1 secretion to a
similar extent as observed in the small intestine (Figure 5D). In
accordance with our observations in vivo, Cpd1324 had no effect on
PYY secretion in organoids derived from mouse colon, where the PYY
secretion is highest in the Gl tract [48—50], while the positive control
TGRS agonist promoted a 3-fold increase in PYY secretion (Figure 5E).
To visually confirm the expression of PYY and GLP-1 in the murine
colonic organoids, we performed immunostaining for GLP-1 and PYY
and examined the preparations via confocal microscopy (Figure 5F and
Fig. S6). In the vehicle-treated colonic organoids, co-expression of
GLP-1 and PYY in the same enteroendocrine cells was observed in
96% of the 52 identified cells, with only 4% of the cells staining for PYY
only (Figure 5G). In accordance with the secretion data, after 30 min of
Cpd1324 treatment, the fraction of enteroendocrine cells co-storing
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GLP-1 and PYY decreased to 77%, while the PYY-only cells increased
to 23% of the total 57 identified cells. These data confirmed the
presence of enteroendocrine cells in the colonic organoids that co-
stored GLP-1 and PYY and supported the notion that a subpopulation
of enteroendocrine cells appears to respond to Cpd1324 by selectively
secreting GLP-1 while retaining PYY granules.

3.6. Endogenous GLP-1 was responsible for GPR39-mediated
colonic mucosal responses

To investigate the potential effects of GPR39 agonism on native colonic
mucosa, we measured the acute effects of Cpd1324 on the trans-
epithelial ion transport in murine proximal colon placed in Ussing
chambers. A pair of representative recordings of transepithelial
changes in Ig; from adjacent colonic pieces shows that the presence of

Cpd1324 rapidly increased the basal lg; (upper trace) (Figure 6A). This
response was sensitive to pretreatment with the GLP-1 antagonist
Ex(9—39) (added to the lower trace only), and the antagonist further
abolished the subsequent response induced by the GLP-1 receptor
agonist Ex4, yet had no effect on the hypersecretory response induced
by subsequent addition of forskolin or the anti-secretory effect of o,
agonist UK14,304 (Figure 6A). The pooled data of Cpd1324 responses
(from 10 mice) is shown in Figure 6B. Importantly, the Cpd1324-
induced increase in Isc was not attenuated by administration of two
antagonists specific for PYY Y1 and Y2 receptors (BIBO3304 and
BIIE0246, respectively), indicating that endogenous PYY did not
mediate Cpd1324 responses in the proximal colon mucosa. Because
CGRP has been shown to mediate colonic GLP-1 responses [32], the
selective CGRP antagonist BIBN4096 was used to determine whether
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the GPR39-induced increase in s depended on this paracrine sensory
neuropeptide. BIBN4096 significantly attenuated Cpd1324 responses
(Figure 6D) and abolished subsequent a.CGRP responses (data not
shown).

These data suggest, in accordance with our observations from
hormone-secretion studies, that the Cpd1324 mucosal response was
mediated via preferential secretion of GLP-1 and provide additional
details on the endogenous mechanisms of GPR39 activity crucially
demonstrated in this study using native tissue (Figure 6E).

3.7. Signaling properties of the small molecule agonist for GPR39

To understand the molecular determinants responsible for the
Cpd1324 (Figure 7A)-induced selective GLP-1 secretion, we next
characterized the signaling properties of GPR39 in a heterologous
expression system. GPR39 is known to signal through the Goyg
pathway, where accumulation of inositol trisphosphate (InsPs) has
been measured as a second messenger [51]. To gain further insight
into the pharmacological properties of GPR39, we tested the effects of
Cpd1324 on the full spectrum of G protein activation. We assessed the
direct activation of G proteins using bioluminescence resonance en-
ergy transfer (BRET)-based biosensors. These assays monitored the
separation of the Go. and Gy subunits that occurred during G protein
activation by measuring BRET between the Go subunits fused to the
energy donor Rlucll and Gy fused to the energy acceptor GFP10 in the

presence of untagged Gf31. The activation of the G protein resulted in a
decrease in BRET signal, where the amplitude of this signal was used
as an index of the G protein activation [22]. As shown in Figure 7B, in
addition to activating Ga.g, Cpd1324 activated all of the tested Gouiyo
proteins and the Goty3 subunit with a high potency similar to Galg. In
contrast, the ligand activated Go.s with a low potency in the uM range.
In general, 10 uM of Zn?* is known to activate GPR39 independently
and accordingly Zn* has been suggested to be the endogenous ligand
for GPR39. The addition of 10 pM Zn** to Cpd1324 increased the
potency of Cpd1324 to activate Goi, Gait-3, and Goty3, whereas Gots
activation remained largely unchanged. These data indicate that
Cpd1324 displays a unique signaling pattern with high Gog signaling
and strong concomitant activation of Goy, subunits that collectively
may oppose potential downstream signals induced via the Gog
pathway.

4. DISCUSSION

In the present study, we exploited a recently developed, highly potent,
and efficacious GPR39 agonist, Cpd1324, as a tool compound to un-
cover the physiological effects of GPR39 on body weight development
and hormone secretion from the gut. In this process, we revealed that
the orally active agonist Cpd1324 decreased food intake acutely and
led to significantly decreased body weight in the HFD-fed mice after 6
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Figure 7: Cpd1324 structure and G protein signaling ability. (A) Molecular structure of the GPR39 agonist Cpd1324. (B) Measurements of G protein activation and using
bioluminescence resonance energy transfer (BRET) technology following Cpd1324 administration. The data are shown as -BRET since the BRET sensors measured the decrease in

BRET signals upon receptor activation. n = 3. Data are shown as means + SEM.

days of treatment. Importantly, GPR39 agonism led to decreased
secretion of ghrelin and interestingly a selective release in GLP-1 but
not PYY. The selective secretion pattern from the L cells appeared to be
mediated through a unique G protein activation pattern.

4.1. GPR39-mediated modulation of food intake, energy
expenditure, and body weight

GPR39 KO mice have previously been shown to have an increased
susceptibility to a HFD [18], which can be partly attributed to increased
food intake as we observed in this study. Thus, to probe for GPR39-
mediated changes in food intake and energy metabolism, lean
C57BL/6J mice were fed a HFD prior to administration of the GPR39
agonist Cpd1324 and were kept on the HFD throughout the study. The
observed decrease in acute food intake was accompanied by a 4.5%
body weight loss after 6 days of once-daily oral treatment. Based on
the conditioned taste aversion study that demonstrated significantly
less taste aversion compared to liraglutide, Cpd1324 is seemingly a
well-tolerated compound; the decreased body weight is rather pro-
posed to be the result of a combined GLP-1 secretion and decreased
ghrelin secretion. As the most pronounced effect on food intake was
observed within the first 2 h after administration of Cpd1324, we
suggest that the hormones modulating feeding behavior during the
acute phase may have been acting via the afferent vagal nerves. As the
afferent vagal nerve endings are in close proximity to the site of gut
hormone release, it is possible that even minor secretion modulation of
ghrelin and possibly other hormones could exert this effect via the
nerve terminals before being diluted in the systemic circulation. This
could also explain the discrepancy in timing between the decreased

10

food intake and observed changes in plasma concentrations of ghrelin
and GLP-1.

Currently available orally active pharmaceutical interventions for
obesity are rather limited and may be associated with an increased
cardiovascular risk as observed in psychostimulatory drugs [2]. Other
drugs with mild side effects, such as orlistat or lorcaserin, have limited
efficacy and produce only a 3—6% decrease in body weight after 6
months of treatment [2]. Thus, there is a substantial need for novel,
orally active, and safe pharmaceutical interventions with good efficacy
for obesity. The observed effects of the GPR39 agonist on body weight
and food intake revealed GPR39 as a novel potential anti-obesity
target. To date, the only pharmaceutical intervention for obesity that
leads to a substantial and sustained decrease in body weight is GLP-1-
based pharmaceuticals, which are peptides with no or very little oral
bioavailability [52,53]. To circumvent the challenges of oral bioavail-
ability for GLP-1 mimetics, an alternative approach could be to develop
a drug that increases the endogenous secretion of GLP-1 potentially in
combination with modulation of a number of other appetite regulatory
hormones, such as ghrelin.

4.2. GPR39-mediated GLP-1 secretion

In this study, we determined in murine in vivo setting and ex vivo
preparations that Cpd1324 agonism was able to induce GLP-1
secretion in a GPR39-dependent manner since the response was
eliminated in the absence of the receptor. However, since GPR39 is
expressed in several metabolically important tissue such as the liver,
pancreas, and brain, the effect on body weight regulation could be due
to Cpd1324’s action in these tissues in addition to the intestine. Thus,
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we cannot exclude that the Cpd1324-mediated increase in plasma
GLP-1 levels may also be attributed to other sources such as central
nervous system neurons and the intestinal L cells.

Regarding the intestine, Cpd1324 increased GLP-1 secretion in ex vivo
preparations from healthy human organoids, indicating that GPR39
could constitute a relevant therapeutic target in human obesity. The
increase in GLP-1 levels induced by GPR39 activation was consistently
2- to 3-fold above basal levels in the human and mouse preparations
and in vivo and ex vivo models. Despite the higher increase in GLP-1
secretion observed for the TGR5 agonist, none of these ligands have
been pursued in further clinical trials due to lack of efficacy in glucose
metabolism and unwanted side effects related to the pancreatic and
biliary tracts [54,55]. Although Cpd1324 significantly increased plasma
GLP-1 and the insulin level in the DIO mice, we did not observe an
improvement in glucose homeostasis during an OGTT. The lack of
improved glucose metabolism even in the DIO mice that displayed
increased insulin secretion was in accordance with previous obser-
vations [21] and may have resulted from a yet-undefined insulin
resistance in the periphery or via hepatic glucose production.
Furthermore, the GPR39 protein expression patterns were different in
the DIO/T2D rats compared to the healthy controls [56].

4.3. GPR39-mediated regulation of other gut hormones

Other nutrients and metabolite receptors have been considered as
therapeutic targets to increase endogenous GLP-1 levels including the
lipid receptors GPR40 (free fatty acid receptor 1, FFAR1), GPR120 (free
fatty acid receptor 4, FFAR4), and GPR119 as well as amino acid re-
ceptors or transporters such as GPR142 [30,36,57—59]. Stimulation of
these receptors is characterized by secretion of a broad range of gut
hormones, including GIP secretion from K cells in the upper small
intestine. In contrast, GPR39 activation induced a decrease in ghrelin
secretion and a selective secretion of GLP-1 with no significant
changes to PYY, NT, or GIP release.

We previously found that GPR39 activation in vivo and ex vivo
decreased ghrelin secretion [10] via an indirect effect mediated by
somatostatin secretion from D cells in the gastric epithelium, leading to
inhibition of ghrelin secretion. In the present study, in which the GPR39
agonist was administered orally, we observed a significant inhibition of
plasma ghrelin levels, but this was apparently not dependent on
somatostatin.

4.4, GPR39-mediated selective secretion of GLP-1 from L cells
Surprisingly, GPR39 activation induced a consistent, robust increase in
GLP-1 secretion without a concomitant secretion of the other L cell
product, PYY. This may prove advantageous as elevated plasma levels
of PYY3_36 have been associated with severe nausea and abdominal
discomfort, which may mask the therapeutic application of PYY-based
pharmaceutical interventions [60]. As PYY is not consistently
expressed in the murine upper small intestine [8,48,50], we focused
on the distal part of the small intestine and colon to study PYY’s po-
tential release. In these distal GI segments, the majority of L cells co-
synthesize GLP-1 and PYY [38,48,61,62]; however, the expression
pattern changes as the enteroendocrine cells mature and migrate from
the crypt to the villi/surface [38,39]. When we examined murine
colonic organoid cultures, the TGR5 agonist was able to induce a 4-fold
increase in PYY secretion, whereas no detectable GPR39 agonist-
induced PYY secretion was observed.

It remains to be determined whether GLP-1 and PYY are co-stored in
the same vesicles or if significant proportions of L cells store these two
important hormones in separate populations of secretory granules as
described by Cho et al. [43]. A recent study by Billing et al. focused on
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colonic L cells expressing INSL-5 identified a striking overlap between
the three major L cell products PYY, GLP-1, and INSL-5 in the secretory
vesicles and that a broad range of stimuli produced the co-release of
all three hormones concomitantly [63]. This notion is supported by
prior studies that showed vesicular co-storage of PYY and pro-
glucagon products [62,64,65], whereas other studies found that
enteroendocrine cells appear to store the individual hormones in
separate granules [38,43,61,66,67].

Since PYY is apparently not co-secreted with GLP-1 after Cpd1324
exposure in vivo and ex vivo, this supports the notion that GLP-1 and
PYY can be stored separately and could be released independently
from the same enteroendocrine cell. Importantly, we observed by
immunostaining that GPR39 activation selectively induced the removal
of GLP-1 from L cells while retaining secretory vesicles containing PYY.
We cannot exclude the possibility that a proportion of the GLP-1 output
in vivo derived from a subpopulation of GPR39-positive L cells storing
only GLP-1 and not PYY. However, our immunohistochemical data
confirmed that GLP-1 and PYY were co-localized within the vast ma-
jority of enteroendocrine L cells under basal and stimulated conditions
in the colonic preparations.

We previously demonstrated that PYY predominantly mediates the
effects of GPR119 agonism [68] and FFA2 agonism [69]. Using a
similar in vitro design, we determined that GPR39 agonism in the
proximal colon was independent of PYY since antagonists targeting Y1
and Y2 receptors were ineffective, while the GLP-1 receptor antagonist
Ex(9—39) successfully attenuated the GPR39 mucosal response. The
CGRP antagonist was also able to attenuate the GPR39 agonist-
mediated mucosal response. These data indicated that GPR39 acti-
vation caused endogenous GLP-1 secretion in the proximal colon and
that subsequent activation of GLP-1 receptors on submucosal sensory
neurons led to CGRP release and activation of epithelial ion transport
(see schematic; Figure 6E). It is notable that our expression data from
FACS-sorted L cells indicated that the surrounding enterocytes also
expressed the GPR39 receptor at significant levels (Fig. S7). Thus, it is
also possible that GPR39 acts directly on enterocytes, inducing
epithelial CI~ secretion and elevating Is; levels in the mouse proximal
colon (Figure 6E). Thus, direct epithelial and indirect neuroendocrine
mechanisms may be co-activated by the GPR39 agonist Cpd1324 in
native colonic tissue.

Our data consistently suggest that GPR39 activation induces GLP-1
secretion independent of PYY despite the two peptides being co-
localized. One explanation for this observation is that GPR39 ago-
nism initiates a signaling pathway in L cells that favors exocytosis of
GLP-1-positive granules. Cpd1324 is characterized by a unique acti-
vation pattern of the GPR39 receptor since we observed a highly potent
activation of both Goig and Gauy, signaling but only stimulates the Gois
pathway with low potency. Furthermore, the second messenger acti-
vation that may happen downstream of Gais is most likely neutralized
by the concomitant more potent activation of Go; coupling. In contrast,
the TGR5 agonist used as a positive control in the present study in-
duces highly potent activation of Gas coupling that may facilitate the
strong activation of L cells to release the “full package” of secretory
granules, including PYY and GLP-1.

5. CONCLUSION

Our data showed that an orally active GPR39 agonist acutely decreased
food intake and led to decreased body weight in mice fed a HFD after 6
days of treatment. This effect was most likely due to secretion of a
specific signature of gut hormones including robust GLP-1 secretion
and decreased ghrelin secretion. Importantly, the other major L cell
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product, PYY, was not released by GPR39 agonism, suggesting that
PYY and GLP-1 were responsive to different activation pathways to
engage in exocytosis.
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