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Novel NPY2R agonist BI 1820237 provides
synergistic anti-obesity efficacy when combined
with the GCGR/GLP-1R dual agonist survodutide
Robert Augustin1,*,3, Anouk Oldenburger1,3,4, Tamara Baader-Pagler1, Tina Zimmermann1, Jens Borghardt1,
Jacob Hecksher-Sørensen2, Angela Baljuls1, Wolfgang Reindl1, Bartlomiej Krawczyk1, Eric Martel1,
Albert Brennauer1, Stefan Peters1, Achim Grube1, Lise Biehl Rudkjaer2, Peter Haebel1
SUMMARY

Objective: Nutrient-stimulated gut hormone peptide YY3e36 (PYY3e36) selectively activates the neuropeptide Y2 receptor (NPY2R) and re-
duces energy intake in humans. We describe the discovery and pharmacology of the long-acting NPY2R agonist BI 1820237 and its potential
bodyweight-lowering efficacy alone and in combination with the glucagon receptor (GCGR)/glucagon-like peptide-1 receptor (GLP-1R) dual
agonist survodutide.
Methods & Results: BI 1820237 dose-dependently reduced food intake and gastric emptying in lean mice. Significant bodyweight reductions
were not observed with BI 1820237 alone in diet-induced obese mice, however combination with survodutide led to bodyweight reduction of 22%
which was significantly (p < 0.01) greater than the 17% bodyweight reduction with survodutide alone. Regression-based interaction analysis
demonstrated that BI 1820237 increased the efficacy of survodutide by 265% at an ED50 of 11.7 nmol/kg over a range of dose combinations.
Conclusion: Synergistic NPY2R and GCGR/GLP-1R agonism provides an attractive mode of action for clinically relevant weight loss in patients
with obesity.

� 2025 The Author(s). 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/).

Keywords PYY3e36; NPY; NPY2R; BI 1820237; Survodutide; Obesity; G protein coupled receptor
1. INTRODUCTION

Obesity has become a global epidemic with a prevalence of approxi-
mately 40% in the adult population in the US [1] and 25% in Europe [2].
It is associated with a decrease in life expectancy [3] and the emer-
gence of comorbidities, such as type 2 diabetes (T2D), cardiovascular
disease (CVD), metabolic dysfunction-associated steatohepatitis
(MASH), certain cancers, Alzheimer’s disease, and osteoarthritis,
imposing a burden on healthcare systems [3e7]. With the recognition
of obesity as a chronic, relapsing, progressive condition [8], and CVD
and T2D representing two of the main causes of death in Western
societies [9], efficacious therapeutic interventions are urgently needed.
In recent years, research has successfully demonstrated that long-
acting peptide mimetics are well-tolerated and provide efficacious
pharmacological interventions that overcome the historical failures of
obesity pharmacotherapies by leveraging a pharmacology-based
approach mimicking entero-endocrine (e.g., glucagon-like peptide-1
(GLP-1), PYY3e36) and endo-pancreatic (e.g. amylin, glucagon)
nutrient-stimulated peptide hormones [10]. GLP-1 and PYY3e36 are
co-secreted from enteroendocrine L-cells of the distal ileum upon food
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intake and both peptide hormones are known to promote satiety and
delay gastric emptying, facilitating nutrient transit throughout the
gastrointestinal tract. Named PYY because of a central tyrosinee
tyrosine motif in its 36-amino acids structure, PYY1e36 and PYY3e
36 are the two main endogenous forms of the peptide hormone, with
the dipeptidyl peptidase-4 (DPP4) mediating the conversion of PYY1e
36 to PYY3e36 [11]. PYY hormones mediate their effects via the five
different Y-receptors (NPY1R, NPY2R, NPY4R, NPY5R, and NPY6R).
These receptors differ in their tissue distribution, controlling various
physiologies that include food intake and energy homeostasis [12,13].
While PYY1e36 binds to all Y-receptor subtypes, PYY3e36 selectively
activates the NPY2R [14]. The human NPY2R shares a high (>90%)
similarity across species. It signals via the G-protein Gai, whereby
receptor activation leads to a decrease of cellular cyclic AMP [14]. The
NPY2R is expressed throughout the central nervous system, particu-
larly in the hypothalamus and the area postrema, sites of action that
have been implicated in food intake reduction and emesis, respec-
tively, caused by peripherally injected PYY3e36 or NPY2R agonists.
The presence of the receptor in the nodose ganglion and vagal af-
ferents has raised the possibility that PYY3e36 exerts its feeding
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effects by acting centrally, via vagal activation, or combinations of both
[15]. In preclinical and clinical studies, peripheral administration of
PYY3e36 has been demonstrated to suppress food intake and reduce
bodyweight. The anorectic effects of NPY2R agonism have been
suggested to involve central as well as peripheral mechanisms such as
activation of neuronal centers in the forebrain and hindbrain regions
(e.g., area postrema [AP], nucleus tractus solitarius [NTS]) [16] and
inhibition of gastric emptying [17] acting on vagal afferents [18]. In
both rodents and humans, co-administration of native PYY3e36 and
GLP-1 or analogs thereof demonstrated a synergistic decrease in
energy intake [19e22]. Beyond its effects on food intake, evidence
that PYY3e36 improves glycemic control, insulin resistance, and lipid
metabolism in rodents might suggest a potential therapeutic benefit in
patients with obesity [23,24]. Potential dose-limiting gastrointestinal
side effects observed with PYY3e36 administration in humans might
be overcome by long-acting analogs, as recently suggested [20].
Clinically, well-tolerated and sustainable bodyweight-lowering efficacy
for people with obesity might be achieved by combining the synergistic
anorectic principle of GLP-1 and PYY3e36 with an energy expenditure
increasing mechanism such as glucagon receptor (GCGR) agonism
[25]. The GCGR/GLP-1 receptor (GLP-1R) dual agonist survodutide is
currently investigated in phase III clinical studies in people living with
obesity (SYNCHRONIZE� trials) and in those living with MASH (LIV-
ERAGE� trials). Combination of survodutide with a long-acting NPY2R
agonist may potentially provide additional bodyweight-lowering effi-
cacy, with a favorable tolerability through the synergy of GLP-1R and
NPY2R agonism further reducing caloric intake, compared with GLP-
1R agonism alone. In addition, the GCGR agonism of survodutide is
expected to increase metabolic rate (energy expenditure), thereby
providing additional, sustainable weight lowering efficacy and loss of
excess adipose tissue, mechanistically addressing an important aspect
of energy homeostasis [26]. Here we describe the discovery and
chemical nature of the long-acting NPY2R agonist BI 1820237 and its
pharmacological characterization when combined with the GCGR/GLP-
1R dual agonist survodutide.

2. MATERIAL AND METHODS

2.1. Peptide synthesis
Peptides were synthesized by microwave-assisted solid-phase peptide
synthesis (SPPS) using a Fmoc strategy in dimethylformamide (DMF)
on a polystyrene resin (TentaGel� S RAM; Rapp Polymere GmbH,
Tübingen, Germany). N,N0-Diisopropylcarbodiimide (DIC) was used as
coupling reagent together with ethyl-2-cyano-2-(hydroxyimino)acetate
(Oxyma) as additive. Piperidine (10% in DMF) was used for depro-
tection. The crude peptide was cleaved from resin using 95/2.5/2.5%
(v/v) TFA/TIS/water at 40 �C for 45 min, precipitated, purified by high-
performance liquid chromatographyemass spectrometry, and
lyophilized.

2.2. Functional potency and affinity for human NPY2R
The functional potency of BI 1820237 was determined in HEK293
cAMP response element (CRE)-luc2P cells (Promega) recombinantly
expressing human NPY2R. The agonistic activity of BI 1820237 was
assessed by measuring the inhibition of forskolin-induced cAMP
generation in a homogeneous time-resolved fluorescence (HTRF)
assay, as well as the reduction of CRE-dependent luciferase (CRE-Luc)
activity. All tested peptides were produced in house, handled as 1 mM
stock solution in dimethyl sulfoxide (DMSO), and tested within a final
concentration range between 3.2 pM and 100 nM. Peptides were
transferred into assay plates using acoustic dispensing with an ECHO
2 MOLECULAR METABOLISM 99 (2025) 102205 � 2025 The Author(s). Published by Elsevier GmbH. T
555 (Labcyte). Sound waves were used to transfer droplets of 2.5 nL
from a source plate to a target plate with final sample concentrations
and volumes achieved by combining the respective number of droplets
of sample stocks and DMSO. Cells were cultured in Dulbecco’s
Modified Eagle Medium (with high glucose/L-glutamine) supplemented
with 10% fetal bovine serum, 50 mg/mL hygromycin, and 400 mg/mL
geneticin, and harvested at a confluency of 60e70%. For the cAMP
HTRF assay, 5000 cells in 20 mL assay buffer (KrebseRinger Bicar-
bonate 4-(2-Hydroxyethyl)piperazine-1-ethane-sulfonic acid [HEPES]
(KRBH) with 0.5 mM 3-isobutyl-1-methylxanthine [IBMX] and 0.5%
human plasma) were added to each well containing spotted peptide
and 5 mL of forskolin in assay buffer (final concentration 2 mM), and
subsequently kept at 37 �C for 40 min in a humidified incubator. Af-
terwards, 5 mL of cAMP-Eu and 5 mL anti-cAMP-d2 (both as 1:50 pre-
dilution in cAMP Gi Kit lysis buffer; Cisbio) were added and incubated
for 1 h at room temperature (RT), followed by measuring the fluo-
rescence resonance energy transfer signal in an EnVision� 2104
multimode microplate reader (PerkinElmer, now Revvity). For the CRE-
Luc assay, 30,000 cells in either 20 mL assay buffer (KRBH with
0.5 mM IBMX and 0.5% human plasma) or in 100% human plasma
were added to each well containing spotted peptide and 5 mL of for-
skolin in assay buffer with 0.5% human plasma (final concentration
2 mM) or in 100% human plasma (final concentration 8 mM), followed
by incubation for 4 h at 37 �C in a humidified incubator. Afterwards,
plates were equilibrated to RT and 25 mL of Bright-Glo luciferase re-
agent (Promega) were added per well, incubated for 15 min at RT and
the luminescence signal was measured on an EnVision� 2104
multimode micro plate reader. The affinities of BI 1820237 for the
human NPY1R, NPY2R, NPY4, and NPY5R were investigated by
competitive binding assays using membrane preparations from cells
recombinantly expressing each receptor. For the human NPY2R,
membrane preparations were obtained from Chemiscreen� (Chem-
icon�, HTS066M; Lot: SC20190226). For the human NPY1, 4, and 5
receptors, CHOeK1 cells stably expressing the respective receptors,
were cultured in 1720 cm2 hyperflasks with Ham’s F12 medium
(þ10% FCS þ400 mg/mL Geneticin) at 5% CO2 and 37 �C. At 90%
confluence, the cells were washed with 20 mL 37 �C pre-warmed
Dulbecco’s phosphate buffered saline (DPBS), 100 mL DPBS with
0.2% ethylenediaminetetraacetic acid (EDTA) was added, and the
dishes were kept for 5 min at 5% CO2 and 37 �C. The cells were
tapped from the plate, rinsed with 50 mL DPBS with 0.2% EDTA, and
pelleted by centrifugation in a 50 mL Falcon tube for 10 min, 210 g at
4 �C. The supernatant was removed, and the pellet was resuspended
in 15 mL ice cold membrane isolation buffer (50 mM HEPES; 5 mM
MgCl2 * 6H2O; 1 mM CaCl2 * 2H2O pH7.4; 0.32 mM sucrose; 5 mM
Pefabloc SC). The cell suspension was homogenized with an ultrasonic
processor twice for 45 s on ice, centrifuged for 1 min, 18 g at 4 �C, and
the supernatant collected and centrifuged for 20 min, 48,000 g at 4 �C.
The supernatant was removed, and the membrane pellet was resus-
pended in 25 mL ice cold membrane isolation buffer followed by a
further homogenization as described earlier. Finally, the supernatant
was removed, and the membranes were aliquoted in low protein
binding tubes. The protein concentration of the membrane preparation
was determined using Pierce� bicinchoninic acid assay (Thermo
Fisher Scientific) following the manufacturer’s protocol. The mem-
brane suspensions were stored at �80 �C until use. The dissociation
constants (Kd) for the different radioligands (for

125I-PYY1e36 for NPY
receptors 1, 2, and 5; 125I-PP for NPY4R) were determined upon in-
cubation of the respective membrane preparations with 1 nM of the
125I-labeled tracer in a total volume of 100 mL in polypropylene-96-
well-plates. Non-specific binding was measured by adding 1 mM of
his 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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either PYY3e36, or PP in case of the NPY4R. After incubation for
120 min at RT under shaking (450 rpm/min), the assay-mixture was
harvested through glass fiber C grade (GF/C) filter plates, using a
FilterMate� Universal Harvester (PerkinElmer). Non-specific binding
was reduced by incubating the GF/C plates with 0.5% PEI at RT
overnight. The GF/C plates were washed 4 times with ice cold wash-
buffer, dried for 2 h, and after sealing the bottom, 50 mL/well Micro-
Scint�-20 (Revvity) was added, and the plates were sealed with a
TopSeal-A PLUS adhesive microplate seal (Revvity). After incubation in
the dark for at least 30 min at RT, the counts per minute were
measured with a TopCount liquid scintillation counter (Revvity). For BI
1820237, the half-maximal inhibitory concentration (IC50) was deter-
mined upon dilution of BI 1820237 in DMSO (100-fold final concen-
tration) to final concentrations ranging from 0.01 nM to 1 mM.
Reagents were pipetted in the following order: 10 mL assay buffer or
compound-dilution, 10 mL 125I-labeled ligand (final concentration
0.05 nM) and 80 mL membranes (final concentration 5 mg/well). The
plates were incubated for 2 h at RT under shaking (450 rpm/min) and
processed as described for the Kd determinations. Calculation of the
affinity constant Ki was performed according to the ChengePrusoff
equation Ki ¼ IC50/(1 þ [S])/Km) [27]. The affinity of BI 1820237 for
mouse and human NPY2R was determined by Epics Therapeutics (SA
47 rue Adrienne Bolland, 6041 Gosselies, Belgium) applying
competitive radioligand binding assays using 125I-PYY as reporter
ligand and compared with neuropeptide Y. Doseresponse curves were
generated for EC50 and Emax determined using a four-parameter lo-
gistic fit model.

2.3. Pharmacokinetic studies
For pharmacokinetic analysis, male Naval Medical Research Institute
(NMRI) mice (Charles River, Germany) were given a single intravenous
or subcutaneous BI 1820237 dose (30 nmol/kg; N ¼ 2 for intravenous
and N ¼ 3 for subcutaneous route). In addition, male beagle dogs
(Boehringer Ingelheim/BASF, Germany) received an intravenous or
subcutaneous dose of 1.25 nmol/kg (N ¼ 2) or 5 nmol/kg (N ¼ 3) BI
1820237, respectively. Plasma samples were generated at different
time points post-dosing and stored at �20 �C until further analysis.
Plasma concentrations of BI 1820237 were measured using liquid
chromatography/tandem mass spectrometry on a QTRAP 6500þ
(Sciex, Framingham, MA, USA).

2.4. Acute food intake
Male NMRI mice were obtained from Charles River (Charles River,
Research Models & Services Germany GmbH) or from Janvier (Janvier
Labs, France) at 5 weeks of age. The animals were group-housed with
4 mice per cage under a 12/12 h darkelight cycle, light off at 3 PM. RT
was controlled to 21 �C � 1 �C, with 60% � 20% humidity. Animals
had ad libitum access to regular rodent chow (KLIBA Nafag 3430 or
Altromin 1324, Brogaarden, Denmark) and tap water. Animals were
transferred 5e7 days before the start of the study to a real-time food
intake monitoring system (HM-2; MBRose, Denmark), to allow accli-
matization to experimental conditions. As the animals were uniquely
labeled with microchips, each individual animal was identified by its
microchip upon entry and exit from the food channel. Randomization of
mice for each study group (n ¼ 7e8) was based on bodyweight
measured the day before the start of the study. A vehicle-treated group
was included in each experiment. Six hours before the start of the night
phase, animals were fasted. One hour before the dark phase, animals
MOLECULAR METABOLISM 99 (2025) 102205 � 2025 The Author(s). Published by Elsevier GmbH. This is an open
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were dosed once subcutaneously with the compound. Food intake was
reported hourly for a period of 24 h. The food intake of the treated
groups was normalized (in %) to the average food intake of the group
receiving vehicle. ED50 values were calculated in Prism 9 (GraphPad
Software) using the nonlinear fit tool.

2.5. Acute gastric emptying in lean mice
Male C57BL/6JRj mice were obtained from Janvier (Janvier Labs,
France) at 9e10 weeks of age. The animals were group-housed with 4
mice per cage under a 12/12 h darkelight cycle, light off at 6 PM. RT
was controlled to 21 �C � 1 �C, with 60% � 20% humidity. Animals
had ad libitum access to regular rodent chow (KLIBA Nafag 3430 or
Altromin 1324, Brogaarden, Denmark) and tap water. To assess
gastric emptying, animals were fasted for 8.5 h and a basal blood
sample for glucose measurement was obtained in the morning for
randomization. After another 30 min fasting, the compound was
administered once subcutaneously. Three hours later, a glucose (2 g/
kg) e acetaminophen (100 mg/kg) bolus was given by oral gavage
(10 mL/kg). For acetaminophen and glucose measurements, blood
samples were taken before the glucose load (20 min) and 10 min,
30 min, and 60 min thereafter. The animals received food again after
the test and had ad libitum access to water throughout the study.

2.6. Subchronic, repeated dose study in diet-induced obese mice
Male C57BL6/J mice (Janvier Labs, France) were pre-fed on 60%
high-fat diet (Research Diets, Inc., USA) starting at 6 weeks of age.
Mice were single-housed to obtain accurate and individual food intake
measurements of each animal and assigned a number. Animals were
housed at a RT of 21 � 2 �C, relative humidity 60% � 20% and a
reversed 12-h light/dark cycle (light off at 10 AM). During the entire
study, animals had ad libitum access to food and water. Before start of
treatment, a stratified randomization was performed based on body-
weight at Week �1. At study start, the age of mice was 25 weeks.
Before the start of compound treatments, groups were randomized
based on bodyweight, with an average of 45 g. Bodyweight and food
intake were measured before compound administration. Animals were
dosed daily by subcutaneous injection around 1 h before start of the
night phase. Control animals were dosed daily with vehicle, and were
randomized according to their bodyweight before the start of
treatment.

2.7. Light-sheet fluorescent microscopy
All samples were imaged using a Lavision light-sheet ultramicroscope
II (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) with a Zyla
4.2PCL10 sCMOS camera (Andor Technology, Belfast, UK), a SuperK
EXTREME supercontinuum white-light laser EXR-15 (NKT Photonics,
Birkerød, Denmark) and an MV PLAPO 2 � C (Olympus, Tokyo, Japan)
objective lens. Samples were mounted to a silicone sample holder
(with ventral side up) and imaged in an ethyl cinnamate filled chamber.
ImSpector microscope controller software (v7) was used (Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany). Images were acquired at
1.26� total magnification using dual-sided illumination and 9 hori-
zontal focusing steps. Brains were imaged in autofluorescence
(560 � 40 nm excitation, 650 � 50 nm emission), BI-Cy5 compound
fluorescence (785 � 25 nm excitation and 845 � 55 nm emission)
and antibody staining (630 � 15 nm excitation and 680 � 15 nm
emission) wavelengths. Data were visualized using Imaris 9.2 software
(Oxford Instruments, Abingdon, UK).
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2.8. 3D whole-brain imaging studies with BI 1820237 and BI
3005788
Chow-fed male C57BL/6JRj mice (Janvier Labs, France; n ¼ 8 per
group) received a single subcutaneous (5 mL/kg) dose of BI 1820237
(100 nmol/kg) or BI 3005788 (100 nmol/kg), an analog of BI 1820237,
labeled with a Cyanine5 fluorophore attached to the side chain of a
lysine residue specifically introduced in position 10 for peptide label-
ing. Mice were terminated 6 h after dosing. For competition analysis, a
third group of mice (n ¼ 8) were dosed 3 consecutive times (0e8e
24 h) with BI 1820237 (100 nmol/kg, SC). One hour after the last dose
of BI 1820237, mice received a single dose of BI 3005788 (100 nmol/
kg, SC), and were terminated 1 h later. Terminal plasma samples were
stored for optional analysis of compound exposure. Tongue tissue
(n ¼ 2) served as a positive control for BI 3005788 binding. Following
perfusion fixation, whole-brain and tongue were post-fixed in neutral-
buffered formalin overnight followed by tissue clearing. Using light-
sheet fluorescence microscopy (LSFM) as described above, region
delineation was obtained by alignment to a digital LSFM-based mouse
brain atlas. For pre-selected brain areas (CVOs, ARH), data were
expressed as region-wise mean fluorescence signal intensity.

2.9. 3D whole-brain c-Fos imaging studies with BI 1820237 and
survodutide
Diet-induced obese (DIO) male C57BL6/J mice (Janvier Labs, France)
were treated acutely with either vehicle (n¼ 10), BI 1820237 (8 nmol/
kg, n ¼ 10) or survodutide (7.5 nmol/kg, n ¼ 10) or a combination of
BI 1820237 and survodutide (n ¼ 10) at equimolar doses. Animals
were perfused 4 h after dosing and brains were dissected. Brain
samples were labeled for c-Fos and cleared according to the
iDISCOþ protocol as described previously [28]. Subsequently, the
samples were 3D imaged using LSFM as detailed above. Image
analysis of the brain volumes included atlas mapping, detection, and
quantification of c-Fosþ cells per brain region, and region-wise sta-
tistical analysis for comparing the group specific effects according to
previously published methods [29].

2.10. Animal studies
Experimental protocols concerning the use of laboratory animals were
reviewed by a federal ethics committee and approved by governmental
authorities. Unless otherwise stated, the vehicle used throughout the
studies was composed of 50 mM phosphate buffer pH 7.0 and 5%
mannitol. The dosing of all agents was conducted at a volume of 5 mL/
kg.

2.11. Statistical analysis
Unless stated earlier, data are presented as mean � SEM and were
compared using a one-way ANOVA followed by Dunnett’s test for
multiple comparisons versus vehicle. Comparisons were considered
significant at p < 0.05. Analyses were performed using GraphPad 9
statistical software (GraphPad Software). For the regression-based
interaction study, the estimated parameters are provided as point
estimates (e.g., Emax, ED50). Analyses were performed using the
‘optimx’ function in R (version 2023e10.21). Plotting of the results
was performed with the ggplot2 package (version 3.5.0).
Statistical analysis of the c-Fosþ cells and accumulated signal intensity
was performed by fitting a negative binomial generalized linear model
(GLM) to the counts of 438 atlas-defined brain regions, for every study
group. For each GLM, a Dunnett’s test was performed. Statistical analysis
was conducted using R (R Project for Statistical Computing) packages
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MASS,multcomp, lmtest, and car. All significantly regulated regions were
validated to ensure that significance was not achieved due to overly
influential datapoints (based on Cook’s distance metric), and that the
signal was not originating from the spillover of neighboring regions.

3. RESULTS

3.1. Chemical structure and pharmacokinetic profile of BI 1820237
BI 1820237 is a 34-amino-acid peptide optimized for high affinity and
functional potency at the NPY2 receptor, and for selectivity against the
NPY1, NPY4, and NPY5 receptors (Figure 1A). BI 1820237 is lipidated
with a C18 diacid, which is attached to a lysine in position 7 (PYY
derived numbering) via a flexible linker consisting of 2 oligoethylene-
gylcol (OEG) units and a gamma-glutamate (gGlu) residue. Lipidation
results in increased albumin binding and an extended terminal half-life.
Upon subcutaneous injection of BI 1820237 in animals, mean resi-
dence times of 18 h and 103 h and Tmax values of 3 h and 32 h were
obtained in mice and dogs, respectively (Supplementary Table 1),
suggesting potential for once-weekly dosing frequency in humans
[30]. All relevant structural features of the molecule (the amino acid
sequence, the position and type of linker, and the fatty acid half-life
extension) were subject to optimization to derive BI 1820237 with
the desired profile, which included high solubility and chemical stability
at neutral pH. BI 3005788 is an analog of BI 1820237, labeled with a
Cyanine5 fluorophore attached to the side chain of a lysine residue
specifically introduced in position 10 for peptide labeling.

3.2. BI 1820237 is a potent, selective, NPY2R agonist in vitro
BI 1820237 binds to the human NPY2 receptor with high sub-
nanomolar affinity (Ki 0.82 nM). This was comparable to the affinity
determined for the endogenous ligand PYY3e36 (Ki 0.51 nM;
Figure 1B), in accordance with previously reported literature [14,31]. BI
1820237 selectively binds to the human NPY2R (and similarly to
mouse NPY2R, see Supplementary Table 2), while no binding was
detected for human NPY subtypes 1 and 4 (up to 1 mM), and 5 (up to
200 nM; Figure 1B). The high affinity of BI 1820237 for the human
NPY2R correlated with its high functional potency to lower forskolin
stimulated cAMP in HEK293 cells recombinantly expressing human
NPY2R with an EC50 of 0.19 nM. This was comparable to the potency
of human PYY3e36 with an EC50 of 0.63 nM (Figure 1C). BI 3005788,
the Cyanine5 fluorophore labeled analog of BI 1820237, demonstrated
a potency similar to BI 1820237 with an EC50 of 0.90 nM in the cAMP
assay (Figure 1C). The circulating half-life of BI 1820237 and BI
3005788 was optimized by fatty diacid acylation, which mediates
albumin binding [32]. The impact of the half-life extension on func-
tional potency was assessed in the absence (0.5%) and presence
(100%) of human plasma in a CRE-Luc assay. Compared with the
native peptide hormone PYY3e36 that is similarly active at low and
high plasma concentrations (0.18 and 0.27 nM potency in 0.5% and
100% plasma, respectively), BI 1820237 showed a potency shift in the
presence of human plasma with an EC50 of 0.18 nMe2.34 nM in 0.5%
and 100% human plasma, respectively. The half-life extension was
associated with aw13-fold potency shift for BI 1820237, attributed to
a lower free fraction (fraction unbound) in the presence of 100% hu-
man plasma, suggesting a high binding affinity for human serum al-
bumin. BI 3005788, the Cyanine5 fluorophore-labeled analog of BI
1820237, demonstrated a potency similar to BI 1820237 with an EC50
of 0.90 nM in the cAMP assay and 100% human plasma (Figure 1C,
Fig. S7). However, a lower potency shift with an EC50 of 0.74 nM in
his 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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Figure 1: Structural properties and pharmacokinetic profile of BI 1820237. A) Peptide sequence of human PYY3e36 and BI 1820237. K* shows the C18 diacid lipidated
lysine. B) Affinity of BI 1820237 to human NPY1R, NPY2R, NPY4R, and NPY5R compared with PYY3e36 and PP were investigated by competitive binding assays using membrane
preparations from cells recombinantly expressing each receptor. Calculation of the affinity constant Ki was performed according to the ChengePrusoff equation Ki ¼ IC50/(1 þ [S])/
Km). C) Potency of BI 1820237, at the human NPY2R based on cAMP and luciferase induction in CRE-Luc cells in the presence of 0.5% and 100% human plasma. CRE-Luc, cAMP
response element-luciferase; EC50, half-maximal effective concentration; IC50, half-maximal inhibitory concentration; NPYR, neuropeptide Y receptor; pIC50, negative log IC50;
PP, pancreatic polypeptide; PYY3e36, polypeptide Y.
0.5% and 1.6 nM in 100% plasma, respectively, was noted. In
conclusion, data from the cAMP and CRE-Luc assays showed that
fluorophore labeling of BI 1820237 did not cause a loss in activity due
to the Cyanine5 fluorophore.

3.3. A single dose of BI 1820237 reduces food intake and inhibits
gastric emptying
The acute potency of BI 1820237 to engage the NPY2R was assessed
in lean mice by determining the reduction of food intake and the in-
hibition of gastric emptying after single dosing. The primary aim for the
doses investigated was to characterize the acute effects of BI 1820237
in lowering food intake and delaying gastric emptying to provide
efficacious exposures (EC50 and Emax) for this clinical development
MOLECULAR METABOLISM 99 (2025) 102205 � 2025 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
candidate to inform pre-Investigational New Drug studies, such as
acute safety pharmacology studies and toxicology investigations, to
derive safe starting doses and dose-multiples for a single-ascending
phase I clinical trial in healthy volunteers. The potency and efficacy
of BI 1820237 to inhibit food intake over 24 h was dose-dependent
with an ED50 of 14 nmol/kg and Emax of w85% at the maximal
tested dose of 100 nmol/kg BI 1820237 (Figure 2A; EC50 of 11 nM,
Fig. S1a). Gastric emptying was assessed by change in acetaminophen
exposure up to 4 h post-dosing (around Tmax for BI 1820237). Upon
single dose injection of BI 1820237, gastric emptying was reduced by
up to 35% (Emax) with an ED50 of w2 nmol/kg (Figure 2BeD; EC50 of
w8 nM, Fig. S1b). Glucose excursion measured in the same experi-
ment (Figure 2E,F) was not affected by BI 1820237.
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 2: NPY2R receptor engagement by BI 1820237 to reduce food intake and gastric emptying in lean animals after single dosing. AeF) Dose-dependent effect of BI
1820237 on food intake (A), gastric emptying (BeD), and glucose clearance (E,F). The ED50 for BI 1820237 to reduce food intake and gastric emptying was calculated by linear
regression analysis using one-way ANOVA followed by a Dunnett’s test for multiple comparisons versus vehicle. *p < 0.05, **p < 0.01. APAP, acetaminophen; AUC, area under
the curve; ED50, half-maximal effective dose; SEM, standard error of mean.
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3.4. Subchronic treatment with BI 1820237 transiently reduced
food intake with no effect on bodyweight in DIO mice
The effect of repeated treatment with BI 1820237 on food intake and
bodyweight was assessed in DIO mice. Doses used to investigate the
pharmacodynamic responses in this disease-related model upon
multiple dosing ranged from 3 to 100 nmol/kg. Doses were chosen to
cover doses below the ED50 up to the Emax, which had been estab-
lished for the effect of BI 1820237 to acutely reduce food intake upon
single dosing in lean mice. Animals were injected once daily with 3,
10, 30, or 100 nmol/kg of BI 1820237 over a 4-week period. On Day 1,
24 h post-dosing, BI 1820237 dose-dependently reduced food intake
by 18%, 59%, 71%, and 56% for the 3, 10, 30, and 100 nmol/kg
doses, respectively. There was no change in food intake in the vehicle
group. After 4e5 days of dosing, the food intake in the groups treated
with 3, 10, and 30 nmol/kg of BI 1820237 returned to the level of the
vehicle-treated group, while the food intake in the group repeatedly
injected with the 100 nmol/kg dose of BI 1820237 was higher than the
food intake in the vehicle group (Figure 3A). At the end of the study, the
vehicle group gained w7% of bodyweight (from 45 g to 48 g). At a
dose of 30 nmol/kg, BI 1820237 non-significantly reduced bodyweight
by 2% (Figure 3B), with no effect seen with other doses at the end of
the study (Figure 3B). The maximal bodyweight-lowering effect of BI
1820237 was observed with the 30 nmol/kg dose at Day 5 of dosing,
with a reduction of 9%. In summary, BI 1820237 caused a dose-
dependent reduction of food intake during the first 3 days of dosing,
returning to vehicle control thereafter. This transient reduction in food
intake did not translate into a bodyweight-lowering efficacy after 4
weeks of daily dosing.

3.5. BI 1820237 shows greater bodyweight-lowering efficacy in
DIO mice when co-administered with survodutide
The effect of BI 1820237 in combination with the GCGR/GLP-1R dual
agonist survodutide on food intake and bodyweight was investigated in
DIO mice. The doses selected for BI 1820237 were based on the
rationale that there would be synergistic weight loss when combining a
NPY2R with a GLP-1R agonist [21]. Therefore, doses of 1, 3, and
10 nmol/kg BI 1820237 were chosen, which were equal to or lower
than the ED50 for acute food intake reduction and inhibition of gastric
emptying, to study the potential synergistic body weight lowering ef-
ficacy in combination with a stable dose of 7.5 nmol/kg of survodutide
[33]. For BI 1820237 at doses of 1, 3, and 10 nmol/kg, a dose-
dependent reduction in food intake by 16%, 38%, and 58% was
observed 1 day after dosing, respectively, with the vehicle group
showing a stable food intake during the study. Survodutide at
7.5 nmol/kg showed a 43% reduction in food intake 1 day after dosing.
When doses of 1, 3, and 10 nmol/kg of BI 1820237 were combined
with 7.5 nmol/kg survodutide, food intake was reduced by 58%, 64%,
and 76% 1 day after dosing, respectively (Figure 3C; Fig. S1c). After 28
days of treatment, survodutide at a dose of 7.5 nmol/kg lowered
bodyweight by 21% compared with the vehicle group (17% versus
baseline). Co-administration of 1 nmol/kg BI 1820237 with survodutide
led to a bodyweight-lowering efficacy of 26% compared with vehicle
group and 5% compared with survodutide, reaching statistical sig-
nificance (p < 0.001; Figure 3D). Administration of BI 1820237 at
doses of 3 and 10 nmol/kg in combination with 7.5 nmol/kg survo-
dutide resulted in a bodyweight-lowering efficacy beyond 25%,
comparable to animals that were fed a chow diet (Fig. S1d). The food
intake and associated bodyweight-lowering efficacy for these two
combination groups achieved or exceeded the allowance defined in the
animal welfare license. Therefore, these two groups were not included
in any further analysis. Food intake for different dose combinations of
MOLECULAR METABOLISM 99 (2025) 102205 � 2025 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
BI 1820237 (0.3 nmol/kge30 nmol/kg) and survodutide (3 nmol/kge
20 nmol/kg) is shown in Fig. S2aec.
Treatment with 1 nmol/kg BI 1820237 did not reduce the weight of the
epididymal adipose tissue compared with the vehicle group. Survo-
dutide and BI 1820237 combination reduced the weight of the
epididymal adipose tissue significantly (p < 0.0001) compared with
vehicle (Figure 3E), however combination treatment did not demon-
strate a significant effect compared with survodutide-treated animals
(Figure 3E). Plasma triglyceride concentrations were unaffected by BI
1820237, survodutide, and the combination thereof (Figure 3F). In
contrast, liver triglycerides were significantly (p < 0.0001) reduced by
survodutide and its combination with BI 1820237 but not by BI
1820237 alone (Figure 3G). Fat mass, lean mass, and laboratory
values for different dose combinations of BI 1820237 (0.3 nmol/kge
30 nmol/kg) and survodutide (3 nmol/kge20 nmol/kg) are shown in
Fig. S2del.
In addition to the treatment of DIO mice with a combination of sur-
vodutide and BI 1820237, we investigated whether BI 1820237 in
addition to a stable dose of survodutide (8 days of daily dosing) would
reduce food intake and bodyweight to the extent of the co-
administration of survodutide and BI 1820237. Survodutide at a
dose of 7.5 nmol/kg reduced food intake up to 10% after 28 days with
a maximal efficacy of 40% at Day 4 of dosing compared with the
vehicle group (Figure 4A). Co-administration of 1 and 3 nmol/kg BI
1820237 with survodutide dose-dependently reduced food intake by
68% and 59%, respectively around Day 4 of treatment (Figure 4A).
When 1 and 3 nmol/kg BI 1820237 was added after 8 days of daily
dosing with survodutide, food intake was maximally reduced by 53%
and 56% at Day 11, 3 days after the start of BI 1820237 co-
administration (Figure 4A). When compared with the vehicle group,
co-administration of BI 1820237 with 7.5 nmol/kg survodutide, either
from the start or after 8 days of survodutide dosing, resulted in
bodyweight-lowering efficacies of 25% and 30%. This was signifi-
cantly greater (between p < 0.01 and p < 0.0001) compared with
survodutide treatment alone, which achieved a 17% bodyweight-
lowering efficacy (Figure 4B,C).
Body composition analysis by MRI demonstrated a fat mass of 18% in
vehicle-treated DIO mice, which was reduced to 12% with 7.5 nmol/kg
of survodutide. Co-administration of 1 nmol/kg and 3 nmol/kg BI
1820237 with survodutide resulted in a further, significant loss in fat
mass of up to 8%, when compared with vehicle after 28 days of dosing
(Figure 4D). This additional reduction in body fat was independent of
the treatment regimen with BI 1820237. Lean mass was significantly
increased in the DIO vehicle group compared with the chow group. No
significant change in lean mass was observed in animals treated with
survodutide alone. Co-administration of survodutide with 3 nmol/kg BI
1820237 at study start or with 1 nmol/kg at Day 8, was associated
with a loss of lean mass, which reached statistical significance.
However, the lean mass in DIO mice treated with BI 1820237 and
survodutide was not significantly different from chow group animals
(Figure 4E).

3.6. The combination of BI 1820237 with survodutide provides
synergistic bodyweight-lowering efficacy in DIO mice
For detailed characterization of the added bodyweight-lowering effi-
cacy observed in DIO mice treated with a combination of BI 1820237
and survodutide compared to animals treated with survodutide alone, a
novel regression-based study design was applied. This analysis aimed
to provide an in-depth description of the pharmacology of triple ago-
nism at the glucagon, GLP-1, and NPY2 receptors. The model was
intended to provide dose and exposure rationale for BI 1820237 when
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


2 4 6 8 10 12 14 16 18 20 22 24 26
-100

-75

-50

-25

0

25

50

75

100

Study Day

Fo
od

 In
ta

ke
 / 

da
y 

[%
]

m
ea

n 
±

SE
M

Doses stopped
(BW below chow/

FI reduction)

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
-40
-35
-30
-25
-20
-15
-10

-5
0
5

10
15

Study Day

B
od

y 
w

ei
gh

t (
%

)
m

ea
n 

±
SE

M

4%
7%

-17%
-22%

***

Doses stopped
(BW below chow/

FI reduction)

BI 1820237 1nmol/kg + survodutide 7.5nmol/kg
DIO Control
BI 1820237 1nmol/kg

Survodutide 7.5nmol/kg

BI 1820237 3nmol/kg
BI 1820237 10nmol/kg

BI 1820237 3nmol/kg + survodutide 7.5nmol/kg
BI 1820237 10nmol/kg + survodutide 7.5nmol/kg

0

1

2

3

Ep
id

yd
im

al
 a

di
po

se
  t

is
su

e 
[g

]
m

ea
n 

±
SE

M

✱✱✱✱ ✱✱✱✱

✱✱✱✱

0

1

2

3

Pl
as

m
a 

tr
ig

ly
ce

rid
es

 [m
M

]
m

ea
n 

±
SE

M

0

5

10

15

20

25
✱✱✱✱ ✱✱✱✱

✱✱✱✱

Li
ve

r t
rig

ly
ce

rid
es

 [m
g/

g 
liv

er
]

m
ea

n 
±

SE
M

Chow control
DIO control
BI 1820237 1 nmol/kg
BI 1820237 3 nmol/kg
BI 1820237 10 nmol/kg
Survodutide 7.5 nmol/kg
BI 1820237 1 nmol/kg + survodutide 7.5 nmol/kg

-2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
-100

-75

-50

-25

0

25

50

75

100

Study Day

Fo
od

 in
ta

ke
 / 

da
y 

(%
)

m
ea

n
± 

SE
M

-2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
-40

-35

-30

-25

-20

-15

-10

-5

0

5

10

15

Study Day

B
od

y 
w

ei
gh

t (
%

)
m

ea
n 

±
SE

M

1.9%
0.45%
-0.26%
-2.0%

Vehicle BI 1820237 3nmol/kg BI 1820237 10nmol/kg BI 1820237 30nmol/kg BI 1820237 100nmol/kg

A B

C D

E F G

Figure 3: Daily dosing of BI 1820237 shows a transient reduction in food intake and bodyweight and provides a more-than-additive bodyweight-lowering efficacy in
combination with survodutide in diet-induced obese mice. AeB) The effect of repeated dosing of BI 1820237 on food intake (A) and bodyweight (B) across the study period.
CeD) The effect of repeated dosing of BI 1820237, survodutide, and the combination thereof on food intake (C) and bodyweight (D) across the study period. The food intake of the
treated groups was normalized (in %) to the average food intake of the group receiving vehicle. EeG) The effect of repeated dosing of BI 1820237, survodutide, and the
combination thereof on epididymal adipose tissue (E), plasma triglycerides (F), and liver triglycerides (G) at study end. aFor BI 1820237 3 nmol/kg and 10 nmol/kg þ survodutide
7.5 nmol/kg dosing was discontinued as bodyweight reduction exceeded the allowance defined in the animal welfare license. ***p < 0.001, ****p < 0.0001. BW, bodyweight;
DIO, diet-induced obese; FI, food intake; SEM, standard error of mean.

Original Article

8 MOLECULAR METABOLISM 99 (2025) 102205 � 2025 The Author(s). 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/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


2 4 6 8 10 12 14 16 18 22 24 28
-80

-60

-40

-20

0

20

Days

Fo
od

 In
ta

ke
 [%

]
m

ea
n 

± 
SE

M

aBI 1820237 add-on

***

***

***

2 4 6 8 10 12 14 16 18 20 22 24 26 28

-30

-20

-10

0

10

Days

B
od

y 
w

ei
gh

t [
%

]
m

ea
n 

±
SE

M

aBI 18720237 add-on

***

***
****
********
****

**
********

2 4 6 8 10 12 14 16 18 20 22 24 26 28
25

30

35

40

45

50

Days

B
od

y 
w

ei
gh

t [
g]

m
ea

n 
±

SE
M

aBI 1820237 add-on
2%

-15%

-28% / - 28%
- 27% /- 23%

DIO control
Survodtudie 7.5 nmol/kg

Survodutide 7.5 nmol/kg + BI1820237
1 nmol/kg

Survodutide 7.5 nmol/kg +
add on B I1820237 1 nmol/kg after 1 week

Survodutide 7.5 nmol/kg + BI 1820237
3 nmol/kg

Survodutide 7.5nmol/kg +
add on BI 1820237 3 nmol/kg after1 week

Chow control

0

5

10

15

20

25

Bo
dy

 fa
t [

%
]

m
ea

n 
± 

SE
M

Chow control
DIO control
Survodutide  7.5 nmol/kg
BI 1820237 1 nmol/kg + survodutide 7.5 nmol/kg
BI01820237 3 nmol/kg + survodutide 7.5 nmol/kg
Survodutide 7.5 nmol/kg + add on BI 1820237 1 nmol/kg
Survodutide 7.5 nmol/kg + add on BI 1820237 3 nmol/kg

✱✱✱✱ ✱

✱✱✱✱

✱✱✱✱

✱✱✱✱
✱✱✱✱

✱

✱✱

0

10

20

30

40

Le
an

 m
as

s 
[%

]
m

ea
n 

±
SE

M

✱

✱

A B

C

D E
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combined with survodutide to support clinical interpretation of phar-
macodynamic responses, specifically food intake reduction and
nausea and emesis, both related to GLP-1R and NPY2R agonism.
Gaining a thorough understanding of the exposure-response relation-
ship could leverage the clinical benefit of synergistic weight loss while
mitigating risks of nausea and emesis, as has been suggested for other
GLP-1 and NPY2R dual agonists [34]. The study design and respective
analysis of the bodyweight-lowering efficacies supported the conclu-
sion of a statistically significant synergistic effect by the NPY2R agonist
BI 1820237 when combined with the GCGR/GLP-1R dual agonist
survodutide (Figure 5AeB). Here, the survodutide-mediated body-
weight loss was increased by up to 2.65-fold across doses with an
ED50 of 11.7 nmol/kg of BI 1820237. An interaction model-based
bodyweight loss heatmap illustrates the synergistic effects in com-
parison to additive pharmacology (Figure 5C). Due to this synergy, even
doses of BI 1820237 as low as 1e3 nmol/kg provided synergistic
effects in combination with survodutide (Figure 5D).

3.7. 3-D whole-brain imaging studies with BI 1820237 and BI
3005788
BI 3005788 was designed as a Cyanine5 fluorophore analog of BI
1820237 to investigate the site of action for BI 1820237. The in vitro
potency of BI 3005788 was comparable with BI 1820237 (Figure 1C).
Upon acute dosing in lean mice, BI 3005788 at 100 nmol/kg lowered
food intake up to 6 h post-dosing to a degree that was comparable with
BI 1820237 dosed at 30 nmol/kg (Fig. S3aeb). Upon intravenous
dosing at 100 and 200 nmol/kg, fluorophore signals were apparent 2 h
post-dosing in the median eminence of the hypothalamus (ME),
arcuate nucleus of the hypothalamus (ARH), and the capillary system of
choroid plexus when compared with vehicle-treated animals
(Fig. S3ced). Analysis of murine lingual epithelia layer, which abun-
dantly expresses NPY receptors, particularly the NPY2R, suggested
specific labeling of NPY2R by BI 3005788 [35,36]. BI 3005788 labeling
was reduced upon prior dosing of BI 1820237 (Fig. S6), suggestive of
NPY2R-specific binding and labeling by BI 3005788 (Figure 6AeE;
Fig. S4a). In the mouse brain, BI 3005788 signal accumulated in 5
circumventricular organs (CVOs; subfornical organ [SFO], area post-
rema [AP], ME, the choroid plexus in the lateral and fourth ventricle,
and ARH; Figure 6C). These areas reside outside of the bloodebrain
barrier. BI 1820237 pre-dosing did not significantly influence BI
3005788 signal accumulation in the SFO, ME, and choroid plexus VL/
4V, suggesting non-specific binding of BI 3005788 in these CVO re-
gions (Figure 6C; Fig. S4b). Notably, pre-dosing with BI 1820237
significantly reduced BI 3005788 signal in the AP and ARH, areas
exhibiting high NPY2R expression (Figure 6AeE).

3.8. BI 1820237 synergistically increases c-Fos activity when co-
administered with survodutide
C-fos labeling was performed to demonstrate that the synergy of GLP-
1R and NPY2R agonism can not only be described pharmacologically
(bodyweight-lowering efficacy) but also mechanistically by applying
whole-brain imaging for c-fos as a marker for neuronal activity. A
systematic analysis of bodyweight-lowering mechanisms applying this
methodology provided evidence that various drug classes act via
discrete brain regions and neurocircuits, supporting c-fos labeling as a
method of choice for mode of action studies [29]. To test if the
combination of BI 1820237 and survodutide impacts neuronal activity
in appetite regulation brain regions, DIO mice were injected with either
vehicle, BI 1820237 (8 nmol/kg), survodutide (7.5 nmol/kg), or a
combination of these equimolar doses. Four hours after dosing, the
brains were removed and analyzed for whole-brain c-Fos expression.
MOLECULAR METABOLISM 99 (2025) 102205 � 2025 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
In animals dosed with BI 1820237 alone, little or no difference was
observed compared with vehicle (Figure 7A,B). In the survodutide
group, c-Fos expression in the central nucleus of the amygdala (CEA)
was significantly upregulated compared with the vehicle groups
(Figure 7A,B; Fig. S5aec). In animals co-administered with BI
1820237 and survodutide, c-Fos was significantly upregulated in the
parabrachial nucleus (PB), NTS, and dorsal motor nucleus of the vagus
nerve (DMX), in addition to the CEA and the paraventricular nucleus of
the thalamus (PVT) (Figure 7A,B; Fig. S5aed). When comparing the
total c-Fos counts in the CEA across the 4 groups, the average number
of c-Fos positive cells was 10.6 (SEM � 3.61) in the vehicle group,
19.6 (SEM� 4.05) in the BI 1820237 group, 60.5 (SEM� 13.2) in the
survodutide group, and 137 (SEM � 23.4) when BI 1820237 and
survodutide were combined (Figure 7C). In the NTS, the number of c-
Fos positive cells in the single-dosed animals was the same as in the
vehicle group, while there was a 20-fold increase (from 3 to 60) when
BI 1820237 and survodutide were dosed in combination (Figure 7D).
The same was true in the DMX where combination treatment led to a
24-fold increase in c-Fos detected cells (from 1 to 24; Figure 7E). In the
PB, the number of c-Fos positive cells with the combination of BI
1820237 and survodutide increased from 20 to 53 cells when
compared to vehicle and single dosed animals (Figure 7F).

4. DISCUSSION

BI 1820237 is a synthetic peptide agonist for the human NPY2R with
high affinity and functional activity. The pharmacokinetic profile and
the physiochemical properties of BI 1820237 were optimized to sup-
port a once-weekly dosing regimen in a fixed-dose combination by co-
formulation with the GCGR/GLP-1R dual agonist survodutide. The
pharmacokinetic profile was optimized by acylation to reduce renal
clearance and provide resistance to proteolytic cleavage. Peptide
acylation represents a clinically validated approach to increase in vivo
half-life by promoting high-affinity albumin binding [37]. Chemical
modifications to the length of the fatty acids, linker type, and sites of
attachment not only affect the physicochemical properties of a peptide,
but also change the affinities to the target receptors and plasma
proteins [38e40], and most importantly, the pharmacology of such
modified peptide hormones [39e42]. In vitro characterization of BI
1820237 receptor binding and functional activity demonstrated high
affinity and functional potency that is comparable with the endogenous
NPY2R agonist PYY(3e36). As a surrogate for BI 1820237 activity in
plasma, considering that free and plasma bound drug concentrations
are difficult to measure for acylated modified peptides, the effect of the
C18-diacid on receptor potency was determined in a CRE-Luc assay in
the presence of low (0.5%) and high (100%) human plasma concen-
tration. In this assay, plasma concentrations did not affect PYY(3e36)
potencies corresponding with a plasma activity shift of 1.5, supporting
the conclusion that the native peptide hormone does not significantly
bind to plasma proteins. In contrast, and as expected, the high plasma
protein binding property of BI 1820237 resulted in a 13-fold shift in
potency from 0.18 nM to 2.34 nM in 0.5% and 100% human plasma,
respectively, which is indicative of a low free fraction of the drug in the
presence of plasma proteins. In vivo, BI 1820237 dose-dependently
reduced food intake in lean and obese animals and inhibited gastric
emptying in lean, fasted animals in the acetaminophen uptake test,
while no changes in glucose excursion were observed. Food intake
inhibition, as an endpoint that is accumulated over the time course of
24 h, was observed at doses that inhibited gastric emptying 4 h post-
dosing (near the maximal exposure of BI 1820237). These data are in
concordance with investigations of PYY3e36 in non-human primates
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 11
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Figure 6: BI 1820237, and the Cyanine5 fluorophore analog BI 3005788, bind to centers of the arcuate nucleus of the hypothalamus and area postrema. A-B) Group-
averaged whole brain images (coronal view) showing BI 3005788 targeting the ARH (A) and the AP (B). Fluorescence signal intensity from every light sheet imaged brain was
mapped to Gubra average 3D brain volume to reconstruct group average fluorescence distribution patterns. Section is taken from the 3D reconstructed brain at the level of the ARH (A)
and the AP (B). Scale bar, 1 mm. C) Heat map representing the mean log2 fold-change in region-wise mean fluorescence signal intensity for 7 pre-selected CVOs for chow-fed male
C57BL/6JRj mice that received either a single subcutaneous dose of BI 3005788 (100 nmol/kg) or three consecutive subcutaneous doses of BI 1820237 (100 nmol/kg), followed by a
single subcutaneous dose of BI 3005788 (100 nmol/kg). D-E). Region-wise mean fluorescence signal intensity for the ARH (D) and AP (E) for BI 1820237, BI 3005788, and BI 1820237
plus BI 3005788 competition analysis dose groups. Values expressed as mean of n¼ 8þ SEM. Dunnett’s test one-factor linear model. Region delineation was obtained by alignment to
a digital LSFM-based mouse brain atlas. *p < 0.05 compared with BI 3005788, **p < 0.01 compared with BI 3005788, ***p < 0.001 compared with BI 1820237. ARH, arcuate
nucleus of the hypothalamus; AP, area postrema; CVO, circumventricular organs; LSFM, light sheet fluorescence microscopy; SC, subcutaneous; SEM, standard error of mean.
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Figure 7: BI 1820237 and survodutide in combination synergistically increase c-Fos activity in the central nervous system. A) Brain regions and the mean log2 fold-
change in the number of c-Fos positive cells in these regions in DIO mice that received either BI 1820237 (8 nmol/kg), survodutide (7.5 nmol/kg), or combination BI
1820237 and survodutide, compared with vehicle. B) Up (red) and down (blue) regulation of c-Fos expression in DIO mice that received either BI 1820237 (8 nmol/kg), survodutide
(7.5 nmol/kg), or combination BI 1820237 and survodutide, compared with vehicle. C-F) Number of c-Fos positive cells in the CEA (C), NTS (D), DMX (E), and PB (F) of DIO mice that
received either vehicle, BI 1820237 (8 nmol/kg), survodutide (7.5 nmol/kg), or combination BI 1820237 and survodutide. *p < 0.05, **p < 0.01, ***p < 0.001. CEA, central
amygdala nucleus; DIO, diet-induced obese; DMX, dorsal motor nucleus of the vagus nerve; NTS, nucleus of the solitary tract; PB, parabrachial nucleus; SEM, standard error of
mean. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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[43] and humans [44], where a reduction in caloric intake, inhibition of
gastric emptying, and increases in nausea and emesis were observed
without significant effects on glucose homeostasis. In a cardiovascular
study in cynomolgus monkeys, subcutaneous supratherapeutic doses
of BI 1820237 induced emesis. However, considering the pharma-
cokinetic profile of BI 1820237 aiming for a minimal peak-trough
variation, combined with a dose escalation regimen, might allow
definition of a therapeutic window, as reported for a PYY-antibody
conjugate in non-human primates [45]. We believe that the thorough
preclinical investigation of BI 1820237, including the novel dosee
response “interaction-model” with survodutide, supports clinical
dose-selection and dose-escalation with a rationale for a therapeutic
window to achieve body lowering efficacies that might be otherwise
limited by gastrointestinal side effects. The outcomes of the phase I
study of BI 1820237, alone and in combination with liraglutide, in
healthy men with overweight or obesity reported data on nausea and
emesis as well as gastric emptying inhibition suggesting that
combining BI 1820237 with GLP-1R agonists may help to develop an
effective, long-term treatment for people living with obesity [46].
Upon subchronic dosing in DIO mice, reductions in food intake with BI
1820237 were transient, returning to or even exceeding that of the
vehicle-treated animals between Days 3 and 4 of dosing. The transient
reduction of caloric intake by this NPY2R agonist did not translate into
significant bodyweight-lowering efficacies after 4 weeks of dosing,
which is in accordance with the pharmacology of PPY3e36 and an-
alogs thereof when administered to mice [28,47,48]. This transient
anorectic effect of NPY2R agonism might be related to receptor
desensitization specific to this Gai-coupled receptor [49], counter-
regulatory responses of the central NPY systems, which have been
shown to involve the NPY5R, for example [50], or tachyphylaxis related
to peripheral and central inputs as well as excitatory and inhibitory
signaling via NPY2R integrated by the dorsal vagal complex [51,52].
Using BI 3005788, we were able to provide evidence that BI 1820237,
that is peripherally administered, binds to NPY2Rs in the ARH and AP
[53], important centers for controlling energy homeostasis and ex-
amples of the CVOs accessible by peripheral hormonal inputs [54].
These results, taken together with the c-fos data, suggest, that
neuronal activation with BI 1820237 occurs in deeper areas of the
brain (in particular when combined with survodutide) despite those
neurocircuits not being directly accessed, as BI 1820237 does not
cross the bloodebrain barrier, which is similar to data reported for
peptide hormone mimetics of GLP-1 and amylin [29,55,56].
In combination with the GCGR/GLP-1R dual agonist survodutide, BI
1820237 demonstrated a durable inhibition of food intake that
translated into a greater bodyweight reduction than survodutide alone.
Combining the pharmacology of GLP-1 with NPY2 receptor agonism
has previously been shown to provide more-than-additive weight loss
efficacy in preclinical models overcoming the transient food intake
inhibition by NPY2R agonism [19e22]. Using whole-brain imaging
analysis, we were able to demonstrate that while NPY2R agonism did
not increase c-Fos immunoreactivity as previously shown [21],
combining BI 1820237 with survodutide increased c-Fos labeling more
than additively compared with survodutide alone. The quantitative
assessment of c-Fos labeling provides a mechanistic support for the
observation of a more-than-additive food intake and bodyweight-
lowering efficacy seen with BI 1820237 and survodutide when com-
bined, and confirms various studies of GLP-1 and NPY2 receptor
agonist combinations [20,21,57]. Applying a regression-based anal-
ysis, the combination of BI 1820237 with survodutide was shown to
provide a synergistic weight loss exceeding that of a NPY2 and GLP-1
receptor agonist combination, supporting potential dose-rationales for
14 MOLECULAR METABOLISM 99 (2025) 102205 � 2025 The Author(s). Published by Elsevier GmbH. T
clinical investigation of this combination [46]. The GCGR agonism-
mediated increase in energy expenditure [58], in addition to the syn-
ergistically acting anorectic principles of GLP-1 and NPY2 receptor
agonism to reduce energy intake, is considered an attractive mode of
action providing durable, clinically relevant weight loss in patients with
obesity.
In summary, BI 1820237 is a novel, lipidated NPY2R agonist, that in
combination with survodutide achieves a synergistic bodyweight-
lowering efficacy. Our data provide the scientific rationale for clinical
exploration of this combination in people living with obesity [46].
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