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A B S T R A C T   

Background and Purpose: Glucagon-like peptide-2 (GLP-2) is secreted postprandially from enteroendocrine Lcells 
and has anabolic action on gut and bone. Short-acting teduglutide is the only approved GLP-2 analog for the 
treatment of short-bowel syndrome (SBS). To improve the therapeutic effect, we created a series of lipidated GLP- 
2R agonists. 
Experimental Approach: Six GLP-2 analogs were studied in vitro for cAMP accumulation, β-arrestin 1 and 2 
recruitment, affinity, and internalization. The trophic actions on intestine and bone were examined in vivo in 
rodents. 
Key Results: Lipidations at lysines introduced at position 12, 16, and 20 of hGLP-2(1− 33) were well-tolerated 
with less than 2.2-fold impaired potency and full efficacy at the hGLP-2R in cAMP accumulation. In contrast, 
N- and C-terminal (His1 and Lys30) lipidations impaired potency by 4.2- and 45-fold and lowered efficacy to 
77% and 85% of hGLP-2, respectively. All variants were similarly active on the rat and mouse GLP-2Rs and the 
three most active variants displayed increased selectivity for hGLP-2R over hGLP-1R activation, compared to 
native hGLP-2. Impact on arrestin recruitment and receptor internalization followed that of Gαs-coupling, except 
for lipidation in position 20, where internalization was more impaired, suggesting desensitization protection. A 
highly active variant (C16 at position 20) with low internalization and a half-life of 9.5 h in rats showed 
improved gut and bone tropism with increased weight of small intestine in mice and decreased CTX levels in rats. 
Conclusion and implication: We present novel hGLP-2 agonists suitable for in vivo studies of the GLP-2 system to 
uncover its pharmacological potential.   

1. Introduction 

Glucagon-like peptide-2 (GLP-2) is a proglucagon-derived intestinal 
hormone secreted postprandially by the enteroendocrine L cells. GLP-2 
primarily acts through the GLP-2 receptor (GLP-2R), which belongs to 
class B1 of G protein-coupled receptors (GPCRs) [1]. GLP-2 plays 
important roles in the intestine, where it stimulates mucosal cell pro-
liferation and inhibits apoptosis, thereby strengthening the intestinal 
barrier function, and moreover increases nutrient absorption, stimulates 

blood flow, and shows anti-inflammatory activity while reducing gastric 
emptying [2–8]. Additionally, it plays a role in bone metabolism as 
indicated by studies where exogenous GLP-2 had antiresorptive effect on 
bone tissue with only minimal effects on bone formation [9–13]. Thus, 
short and long-term (14 days and 4 months) clinical studies in healthy 
post-menopausal women receiving single or twice daily subcutaneous 
injections of exogenous GLP-2 showed a dose-dependent decrease in 
serum C-terminal telopeptide (s-CTX) and increased bone mineral den-
sity (BMD) [14,15]. Expression of the GLP-2R by messenger RNA 

Abbreviation: BMD, bone mineral density; CTX, C-terminal telopeptide; DPP-4, ubiquitous protease dipeptidyl-peptidase 4; GCGR, Glucagon receptor; GIP, 
Glucose-dependent insulinotropic polypeptide; GIPR, Glucose-dependent insulinotropic polypeptide receptor; GLP-1, Glucagon-like peptide-1; GLP-1R, Glucagon-like 
peptide-1 receptor; GLP-2, Glucagon-like peptide 2; GLP-2R, Glucagon-like peptide 2 receptor; HSA, human serum albumin; OVX, ovariectomized; RIA, radioim-
munoassay; SBS, short bowel syndrome. 
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(mRNA) extraction has been localized to gastrointestinal (stomach, 
duodenum, jejunum, ileum, colon, and intestinal ganglionic cells) as 
well as extra-intestinal tissues (fat, lymph nodes, bladder, spleen, liver, 
hepatocytes cells, and pancreas) [16–22]. We recently confirmed the 
expression of the GLP-2R protein in the subepithelial myofibroblasts of 
the gastrointestinal tract [1]. Latest, expression of the GLP-2R mRNA 
was reported in osteoclast-like cell lines (MG-63 and TE-85) derived 
from osteosarcomas displaying characteristics of immature osteoblasts, 
and weak expression was found in mature osteoclasts and parathyroid 
tissue [23,24]. 

For the development of clinically useful GLP-2 agonists, a compre-
hensive understanding of the GLP-2R ligand interaction and activation 
mechanisms is important. Like the related class B1 GPCRs, including the 
Glucagon-like peptide-1 receptor (GLP-1R), the glucose-dependent 
insulinotropic polypeptide receptor (GIPR), and the glucagon receptor 
(GCGR), the GLP-2R activates Gαs as the main intracellular signal 
transduction mechanism [25–27]. High resolution structural analysis 
and in vitro experimental studies of class B1 GPCRs have revealed mul-
tiple residues that are essential for ligand binding and receptor activa-
tion and have expanded the original two-step activation model of class 
B1 receptors to involve a complex network of conformational changes 
[28–31]. The two-step mechanism suggests distinct roles of the N- and 
C-terminus regions of the ligand for receptor activation and ligand 
binding, respectively. The recent published 3-dimensional structure of 
the GLP-2R was consistent with an activation mechanism similar to that 
of the other class B1 receptors [32]. 

Many of the endogenous agonists for class B1 GPCRs have short half- 
lives of < 10 min due to rapid cleavage by the ubiquitous protease 
dipeptidyl-peptidase 4 (DDP-4), which limits their therapeutic use [33, 
34]. Consequently, pharmacokinetically (PK)-improved peptide-based 
GLP-1 agonists have been developed by DPP-4 protection and intro-
duction of albumin binding elements by lipidation for therapeutic use in 
multiple metabolic diseases including diabetes and obesity [27,35,36]. 
A handful of DPP-4 resistant GLP-2 analogs including teduglutide 
(([Gly2], hGLP-2(1− 33)) and the further structurally modified apra-
glutide ([Gly2,Nle10,D-Phe11,Leu16],hGLP-2(1− 33)NH2) and glepaglu-
tide ([Gly2,Glu3,Thr5,Ser8,Leu10,Ala11,Ala16,Ala24,Ala28],hGLP-2 
(1− 33)KKKKKK NH2) have been developed with improved half-lives 
compared to endogenous GLP-2 and are currently being tested in mul-
tiple clinical trials [37–39]. Other approaches have been used to extend 
the half-life of GLP-2 including PEGylation, genetic fusion, and addition 
of cysteine cross-linkers containing a lipid motif whereof the latter 
approach result in high potency in vitro and in vivo [40–42]. 

Here we describe the development and optimization of lipidated 
human GLP-2(1− 33) agonists for human and rodent GLP-2Rs as a tool 
for deeper studies of the GLP-2R system in both humans and rodents. 
Our results suggest that it is possible to maintain GLP-2R activation 
when introducing lipidation in the middle third of GLP-2 (position 
12,16, and 20), but not at the N- (position 1) or C-terminus (position 30), 
as determined by cAMP accumulation and β-arrestin 1 and 2 recruitment 
compared to endogenous hGLP-2. Despite maintained activity, 
internalization-impairment was obtained for lipidation in position 20. 
This analog demonstrated improved gut and bone tropic actions in ro-
dents, supporting the value of rational designs of novel long-acting 
lipidated GLP-2 agonists. 

2. Methods and materials 

2.1. Transfection and cell culture 

COS-7 cells were cultured in 10% CO2, 37 ◦C, and 95% air humidity 
in Dulbecco’s Modified Eagle Medium (DMEM) 1885 (ThermoFisher) 
supplemented with 10% foetal bovine serum (FBS), 2 mmol/L gluta-
mine, 180 units/mL penicillin, and 45 g/mL streptomycin. The cells with 
passage number 10-to-40 were used. For cAMP accumulation and 
competitive binding assays, COS-7 cells were transfected in T175 culture 

flasks seeded with 7 × 106 cells using the calcium phosphate precipi-
tation method as described in [27]. Briefly, 40 µg receptor DNA was 
added to a TRIS EDTA buffer to which a 2 M CaCl2 solution was added. 
The DNA mixture was then added dropwise to a 2xHEPES buffered sa-
line solution while stirring and left at room temperature for 45 min for 
the precipitate to form. The cell medium was changed to half the volume 
and the DNA mixture was gently added directly to the cells followed by 
addition of chloroquine, which was added to the medium, not directly 
on the cells. After 5 h incubation, the transfection was stopped by 
changing the medium. For β-arrestin recruitment, COS-7 cells were 
transfected in T75 culture flasks seeded with 4 × 106 cells using poly-
ethyleneimine (PEI) as described in [27]. Shortly, 1.2 µg receptor DNA, 
0.1 µg donor Rluc8-Arrestin-2/3-Sp1, 2.8 µg acceptor 
mem-linker-citrine-SH3, and 2.8 µg GPCR kinase 2 were mixed with 1:2 
DNA:PEI and non-supplemented DMEM and incubated at room tem-
perature for 15 min before being added dropwise to the cells. The 
transfection was stopped by changing the medium back to the original 
volume 24 h post transfection. For real-time internalization HEK293 
were cultured in 10% CO2, 37 ◦C, and 95% air humidity in 
DMEM-GlutaMAXTM− 1 supplemented with 10% FBS, 180 units/mL 
penicillin and 45 g/mL streptomycin. The HEK293 cells were transfected 
using the Lipofectamine 2000 method from Thermo Fischer Scientific, 
Massachusetts, USA according to the manufacturers instruction for 
real-time internalization assay. 

2.2. Materials for in vitro and in vivo studies 

pcDNA3.1(+) plasmids encoding the human, rat, and mouse GLP-2R 
or GLP-1R were acquired from ThermoFisher. Peptide ligands for in vitro 
and in vivo studies were purchased from CASLO Aps with a purity >
95%. The peptides were dissolved in 10 mM sodium bicarbonate buff-
ered saline containing 0.1% human serum albumin (HSA) for in vitro 
studies while peptides for in vivo studies were dissolved in 69 mM 
Phosphate buffer pH 7.5 + 0.1% Haemaccel (HMC). The peptides were 
stored at – 20 ◦C until use. Vehicle injection contained 69 mM phosphate 
buffer pH 7.5 + 0.1% HMC. 

2.3. cAMP measurements 

One day post transfection, COS-7 cells were seeded in white 96-well 
plates at a density of 40,000 cells/well. The following day, the cells were 
washed with HEPES buffered saline (HBS) followed by incubation for 30 
min with HBS and 1 mmol/L 3-isobutyl-1-methylxanthine (IBMX) at 
37 ◦C before ligands were added and incubated for additional 30 min at 
37 ◦C. After this, the HitHunter® cAMP assay (Eurofins DiscoverX, 
Fremont, USA) was carried out according to the manufacturer’s in-
structions. Luminescence was measured by Perkin Elmer EnVision 2104 
Multilabel Reader. 

2.4. Homologous and heterologous competition binding 

One day post transfection, COS-7 cells were seeded in 24-well plates 
at a density of 100,000–150,000 cells/well aiming at a receptor 
expression efficiency resulting in 5–10% specific binding of the radio-
active ligand. The next day, the cells were assayed for competitive 
binding for 3 h at 4 ◦C using increasing concentrations of unlabeled 
ligand and fixed concentrations of labeled [125I]-hGLP-2(1–33,M10Y) in 
50 mmol/L HEPES buffer supplemented with either 0.001 or 1% casein. 
Casein was used to avoid bovine serum albumin (BSA) interaction with 
the lipids of the peptides. After incubation, the cells were washed twice 
in cold binding buffer and lysed using 200 mmol/L NaOH with 1% SDS 
for 30 min on a shaker. The samples were counted in a Wallac Wizard 
1470 Gamma Counter. 
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2.5. β-arrestin recruitment 

Two days after transfection, the COS-7 were washed with PBS and 
resuspended in PBS with 5 mmol/L glucose. Subsequently, 85 µl of the 
cell suspension was added to each of a black-white 96-well isoplate (50 – 
85,000 cells per well) with 5 mmol/L coelentrazine-h resulting in a final 
concentration of 5 µM. After 10 min, increasing concentrations of ligand 
were added to the cell suspension and incubated for an additional 40 
min before luminescence (Rluc487/40 nm and YFP 530/25 nm) was 
measured by Perkin Elmer EnVision 2104 Multilabel Reader. 

2.6. Real-time internalization assay 

HEK293 cells transiently expressing the human SNAP-GLP-2R were 
seeded one day post transfection in white 384-well plates at a density of 
25,000 cells/well. The following day, the media were removed and 100 
nmol/L Tag-Lite SNAP-Lumi4-Tb (donor) was added for labeling of the 
SNAP-tag in OptiMEM for 60 min at 37 ◦C. Afterwards, the cells were 
washed with HBS supplemented with internalization buffer (1 mmol/L 
CaCl2, 1 mmol/L MgCl2, 20 mmol/L HEPES and 0.1% Pluronic F-68, pH 
7.4) followed by addition of 100 µmol/L pre-heated fluroscein-O′-acetic 
acid (acceptor). The plate was incubated for 5 min at 37 ◦C prior to 
addition of the ligands. Finally, the cells were stimulated with ligand 
solutions preheated to 37 ◦C and measured every 3 min for 60 min at 
37 ◦C in a PerkinElmer™ EnVision 2014 Multilabel Reader. 

2.7. Animal experiments 

All animal experiments were performed with the permission from the 
Danish Animal Experiments Inspectorate (License no. 
2018–15–0201–01397) and the local ethical committee in accordance 
with the guidelines of Danish legislation governing animal experimen-
tation (1987) and the National Institutes of Health guide for the care and 
use of laboratory animals (NIH publication No. 8023, revised 1978). 

2.8. Bone marker and intestinal growth studies in mice 

Transgenic female TgN(GCG.DTR) mice from own breed expressing 
the diphtheria toxin receptor [39] (11 weeks old) were used. The mice 
had a weight of 20–25 g and were housed in groups of eight in indi-
vidually ventilated cages under a 12-hour light cycle. This strain is an 
inducible cell knock-out model with normal physiology until injected 
with Diphtheria toxin (DT) [43]. For this study the mice were not given 
DT and is therefore considered as wild-type B6 mice. The mice had ac-
cess to ad libitum standard chow food and water. The mice were given 
either: vehicle morning and evening; 400 µg/kg hGLP-2 morning and 
evening; low dose variant (6) (400 µg/kg) morning and vehicle evening; 
or high dose variant (6) (4000 µg/kg) morning and vehicle evening. All 
items were given subcutaneously for 10 days in a total volume of 100 µl. 
On day 10, the animals were fasted for 6 h before dosing with the last 
dose followed by blood sampling and termination. The animals were 
killed by cervical dislocation, and the small intestine and colon were 
taken out, washed with 0.9% NaCl and dried before weighing. The blood 
samples were centrifuged for 15 min (3000 g, 4 ◦C) and the plasma were 
collected and stored at − 20 ◦C until analysis. Serum levels of the bone 
marker CTX were measured using an enzyme-linked immunosorbent 
assay method from Ratlaps (Immunodiagnosticsystem, Tyne and Wear, 
United Kingdom). 

2.9. Bone marker analysis in rats 

Female Sprague Dawley rats (10 weeks old) from Janvier labs (Saint 
Berthevin Cedex, France) of 200–300 g were housed in groups of four in 
individually ventilated cages under a 12-hour light cycle. The rats had 
ad libitum access to standard chow food and water and were allowed to 
acclimatize for at least 1 week prior to study. On the day of experiment, 

the animals were fasted from 6 AM and until end of study at 10 PM. A 
basal blood sample was taken at 10 AM before administration of 4000 
µg/kg of variant (6) followed by blood drawings at 2 PM, 6 PM, and 22 
PM. The blood samples were centrifuged for 15 min (3000 g, 4 ◦C) 
before being stored at − 20 ◦C awaiting determination of the plasma 
level of the bone marker CTX as described above. 

2.10. Plasma half-life studies in rats 

Female Sprague Dawley rats from Janvier labs (Saint Berthevin 
Cedex, France) of 220–260 g were housed in groups of four in individ-
ually ventilated cages under a 12-hour light cycle. The rats had access to 
ad libitum standard chow food and water and were left to acclimatize for 
at least 1 week prior to study. On the day of the experiment, the rats 
were weighed and given a subcutaneous injection of 400 µg/kg body 
weight of variant (6) at time point 0 (t = 0). Blood samples were drawn 
from the tail at t = 0.5, 1, 2, 4, 8, 12, 24, 36, and 48 h. The blood samples 
were centrifuged for 15 min (3000 g, 4 ◦C) and the plasma were 
collected and stored at − 20 ◦C until analysis. 

2.11. Radioimmunoassay measurement of half-life study samples 

The plasma samples were diluted in assay buffer (80 mmol/L phos-
phate buffer) before the measurements. The GLP-2 concentration was 
measured with in-house radio-immunoassay (RIA) using an antibody 
(code no. 92160) specific for the intact N-terminus of GLP-2 and [125I]- 
labelled GLP-2 [125I]-hGLP-2(1–33,M10Y) [44]. 

2.12. Data analysis 

The IC50 and EC50 values were determined by non-linear regression 
using GraphPad Prism 7 and 8. Sigmoid curves were fitted logistically 
with a Hill slope of 1 or − 1 for the activation or binding curves, 
respectively. The BRET signal was obtained by calculating the BRET 
ratio using Equation 1; 

BRET =
YFP

RLUC 

The first order elimination kinetics for the half-life studies in rats was 
calculated using Equation 2 after semi-logarithmic transformation; 

T1/2 =
ln2
ke  

where ke was (lnconc.1 − lnconc.2)/(time1 − time2) for the linear slope of 
plasma concentrations. 

For the in vitro studies, we calculated the selectivity index regarding 
the GLP-2 variants’ ability to activate the GLP-2R, relative to hGLP-2 and 
the GLP-2 variants’ ability to activate the GLP-1R relative to hGLP-2 
using Equation 3: 

Selectivity index =
GLP2R

(
AUC(variant)
AUC(hGLP2)

)

GLP1R
(

AUC(variant)
AUC(hGLP2)

)

2.13. Statistical analysis 

For the in vitro studies, statistical significance between the potencies 
or AUCs of the groups was evaluated using unpaired or paired Student’s 
t-test. In contrast, while differences between the AUCs of the different 
signaling pathways were evaluated using one-way ANOVA with a level 
of significance of 0.05. For the in vivo studies, differences between 
groups were evaluated by one-way ANOVA followed by an ad-hoc 
comparison test or by two-way ANOVA as appropriate. 
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3. Results 

3.1. Similar activation profiles of hGLP-2(1− 33) on the human and 
rodent GLP-2Rs 

First, we tested human GLP-2(1− 33), hereafter denoted hGLP-2, on 
the human (h), rat (r) and mouse (m) GLP-2R in order to understand the 
species differences within the GLP-2 system. hGLP-2 showed similar 
activation profiles in cAMP accumulation (Fig. 1 A) and β-arrestin 1 and 
2 recruitment (Fig. 1B and C) on all three receptors: hGLP-2R, rGLP-2R, 
and mGLP-2R. Maintained activity across species is common for class B1 
GPCRs in accordance with high sequence similarities between species 
for both peptide ligands and receptors. The GIP system is an outstanding 
exception, with low activity conservation between species [45,46]. For 
the rodent GLP-2Rs, 79% and 81% sequence identities are found for the 
rGLP-2R and mGLP-2R compared to the hGLP-2R, respectively. In 
contrast, only one and two amino acid differences are found for rGLP-2 
and mGLP-2 compared to hGLP-2, respectively (Fig. 1D). With the high 
cross-activity for hGLP-2(1− 33), we used hGLP-2 as backbone to 
develop long-acting agonists with expected activity on both the human 
and rodent GLP-2R’s. To evaluate the best position for lipidation to 
prolong the half-life of GLP-2, we coupled a hexadecanedioic acid (C16 
fatty diacid), which promote binding to serum albumin, at five different 
positions. First, we conjugated a C16 diacid to the N-terminus (position 
1) (compound 1, (1)), and next to the side chain of a lysine residue 
introduced at position 12, (compound 2, (2)), position 16, (compound 

3, (3)), or 20, (compound 4, (4)) in substitution for threonine, aspar-
agine, and arginine residues, respectively, or to the lysine at position 30, 
(compound 5, (5)) (Fig. 1 E). 

3.2. GLP-2 maintains activity at the GLP-2R upon lipidation at the middle 
positions, but not at the N- or C-termini 

For the in vitro profiling, we investigated the ability of the hGLP-2 
variants to induce cAMP formation via the GLP-2R, recruit β-arrestin 1 
and 2 to the GLP-2R, induce internalization, and compete with [125I]- 
hGLP-2(1–33,M10Y) for GLP-2R binding. We started out by studying 
accumulation of cAMP at the human GLP-2R (Fig. 2 A1-A5 and Table 1). 
Here, variants with lipidation at position 12, 16, and 20 (2¡4) main-
tained high potency with fully retained efficacy. The biggest impact was 
observed for lipidation at position 1 and 30 (1 and 5) where signifi-
cantly decreased potencies and efficacies were found. We then went on 
to study β-arrestin 1 (Supplementary fig. 1 A1-A5 and Table 1) and 2 
recruitments (Fig. 2 B1-B5 and Table 1). Again, lipidation at position 12, 
16 and 20 (2¡4) did not impact the activity as the three variants 
recruited β-arrestin 1 and 2 with only slightly decreased potency (below 
2.7-fold) compared to hGLP-2. Lipidation at positions 12, 16, and 20 
(2¡4) showed maintained efficacies for β-arrestin 2 recruitment, while 
slightly, but significantly reduced, efficacies of 76%, 74%, and 88% of 
GLP-2 were observed for β-arrestin 1 recruitment, respectively. Variants 
with lipidation at position 1 and 30 (1 and 5) showed impaired 
β-arrestin 1 and 2 recruitments, corresponding to the impaired cAMP 

Fig. 1. Activity profiles of hGLP-2 at the human, rat and mouse GLP-2Rs. COS-7 cells transiently transfected with the human GLP-2R (dark blue), rGLP-2R (medium 
blue), or mGLP-2R (light blue) tested for (A) cAMP accumulation, (B) β-arrestin 1 recuritment, and (C) β-arrestin 2 recruitment at increasing concentration of hGLP-2. 
(D) Amino acid alignment of the endogenous human GLP-2, rat GLP-2, and mouse GLP-2. The grey boxes indicate sites of amino acid variations, and (E) a schematic 
illustration of the GLP-2 variants and sites of modifications and lipidation studied in this work. The blue spiral indicates the predicted α-helix structure spanning from 
amino acid residue 4 to residue 29 [32]. The red border indicates sites of Lysine substitution. Data are shown as mean ± SEM for n ≥ 5 independent experiments 
carried out in duplicates. 
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accumulation. 
Next, we probed the GLP-2 variants’ ability to induce GLP-2R 

internalization using an N-terminally SNAP-tagged hGLP-2R. Here, all 
lipidated variants showed impaired internalization relative to hGLP-2 
(Fig. 2 C1-C5, supplementary fig 2, and Table 1). To compare activ-
ities, we calculated the area under the curve (AUC) for each GLP-2 
variant in each of the readouts (Fig. 2 D1-D5), which illustrated over-
all similar impairments in cAMP accumulation and arrestin recruitment 
for all variants relative to hGLP-2. However, for the induction of inter-
nalization that for the hGLP-2R does not depend on arrestins but occurs 
to a larger extent in the absence of arrestins [47], variant (2) and (4) 
resulted in a proportionally larger impairment suggesting a 
down-regulation protection by these analogs. Finally, we determined 

the binding affinity for the hGLP-2 variants at the hGLP-2R. While all 
peptides competed with [125I]-hGLP-2(1–33,M10Y), a gradual decrease 
in the affinity was observed upon lipidation at position 1, 12, 16, 20 and 
30 (1¡5) with the largest affinity impairment for lipidation in position 
30 (5) resulting in an 800-fold increased Ki (supplementary fig. 1 B1-B5 
and Table 1). Taken together, these data show that lipidation was best 
tolerated at the mid-positions 12, 16, and 20 (2¡4), while lipidation at 
the N- and in particular the C-terminus (1 and 5) interfered with the 
activity and binding at the hGLP-2R, respectively. Moreover, lipidation 
at position 12 and 20 impaired receptor internalization to a larger extent 
relative to their other activities compared to the other compounds. 

Fig. 2. cAMP accumulation, β-arrestin 2 recruitment, and real-time internalization of the GLP-2 variants on the hGLP-2R. COS-7 cells transiently expressing the 
human GLP-2R was assessed for (A1-A5) cAMP accumulation or (B1-B5) β-arrestin 2 recruitment. (C1-C5) HEK293 cells transiently expressing the SNAP-tagged 
human GLP-2R was assessed for real-time receptor internalization and plotted as dose-response curves with the donor/acceptor ratio at 30 min as a function of 
the concentration of the GLP-2 variants (from the internalization curves in supplementary fig. 2). The bars in the top of the figure indicates which GLP-2 variants that 
is tested. The dashed line in each graph represents native hGLP-2. (D1-D5) The calculated area under the curve (AUC) for each graph (including β-arrestin 1 
recruitment shown in supplementary fig. 1 A1-A5) and shown as an activity index. AUC is calculated for up to 1 µM for all curves. Data are shown as mean ± SEM for 
n ≥ 5 independent experiments carried out in duplicates (A and B) and n = 3 independent experiments carried out in triplicates (C). 
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3.3. Similar receptor activity at the rodent GLP-2 receptors and high GLP- 
2R selectivity for lead variants 

As our aim was to develop a long-acting GLP-2 agonist with both 
human and rodent receptor activity, we next tested the variants at the 
rGLP-2R and mGLP-2R for their ability to accumulate cAMP and recruit 
β-arrestin 1 and 2 (Fig. 3, supplementary fig. 3 and 4, and supplementary 
table 1). The activity profiles were roughly the same on the two rodent 
GLP-2Rs as for the hGLP-2R. The biggest difference was observed for 
lipidations in position 1 and 30 (1 and 5), where larger impairments 
were observed for both β-arrestin 1 and 2 recruitment at both the rat and 
mouse GLP-2Rs compared to the hGLP-2R. As GLP-2 is a low potent 
agonist at the GLP-1R [1], and N-terminal truncations of GLP-2 result in 
even higher binding to the GLP-1R [48], we tested the selectivity of the 
variants at the human, rat and mouse GLP-1Rs with respect to accu-
mulation of cAMP in comparison with hGLP-2 (Fig. 4 and Table 2). Here, 
those with lipidation in position 12, 16, 20, and 30 (2¡5) showed lower 
activity compared to hGLP-2, while no accumulation was observed for 
variant (1), determined by a lower area under the curve (AUC) for all 
three receptors (Fig. 4 B1-B3). To determine the selectivity, we calcu-
lated the selectivity index as a ratio between the variant’s ability to 
activate the GLP-2R, relative to hGLP-2 and the variants’ ability to 
activate the GLP-1R, relative to hGLP-2 (Table 2). The mid-position 
variants (2¡4) with high GLP-2R activity had a selectivity index > 1 
suggesting that they are more selective towards GLP-2R activation, 

relative to GLP-1R activation, compared to hGLP-2. 

3.4. Lipidation at position 20 results in the best compounds for further in 
vivo testing 

Before testing the impact of a long-acting GLP-2 variant in vivo, we 
first evaluated the influence of human serum albumin (HSA) in cAMP 
accumulation on the hGLP-2R. This was done as a surrogate measure for 
expected prolonged plasma half-life, and thereby pharmacokinetic 
advantage relative to hGLP-2 (Fig. 5 and Table 3). In the presence of 1% 
HSA, lipidation at position 1, 12, 16 and 30 (1–3 and 5) resulted in a 
rightward shift in potency of 17- to 30-fold compared to 0.001% HSA, 
while lipidation at position 20 (4) resulted in an even higher rightward 
shift of 70-fold. This suggests that lipidation at position 20 (4) allows 
highest albumin binding and thereby a longer duration of action in vivo 
compared to the other lipidation sites in hGLP-2. This aligns well with 
the successfully marketed GLP-1R agonist liraglutide, which is lipidated 
at a similar position in GLP-1(7− 36)NH2, although with a C16 monoacid 
[49]. We therefore created an additional GLP-2 variant with a C16 
monoacid at position 20 (compound 6, (6)) and compared its phar-
macological properties and selectivity with that containing a C16-diacid 
at this position 20 (4). Overall similar activity profiles for cAMP accu-
mulation were observed for the hGLP-2 variants (4) and (6) (supple-
mentary fig. 5 and supplementary table 2) at the human, rat, and mouse 
GLP-2Rs with only slightly impaired potencies for (6). Moreover, both 

Table 1 
Affinity, potency and efficacy values of the GLP-2 variants on the hGLP-2R. The table displays a summary of the affinity, potency and efficacy values of the GLP-2 
variants on the human GLP-2R in cAMP accumulation, β-arrestin 1 and 2 recruitment, real-time internalization, and competitive binding. AUC is calculated for up 
to 1 µM for all curves. Statistical significances were determined using an unpaired student t-test. Data are shown as mean ± SEM for n ≥ 5 independent experiments 
carried out in duplicates (cAMP accumulation, β-arrestin recruitment, and competitive binding) and n = 3 independent experiments carried out in triplicates 
(internalization).  

cAMP accumulation  

Log EC50 ± SEM p-value (potency) EC50 (nmol/L) EC50 fold change from GLP-2 Emax ± SEM (%) p-value (efficacy) AUC ± SEM n 
hGLP-2 -9.7 ± 0.03  0.20  100 ± 1.1  361 ± 13 9 
(1) -9.1 ± 0.12 < 0.0001 0.85 4.2 77 ± 3.1 < 0.0001 238 ± 24 6 
(2) -9.3 ± 0.08 < 0.0001 0.45 2.2 98 ± 2.3 0.21 328 ± 18 6 
(3) -9.5 ± 0.08 0.01 0.32 1.6 102 ± 2.2 0.54 360 ± 18 6 
(4) -9.4 ± 0.08 0.004 0.36 1.8 102 ± 2.4 0.03 350 ± 19 6 
(5) -8.0 ± 0.14 < 0.0001 9.0 45 85 ± 4.8 0.004 175 ± 24 6 
β-arrestin 1 recruitment  

Log EC50 ± SEM p-value (potency) EC50 (nmol/L) EC50 fold change from GLP-2 Emax ± SEM (%) p-value (efficacy) AUC ± SE n 
hGLP-2 -9.0 ± 0.06  1.0  99 ± 1.9  303 ± 22 9 
(1) -9.3 ± 0.15 0.08 0.49 0,49 56 ± 2.6 < 0.0001 196 ± 20 6 
(2) -8.8 ± 0.12 0.07 1.7 1,7 76 ± 3.2 < 0.0001 225 ± 20 9 
(3) -9.0 ± 0.21 0.92 1.0 1,0 74 ± 5.0 0.001 246 ± 35 9 
(4) -8.7 ± 0.08 0.01 1.9 1.9 88 ± 2.5 0.01 256 ± 18 9 
(5) -7.7 ± 0.09 < 0.0001 19 19 73 ± 3.0 < 0.0001 138 ± 12 6 
β-arrestin 2 recruitment  

Log EC50 ± SEM p-value (potency) EC50 (nmol/L) EC50 fold change from GLP-2 Emax ± SEM (%) p-value (efficacy) AUC ± SE n 
hGLP-2 -9.1 ± 0.08  0.73  98 ± 2.6 0.0003 321 ± 29 7 
(1) -9.3 ± 0.15 0.19 0.53 0.72 76 ± 3.6 0.0003 258 ± 27 6 
(2) -8.8 ± 0.18 0.30 1.4 2.0 94 ± 5.8 0.40 286 ± 39 6 
(3) -8.9 ± 0.18 0.38 1.3 1.8 88 ± 5.5 0.08 285 ± 35 5 
(4) -8.7 ± 0.14 0.04 2.0 2.7 104 ± 4.9 0.46 301 ± 36 8 
(5) -7.8 ± 0.20 < 0.0001 16 22 74 ± 6.2 0.002 148 ± 29 6 
Real-time internalization  

Log EC50 ± SEM p-value (potency) EC50 (nmol/L) EC50 fold change from GLP-2 Emax ± SEM (%) p-value (efficacy) AUC ± SE n 
hGLP-2 -7,9 ± 0.28  12  100 ± 9.8 0.09 179 ± 24 3 
(1) -7.6 ± 0.27 0.0002 24 2.1 74 ± 6.1 0.51 115 ± 20 3 
(2) -6.8 ± 0.20 0.04 124 11 91 ± 6.7 0.45 97 ± 13 3 
(3) -7.3 ± 0.26 0.19 46 3.9 90 ± 7.4 0.20 121 ± 22 3 
(4) -7.0 ± 0.27 0.07 99 8.6 81 ± 8.0 0.09 89 ± 17 3 
(5) -5.7 ± 0.33 0.007 1956 169 44 ± 9.3 0.01 17 ± 9.0 3 
Competetive binding  

Log IC50 ± SEM p-value (potency) Ki (nM) IC50 fold change from GLP-2 n  
hGLP-2 -8.4 ± 0.07  3.6  9  
(1) -7.8 ± 0.15 < 0.0001 14.2 4.0 5  
(2) -7.2 ± 0.11 < 0.0001 60 17 5  
(3) -7.3 ± 0.06 < 0.0001 46 13 5  
(4) -6.8 ± 0.08 < 0.0001 144 40 5  
(5) -5.5 ± 0.14 < 0.0001 2.9[µM] 800 5   
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variants retained efficacies of between 95% and 103% of GLP-2 across 
the species (supplementary figure 5 A1-A3 and supplementary table 2). 
In terms of selectivity, variant (6) showed strong selectivity for the 
GLP-2Rs relatively to the GLP-1Rs (Supplementary fig 6 and supple-
mentary table 3). In terms of β-arrestin 1 and 2 recruitment at the 
GLP-2Rs, similar patterns were observed for compound (4) and (6) 
(supplementary figure 5 B1-B3 and C1-C3 and supplementary table 2). 
Next, we determined the binding affinity for the two variants at the 
hGLP-2R, rGLP-2R, and mGLP-2R. Both were able to compete with 
[125I]-hGLP-2(1–33,M10Y) at all three receptors, but similar to variant 
(4) at the hGLP-2R, we here observed a significantly increased Ki of 
118-, 70-, and 132-fold for (6) at the hGLP-2R, rGLP-2R, and mGLP-2R, 
respectively (Supplementary fig. 5 D1-D3 and supplementary table 2). 

As a last comparator, we measured the internalization properties 
over 30 min using the SNAP-tagged hGLP-2R at four different ligand 
concentrations (supplementary fig. 2). Compared to (4), variant (6) had 
a stronger impairment of receptor internalization with a 32-fold 

decreased potency and efficacy of 75% relative to GLP-2 (Fig. 6 A and 
supplementary table 2). Calculating the AUC of the dose-response 
curves, variant (6) presented a significantly lower AUC compared to 
(4) (Fig. 6 A and supplementary table 2). A dose-dependent increase in 
AUC, (calculated from 0 min to 30 min from the figures in supplemen-
tary fig. 2) was observed for both variants with a significant lower AUC 
at 100 nM and 1 µM for variant (6) compared to variant (4) (Fig. 6B). 
These data indicate higher retainment of the SNAP-hGLP-2R at the cell 
surface after stimulation with variant (6) compared to variant (4). 

Based on a) the similarities in C16 lipidation for variant (6) with 
liraglutide; b) a better HSA binding for lipidations at position 20; c) 
similar activity and binding properties across species for (4) and (6); and 
d) a significant lower internalization for variant (6) compared to (4), we 
choose the hGLP-2 variant (6) for in vivo investigations in rodents. 

Fig. 3. |cAMP accumulation and β-arrestin 2 recruitment of the GLP-2 variants on the human GLP-2R (dark blue), rat GLP-2R (medium blue), and mouse GLP-2R 
(light blue). COS-7 cells transiently expressing the GLP-2Rs assessed for (A1-A3) cAMP accumulation, and (B1-B3) β-arrestin 2 recruitment upon stimulation of 
increasing concentrations of the GLP-2 given as dot plots for (A1 and B1) potency, (A2 and B2) Emax, and (D1 and D2) area under the curve (AUC). AUC is calculated 
from the dose-response curves (supplementary fig. 3 and 4) for up to 1 µM. The symbol in the top of the figure indicates which GLP-2 variants that is tested. Data are 
shown as mean ± SEM for n ≥ 5 independent experiments carried out in duplicates. 
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3.5. Improved in vivo pharmacokinetic and pharmacodynamic properties 
in rodents 

To determine the half-life (T1/2), a major pharmacokinetic param-
eter, we subcutaneously injected 400 µg/kg of variant (6) in rats and 
found T1/2 to be 9.5 h (Fig. 6 C). Due to the similar activity profiles of (6) 
across the rodent GLP-2R’s, we next investigated the physiological ef-
fects of variant (6) in mice in order to evaluate its applicability in rodent 
models of osteoporosis. We subcutaneously injected female mice twice 
daily with either; vehicle morning and evening; 400 µg/kg hGLP-2 

(1− 33) morning and evening; low dose (400 µg/kg) (6) morning and 
vehicle evening; or high dose (4000 µg/kg) (6) morning and vehicle 
evening; in all cases for 10 days. No differences were observed in body 
weight between the groups over the 10 days of administration (Fig. 7 A). 
A significant dose-dependent increase in the weight of the small intes-
tine was observed for both the low (p-value: 0.02) and high (p-value: 
<0.001) treatment groups receiving (6) compared to vehicle, but also 
the animals receiving native GLP-2 showed a significant increase in in-
testinal growth (p-value: <0.001) compared to vehicle, to an extent 
between the two doses of (6) (Fig. 7B). No difference in colon weight 

Fig. 4. |Selectivity test of the GLP-2 variants on the GLP-1R. COS-7 cells transiently expressing the (A1 and B1) human GLP-1R, (A2 and B2) rat GLP-1R, and (A3 and 
B3) mouse GLP-1R and assessed for cAMP accumulation upon stimulation with increasing concentration of the GLP-2 variants. In top a schematic illustration of the 
hGLP-2 variants. In all graphs the GLP-2 variants are compared to native hGLP-2 and GLP-1. The cAMP accumulation is given as (A1-A3) dose-response curves and 
(B1-B3) area under the curve (AUC) for each dose-response curve. Data are shown as mean ± SEM for n = 4 independent experiments carried out in duplicates. 

Table 2 
AUC values of the GLP-2 variants on the human GLP-1R, rat GLP-1R, and mouse GLP-1R. The table displays a summary of the area under the curve (AUC) from the dose- 
response curves and the selectivity index of the GLP-2 variants on the human GLP-1R in cAMP accumulation. The selectivity index is calculated as (GLP-2R(AUCvariant/ 
AUChGLP-2)/GLP-1R(AUCvarian/AUChGLP-2)). The data shown is from n = 4 independent experiments carried out in duplicates.   

hGLP-1R rGLP-1R mGLP-1R  

AUC ± SE n Selectivity index AUC ± SE n Selectivity index AUC ± SE n Selectivity index 

GLP-1 450 ± 14  4   439 ± 44  4   451 ± 46  4   
hGLP-2 76 ± 8.4  4   75 ± 15  4   67 ± 12  4   
(1) No signal  4   No signal  4   No signal  4   
(2) 43 ± 18  4  1.5 39 ± 17  4  1.3 52 ± 18  4  1.1 
(3) 40 ± 7.9  4  1.8 36 ± 11  4  1.8 65 ± 17  4  1.0 
(4) 41 ± 6.1  4  1.8 46 ± 28  4  1.3 26 ± 13  4  1.0 
(5) 45 ± 6.2  4  0.8 45 ± 18  4  0.8 55 ± 14  4  0.4  
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was observed between groups (Fig. 7 C). For the osteoclast activity 
marker, (CTX), a non-significantly lower CTX level was observed for the 
groups receiving GLP-2 (p-value: 0.20) and the high dose of (6) (p-value: 
0.22) compared to vehicle (Fig. 7D). As GLP-2 is known to decrease CTX 
in both humans [9,14,15,50] and rats [51] we investigated the effect of 
variant (6) in rats. Female Sprague Dawley rats were subcutaneously 
injected with 4000 µg/kg (6) and CTX levels measured over a 12-hour 
period (Fig. 7E). Here, decreased levels were observed over the 12 h 
period with a significant difference being observed after 8 h (at 6 PM). In 
summary, the long-acting hGLP-2 variant (6) increased intestinal 
growth in mice like GLP-2 and appeared to decrease CTX in both mice 
and rats, thereby proving its actions in vivo. 

4. Discussion 

With the purpose of developing long-acting GLP-2R agonists we 
lipidated hGLP-2 at 5 positions. Of these, lipidation of the mid-positions 
12, 16, and 20 (2, 3, 4, and 6) resulted in retained potency relative to 
hGLP-2 at the human, rat and mouse GLP-2R, while the activity was 
impaired upon lipidation at the N- (position 1) (1) and C-terminus 
(position 30) (5). All the variants showed impaired receptor internali-
zation over time, but the strongest impairment was observed for variant 

(6) compared to GLP-2. Reduced internalization retains the receptors at 
the cell surface and may lead to increased physiological actions. In this 
regard, class B1 receptor ligands with biased agonism and/or impaired 
receptor internalization have previously been shown to have superior 
physiological actions, such as GLP-1R-biased tirzepatide with lower 
internalization despite high G protein activation [52–55]. Although this 
is a dual agonist, also targeting the GIPR, its strong physiological actions 
have – in part – been ascribed to its biased GLP-1R action [52,56]. 
Another example of the importance of receptor surface retention for 
physiology, is the naturally occurring GIP-R variant (E354Q), which has 
enhanced GIP-mediated G protein-coupling and increased internaliza-
tion rate. This probably contributes to downregulation of the receptor 
over time and thereby explains the impaired bone mineral density and 
increased fractures observed in the homozygous carriers of the variant 
[26,57]. 

As a reflection of the high sequence conservation for rGLP-2 and 
mGLP-2, relative to hGLP-2, we found maintained activity of hGLP-2 
and of the lipidated variants across the human, rat and mouse GLP-2 
receptors. This broad action across species for hGLP-2 is in line with 
the GLP-1 system, where identical sequences are found across the 
human and rodent species and where activity across the corresponding 
receptors is also preserved [58]. This is however in contrast to the 
human GIP system which differs more substantially from the rodent 
counterparts, and where binding and action of agonists and antagonists 
are much less preserved [58,59]. 

Based on a thorough molecular pharmacological analysis in human 
rat and mouse GLP-2Rs, we selected one compound (6) and determined 
a half-life of 9.5 h allowing for once daily injection. Pharmacodynamic 
analyses in mice and rats revealed evident trophic actions on both gut 
and bone with significantly increased growth of the small intestine in 
mice and significantly acutely decreased CTX levels in rats. In drug 
development, rodent models are often used as the first in vivo proof-of- 
concept due to advantageous applicability and price. Here it is howev-
er important to consider potential differences in potency, selectivity, 
and physiological relevance between species and the chosen receptor 
systems. Poor translation between human and animals is one of the main 
reasons for high failure rates in drug development [60]. Although we 
observed preserved action for the human and rodent GLP-2Rs, the 

Fig. 5. |HSA influence of the GLP-2 variants. The hGLP-2R was transiently expressed in COS-7 cells and assessed for cAMP accumulation in (A) the presence of 1% 
HSA (black) or in the absence of HSA (0.001%) (grey). (B) show the fold shift of the influence of HSA calculated as ((EC50(1%HSA))/ (EC50(0.001%HSA))). Data are 
shown as mean ± SEM for n ≥ 5 independent experiments carried out in duplicates. 

Table 3 
Potency and efficacy values of the GLP-2 variants on the hGLP-2R in the pres-
ence of 1% HSA. The table displays a summary of potency and efficacy values of 
the GLP-2 variants on the hGLP-2R in cAMP accumulation in the presence of 1% 
HSA. The data shown is from n = 5 independent experiments carried out in 
duplicates.   

Log EC50 
± SEM 

EC50 

(nM) 
Fold change (influence 
of HSA) 

Emax ± SEM 
(%) 

n 

hGLP- 
2 

-9.4 ± 0.07  0.44   102 ± 2.1  5 

(1) -7.8 ± 0.2  15  17 63 ± 5.3  5 
(2) -7.9 ± 0.10  13  28 89 ± 3.6  5 
(3) -8.0 ± 0.08  9.1  29 93 ± 3.1  5 
(4) -7.6 ± 0.12  25  70 99 ± 5.4  5 
(5) -6.5 ± 0.26  325  30 63 ± 12  5  
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translation of bone (patho)physiology and regulation of the bone tissue 
can be differently regulated in humans and animals, and this may also be 
true regarding the role of GLP-2 in bone metabolism. However, our 
finding of decreased CTX levels in rats after a single-dose administration 
of (6) are in line with similar findings in humans indicating overlapping 
effects of GLP-2 in humans and rats within the gut-bone axis [9–14]. 
Also, a single study reported increased BMD in ovariectomized (OVX) 
female rats after four weeks of GLP-2 administration [51], supporting 
that GLP-2 may play a role in the bone resorption processes in both 
humans and rats. However, the lack of effect on CTX in mice points to 
species differences in the GLP-2-mediated bone effect between rats and 
mice in line with earlier studies [51,61]. 

Endogenous ligands for class B1 GPCRs have high sequence simi-
larity which often leads to receptor promiscuity. As examples, oxy-
ntomodulin and glucagon activate both the glucagon receptor and GLP- 
1R [62,63], while GLP-2 is a low potent agonist on both the GIPR and the 
GLP-1R [1,12]. The GLP-1R activation at high concentrations of the 
GLP-2 variants is in line with this, but interestingly the lipidation 
improved GLP-2R selectivity. The expanded view of the two-step 
mechanism and the recently presented structure of the GLP-2R sup-
ports the assumptions of similar activations mechanism within class B1 
receptors [28–32]. Consistent with this, Ala and Trp scans within the 
N-terminus of hGLP-2 mainly affected GLP-2R activation, with only 
modest effect on affinity [64], and N-terminal truncations results in 
efficacy impairments as illustrated by the partial agonists and robust 
antagonism of the truncated metabolite GLP-2(3− 33) [34,65]. 
Together, these studies demonstrate the importance of the N-terminus 
for GLP-2R activation, in agreement with what has been shown for the 
other class B1 families [27,31,58,59,66]. Our lipidation at position 1 (1) 
of hGLP-2 confirms the importance of the N-terminus for receptor acti-
vation with a large effect on receptor activation with 4.2- to 13-fold 
decreased potency for cAMP accumulation, but only moderate effect 
on affinity. In support of this, the recently published cryo-EM structure 
of the GLP-2R suggests that the His at position 1 forms a hydrogen bond 
with H268 and hydrophobic contacts with V271, W340, and R344 of the 
GLP-2R. The lipidation at position 1 (1) likely influences these contacts 
for GLP-2R activation. 

Ala scan within the C-terminus of GLP-2 shows severely reduced 
binding affinities demonstrating a central role of this region of GLP-2 for 

receptor binding [64]. This is consistent with the NMR structure of 
GLP-2 suggesting that the part between [Leu17] and [Lys30] interacts 
with the extracellular part of the GLP-2R [29]. Our variants with lip-
idations within this region: position 20 (4 and 6) and position 30 (5), 
were all significantly affected in terms of affinity (40–800-fold increased 
Ki) at the hGLP-2R, respectively, and the latter also significantly affected 
the activation with 25- to 556- fold decreased potency for cAMP accu-
mulation across the GLP-2Rs, likely due to the massively impaired 
binding. These data demonstrate the importance of the C-terminus in 
receptor binding. The GLP-1 analogs, liraglutide and semaglutide, are 
both lipidated at the native lysine residue at position 26 of GLP-1 
(7− 36), corresponding to position 20 of GLP-2. Both activate the GLP-1R 
like native GLP-1, but semaglutide has a 2-fold decreased binding af-
finity. This lower impact of lipidation at position 20 in the GLP-1 system 
relative to the GLP-2 system is probably consistent with the native 
location of lysine in GLP-1 at this position, while we had to introduce a 
lysine to allow lipidation. The unaffected activation by lipidation at the 
mid-positions 12 and 16 (2 and 3) are in line with earlier studies 
suggesting that this part is less important for GLP-2R activation [67]. 
Likewise, it has previously been shown that that GLP-2 can be modified 
within this region to improve the half-life without decreased receptor 
activity [40] Taken together our in vitro screening shows that the GLP-2 
variants (2, 3, 4, and 6) are potent agonists similar to hGLP-2 [38]. 
Furthermore, we find stronger selectivity at the GLP-2R compared to the 
GLP-1R, suggesting that our lead variant (6) may be a suitable agonist 
for further studies of the GLP-2 system. 

From a drug development point of view, the GLP-2R has not been 
studied as extensively as some of the other class B1 members although 
GLP-2R agonists have substantial potential in the treatment of various 
intestinal diseases and possibly also bone-related diseases. Various 
chemical and structural strategies have been applied in the pharmaco-
kinetic optimization of class B1-based peptides, including DPP-4 pro-
tection, amino acid substitutions, and/or lipidation. DPP-4 protection 
has been applied for the once-weekly GLP-1R agonist, semaglutide 
(substitution of Ala to Aib at position 2), and the once-daily GLP-2R 
agonist, teduglutide (Ala to Gly) which is the only FDA approved GLP-2 
analog on the market. Teduglutide is used for the treatment of short 
bowel syndrome (SBS); a severe and chronic disease characterized by 
malabsorption most often due to resections of the small intestine. In 

Fig. 6. |Real-time internalization and pharmacokinetic profile. (A) HEK293 cells transiently expressing the N-terminally SNAP-tagged human GLP-2R and assayed 
for real-time internalization following stimulation of endogenous hGLP-2 or the hGLP-2 variants (4) and (6) given as dose-response curves (from the internalization 
curves in supplementary fig. 2). The dashed line represents native hGLP-2. In the bottom of (A) AUC for the dose-response curves for up to 1 µM are shown in a bar 
chart. Statistical significances were determined using a two-way ANOVE. *P ≤ 0.05,* *P < 0.01,* **P < 0.001. (B) AUC for internalization at 10 nM, 100 nM, 1 µM, 
or 10 µM (4) (light orange) or (6) (dark orange) for 30 min shown in a bar chart (calculated from the internalization curves in supplementary fig. 2). Data are shown 
as mean ± SEM for n = 3 independent experiments carried out in triplicates. Statistical significances were determined using a paired student t-test. *P ≤ 0.05. (C) 
Half-life measurements in rats subcutaneous injected with 390 µg/kg (6) n = 4 followed blood sampling for 48 h post-administration. The plasma concentration of 
(6) was measured by RIA and shown here as pmol/L GLP-2. 

S. Gadgaard et al.                                                                                                                                                                                                                              



Biomedicine & Pharmacotherapy 160 (2023) 114383

11

these patients, teduglutide reduces gastric emptying and stomal output 
and is associated with higher intestinal energy absorption and weight 
gain [8,68–70]. It has a subcutaneous half-life of 0.5 h in rats [38], thus 
during once-daily administration, it will not provide a 24-hour exposure. 

Covalent side-chain cross-linking of a serum albumin binding motif to a 
cysteine in GLP-2 further improves its half-life up to 3 h in mice, how-
ever still not providing day-long exposure [40]. Our GLP-2 variant (6) 
with a half-life of 9.5 h in rats (Fig. 6 C) provides improved exposure due 

Fig. 7. |Effect of the GLP-2 variant (6) on intestinal growth in mice and bone marker CTX levels in rats. Female mice were subcutaneous injected with; vehicle 
morning and evening (grey), 400 µg/kg hGLP-2(1− 33) morning and evening (black), low dose (400 µg/kg) (6) morning and vehicle evening (striped orange), or high 
dose (4000 µg/kg) (6) morning and vehicle evening (orange) for 10 days and at day 10 the mice mere scarified and their (A) body weight difference (g), (B) small 
intestinal weight relative to body weight (%), (C) colon weight relative to body weight (%), and (D) CTX level (ng/mL), were measured for n = 4 mice per group. (E) 
Female rats were subcutaneous injected with 4000 µg/kg (6) and blood samples were measured over 12 h post-administration in n = 4 rats per group. The CTX levels 
were measured as given compared to baseline (%). Statistical significances were determined using an ordinary one-way ANOVA or two-way ANOVA. *P < 0.05, 
* *P < 0.01, * ** *P < 0.0001. 
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to the conjugation of a fatty acid allowing for binding to albumin, which 
prolongs survival in the systemic circulation, increases enzymatic sta-
bility and greatly reduces renal clearance without corrupting the po-
tency [71,72]. In comparison, the GLP-1 agonist, liraglutide, which is 
lipidated with a C16 monoacid at position 20 of GLP-1(7− 36) has a 
subcutaneous half-life of 4 h in rats [73]. 

In summary, we successfully designed a series of long-acting GLP-2R 
agonists with similar agonist activity at both the human, rat and mouse 
GLP-2R. The lipidated GLP-2R agonists were characterized by in vitro 
receptor binding and activation and one was selected for in vivo gut and 
bone tropic properties in rodents. Our in vivo findings support the po-
tential of long acting GLP-2 in future treatment of intestinal and bone- 
related diseases. 
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