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ABSTRACT 

GLP-1 analogs suffer from the main disadvantage of a short in vivo half-life. Lithocholic acid 

(LCA), one of the four main bile acids in human body, possesses a high albumin binding rate. We 

therefore envisioned that a LCA-based peptide delivery system could extend the half-life of GLP-1 

analogs by facilitating the noncovalent binding of peptides to human serum albumin. Based on our 

previously identified Xenopus GLP-1 analogs (1–3), a series of LCA modified Xenopus GLP-1 

conjugates were designed (4a–r), and the bioactivity studies of these conjugates were performed to 

identify compounds with balanced in vitro receptor activation potency and plasma stability. 4c, 4i 

and 4r were selected and their LCA side chain was optimized to further increase their stability, 

affording 5a–c. Compound 5b showed increased albumin affinity and prolonged in vitro stability 

than 4i and liraglutide. In db/db mice, 5b exhibited comparable hypoglycemic and insulinotropic 

activity to liraglutide and semaglutide. Importantly, the enhanced albumin affinity of 5b resulted in 

a prolonged in vivo antidiabetic duration. Finally, chronic treatment investigations of 5b 

demonstrated the therapeutic effects of 5b on HbA1c, body weight, blood glucose and pancreatic 

endocrine deficiencies on db/db mice. Our studies revealed 5b as a promising antidiabetic candidate. 

Furthermore, our study suggests the derivatization of Xenopus GLP-1 analogs with LCA represents 

an effective strategy to develop potent long-acting GLP-1 receptor agonists for the treatment of type 

2 diabetes. 

 

Keywords: Glucagon-like peptide-1; Type 2 diabetes; Lithocholic acid 

 

 

Page 3 of 71

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4 

Introduction 

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disease characterized by sustained 

hyperglycemia due to impaired insulin secretion, insulin resistance in peripheral tissues, and 

increased glucose output by the liver.
1-3

 Chronic hyperglycemia can cause some health problems 

such as cardiovascular disease and nephropathy.
4-6

 Unfortunately, most of the traditional drugs 

targeting T2DM suffer from several side effects such as hypoglycemia and/or weight gain.
7
 New 

therapeutic agents that not only control progressive hyperglycemia but also have the potential to 

counter the weight gain and pancreatic endocrine function loss are in continuing demand. 

Glucagon-like peptide-1 (GLP-1), an incretin hormone secreted from intestinal L-cells, can 

stimulate insulin secretion without hypoglycemia risk, reduce food intake and appetite, and inhibit 

gastric emptying.
8, 9

 However, the short in vivo half-life (t1/2) of endogenous GLP-1 (~2 min) is not 

suitable for therapeutic application.
10, 11

 Intensive research efforts have been made to develop 

GLP-1 derivatives with optimized pharmacokinetic profiles.
12

 Currently six GLP-1 receptor 

agonists have been approved, including liraglutide, semaglutide, exenatide, etc., and many other 

agonists are in clinical trials.
13-15

 However, most of them are based on the scaffold of native GLP-1 

or exendin-4.  

In search of novel incretin hormone as therapeutic agents for T2DM, we focused our research 

efforts on Xenopus GLP-1 as a peptide hormone backbone that is distinct from GLP-1 and 

exendin-4.
16

 In our previous research, we successfully identified three Xenopus GLP-1 analogs (1–3, 

Figure 1) with prominent in vitro GLP-1 receptor activation potency and in vivo hypoglycemic 

activity. However, similar to other incretin hormones, the clinical utility of these analogs is limited 
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by their short half-lives. The introduction of a PEG moiety to 1–3 increased their half-lives, but 

only to a moderate extent due to the limited size of PEG (Mw = 1–5 ka).
17-19

  

Albumin binding molecules such as fatty acids are able to improve the pharmacokinetic 

properties of peptides by facilitating the physical interactions between human serum albumin (HSA) 

and peptides.
20, 21

 For example, lipidation strategy has been successfully used in clinical to afford 

liraglutide and semaglutide. Bile acid plays an important role in the absorption and solubilization of 

lipophilic vitamins and dietary fat, and could promote GLP-1 secretion through TGR5, a 

cell-surface bile acid receptor.
22, 23

 In addition, previous reports revealed that bile acid possessed a 

high albumin binding rate.
24

 There are four main bile acids in human, including cholic acid (CA), 

chenodeoxycholic acid (CDCA), deoxycholic acid (DCA) and lithocholic acid (LCA). It has been 

reported that the albumin binding affinity of bile acids decreases as the number of hydroxy groups 

increases, as reflected by the lower albumin binding percentage of CA (three hydroxyls) versus 

LCA (one hydroxyl).
25

 These characteristics make LCA an ideal small molecule albumin binder for 

peptide modification. We envision that the covalent coupling of LCA to Xenopus GLP-1 analogs 

might offer a practical and alternative means to develop novel long-acting GLP-1 receptor agonists.  

It is known that the spacer between the small molecule and the polypeptide plays an important 

role in albumin binding.
13

 In the present study, based on our previous research experience on 

mycophenolic acid (MPA),
26

 three different spacers were used to connect LCA and peptides 1–3 at 

residues Lys20 and Lys28, affording eighteen (3 × 3 × 2) LCA-Xenopus GLP-1 conjugates (4a–r, 

Figure 1). Compounds 4c, 4i and 4r with high in vitro plasma stability, potent receptor activation 

potency, and prominent hypoglycemic activity were further modified with 

8-amino-3,6-dioxa-octanoic acid (abbreviated as O2Oc) spacers to gain additional benefits in 
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hypoglycemic duration, giving 5a–c (Figure 5). The anti-diabetic potency, insulinotropic activity, in 

vivo stability, acute toxicity, and chronic treatment effects of these conjugates were extensively 

explored. 

 

Materials and methods 

Animals 

C57BL/6J-m
+/+

 Lepr
db

 (db/db) mice (male, 30−40 g, 7−9 weeks) were obtained from Model 

Animal Research Center of Nanjing University (Jiangsu, China). Kunming mice (male, 20−30 g, 

6−8 weeks) and Sprague-Dawley (SD) rats (male, 9–11 weeks, 200–250 g) were obtained from 

Comparative Medical Center of Yangzhou University (Jiangsu, China). Normal Kunming mice are 

non-diabetic and wildly used in preliminary in vivo antidiabetic activity research. SD rats are the 

species commonly used in pharmacokinetic research. db/db mice is a rodent model of type 2 

diabetes wildly used in diabetes research. Six mice or three rats were housed in a single 

polycarbonate solid-bottomed cage and all animals were housed in specific pathogen free (SPF) 

facilities under controlled conditions (25 ± 3°C, reverse 12 h-light-dark cycle). All animals were 

acclimatized for 7 days before used in the studies. The water and food (standard laboratory chow) 

were provided ad libitum throughout the study except otherwise noted. The experimental 

procedures conducted on animals were performed as humane as possible and in accordance with the 

Laboratory Animal Management Regulations in China, the Guide for the Care and Use of 

Laboratory Animals published by the National Institutes of Health (revised 2011), and approved by 

Jiangsu Normal University ethical committee.  
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Materials  

Fmoc protected amino acids, Rink amide MBHA resin, N,N’-diisopropylcarbodiimide (DIC), 

N-Hydroxybenzotriazole (HOBt), GLP-1, liraglutide and semaglutide were obtained from GL 

Biochem Ltd. (Shanghai, China). Fmoc-β-Ala-OH, Fmoc-6-Ahx-OH and Fmoc-12-Ado-OH were 

purchased from Sigma-Aldrich (Saint Louis, MO, USA). Fmoc-8-amino-3,6-dioxa-octanoic acid 

(Fmoc-AEEAc-OH) was purchased from Bachem (Bachem AG, Switzerland). cAMP dynamic kit 

was obtained from Cisbio (Bedford, MA, USA), and mouse insulin ELISA kit was obtained from 

Nanjing Jiancheng Bioengineering Institute (Jiangsu, China). Other reagents, unless specific 

indicated, were purchased from Sigma-Aldrich and used directly. 

 

Peptide synthesis 

All Xenopus GLP-1 analogues were synthesized by standard SPPS using the Fmoc strategy on a 

PSI-200 semi-automated peptide synthesizer (Peptide Scientific Inc., USA).
27

 Resins used were 

Rink amide MBHA resin with a loading of 0.38 mmol·g
-1

. For conjugates 4a–r, the Lys to be 

modified was replaced with Fmoc-Lys(Dde)-OH and the N-terminal was replaced with 

Boc-His(Trt)-OH. The Dde protection group was selectively removed by washing 5 times for 15 

min with 2% hydrazine hydrate/DMF (v/v, 7 mL). Next, Fmoc-Glu-OtBu (0.4 eq.), 

Fmoc-β-Ala-OH, Fmoc-6-Ahx-OH or Fmoc-12-Ado-OH (0.4 eq.), and LCA (0.4 eq.) were added 

to the reaction vessel in sequential and the coupling reaction was performed by using DIC/HOBT 

(0.4 eq.) for 2–3 h at 25°C. For conjugates 5a–c, the synthetic route was similar, except that after 

Dde deprotection, Fmoc-AEEAc-OH was firstly added and coupled using the same condition. Then 

Fmoc-Glu-OtBu, Fmoc-12-Ado-OH and LCA were added and coupled in order. Finally, the crude 
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peptides were cleaved from the resin by using Reagent K (EDT/phenol/water/thioanisole/TFA, 

2.5:5:5:5:82.5, 5 mL). Crude products were precipitated using ether, purified by semi preparative 

RP-HPLC (Shimadzu LC-20AP), and characteristic by HPLC (Agilent 1260 infinity) and MS 

(Bruker MicroTOF Q2).  

 

Functional assay 

Agonism of peptides for the GLP-1 receptor was measured by functional assays using a stable 

HEK-293 cell line expressing human GLP-1 receptor.
18

 Intracellular cAMP content was determined 

by using Cisbio cAMP dynamic kit based on HTRF (homogeneous time-resolved fluorescence 

technology) using a multilabel reader (Envision 2,104, PerkinElmer). For preparation, cells were 

grown in DMEM medium supplemented with 0.5% FBS, 20 mM HEPES, 50 units·mL
-1

 penicillin, 

2 mM glutamine and 50 µg·mL
-1

 streptomycin. Before testing, cells were plated in 96-well plates, 

and tested compounds were diluted in assay buffer and added to the cells to reach final 

concentrations of 1 × 10
−13

−1 × 10
−7

 M. After addition of HTRF reagents and incubation at 37°C 

for 60 min, the fluorescence data in cells were measured and converted into cAMP concentration by 

using a standard curve. The potency of tested peptides was quantified by EC50 using GraphPad 

Prism version 5.0 (San Diego, CA).  

 

IPGTT in Kunming mice 

The IPGTT test on Kunming mice was used a previous described method.
28

 In brief, male mice 

were randomly divided (n = 6) and acclimate for 7 days. One day before the experiment, mice were 

fasted for 12 h, followed by i.p. injected of saline, GLP-1, liraglutide, 1−3, 4a−r and 5a−c (25 
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9 

nmol·kg
-1

, -10 or -30 min). Glucose was i.p. loaded at 0 min, and blood glucose levels were 

determined using a Sannuo glucometer (GA-3, China) by collecting blood from the tail at -30 or -10, 

0, 15, 30, 45, 60, and 120 min. 

 

Metabolism studies in rat plasma 

The in vitro stability studies of liraglutide, 4a−r and 5a−c were conducted in rat plasma as 

previously described with slight modifications.
29

 The initial concentration of the tested peptides was 

1000 ng·mL
-1

 and incubation was performed for 72 h at 37°C with gentle shaking. After 4, 8, 12, 24, 

48 and 72 h, a sample (100 µL) was collected and mixed with 200 µL acetonitrile containing 0.5% 

formic acid for plasma protein precipitation. LC−MS/MS analysis (Applied Biosystems Sciex 

API-4000) was conducted using linear gradients and peptides were detected by multiple reaction 

monitoring (MRM). The degradation curves were plotted by three independent experiments (n = 3).  

 

Albumin binding test 

The relative albumin binding abilities of 4i, 5b, liraglutide and semaglutide were determined by 

high-performance affinity chromatography (HPAC) using CHIRALPAK HSA column (Chiral 

Technologies Europe) using a previous described method with some modifications.
30

 Briefly, 

chromatographic separation was conducted on Agilent 1260 HPLC using an immobilized HSA 

column (2 × 50 mm, 5 µm). Tested samples were injected into the column under 25°C and the 

isocratic mobile phase was 20% 2-propanol in potassium phosphate buffer (20 mM, pH 7.0). 

Detection of the peptides was carried out at 214 nm UV. The retention times (tR) of tested peptides 
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10 

were repeated in three independent experiments and the retention factor (k’) was calculated by using 

(tR-tM)/tM, where tM is the column void time and tR is the retention time of the tested peptides. 

 

Pharmacokinetic studies 

Pharmacokinetics studies of 4i and 5b were used previous described method with some 

modification.
9
 Male SD rats (n = 3) of approximately 200–250 g were allowed to acclimatize for 7 

days. After fasting 12 h, 4i and 5b (50 nmol·kg
-1

) were s.c. injected using 1:1 20 M sodium 

phosphate buffer/propylene glycol (pH = 7.4) dosing vehicle. Serial blood samples (100–200 µL) 

were collected from fundus venous plexus in microcentrifuge tubes (EDTA containing) at 0, 1, 2, 3, 

4, 6, 12, 24 and 48 h. Plasma was obtained by centrifugation and stored at −20°C until analysis. The 

plasma proteins were precipitated by adding two volumes of acetonitrile (containing 0.5% formic 

acid) followed by centrifuged (14000 rpm, 10 min), and 10 µL of supernatants were analyzed by 

LC−MS/MS.  

 

Glucose-lowering and insulinotropic tests in db/db mice 

The glucoregulatory and insulinotropic abilities of liraglutide, semaglutide and 5b were 

determined on db/db mice by IPGTT, using a previous described method.
31

 For the study, male 

db/db mice (30−40 g, 7−8 weeks) were randomly divided (n = 6) and acclimatized for 7 days. After 

fasting 18 h, mice were weighed and saline, liraglutide, semaglutide and 5b (25 nmol·kg
-1

) were i.p. 

loaded 30 min prior to glucose load. At time 0 min mice were i.p. injected 1 g·kg
-1

 of glucose to 

initiate the IPGTT. The mice were bled from the tail vein at -30, 0, 15, 30, 45, 60, 90, 120 and 180 

min. Blood glucose were immediately measured using Sannuo one-touch glucometer (GA-3, China). 
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11 

For plasma insulin, the blood collected at 10, 15 and 20 min were centrifuged and mouse insulin 

ELISA kit (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China) were used to assay the 

plasma insulin levels.  

 

Pharmacodynamic studies 

Male db/db mice ages 7−9 weeks with blood glucose levels over 15 mmol·L
-1

 were acclimatize 

for 7 days and mice were divided to 8 groups (n = 6) according to their non-fasting blood glucose 

levels.
32

 On the experiment days, saline (control), liraglutide, semaglutide, and 5b (25 or 150 

nmol·kg
-1

) were i.p. injected at 0 h. Mice were allowed to free access to standard rodent chow and 

water until experiment finished. The blood was drawn from the tail vein and non-fasting blood 

glucose concentrations were measured using Sannuo glucometer at 0, 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 

24, 48 and 60 h. During the experiment, the food intake was also recorded during 0−24 h (at a dose 

of 25 nmol·kg
-1

). The rodent chow was pre-weighed and the cumulated food intake in each group 

was recorded at 0, 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12 and 24 h.  

 

Toxicity Assay 

The in vitro toxicity of 5b was determined by cell viability assay on rat pancreatic INS-1 cells, 

using a previous described method.
27

 Briefly, cells were cultured in RPMI 1640 medium with 11.2 

mM glucose and other supplements in a 5% CO2 atmosphere at 37°C. For the measurement, cells 

were transferred to 96-well culture plates (~5000 cells/well). After incubate for 24 h, the cells were 

treated with saline, liraglutide, semaglutide (10 nM), or 5b (10, 100, 1000 nM) followed by 24 h 

incubation. Then 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 5 mg·mL
-1

) 
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12 

were added in the cells and incubate for 5 h at 37°C. Then media was removed to stop the reaction 

and DMSO was added to dissolve the purple formazan precipitate followed by 30 min gentle 

shaking. The cell viability was measured at 570 nm (optimum absorption of formazan) by Thermo 

spectrophotometer (Labsystems, MA, USA). 

The acute in vivo toxicity test of 5b was performed on male db/db mice (7−9 weeks, n = 3), as 

previously described.
27

 Mice were randomly divided and acclimatized for 7 days. Before the 

experiment, mice were fasted for 18 h, and then i.p. loaded low dose of 5b (100 mg·kg
-1

), high dose 

of 5b (500 mg·kg
-1

) or equal volumes of saline (control). Food was provided immediately and mice 

were allowed to free access to water and food. On the second day, saline and different doses of 5b 

were loaded again at the same time under the same administration route. After 24 h, mice were 

sacrificed and the blood was collected. The serum AST and ALT levels were measured using 

CHEMIX-180 Automatic Analyzer (Sysmex, Japan) based on kinetic rate method with Ningbo 

Medical System Biotechnology commercial kits (Ningbo, China).  

 

Chronic treatment tests 

Male db/db mice at an age of 8−9 weeks were housed in groups and 6 mice per cage. Mice were 

acclimatized for one week. Blood samples were collected and HbA1c levels were measured using 

chemistry analyzer based on the immunoagglutination inhibition method (DCA 2000+, Bayer 

Diagnostics, USA) and then mice were divided matched HbA1c.
33

 Saline and liraglutide (25 

nmol·kg
-1

) were twice daily s.c. injected at 8 AM and 8 PM, and 5b (25 nmol·kg
-1

) was once daily 

s.c. injected at 8 AM for 35 days. HbA1c and plasma insulin concentrations were measured weekly 

using DCA 2000+ chemistry analyzer and mouse insulin ELISA kit, respectively. Blood glucose 
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13 

levels were determined using Sannuo glucometer at 12 PM every two days. Food intake and body 

weight change were recorded every day at 6 PM. At day 36, mice were fasted 18 h and subjected to 

an IPGTT. Glucose (1 g·kg
-1

) was i.p. loaded and blood glucose levels in each group were 

monitored at 0, 15, 30, 60, 90, 120 and 180 min. A terminal blood sample was used for 

determination of AST and ALT using the same method described above. Mice were allowed to 

recover 1 day after IPGTT and then sacrificed. The pancreas was removed and fixed in 

paraformaldehyde (4%) 12 h at 4°C. The detail methodology of insulin immunohistochemistry has 

been described elsewhere.
34

 The integrated optical density (IOD) values of insulin were determined 

by Image-pro plus 6.0 (Media Cybernetics, Inc., Rockville, MD, USA). 

 

Data Analysis 

Data are presented as Means ± SD. The pharmacokinetic profiles of 4i and 5b were determined 

using the Bioavailability Program Package software 2.2 (Center of Drug Metabolism and 

Pharmacokinetics, China Pharmaceutical University) and other pharmacology data analyses were 

performed using GraphPad Prism 5. Statistical significance analyses were performed by one-way 

ANOVA for comparisons between multiple groups followed by the Tukey’s post hoc tests if F 

achieved statistical significance (P < 0.05) and there was no significant variance in homogeneity. P 

< 0.05 was considered statistically significant. 

 

Results 

Design and synthesis of LCA-Xenopus GLP-1 conjugates 4a–r 
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To test the hypothesis of using LCA as an albumin binding molecule to improve the 

pharmacokinetics of GLP-1 analogs, conjugates of LCA and peptides 1–3 were designed. Xenopus 

GLP-1 analogs 1–3 were identified in our previous work. The C-terminal regions of exendin-4 

(PSSGA PPPS) and lixisenatide (PSSGA PPSKK KKKK) were introduced to peptide 1 to afford 

peptides 2 and 3, respectively, aiming to further improve the bioactivity of 1.
35,36

 Based on our 

previous research experience, the lipophilicity of the linker could have an important impact on 

albumin binding affinity. Hence, three ω-amino acids with different chain lengths (C2, C5 and C11) 

were employed as the linkers. To compensate the overall decrease in water solubility caused by 

LCA conjugation, γ-glutamic acid (γGlu) was attached to the linker and the γ-carboxyl group was 

connected directly to the Lys residues of peptides through an amide bond. Lys20 and Lys28 of 

peptides 1–3 were chosen for site specific conjugation based on our pervious structure-activity 

relationships (SAR) studies on Xenopus GLP-1 analogs. A total of eighteen LCA-Xenopus GLP-1 

conjugates (4a–r, Figure 1) were prepared using the synthetic route shown in Scheme 1. Briefly, 

C-terminus peptide amides were obtained by Fmoc solid-phase peptide synthesis (SPPS) on Rink 

Amide MBHA resins. Site-specific LCA conjugation at the side chain of Lys20 and Lys28 was 

achieved by incorporating Fmoc-Lys(Dde)-OH into these position, and the Dde protecting group 

was selectively removed by using 2% hydrazine hydrate/DMF (v/v). Fmoc-Glu-OtBu was attached 

to the side chain amino group of Lys, followed by deprotection of Fmoc and connection of N-Fmoc 

protected ω-amino acids (β-alanine, 6-aminocaproic acid, and 12-aminolauric acid). After removal 

of Fmoc, the ω-amino groups were linked to the carboxyl group of LCA to furnish the conjugation. 

The crude products were cleaved from the solid support and purified by semi preparative RP-HPLC 
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(Shimadzu, LC-20AP). The purified products were characterized by HPLC (Agilent 1260) and 

Bruker MicroTOF MS (see Supporting Information).  

 

Put Figure 1 here 

Put Scheme 1 here  

 

In vitro and in vivo biological activities of 4a−r 

As cyclic AMP (cAMP) is the main effector of GLP-1 induced insulin secretion in beta cells, it 

was selected as a probe to test the GLP-1 receptor activating potencies of our peptides (4a–r) by 

using recombinant HEK-293 cells stably expressing human GLP-1 receptors.
3
 For dose-response 

tests, HEK-293 cells were treated with tested compounds at various concentrations. After 60 min 

incubation at 37°C, the produced cAMP was determined by cAMP dynamic 2 kit. The 

concentration response curves of GLP-1 and representative LCA-Xenopus GLP-1 conjugates are 

shown in Figure 2. The EC50 values of all the tested peptides are summarized in Table 1. Most of 

the LCA-Xenopus GLP-1 conjugates showed a high receptor activation potency. Interestingly, 

compounds 4a, 4d, 4g, 4j, 4m and 4p, all of which possess a β-alanine moiety as the linker, 

exhibited comparable potency to their parent peptides, indicating that a shorter alkyl chain was 

more favorable for receptor activation potency. Increasing the alkyl length of linker had a negative 

impact on potency, and the results are in accordance with our previously reported date on 

dicoumarol GLP-1 conjugates.
37

 Furthermore, for conjugates 4a–l, which were derived from 1 and 

2, LCA conjugation at Lys20 was more beneficial for receptor activation. However, in case of 4m–r, 

which were derived from 3, the conjugate site had no significant effects. 
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Put Figure 2 here 

Put Table 1 here 

 

It is known that high expression of GLP-1 receptor in HEK-293 cells could promote the binding 

and avidity of tested compounds in vitro, but the situation in vivo may be different. To further 

validate the results of the in vitro receptor activation potency experiments, the in vivo 

glucose-lowering activities of 4a–r were studied using the intraperitoneal glucose tolerance testing 

(IPGTT) in Kunming mice. As illustrated in Figure 3, following an intraperitoneal glucose 

challenge, the blood glucose concentrations were significantly reduced in all treatment groups 

compared with the saline control. Blood glucose levels in the saline treated group rapidly increased 

over 20 mmol·L
-1

 at 15 min after glucose administering (2 g·kg
-1

), while mice treated with GLP-1 

or 4a–r showed rapid glucose clearance kinetics, and the average blood glucose levels were reduced 

to < 10 mmol·L
-1

 at 45 min after the glucose challenge. Particularly, the in vivo antidiabetic effects 

of 4c and 4i, which have the longest alkyl chain linker, were similar to GLP-1, and the 

glucose-lowering activity of 4r was significantly better than GLP-1 (P < 0.001, Table 1). 

Interestingly, although the in vitro EC50 values of 4b, 4h, 4o and 4r are higher than GLP-1, their in 

vivo AUCglucose values are lower than that of GLP-1 (Table 1), suggesting improved stabilities of the 

LCA-Xenopus GLP-1 conjugates in vivo.  

 

Put Figure 3 here 
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In vitro stability  

The in vitro plasma stability assays were performed prior to resource-demanding pharmacokinetic 

experiments for a preliminary evaluation of the stabilities of 4a–r, using liraglutide as the positive 

control. Liraglutide and 4a–r were incubated with rat plasma at 37°C over 72 h, and aliquots 

collected during the incubation process were analyzed by LC-MS/MS. As shown in Figure 4 and 

Table 2, the introduction of LCA was found to be effective in stability enhancement of Xenopus 

GLP-1 analogs. A straightforward relationship was observed between the alkyl chain length of the 

linker and the in vitro half-lives for compounds 4a–r, whereas the LCA conjugation position had no 

significant effects. It should be noticed that the plasma stabilities of 4m–r (derived from 3) were 

lower than 4g–l (derived from 2). This is opposite to the results reported for exendin-4 and 

lixisenatide, in which the C-terminal six Lys extension has a positive effect on stability.
38, 39

 Taken 

together, considering the high plasma stability of 4c, 4i and 4r, which is essential for the 

long-acting in vivo hypoglycemic activity, together with the potent receptor activation potency and 

in vivo glucose-lowering activity of 4c, 4i and 4r, these three conjugates were selected as lead 

compounds for further optimization. 

 

Put Figure 4 here 

Put Table 2 here 

 

Optimization of LCA side chain for further in vivo stability improvement 

The above results demonstrated that LCA conjugation extended the in vitro half-lives of 4c, 4i 

and 4r to ~40 h. However, this duration is still far shorter than the in vivo half-life of HSA, which is 
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known to be up to three weeks.
40

 Therefore, we envisioned that the in vivo half-life of 

LCA-Xenopus GLP-1 conjugates could be further improved by a second step modification. In 

previous reports, through the replacement of the C16 fatty acid by C18 di-acid, the substitution of 

Ala2-Glu3 with Aib2-Glu3, and the introduction of two O2Oc spacers between Lys28 and γGlu-C18 

di-acid, the half-life of liraglutide was significantly improved, and the afforded semaglutide has 

been approved recently by FDA to be used as once-weekly anti-diabetic therapeutic. Furthermore, 

unlike other hydrophobic small molecules (e.g. fatty acid, dicoumarol) which could increase the 

overall lipophilicity of the peptides and raise solubility issues, the high hydrophilic property of 

O2Oc could decrease the hydrophobicity of peptides, bringing additional benefits. Inspired by these 

results, we explored the possibility of introducing the O2Oc spacer to the LCA side chain of the 

selected compounds (4c, 4i and 4r) to further improve their stability.  

As shown in Figure 5, two O2Oc spacers were introduced into the side chain of 4c, 4i and 4r, and 

the O2Oc spacers were placed between the Lys20 or Lys28 and γGlu-C11-LCA of 4c, 4i and 4r, 

affording 5a–c. The synthetic procedure (Scheme 2) was similar to that of 4a–r, except that after 

the selective removal of Dde, Fmoc protected 8-amino-3,6-dioxa-octanoic acid (Fmoc-AEEAc-OH) 

was firstly connected to peptide backbones using standard solid-phase conditions. The affording 

crude products were cleaved, purified and characterized using the same method described above 

(see Supporting Information). 

 

Put Figure 5 here 

Put Scheme 2 here 
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Stability and biological activity tests of 5a–c 

The in vitro stabilities of 5a–c were tested using the same experimental procedures as described 

above. As shown in Figure 6A, the in vitro stabilities of 5a–c were significantly improved as 

compared with 4c, 4i and 4r. In particular, 5b was found to be extremely stable, and about 53% of 

intact peptide was still found after a 72 h incubation. Next, to assess the impact of O2Oc spacer on 

the biological activities of 5a–c, the in vitro receptor activation potency and in vivo 

glucose-lowering activities of 5a–c were investigated. As shown in Figure 6B, the introduction of 

O2Oc spacers was well-tolerated with respect to GLP-1 receptor activation potency, as reflected by 

the high potency of 5a (EC50 = 1.55 ± 0.32 nM), 5b (EC50 = 0.70 ± 0.12 nM) and 5c (EC50 = 0.49 ± 

0.09 nM). Importantly, the potency of 5b and 5c were comparable to that of liraglutide (EC50 = 0.64 

± 0.15 nM). The IPGTT in Kunming mice showed that the hypoglycemic activity of 5a was less 

potent than liraglutide, whereas 5b and 5c treatments effectively reduced blood glucose and showed 

better antihyperglycemic activities than liraglutide (Figures 6C and D). These results indicate that 

the biological activities of 5a–c retain after the introduction of O2Oc spacers. Considering its high 

stability and potency, 5b was finally selected for the following studies.  

 

Put Figure 6 here 

 

Albumin binding and pharmacokinetic studies 

To evaluate whether the albumin binding ability of 5b was enhanced after O2Oc modification, the 

in vitro albumin affinity of 5b was tested and compared with its non-O2Oc counterpart 4i, using 

liraglutide and semaglutide as the positive controls. Instead of measuring the absolute binding rates 
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between the peptides and serum albumin, we evaluated the albumin binding affinities of liraglutide, 

semaglutide, 4i and 5b by high performance affinity chromatography (HPAC) analysis on the 

CHIRALPAK HSA column, using the retention factor (k’) as the indicator for albumin affinity. The 

value of k’ was calculated as (tR-tM)/tM, where tM is the column void time and tR is the retention time 

of the tested peptides. As illustrated in Figure 7A, the k’ values of liraglutide and 4i were ~12.5 and 

~11.4, respectively. The albumin affinity of 5b (k’ = ~18.7) was higher than 4i and liraglutide, but 

still lower than semaglutide (k’ = ~21.9). Next, we investigated whether the high albumin affinity 

observed for 5b resulted in better pharmacokinetic (PK) effects in vivo. The PK properties of 4i and 

5b were evaluated in SD rats (n = 3 per group) by s.c. injection of the peptides (50 nmol·kg
-1

). As 

illustrated in Figure 7B, 5b exhibited a half-life (t1/2 = 11.0 ± 1.2 h) ~2.0 fold longer than that of 4i 

(t1/2 = 5.4 ± 1.0 h), and the observed time of 5b to reach maximum plasma concentration (Tmax) was 

~6.0 h, which was longer than that of 4i (~2.3 h). Moreover, the maximum plasma concentration 

(Cmax) of 5b (188.1 ± 30.7 nM) was higher than that of 4i (130.7 ± 18.9 nM). In summary, the 

introduction of O2Oc spacer to 4i dramatically increased the albumin affinity and led to protracted 

in vivo half-life and improved PK behaviors. 

 

Put Figure 7 here 

 

Hypoglycemic and insulinotropic activity tests in db/db mice 

We next examined the anti-diabetic and insulinotropic effects of 5b by IPGTT in db/db mice, a 

type 2 diabetic model, using liraglutide and semaglutide as the positive controls. As shown in 

Figure 8A, the average blood glucose levels in the saline group rapidly increased over 20 mmol·L
-1
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and maintained a hyperglycemic state (> 20 mmol·L
-1

) during 15–90 min post i.p. glucose 

challenge. However, liraglutide, semaglutide and 5b treatments significantly potentiated glucose 

stimulated insulin release, resulting in decreased glucose. The average blood glucose levels in 

semaglutide and 5b groups were slightly lower than that in liraglutide group at 15, 30, 45 and 60 

min post glucose challenge. Furthermore, AUCglucose values revealed that the hypoglycemic effects 

of semaglutide and 5b were comparable and were slightly better than liraglutide, but no significant 

differences were observed among liraglutide, semaglutide and 5b treatmented groups (Figure 8B). 

Moreover, the plasma insulin levels in each group of mice were recorded at 10, 15 and 20 min post 

glucose challenge. As shown in Figures 8C, liraglutide, semaglutide and 5b treated mice showed 

significantly increased insulin levels versus the saline group at 10, 15 and 20 min. In addition, the 

insulinotropic activities of liraglutide, semaglutide and 5b were similar in db/db mice. These results 

indicated that the hypoglycemic and insulinotropic activities of 5b were comparable to that of 

liraglutide and semaglutide.  

 

Put Figure 8 here 

 

Hypoglycemic duration and food intake tests in db/db mice 

The anti-diabetic duration of 5b was tested in non-fasted db/db mice and compared with that of 

liraglutide and semaglutide. As shown in Figure 9A, at the dose of 25 nmol·kg
-1

 (i.p.), the blood 

glucose levels in mice treated with liraglutide decreased rapidly. The normoglycemia state lasted for 

~12 h, and then returned to hyperglycemia state at 24 h after injection. The normoglycemia state in 

groups treated with equimolar of semaglutide or 5b lasted for > 24 h. Consistent with the albumin 
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binding results, both semaglutide and 5b exhibited longer hypoglycemic durations than liraglutide. 

The glucose-lowering activities of semaglutide and 5b were similar during 0–24 h. The 

hypoglycemic activity of 5b decreased 48 h post injection, and became indistinguishable with saline 

group 60 h post injection, while the blood glucose levels in semaglutide group were still maintained 

below 15 mmol L
-1

 60 h post injection. The AUCglucose values proved that the anti-diabetic duration 

effects of semaglutide and 5b were significantly better than liraglutide (P < 0.001 and P < 0.01 vs. 

liraglutide, respectively, Figure 9B). Next, a further dose-response study clearly revealed that 5b 

had a dose-dependent anti-diabetic efficacy. At the dose of 150 nmol·kg
-1

, the antidiabetic duration 

of 5b was up to 48 h, as reflected by the low blood glucose levels in 5b groups at 48 h. However, 

the anti-diabetic duration of 5b was still shorter than semaglutide at this dose. The AUCglucose data 

further proved that the hypoglycemic duration of 5b was significantly longer than liraglutide (P < 

0.01 vs. liraglutide) but still shorter than semaglutide (Figure 9D). 

It is well known that both liraglutide and semaglutide had anorectic effects.
41

 Thus, to evaluate 

the anorectic effect of 5b, the food intakes in each group of mice were also recorded during the 

hypoglycemic duration tests (at the dose of 25 nmol·kg
-1

, i.p., recorded during 0–24 h). As shown in 

Figure 10A, compared with the saline group, liraglutide, semaglutide and 5b treatments 

significantly reduced the food intake during 0–12 h. Obvious difference of food intake amount in 

each group of mice was observed 24 h post injection. Compared with the saline group, 

administration of liraglutide decreased the cumulative food intake by ~36%, while semaglutide and 

5b reduced food intake by ~56% and ~46%, respectively. The poorer PK profile of 5b than 

semaglutide may be the main reason accounting for the less anorectic effect of 5b at 24 h than 

semaglutide. Noticeably, 5b had a better anorectic effect than semaglutide during 0–12 h, indicating 
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the potential of 5b to be further developed into a long-acting anorectic agent after additional 

optimization. 

 

Put Figure 9 here 

Put Figure 10 here 

 

Toxicity tests 

The introduction of small molecules to GLP-1 analogs could effectively alter the PK profiles and 

improve the biological efficacy. However, another problem should be kept in mind is the potential 

toxicity brought by the small molecules. Particularly, previous researches have reported that the 

administration of LCA may lead to hepatoxicity.
42

 Thus, both in vitro and acute in vivo toxicity 

tests were conducted to evaluate the toxicity of 5b. The in vitro toxicity of 5b was evaluated on 

INS-1 cells by MTT assay. The cells were exposed to 11.2 mM glucose (normal glucose condition) 

with 10 nM liraglutide or semaglutide or 5b (10–1000 nM). As shown in Figure 10B, treatment 

with 10 nM liraglutide and semaglutide for 24 h did not reduce cell viability. The same trend was 

also observed for the cells treated with 10 or 100 nM of 5b. Treatment with the highest 

concentration of 5b (1000 nM) only slightly reduced the cell viability. Taken together, these results 

indicated the low toxicity of 5b in vitro.  

The in vivo toxicity of 5b was further tested. Due to the limited 5b supply, mice were used and 

only an acute toxicity test was conducted. Serum aspartate aminotransferase (AST) and alanine 

aminotransferase (ALT) were used as two important indicators for hepatic toxicity. As shown in 

Figures 10C and D, compared with the saline group, administration of 100 or 500 mg kg
-1

 of 5b for 
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two days did not result in significant elevation of either AST or ALT level. Therefore, both the in 

vitro and in vivo toxicity tests suggested that the safety of 5b.  

 

Chronic studies in db/db mice 

To further evaluate the potential therapeutic utility of 5b, the chronic treatment effects of 5b in 

db/db mice were tested. Considering the shorter anti-diabetic duration of 5b as compared with 

semaglutide and the well characterized long-term treatment effects of liraglutide, we selected 

liraglutide as the positive control. Based on the hypoglycemic duration test of liraglutide and 5b, 

liraglutide and 5b (25 nmol·kg
-1

) were twice daily and once daily injected, respectively. 

Subcutaneous (s.c.) injection was used to better mimic the environment of clinical use. The db/db 

mice were divided with their well-matched HbA1c values which were tested by using a DCA 2000+ 

chemistry analyzer. As shown in Figure 11A, the HbA1c values in saline group gradually increased 

during the five-week treatment. In contrast, compared with day 0, treatment with liraglutide or 5b 

prohibited the worsening of the HbA1c during the treatment period and lowered the HbA1c by ~1.7% 

and ~4.5% on day 35, respectively. The food intake and body weight change in each group of mice 

were recorded every day. As shown in Figures 11B and C, both liraglutide and 5b potently reduced 

food intake and the anorectic effect of 5b was slightly better than liraglutide from day 16. 

Consequently, the body weight change in liraglutide and 5b groups were lower than that in the 

saline group, and the relative body weight reductions in liraglutide and 5b treated mice were ~72% 

and ~84%, as compared with the saline group on day 36. Furthermore, both liraglutide and 5b 

exhibited prominent effects on lowering non-fasting blood glucose concentrations, and these effects 

were accompanied by significantly enhanced non-fasting plasma insulin concentrations (Figures 
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11D and E). Liraglutide and 5b did not differ in their effects on glucose-lowering and insulinotropic 

during the five-week treatment.  

At the end of the study, we performed an IPGTT to evaluate the beneficial effects of liraglutide 

and 5b treatments on glucose tolerance. As shown in Figure 11F, administration of liraglutide or 5b 

resulted in improved glucose tolerance patterns, as reflected by the significantly decreased blood 

glucose levels compared with the saline group. The immunohistochemistry analysis of pancreata 

(Figure 12) revealed that the insulin in islets of saline treated mice was extremely reduced. However, 

in islets of the liraglutide or 5b treated mice, the staining of insulin was significantly improved. The 

results of the immunohistochemistry indicated the beneficial treatment effects of liraglutide and 5b 

on amelioration of pancreatic endocrine deficiencies. Importantly, we did not observe the 

hepatotoxicity of 5b after the five-week treatment. The AST and ALT values in 5b treated mice 

were similar to that in the saline and liraglutide groups, indicating again the safety of 5b during 

chronic usage (Table 3). 

 

Put Figure 11 here 

Put Figure 12 here 

Put Table 3 here 

 

Discussion  

Our previous research on Xenopus GLP-1 analogs (1–3), which could potently activate GLP-1 

receptor and lower blood glucose, suggested the potential of these peptides to be developed as novel 

GLP-1 receptor agonists. However, the relatively poor pharmacokinetic profiles of these peptides 
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should be improved. In this study, we demonstrated a novel method to improve the stability of 

GLP-1 analogues through the introduction of the albumin binding molecule LCA. Eighteen novel 

LCA-Xenopus GLP-1 conjugates (4a–r) were designed and successfully synthesized using SPPS. 

Functional screening results showed that the LCA moiety was well tolerated by peptides 1–3. SAR 

studies revealed that the potencies of 4a–r decreased as the length of the alkyl chain linker 

increased. For conjugates (4a–l) derived from 1 and 2, the conjugation position of the peptide also 

impacted the receptor activation potency, and Lys20 was preferred. However, for 4m–r which were 

derived from 3, the conjugation position had no significant impact on potency. This is an interesting 

finding, and the inconsistent SAR between 4a–l and 4m–r may result from the different C-terminal 

sequences between 1–2 and 3. In vivo IPGTT tests revealed a similar SAR. Interestingly, some 

conjugates exhibited higher EC50 values than GLP-1 but showed lower AUCglucose values than 

GLP-1. To examine the in vitro stability, we incubated 4a–r with rat plasma over 72 h. The results 

gave direct evidence on the important role of the alkyl chain linker. The in vitro half-lives of 

conjugates with a C2 or C5 alkyl chain linker were only moderately improved, while the half-lives 

of conjugates with a C11 alkyl chain linker were as long as liraglutide. Next, in order to further 

increase the albumin binding affinity of selected conjugates (4c, 4i, 4r) to explore the possibility for 

further improvement of their stabilities, two O2Oc spacers were introduced between the peptides 

and LCA in an attempt to optimize their LCA side chains, affording 5a–c. To quantify the impact of 

the O2Oc spacer on the potency of 5a–c, their in vivo glucose-lowering activities were evaluated. 

The results showed that the O2Oc linker was well tolerated by 4c, 4i and 4r, and only 5a showed a 

slightly decreased hypoglycemic activity. Importantly, the in vitro stabilities of 5a–c were 

significantly enhanced, which may be attributed to the increased albumin binding affinity.  
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The HSA affinity of the selected compound 5b was studied by HPAC analysis and compared with 

4i, liraglutide and semaglutide. As expected, 5b displayed an increased albumin binding affinity 

relative to the native peptide 4i and liraglutide. However, the albumin binding affinity of 5b was 

still lower than semaglutide. The possible reason is the relatively short alkyl chain and the absence 

of acidic groups, both of which were proved to be important for the extremely high albumin affinity 

of semaglutide.
13, 20

 Subsequent pharmacokinetic studies revealed that 5b had a circulation half-life 

two-fold longer than that of 4i, which is consistent with the higher albumin binding affinity of 5b. 

Furthermore, 5b exhibited comparable hypoglycemic and insulinotropic activities in db/db mice to 

liraglutide and semaglutide, indicating the potent biological activities of 5b in vivo. The 

hypoglycemic duration of 5b was much greater than that of liraglutide, and further dose-response 

study revealed that 5b had a dose-dependent anti-diabetic efficacy and could potently lower blood 

glucose concentrations for at least 24 h (25 nmol·kg
-1

) or 48 h (150 nmol·kg
-1

). However, the 

anti-diabetic duration of 5b was still lower than that of semaglutide, which could lower blood 

glucose concentrations for at least 48 h. It could be speculated that the N-terminal Aib2-Glu3 region 

of semaglutide is more resistant to DPP-IV cleavage than the Gly2-Glu3 in 5b. This might account 

for the shorter anti-diabetic duration of 5b in vivo than semaglutide. During the hypoglycemic 

duration tests, the inhibitory effect of 5b on food intake was also investigated. Liraglutide, 

semaglutide and 5b exhibited potent effects on food intake during 0–12 h, while these effects were 

evidently different at 24 h. These differences in anorectic effects among liraglutide, semaglutide 

and 5b may presumably be attributed to their different pharmacokinetics. 

The preliminary toxicity tests of 5b demonstrated its low in vitro toxicity and in vivo hepatoxicity. 

Normally, the toxicity of LCA is evident in mice when the administered dose exceeds 100 
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mg/kg/day,
42

 which is much larger that the tested dose of 5b in acute toxicity test (100 mg·kg
-1

 of 

LCA corresponds to ~1395 mg·kg
-1

 of 5b) and the administration dose of 5b in other biological 

tests (~0.14–0.79 mg·kg
-1

). However, further chronic toxicity test of 5b still needs to be performed 

to more precisely evaluate the toxicity of 5b. A once daily injection of 5b showed prominent 

hypoglycemic effects associated with promotion of insulin secretion in db/db mice. Similar to 

liraglutide, chronic administration of 5b prohibited the worsening of the HbA1c and improved 

glucose tolerance. The immunohistochemistry further proved that the enhanced glucose tolerance 

effect of 5b was attributed to the beneficial effect of 5b on amelioration of pancreatic endocrine 

deficiencies. The biochemical analysis results revealed that 5b did not show significant hepatic 

toxicity after the five-week treatment. Overall, these beneficial preclinical data of 5b indicate the 

potential of 5b as a long-acting hypoglycemic agent. 

In summary, we report the synthesis and SAR of a series of Xenopus GLP-1 analogues 

derivatized with LCA on the amine of Lys with the aim to discover novel long-acting GLP-1 

receptor agonists for the treatment of T2DM. Our studies identified 5b with a half-life of 11.0 h in 

rats after s.c. dosing as well as similar in vivo glucose-lowering activity to liraglutide and 

semaglutide. Hypoglycemic duration study of 5b in non-fasted db/db mice demonstrated a duration 

of 5b > 24 h at a dose of 25 nmol·kg
-1

. In db/db mice, daily administration of 5b achieved 

beneficial effects on HbA1c, food intake, body weight and blood glucose. Importantly, insulin 

immunostaining revealed the treatment effects of 5b on islet of db/db mice. The preclinical results 

of 5b suggest that it has a promising therapeutic potential as a novel long-acting GLP-1 receptor 

agonist. Further structure modifications based on the current results may further improve the 

therapeutic efficacy and stability of 5b. 
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Scheme 1. Synthetic route of 4a–r. PG: Acid labile protecting group. 
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Scheme 2. Synthetic route of 5a–c. PG: Acid labile protecting group. 
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Table 1. The in vitro and in vivo bioactivities of 4a−r 

Compounds EC50 (nM)a AUCglucose 0-120min
b Compounds EC50 (nM)a AUCglucose 0-120min

b 

GLP-1 0.41 ± 0.07 817 ± 81 4h 0.57 ± 0.19 682 ± 33
***

 

1 0.32 ± 0.09 702 ± 57* 4i 0.88 ± 0.43 859 ± 66 

2 0.21 ± 0.03 622 ± 27*** 4j 0.31 ± 0.03 638 ± 33*** 

3 0.12 ± 0.08 556 ± 51*** 4k 0.68 ± 0.24 853 ± 38 

4a 0.29 ± 0.04 694 ± 40
*
 4l 2.09 ± 0.21 938 ± 27 

4b 0.97 ± 0.11 753 ± 31 4m 0.18 ± 0.06 478 ± 18
***

 

4c 1.49 ± 0.13 882 ± 50 4n 0.44 ± 0.11 541 ± 21*** 

4d 0.49 ± 0.07 803 ± 66 4o 0.98 ± 0.18 774 ± 36 

4e 1.68 ± 0.18 936 ± 27 4p 0.14 ± 0.02 421 ± 15
***

 

4f 6.35 ± 0.39 1037 ± 74 4q 0.48 ± 0.08 563 ± 8
***

 

4g 0.18 ± 0.02 540 ± 20*** 4r 0.61 ± 0.24 567 ± 45*** 

aData are represented as EC50. Values are the means ± SD of three individual experiments and repeated three 

times (n = 3). 

b
AUCglucose values were calculated by IPGTT in Kunming mice. Means ± SD, n = 6. 

*
P < 0.05 vs. GLP-1, 

***
P < 0.001 vs. GLP-1. 
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Table 2. The in vitro plasma stabilities of 4a−r 

Compounds Plasma half-life (h) Compounds Plasma half-life (h) 

Liraglutide 35.4 4j 24.1 

4a 17.4 4k 30.1 

4b 27.7 4l 40.5 

4c 37.7 4m 18.8 

4d 20.2 4n 26.6 

4e 29.4 4o 36.4 

4f 37.3 4p 16.9 

4g 21.5 4q 27.2 

4h 31.6 4r 38.7 

4i 39.5   
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Table 3. Effects of the liraglutide and 5b on AST and ALT levels after chronic treatment. 

Group ASTa (IU·L-1) ALTa (IU·L-1) 

Saline 80.6 ± 9.1 28.2 ± 4.9 

Liraglutide 88.2 ± 4.9 24.5 ± 8.1 

5b 76.9 ± 10.2 32.9 ± 7.3 

a
Data are means ± SD (n = 6). 
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Figure legends 

Figure 1. Structures of GLP-1, exendin-4, lixisenatide, peptides 1–3 and conjugates 4a–r. 

Figure 2. Concentration response curves of GLP-1 and representative LCA-Xenopus GLP-1 

conjugates in receptor activation. The data for the test compounds were normalized and plotted as 

the percentage of maximum cAMP levels stimulated by saturating GLP-1. All experiments were 

carried out in triplicate and repeated three times (n = 3). Means ± SD.  

Figure 3. Acute hypoglycemic effects of GLP-1 and 4a–r in Kunming mice. GLP-1 and 4a–r (25 

nmol·kg
-1

) were i.p. loaded at -10 min, followed by i.p. glucose loaded (2 g·kg
-1

) at 0 min. (A-D) 

Time-response curves of blood glucose concentrations in each group. Means ± SD, n = 6.  

Figure 4. Degradation of liraglutide and 4a–r in rat plasma. Means ± SD, n = 3. 

Figure 5. Structures of 5a–c. 

Figure 6. Stability and biological activity tests of 5a–c. (A) Degradation of liraglutide and 5a–c in 

rat plasma. Means ± SD, n = 3. (B) Concentration response curves of liraglutide and 5a–c in 

receptor activation. The data for the test compounds were normalized and plotted as the percentage 

of maximum cAMP levels stimulated by saturating GLP-1. Means ± SD. Experiments were 

performed in triplicate and repeated three times (n = 3). (C) Time-response curves of blood glucose 

in liraglutide and 5a–c groups. (D) AUCglucose 0-120 min after i.p. glucose administration. Means ± SD, 

n = 6. 

Figure 7. Physicochemical and pharmacokinetic profiles of 5b. (A) The albumin binding affinities 

of liraglutide, semaglutide, 4i and 5b were measured on HSA HPLC column (k'). (B) 

Pharmacokinetic profiles of 4i and 5b after s.c. administration in SD rat (50 nmol·kg
-1

). Means ± 

SD, n = 3. 
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Figure 8. Glucose-lowering and insulinotropic activities of liraglutide, semaglutide and 5b (25 

nmol·kg
-1

, i.p.) tested by IPGTT in db/db mice. (A) The course of blood glucose concentrations in 

each group. (B) AUCglucose 0-180 min after i.p. glucose administration. (C) Plasma insulin levels in each 

group of db/db mice at 10, 15 and 20 min post i.p. glucose load. Means ± SD, n = 6. 
***

P < 0.001 vs. 

Saline. 

Figure 9. Dose response studies for the hypoglycemic efficacies of liraglutide, semaglutide and 5b 

in nonfasted db/db mice after i.p. dosing of 25 or 150 nmol·kg
-1

. (A and C) Plots of blood glucose 

levels of liraglutide, semaglutide and 5b at the dose of 25 nmol·kg
-1

 (A) or 150 nmol·kg
-1 

(C). (B 

and D) Calculated glucose AUC0-60 h values in each group of mice. Means ± SD, n = 6. 
*
P < 0.05 vs. 

Saline, 
***

P < 0.001 vs. Saline. 
b
P < 0.01 vs. Liraglutide. 

c
P < 0.001 vs. Liraglutide.  

Figure 10. Anorectic and toxicity tests of 5b. (A) Cumulated food intake (0–24 h) of liraglutide, 

semaglutide and 5b (25 nmol·kg
-1

) in hypoglycemic efficacy tests. Means ± SD, n = 6. (B) Effects 

of liraglutide, semaglutide (10 nM), and 5b (10, 100, and 1000 nM) on the viability of INS-1 cells. 

(C) Acute in vivo toxicity of 5b (100 or 500 mg·kg
-1

, dosing 2 days) in db/db mice. Means ± SD, n 

= 3. 

Figure 11. Effects of liraglutide and 5b on db/db mice during a five-week treatment. (A) HbA1c (%) 

values in each group as measured weekly. (B) Food intake amount (g/mouse). (C) Body weight 

change (g/mouse). (D) Non-fasting blood glucose concentrations as measured every two days. (E) 

Non-fasting insulin concentrations as measured every week. (F) IPGTT test performed after the 

treatment period. Means ± SD, n = 6. 

Figure 12. Immunohistochemistry analysis of pancreatic tissue sections in db/db mice after five 

weeks of study. Representative images of insulin immunostaining sections in saline (A), liraglutide 
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(B) and 5b (C) groups. (D) Integrated optical density (IOD) values of insulin in each group. Data 

are represented as the Means ± SD for six mice per group. 
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Figure 1. Structures of GLP-1, exendin-4, lixisenatide, peptides 1–3 and conjugates 4a–r. 
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Figure 2. Concentration response curves of GLP-1 and representative LCA-Xenopus GLP-1 

conjugates in receptor activation. The data for the test compounds were normalized and plotted as 

the percentage of maximum cAMP levels stimulated by saturated GLP-1. All experiments were 

carried out in triplicate and repeated three times (n = 3). Means ± SD. 

 

  

Page 46 of 71

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



47 

 

Figure 3. Acute hypoglycemic effects of GLP-1 and 4a–r in Kunming mice. GLP-1 and 4a–r (25 

nmol·kg
-1

) were i.p. loaded at -10 min, followed by i.p. glucose loaded (2 g·kg
-1

) at 0 min. (A-D) 

Time-response curves of blood glucose concentrations in each group. Means ± SD, n = 6.  
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Figure 4. Degradation of liraglutide and 4a–r in rat plasma. Means ± SD, n = 3. 
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Figure 5. Structures of 5a–c. 
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Figure 6. Stability and biological activity tests of 5a–c. (A) Degradation of liraglutide and 5a–c in 

rat plasma. Means ± SD, n = 3. (B) Concentration response curves of liraglutide and 5a–c in 

receptor activation. The data for the test compounds were normalized and plotted as the percentage 

of maximum cAMP levels stimulated by saturated GLP-1. Means ± SD. Experiments were 

performed in triplicate and repeated three times (n = 3). (C) Time-response curves of blood glucose 

in liraglutide and 5a–c groups. (D) AUCglucose 0-120 min after i.p. glucose administration. Means ± SD, 

n = 6. 
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Figure 7. Physicochemical and pharmacokinetic profiles of 5b. (A) The albumin binding affinities 

of liraglutide, semaglutide, 4i and 5b were measured on HSA HPLC column (k'). (B) 

Pharmacokinetic profiles of 4i and 5b after s.c. administration in SD rat (50 nmol·kg
-1

). Means ± 

SD, n = 3. 

 

  

Page 51 of 71

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



52 

 

Figure 8. Glucose-lowering and insulinotropic activities of liraglutide, semaglutide and 5b (25 

nmol·kg
-1

, i.p.) tested by IPGTT in db/db mice. (A) The course of blood glucose concentrations in 

each group. (B) AUCglucose 0-180 min after i.p. glucose administration. (C) Plasma insulin levels in each 
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group of db/db mice at 10, 15 and 20 min post i.p. glucose load. Means ± SD, n = 6. 
***

P < 0.001 vs. 

Saline. 
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Figure 9. Dose response studies for the hypoglycemic efficacies of liraglutide, semaglutide and 5b 

in nonfasted db/db mice after i.p. dosing of 25 or 150 nmol·kg
-1

. (A and C) Plots of blood glucose 

levels of liraglutide, semaglutide and 5b at the dose of 25 nmol·kg
-1

 (A) or 150 nmol·kg
-1 

(C). (B 

and D) Calculated glucose AUC0-60 h values in each group of mice. Means ± SD, n = 6. 
*
P < 0.05 vs. 

Saline, 
***

P < 0.001 vs. Saline. 
b
P < 0.01 vs. Liraglutide. 

c
P < 0.001 vs. Liraglutide.  
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Figure 10. Anorectic and toxicity tests of 5b. (A) Cumulated food intake (0–24 h) of liraglutide, 

semaglutide and 5b (25 nmol·kg
-1

) in hypoglycemic efficacy tests. Means ± SD, n = 6. (B) Effects 

of liraglutide, semaglutide (10 nM), and 5b (10, 100, and 1000 nM) on the viability of INS-1 cells. 

(C) Acute in vivo toxicity of 5b (100 or 500 mg·kg
-1

, dosing 2 days) in db/db mice. Means ± SD, n 

= 3. 
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Figure 11. Effects of liraglutide and 5b on db/db mice during a five-week treatment. (A) HbA1c (%) 

values in each group as measured weekly. (B) Food intake amount (g/mouse). (C) Body weight 

change (g/mouse). (D) Non-fasting blood glucose concentrations as measured every two days. (E) 

Non-fasting insulin concentrations as measured every week. (F) IPGTT test performed after the 

treatment period. Means ± SD, n = 6. 
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Figure 12. Immunohistochemistry analysis of pancreatic tissue sections in db/db mice after five 

weeks of study. Representative images of insulin immunostaining sections in saline (A), liraglutide 

(B) and 5b (C) groups. (D) Integrated optical density (IOD) values of insulin in each group. Data 

are represented as the Means ± SD for six mice per group. 
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Figure 1. Structures of GLP-1, exendin-4, lixisenatide, peptides 1–3 and conjugates 4a–r.  
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Figure 2. Concentration response curves of GLP-1 and representative LCA-Xenopus GLP-1 conjugates in 
receptor activation. The data for the test compounds were normalized and plotted as the percentage of 
maximum cAMP levels stimulated by saturated GLP-1. All experiments were carried out in triplicate and 

repeated three times (n = 3). Means ± SD.  
 

266x384mm (300 x 300 DPI)  

 

 

Page 59 of 71

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

Figure 3. Acute hypoglycemic effects of GLP-1 and 4a–r in Kunming mice. GLP-1 and 4a–r (25 nmol·kg-1) 
were i.p. loaded at -10 min, followed by i.p. glucose loaded (2 g·kg-1) at 0 min. (A-D) Time-response curves 

of blood glucose concentrations in each group. Means ± SD, n = 6.  
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Figure 4. Degradation of liraglutide and 4a–r in rat plasma. Means ± SD, n = 3.  
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Figure 5. Structures of 5a–c.  
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Figure 6. Stability and biological activity tests of 5a–c. (A) Degradation of liraglutide and 5a–c in rat plasma. 
Means ± SD, n = 3. (B) Concentration response curves of liraglutide and 5a–c in receptor activation. The 
data for the test compounds were normalized and plotted as the percentage of maximum cAMP levels 

stimulated by saturated GLP-1. Means ± SD. Experiments were performed in triplicate and repeated three 
times (n = 3). (C) Time-response curves of blood glucose in liraglutide and 5a–c groups. (D) AUCglucose 0-

120 min after i.p. glucose administration. Means ± SD, n = 6.  
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Figure 7. Physicochemical and pharmacokinetic profiles of 5b. (A) The albumin binding affinities of 
liraglutide, semaglutide, 4i and 5b were measured on HSA HPLC column (k'). (B) Pharmacokinetic profiles of 

4i and 5b after s.c. administration in SD rat (50 nmol·kg-1). Means ± SD, n = 3.  
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Figure 8. Glucose-lowering and insulinotropic activities of liraglutide, semaglutide and 5b (25 nmol·kg-1, 
i.p.) tested by IPGTT in db/db mice. (A) The course of blood glucose concentrations in each group. (B) 
AUCglucose 0-180 min after i.p. glucose administration. (C) Plasma insulin levels in each group of db/db 

mice at 10, 15 and 20 min post i.p. glucose load. Means ± SD, n = 6. ***P < 0.001 vs. Saline.  
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Figure 9. Dose response studies for the hypoglycemic efficacies of liraglutide, semaglutide and 5b in 
nonfasted db/db mice after i.p. dosing of 25 or 150 nmol·kg-1. (A and C) Plots of blood glucose levels of 

liraglutide, semaglutide and 5b at the dose of 25 nmol·kg-1 (A) or 150 nmol·kg-1 (C). (B and D) Calculated 

glucose AUC0-60 h values in each group of mice. Means ± SD, n = 6. *P < 0.05 vs. Saline, ***P < 0.001 
vs. Saline. bP < 0.01 vs. Liraglutide. cP < 0.001 vs. Liraglutide.  
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Figure 10. Anorectic and toxicity tests of 5b. (A) Cumulated food intake (0–24 h) of liraglutide, semaglutide 
and 5b (25 nmol·kg-1) in hypoglycemic efficacy tests. Means ± SD, n = 6. (B) Effects of liraglutide, 
semaglutide (10 nM), and 5b (10, 100, and 1000 nM) on the viability of INS-1 cells. (C) Acute in vivo 

toxicity of 5b (100 or 500 mg·kg-1, dosing 2 days) in db/db mice. Means ± SD, n = 3.  
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Figure 11. Effects of liraglutide and 5b on db/db mice during a five-week treatment. (A) HbA1c (%) values in 
each group as measured weekly. (B) Food intake amount (g/mouse). (C) Body weight change (g/mouse). 
(D) Non-fasting blood glucose concentrations as measured every two days. (E) Non-fasting insulin 

concentrations as measured every week. (F) IPGTT test performed after the treatment period. Means ± SD, 
n = 6.  
 

199x216mm (300 x 300 DPI)  

 

 

Page 68 of 71

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

Figure 12. Immunohistochemistry analysis of pancreatic tissue sections in db/db mice after five weeks of 
study. Representative images of insulin immunostaining sections in saline (A), liraglutide (B) and 5b (C) 
groups. (D) Integrated optical density (IOD) values of insulin in each group. Data are represented as the 

Means ± SD for six mice per group.  
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Scheme 1. Synthetic route of 4a–r. PG: Acid labile protecting group.  
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Scheme 2. Synthetic route of 5a–c. PG: Acid labile protecting group.  
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