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nhanced thrombin-based GLP-1
analog with long-lasting glucose-lowering and
efficient weight reduction

Hongchao Pan,†a Yini Xie,†b Wenying Lu,†c Yin Chen,d Zhao Lu,e Jun Zhen,e

Weiwei Wang *c and Anquan Shang *f

Peptides are considered as potent therapeutic drugs primarily due to the exquisite potency and selectivity to

targets. However, the development and clinical application of peptide drugs were severely limited by the

poor in vivo lifespans. Here, we designed an improved small albumin-binding polypeptide that can

associate with human serum albumin (HSA) and liberate the bioactive peptide. Using glucagon-like

peptide-1 (GLP-1) as a model, two new long-lasting GLP-1 analogs (termed XTS1 and XTS2) containing

an albumin-binding domain, a protease-cleavable linker and a mutated GLP-1(A8Aib) were designed to

demonstrate the sustained release of GLP-1 due to the plasma thrombin (TBN) digestion. Two XTS

peptides were prepared of high purity (>99%) and accurate molecular weight determined by reversed

high-performance liquid chromatography and mass spectrometry, respectively. In vitro measurements of

surface plasmon resonance indicated that XTS1 associate with serum albumins of all species with higher

affinity compared with XTS2. Metabolic stability of XTS1 in vitro in human plasma was also better than

that of XTS2. Protease cleavage assay results of XTS peptides demonstrated the controlled-release of

transient GLP-1 from the XTS1 and XTS2 mixture after thrombin-catalyzed hydrolysis. Then the

intraperitoneal glucose tolerance test (IPGTT) showed that the glucose-lowering efficacies of XTS1 were

in a dosage-dependent manner within the range of 0.1–0.9 mg kg�1. In addition, XTS1 showed similar

hypoglycemic intensity and significantly longer action duration compared to Liraglutide in both multiple

IPGTTs and hypoglycemic duration test. Apparently extended plasma half-lives of �2.3 and �3.5 days

were observed after a single subcutaneous administration of XTS1 (0.9 mg kg�1) in rats and cynomolgus

monkeys, respectively. Furthermore, twice-weekly subcutaneously dosed XTS1 in db/db mice achieved

long-term beneficial effects on body weight, hemoglobin A1C (HbA1C) lowering and the function of

pancreatic beta cells. These studies support that XTS1 exerts potential as a therapeutic drug for the

treatment of T2DM.
Introduction

Peptides are considered as effective therapeutic agents because
of their low immunogenicity, small molecular weight and
outstanding specicity.1–3 Especially for the therapeutics based
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hemistry 2019
on the hormone peptides which deliver superior therapeutic
benets while displaying exquisite specicity for receptors.4–6

Therefore, there are numerous peptides that have already been
used for the development of drugs.7,8 However, the application
prospects and actual therapeutic efficacies of peptide drugs are
severely limited by the short duration of action in vivo, primarily
due to enzyme hydrolysis and the rapid glomerular ltration.9,10

Extending the in vivo exposure of the peptide therapeutic has
focused on enlarging molecular size by fusing peptides to
molecular scaffolds, such as large natural proteins including
albumin11,12 and Fc,13,14 or to a certain domain which can
associate with albumin, showing potential for extending the
lifespans of peptides.15–18 HSA was widely used as the in vivo
molecule transporter due to its wide tissue distribution, long
half-life (�19 days) resulting from neonatal Fc receptor medi-
ated cell recycling and large molecular size. Thereby the peptide
drugs, association tightly with serum albumin, will have longer
in vivo half-lives compared with the unbound ones.19,20
RSC Adv., 2019, 9, 30707–30714 | 30707
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Based on the previous research,21 our strategy for half-life
extension was focused on the fusion of peptide drugs with
albumin binding peptides that display high affinity for albu-
mins. But the reported results indicated that these fusion
peptides, containing only single albumin binding domain, exert
only about an affinity of �1 mM for HSA, and the sequence of
released natural GLP-1 includes DPP-IV digestion site, both of
which leading to a short in vivo half-life (no more than 12
hours).22,23 In order to develop the antidiabetic agents with
longer duration of action, we chose two previously reported
albumin binding peptides with highest affinity for HSA in
a tandem array, and remove the DPP-IV digestion site by
replacing the 8th alanine with 2-aminoisobutyric acid, a non-
natural amino acid with outstanding proteolytic stability, to
construct new pro-drugs. When our newly design fusion
peptides were subcutaneously administrated into the blood
circulation, they will rapidly bind to the albumin which can
protect them from elimination action from kidney and proteo-
lytic degradation.21–23 The protease-cleavable linker will be
consequentially scissile to TBN hydrolysis and release the
mutated GLP-1(A8Aib) (Scheme 1).

In the present study, we aimed to prepare and demonstrate
the XTS peptides showing high efficiency on the glucose-
stabilizing and diabetes-protective. Both the preliminary phar-
macodynamics and pharmacokinetics characteristics of XTS
peptides were also carefully studied in db/db mice and cyn-
omolgus monkeys, respectively.
Experimental
Materials and animals

Synthetic Liraglutide was obtained by GL Biochem Technology
Co. (Shanghai, China) which use a traditional solid phase
method. Albumins of different species were purchased from
Abcam (Shanghai, China). 6–8 weeks old db/db mice were ob-
tained from Cavins Biotechnology Co., Ltd. (Changzhou,
China). Male cynomolgus monkeys (Macaca fascicularis) were
obtained from Xishan Zhongke Drug Research and
Scheme 1 Structure and the prolonged persistence mechanism of XTS

30708 | RSC Adv., 2019, 9, 30707–30714
Development Co., Ltd. (Suzhou, China) and housed in
a conventional facility room. All the animals were acclimated to
the controlled ambient conditions of 12 h light/dark cycle and
free access to water. Animal care and use committee of the
WuXi AppTec. Laboratories (Wuxi, China) approved the animal
experiments and the approval codes was ACU19-122 and
ACU18-271.
Design, preparation and identication of XTS1 peptide

Design strategy of our peptides was the N-terminal extension
of GLP-1(A8Aib) with 39 amino acid sequence of albumin
binding domain (Table 1) via a cleavable linker. All the
peptides using in this research were synthesized using
a prelude automated peptide synthesizer (Protein Tech-
nology Inc., America) according to the standard solid phase
peptide synthetic manual.24 XTS1/2 were subjected to high
performance liquid chromatography (HPLC) on a C18
column (Agilent, America, 4.6 � 250 mm, 5 mm) and detec-
tion wavelength was 280 nm. Mass spectrometry analysis of
XTS1/2 was performed on a MALDI-TOF-MS AXIMA CFR
(Kratos Analytical, Japan).
Albumin binding affinity measurements

Characterization of the binding of the synthesized peptides to
albumins were conducted by surface plasmon resonance
measurements using BIAcore T200 system (General Electric
Company, America) for evaluating XTS10 and XTS20 affinity for
albumins of mouse, rat, monkey and human. Operational details
were conducted following the manufacturer's instructions. We
xed the different albumins to the CM5 chips in a xed level of
�100 RU and then the XTS1 and XTS2 peptides were furtherly
diluted to six gradients (0, 0.11, 0.33, 1, 3, 9, 27 nM) and then ow
through the chips with different albumins at a ow rate of 30
mLmin�1 under amodel of binding (300 s) and dissociating (300 s)
usingHBS-EP+ as assay buffer at 25 �C. The data tting procedures
were briey introduced in a 1 : 1 binding model aer the double
deductions.
peptides in vivo.

This journal is © The Royal Society of Chemistry 2019
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Table 1 SPR measurements. SPR binding results for XTS1 interaction with serum albumin of different species

Parameters Mouse Rat Monkey Human

XTS1 ka (M
�1 s�1) 2.04 � 104 3.25 � 104 4.18 � 104 7.46 � 104

kd (s�1) 6.36 � 10�2 4.72 � 10�2 9.41 � 10�2 1.05 � 10�2

KD (M) 3.13 � 10�6 1.45 � 10�6 2.25 � 10�7 1.41 � 10�7

XTS2 ka (M
�1 s�1) 1.04 � 104 2.54 � 104 2.27 � 104 3.58 � 104

kd (s�1) 8.51 � 10�2 5.55 � 10�2 7.24 � 10�2 2.54 � 10�2

KD (M) 8.11 � 10�6 2.18 � 10�6 3.18 � 10�7 7.09 � 10�7
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Protease cleavage assay

XTS peptides samples with or without human serum albumin
were dissolved in 0.1 mL PBS buffer (pH 7.4) at a nal
concentration of 1 mg L�1. Aliquot of human thrombin (0.4 U
mL�1) was added to the mixture and then the reaction mixture
was fractionated into ten equal parts and incubated at 37 �C for
72 hours in dark. One sample at a time was taken out at 0, 2, 4,
8, 16, 24, 48 and 72 hours, and the reaction was stopped by
adding 0.01 mL 0.1% TFA, followed by analysis ELISA and mass
spectrometry method.

Plasma stability assay

XTS1 and XTS2 were dissolved in human plasma with or
without albumin at a nal concentration of 1 mg L�1. The
mixture were further incubated at 37 �C for 72 hours. At 0, 1, 2,
4, 8, 16, 24, 48 and 72 h, the collected samples were furtherly
analyzed by the above mentioned methods.

Intraperitoneal injection glucose tolerance test

A modied IPGTT was conducted in the db/db mice aer
overnight fasting. The mice received a single subcutaneous
injection of placebo, Liraglutide (0.1 mg kg�1), three dosages of
XTS1 (0.1, 0.3 and 0.9 mg kg�1). Animals were administrated
with glucose (2.0 g kg�1) aer the intraperitoneal injection of
Liraglutide or XTS1. Meanwhile, the blood glucose levels (BGLs)
were measured using a glucometer at 0, 0.25, 0.5, 1, 2 h aer
each administration of glucose. Multiple IPGTTs were furtherly
conducted at an interval of 30 hours aer rst administration of
saline, Liraglutide (0.1 mg kg�1), three dosages of XTS1 (0.3 and
0.9 mg kg�1). Area under the curves of each IPGTT were also
calculated to evaluate the anti-hyperglycemic effects.

Hypoglycemic efficacies in non-fasted db/db mice

Male 4–6 weeks old db/db mice were subcutaneously injected of
saline, Liraglutide (0.1 mg kg�1), XTS1 (0.1, 0.3 and 0.9 mg per
kg body wt). The blood samples were collected from animal's
tail veins at various time-points (0, 0.5, 1, 2, 4, 8, 24, 48, 72 h)
and detected using a glucometer.

Pharmacokinetic studies in SD rats and cynomolgus monkeys

SD rats and cynomolgus monkeys were subcutaneously adminis-
trated with XTS1 at a dose of 0.3 mg kg�1 and 0.9 mg kg�1. Blood
samples were collected from the right forelimb veins pre-dose and
at 0.08, 0.5, 1, 2, 4, 8, 24 h post-dose and on days 2, 3, 4, 5, 6, and 7.
This journal is © The Royal Society of Chemistry 2019
Plasma samples were separate and quickly frozen by liquid
nitrogen. XTS1 concentration in plasma were measured using
a liquid chromatography tandem mass spectrometry of which the
detection range was 0.1 to 50 mg mL�1.
Chronic in vivo studies

Forty male db/dbmice (6–8 weeks old) with average body weight
and fasted BGL were assigned to four groups. Animals in each
group were once daily subcutaneous (s.c.) injected with saline,
Liraglutide (0.1 mg kg�1), XTS1 (0.3 and 0.9 mg per kg body wt)
for consecutive 8 weeks. Body weight and the consumption of
water and food were measured daily. IPGTT tests without
administration of either XTS1 or Liraglutide were conducted at
week 1 and 8. HbA1c value and other blood biochemical
indexes, including total cholesterol (TC), triglyceride (TG), high-
density lipoprotein (HDL), low-density lipoprotein (LDL),
alanine aminotransferase (ALT), aspartate aminotransferase
(AST) were detected by using automatic biochemical analyzer
aer the experimental period. Aer the 8 week treatment,
pancreatic tissues from diabetic mice were carefully isolated
and processed according to the commonly used procedures,
and furtherly stained with hematoxylin–eosin (H&E) according
the previous reported method.25
Results
Design, preparation and identication of XTS1 peptides

Few albumin binding domains were exploitable that either
selected from peptide libraries including synthetic and natural
peptide library or exist naturally.19,26,27 In order to extend the
medical application of the existing ABDs, more construction
modes of ABD-based molecules should be tried. According to
the previous research,21 nine 12-mer ABD peptides were iden-
tied to exhibit high affinity for HSA. We selected and attached
two domains (SEQ1: DIOCLPRWGCLWE and SEQ2:
LPHSHRAHSLPP) with higher HSA binding affinity using
a (G4S)3 linker to generate two fully new ABD sequences
(Fig. 1A). We furtherly fused the two domains to the C-terminal
of GLP-1 using a sequence containing exible linker (GGGGGG)
and TBN-cleavable sites (FNPR) to ensure the enough space for
binding to GLP-1 receptor (GLP-1R) and controlled release of
GLP-1. We also removed the DPP-IV digestion site of natural
GLP-1 by replacing the 8th alanine with 2-aminoisobutyric acid,
a non-natural amino acid with outstanding proteolytic stability.
Therefore, it was expected that the introduction of two ABDs
RSC Adv., 2019, 9, 30707–30714 | 30709

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra06771j


Fig. 1 Identification of XTS1 peptides. Schematic illustration of peptide
design (A); HPLC chromatogram of purified XTS1 (B) and XTS2 (C);
mass spectra analysis of (D) XTS1: 8064.77 Da and (E) XTS2:
8065.19 Da.
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and mutation of GLP-1 would be benecial for its more long-
lasting in vivo glucose-lowering compared with previous re-
ported GLP-1 fusion peptides. As a result, two fusion peptides
(termed XTS1 and XTS2) due to the different position of SEQ1 or
SEQ2 were successfully constructed (Fig. 1A).

Both two peptides were prepared using a solid phase
synthesizing method15,24 and further identied by mass spec-
trometry aer HPLC purication. The peptide purity were both
over 99% (Fig. 1B and C) and exact molecular weight (Fig. 1D
and E) which were consistent with the theoretical value (XTS1:
7415.17 Da; XTS2: 7415.45 Da).
Albumin binding affinity

Binding constants of XTS1 and XTS2 for human and others
species, containing association rate constant ka (M�1 s�1),
dissociation rate constant kd (s�1) and overall affinity
constant KD (M), were presented in Fig. 2 and Table 1,
respectively. These results showed that XTS1 associate with
all species albumins with higher affinity than XTS2, espe-
cially in human (1.41 � 10�7 M vs. 7.09 � 10�7 M). In
Fig. 2 SPR measurements of binding affinity of (A) XTS1 and (B) XTS2
for human serum albumin.

30710 | RSC Adv., 2019, 9, 30707–30714
addition, affinity of both two XTS1 peptides for monkey
serum were obvious higher than mouse, rat and similar to
human, indicating that pharmacokinetics parameters of
XTS1 or XTS2 peptides in monkey were more closely to that
in human compared with other species. Compared to the
previous albumin binding affinity results,21 stringing SEQ1
and SEQ2 exert almost ten-fold higher affinity for HSA than
the single SEQ1 or SEQ2 (1.41 � 10�7 M vs. 1.12 � 10�6 M or
1.67 � 10�6 M).

Protease cleavage assay of XTS peptides

As evidenced in Fig. 3, transient GLP-1 peptide can be released
from XTS1 and XTS2 via plasma TBN. The amount of released
GLP-1 from the XTS1 and XTS2 with TBN-cleavable linkers
varies as a function of time during proteolysis, monitored with
antibody specically against GLP-1 and the concentration of
released GLP-1 were showed in Fig. 3A. In vitro, the transient
existence of three forms of products including intact XTS1 or
XTS2, GLP-1(A8Aib), and ABD-GGGGGGFNPR in the TBN-
catalyzed reactions were also conrmed by mass spectrometry
(Fig. 3B).

Plasma stability of XTS peptides

The in vitro plasma stability test of XTS1 and XTS2 with or without
HSA were furtherly performed. As is showed in Fig. 4, XTS1 and
XTS2 had an approximate half-life of 8.1 and 8.6 h, respectively, in
Fig. 3 Slowly-releasing of GLP-1 from designed XTS fusion peptides in
vitro. (A) The transient released GLP-1 concentration–time curve. The
mass spectrometric profiles also shows for the hydrolysis of XTS1 at 2 h
(B) and 72 h (C) or XTS2 at 2 h (D) and 72 h (E) by TBN. Peak 1, 2 and 3
refer to XTS polypeptide, ABD + linker and GLP-1(A8Aib), respectively.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Degradation profiles of XTS1 and XTS2 under incubation in
human plasma without (A) or with (B) serum albumin. All data are
expressed as mean � SD (n ¼ 5).

Fig. 6 Glucose-stabilizing capabilities of XTS1 were studied using
a modified multiple IPGTTs in male diabetic mice. Multiple IPGTTs
results time-course average BGLs and AUC values of db/db mice with
saline, Liraglutide (0.1 mg kg�1) and XTS1 (0.3, 0.9mg kg�1) for 60 h. P <
0.05, 0.02, 0.001 using one-way ANOVA (*, **, ***) vs. placebo. All
data are expressed as mean � SD (n ¼ 8).
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human plasma without albumin at 37 �C. As expected, XTS1 exert
a nearly 5-fold longer half-life (t1/2 ¼ 36.4 h) in human plasma with
albumin which longer than the XTS2 (t1/2 ¼ 25.1 h).
Dose dependency of XTS1 peptides on glucose-lowering in
fasted db/db mice

As is described in Fig. 5A and B, IPGTT was conducted aer
a single subcutaneously administration of XTS1 peptides (0.1,
0.3, 0.9 mg kg�1). All the three dosages of XTS1 exert signi-
cantly hypoglycemic efficacies with a lowering percentage of
48.5% for 0.9 mg kg�1 dosage, 35.1% for 0.3 mg kg�1 dosage,
and 13.5% for 0.1 mg kg�1 dosage, respectively, compared with
the placebo group (Fig. 5B). These results indicate that the
glucose-lowering ability of XTS1 was in clearly dosage-
dependent way within the range of 0.1–0.9 mg kg�1.
Sustain glucose-stabilizing capabilities of XTS1 peptide in
fasted db/db mice

The sustained glucose-stabilizing abilities of XTS1 to lower the
blood glucose levels (BGLs) in fasted db/db mice were evaluated
by performing a method of modied multiple IPGTTs. The mice
received a single intraperitoneal injection of saline, Liraglutide
(0.1 mg kg�1), XTS1 (0.3, 0.9 mg kg�1) half an hour before rst
glucose challenge. The BGLs of saline treated group rapidly
reached peak at half an hour and then slowly got back to the
base line level within 2 hours aer each round administration
of glucose (Fig. 6). While the glucose-stabilizing capabilities of
Fig. 5 Dose-dependence of XTS1 peptide lowering BGL in diabetic
mice. (A) IPGTT time-course average BGLs of diabetic mice with
placebo, XTS1 (0.1, 0.3, 0.9 mg kg�1) in fasted db/db mice. (B).
Areas under curve (AUC) of the BGLs within 0–120 min after
treatment. P < 0.05, 0.02, 0.001 using one-way ANOVA (*, **, ***)
vs. placebo. All data are expressed as mean � SD (n ¼ 8).

This journal is © The Royal Society of Chemistry 2019
XTS1 at both two dose (0.3, 0.9 mg kg�1) were obviously better
than that by saline due to the insulinotropic bioactivities.
During the IPGTT (30–32 h), the BGLs of XTS1 treated mice were
slightly higher than before but remained signicantly lower
than the control or Liraglutide. In third IPGTT (60–62 h), 0.9 mg
kg�1 XTS1 still could signicantly lower the BGLs compared
with saline. At 60 hours, both two dosages of XTS1 still exert
glucose-lowering effects with a glucose-lowering percentage of
40.2% for 0.9 mg kg�1 dosage and 8.2% for 0.3 mg kg�1,
respectively, compared with saline-treated ones, while the Lir-
aglutide was almost ineffective at 30 hours (Fig. 6).
Hypoglycemic duration test

The long-term anti-hyperglycemic activity of XTS1 was further
investigated by accessing its hypoglycemic duration in non
faceted db/db mice. Using Liraglutide (0.1 mg kg�1) as positive
control, two doses of XTS1 (0.3 mg kg�1 and 0.9 mg kg�1) were
employed. Aer the subcutaneous administration, the BGLs of
XTS1 groups (0.3 mg kg�1 and 0.9 mg kg�1) both decreased
rapidly to the normoglycemic level (less than 16.8 mmol L�1)
within 1 h (Fig. 7A). As evidenced by the data shown in Fig. 7A,
the lowest glucose levels reached in XTS1 treated group were
similar to Liraglutide treated mice, but increased relatively
slower. The sustaining time of which the BGLs were under
Fig. 7 Hypoglycemic stabilities of XTS1 as shown by the duration of
hypoglycaemia in non-fasted diabetic mice. (A) Anti-hyperglycemic
efficacies of Liraglutide (0.1 mg kg�1) and XTS1 (0.3, 0.9 mg kg�1) in
T2DM model mice pretreated with each sample for 96 h. (B) Calcu-
lated AUC0–96 h values of each group BGLs. P < 0.05, 0.02, 0.001 using
one-way ANOVA (*, **, ***) vs. placebo. All data are expressed as
mean � SD (n ¼ 8).

RSC Adv., 2019, 9, 30707–30714 | 30711
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Fig. 9 Chronic in vivo studies on male db/db mice. Effects of long-
term administration of XTS1 peptide on (A) food intake, (B) bodyweight
gain, (C) fat% of body mass and (D) HbA1c value in male db/db mice. P
< 0.05, 0.02, 0.001 using one-way ANOVA (*, **, ***) vs. placebo. All
data are expressed as mean � SD (n ¼ 8).
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8.35 mmol L�1 was considered as the hypoglycemic duration.
The BGLs in placebo treated mice maintained a hyperglycemic
state during the whole experiment and the treatment of XTS1 at
two dose (0.3 mg kg�1 and 0.9 mg kg�1) normalized the BGLs
for 16.5 h and 33.1 h, respectively, which signicant longer than
Liraglutide. The glucose-lowering effect of XTS1 at two doses
(0.3 mg kg�1 and 0.9mg kg�1) maintained at least 48 h and 96 h,
respectively, which was signicant better than Liraglutide
(0.1 mg kg�1) in vivo. Meanwhile, the AUC0–96 h values of XTS1
(0.3 mg kg�1 and 0.9 mg kg�1) treated groups exert hypogly-
cemic effects with a glucose-lowering percentage of 71.3% for
0.9 mg kg�1 and 59.8% for 0.3 mg kg�1, respectively, compared
with saline treated ones, while the Liraglutide was only 18.9%
(Fig. 7B).

Pharmacokinetics of XTS1 in SD rats and cynomolgus
monkeys

Pharmacokinetics parameters of XTS1 in SD rats and cyn-
omolgus monkeys aer a single subcutaneous injection were
summarized (Fig. 8). The t1/2 of XTS1 aer a single dose of
0.3 mg kg�1 or 0.9 mg kg�1 were approximately 33.0 h and
54.8 h in SD rats, respectively, while t1/2 of XTS1 at two doses
were approximately 43.1 h and 82.4 h in cynomolgus monkeys,
respectively.

Chronic in vivo study of XTS1 in diabetic mice

During the 8 weeks treatment course, both food intake and body
weight were measured once in two days. Fat% of body mass and
HAb1c value were detected at pre-dose and 9 weeks. As is
showed in Fig. 9A and B, both food intake and body weight gain
of XTS1 at the dose of 0.9 mg kg�1 treatment group showed
obvious reduction compared with the placebo treated ones.
There was relatively obvious dose reaction relationship between
body weight gain or food intake and two dosages of XTS1
(0.3 mg kg�1 and 0.9 mg kg�1) depending on the above results.
Aer the 8 weeks treatment cycle, the % fat and % HbA1c value
of both doses of XTS1 treated groups were decreased remark-
ably compared with placebo treated ones (Fig. 9C and D).
Interestingly, treatment of 0.3 mg kg�1 XTS1 exert a better
HbA1c reducing effect than not only 0.1 mg kg�1 Liraglutide but
also 0.9 mg kg�1 XTS1 on db/db mice.

Aer 8week treatment, blood biochemical indexes were detected
and listed in Table 2. There is a signicant decline in serum TC, TG
Fig. 8 Pharmacokinetics of XTS1 in SD rats (A) and cynomolgus
monkeys (B). All data are expressed as mean � SD (n ¼ 4) after
treatment. P < 0.05, 0.02, 0.001 using one-way ANOVA (*, **, ***) vs.
placebo. All data are expressed as mean � SD (n ¼ 8).
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and LDL-C level in XTS1 group. Furthermore, enzyme activities of
ALT and AST were detected to evaluate hepatocyte damage and
results showed a signicant reduction in both ALT and AST in XTS1
treated mice compared with saline treated ones.

Finally, H&E staining were conducted to evaluate the chronic
physiological effects of XTS1 at two doses (0.1 mg kg�1 and
0.9 mg kg�1) on the db/db mice. The pancreas paraffin sections
which were stained with H&E and then made to observe the
pancreas morphology (Fig. 10A). As is showed in Fig. 10B and C,
larger areas and higher numbers of islet were obviously
observed in the pancreases from XTS1 treated mice compared
with that in the placebo treated group.
Discussion

The current research describes the design and characterization
of two novel long-acting GLP-1 analogs with prolonged duration
of action in plasma circulation. The newly designed fusion
peptides (termed XTS1 and XTS2) were comprised of an ABD,
a linker with a cleavage site of TBN and a GLP-1(A8Aib).
Compared with the previous reports,21 we particularly
enhanced the albumin-binding ability of XTS peptides by
stringing two albumin binding peptides, and the 8th alanine
was changed to 2-aminoisobutyric acid, a non-natural amino
acid with outstanding resistance to DPP-IV, to improve the in
vivo stability of the released GLP-1.15

In this study, we prepared XTS peptides using a traditional
solid phase synthesizing method and the obtained peptides
were further identied using HPLC and mass spectrometry. As
is showed in Fig. 1B–E, purity of both two peptides were over
99% and exact molecular weight were consistent with the
theoretical values.
This journal is © The Royal Society of Chemistry 2019
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Table 2 Effects of 8 week treatment of XTS1 on db/db mice' blood biochemical indexes

Parameters Placebo Liraglutide XTS1 (0.3 mg kg�1) XTS1 (0.9 mg kg�1)

Triglyceride (mmol L�1) 1.5 � 0.2 1.1 � 0.2 0.8 � 0.2* 0.9 � 0.1*
Cholesterol (mmol L�1) 5.1 � 0.4 4.1 � 0.6 3.8 � 0.2* 3.1 � 0.4*
HDL-cholesterol (mmol L�1) 2.9 � 0.4 2.6 � 0.1 2.5 � 0.3 2.9 � 0.5
LDL-cholesterol (mmol L�1) 1.2 � 0.1 0.8 � 0.1 0.9 � 0.1** 0.5 � 0.1**
ALT (IU L�1) 62.7 � 3.5 45.1 � 5.1 50.5 � 3.4** 42 � 3.8***
AST (IU L�1) 161 � 13.4 112 � 9.9 125 � 10.5** 107 � 7.1**

Fig. 10 Effects of XTS1 on pancreatic islets in db/db mice. (A)
Representative images of histologic samples. (B) The number of
pancreatic islets in each group. (C) The area of pancreatic islets in each
group. P < 0.02, 0.001 using one-way ANOVA (**, ***) vs. placebo. All
data are expressed as mean � SD (n ¼ 8).
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Both two peptides exerted extremely high affinity for human
serum albumin. XTS1 was found with a higher binding affinity for
albumin from various species than XTS2 (Fig. 2A, B and Table 1).
In order to prove that the transient GLP-1 peptide can be released
from designed albumin binding peptide via plasma proteases, we
conducted a protease cleavage assay in vitro. Results were showed
in Fig. 3A, both two peptides containing a TBN-cleavable linker
generated GLP-1 peptide through TBN thrombin-meditated
hydrolysis.28–31 Using an ELISA method which was specic for
detecting the intact GLP-1, we obtained the transient concentra-
tion of the released GLP-1 from XTS1 and XTS2, respectively
(Fig. 3A). The mass spectrometric proles also shows for the
hydrolysis of XTS1 (Fig. 3B, 2 hours; Fig. 3C, 72 hours) or XTS2
(Fig. 3D, 2 hours; Fig. 3E, 72 hours) in vitro by TBN. In this study,
XTS1 not only displayed the higher albumin-binding affinity, but
also possessed the better plasma stability than XTS2, both of which
were important for the achievement of prolonged in vivo duration
of action. Therefore, the XTS1 was selected to furtherly evaluate its
in vivo anti-diabetic activity.

Based on the high affinities for albumin and the presence of
enhanced stability in plasma, it is expected that XTS1will exert long-
lasting duration of action in vivo. Furtherly, we study the dose
dependency of glucose-lowering effect of XTS1 in diabetic db/db
mice by using an IPGTT method (Fig. 5). Compared with vehicle
control group, all three doses of XTS1 peptide exert signicant
glucose-lowering effect and with a clear dose dependency ranging
from 0.1 to 0.9 mg kg�1. The long lasting glucose-stabilizing effects
XTS1 were conrmed bymultiple IPGTTs (Fig. 6) and hypoglycemic
duration test (Fig. 7) in db/db mice. The prolonged hypoglycemic
duration of XTS1 in diabetic mice probably because of the enzymic
metabolism and decreased renal clearance resulting from its strong
binding affinity to albumin. Importantly, the hypoglycemia did not
occur in the XTS1 treated diabetic mice during the period of
This journal is © The Royal Society of Chemistry 2019
multiple IPGTTs and hypoglycemic duration test which mainly
because the XTS1 exert its hypoglycemic action by controlled-release
of GLP-1(A8Aib), which was widely proved that lower the hypergly-
cemia in a mode of glucose-dependent way.7,32–34 It's worth
mentioning that Liraglutide was tested at a lower dose (0.1mg kg�1)
than XTS1 (0.3 and 0.9 mg kg�1) which was referred to the reported
papers35,36 and the clinical trials, and we believe that 0.1 mg kg�1 is
a right dose for Liraglutide, as a positive agent, in diabetic mice
without obvious risks. Further pharmacokinetics tests of XTS1 in
rats and cynomolgus monkeys also showed obviously extended in
vivo half-life comparedwith previous reports37–39 (Fig. 8). Liraglutide,
as a GLP-1 analogue which binds to albumin contributes to an in
vivo half-life of�8 h, is approved for once-daily diabetes treatment.
The next generation of GLP-1R agonists are mainly aimed to a once
weekly administration. As a result, some agents, such as albiglutide,
dulaglutide and semaglutide, were approved as the once-weekly
GLP-1 analogues. In this study, the t1/2 of XTS1 aer a single dose
of 0.3mg kg�1 or 0.9mg kg�1 were approximately 33.0 h and 54.8 h
in SD rats, respectively, while t1/2 of XTS1 at two doses were
approximately 43.1 h and 82.4 h in cynomolgus monkeys, respec-
tively. Interestingly, t1/2 of GLP-1 released from XTS1 (82.4 h, 0.9 mg
kg�1) in monkey was relatively higher than semaglutide (54 h, 1 mg
kg�1) aer a single s.c. injection, which gives us a lot of condence.

Furthermore, long-term benecial effects on XTS1 treated
db/db mice were achieved, such as reduction on food intake,
body weight gain, HbA1c value, fat% of body mass and
protective effects on pancreas b-cells (Fig. 9 and 10).
Conclusions

In conclusion, we have shown the design and fusion of a GLP-1
analog to an albumin binding domain comprising of two
sequential albumin-binding peptides to obtain the long-acting
GLP-1 analogs with signicantly prolonged hypoglycemic
ability. We believe that the XTS1 peptide is a promising agent
deserving further investigation to treat obesity patients with
diabetes. Furthermore, this sustained-release strategy may also
be applicable for the development of other long-acting peptide
drugs rather than only applied to GLP-1 for the prevention of
type 2 diabetes.
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