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Albumin-binding tag derived Exendin-4 analogue for treating hyperglycemia
and diabetic complications

RESEARCH PAPER

Shujuan Xu, Fang Wang, Hui Li, Ya Wang, and Dongzhong Fang

Department of Surgery, Yijishan Hospital of Wannan Medical College, Wuhu, Anhui, PR China

ABSTRACT

Current study was conducted to design and screen a long-lasting Exendin-4 analog for treating
type 2 diabetes via the novel strategy of albumin binding combined with thrombin enzymolysis.
First, a series of fusion peptides, containing different albumin-binding tags, a determinate throm-
bin-cleavable linker and a native Exendin-4, were prepared via chemosynthesis for in vitro and
in vivo characterization. Surface plasmon resonance assay, thrombin cleavage assay and plasma
stability test were performed for screening the optimal HEX peptide with enhanced albumin-
binding affinity, controlled-release as well as plasma stability. The in vivo anti-diabetic efficacies of
the selected candidate were further assessed via both acute and chronic pharmacodynamic
evaluation in diabetic model animals. HEX15 exhibited either the highest affinity for human
serum albumin or the superior in vitro stability and controlled release of Exendin-4 among 21
HEX peptides. Glucose tolerance test and hypoglycemic duration assay both revealed the notably
improved the glucose tolerance and prolonged normoglycemic duration, respectively, of diabetic
mice after single treatment of HEX15. Furthermore, chronic dosing of HEX15 significantly amelio-
rated the manifestations of diabetes in the db/db mice, including body weight, food intake,
glycometabolism as well as hyperlipemia. Interestingly, combination therapy of HEX15 and long
non-coding RNA-ENST00000411554 notably accelerated the wound healing and improved foot
ulcer symptoms in model rats with diabetic foot ulcers. In summary, based on the strategy of
linking the heptapeptide tag and thrombin-based sustained release, a long-acting Exendin-4
analog, HEX15, holds potential to be developed as a drug for ameliorating T2D as well as diabetic
complications.
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[6,7]. For example, in vivo protease degradation
is avoided by amino acid substitution, cyclization,
or the molecular size of peptides is expanded by
glycosylation or PEGylation, thereby effectively
reducing the renal clearance [8,9]. However,
there are some difficulties in structural modifica-
tion of peptides. Unnatural amino acid substitu-
tion or cyclization is difficult to implement
synthetically [4,6]. Another practical problem is
that if only factors in terms of peptide stability
are considered, it is easy to ignore the effects in
terms of peptide bioactivity [10]. For example,
glycosylation and PEGylation inevitably affect the
biological activity of peptides [11]. Therefore,
there is a need to preserve or improve the physio-
logical activity of peptides while improving their

1. Introduction

In recent years, polypeptide therapeutics hold
good application prospect due to the high safety,
efficacy, specificity, tolerability and low immuno-
genicity [1,2]. Unfortunately, the inherent disad-
vantages of peptides, such as low oral utilization,
high enzyme degradation and short half-life, limit
further clinical applications [3,4]. The in vivo rapid
filtration in therapeutic peptides results from the
combination of poor metabolic stability and
hydrodynamic radius below the renal glomerular
filtration limit, which lead to the frequent admin-
istration of peptide-based drugs to achieve the
desirable therapeutic levels [4,5]. Therefore, many
strategies have been developed to overcome these

challenges.

At present, structural modification is an effec-
tive means to improve the polypeptide stability

stability. Human serum albumin (HSA) is the
most abundant protein in serum, with an in vivo
half-life of up to 19 days [12]. Recently, the
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strategy of “hitchhiking” albumin has been widely
used to improve the drugability and preserve the
biological activity of the short-acting peptide [13].

Exendin-4, a natural analog of glucagon-like
peptide-1 (GLP-1) composed of 39 amino acid
residues, was discovered from the venom of
American great venom lizards and was approved
by the FDA in 2005 for the treatment of type 2
diabetes [14]. Exendin-4 holds numerous physio-
logical functions including promoting insulin
secretion and islet cell proliferation and regenera-
tion, inhibiting glucagon release and delaying gas-
tric emptying [15]. However, Exendin-4 has
a short in vivo circulating half-life of 2.4 hours
and requires twice daily dosing [15]. Therefore, it
is very necessary to develop long-acting Exendin-4
drugs through further structural modification and
dosage form modification.

Here, the heptapeptide tag was fused to
Exendin-4 via a thrombin-recognized element to
develop a series of novel long-acting Exendin-4
molecules, termed HEX peptides. The aim of cur-
rent study was to screen the optimal candidate via
in vitro evaluation and subjected to the prelimina-
rily pharmacodynamic and kinetic characteristics
evaluation in diabetic rodents. Furthermore, pre-
vious studies have identified the LncRNA-
ENST00000411554 as critically involved in the
pathogenesis of diabetic foot ulcers (DFU) [16].
Hence, the improved effects of HEXI15 and
LncRNA combination therapy on DFU will also
be investigated. The hypothesis is that the newly
designed Exendin-4 analog may hold the
improved in vivo antidiabetic efficacies and exhib-
ited enhanced combined effects on DFU with
LncRNA.

2. Materials and methods
2.1 Materials and animals

HEX peptides were synthesized by Hefei KS-V
Peptide Biotechnology Co., Ltd. (Hefei, China)
using combinatorial Fmoc solid phase synthesis
strategy with purity >95%. Semaglutide was
acquired from Hefei KS-V Peptide Biotechnology
Co., Ltd. (Hefei, China). HSA with a purity of 99%
was obtained from Sigma-Aldrich (St. Louis,
USA). Six- to eight-week-old male db/db mice

(male, ~40 g) and eight- to nine-week-old
Sprague-Dawley (SD) rats (male, ~275 g) were
purchased from Beijing Maidisiwei Biotechnology
Co., Ltd. (Beijing, China). Rodent animals were
divided into six per cage. All animals were kept
under standard husbandry conditions (25 + 1°C;
55%-65% relative humidity; 12-hour light/dark
cycle). Mouse glycated hemoglobin (HbAlc)
ELISA kit was obtained from Sigma-Aldrich
(St. Louis, USA). All animal studies were carried
out according to the Regulations for the
Administration of Affairs Concerning
Experimental ~Animals and approved by
ShengLunBio TACUC committee with approval
number DPR-000145003.

2.2 Albumin binding affinity test

The optimal HEX peptide with the highest binding
affinity for HSA was selected by surface plasmon
resonance (SPR) analysis based on the previously
described procedure [17]. All kinetic constants
including equilibrium constant (Kp), association
constant (ka) and dissociation constants (kd)
were calculated by using the BIA evaluation soft-
ware 4.1 (Biacore AB, Sweden).

2.3 Protease cleavage test

HEX13-HEXI15 (60 ng/mL) were subjected to pro-
tease cleavage with the thrombin at final concen-
tration of 0.4 U/mL in PBS (pH = 7.4). Reaction
mixture was incubated at 37°C for seven days and
protected from light, then taken out at predeter-
mined time points of 0, 1, 2, 3, 4, 5, 6 and 7 days.
At last, the different hydrolyzed fragments and the
released Exendin-4 were detected by ELISA and
LC-MS/MS methods, respectively.

2.4 Plasma stability assay

Monkey plasma was brought from Sigma-Aldrich
(St. Louis, USA) and stored at —20°C until used.
HEX13-HEXI15 (1 mg/L) were added to albumin-
contained or albumin-depleted monkey plasma
and then incubated in 96-well plate for indicated
time at 37°C and protected from light. At last, the
remaining HEX peptides were determined by LC-
MS/MS method.



2.5 Oral glucose tolerance test (OGTT)

Male db/db mice were randomly assigned into five
groups and received single subcutaneous (s.c.)
injection of saline, 10, 30, 90 and 150 nmol/kg
HEX15 in single oral glucose tolerance test
(OGTT), while received single s.c. injection of
saline, 90 nmol/kg Semaglutide and 10, 30 and
90 nmol/kg HEX15 in multiple OGTTs. All ani-
mals were fasted for 12 h before operating OGTT.
The blood glucose levels (BGLs) were detected
immediately from tail blood with handheld one-
touch UltraEasy glucometer (Johnson & Johnson,
USA) before and 15, 30, 60 and 120 min after
glucose loading (2 g/kg body weight). After first
oral glucose loading, OGTT was performed
another two times at a time interval of
70 hours (0-2, 70-72 and 144-146 h, respectively).

2.6 Hypoglycemic duration test

Male db/db mice were split into five groups and
received single s.c. injection of saline, 90 nmol/kg
Semaglutide, 10, 30 and 90 nmol/kg HEX15,
respectively. All animals were allowed to move,
eat and drink freely during the hypoglycemic
duration test. The BGLs were detected from tail
blood with handheld one-touch UltraEasy gluc-
ometer (Johnson & Johnson, USA) before and 1,
2, 4, 8, 12, 24, 36, 48, 72, 96, 120, 144, 168, 192
h after drug administration.

2.7 Pharmacokinetic study

Male SD rats were assigned into three groups and
received s.c. injection of 10, 30 and 90 nmol/kg
HEXI15, respectively. Blood samples were obtained
from tail at time points of 0, 2, 4, 8, 12, 24, 36, 48,
72, 96, 120, 144 and 168 hours after drug admin-
istration and then centrifuged at 4°C, 12,000 rpm
for 10 min. Following centrifugation, the gener-
ated plasma was mixed with acetonitrile in a ratio
of 1:3 and further determined by LC-MS/MS
method.

2.8 Long-term efficacy study

Male diabetic mice were randomly assigned into
five groups and received s.c. injection of saline,
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90 nmol/kg Semaglutide, 10, 30 and 90 nmol/kg
HEX15, respectively. All animals were weekly
administrated with different agents for 8 consecu-
tive weeks. Body weight gains and food intakes
were monitored twice per week. Fat (% of body
mass) was calculated with the following formula:
(fat  mass/(fat mass+lean  mass)) x 100%.
Following area under the curve (AUC) of
BGLs was calculated, and the HbAlc values were
detected by ELISA Kkits before and after the long-
term treatment. Various lipid metabolic indicators
were detected by using automatic biochemical
analyzer.

The recombinant plasmid pcDNA(+)-ENS
T00000411554 were synthesized by Shanghai Sangon
Biotechnology Co., Ltd. Briefly, total RNA was
extracted in the skin of DFU rats and amplified by F:
ATAAAGTTACTTTATACG and R: TACCAGGA
GACATGAGA primer pair. PCR products were
cloned into pcDNA 3.1" backbone after being verified
by sequencing.

Male SD rats were fed with high-fat diet for
4 weeks, and then single intraperitoneally injected
with 1% streptozotocin (STZ) solution at a dose of
40 mg/kg after fasted for 12 hours. SD rats with
fasting blood glucose >16.7 mmol/L were consid-
ered as eligible diabetic model animals.
Subsequently, diabetic rats were anesthetized by
intraperitoneal injection of 3% pentobarbital
sodium solution, and the right groin was incised
with routine sterile disinfection. Femoral artery
and superficial circumflex iliac artery were sepa-
rated, and a rectangular mark (3 mm x 7 mm) was
made on the corresponding dorsum of the foot
using a seal to remove the full thickness of the
skin with the rectangular mark to prepare a DFU
model of lower limb ischemia. DFU rats were
assigned into five groups, received saline, IncRNA
and HEX15 alone or in combination. All rats were
administrated with saline, IncRNA (300 mg/kg),
HEX15 (90 nmol/kg) or IncRNA (300 mg/kg) +
HEX15 (90 nmol/kg) once-daily for 2 consecutive
weeks.

Serum levels of C-reactive protein (CRP), inter-
leukin-6 (IL-6), tumor necrosis factor-a (TNF-a),
endothelin-1 (ET-1) and thromboxane A2 (TXA2)
were detected by ELISA method (the indicated
ELISA kits were obtained from Biolegend, San
Diego, CA). Nitric oxide synthase (NOS) activity
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was determined via an NOS activity assay Kkit
(Biolegend, San Diego, CA).

2.9 Data analysis

One-way ANOVA and t-test procedures were used
as appropriate in quantitative data analysis via
Graphpad prism 8.4, and all the values were pre-
sented as means with error as standard deviations.
P value less than 0.05 were considered significant.

3. Results
3.1 Design and preparation of HEX peptides

Previous studies have demonstrated that the hep-
tapeptide tag can significantly improve the half-life
of peptide drugs by serum albumin binding [18].
Here, the strategy of thrombin-based sustained-
release and heptapeptide tag were applied to
design a series of Exendin-4 analogs with potent
long-acting in vivo circulation (Figure 1). Briefly,
seven different heptapeptide tags (with different
lysine positions and lengths of aliphatic side
chains) were designed and further fused to
Exendin-4 by a linker (GGGGSGGGGS) and
a thrombin-cleaved sequence (FNPR) to generate
21 candidates, termed HEXO01 to HEX21. The
detailed peptide sequences of 21 HEX peptides
are shown in Table S1, and the data of mass and
purity of HEX peptides are shown in Table S2.

Heptapeptide tags

e

Flexible linker

I

g fat

N=12,14,16

These candidates predicted could bind to HSA
with high affinity and slowly release active
Exendin-4 in vivo. To validate the above hypoth-
esis, in vitro albumin binding assay and thrombin
cleavage assay were performed.

3.2 In vitro evaluation of HEX peptides

The association (ka) and dissociation (kd) constants
of HEX peptides with albumin were further deter-
mined by SPR assay, and the albumin affinity con-
stants (ka/kd, Kp) were calculated. As shown in
Table 1, different acylation sites and different lengths
of fatty acid side chains in HEX peptides exhibited
different albumin binding affinities. Specially,
HEX13, HEX14 and HEX15 bound to HSA with
higher affinities than other HEX peptides with the
Kp of 5.44 x 107,935 x 10~ and 3.20 x 107" M,
respectively, which implies the conjugate with fifth
acylation site modification exhibits the higher HSA-
binding potency. As a result, HEX13 to HEX15 were
selected for further protease cleavage assays.
Subsequently, the kinetic profile of in vitro release
of Exendin-4 in the presence of thrombin were eval-
uated. As evident from Figure 2(a-g), the intact fusion
peptide was gradually digested accompanied by the
persistently released Exendin-4 during the duration of
hydrolysis, and the heptapeptide tags effectively
affected the hydrolysis of thrombin. Interestingly, the
transient concentration of Exendin-4 in the HEX15

Thrombin cleavage site

N
Ve N

N
HbEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS
Exendin-4

HEX peptides

Figure 1. Schematic representation of the newly designed HEX peptides.



Table 1. The binding affinity constants of HEX peptides for HSA.
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HSA HSA

Peptide ka (M~'s[™ kd (s7") Ko (M) Peptide ka (M7's[") kd (s7") Ko (M)
HEX1 8.93 x 10° 5.80 x 1072 6.49 x 107° HEX12 3.93 x 10* 568 x 1072 145 x 107°
HEX2 5.00 x 10* 7.99 x 1072 1.60 x 107° HEX13 9.53 x 10* 518 x 1072 544 x 1077
HEX3 4.09 x 10* 9.61 x 1072 235 % 1078 HEX14 7.09 x 10* 6.63 X 1072 935 % 107/
HEX4 3.78 x 10* 9.69 x 1072 2.56 X 107° HEX15 2.76 x 10* 8.82x 1073 3.20 x 1077
HEX5 3.03 x 10* 475 x 1072 1.56 x 107° HEX16 1.20 x 10* 423 x 1072 423 x 107°
HEX6 527 x 10* 8.83 x 1072 1.67 x 107° HEX17 7.47 x 10° 2.25 x 1072 3.01 x 107°
HEX7 532 x 10° 336 x 1072 632 % 107° HEX18 1.64 x 10* 1.78 x 1072 1.09 x 107°
HEX8 8.51 x 10* 8.92 x 1072 1.04 x 107° HEX19 4.02 x 10° 1.8 x 1072 448 x 107°
HEX9 5.13 x 10* 7.75 x 1072 151 x 107° HEX20 7.92 x 103 7.36 x 1072 9.29 x 107°
HEX10 561 x 10° 432 x 1072 7.70 x 1078 HEX21 5.99 x 10° 4.07 x 1072 6.79 x 107°
HEX11 7.81 x 10° 7.21 x 1072 9.23 x 107°

group was obviously higher than that of HEX13 and
HEX14 groups at day 7, which is possibly due to the
increased in vitro stability of the larger side chain
molecular weight. In addition, the LC-MS/MS analysis
was performed to identify the transient presences of
intact  HEX  peptide,  heptapeptide  tag-
GGGGSGGGGS-ENPR fragment and Exendin-4 in
the thrombin cleavage reaction (Figure 2(b-g)).

The stability of peptides in blood is often lim-
ited by the rapid cleavage of catalytic enzymes and
the inducible short biological half-life. To verify
whether the HEX peptides could be used for
in vivo applications, the plasma stability assays in
albumin-contained or albumin-depleted monkey
plasma were further performed. As shown in
Figure 2h, the elimination half-lives of all three
HEX peptides were approximately 14 hours in
plasma without albumin. Notably, the plasma sta-
bility of the three peptides was significantly
improved in albumin-containing plasma, suggest-
ing the high applicability of the heptapeptide tag
strategy in improving peptide stability (Figure 21i).
In particular, the elimination half-life of HEX15
was significantly prolonged compared to that of
HEX13 or HEX14 (4.9 days vs. 3.1 or 3.4 days).
Therefore, HEX15 was selected as candidate mole-
cule for further pharmacodynamic evaluation
in vivo.

3.3 Acute in vivo efficacy evaluation of HEX15

First, OGTT was used to examine the hypoglyce-
mic effect of HEX15 in diabetic mice via measur-
ing and calculating of the BGL-time curve and

AUC within 120 mins. As the results shown in
Figure 3a, single injection of HEX15 at different
doses all exhibited the significantly enhanced glu-
cose-lowering effects compared to that of the sal-
ine group. Moreover, the AUC were gradually
decreased with the increase in the doses of
HEXI15, indicating that HEX15 exhibited a clear
dose-efficacy relationship within the range of 10-
90 nmol/kg. Nevertheless, the AUC of 150 nmol/
kg HEX15-treated group was similar to that of
90 nmol/kg group, indicating that 90 nmol/kg is
the more reasonable dose of HEX15 for the in vivo
efficacy evaluation (Figure 3b).

Subsequently, multiple OGTTs were performed
to evaluate the sustained glycemic control efficacy
of HEX15 in fasted db/db mice. As evident from
the Figure 3c, BGLs in saline-treated mice peaked
30 mins after each oral glucose administration
throughout the experimental period (0-144 h)
and then slowly decreased to baseline levels over
120 mins. As expected, dose-dependent hypogly-
cemic effects were observed in three doses of
HEX15-treated groups. In particular, the hypogly-
cemic effect of HEX15 at the maximum dose lasted
at least for 146 hours, and the same dose of
Semaglutide, in contrast, was almost ineffective
during the period of 144-146 h (Figure 3d).
Above results suggested that treatment of HEX15
at all three doses significantly improved the sys-
temic glucose intolerance in the diabetic db/db
mice.

Hypoglycemic efficacy of HEX15 was further
verified in non-fasted db/db mice, and
Semaglutide (90 nmol/kg) was used as a positive
control. As evident from the Figure 3e, the lowest
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Figure 2. In vitro activities of long-acting Exendin-4 analogs. (a) Concentration versus time plots of released Exendin-4 from HEX13-
HEX15. Spectrometric profiles of (b) HEX13 (day 1), (c) HEX13 (day 7), (d) HEX14 (day 1), (e) HEX14 (day 7), (f) HEX15 (day 1) and (g)
HEX15 (day 7) after TBN digestion; Peak 1: heptapeptide tag-GGGGSGGGGS-FNPR fragment; Peak 2: Released Exendin-4; Peak 3:
HEX13-HEX15. Degradation profiles of HEX13-HEX15 in (h) albumin-depleted or (i) albumin-contained monkey plasma. All data are
expressed as means with error bars as standard deviations (n = 8). *, ** or *** denotes P < 0.05, 0.01 or 0.001 vs. HEX13 group; * or **

denote P < 0.05 or 0.01 vs. HEX14 group.

glucose levels were similar in different doses of
HEX15-treated group, while the hypoglycemic
duration (time period with blood glucose values
ranging from 0 to 8.35 mmol/L) was approxi-
mately 34, 42 or 68 hours for 10, 30 or 90 nmol/
kg dosage, respectively. In contrast, the hypogly-
cemic duration was much greater in mice treated
with HEX15 than with same dose Semaglutide
(only ~41 h). Moreover, three doses of HEX15
(10, 30 and 90 nmol/kg) remarkably decreased
the AUC values integrated from 0 to 192 h by

36.2%, 51.6% and 62.9%, respectively, when com-
pared to the saline group (figure 3f). Above results
collectively demonstrated that the HEX15 treat-
ment could stabilize the BGL of db/db mice for
nearly 60 h at the dose of 90 nmol/kg.
Pharmacokinetic profiles of HEX15 were char-
acterized in SD rats. As evident from the Table 2
and Figure 3(g-h), the peak plasma concentration
and the area under the drug concentration-time
curve were increased along with the increasing
dose of HEX15. Of these, the elimination half-life
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Figure 3. In vivo activities of long-acting Exendin-4 analogs. (a)-(b) Dose-response relationships for hypoglycemic effect of HEX15 in
fasted db/db mice; (A) Glycemic changes and (B) AUC value of OGTT integrated from 0 to 120 min in fasted db/db mice. (c)-(d)
Sustained glucose-stabilizing effects of HEX15 in fasted db/db mice; (C) Glycemic changes and (D) AUC value integrated from 0 to
120 min of each OGTT in fasted db/db mice. (e)-(f) Hypoglycemic durations of HEX15 in non-fasted db/db mice; (E) Glycemic changes
and (F) AUC value during 0-192 hours in db/db mice. (g)-(h) Pharmacokinetic profiles of HEX15 in SD rats; The time-dependent
plasma levels of (G) intact HEX15 and (H) released Exendin-4. All data are expressed as means with error bars as standard deviations

(n = 8). *, ** or *** denote P < 0.05, 0.01 or 0.001 vs. saline group; * denotes P < 0.05 vs. Semaglutide group.

Table 2. Pharmacokinetic parameters of HEX15 in SD rats. All data are expressed as means with error bars as standard deviations
(n=8).

Intact HEX15 (nmol/kg) Released Exendin-4

Parameters 10 30 20 10 30 20
AUC,. (ng/mL-h x 10% 142 £ 0.20 3.56 + 0.45 10.71 = 0.56 1.05 + 0.13 2.27 £ 0.36 6.04 + 0.81
Cimax (ng/mL) 408 + 52 692 + 86 1421 + 67 273 £ 10 385+ 46 739 + 42
T2 (h) 4214 + 471 50.41 + 5.07 87.22 + 8.01 46.30 + 7.0260.55 + 6.33 142.74 + 10.48

of intact HEX15 at 10, 30, or 90 nmol/kg was
42.14, 50.41 or 87.22 hours, respectively, while
the elimination half-life of released Exendin-4
was 46.30, 60.55 or 142.74 hours, respectively.
Combined with the above acute pharmacodynamic
results, HEX15 holds potential to be developed as
a weekly anti-diabetic drug.

3.4 Chronic in vivo efficacy evaluation of
HEX15

The antidiabetic and anti-obesity potential of
HEX15 was further evaluated under chronic
conditions. Db/db mice were subcutaneously
injected with 90 nmol/kg Semaglutide (positive
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control) or three different doses of HEX15 (10,
30 or 90 nmol/kg) once a week for 8 weeks. The
data observed from Figure 4(a, b, c) revealed
that the body weight gain and food intake of
saline-treated group remained continuously ele-
vated accompanied by an increase in fat mass.
On the contrary, three doses of HEX15 treat-
ment clearly reversed these changes in a dose-
dependent manner. Interestingly, HEX15 treat-
ment demonstrated superior reduction of body
weight and fat mass compared to same dose
Semaglutide. Moreover, 8-week HEXI15 treat-
ment displayed significant improvement on glu-
cose tolerance in db/db mice, and the degree was
superior to Semaglutide treatment (Figure 4d).
Next, the %HbAlc values were measured by
ELISA in db/db mice, which is a reliable indica-
tor for chronic glycemic control in diabetes. As
evidenced in Figure 4e, HEX15 treatment exerts
an obvious reduction on the %HbAlc value,
suggesting the significant improvement of
blood glucose metabolism in diabetic mice.

Finally, the blood biochemical parameters in
db/db mice after long-term HEXI15 treatment
were examined. As shown by the data in
Table 3, the serum triglycerides (TG), total
cholesterol (TC) and low-density lipoprotein
cholesterol (LDL) levels of saline-treated were
maintained at a high level. This is clearly the
result of the disturbed glucose and lipid meta-
bolism that accompanies diabetes. In addition,
chronic HEX15 treatment dose-dependently
decreased serum levels of TG, TC and LDL
and increased high-density lipoprotein choles-
terol (HDL) levels in db/db mice. Interestingly,
HEXI15 exhibited a significant efficacy on lipid
metabolism regulation than the same dose of
Semaglutide. The above results indicate that
HEX15 treatment is able to normalize
hyperlipidemia.

Previous studies have identified the long
non-coding RNA-ENST00000411554 as criti-
cally involved in the pathogenesis of DFU
[16]. LncRNA can reduce the expression of pro-
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Figure 4. Long-term study of HEX15 in db/db mice. (a) Body weight gain, (b) food consumption, (c) fat mass, (d) OGTT AUC value
integrated from 0 to 120 min and (e) %HbA1c value after chronic dosing of HEX15 in db/db mice. All data are expressed as means
with error bars as standard deviations (n = 8). *, ** or *** denote P < 0.05, 0.01 or 0.001 vs. saline group; * or * denote P < 0.05 or

0.01 vs. Semaglutide group.
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Table 3. Lipid metabolic indicators in 8-week HEX15 treated db/db mice. All data are expressed as means with error bars as standard
deviations (n = 8). *, ** or *** denote P < 0.05, 0.01 or 0.001 vs. saline group; * denotes P < 0.05 vs. Semaglutide group.

HEX15 HEX15 HEX15
Parameters Saline Semaglutide (10 nmol/kg) (30 nmol/kg) (90 nmol/kg)
TG (mmol/L) 1.25 = 0.15 0.97 = 0.14* 1.18 £ 0.12 1.01 £ 0.18* 0.89 + 0.08**
TC (mmol/L) 5.19 £ 1.02 425 + 0.87* 4.97 = 0.50 430 £ 0.75* 3.64 + 0.54** *
LDL (mmol/L) 1.78 = 0.25 1.23 + 0.28** 1.64 = 0.42 1.42 £ 0.20* 1.08 + 0.31%* *
HDL (mmol/L) 232 + 037 2.58 + 045 251 £ 046 2.64 + 045 2.73 £+ 0.60*

inflammatory factors by inhibiting the MAPK
signal transduction pathway. Here, the ameli-
orative effects of combination therapy of
HEX15 and LncRNA in established DFU
model were investigated. The results shown in
Figure 5a revealed that once-daily treatment
with HEX15 or IncRNA alone or in combina-
tion all significantly promoted wound healing
compared with the control group. In addition,
after 2 weeks of continuous treatment, the
highest wound healing rate (more than 80%)
was observed in the group treated with HEX15
combined with LncRNA.

The serum levels of inflammatory factors in DFU
mice were also detected by ELISA method, and the
results show that the combination treatment with

LncRNA

Saline +HEX15

LncRNA HEX1

-

o

o
}

*k%

80+

60-
40-

20+

o
L

Wound healing rate (%)

Saline LncRNA HEX15 LncRNA
+HEX15

Serum content (ng/mL)

Serum content (ng/mL)

HEX15 and IncRNA significantly reduced pro-
inflammatory factor levels in DFU mice (Figure 5b).
Moreover, compared with the control group and the
monotherapy group, the serum levels of endothelin-1
(ET-1) and thromboxane 2 TAX2 were significantly
decreased, while the activity of NOS was significantly
increased in the combination therapy group, indicat-
ing that the combination therapy of HEX15 and
IncRNA could significantly improve the functions of
vasoconstriction and vasorelaxation as well as pro-
mote the vascular endothelium repair (Figure 5(c, d)).

4. Discussion

In the current study, the joint strategy of hepta-
peptide tag and thrombin-cleavable linker with the
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Figure 5. Combination therapy of HEX15 and LncRNA in DFU rats. The changes of (a) wound healing rate, (b) pro-inflammatory
factors and (c-d) vascular regulator after 2-week combined treatment of HEX15 and IncRNA in DFU rats. All data are expressed as
means with error bars as standard deviations (n = 8). *, ** or *** denote P < 0.05, 0.01 or 0.001 vs. saline treated group.
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capacity of albumin-binding and sustained release,
respectively, was applied in developing a novel
Exendin-4 analog with the prolonged in vivo half-
life and favorable antidiabetic efficacy. The aim of
current research was to select the optimal fusion
peptide via in vitro and in vivo evaluation and then
subjected to preclinical pharmacodynamic evalua-
tion in diabetic model animals. Hence, the potent
improved efficacies of combination therapy with
HEX15 and LncRNA on the DFU were also inves-
tigated. Current main experimental hypothesis is
that the heptapeptide tag and thrombin-cleavable
linker significantly improved the in vivo antidia-
betic efficacies of Exendin-4, and the combination
therapy may exhibit protective efficacies on DFU
in animal model.

Based on the biodegradable, nontoxic, non-
antigenic and high bioavailability, HSA has
become a research hotspot in the field of bio-
medicine [19-21]. Nowadays, albumin carrier
system has also become a very viable research
direction in pharmaceutical research due to the
long half-life and high abundance of HSA [22].
According to previous studies, the heptapeptide
tag strategy applied to bioactive short peptides
presents a high albumin affinity and signifi-
cantly prolonged in vivo stability, while its
effectiveness has also been demonstrated in
mouse models [18].

A series of Exendin-4 conjugates, termed
HEXO01-HEX21, were designed (Figure 1) and
further focused on the affinity of the HEX peptide
to albumin as well as the sustained release proper-
ties in vitro. SPR measurement showed that all
HEX peptides exhibited the high affinity for
HSA, especially for the HEXI13, HEXI14 and
HEX15, indicating that the fatty acid chain cou-
pling at the fifth lysine of the heptapeptide tag
sequence exhibited more favorable albumin bind-
ing ability. In addition, in vitro protease cleavage
assays showed that HEX13-HEX15 could slowly
release Exendin-4 under TBN hydrolysis for
more than 7 days. It is worth noting that HEX15
showed a better sustained-release effect compared
with HEX13 and HEX14. Not only that, in vitro
plasma stability test also obtained similar results,
indicating that the heptapeptide tag coupled with
longer fatty chain shows better in vitro stability
than that with shorter fatty chain. In summary,

HEX15 was chosen for further pharmacodynamic
evaluation in vivo.

The results of OGTT demonstrated that the
single treatment of HEX15 significantly reduce
the BGLs of diabetic mice in a dose-dependent
manner within the range of 10~90 nmol/kg.
Long-acting hypoglycemic profiles of HEX15
were then evaluated by multiple OGTTs, and
HEX15 showed not only significantly better glu-
cose-lowering ability but also more long-acting
property compared to the Semaglutide at same
dose, which was probably due to significantly
reduced renal clearance resulting from the high
albumin binding ability and persistent existence
of Exendin-4 via sustained release, respectively.
Importantly, the balanced glycemic effect of
HEX15 is exerted through a glucose-dependent
mode without the risk of hypoglycemia, which is
an outstanding advantage for future clinical
application. Longer hypoglycemic duration was
also observed in HEX15-treated group compared
to Semaglutide group. Additionally, the initial
pharmacokinetic tests in SD rats were further
carried out to determine the exposure and
plasma-eliminated half-life of HEX15, and the
results showed that the presence of Exendin-4
released from HEX15 lasted for more than
168 hours.

According to previous literatures [23,24], the
hypoglycemic duration in db/db mice that
received single injection of native Exendin-4
was only ~5.6 hours, while that in single
HEX15-treated db/db mice at similar doses
were nearly 40 hours. In addition, the elimina-
tion half-life of wild-type Exendin-4 in SD rats
was only about 2 hours, while that of HEXI5
(10 nmol/kg) could reach about 42 hours. The
above results indicate that the heptapeptide-
based and thrombin-based strategy greatly
improves the stability and efficacy of Exendin-4
in vivo, suggesting that HEX15 holds potential to
be developed as a weekly anti-diabetic agent.

The therapeutic effects of chronic treatment of
HEX15 at different doses in age-matched db/db
mice were further assessed. Chronic 8-week treat-
ment of HEX15 effectively controlled the body
weights and food intakes of db/db mice compared
to negative control group. In addition, current
findings also suggested that the loss of body weight



is primarily a result of reduced fat mass, although
a minimal reduction in lean mass was also
observed. Meanwhile, chronic treatment of
HEXI15 could also improve glucose tolerance and
%HbAIc levels in diabetic mice. In addition to the
effects on body weight and fat mass, HEX15 treat-
ment also improved the diabetes-induced lipid
metabolism imbalance, including the significantly
decreased TC, TG, and LDL-C levels and signifi-
cantly increased HDL-C levels.

Above results collectively indicated that HEX15
performed more effective anti-diabetic efficacies
than Semaglutide in both acute and chronic effi-
cacy tests. Previous studies revealed that
Semaglutide could exert the optimal pharma-
cotherapeutic effect in T2D treatment because of
its excellent in vivo stability [25,26]. Similarly,
HEX15 also showed the prolonged in vitro stability
in the presence of albumin and the favorable phar-
macokinetic profile. Moreover, HEX15 can also
slowly release the active Exendin-4 in a sustained
manner through the digestion of thrombin, so as
to achieve the purpose of continuous efficacy.
Therefore, it was hypothesized that HEX15 has
an enormous potential to be an anti-diabetic
drug candidate.

It is unanticipated to noting that HEX15 could
significantly improve DFU in diabetic rats. In
a previous study, the IncRNA-ENST00000411554
involved in the progression of DFU [16] was
demonstrated. In the present study, the combina-
tion treatment of HEX15 and IncRNA significantly
accelerated wound healing in DFU rats. In addi-
tion, the HEX15 and IncRNA combined treatment
also significantly decreased the serum levels of
pro-inflammatory factors (CRP, IL-6 and TNF-a)
and vasoconstrictor factors (ET-1 and TXA,) as
well as increased the NOS activity in diabetic rats.
The above results indicated that the combined
treatment of HEX15 and IncRNA can significantly
promote the repair of vascular endothelial injury
in the foot, maintain the balance of vasoconstric-
tion and vasorelaxation functions, reduce the
inflammatory response and accelerate the recovery
of foot ulcers.

The current study still holds several limita-
tions. First, the anti-diabetic effects of HEX15
in diabetic rat model were not assessed, while
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the protective efficacies of HEX15 combined
with IncRNA in DFU rat model were directly
explored, which may have some adventures.
Second, we did not fully explain the synergistic
mechanism of combination in improving DFU,
which need further systematic study. Finally,
the results of current research can also provide
some scientific suggestions for potential clinical
needs, although the experiments were per-
formed based on rodent models. However,
HEX-15, as a candidate molecule that is still
preclinical, is not highly likely to be used in
combination with IncRNA-ENST00000411554
in clinical practice. However, so far, there
have been several GLP-1RAs on the market,
especially ~ benchmark  drugs such as
Semaglutide, which can have the opportunity
to expand toward combination therapy for
DFU. Of course, detailed therapeutic schedule
also requires strict clinical trials to test its
safety.

5. Conclusion

In summary, current study reported a strategy
linking heptapeptide tag and thrombin-based
sustained release and then designed a long-
lasting Exendin-4 analog with significantly
improved plasma stability and in vivo efficacy
for treating diabetes. Current findings shed new
light on the applicability of short-acting GLP-1
receptor agonists as a treatment for diabetes
and diabetic complications. Future studies,
including the application of other short-acting
molecules, will allow us to further broaden the
scope of application of this strategy and may
provide additional therapeutic avenues for
other metabolic diseases, such as obesity and
hyperlipidemia.

Highlight

e HEX15 exhibited either highest affinity for
albumin or optimal in vitro stability.

e A single dose of HEX15 exerted the long-
lasting antidiabetic activity in db/db mice.

e Chronic HEX15 treatment exerted beneficial
metabolic effects in diabetic mice.
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e Chronic HEX15 treatment accelerated the
recovery of diabetic foot ulcers.
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