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Abstract. — OBJECTIVE: To design and eval-
uate a novel oxyntomodulin (OXM) derivative
with albumin-binding helix domain and dual
GLP-1 receptor (GLP-1R) and glucagon recep-
tor (GcgR) activation activity to achieve metab-
olize improvement on the diabetes-related com-
plication.

MATERIALS AND METHODS: Mutation
(D-Ser2) on OXM was performed and then differ-
ent helix albumin-binding domains were fused
to the mutated OXM via a thrombin-cleavable
linker to generate seven fusion peptides, named
LMO1-LMO07. Seven LM peptides were synthe-
sized and screened via in vitro receptor acti-
vation test, albumin binding measurement and
protease cleavage assay to select potent candi-
date peptide for further in vivo study. Moreover,
acute and chronic efficacy studies were con-
ducted to evaluate the efficacy of selected can-
didate using db/db mice.

RESULTS: LMO06, as selected OXM derivative,
exhibited higher albumin-binding affinity, sus-
tained-release efficiency and balanced activa-
tion activities on both GLP-1R and GcgR com-
pared with other ones. Moreover, LM06 was
demonstrated with improved hypoglycemic and
insulinotropic abilities in receptor-deficient
mice via activating GLP-1R. In addition, pro-
longed anti-diabetic efficacies of LM06 were
demonstrated via hypoglycemic duration assay
and OGTT in db/db mice. Further pharmaco-
kinetic test of LM06 in both rats and monkeys
identified improved half-life and other meta-
bolic characteristics. Nevertheless, 8-week
subcutaneously dosed LMO06 in db/db mice
achieved prominent efficacies on glucostasis,
weight-lowering, pancreatic function and ad-
ipogenesis via activating GLP-1R and GcgR.
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Moreover, LM06 also could accelerate diabetic
skin wound closure in combination with low-in-
tensity ultrasound.

CONCLUSIONS: LM06, as a long-acting du-
al GLP-1R/GcgR agonist, exerts potential as a
once-weekly therapeutic candidate against dia-
betes-related complication in combination with
low-intensity ultrasound.
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Introduction

Diabetes, especially for type 2 diabetes mel-
litus (T2DM), is a metabolic disorder character-
ized by hyperglycemia and gradual worsening
insulin resistance?. Usually, the increasing in-
cidence and prevalence of T2DM are associated
with increasing obesity*”. To date, the treatment
of “diabesity” (the co-existence of T2DM and
obesity) has focused on dietary strategies or
pharmacological treatments®. However, the long-
term complex dietary interventions, such as re-
ducing energy intake or improving diet quality,
suffer from limited efficacy because of the low
dietary compliance”®. However, the current phar-
maceuticals for T2DM are limited with adverse
effects and unsatisfied body weight control**!°,
Therefore, many efforts have been devoted to de-
veloping the antidiabetic agent with simultaneous
effect in glycemic and body weight control.
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OXM is a kind of the peptide hormones with
a 37-amino acids and homologous sequence to
GLP-1, as well as glucagon''?. OXM has been
demonstrated as a natural dual agonist for GLP-
IR and GcegR with ability to increase energy
expenditure and regulate glucose metabolism'*".
Natural OXM has emerged as an attractive ther-
apeutic agent for the treatment of diabetes and
obesity due to its advantageous properties of
achieving both glycemic control and weight
loss!*13. Nevertheless, the clinical effectiveness of
OXM is currently limited due to the susceptibil-
ity to dipeptidylpeptidase-IV (DPP-IV) degrada-
tion'. Therefore, engineering OXM is currently
underway to avoid protease digestion and rapid
glomerular filtration so to enhance the in vivo
circulatory half-life'*.

Currently, human serum albumin (HSA) has
been wildly used as a carrier to protect small
polypeptide from in vivo enzymatic degradation,
as well as glomerular filtration due to its inherent
long blood circulation'®!”. We previously reported
the design and evaluation of a novel HSA-bind-
ing domain which showed promising affinity
for HSA within femtomolar level'. In general,
a natural 46-residue three-helix bundle domain
with nanomolar affinity for HSA was used as a
template, and further strategy of combinatorial
protein-engineering was applied to design the
variants based on the targeted fifteen residues
showing enhanced HSA-binding affinity'®. These
peptidic helix variants, such as G148-ABD, ex-
hibited similar secondary structure with wild
type one and showed HSA affinity within the
range of 50-500 fM".

In this study, we fused a modified OXM analog
to different helix domains via a thrombin-cleav-
able site (FNKP) to generate a series of OXM
derivatives. Furthermore, the in vitro albumin
binding test and protease cleavage assay, as well
as dual receptor activation were further evaluat-
ed to confirm the optimal OXM derivative. As a
proof of concept study, both in vivo efficacies and
pharmacokinetic parameters of selected OXM
derivative were performed in this study.

Materials and Methods

Materials and Animals

The positive control, Semaglutide, was ob-
tained from Novo Nordisk (Copenhagen, Den-
mark). Male C57BL/6J, GLP-IR”, GcgR™”, db/
db mice, SD rats and cynomolgus monkey were
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purchased from Zhejiang Experimental Animal
Center. All animals were housed in the ani-
mal facility with groups of 6 mice, 3 rats and
1 monkey per cage, respectively. All animals
maintained on a standard 12-hour light/dark
cycle with free access to food and water. All the
animal experimental procedures were conduct-
ed in accordance with guideline and approved
by Center for Experimental Animal Ethics of
Zhejiang University.

Preparation of Novel OXM Analogs

All OXM derivatives were produced by us-
ing the traditional solid phase synthesis method.
Briefly, Fmoc protected amino acid (5 equvi)
were pre-activated with HBTU (4.9 equvi), HOBt
(5.0 equvi) and DIPEA (10.0 equvi) in DMF. The
resin was washed with DMF and monitored by
using the qualitative ninhydrin test. Subsequent-
ly, the peptides were dissolved again in 0.1 %
TFA followed by purification with reversed-phase
high-performance liquid chromatography (RP-
HPLC).

In Vitro Activation Test

CHO cell stably expressing GegR and GLP-
IR were applied to determine in vitro potency
of OXM derivatives. The GLP-1R or GIPR ac-
tivations of these derivatives were assessed by
measuring the Luciferase expression according
to previously reported method". The values of the
EC,, were calculated by using GraphPad Prism 6
(San Diego, CA, USA).

Surface Plasmon Resonance (SPR)
Measurement

The HSA-binding affinities of seven OXM de-
rivatives were performed by using SPR method.
Firstly, the HSA proteins were covalently coated
on surface of microsensor chip to obtain the final
response values at the level of ~3000 RU. Sub-
sequently, 40 pL of OXM derivatives (100 pg/
mL) in buffer were loaded on the surface of the
microsensor chip which was coated with the HSA
(flow rate: 5 pL/min) for the further association
experiment. The association and dissociation rate
constants (ka, kd) were calculated by BIA evalu-
ation software (version 3).

In Vitro Protease Cleavage Test

The protease cleavage test was carried out in
monkey serum with OXM derivatives and throm-
bin at final concentrations of 1 mg/L and 0.4
U/mL, respectively. Subsequently, the reaction
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mixtures were statically put at 37°C in the dark
for 72 hours. The released OXM and different
hydrolysed fragments were detected at the time
point of 12 and 72 h by using LC-MS/MS method
according to previously reported details®.

Oral Glucose Tolerance Test in
db/db Mice

After 15-hour fasting, 6-8 weeks old male
wild-type (WT), GLP-1R" and GcgR’- mouse
was subcutaneously (s.c.) injected of LMO06 at
the single dose of 50, 100 and 200 nmol/kg half
an hour before oral glucose loading at the dose
of 2 g/kg. The blood glucose levels (BGLs) of
the samples from mouse tails were measured
at indicated time points of 0, 15, 30, 45, 60 and
120 min by using a glucometer. The serum level
of insulin was measured by using commercial
ELISA kit (Abcam, Cambridge, MA, USA).
The multiple OGTTs were further conducted
to assess the ability of LMO06 to consistently
control BGL in the diabetic db/db mice. The
oral glucose loading was performed at 0, 72
and 144 h after single dose injection of LM06
at the doses of 50, 100 and 200 nmol/kg and the
measurement of BGLs were performed as above
mentioned.

Hypoglycemic Duration Test in
Diabetic Mice

The diabetic mice were subcutaneously ad-
ministrated with a single injection of placebo,
LMO6 at the doses of 50, 100 and 200 nmol/kg,
as well as Semaglutide at the dose of 200 nmol/
kg. The blood samples from mouse tail vein were
measured at the time points of 0, 1, 2, 4, 8, 12, 24,
36, 48, 72, 96 and 120 h as the method described
above.

Pharmacokinetics Tests

The pharmacokinetics tests of LM06 at 50,
100 and 200 nmol/kg were performed in SD rats
and cynomolgus monkeys. The serum sample of
SD rats and monkeys were collected at the time
points of 0, 4, 8, 12, 24, 36, 48, 72, 96, 120, 144
and 168 h from the tails of SD rats and right fore
of monkeys, respectively, and the serum con-
centration of LM06 were measured by using the
method of the LC-MS/MS according to previous-
ly reported details.

Chronic Study in db/db Mice
The db/db mice were treated with Semaglu-
tide (200 nmol/kg) and LMO06 (50, 100 and 200

nmol/kg) twice a week for consecutive 8 weeks.
The body weight gain and food intake of dia-
betic mice were recorded daily. The *C-labelled
octanoic acid breath test, insulin resistance test
(ITT) and OGTT were carried out to evaluate
the gastric emptying changes, insulin tolerance
and glucose tolerance of db/db mice before and
after the chronic treatment according to pre-
viously reported procedures*-?. Furthermore,
the whole fat and lean masses were detected us-
ing a BCA-body composition analyzer (Bruker,
Germany) according to the standard operating
instruction.

The blood samples were collected via cheek
puncture and separated into two parts at the
beginning and end of chronic experiment.
One part was mixed with 3.8% sodium citrate
anticoagulant to detect the % HbAlc value
immediately. The other part was centrifuged
at 5000 rpm for 10 min, and the serum sam-
ples were collected to measure the levels of
LDL, HDL, TC and TG via using ELISA
kits (Thermo Fisher Scientific, Waltham, MA,
USA). Islet morphology and white adipose
tissue (WAT) macrophage infiltration were vi-
sualized using a Fluoview F1000 microscope
(Olympus, Japan) according to the previously
reported method?®.

After the ten weeks old db/db mice were
anesthetized, the highest point sites on the back
were shaved and disinfected. Then, a circular
wound (1 cm) on the back was performed with
sterile scissor and forceps. Then, the model
mice were divided into four groups: negative
control group, LM06 (200 nmol/kg), low-inten-
sity ultrasound group, and LMO6-+low-intensity
ultrasound group. In present study, CZ-960
pulsed ultrasonic cavitation therapeutic appa-
ratus was used to irradiate the wound with 4.6
MPa acoustic pressure at the body surface
marker. The irradiation time was 10 min, the
pulse width was 1.2 ms, the duty cycle was 1%,
and the working/intermittent time was 5s/5s.
Each mouse was single-housed and observed
daily for wound changes to assess the wound
healing process.

Statistical Analysis

All the data were analyzed via using Graph-
Pad Prism 6 (San Diego, CA, USA). Differences
between groups were determined using one-way
ANOVA. p-value of 0.05 or less was considered
significant.
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Figure 1. Design and schematic structures of LM peptides.

Results

Design, Preparation and Identification
of Long-Acting OXM Analogs

According to the previous reports®*, D-serine
substitution at position 2 of OXM could com-
pletely inhibit the in vivo DPP-IV degradation.
Therefore, we utilized D-Ser>-OXM as a bioac-
tive peptide for subsequent structure-based op-
timization for balanced receptor activation and
control-release. As shown in Figure 1, seven
OXM derivatives, termed LMO01-LMO07, were de-
signed by fusing different helixes of G148-ABD
to the N-terminus of D-Ser>-OXM via a throm-

bin-cleavable site (FNKP), which was selected
by our previous study®. These seven fusion OXM
derivatives were synthesized using solid-phase
synthesis method with the purities were all over
98%.

Subsequently, in vitro receptor activation tests
were performed to assess the potencies of LMO1-
LMO7 in CHO cells expressing GegR or GLP-1R.
As results showed in Table I, LM01-LM04 and
LMO6 all retained the similar activation potency
for GLP-1R and GegR as native OXM. Compared
with other ones, the activation potencies of LM05
and LMO7 for both receptors were significantly
decreased demonstrating that steric hindrance

Table I. Receptor activation of LM peptides for GLP-1R and GegR.

GLP-1R GcgR
Peptides EC,, (nM) Relative (%) EC,, (nM) Relative (%)
GLP-1 0.341 100 >100 0
Geg 2.364 14 0.084 100
OXM 0.428 80 0.233 79
D-Ser2-OXM 0.371 92 0.199 81
LMO1 0.437 78 0.158 86
LMO02 0.404 84 0.287 76
LMO03 0.371 93 0.128 90
LMO04 0.592 75 0.232 78
LMO5 1.234 51 0.465 63
LMO06 0.352 97 0.111 93
LMO07 1.835 31 0.671 39
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Table Il. The binding affinity of LM peptides for HSA.

Peptides  ka (M’'s”) kd (s) KD (M)

LMO1 1.34 x 10° 6.93 x 10 5.17 x 107
LMO02 6.37 x 10° 5.96 x 10+ 9.36 x 10°1°
LMO03 4.86 x 10* 371 x10*  7.63 x 10°
LMO04 2.04 x 10° 827 x10*  4.05x 10”?
LMO06 7.99 x 10° 1.22 x 10 1.53 x 1010

effects induced by the excessively complex heli-
cal structure may affect the binding-affinities for
GcegR and GLP-1R. Hence, these five OXM deriv-
atives were selected to conduct further albumin
binding affinity test.

Albumin Binding Affinity of LM Peptides

Binding affinities of LM01-LM04 and LMO06
for HSA were assessed. As the results showed in
Table II, the KD values of LM01-LM04 and LMO06
were 5.17x107°, 9.36x10'°, 7.63x1071%, 1.49x107,
4.05x10” and 1.53x10"'° M, respectively, and those
ones contained helix 2 or helix 3 or both held

the higher binding affinities for albumin. Espe-
cially, the attachment of both helix 2 and helix 3
to N-terminus D-Ser>-OXM showed the highest
HSA-binding potency than that of other ones.
These results suggested that helix 2 and helix 3
were the effective HSA-binding regions of G148-
ABD. Considering the higher HSA-binding affin-
ities compared with other ones, LM02, LM03 and
LMO06 were selected to perform further in vitro
evaluation of sustained release profiles.

Protease Cleavage Assay of LM Peptide
To confirm whether the thrombin can stably
digest and then slowly release the D-Ser>-OXM
from LM peptides, we performed the thrombin
cleavage assays of LM02, LMO03 and LMO06 in
monkey serum. The intact LM peptides, he-
lix-thrombin cleavable site, and released D-Ser?-
OXM in the cleavage reaction mixtures were
identified and quantified using LC-MS/MS meth-
od, respectively, at 12 h and 72 h (Figure 2A-F).
Further calculated results were shown in Figure
2G, the D-Ser’>-OXM were slowly released from
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Figure 2. In vitro slowly releasing of OXM from novel LM peptides. The mass spectrum showed the hydrolysis of LM02 at 12 h
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LMO02, LMO03 and LMO06 via thrombin cleavage
and sustained for at least 84 h. Importantly, the
concentration of released D-Ser’-OXM in LM06
group maintained ~30 ng/mL at the time point of
96 h which was significantly higher than that of
LMO2 or LMO3, even than those of the LMO02 and
LMO3 at 84 h, indicating a potent sustainable-re-
leased model for treating diabetes and obesity.

Glucose Tolerance and Insulin
Secretion Test

Glucose tolerance and insulin secretion tests
of LMO06 at three doses were performed in WT
and GLP-1R or GegR deficient mice using Sema-
glutide as positive control. As shown in Fig-
ure 3A, the AUC , - of plasma insulin level
was dose-dependently increased to 8.34+1.94,
13.494+2.23 and 19.37+£3.54 ng/mL.min in WT
mice treated with the 50, 100 and 200 nmol/kg
of LMO06, respectively, while that in the placebo
treated group was only 5.04+1.60 ng/mL.min.
Meanwhile, increased insulin level attributed to
significant reductions on AUC_ ., .= of BGLs
in all LMO6 or Semaglutide treated four groups.
However, acute treatment of LMO06 at the dose of

50 nmol/kg exhibited no evident effect on BGLs
in GLP-1R"" mice, but the significantly increased
BGLs were showed in the groups treated with
LMO06 (100 and 200 nmol/kg) suggesting that
GcegR activation will finally increase the BGL
due to the blockade of GLP-IR function, while
Semaglutide treatment did not affect the BGL. In
GcgR”™ mice, LMO06 treatment caused a similar
insulin level increase and glucose level reduction
as those in the WT mice. All these results defin-
itively demonstrated the activation activities of
LMO06 on both GLP-IR and GcegR.

Multiple Oral Glucose Tolerance Tests
We further accessed in vivo hyperglycemic
duration of LMO06 at the doses of 50, 100 and 200
nmol/kg using multiple OGTTs in the 15-hour
fasted db/db mice. As the results showed in
Figure 4, the BGLs of db/db mice in negative
control group maintained at higher than those of
the LMO6 or Semaglutide groups throughout the
whole experimental period (0-146 h) indicating
impaired glucose tolerance induced by insulin
resistance in diabetic db/db mice. In contrast,
single dose treatment of LMO06 at 50, 100 and
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Figure 3. Glucose tolerance test and insulin secretion test of LM06 in WT and receptor deficient mice. The aera under the

curve (AUC

0-120 min

) of (A) insulin levels and (B) blood glucose levels of WT, GLP-1R” and GegR™ mice treated with placebo,

LMO6 at three doses of 50, 100 and 200 nmol/kg and Semaglutide at 200 nmol/kg. *»<0.05, **p<0.01, ***p<0.001 vs. placebo
treated ones, *p<0.05 vs. positive control treated ones. All above data shown as means + SD, n=8.
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Figure 4. Multiple OGTTs of LMO6 in diabetic mice. The (A) BGL-time curves and (B) AUC

o120 min- OF All above data shown

as means + SD, n=8. *p<0.05, **p<0.01, ***p<0.001 vs. saline group, *»<0.05 vs. Semaglutide group.

200 nmol/kg dose-dependently reduce the BGLs
of diabetic mice in all three rounds of OGTTs.
Interestingly, acute treatment of LM06 at 200
nmol/kg in db/db mice induced a significant
reduction on AUC_ . value of the third round
OGTT compared to that of the Semaglutide
treated mice at the same dose (p<0.05) suggest-
ing that LMO06 holds enhanced glucoregulato-
ry effect and prolonged hypoglycemic duration
than Semaglutide, one of currently best incre-
tin-based antidiabetic drugs.

Hypoglycemic Duration Test
Hypoglycemic duration of LMO06 at three
doses of 50, 100 and 200 nmol/kg were assessed
in the non-fasted diabetic db mice. As the re-
sults showed in Figure 5A, the placebo-treated
diabetic mice showed a fast hyperglycemia of
which the BGL was higher than 20 mmol/L
during entire experimental duration. On the
contrary, acute treatment of LMO06 effectively
decreased the postprandial BGL of the diabetic
db/db mice. Moreover, the duration of BGL be-
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Figure 5. Hypoglycemic duration test of LM06 in diabetic mice. (A) The BGL-time curve and (B) AUC

of the db/db mice

0-144h

treated with placebo, LM06 at the dose of 50, 100 and 200 nmol/kg, and Semaglutide at the dose of 200 nmol/kg. All the above
data shown as means + SD, n=8. ***p<0.001 vs. placebo group, *p< 0.05 vs. Semaglutide group.
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Figure 6. Pharmacokinetic tests of LMO06 at different doses of 50, 100 and 200 nmol/kg in (A) SD rats (n=6) and (B)
cynomolgus monkeys (n=3). All the results were showed as means + SD.

low 8.35 mmol/L,as the normal state of rodent
animals, in LMO6 treated groups was ~23 h for
50 nmol/kg, ~35 h for 100 nmol/kg and ~67
h for 200 nmol/kg, respectively, while that of
Semaglutide treated ones was only ~37 h. In
addition, the AUC , . of LM06 at the dose of
200 nmol/kg was remarkably lower than that of
the Semaglutide-treated group (p<0.05, Figure
5B). In general, LM06 exhibited enough poten-
cy to be developed as a long-acting antidiabetic
peptide drug.

Pharmacokinetic Test

Pharmacokinetic properties of LMO06 at 50,
100 and 200 nmol/kg were investigated in the SD
rats and cynomolgus monkeys. Single subcutane-
ous injection of LMO06 at all three doses induces
the rapid absorption and the concentration peak
within 4 and 8 hours in SD rat and cynomolgus
monkey, respectively (Figure 6). As shown in
Table III and IV, the average plasma half-life (t, ,)
of LMO6 at the doses of 50, 100 and 200 nmol/
kg were 53.19, 58.37 and 73.68 h in SD rats, and
56.40, 63.15 and 114.91 h in cynomolgus mon-
keys, respectively. Together with the results of

Table Ill. Pharmacokinetic parameters of LM06 in SD rats.

multiple OGTTs and hypoglycemic duration test,
LMO06 was demonstrated with prolonged acute
hypoglycemic activities due to the improved
pharmacokinetic characters and exhibited poten-
cy as the one-weekly subcutaneous candidate for
treating hyperglycemia.

Chronic Study

To further examine anti-diabetic as well po-
tent anti-obesity effects, LM06 was subcutane-
ously administered twice a week for consecutive
8 weeks in db/db mice at three doses of 50,
100 and 200 nmol/kg using Semaglutide (200
nmol/kg) as positive control. As a result, LM06
at all three doses exhibited evident effects on
body weight lowering accompanied by dose-de-
pendent inhibition on food intake, while body
weights of saline-treated db/db mice contin-
ued to increase during the entire experimental
period (Figures 7A-B). Interestingly, chronic
treatment of LMO6 exhibited better efficacies
on the body weight, as well as food intake
control compared with those of Semaglutide
treated mice at same dose (Figures 7A-B). In
addition, a significant delay in gastric emptying

LMO06 (nmol/kg)

12

Parameters 50 100 200
AUC_, (ng/mL.hx10%) 3.98 £0.36 6.64 £0.84 9.82 +0.59
C,., (ng/mL) 822.31 + 64.35 1098.56 + 106.21 1293.93 +197.55

53.19+1.42 58.37 +£4.51 73.68 £ 6.52

All values are presented as mean £+ SD (n = 3).
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Table IV. Pharmacokinetic parameters of LM06 in cynomolgus monkeys.

LMO6 (nmol/kg)

Parameters 50 100 200
AUCO-t (ng/mL.hx104) 2.36+0.15 3.69 +0.55 5.46 £ 0.36
Cmax (ng/mL) 380.26 £ 71.75 496.95+ 64.84 626.16 £53.47
T1/2 (h) 56.40 +2.71 63.15+4.93 114.91 £7.32

All values are presented as mean + SD (n = 3).

was observed in LMO06 treated groups, suggest-
ing that the notable decrease in food intake is
largely attributed to the delayed satiety in db/
db mice (Figure 7C). Further analysis of body
composition of db/db mice treated with all three
doses of LMO06 exhibited an evident decrease

in the fat mass, but a slight but not significant
reduction on the lean mass (Figure 7D). Simi-
larly, weights of liver tissue, white fat tissue and
subcutaneous tissue were significantly reduced
after 8-week LMO6 treatment (Figure 7E). In ad-
dition, OGTTs and insulin tolerance tests (ITTs)
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Figure 7. Chronic study of LM06 peptide in diabetic mice. Effect on (A) Cumulative food intake, (B) body weight gain, (C)
gastric emptying, (D) body composition, (E) tissue weight, (F) AUC_ ;- of OGTT and ITT, (G) HbAlc (%) in db/db mice.
*p<0.05, **p<0.01, ***p<0.001 vs. placebo group, “p<0.05 vs. Semaglutide group. All above data are shown as means + SD,
n=8.
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were conducted before and after 8-week efficacy
experiment (Figure 7F). As we expected, dif-
ferent degrees of AUC_ , .= value reductions
were observed in LMO6 treated groups in OGTT
indicating a dose-dependent improvement on
glucose tolerance in db/db mice. Consistently,
the impaired insulin sensitivity observed in db/
db mice was significantly improved with long-
term LMO6 treatment. In addition, treatments
of LMO06 at 50, 100 and 200 nmol/kg lead to
significant decrease in A% HbAlc for 0.45%,
0.73% and 1.18%, respectively, which were all
significant than that of the placebo treated ones
(Figure 7G).

Moreover, the H&E staining was performed
to assess long-term efficacies of LM06 on the
pancreatic islets of the db/db mice. As the
results showed in Figures 8A-G, significantly
enhanced pancreatic area and more islets were
observed in pancreas paraffin section from the
diabetic mice treated with LMO06 at three dos-
es compared with that of the placebo treated
group. Not only that, the improvement on area
of pancreatic islet induced by LM06 was also
significantly better than that of the Semaglutide
treated ones at same dose of 200 nmol/kg. Fur-
thermore, we conducted the histological analysis

of WAT due to the enhanced fat loss of db/db
mice which was involved in adipocyte differen-
tiation and adipogenesis. As showed in Figure 9,
the diabetic mice treated with LMO6 at all three
doses exhibited significantly smaller and more
numerous adipocytes compared with that of the
placebo-treated diabetic mice. In addition, the
efficacies of LM06 on improving the adipocyte
differentiation and adipogenesis were also better
than Semaglutide at same dose.

Not only that, we further investigated the
role of LM06 combined with low-intensity ul-
trasound in treating the refractory wounds of
diabetic skin. As shown in Figure 10A, on the
10th day of treatment, the eschar surface area
and wound area in the LM06 + low-intensity
ultrasound group were significantly smaller than
those in the LMO06, low-intensity ultrasound
alone and negative control groups. As shown
in Figure 10B, the wound tissue healing rates
of LM06 + low-intensity ultrasound on days 4
reached 100%, which were significantly higher
than those of LMO06, low-intensity ultrasound
and negative control group, suggesting that
LMO06 combined with low-intensity ultrasound
can effectively promote the recovery of refrac-
tory wounds in diabetic mice.
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Figure 8. Effects of LM06 on the pancreatic islets in db/db mice. A-E, Representative images of histologic pancreatic
islets (400x) from the db/db mice in five different groups. F, The area of pancreatic islets of the diabetic mice in each group.
**p<0.01, ***p<0.001 vs. placebo and #p<0.05 vs. Semaglutide group using one-way ANOVA. All the data were showed as

mean £ SD (n=8).
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Figure 9. The histopathological evaluation of adipocytes from db/db mice. A-E, Representative microscopy images of the
white adipocytes of db/db mice. The tissues section was stained by using HE method. Scale bar, 100 mm. (F) Adipocyte cell
size and (G) adipocyte cell number per high-powered field (HPF) in db/db mice. *p<0.05, **p<0.01, ***p<0.001 vs. placebo
group, p<0.05 vs. Semaglutide group. All above data shown as means+SD, n=6.
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Figure 10. LM06 accelerates the skin wound closure in diabetic mice. The (A) wound closure rate-time curve and (B) images
of the wound sites and ultrasonography.
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Discussion

Recently, the incidence of diabetes mellitus,
especially type 2 diabetes mellitus (T2DM), has
been gradually increasing®. According to WHO
prediction, the number of patients with diabetes
mellitus will reach 300 million worldwide by
2025, and more than 90% of them are T2DM
which has become the third chronic non-transmis-
sible disease that seriously endangers the health
of the people?™?*. At present, incretin-based pep-
tides have become one of the research hotspots
of T2DM treatment because of many physical ef-
fects such as reducing glucagon level, stimulating
pancreatic island B cell proliferation and differ-
entiation, promoting pancreatic island secretion,
reducing gastric evacuation space velocity rate,
and increasing satiety sensation®**.

Oxyntomodulin (OXM) is a peptide kinin se-
creted by L cells of the small intestinal mucosa
consisting of 37 amino acid residues’. OXM
could stimulate both GLP-1R and GcegR, and
holds biological functions such as inhibiting gas-
tric acid secretion, reducing feed intake, increas-
ing energy expenditure, reducing body weight,
and promoting insulin secretion®. However, the
clinical application of the OXM-based molecules
was hampered due to the limited bioavailability
which was induced by the short in vivo ¢ ,"*.
After replacing the serine (Ser) at position 2 of
OXM with dextraserine (D-Ser), it becomes a
Ser>-OXM which could be protected from degra-
dation by dipeptidase IV (DPP-IV) to increase its
in vivo half-life***. In addition, we designed and
evaluated a series of novel HSA-binding domain,
G148-ABD, showing outstanding affinity with
HSA between femtomolar to picomole level ac-
cording to previously reports'®.

In present study, we fused the above mentioned
modified OXM analog, (D-Ser?) OXM, to differ-
ent helixes of G148-ABD via a thrombin-cleav-
able site (FNKP) to generate seven OXM deriv-
atives with enhanced resistance to the DPP-1V
degradation (Figure 1). All seven peptides as
native OXM were all synthesized with purities
more than 98%. Subsequently, the CHO cells
stably expressing GcgR or GLP-1R were utilized
to assess the potencies of LM(01-LMO07 on activa-
tions of GLP-1R and GcgR. Most of the seven LM
peptides, except LM04 and LMO07, retained the
similar activation potencies for GegR and GLP-
IR as native OXM (Table 1) indicating the ste-
ric hindrance effects induced by the excessively
complex helical structure may affect the potency
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on receptor activation. Hence, further albumin
binding affinity test proved those ones contained
helix 2 or helix 3 or both held the higher binding
affinities for albumin, such as LM02, LM03 and
LMO6.

We further observed whether the thrombin
could stably digest and release the D-Ser>-OXM
from LM peptides in a moderate rate. There the
thrombin cleavage assay of LM02, LMO3 and
LMO06 was performed in the monkey serum in
vitro. As the results showed in Figure 2, the in-
tact LM peptides, helix-thrombin cleavable site
(FNPK) as well as released D-Ser*-OXM were
all could be detected at 12 h and 72 h using the
method of LC-MS/MS in mixture of the throm-
bin cleavage reaction. Interestingly, the concen-
tration of released D-Ser>-OXM in LMO06 group
was significantly higher than LM02 and LMO03 at
96 h. Therefore, LM06 peptide was selected as
the candidate to conduct the acute and long-term
efficacy evaluation in model rodent animals.

Two kinds of knock-out (GLP-1", GcgR™)
mice and WT mice were utilized in the OGTT.
As the results showed in Figure 3, the AUC
of insulin levels of LMO06 treated WT mice at
three doses were all significantly higher than that
of the placebo treated mice. Meanwhile, these
changes on insulin level attributed to the signifi-
cant reductions on BGLs. However, treatment of
LMO06 at 100 and 200 nmol/kg in GLP-1R" mice
increased the BGLs due to the GcgR activation
alone. Moreover, in GcgR”™ mice, LMO06 treat-
ment caused a similar insulin level increase and
glucose level reduction as those in WT mice. All
these results definitively demonstrated the insu-
linotropic and hypoglycemic activities of LM06
at all three doses which were almost relied on
GLP-1R activation. Further multiple OGTTs and
hyperglycemic duration assay were performed
to assess the prolonged efficacies of LMO06 at
three doses in non-fasted and fasted db/db mice,
respectively. As shown in Figure 4, LMO06 treat-
ment (50, 100 and 200 nmol/kg) dose-dependent-
ly reduced the BGLs of db/db mice in all three
OGTTs. Moreover, LM06 induced a greater ex-
tent on AUC, , . value reduction in third round
of OGTT compared to Semaglutide at same dose
(p<0.05). Combined with similar results showed
in the hyperglycemic duration test, LM06 held
the better glucoregulatory effect and hypergly-
cemic duration than Semaglutide, the best incre-
tin-based antidiabetic drug, and exhibited enough
potency to be a long-acting antidiabetic protein
drug.
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To comprehensively investigate the potency of
LMO06 on anti-obesity and anti-diabetic effects,
we conducted a consecutive 8-week efficacy eval-
uation in the db/db mice, a classic diabetic and
obesity rodent model animal. All three doses of
LMO06 exhibited dose-dependent inhibition on the
body weight gain as well as the food intake (Fig-
ures 8A-B) which were better than Semaglutide at
same dose. Significant delay in gastric emptying
was observed in Figure 8C, which largely in-
duced the reduction in food intake. Further body
composition analysis of LM06 treated mice ex-
hibited significant decreased fat mass in all three
doses (Figure 8D). Similarly, weights of liver
tissue, WAT and subcutaneous tissue were sig-
nificantly reduced after 8-week LMO06 treatment
(Figure 8E). Above results preliminarily proved
that the promising weight loss induced by chronic
treatment of LMOG6 is largely due to the reduction
of the ‘bad fat tissue’ as well as the decreased
appetite. Further OGTTs as well insulin tolerance
tests indicated a dose-dependent improvement on
glucose tolerance and insulin sensitivity in db/db
mice by 8-week treatment of LM06. Consistently,
chronic treatment of LMO06 at three doses all lead
to evident decrease in A%HbAlc (Figure 7G)
indicating the better long-term improvement on
blood glucose level.

Further H&E staining detection of pancreatic
islets and WAT were performed to assess long-
term efficacies of LM06 on the db/db mice. The
results showed in Figures 8-9 both demonstrated
the enhanced improvement of LM06 on both is-
let and WAT which were also both significantly
better than those of the placebo-treated ones.
These data collectively suggested that in diabet-
ic mice treated LMO06, the adipose tissue mass
increases cell number rather than via increasing
adipocyte size which was correlated with the
accumulation of pro-inflammatory macrophages
into adipose tissue contributing to insulin re-
sistance, an important risk factor for diabetes.
Not only that, we further demonstrated that
LMO06 combined with low-intensity ultrasound
had a very significant effect on refractory dia-
betic skin wounds and could effectively promote
wound healing rate compared with the control
group (Figure 10).

Above results directly demonstrated the high
therapeutic potential of LMO06 for the treatment
of T2DM and obesity, and these findings open
new avenues for the further development of new
drugs. With this strategy in hand, it should be
possible to expand the application range of pep-

tide therapeutics from the current mostly short-
lived agents that act mainly as receptor agonists
to long-acting peptide drugs which activated mul-
tiple receptors.

Conclusions

In summary, our research on sustained release
of D-Ser’-OXM from LMO06, a dual GLP-1R and
GcgR agonist with outstanding albumin bind-
ing domain and thrombin cleavable-site, provides
promise for the not only treatment of T2DM and
with promote the wound healing low-intensity
ultrasound, but also can be applied in other pep-
tides or proteins for these diseases.
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