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PGLP-1, a novel long-acting dual-function GLP-1 analog,
ameliorates streptozotocin-induced hyperglycemia and
inhibits body weight loss
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ABSTRACT: It is well known that glucagon-like peptide 1 (GLP-1) has antidiabetic action. It has 2 distinct functions,
an insulinotropic effect dependent on GLP-1 receptor (GLP-1R) and an insulinomimetic effect independent of
GLP-1R. However, use of GLP-1in vivo is limited by its short half-life. Therefore, our lab designed PGLP-1, anovel
2-function candidate peptide as a potential substitute. Using a streptozotocin-induced hyperglycemic mouse
model, we demonstrated in vitro and in vivo that PGLP-1 had insulinotropic actions dependent on GLP-1R and
insulinomimetic functions independent of GLP-1R. PGLP-1 treatment increased islet -cell mass, plasma insulin,
and C-peptide levels and Ki-67-immunoreactive 3-cell numbers, verifying that PGLP-1 can work as a short GLP-1R
agonist, similar to commercially available exendin-4. Additionally, PGLP-1 improved insulin sensitivity,
inhibited gluconeogenesis by increasing expression of AMPK and receptor subfamily 0, group B, member 2
(SHP), and inhibited body weight loss by inhibiting B-oxidation, suggesting that PGLP-1 had insulinomimetic
action. Taken together, these data indicated that PGLP-1, as a dual-function peptide, improved glycemic control
and inhibited body weight loss, suggesting it could be useful for type 1 diabetes mellitus patients as an ad-
junctive therapy to insulin.—Gao, H., Zhao, Q., Song, Z., Yang, Z., Wu, Y., Tang, S., Alahdal, M., Zhang, Y., Jin, L.
PGLP-1, a novel long-acting dual-function GLP-1 analog, ameliorates streptozotocin-induced hyperglycemia

and inhibits body weight loss. FASEB ]. 31, 000-000 (2017). www.fasebj.org
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Glucagon-like peptide 1 (GLP-1) is considered an
incretin hormone that is secreted into the blood stream
by intestinal L-cells in response to eaten food (1, 2). It
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stimulates insulin release, inhibits glucagon secretion,
delays gastric emptying, and reduces appetite (3). GLP-1
can also increase (-cell mass by stimulating B-cell
proliferation and inhibiting apoptosis (4, 5). Moreover,
GLP-1(9-36)amide was defined as a product of GLP-1
(7-36)amide degradation by the dipeptidyl peptidase IV
(DPP-1V). Because of its weak insulin-tropic activities, it
was often referred to as the inactive metabolite of GLP-1.
Recently, however, GLP-1(9-36)amide was suggested
to have extrapancreatic insulin-like actions (insulinomi-
metic action) on insulin-sensitive tissues such as heart,
vasculature, and liver (6, 7). Infusion of GLP-1(9-36)amide
in obese insulin-resistant subjects was noted to acutely
lower hepatic glucose production (8). GLP-1(9-36)
amide was also demonstrated to inhibit glucose pro-
duction by the inhibition of gluconeogenesis in isolated
mouse hepatocytes in vitro (9), and in vivo, GLP-1(9-36)
amide metabolite attenuated diabetes in diet-induced
obese mice (10). Additionally, the nona-peptide GLP-1
(28-36)amide, cleaved by neutral endopeptidase NEP
24.11, improved B-cell mass in streptozotocin (STZ) in-
duced diabetic mice (11).
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Collectively, these reports indicate that GLP-1 has 2
distinct functions: a GLP-1-receptor (GLP-1R)-dependent
insulinotropic function and a GLP-1R-independent insu-
linomimetic function that is mediated by GLP-1(9-36)
amide. Natural GLP-1, however, has a short biologic half-
life of 2 to 3 min (12), thus limiting its therapeutic potential.
While synthetic substitutes with a longer half-life, such as
exendin-4 and liraglutide, have successfully mimicked the
insulinotropic effects of GLP-1, they have lost insulino-
mimetic function caused by GLP-1(9-36)amide. The aim of
our lab was to design a GLP-1 analog with an improved
half-life that can function as a GLP-1R agonist and that can
break down into GLP-1(9-36) for insulinomimetic actions.
Here we demonstrate that our long-acting GLP-1 analog,
PGLP-1, has both insulinotropic and insulinomimetic
function.

MATERIALS AND METHODS
Peptide synthesis

Exendin-4, GLP-1, PEP-1, PEP-2, PEP-3, PEP-4, PEP-5, GLP-1(9-
37), PGLP-1(9-38), and PGLP-1 were chemically synthesized by
GL Biochem (Shanghai, China).

Homology model

The crystal structure of GLP-1/GLP-1R was downloaded from
the Research Collaboratory for Structural Bioinformatics (RCSB)
Protein Data Bank (PDB) (http://www.rcsb.org/pdb/home/home.do;
No. 3IOL). The active form of GLP-1 is GLP-1(7-37), whereas the
structure of GLP-1 on PDB Web site lacks His”, Ala®, Glu’, Arg36,
and Gly” (13). Homologous modeling was performed by using
MOE2009 to complement the residues. Then 100 ns molecular
dynamic (MD) simulation was performed by using the scoring
function. The structure of the top 3 was selected for binding en-
ergy analysis. Optimal configuration was wild-type GLP-1, and
the mutant peptides (PEP-1, PEP-2, PEP-3, PEP-4, PEP-5 and
PGLP-1) were designed with the mutant configuration.

MD simulations

MD modeling of GLP-1/GLP-1R and mutant peptides/GLP-1R
was performed by AMBER 12. The system uses the ff14SB force
field. In order to simulate the solvent environment, a periodic box
of TIP3P water molecules that extends to 8.0 A from the protein
atoms was added into the model (14, 15). In addition, Na* was
added as a counter ion to maintain an electrically neutral
receptor-ligand system.

First, the energy optimization of the entire system was per-
formed using the steepest descent minimization of 5000 steps and
the conjugate gradient minimization of 5000 steps. In the process
of energy optimization, the cutoff value of the nonkey interaction
was set to 10.0 A, the constant volume periodic boundary was
used, and the long-range electrostatic energy was calculated us-
ing the particle-mesh Ewald method. Then the heating of each
system was conducted within 500 ps from 0.0 K to 300.0 K'at 2.0
kcal - mol ! A-2 positional restraints on protein. Next each sys-
tem was equilibrated for 5 ns under a NPT ensemble at a constant
temperature of 300 K and a constant pressure of 1.0 bar.

Afterward, the production MD simulations were performed for
100 ns for each system. Because the receptor structure was in-
complete, the PDB structure contains only the extracellular domain,

2 Vol. 31 August 2O]DZ)wnIoaded from Www.fasebj.orygg III;AlsZEBElEOZLEgS.Iléy\qlr%féxgl%lsoﬁgurnaI Vol., No., pp:, May, 2017

so the binding at Thr?, Val?, Glu'®, Glu'”, Thr'?”, Phe'®, Thr'®,
and Ser"' residues at 1.00 kcal - mol . The SHAKE algorithm was
used to constrain bonds involving hydrogen atoms, and the time
step was set to 2 fs. The data were collected every 10 ps for further
analysis. Simulations of each complex were repeated 3 times based
on our existing calculation conditions.

Cell line and cell culture

Human embryonic kidney 293 (HEK-293) cells and MING cells
were obtained from American Type Culture Collection
(ATCC, Manassas, VA, USA) and confirmed to be myco-
plasma free. HEK-293 cells were cultured in DMEM contain-
ing 25 mM glucose supplemented with 10% fetal bovine
serum, 100 pg/ml penicillin and 100 pg/ml streptomyecin at
37°C, and 5% CO, in a humidified incubator. The cell culture
media and reagents were obtained from Thermo Fisher Sci-
entific (Waltham, MA, USA). MIN6 cells were cultured in
DMEM supplemented with 10% heat-inactivated fetal bovine
serum, 1 mM L-glutamine, 100 pg/ml penicillin, 100 pg/ml
streptomycin, and 55 pM B-mercaptoethanol at 37°C and 5%
CO;, in a humidified incubator.

Human GLP-1 receptor activation

GLP-1 or GLP-1 analogs were tested for their ability to activate
the GLP-1 receptor (GLP-1R) using a cell-based green fluorescent
protein (GFP) reporter gene assay that indirectly measures cAMP
induction. HEK-293 cells were cotransfected with the plasmid
pcDNA3.1(+)-HuGLP-1IR (geneticin selection) containing hu-
man GLP-1R cDNA and the plasmid PGL4.22-6 X CRE-vip-GFP
(puromycin selection) with a GFP reporter gene construct fused
to 6 continuous cAMP response elements (CRE) and a micro
promoter (vip) (16). The cotransfected HEK-293 cells were seeded
on 24-well plates (Corning, Corning, NY, USA) at a density of
80,000 cells per well, then incubated for 12 h at 37°C and 5% CO,
in a humidified environment. Then serial dilutions of GLP-1 or
GLP-1 analogs with serum-free culture medium were added to
the wells (500 pl per well). After incubation at 37°C and 5% CO,
in a humidified environment for 8 h, the cells were manipulated
into a single cell suspension with trypsin-EDTA solution and
analyzed by Flowcytometer (BD Accuri, C6; BD Biosciences, San
Jose, CA, USA). The proportion of GFP-expressing cell was an-
alyzed using BD Accuri C6 1.0.264.21 software. The data were
graphed against concentration of peptide, and EC50 values were
calculated by GraphPad Prism 5.0 software (GraphPad Software,
LaJolla, CA, USA). Activation of the GLP-1 receptor was further
measured by assessing the cAMP formation in MING6 cells. MIN6
cells were cultured and seeded onto 96-well plates as described
above. Then serial dilutions of peptides were added separately
and incubated for 15 min. The cells were collected for cAMP
detection. cAMP content was determined with the cAMP Pa-
rameter Assay Kit (R&D Systems, Minneapolis, MN, USA).

Stability test for DPP-IV in vitro

GLP-1 or GLP-1 analogs (20 uM) were incubated at 37°C with
isopyknic 0.2 ng/ul thDPP-IV (R&D Systems) for various dura-
tions in 25 mM Tris, pH 8.0 (final peptide concentration 10 wM).
Enzymatic reactions were terminated by the addition of 5 ul of 10%
(v/v) trifluoroacetic acid /water and stored at —20°C before HPLC
analysis. The concentration of treated samples was determined by
a reverse-phase HPLC system at room temperature with a C18
chromatographic column (150 X 4.6 mm X 5 pm; Shimadzu,
Tokyo, Japan). The chromatography was performed with a linear
gradient elution from 20% to 85% acetonitrile in ultrapure water
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containing 0.05% trifluoroacetic acid for 12 min. The flow rate was
1 ml/min, and the UV absorbance was set at 215 nm.

Intraperitoneal glucose tolerance test and insulin
tolerance test

An intraperitoneal glucose tolerance test (GTT) was per-
formed with 1.5 g/kg glucose in normal C57BL/6] mice (7-8
wk old). Intraperitoneal GTTs and insulin tolerance tests
(ITTs) were performed with 1 g/kg glucose or 0.5 U/kg in-
sulin into STZ-induced hyperglycemic C57BL/6] mice, re-
spectively. Quantitative Insulin Sensitivity Check Index
(QUICKI) values were calculated by the following formula:
[1/(log (fasting insulin pU/ml) + log (fasting glucose mg/dl)].

Mice and STZ in vivo treatment

C57BL/6] mice (7-8 wk old) were obtained from Model Animal
Research Center of Nanjing University (Nanjing, China). Mice
were housed singly orin groups ona 12h/12 hlight-dark cycle at
22°C with free access to food and water.

Male C57BL/ 6] mice were injected intraperitoneally with STZ
(50 mg/kg body weight ; Sigma-Aldrich, St. Louis, MO, USA)
dissolved in saline or 200 wl of saline (vehicle) for 5 consecutive
days, starting on d 0 (17, 18). Blood glucose concentrations were
measured at 7 and 14 d after the last injection of STZ with a blood
glucose meter (Omron, Tokyo, Japan). Blood samples were
obtained from the tail vein of unfed mice. Mice with 2 blood
glucose measurements above 11.1 mM were considered hyper-
glycemic. All animals were fed according to the protocols of the
National Institutes of Health (Bethesda, MD, USA) and granted
by the China Pharmaceutical University Institute Animal Care
and Use Committee (Nanjing, China).

Gluconeogenesis detection

Hyperglycemic C57BL/6] mice were divided into 5 groups as
vehicle, GLP-1(9-37), PGLP-1(9-38), GLP-1, and PGLP-1. Every
group was injected subcutaneously with placebo or 30 nmol/kg
of peptides, respectively. The mice were humanely killed by
isoflurane overdose 1 h after injection, and the dissected tissues
were immediately frozen in liquid nitrogen unless otherwise
stated.

Chronic in vivo studies

Hyperglycemic C57BL/6] mice were divided into 4 groups: ve-
hicle, GLP-1, PGLP-1, and exendin-4. Every group was sub-
cutaneously injected twice daily with placebo or 30 nmol/kg of
peptides for 5 wk. Fasting blood glucose (unfed 8 h) and body
weight were assayed weekly, and food intake was measured
every 2 or 3 d. Animals were humanely killed by isoflurane
overdose, and dissected tissues were immediately frozen in lig-
uid nitrogen, unless otherwise stated. Blood samples were col-
lected from the eye socket and centrifuged, and then serum was
collected. Serum insulin, glucagon, and C-peptide levels were
measured by ELISA kits (Nanjing JianCheng Institute, Nanjing,
China).

Histologic examination

Pancreata were fixed in 4% paraformaldehyde overnight at
4°C and embedded in paraffin blocks. Sections (7 wm thick)
were stained with hematoxylin and eosin. Deparaffinized and
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rehydrated sections were permeabilized in 0.2% Triton X-100 for
5 min and blocked in PBST containing 10% bovine serum albu-
min for 90 min. Primary antibodies were diluted in the same
solution, applied onto sections, and incubated overnight at 4°C.
Slides were washed in PBST and incubated for 60 min with the
appropriate secondary antibody. Slides were washed in PBS,
mounted with DAPI, and viewed by fluorescence microscopy
(19). Rabbit anti-mouse Ki-67 (dilution 1: 200; Abcam, Cam-
bridge, MA, USA) and guinea pig anti-mouse insulin (dilution 1:
300; Abcam) were used as the primary antibody. The secondary
antibodies used for immunofluorescence were donkey anti-
rabbit IgG H&L (Alexa Fluor 647) and goat anti-guinea pig IgG
Hé&L (Alexa Fluor 488).

The sections were examined with an Olympus microscope
(Olympus, Tokyo, Japan) and systematically scanned with a
computer with imaging software to control the data collection.
The percentage of B-cell area per whole pancreas was then cal-
culated. Cell mass was calculated by B-cell area multiplied by
whole pancreas weight (20).

Real-time quantitative PCR

Mouse livers were pulverized in liquid nitrogen, and total RNA
was prepared using Trizol (Thermo Fisher Scientific). cDNA was
prepared by HiScript Q RT SuperMix for quantitative PCR
(gPCR) (Vazyme, Nanjing, China), and real-time PCR assays
were carried out with a LC480 Light Cycler (Roche, Basel, Swit-
zerland) using the applied primer sequences listed in Supple-
mental Table 3.

Western blot analysis

Liver tissues were lysed in lysis buffer. After addition of loading
buffer, boiling samples were boiled and separated by 10% or 12%
SDS-PAGE. Proteins were transferred to PVDF membranes,
and unspecific binding sites were blocked with Western blot
blocking solution (Beyotime Institute of Biotechnology, Nanjing,
China). The following primary antibodies were used: anti-
phosphoenolpyruvate carboxykinase (PEPCK), anti-glucose-6-
phosphatase (G6Pase), anti-AMPK (Thr 172, phosphorylated
at threonine 172), anti-nuclear receptor subfamily 0, group B,
member 2 (SHP, or NROB2), anti-carnitine palmitoyltransferase
1A (CPT1A), anti-acyl-CoA oxidase 1 (ACOX1), anti-peroxisome
proliferator-activated receptor (PPAR) /3, and anti-GAPDH.
For quantification of optical density, Tanonlmage 1.00 software
(Tanon, Shanghai, China) was used.

Statistical analysis

Data were expressed as means * seM and analyzed by SPSS 13.0
for Windows (IBM SPSS, Chicago, IL, USA). Statistical signifi-
cance was determined by Student’s ¢ test or 1-way ANOVA fol-
lowed by the Student-Newman-Keuls post hoc test. Differences
were considered statistically significant at P < 0.05.

RESULTS

Design of sequence and receptor-ligand
binding prediction

To obtain a dual-function analog, we designed 6 peptides
(Supplemental Fig. 1A and Fig. 1A). First we used MD
simulation to explore whether the binding between
ligand and receptor changed. The MD simulations were
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performed for 100 ns for each system. In addition, the
molecular mechanics Poisson-Boltzmann surface area
binding energy of the complex was calculated (Sup-
plemental Fig. 1B-H and Supplemental Table 1). The
binding energies were stable from 10 ns to the end of
the simulation. The smaller the final binding energy
at the end of the MD, the better the affinity between
receptor and ligand. As seen in Supplemental Table 1,
the best binding condition was the wild type (—54.73
kcal - mol "), which was followed by the mutant peptide
PGLP-1 (—43.44 kcal - mol™'). Other mutant peptides
had higher binding energy, indicating that the altered
residues had a large effect on receptor-ligand binding.
These data suggested that PGLP-1 might be a candidate
peptide.

Bioactivity and stability analysis of PGLP-1
in vitro

Subsequently, the analogs were tested for receptor—
ligand binding activity in vitro. Consistent with the
receptor-ligand binding prediction results, receptor
activity of all analogs were reduced by different de-
grees. PEP-1, -2, and -3 did not activate the GLP-1R
(Supplemental Fig. 2A). PEP-4 and -5 had decreased
affinity (Supplemental Fig. 2A). PGLP-1 (Fig. 1B) could
activate GLP-1R in a dose-dependent manner, and the
EC50 was only slightly increased (GLP-1 was 150 *
40.2 nM and PGLP-1 369 * 133 nM; no significant dif-
ference). In a mouse pancreatic B-cell line (MING6) that
abundantly expresses GLP-1R, cAMP production in-
duced by PGLP-1was also slightly increased compared
to GLP-1 (Supplemental Table 2). To evaluate the sta-
bility of PGLP-1 against degradation by DPP-IV in
vitro, HPLC was used (21). All peptides were incubated
with the DPP-IV enzyme at 37°C for 1 to 10 h and the
proportion of remaining intact peptides assessed. After
incubation for 1 h, 34.7% of intact GLP-1 remained,
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whereas after incubating for 10 h, only 6.3% of intact
GLP-1 had remained. PEP-4 and -5 partially resisted
degradation by DPP-1V (Supplemental Fig. 2B), whereas
PGLP-1 almost completely resisted degradation by
DPP-1V, with over 80% of intact PGLP-1 remaining after
10 h of incubation (Fig. 1C).

Acute and sustained hypoglycemic effect of
PGLP-1 in normal C57BL/6J mice

To investigate whether the analogs possessed GLP-1R
activity in vivo, we compared their acute glycemic effects in
normal C57BL/6] mice. PEP-1,-2, -3, and -4 had negligible
hypoglycemic effect (Supplemental Fig. 3A, B), PEP-5 had
some hypoglycemic effect (Supplemental Fig. 34, B), and
PGLP-1 (Fig. 2A) had comparable hypoglycemic effect as
GLP-1 in vivo. Furthermore, subcutaneous injection of
PGLP-1 at 1, 30, or 100 nmol/kg demonstrated dose-
dependent hypoglycemic effect in vivo compared to GLP-1
(30 nmol/kg) (Fig. 2A). This verified that PGLP-1 had
acute insulinotropic activity.

To evaluate the sustained hypoglycemic effect, a single
dose of PGLP-1 (30 nmol/kg), GLP-1 (30 nmol/kg), or
placebo was subcutaneously administrated. As shown in
Fig. 2B, the hypoglycemic effect of PGLP-1 was still evi-
dent at 2 h after administration, and the trend continued to
4 h. In contrast, the hypoglycemic effect of native GLP-1
lasted less than 1 h, confirming that PGLP-1 could work
as a sustained GLP-1R agonist.

Acute inhibition of gluconeogenesis gene
expression by PGLP-1

To prove whether PGLP-1 and PGLP-1(9-38) have the
same gluconeogenesis inhibition as GLP-1, hyperglycemic
STZ-induced mice were subcutaneously injected once
with the above-mentioned peptides, and the liver was
removed 1 h after injection for qPCR and Western blot
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Figure 2. Acute effects on intra-
peritoneal GTT in unfed male
C57BL/6] mice (age 8 wk; n=6
mice per group) after single
injection. A) Blood glucose levels
after single injection of placebo,
GLP-1 (30 nmol/kg), or PGLP-1
(1, 30, 100 nmol/kg). B) Blood
glucose levels (during intraperi-
toneal GTT, time = 15 min) at
different times after subcutane-
ous administration of placebo,
GLP-1 (30 nmol/kg) or PGLP-1
(30 nmol/kg). *P < 0.05; ***P <
0.001, PGLP-1 compared to
vehicle group; MAP < 0.001,
GLP-1 compared to vehicle
group; Sp < 0.001; ¥P <
0.001; ***P < 0.001, PGLP-1
compared to GLP-1 group.
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analyses. The results revealed that GLP-1(9-37), PGLP-1(9-
38), GLP-1, and PGLP-1 could all significantly reduce the
mRNA levels of both PEPCK and G6Pase compared to
vehicle (PGLP-1, PGLP-1(9-38), P < 0.001; and GLP-1,
GLP-1(9-37), P < 0.01) (Fig. 34, B). Likewise, protein ex-
pression for both PEPCK and Gé6Pase was reduced by
~50% in mice receiving GLP-1(9-37), PGLP-1(9-38), GLP-
1, and PGLP-1 (Fig. 3C, D). There was no significant dif-
ference between GLP-1(9-37) and PGLP-1(9-38).

PGLP-1 ameliorates STZ-induced
hyperglycemia by increasing insulin level and
improving insulin sensitivity

Beginning with wk 2, fasting blood glucose of PGLP-1-
treated mice was significantly decreased compared to
vehicle group (Fig. 44), and at wk 5, fasting blood
glucose dropped to 9.6 mM (compared to vehicle
group, P < 0.05). The positive controls GLP-1 and
exendin-4 only had a partial decrease in blood glucose
(GLP-1 12.2 mM; exendin-4 11.9 mM; no significant
difference compared to vehicle). PGLP-1 treatment also
significantly increased insulin levels (Fig. 4B), whereas
GLP-1 and exendin-4 did not. In addition, PGLP-1
treatment increased the C-peptide level, which was
significantly different compared to exendin-4 (Fig. 4C).

QUICKI, a well-established marker for insulin sen-
sitivity, was increased in PGLP-1 group (Fig. 4D).
These findings suggested that PGLP-1 treatment may
improve systemic insulin sensitivity; therefore, we next
determined glucose and insulin tolerance. PGLP-1
treatment significantly improved glucose and insu-
lin tolerance in STZ-induced hyperglycemic mice

PGLP-1 AND HYPERGLYCEMIA

(Fig. 4E-H). GTT area under the concentration-time
curve (AUC) showed that PGLP-1 had smaller AUC
than exendin-4 compared to vehicle group (PGLP-1,
P < 0.01; exendin-4, P < 0.05) (Fig. 4F). PGLP-1 had
smaller ITT AUC than exendin-4 compared to vehicle
group (PGLP-1 P < 0.05; exendin-4, NS) (Fig. 4H).
Meanwhile, PGLP-1 treatment reduced glucagon
levels (Fig. 4I).

PGLP-1 inhibited body weight loss and
improved energy utilization

STZ-induced hyperglycemic mice were treated with ve-
hicle PGLP-1, GLP-1, or exendin-4 for a period of 5 wk.
Body weight loss was significant among all experimental
groups except for mice treated with PGLP-1 (Fig. 54, B).
Even at wk 1, PGLP-1 mice showed minimal weight loss
compared to the drastic weight loss in other groups. By
wk 4 and 5, PGLP-1 significantly increased body weight
compared to vehicle group (P < 0.05). To further un-
derstand the difference in weight gain, cumulative energy
intake was evaluated. STZ-induced hyperglycemic mice
treated with PGLP-1 and exendin-4 displayed a signifi-
cantly lower cumulative energy intake from wk 2 (Fig. 5C).
At wk 5, PGLP-1 treatment was more anorectic when en-
ergy intake was normalized to body weight (Fig. 5D).

PGLP-1 increases -cell mass and promotes
B-cell proliferation

Because pancreatic endocrine § cells play a central role in
glucose metabolism, pancreata were taken from STZ mice
and analyzed by hematoxylin and eosin staining. The
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results revealed that islet structure was severely damaged
in the vehicle group. In the GLP-1, exendin-4, and PGLP-1
groups, however, the damage was limited and islet
structure remained intact (Fig. 6A). Thus, GLP-1,
exendin-4, or PGLP-1 treatment exhibited a protective
effect on islet morphology. To further assess whether
pancreatic endocrine B-cell mass increased, insulin and
Ki-67 double immunofluorescence staining was per-
formed. GLP-1, exendin-4, and PGLP-1 treatment sig-
nificantly increased B-cell mass (Fig. 6B). Compared to
vehicle, GLP-1 and exendin-4 increased 3-cell mass by
2-fold, and PGLP-1 resulted in about a 4-fold increase
(Fig. 6C). The islet numbers did not increase in any of
groups (Fig. 6D). Because GLP-1 agonist can increase
B-cell mass by stimulating B-cell proliferation (5),
we determined Ki-67-immunoreactive B-cells. Ki-67-
immunoreactive B cells were also similarly increased in
the exendin-4 and PGLP-1 groups, whereas the GLP-1
group was not increased compared to the vehicle group
(Fig. 6B, E).

PGLP-1 reduces mRNA and protein levels of
gluconeogenesis genes by increasing AMPK
and SHP protein levels in the liver

Because infusion of GLP-1(9-36)amide remarkably
lowered hepatic glucose production (8), we examined
the liver for effects of PGLP-1 on the expression of
gluconeogenesis genes. The mRNA levels of both
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PEPCK and Gé6Pase in the liver were significantly re-
duced in mice treated with PGLP-1 compared to ve-
hicle (Fig. 7A, B). Likewise, protein expression for
both PEPCK and G6Pase was reduced by ~30-60% in
mice treated with PGLP-1 or exendin-4 (Fig. 7D, E). In
addition, PGLP-1 treatment reduced protein expres-
sion levels of PEPCK and G6Pase to a greater extent
compared to exendin-4. Transcriptional regulator
SHP (also known as NROB2), which is known to
modulate hepatic gluconeogenesis, was increased in
the livers of mice treated with PGLP-1 (Fig. 7C).
Likewise, protein expression of SHP was significantly
increased compared to vehicle group (Fig. 7F, G). Be-
cause the activation of AMPK transcriptionally en-
hances expression of SHP in the liver, we examined
the activation of AMPK, which increased about 2-fold
in the livers of mice receiving PGLP-1 (Fig. 7F, G).
Although exendin-4 also increased SHP and AMPK
proteinlevels, PGLP-1 treatment increased the protein
expression levels of SHP and AMPK to a greater extent
than exendin-4 (SHP, P < 0.01; AMPK, P < 0.05). The
mRNA levels of other transcriptional regulators, such
as PPAR-y, peroxisome proliferative activated re-
ceptor vy coactivator 1 a (PGC1-a), forkhead box O1
(FOXO1), sterol regulatory element binding tran-
scription factor 1 (SREBP1C), transcription factor
7-like 2, T-cell-specific, HMG box (TCF7L2), and nu
clear receptor subfamily 0, group B, member 1 (DAX-1),
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Figure 4. Chronic effect of GLP-1, PGLP-1, and exendin-4 on blood glucose over period of 5 wk. Subcutaneous treatment with
GLP-1 (2 X 30 nmol/kg/d), exendin-4 (2 X 30 nmol/kg/d), PGLP-1 (2 X 30 nmol/kg/d), or placebo in STZ-induced
hyperglycemic mice. A—C) Weekly measurements of fasted blood glucose (A), plasma insulin level (B), C-peptide level (C), and
QUICKI (D). E, F) At wk 5 GTT and AUC evaluation. G-H) ITT normalized for basal blood glucose and AUC evaluation. I)
Plasma glucagon level. *P < 0.05; **P < 0.001, PGLP-1 compared to vehicle group; *P < 0.05, PGLP-1 compared to GLP-1 group;

&p < 0.05, PGLP-1 compared to exendin-4 group.

were not affected by PGLP-1 treatment (Supplemental
Fig. 4A-F).

PGLP-1 reduces mRNA and protein levels of
B-oxidation genes in the liver

Unlike type 2 diabetes, in which obesity is a definitive risk
factor and the significance of nonalcoholic steatohepatitis
has been highlighted (22), there is some evidence that
intrahepatic fat content is reduced in type 1 diabetes
(23). This was associated with increased fasting lipid
oxidation. Therefore, we examined B-oxidation levels
in the liver of STZ-treated mice. The mRNA and pro-
tein expression levels of both CPT1A and ACOX1 in

PGLP-1 AND HYPERGLYCEMIA

the liver were significantly reduced in PGLP-1-treated
mice compared to the vehicle group (Fig. 84, B, E, F), and
their mRNA and protein levels were significantly de-
creased compared to exendin-4-treated mice (CPT1A, P <
0.05; ACOX1, P <0.05). PPAR-B, which is associated with
fat oxidation (24), was also significantly reduced in the
livers of PGLP-1-treated mice (Fig. 8C). UCP-2 mRNA
level were also significantly reduced (Fig. 8D).

DISCUSSION
GLP-1 possesses a number of antidiabetic actions, in-

cluding glucose-dependent insulin secretion (insulino-
tropic action) (2) and insulin-like (insulinomimetic)
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action (9, 10, 25, 26) besides its insulinotropic action.
However, GLP-1 has a half-life of only 2 to 3 min (12),
thus limiting its therapeutic potential. This inspired us
to design a long-acting dual-function GLP-1 analog.
The goal was to improve half-life and generate an an-
alog that can function as a GLP-1R agonist as well as
break down into GLP-1(9-36)amide for insulinomimetic
actions. The breakthrough was to add a Pro at the end of
the GLP-1, to produce a partially DPP-IV-resistant an-
alog PGLP-1. We demonstrate here that PGLP-1 has a
similar affinity to GLP-1R in vitro and equivalent insu-
linotropic actions in vivo compared to native GLP-1. In
vitro, HPLC result reveals that PGLP-1 can not only
resist DPP-IV digestion but can also produce GLP-1(9-
36)amide. This is verified by intraperitoneal GTT; a
single injected dose of PGLP-1 canreduce blood glucose
levels for over 2 h. However, the stability of PGLP-1 in
vitro is shorter than in vivo because in vivo, the clearance
of PGLP-1 is complex. Not only can PGLP-1 be de-
graded by enzymes (DPP-IV, neutral endopeptidase,
etc.), but it can also easily be filtered out from the kid-
ney. These data verified that PGLP-1 could effectively
work as a GLP-1R agonist and meanwhile had a po-
tential insulinomimetic PGLP-1(9-38). Because PGLP-1
(9-38) has a Pro at the end of the GLP-1(9-37), we de-
termined the acute effects of PGLP-1(9-38) and GLP-1
(9-37) on the expression of genes associated with glu-
coneogenesis, and the results revealed that PGLP-1(9-
38) and GLP-1(9-37) had the same inhibitory effect on
gluconeogenesis.

To further confirm that PGLP-1 has both insulinotropic
and insulinomimetic actions, we utilized an STZ-induced
hyperglycemic mice model. The model was chosen
because the insulin shortage allowed for the study of

8
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insulinomimetic action, while the small amount of
remaining {3 cells allowed for the study of insulinotropic
function. After 5 wk of treatment, PGLP-1 significantly
ameliorated hyperglycemia and was more effective than
either GLP-1 or exendin-4 (Fig. 4A). Furthermore, PGLP-
1 treatment increased insulin and C-peptide secretion
more than either GLP-1 or exendin-4 (Fig. 4B, C). This
result suggests that PGLP-1 can work as a dual-function
GLP-1 analog, given that exendin-4 is only a GLP-1R
agonist and GLP-1 has a short half-life (12). Hematoxy-
lin and eosin staining revealed that PGLP-1, GLP-1,
and exendin-4 treatment preserved islet architecture
compared to vehicle. Islet immunostaining revealed that
GLP-1, exendin-4, and PGLP-1 treatment significantly
increased B-cell mass compared to vehicle. Additionally,
we noted that both PGLP-1 and exendin-4 treatment in-
creased Ki-67-immunoreactive B-cell mass. This is con-
sistent with the report that GLP-1R agonist can increase
B-cell mass by stimulating B-cell proliferation (5), and it
verifies that PGLP-1, as a GLP-1R agonist, can increase
B-cell mass through stimulating B-cell proliferation de-
pendent on GLP-1R. However, it does not explain why
PGLP-1 treatment increased B-cell mass more than other
groups. The islet number was examined, but it did not
increase (Fig. 6D) in any treatment groups compared to
vehicle. It is reported that GLP-1(28-36)amide protects
pancreatic B-cell from glucolipotoxicity (27), and GLP-1
and PGLP-1 include GLP-1(28-36)amide, cleaved by
neutral endopeptidase NEP 24.11. This suggested that
GLP-1 and PGLP-1 increased B-cell mass through pro-
tection of GLP-1(28-36)amide independent of GLP-1R in
vivo. All these data indicated that PGLP-1 increased -cell
mass through proliferation dependent on GLP-1R and
protection of GLP-1(28-36)amide independent of GLP-1R.
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Figure 6. Pancreas morphology in STZ-induced hyperglycemic mice. After 5 wk of subcutaneous treatment with placebo, GLP-1 (2 X 30
nmol/kg/d), exendin4 (2 X 30 nmol/kg/d), or PGLP-1 (2 X 30 nmol/kg/d), mice were humanely killed and pancreata were collected
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Figure 7. PGLP-1 induces changes in expression of genes associated with gluconeogenesis in the liver. After 5 wk of subcutaneous
treatment with GLP-1 (2 X 30 nmol/kg/d), exendin-4 (2 X 30 nmol-kg/d), PGLP-1 (2 X 30 nmol/kg/d), or placebo, mice were
humanely killed, and livers were collected for assessment of mRNA and protein levels of gluconeogenesis associated genes. A-C)
Expression of PEPCK (A) and G6Pase (B) mRNA, and SHP levels (C) (n = 6 mice per group). D) Western blot of PEPCK and
Gb6pase protein in the liver. £) Quantification of Western blot (n = 3 mice per group). F) Western blot of AMPK and SHP protein

expression in the liver. G) (%uantiﬁcation of Western blot (n = 3 mice per group). *P < 0.05; ***P < 0.001, PGLP-1 compared to

vehicle group; *P < 0.05; *
exendin-4 group.

Previous reports showed that a single administration of
rAdGLP-1 improved insulin sensitivity through reducing
hepatic gluconeogenesis (28). Consistent with this, PGLP-1
treatment elevated QUICKI and improved glucose and
insulin tolerance in STZ-treated mice (Fig. 4D, H), sug-
gesting that it can enhance insulin sensitivity. Compared
to vehicle, PGLP-1 treatment resulted in lower GTT AUC
and ITT AUC than exendin-4, indicating that GLP-1(9-36)
amide, a product of PGLP-1 degradation by DPP-1V, also
plays an important role besides GLP-1R-mediated effects.
This is supported by the report that infusion of GLP-1
(9-36)amide in obese, insulin-resistant human subjects
significantly lowered hepatic glucose production (8).
Meanwhile, mRNA and protein expression levels of both
PEPCK and Gé6Pase, key regulatory enzymes of gluco-
neogenesis, were significantly reduced in mice that re-
ceived PGLP-1 treatment (Fig. 7A, B, D, E). This verified
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*P < 0.001 exendin-4 compared to vehicle group; “P < 0.001, ““P < 0.001 PGLP-1 compared to

that PGLP-1 had an insulinomimetic action, as we hy-
pothesized. However, GLP-1 did not inhibit gluconeo-
genesis in our study, which conflicts with the report that
GLP-1 or GLP-1(9-36)amide can inhibit gluconeogenesis.
From the existing reports, we found that the mechanism
of drug delivery is different. They all used continuous
drug-delivery systems such as rAd-GLP-1 (28), mini-
osmopump (8), or subcutaneous osmopump (10), but we
delivered the drug via subcutaneous injection. In addition,
GLP-1 has a very short half-life in the circulation. They are
rapidly (t; /» = 1-2 min) cleaved by the DPP-IV, resulting in
the production of the amino-terminally shortened pep-
tides GLP-1(9-36)amide or GLP-1(9-37), with a t; ,, of 8 to
10 min (12). Therefore, it is difficult to inhibit the expres-
sion of gluconeogenesis genes for a long period of time; the
acute action of GLP-1 and GLP-1(9-37) on gluconeogenesis
proved this (Fig. 3). Further, to find the mechanism of
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inhibiting gluconeogenesis, transcriptional regulators of
hepatic gluconeogenesis (29) were analyzed (Supple-
mental Fig. 4A-F), and SHP was a candidate transcrip-
tional regulator (Fig. 7C). The protein levels of SHP and
AMPK were significantly increased in mice with PGLP-1
treatment (Fig. 7F, G), suggesting a mechanism that PGLP-1
inhibits gluconeogenesis through increasing protein
levels of SHP and AMPK. This is consistent with the
report that SHP gene expression results in the reduction
of hepatic glucose production via an AMPK-dependent
pathway in vivo (30, 31). Given that PGLP-1 treatment
increased protein levels of SHP and AMPK more than
exendin-4, it is suggested that PGLP-1 suppresses glu-
coneogenesis through GLP-1R-independent insulino-
mimetic action (GLP-1(9-36)amide) via increasing SHP
and AMPK protein levels.

PGLP-1 treatment significantly reduced cumulative
energy intake compared to the vehicle group (Fig. 5C),
indicating that PGLP-1 could inhibit food intake as a GLP-
1R agonist, which is consistent with the report that GLP-1R
agonist can inhibit food intake through central regulation
(32-34). However, weekly body weight measurements of
experimental mice found that STZ-induced hyperglyce-
mic mice with PGLP-1 treatment had significant weight
gains (Fig. 5A, B). This conflicts with the reports that GLP-
1R agonist can inhibit weight gain through inhibition of
food intake (33, 34) and that infusion of GLP-1(9-36)amide
(10), GLP-1(28-36)amide (35), or GLP-1(32-36)amide (36)
can inhibit weight gain through increasing basal energy
expenditure. However, PGLP-1 treatment did not increase
body weight in normal C57BL/6] mice (data not shown).
This indicated that PGLP-1-treated STZ-induced hyper-
glycemic mice had a higher energy utilization ratio, but it

PGLP-1 AND HYPERGLYCEMIA

did not induce obesity. Lipid B-oxidation, the main cause
of weight loss among STZ-induced hyperglycemic mice
(37), was increased in STZ-induced hyperglycemic mice,
which is consistent with the report that patients with type
1 diabetes had increased lipid oxidation (23). PGLP-1
treatment significantly inhibited mRNA and protein ex-
pression levels of both CPT1A and ACOX1 in the liver
(Fig. 8A, B, E, F). All these data indicate that PGLP-1
treatment can inhibit body weight loss through de-
creasing lipid B-oxidation.

Type 1 diabetes is due to B cell destruction, which
leads to absolute insulin deficiency (38). When type 1
diabetes becomes clinically manifest, most patients still
secrete 20 to 30% insulin compared to nondiabetic in-
dividuals, indicating that there is a potentially ex-
pandable B-cell mass (39). GLP-1 agonist has beneficial
effects on both new onset and long-standing type 1 di-
abetes mellitus patients, mainly as an adjunctive ther-
apy to insulin in order to improve glycemic control and
reduce insulin requirements (40). PGLP-1, a GLP-1 an-
alog, has insulinotropic and insulinomimetic functions.
It can increase B-cell mass of islet, improve insulin
sensitivity, and inhibit gluconeogenesis, which can
improve glycemic control as an adjunctive therapy to
insulin in type 1 diabetes mellitus patients. Type 2 di-
abetes is characterized with dysregulation of hepatic
glucose metabolism. During insulin resistant condi-
tions, hepatic glucose production is impaired in part via
prolonged transcriptional activation of gluconeogene-
sis (41, 42). PGLP-1, a GLP-1R agonist, stimulates insulin
secretion. PGLP-1 simultaneously had insulinomimetic
action, which can be used to ameliorate insulin resistance
in patients with type 2 diabetes.
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Figure 9. Function of PGLP-1 summarized as
schematic diagram. PGLP-1, as GLP-1 agonist,
has insulinotropic action, including glucose-
dependent insulin secretion, inhibition of
glucagon section, delay in gastric emptying,
and increase in B-cell mass. Simultaneously,
PGLP-1 can be degraded into PGLP-1(9-38),
which inhibits gluconeogenesis. PGLP-1 in-
hibits B-oxidation in STZ-induced hyperglycemic
mice.

in STZ-induced

In summary, the findings described here revealed that
PGLP-1 might be a novel dual-function (insulinotropic
and insulinomimetic) GLP-1R analog (Fig. 9). The stability,
receptor binding, and glucose-dependent insulin secretion
effects of PGLP-1 in vitro and in vivo verified that PGLP-1
had insulinotropic action as a short GLP-1R agonist. In
an STZ-induced hyperglycemic mouse model, PGLP-1
increased B-cell mass of islet, plasma insulin levels, and Ki-
67-immunoreactive B-cell mass, which verified that
PGLP-1 could work as a short long-acting GLP-1R agonist
in vivo. Additionally, PGLP-1 improved insulin sensitiv-
ity, inhibited gluconeogenesis through increasing ex-
pression of AMPK and SHP, and inhibited body weight
loss by inhibiting B-oxidation, suggesting that PGLP-1
have insulinomimetic action. Therefore, PGLP-1 may po-
tentially serve as an adjunctive therapy to insulin for the
improvement of glycemic control in type 1 diabetes melli-
tus patients and can be used as a dual-function GLP-1 an-
alog to ameliorate insulin resistance in type 2 diabetes.
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