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a  b  s  t  r  a  c  t

Glucagon-like  peptide-1  (GLP-1)  analogues  have  been  commonly  used  as  add-on  medications  for  patients
with  Type  2 diabetes  mellitus  (T2DM).  Currently,  the development  of  long-acting  GLP-1  analogues  which
allow  the  freedom  and  flexibility  of once-weekly  injections  while  maintaining  their  potency  for  a  rel-
atively  long  period  has  become  the  mainstream.  Here,  we successfully  developed  a  long-acting  human
GLP-1(7–37)  analogue  (BPI-3016)  with significantly  extended  half-life  and  increased  resistance  to dipep-
tidyl  peptidase  IV  (DPP-IV)  cleavage  by structural  modifications  of  human  GLP-1.  In  vitro  activity  of
BPI-3016  including  GLP-1  receptor  affinity  and  stimulation  of  cyclic  adenosine  monophosphate  (cAMP)
production  was  measured.  In  vivo  activity  of BPI-3016  such  as  its  effects  on  glycemic  control,  �-cell  mass
and  body  weight  was  evaluated  in ob/ob  mice,  db/db  mice,  and spontaneous  diabetic  cynomolgus  mon-
keys.  The  results  indicated  that BPI-3016  preserved  receptor  affinity  to GLP  receptors,  and  was capable
of  stimulating  cAMP  production.  In in  vivo pharmacokinetic  study,  the  half-life  of BPI-3016  was  more
ype 2 diabetes
ong-acting GLP-1 analogues

than  95 h  after  single  dosing  in  diabetic  cynomolgus  monkeys.  Also,  BPI-3016  reduced  fasting  and  post-
prandial  plasma  glucose  levels  for up to a week  after a single  dose;  It reduced  body  mass  index  (BMI),
body  fat,  improved  glucose  tolerance  and  showed  insulinotropic  effects  after  once-weekly  injection  for  7
weeks. In  conclusion,  BPI-3016  retains  the effects  of GLP-1  with  significantly  prolonged  half-life,  making

r type
it a promising  therapy  fo

. Introduction

Progressive �-cell dysfunction and insulin resistance repre-
ent major pathological events evolved during the development of
yperglycemia in type 2 diabetes mellitus (T2DM) [1,2]. Multiple
herapeutic agents such as some oral medicines and/or exoge-
ous insulin targeting on restoring �-cell function, likely through
educing �-cell workload or inducing �-cell rest, have been devel-
ped in recent decades. However, many conventional treatments
or T2DM cannot significantly improve �-cell function which also
ndesirably bring some side effects such as weight gain, increased
ypoglycemia risk and peripheral hyperinsulinemia [3–5]. Thus, a

ot of recent studies were stimulated to develop novel drugs which

ould remarkably improve �-cell function and meantime avoid the
ommonly-seen side effects. The incretin drugs GLP-1 analogues
hich are used to reduce the level of blood glucose mainly via

∗ Corresponding author.
E-mail address: fenglaitan789@gmail.com (F. Tan).

ttp://dx.doi.org/10.1016/j.phrs.2017.05.007
043-6618/© 2017 Elsevier Ltd. All rights reserved.
 2  diabetes  with  once-weekly  treatment  in  the  clinic.
© 2017  Elsevier  Ltd.  All  rights  reserved.

suppressing glucagon secretion and increasing insulin secretion,
become ideal candidates for T2DM therapy because they are usu-
ally well-tolerated without causing severe adverse effects. They can
reduce weight by slowing gastric emptying and reducing appetite,
and typically have a low risk of hypoglycemia [6,7].

GLP-1 is produced in enteroendocrine cells in the distal small
bowel and colon [8]. Its plasma level rapidly increases in response
to food intake to reduce circulating glucose through promoting glu-
cose concentration-dependent insulin secretion and suppressing
glucagon secretion [9]. Bioactive GLP-1 generated from GLP-
1(1–37) exists as two equipotent circulating molecular forms,
GLP-1(7–37) and GLP-1(7–36) amide, in which GLP-1(7–36) amide
represents the majority of circulating active GLP-1 in human
plasma [10]. The plasma half-life of native GLP-1 is very short
due to rapid degradation by DPP-IV and neutral endopeptidase
24.11(NEP) [11,12]. Therefore, engineering GLP-1 analogues which

retain the biological activity of native GLP-1 with stronger resis-
tance to cleavage of the enzymes became one promising strategy.
Current FDA-approved GLP-1 analogues include two  once or twice-
daily administration ones (Exenatide and Liraglutide) and three

dx.doi.org/10.1016/j.phrs.2017.05.007
http://www.sciencedirect.com/science/journal/10436618
http://www.elsevier.com/locate/yphrs
http://crossmark.crossref.org/dialog/?doi=10.1016/j.phrs.2017.05.007&domain=pdf
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nce-weekly administration ones (Albiglutide, Dulaglutide, and
xenatide LAR). Once-weekly drugs can be injected at any time
f the day, avoiding food-drug interaction commonly observed in
heir oral formulations, which reduce the number of injections and
otentially improve patient compliance. To improve the safety and
fficacy of GLP-1 analogues usage, substantial effort has been put
nto developing once-weekly forms of GLP-1 analogues.

The amide bond ( NHCO ) of Ala8 at N-terminal in GLP-
(7–37) or GLP-1(7–36) is very susceptive to DPP-IV cleavage [13].
heoretically, modifications on N-terminal of GLP-1 can lead to
esistance to DPP-IV inhibition, thereby prolonging half-life and
fficiency. As reported in our previous research study, we engi-
eered a novel GLP-1(7–36) analogue BPI-3006 by structurally
ubstituting the-NHCO-of Ala8 of native GLP-1(7–36) with a con-
ected unit containing -CF3- [14]. Similarly, here we develop a
LP-1(7–37) analogue BPI-3016 with the same structural substi-

ution of N-terminal and other modifications including amino acid
eplacement at position 34 (lysine to arginine) and acylation of the
ysine in position 26 with a C-18 fatty acid chain. The conjugation
f long fatty acids to peptides overcomes the degradation of DPP-IV
nd prevents native GLP-1 from renal filtration through facilitating
inding to plasma protein, such as albumin, and minimizing elim-

nation by the kidney [15]. The significantly extended half-life of
ative GLP-1 makes it possible for once-weekly administration for
ype 2 diabetes. In this study, we evaluated the in vitro biological
ctivities of BPI-3016 by assessing its affinity to GLP-1 receptors,
timulation of cAMP production and resistance to DPP-IV degrada-
ion. Furthermore, we described the in vivo activities of BPI-3016
n plasma glucose level, insulin secretion, body weight, glucose
olerance, and pancreatic �-cell functions in three typical diabetic
nimal models including ob/ob, db/db mice and spontaneous dia-
etic cynomolgus monkeys.

. Materials and methods

.1. Peptides

The GLP-1, BPI-3016, and NN9535 were synthesized, purified
nd characterized by Betta Pharmaceuticals Co., Ltd (China) (pep-
ide sequence of BPI-3016 seen in Fig. S1). GLP-1 used for GLP-1
eceptor binding experiment was obtained from HD Biosciences
o., Ltd (Shanghai, China). The GLP-1 analogue Liraglutide used for

n vitro study was provided by Betta. Liraglutide (Victoza) and Exe-
atide LAR (Bydureon) used in animal studies were purchased from
ovo Nordisk and AstraZeneca, respectively. For all experiments,
PI-3016 was  dissolved in 0.01 M Na2HPO4 buffer (pH = 8 ∼ 9). For

n vivo studies, BPI-3016 was diluted by saline or 0.01 M Na2HPO4
uffer (pH = 7.96).

.2. Cell culture and cell transfection

HEK293 cells (ATCC) were cultured in DMEM (Dulbecco’s modi-
ed Eagle’s medium) with 10% (v/v) FBS, 100 units/mL of penicillin
nd 100 �g/mL streptomycin at 37 ◦C, 5% (v/v) CO2 humidified
nvironment. To transfect HEK293 cells with the human GLP-1,
ipofectamineTM 2000 agent was used according to the manufac-
urer’s protocol after the cells were seed at about 70% confluency.

.3. Measurement of binding affinity to GLP-1 receptor by
adioactive ligand binding assay

A competitive radioactive ligand binding assay was applied to

btain BPI-3016 inhibitory constant Ki, a parameter to reflect bind-

ng affinity to the GLP-1 receptor. HEK293 cells transfected with
uman GLP-1 receptor were homogenated for 10 s in 15 mL  ice-cold
inding buffer (50 mM HEPES, 10 mM MgCl2, 100 mM NaCl). The
search 122 (2017) 130–139 131

cell homogenate was  centrifuged at 18000g for 20 min. The precip-
itate contained cell membrane was resuspended with 1 mL  ice-cold
binding buffer. Peptide stock solutions (1 mM)  were serially diluted
by binding buffer containing 0.1% BSA (pH = 7.4). 15 �L of peptides
solution (300 pM–10 �M,  10×), 15 �L of 125I-GLP-1(2.5 nM,  10×)
(Perkin Elmer) and 120 �L cell membrane homogenate were incu-
bated for 1 h in 96-well plates at room temperature. In addition,
15 �L binding buffer or GLP-1 (1 �M)  were incubated with 125I-
GLP-1 and homogenate of cell membrane in 96-well plate as total
binding or non-specific binding controls. After incubation, the reac-
tion mixture was filtrated into a 96-well filter plate (Perkin Elmer)
by cell harvester (FilterMate Universal Harvester, PerkinElmer). The
plates were washed with HEPES buffer for 3 times and dried at 37 ◦C
overnight. The radioactivity (corrected counts per minute, CCPM)
in each well was  subsequently analyzed by a microplate scintilla-
tion counter (1450 MicroBeta TriLux, PerkinElmer). The inhibitory
receptor-binding rate of 125I-GLP-1 was calculated according to
below formula:

Inhibitory binding rate (%) = (CCPM compound − CCPM
non-specificcontrol) × 100/(CCPM totalbindingcontrol − CCPM
non-specificcontrol).

Data were analyzed by Graph Pad Prism 5.0, and the value of Ki
was calculated with IC50.

2.4. Determination of BPI-3016-induced cAMP production

DPBS buffer [supplemented with 0.1% (w/v) BSA and 0.5 mM
IBMX] was  used to dilute GLP-1 and other peptide stock solu-
tions into 200 nM.  Three-fold serial dilution was performed to
obtain GLP-1 and BPI-3016 solutions at different concentrations.
The resuscitated HEK 293/GLP1R/CRE/LUCIFERASE cells (HD Bio-
sciences Co., Ltd.) were collected by centrifugation at 900g for
5 min  and resuspended in DPBS buffer. Then the cells were
diluted to a density of 1.6 × 105/mL  and transferred (5 �L) to
the 384-well plates. Peptides (5 �L) with various concentrations
(0.042 pM–200 nM,  2×) were subsequently added to the cells.
After 30 min  incubation at 37 ◦C, cAMP was measured using cAMP
Dynamic 2 Kit (Cisbio bioassays) according to protocol instructions.
HTRF signal was read at 665 nm and 615 nm on EnVision plate
reader (PerkinElmer). The readout counts were converted to cAMP
concentrations according to the cAMP standard curve. Data were
analyzed by Graph Pad Prism 5.0.

2.5. Degradation of BPI-3016 by DPP-IV

BPI-3016, Liraglutide and NN9535 (50 �M)  were incubated
with DPP-IV purified from pig kidney (Sigma-Aldrich) (100 U/L)
in Tris–HCl (pH = 8.0) for 0, 1, 8, 24, 32 and 48 h in water bath at
37 ◦C. To compare the resistance to DPP-IV among the above GLP-
1 analogues and native GLP-1, GLP-1 (50 �M)  was incubated with
DPP-IV for 0, 0.25, 0.5, 0.75 and 1 h. All the above enzymatic reac-
tions were terminated by adding trifluoroacetic acid (TFA, 10%).
Samples for 0, 1 or 48 h without DPP-IV were used as controls. The
above processed samples were stored at −20 ◦C for future evalu-
ation of parental peptide by a Kromasil 300-5 C4 column (Akzo
Nobel). The absorbance was  monitored at 214 nm using a photo-
diode array (PDA) UV detector (Agilent Technologies) and the peak
area was  analyzed. The results were expressed as relative content
of parental peptide.

2.6. Animals
To determine the pharmacodynamic effects of BPI-3016
in vivo, 60 ob/ob (B6.Cg-Lepob/J, 30–45 g) and 12 wild-type mice
(15–25 g) with half males and half females were obtained from
Shanghai Institute of Materia Medica; 32 male db/db (BKS.Cg-



1 cal Re

D
p
v
i
(
o
o
w
c
h
m
w
L
3
h
A
f
C
w
m
K

2
m

s
l
1
p
s
S
s
i
5
t
1
o
1

2

(
c
o
2
(
u
w
(
t
t
l
C
i
i

(
w
o
(
t
t
A

32 L. Ding et al. / Pharmacologi

ock7m+/+ Leprdb/JNju) and 8 m/m  mice aged 6–8 weeks, were
urchased from Model Animal Research Center of Nanjing Uni-
ersity. Mice were housed as one per cage and maintained
n specific pathogen free (SPF)-class experimental animal room
23.0 ± 1.0 ◦C, 50–70% relative humidity, 12 h light/dark cycle).
b/ob mice were fed with high-fat chow, all other types
f mice were fed with standard chow. All mice were fed
ith sterilized water ad libitum.  38 male spontaneous diabetic

ynomolgus monkeys (fasting glucose: 94–300 mg/dL, glycated
emoglobin(HbA1c) ≥ 4%, KGlucose < 2%) and 6 normal cynomolgus
onkeys with weights around 7–15 kg and age of 13–23 years old
ere purchased from Kunming Yaling Biological Technology Co.,

td and individually housed in a controlled environment(18–29 ◦C,
0–70% relative humidity, 12 h light/dark cycle). Diabetic and
ealthy monkeys were fed with a fixed amount of standard diet.
ll animal studies were conducted according to the standards

or laboratory animals established by the People’s Republic of
hina (GB14925-2001). And the study on cynomolgus monkeys
as approved by the Institutional Animal Care and Use Com-
ittee of Kunming Biomed International (KBI) (Protocol No.KBI

001115002-01,01).

.7. Pharmacokinetics in spontaneous diabetic cynomolgus
onkeys

Spontaneous diabetic cynomolgus monkeys received a single
ubcutaneous dose of 0.2 mg/kg BPI-3016, then blood samples col-
ected at −2 (pre-administration), 2, 8, 22, 46, 94, 118, 142, and
66 h after administration were stored at −80 ◦C for analysis. The
lasma concentration of BPI-3016 at each time point was mea-
ured by the electrospray ionization LC–MS/MS system (LC-30AD,
himadzu; AB 6500, AB Sciex). This chromatographic separation
ystem consisted of a guard column (C18, Phenomenex), an analyt-
cal column (XB-C18, Phenomenex), and a gradient mobile phase of

 mM ammonium acetate (phase A) and acetonitrile (phase B). All
he analytical data were processed by the Analyst software (version
.6, AB Sciex). The pharmacokinetic parameters of BPI-3016 were
btained from non-compartmental analysis with Phoenix (version
.3, Pharsight).

.8. Blood glucose and insulin level measurement

7 week-old ob/ob mice were randomized into 5 groups
n = 12/group), and the 12 wild-type mice were treated as normal
ontrol group. To specifically demonstrate the short term effect
f BPI-3016, random glucose levels were monitored 0, 2, 4, 6, 10,
4, 30, 34 and 48 h after subcutaneous administration with saline
vehicle control), BPI-3016 (0.5, 1, 2 mg/kg), or Liraglutide. For eval-
ation of the long-term effect of BPI-3016, saline and BPI-3016
ere administered subcutaneously every other day over 31 days

administration at Day 21 was skipped) respectively, and Liraglu-
ide (0.1 mg/kg, positive control) was administered twice daily in
he same period (without drug withdrawal). Random blood glucose
evels of ob/ob and wild-type mice were determined by ACCU-
HEK

®
Performa glucose meter (Roche Diagnostics). Fasting serum

nsulin levels of ob/ob mice were determined by enzyme-linked
mmunosorbent assay (ELISA) kit (Crystal Chem) on Day 30.

db/db mice were randomized into four groups (n = 8): saline
vehicle control), low-dose and high-dose BPI-3016, and NN9535
ere treated accordingly. Animals received subcutaneous injection

f vehicle (normal saline), BPI-3016 (0.2, 0.5 mg/kg) or NN9535

0.2 mg/kg) every other day over a 8-week period. And 8 m/m  mice
reated with saline were used as normal control. In this experiment,
he fasting blood glucose levels in each group were measured by
CCU-CHEK

®
Integra glucose meter (Roche Diagnostics).
search 122 (2017) 130–139

38 spontaneous diabetic cynomolgus monkeys were randomly
divided into 5 groups according to body weight, fasting blood
glucose, HbA1c levels and KGlucose (Table. S1): the diabetic con-
trol group (n = 8) was  treated with phosphate buffer, the positive
control group (n = 8) received 0.15 mg/kg Exenatide LAR, and the
other three groups received BPI-3016 at 0.1 mg/kg (n = 6), 0.2 mg/kg
(n = 6) and 0.4 mg/kg (n = 10). Additionally, 6 obese monkeys at the
same age with normal blood glucose were selected as normal obese
control group and treated with the vehicle. All the animals received
once-weekly subcutaneous administrations for 7 times. Fasting
and post-prandial plasma glucose levels of diabetic and normal
cynomolgus monkeys were monitored before 7th administration
by Roche cobas c311 automatic biochemical analyzer.

2.9. Measurement of HbA1c level

In the 8-week study of db/db mice, HbA1c was measured by
NycoCard Reader II HbA1c detector (Axis-Shield) at Day 0 and
the 8th week. And the measurements of HbA1c level of diabetic
cynomolgus monkeys were performed before and after 6 times dos-
ing, whose blood samples were collected for HbA1c measurements
using the Roche C311 biochemical analyzer.

2.10. Glucose tolerance in spontaneous diabetic cynomolgus
monkeys

Pre-dosing and post-dosing Intravenous Glucose Tolerance Test
(IVGTT) procedures were conducted in the study of cynomolgus
monkeys. And the post-dosing IVGTT was  performed at 22 h after
the 7th treatment. Animals were anesthetized after fasted for 16 h.
Blood samples were collected for basal plasma glucose measure-
ment. Then 50% glucose solutions were injected intravenously
according to body weight (0.5 g glucose/kg body weight) of mon-
keys. Blood samples were collected at 1, 3, 5, 10, 20, 40, and 60 min
upon completion of the intravenous glucose load to measure the
level of plasma glucose and insulin. Glucose tolerance was eval-
uated by calculating the rate of glucose disappearance (KGlucose)
during 10–40 min  after an exogenous glucose load:

KGlucose = (Glu10 min − Glu40 min)/30 ∗ Glu10 min.

2.11. BMI and body fat measurement in spontaneous diabetic
cynomolgus monkeys

Body Mass Index (BMI, kg/m2) calculated by dividing the body
weight with the square of the height was assessed before and
after the 7-time dosing period for each animal. Whole body scans
were conducted by dual energy x-ray absorptiometry (DEXA) twice,
before and after 7-time dosing, using the Hologic Discovery QDR
Series (Bedford, MA)  Densitometer to measure body fat. The ani-
mals were sedated with Zoletil (3 mg/kg, IM)  and then securely
positioned within the scanning region on the DEXA bed to perform
scanning. The total and regional body compositions of monkeys
were analyzed by Hologic Body Composition Software according
to established guidelines.

2.12. Histological assessment of ˇ-cell mass

9 male ob/ob mice from vehicle control, BPI-3016 and Liraglu-
tide group were sacrificed to obtain their pancreas which were
weighed, fixed in the 10% formaldehyde and embedded in paraffin.

The pancreas was sliced into 3 �m-thick section from the head to
tail. Four representative sections (each 1st specimen of consecutive
35 sections) for each pancreas were used for islet insulin staining.
The sections were deparaffinized by xylene and rehydrated and
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Table 1
Resistance of peptides to the degradation by DPP IV in vitro.

Peptides Relative content of parental peptide (%)

0 h 0.5 h 1 h 8 h 24 h 32 h 48 h

GLP-1 100 25.82 5.22 a a a a

BPI-3016 100 a 102.33 101.92 98.19 98.83 98.97
Liraglutide 100 a 97.42 89.09 69.28 58.22 46.65
NN9535 100 a 91.91 94.43 90.49 89.76 89.80

50 �M GLP-1, BPI-3016, Liraglutide and NN9535 were incubated with DPP-
IV(100 U/L) purified from pig kidney in 37 ◦C for different intervals. Then reactions
were terminated by adding 10% TFA. Absorbance for each peptide was monitored
at  214 nm using an HPLC system (containing PDA UV detector) through analyzing
peaks in the chromatograms. The relative content of parental peptide was expressed

F
A
o
a
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hen blocked with normal goat serum (5%, v/v) for 45 min. Guinea
ig polyclonal anti-insulin antibody (Abcam; 1:100) and rabbit
olyclonal anti-guinea pig IgG antibody labeled by horseradish
eroxidase (Abcam; 1:150) were used as the primary and sec-
ndary antibody, subsequently. Then, the sections were washed
y Tris-buffered saline(containing 0.1% Tween-20) and covered by
iaminobenzidine substrate solution for 15 min. Then the sections
ere washed again and counterstained with hematoxylin. The sec-

ions were observed with a NIKON microscope and analyzed by
mage J software (National Institutes of Health). �-cell mass was
alculated by percentage of �-cell area in the pancreas and the
eight of the pancreas before fixation, according to the following

ormula:

�-cell mass (mg) = [area immunostained/cross-sectional area o

total section ∗ 100%] × weight of pancreas (g) ∗ 1000

weight percentage of �-cellmass = �-cellmass (mg)/

[1000 ∗ body weight (g)] ∗ 100%.

.13. Statistical analyses

All data were expressed as mean ± SEM. The data obtained from
b/ob mice studies were analyzed by Student-t-test. For db/db mice
xperiments, data were analyzed by one-way ANOVA (Dunnett’s
est) and independent-t-test with SPSS Statistics 19.0 (IBM). In

onkey experiments, the data were statistically analyzed by one-
ay ANOVA (LSD-t-test), independent-t-test and Kruskal-Wallis

est were also used if necessary by using statistical software SAS
.3.

. Results
.1. In vitro pharmacological profile of BPI-3016

To evaluate the biological activities of BPI-3016, the binding
ffinity of BPI-3016 to the GLP-1 receptor was firstly measured.

ig. 1. In vitro pharmacological profile of BPI-3016.
) The binding affinity of unlabelled GLP-1, BPI-3016, Liraglutide and NN9535 (30 pM–1 �
f  the radiolabeled ligand 125I GLP-1 (0.25 nM). B) Intracellular cAMP responses in HEK29
nd  NN9535 (0.021 pM–100 nM). Data are presented as means ± SEM, n = 2.
in percentile by comparing to the peak area at 0 h.
a Represents the samples were not assayed considering the necessity.

The results indicated that BPI-3016 had a lower binding affinity
(Ki = 19.4 nM)  to GLP-1 receptors compared to GLP-1 (Ki = 1.2 nM)
(Fig. 1A). Besides, BPI-3016 showed dose-dependent stimulatory
effect on cAMP production with an EC50 at 1.80 nM,  and EC50 for
native GLP-1 was  0.10 nM (Fig. 1B). In addition, BPI-3016 showed
a better resistance to DPP-IV in vitro with about 98.97% parental
peptide left after 48 h incubation compared to that of 46.65%
for Liraglutide and 89.80% for NN9535, while GLP-1 was rapidly
degraded by DPP-IV with only 5.22% parental peptide left after 1 h
incubation (Table 1). In the same reaction system without DPP-IV,
BPI-3016, Liraglutide, NN9535, and the GLP-1 parental peptide was
96.87%, 87.26%, 100.90% and 97.99%, respectively, suggesting an in
vitro stability of BPI-3016 (Table 2).

3.2. BPI-3016 exerts long-acting glucose-regulatory effect,
increases ˇ-cell mass and promotes insulin secretion in ob/ob
mice

The random blood glucose levels in ob/ob mice treated with
vehicle, BPI-3016 (0.5, 1, 2 mg/kg) and Liraglutide were measured to
assess the glucose-regulatory effect of BPI-3016 over a 48-h period.
The results indicated 36.2%, 41% and 49.2% reductions in random

glucose levels after single-dose treatment of 0.5, 1 and 2 mg/kg
BPI-3016 compared to vehicle controls within 34 h (P < 0.001).
Remarkably, 48 h after administration, the random blood glucose
levels of ob/ob mice showed 19.8% and 22.2% reduction after 1 and

M)  with increasing concentrations which was demonstrated by displacing binding
3 cells to stimulation by increasing concentrations of GLP-1, BPI-3016, Liraglutide
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Fig. 2. BPI-3016 exerts long-acting glucose-regulatory effect, increases �-cell mass and promotes post-prandial insulin secretion in ob/ob mice.
A)  A single dose of BPI-3016 significantly reduces random blood glucose level in ob/ob mice: single dose s.c. administration of 0.5, 1, 2 mg/kg BPI-3016 showed significant
reductions in random blood glucose levels at 2, 4, 6, 10, 24, 30, and 34 h after administration (***P < 0.001, 0.5, 1, 2 mg/kg BPI-3016 groups compared with vehicle control group)
(n  = 12/group). B) 14 times s.c. administration of 0.5, 1, 2 mg/kg BPI-3016 significantly lowered random blood glucose level in ob/ob mice (*P < 0.05, **P  < 0.01, ***P  < 0.001;
0.5,  1, 2 mg/kg BPI-3016 groups compared with vehicle control group) (n = 12/group). C) Pancreatic sections from 31-day long-term injections of 1 mg/kg BPI-3016 and
Liraglutide in ob/ob mice were observed under Nikon microscope (×40) to analyze the characteristics of Insulin-positive �-cells. D) �-cell mass in BPI-3016 (1 mg/kg) group
was  significantly increased (*P < 0.05, compared with vehicle control group) (n = 3/group). E) The weight percentage of �-cell mass in the medium-dose BPI-3016 group
also  significantly increased compared to vehicle control group (**P < 0.01, compared with vehicle control group) (n = 3/group). F) Single dose of 0.5, 1, 2 mg/kg BPI-3016
significantly increased post-prandial insulin secretion in ob/ob mice (**P < 0.01, 0.5, 1, 2 mg/kg BPI-3016 groups compared with vehicle control group) (n = 12/group). Serum
insulin level was determined by ELISA kit at 2 h after administration. Data are presented as means ± SEM.
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Table  2
In vitro stability of peptides without DPP IV treatment.

Peptides Relative content of parental peptide (%)

0 h 1 h 48 h

GLP-1 100 97.99 –
BPI-3016 100 – 96.87
Liraglutide 100 – 87.26
NN9535 100 – 100.90

Fig. 3. Chronic treatment of BPI-3016 improves glycemic control in db/db mice.
Fasting blood glucose levels in db/db mice were measured on 0, 2nd, 4th, 6th and 8th week. HbA1c levels were detected on 0 and 8th week. A) Effect of BPI-3016 on fasting
blood  glucose: 6-week treatment with 0.2 and 0.5 mg/kg BPI-3016 (s.c.) significantly lowered the fasting blood glucose levels (*P < 0.05, ***P < 0.001; compared with vehicle
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ontrol  group) (n = 8/group). A 4-week treatment with 0.5 mg/kg BPI-3016 (s.c.) sho
ffect  of BPI-3016 on HbA1c levels. Chronic injection of 0.5 mg/kg BPI-3016 resulte
ehicle control group) (n = 8/group). Data are presented as means ± SEM.

 mg/kg BPI-3016 administration (P < 0.05), suggesting BPI-3016
ignificantly lowered blood glucose levels (Fig. 2A, Tables S2 and
3).

The changes in random blood glucose levels of ob/ob mice were
bserved over a 31-day period with BPI-3016 administration given
nce every twice days to indicate its long-term effect. Compared
o vehicle control group, random blood glucose levels were signif-
cantly decreased in BPI-3016 groups (P < 0.05, P < 0.01, P < 0.001)
fter 4th dosing. To specifically evaluate the efficacy of BPI-3016
n reducing glucose levels after long-term administration, the lev-
ls of random blood glucose in all groups were measured before
nd after injection at 10th dosing (24, 48, 72 and 96 h). The results
howed that 0.5, 1 and 2 mg/kg BPI-3016 still significantly reduced
lucose levels even at 96 h after administration (P < 0.05, P < 0.01,

 < 0.001). Besides, compared to single administration of BPI-3016,
hronic BPI-3016 treatment with multiple injections induced more
ignificant reduction in random glucose levels at 48 h after the ini-
ial administration (0.5 mg/kg: 10.2% vs 36.2%; 1 mg/kg: 19.8% vs
2.3%; 2 mg/kg: 22.2% vs 42.3%), suggesting continuous alternate-
ay subcutaneous injection with 0.5, 1 and 2 mg/kg BPI-3016 for 14
imes could significantly reduce the level of random blood glucose
nd their effects are long-acting (Fig. 2B, Tables S4 and S5).

To investigate whether the injection of 1 mg/kg BPI-3016 every
ther day for 31 days could increase the �-cell mass of ob/ob mice,
he insulin-positive �-cells in pancreatic sections were analyzed
nder the Nikon microscope. We  found the �-cell mass (Fig. 2C
nd D) and its weight percentage (Fig. 2E) in ob/ob mice were
ignificantly increased compared to vehicle controls (9.70 mg  vs

.98 mg,  P < 0.05; 0.021% vs 0.013%, P < 0.01) after 31-day BPI-3016
reatment. As positive control group, Liraglutide also significantly
he similar effect (**P < 0.01, compared with vehicle control group) (n = 8/group). B)
 significant reduction in HbA1c after 8-week treatment (*P < 0.05, compared with

increased �-cell mass (11.32 mg  vs 6.98 mg;  P < 0.05) and the
weight percentage (0.023% vs 0.013%; P < 0.001).

To determine the effect of BPI-3016 on insulin secretion, post-
prandial serum insulin levels in ob/ob mice were measured after
the treatments (Fig. 2F). In 0.5, 1 and 2 mg/kg BPI-3016 groups,
serum insulin level reached to 52.68, 55.60 and 62.11 ng/mL respec-
tively, which were significantly higher than vehicle control group
(36.93 ng/mL) (P < 0.01). Besides, serum insulin level in Liraglutide
group (57.85 ng/mL) was  also significantly increased (P < 0.01).

3.3. Chronic treatment of BPI-3016 improves glycemic control in
db/db mice

To determine the chronic effect of treatments of BPI-3016 on
glycemic control in db/db mice, the levels of fasting plasma glucose
and HbA1c among vehicle control, low-dose BPI-3016 (0.2 mg/kg),
high-dose BPI-3016 (0.5 mg/kg) and NN9535 (0.2 mg/kg) group
were compared. The results demonstrated that 0.2 mg/kg BPI-3016
(16.81 mM vs. 11.86 mM,  P < 0.05) consistently reduced fasting
blood glucose levels in db/db mice after a 6-week administration
(Fig. 3A, Table S6) compared to vehicle controls. The effect of high-
dose BPI-3016 on reducing fasting blood glucose in high-dose group
was more significant: a significant reduction in the level of fasting
blood glucose appeared after 4 weeks administration (11.91 mM
vs. 9.43 mM;  P < 0.01), and the reduction maintained after 6 weeks
administration (16.81 mM vs. 7.90 mM;  P < 0.001). Similarly, we
found NN9535 could remarkably reduce fasting blood glucose level.

As indicated in Fig. 3B, the levels of HbA1c in the high-dose BPI-
3016 group (7.26% vs. 6.26%; P < 0.05) and NN9535 group (P < 0.01)
were significantly decreased after 8 weeks treatment, suggesting a
strong ability of BPI-3016 in glycemic control.
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Fig. 4. Effect of single administration of BPI-3016 on plasma glucose in spontaneous diabetic monkeys.
Post-prandial glucose levels were measured at 2, 8 h and fasting glucose levels were measured at 0, 22, 46, 94, 118, 142, 166 h after administration. Percentage of plasma
glucose change at each time points after administration was  calculated with individual fasting glucose level before 1st administration. And the average percentage of post-
prandial and fasting glucose change from baseline in each group were calculated too. A) Post-prandial and fasting glucose levels. Single subcutaneous injection of 0.4 mg/kg
BPI-3016 significantly lowered the fasting glucose level at 46 h after administration (**P < 0.01, compared with diabetic control group; data were analyzed by one-way ANOVA
f l and f
B P < 0.0
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ollowed by LSD-t-test) (n = 6–10/group). B) The average percentage of post-prandia
PI-3016 lowered the mean percentage of plasma glucose change within 166 h (***

ollowed by LSD-t-test) (n = 6–10/group). Values are shown as mean ± SEM.

.4. A single administration of BPI-3016 exerts glucose-lowering
ffect in spontaneous diabetic cynomolgus monkeys

The pharmacokinetic properties of BPI-3016 in spontaneous
iabetic cynomolgus monkeys were investigated. The half-life
f BPI-3016 in diabetic cynomolgus monkey models was 95 h
Table 3). Post-prandial and fasting glucose were monitored before
he single administration of BPI-3016 or Exenatide LAR and at
, 8, 22, 46, 94, 118, 142 and 166 h after feeding (Fig. 4A). To
xclude individual variations among the monkeys, the mean per-
entage of glucose change from individual baseline glucose level

as calculated for each spontaneous diabetic cynomolgus monkey

Fig. 4B). The result showed that the single subcutaneous injec-
ion of 0.4 mg/kg BPI-3016 significantly lowered the fasting glucose
asting glucose change from baseline. Single subcutaneous injection of 0.2, 0.4 mg/kg
01, compared with diabetic control group; data were analyzed by one-way ANOVA

level at 46 h after administration (P < 0.01). Besides, the average
change percentage of plasma glucose levels from baseline over
166 h was significantly decreased in 0.2 and 0.4 mg/kg BPI-3016
groups (percentage change: −27%, −28% vs. 0%, P < 0.001), while
no significant decrease in Exenatide LAR group was detected. In
summary, 0.2 and 0.4 mg/kg BPI-3016 treatment had an obvious
hypoglycemic effect and their efficacy in reducing glucose level was
superior to Exenatide LAR.

3.5. Chronic treatment of BPI-3016 alleviates diabetic symptoms

in spontaneous diabetic cynomolgus monkeys

To evaluate the chronic effect of BPI-3016, fasting glucose lev-
els, HbA1c levels, and glucose tolerance were measured in diabetic
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Fig. 5. Chronic treatment of BPI-3016 alleviates diabetic symptoms in spontaneous diabetic cynomolgus monkeys.
A)  The average percentage of fasting glucose change from baseline (fasting glucose level before 1st dosing). Once-weekly subcutaneous injection of 0.2, 0.4 mg/kg BPI-3016
for  6 times lowered the mean percentage of blood glucose change (***P < 0.001, compared with diabetic control group; data were analyzed by one-way ANOVA followed
by  LSD-t-test) (n = 6–10/group). B) Effect of BPI-3016 on HbA1c levels: changes of the HbA1c level before and after 6-time dosing were calculated by following formula:
HbA1cchange(%) = HbA1c6-week(%) − HbA1c0-week(%). 0.2 and 0.4 mg/kg BPI-3016 significantly reduced HbA1c levels (*P < 0.05, ***P < 0.001, compared with diabetic control
group)  (n = 6–10/group; data were analyzed by one-way ANOVA followed LSD-t-test). C) The change in KGlucose before and after treatment. After 7 times of dosing, 0.4 mg/kg
BPI-3016 significantly increased the percentage of KGlucose change from baseline (Kglucose value of pre-dosing IVGTT test), compared to the diabetic control (**P  < 0.01, data
were  analyzed by independent t-test). Increases in the KGlucose change percentage were also observed for the 0.2 mg/kg BPI-3016 and Exenatide LAR-treated groups (*P < 0.05,
compared with diabetic control group; data were analyzed by independent t-test) (n = 6–10/group). D) Pre-dosing and post-dosing IVGTT test on plasma insulin secretion.
For  post-dosing IVGTT, the increments in insulin secretion at 3 and 5 min  after glucose-load significantly increased (*P < 0.05, compared with diabetic control group; data
were  analyzed by Kruskal-Wallis test) (n = 6–10/group). Data are presented as means ± SEM.

Table 3
Pharmacokinetic parameters in spontaneous diabetic cynomolgus monkeys.

Dose (mg/kg) Tmax (h) Cmax (ng/mL) AUC0-t (ng h/mL) AUC0-∞ (ng h/mL) T1/2 (h)

0.2 9 ± 3 3055 ± 310 274218 ± 20534 384170 ± 34667 95 ± 20

Plasma concentrations of BPI-3016 (0.2 mg/kg) in diabetic cynomoglus monkeys were determined by an electrospray ionization LC–MS/MS system. The following pharma-
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okinetic parameters were measured on 6 animals per time point, values are shown
ndicates maximal observed plasma concentration; AUC0-t indicates area under th
he  plasma concentration curve from zero to infinity; T1/2 indicates half-life.

ontrols, BPI-3016 groups (0.1, 0.2, 0.4 mg/kg), Exenatide LAR group
nd normal controls. The results indicated that the level of fast-
ng glucose in the normal obese control group remained stable
t a relatively low level compared to the diabetic control group,
he difference of fasting glucose level between the two  groups
as gradually expanded over time. With the increase in times of

dministration, the hypoglycemic effect of once-weekly injection
f BPI-3016 especially with the dose of 0.2 mg/kg and 0.4 mg/kg
as extended in a long term (Fig. S3). Mean percentage of changes

n fasting glucose from baseline over the 6-week period was  further
alculated (Fig. 5A). The result showed that the mean percent-
ge of changes in fasting glucose level in the low, medium and
igh-dose BPI-3016 groups was −3%, −19% and −20% respectively,
tatistically significant differences were observed in medium and
igh-dose BPI-3016 group (P < 0.001) compared to diabetic con-
rols (9%), reflecting the potent hypoglycemic effect of BPI-3016.
he low-dose BPI-3016 (−3%) and Exenatide LAR group didn’t

how any statistical difference in the mean percentage of changes
n fasting glucose level. The results above suggested that once-

eekly administration with BPI-3016 for 6 times had chronic
ose-dependent efficacy in lowering fasting glucose levels on dia-
an ± SEM. Tmax indicates the time of maximal observed plasma concentration; Cmax

a concentration curve from zero to last time point; AUC0-∞ indicates area under

betic obese monkeys, and 0.2, 0.4 mg/kg BPI-3016 showed more
significant glucose-regulatory effect than the Exenatide LAR.

The alteration of the HbA1c level before and after treatments
was analyzed to demonstrate the action of BPI-3016 in reducing
HbA1c level (Fig. 5B). The result indicated that after 6 times weekly
administration, the high-dose BPI-3016 group showed a significant
decrease in HbA1c level compared to diabetic control (−0.62% vs.
1.05%, P < 0.001). Slight increases in the HbA1c level were observed
in the medium-dose BPI-3016 group (0.20%) and Exenatide LAR
group (0.29%) (P < 0.05).

Two  IVGTT tests were performed on the monkeys prior to 1st
and after 7th dosing (Fig. S3) to evaluate alterations in glucose tol-
erance, which was indicated by KGlucose. After 7-time weekly of
dosing, the high-dose BPI-3016 group showed a significant increase
in the percentage of changes in KGlucose, compared to the dia-
betic control (27.6% vs. −18.2%, P < 0.01). Significant increases in
the changes of KGlucose were also identified in the 0.2 mg/kg BPI-

3016 (17.4%) and Exenatide LAR-treated (11.0%) groups (P < 0.05)
(Fig. 5C). Since exogenous glucose load led to insulin secretions in
the IVGTT tests, insulin secretion incremental rates (increased level
of insulin normalized with baseline level) were compared among
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Fig. 6. Chronic treatment of BPI-3016 reduces BMI  and body fat in diabetic cynomol-
gus  monkeys.
A) BMI  was measured before and after the 7th dosing(n = 6–10/group). Indexes in
BPI-3016 treated groups tended to decrease. B) The alteration of body fat after the
7th  dosing. Percentage of body fat rate change was calculated with individual body
fat  rate before 1st administration. Treatment with 0.4 mg/kg BPI-3016 significantly
lowered body fat in the obese diabetic monkeys (***P < 0.001, compared with dia-
38 L. Ding et al. / Pharmacologi

ifferent groups (Fig. 5D). The normal control monkeys showed the
ighest glucose-induced insulin secretion compared to other dia-
etic groups during pre-treatment IVGTT test. In post-treatment

VGTT test, dose-dependent increments in insulin secretion were
bserved in BPI-3016 group treated with the dose of 0.1, 0.2,
.4 mg/kg and Exenatide LAR group. And there were statistical dif-
erences between high-dose BPI-3016 group and diabetic control
roup at 3 min, 5 min  after glucose loading (P < 0.05).

.6. Chronic treatment of BPI-3016 reduces BMI  and body fat in
iabetic cynomolgus monkeys

BMI  data were collected before and after 7-time treatment
Fig. 6A). BMI  in diabetes control group arose from 54.9 to
6.2 kg/m2. In contrast, treatment with BPI-3016 at 0.4 mg/kg sig-
ificantly reduced BMI  after treatment (55.8–48.5 kg/m2, P < 0.001).
light BMI  reductions were observed in the middle dose group
55.7–53.0 kg/m2) and low dose group (57.5–56.3 kg/m2), sug-
esting dose-dependent effects of BPI-3016 on body weight. BMI
eduction was also observed in the Exenatide LAR-treated group.
ody composition measurement by DEXA scanning was  performed
efore and after weekly-dosing at 7th week. The percentage of
hanges in body fat among BPI-3016 groups and Exenatide LAR
roup after 7 times of once-weekly dosing was measured (Fig. 6B).
he result showed that 0.4 mg/kg BPI-3016 significantly lowered
ody fat percentage in the obese diabetic monkeys in high dose
roup (−18.6% vs. 0.2%, P < 0.001), compared to the diabetic con-
rol group. No remarkable significance was observed in low-dose,

edium-dose BPI-3016 group and Exenatide LAR group. The above
esults suggested that 7-time weekly treatment with BPI-3016 effi-
iently suppressed obesity and improved symptoms of metabolic
yndrome in spontaneous diabetic cynomolgus monkeys.

. Discussion

In this study, we designed a GLP-1(7–37) analogue BPI-3016
y substituting the N-terminal penultimate amide bond with a
CH(CF3)NH , replacing an amino acid and linking a long fatty acid
hain on human GLP-1(7–37). BPI-3016 exhibited similar biological
ctivities to native GLP-1 and showed strong resistance to DPP-IV
fter the structural modification. Specifically, BPI-3016 main-
ained stability after 48 h incubation with DPP-IV, showed affinity
o the GLP-1 receptor, dose-dependently stimulated intracellular
AMP production in vitro. We  also demonstrated pharmacolog-
cal characteristics of BPI-3016 in animal models of T2DM. For
nstance, structural modifications on GLP-1 significantly prolonged
he half-life (≥95 h in spontaneous diabetic cynomolgus monkeys)
n vivo. Single-dose administration of BPI-3016 reduced the level
f random blood glucose over a period of 34–48 h and increased
ost-prandial insulin secretion in ob/ob mice. And a single dose
f BPI-3016 had obvious hypoglycemic effect in diabetic monkeys.
lso, chronic treatment of BPI-3016 exerted a long-acting effect on

educing the level of plasma glucose and HbA1c in ob/ob mice, db/db
ice, and diabetic cynomolgus monkeys. The hypoglycemic effect

f BPI-3016 was maintained over 166 h in cynomolgus monkeys
fter repeated once-weekly dosing (data not shown). Moreover,
hronic treatment with BPI-3016 increased the �-cell mass of ob/ob
ice, improved glucose tolerance and reduced BMI  and body fat in

iabetic monkeys.
The in vivo potency of BPI-3016 in improving symptoms of

iabetic animals has promised it a great potential as a once-

eekly drug for treating type 2 diabetes. Our records for observing

mmunogenicity responses after BPI-3016 treatment showed that
fter multiple-dose administrations, no anti-drug antibody was
etected in cynomolgus monkeys (Figs. S4 and S5). Also, no severe
betic control group; data were analyzed by one-way ANOVA followed by LSD-t-test)
(n = 6–10/group). Data are presented as means ± SEM.

adverse event was  observed in the non-human animal safety
evaluation test (Table S7). These findings indicate the potential
advantages of chemical structural modification in BPI-3016: includ-
ing smaller molecular weight, less injection site pain or skin
nodules and fewer chances of generating anti-drug antibody in
response to injection compounds with the huge molecular weight
in vivo.

In conclusion, BPI-3016 with structural modifications based on
native GLP-1 has significantly prolonged half-life both in vitro and
in vivo, and meantime maintains GLP-1 receptor affinity and activ-
ity of stimulating intracellular generation of cAMP. BPI-3016 also
significantly reduces blood glucose levels, decreases HbA1c levels
and improves glycemic control, insulin resistance and �-cell func-
tion, and shows a long-acting therapeutical effect in spontaneous
T2DM animal models. Thus, BPI-3016 has a potential acting as a
long-acting GLP-1 analogue for type 2 diabetes treatment in the
clinic.
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