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Abstract

G protein-coupled receptor 119 (GPR119) is expressed in the pancreas and gastrointestinal tract, and its activation promotes
insulin secretion in the beta cells of the pancreatic islets as well as the secretion of glucagon-like peptide-1 (GLP-1) in intestinal
L cells, consequently improving glucose-stimulated insulin secretion. Due to this dual mechanism of action, the development of
small-molecule GPR119 agonists has received significant interest for the treatment of type 2 diabetes. We newly synthesized
1,2,4-triazolone derivatives of GPR119 agonists, which demonstrated excellent outcomes in a cyclic adenosine monophosphate
(cAMP) assay. Among the synthesized derivatives, YH18968 showed cAMP=2.8 nM; in GLUTag cell, GLP-1secretion=2.3 fold; in
the HIT-T15 cell, and insulin secretion=1.9 fold. Single oral administration of YH18968 improved glucose tolerance and combined
treatment with a dipeptidyl peptidase 4 (DPP-4) inhibitor augmented the glucose lowering effect as well as the plasma level of ac-
tive GLP-1 in normal mice. Single oral administration of YH18968 improved glucose tolerance in a diet induced obese mice model.
This effect was maintained after repeated dosing for 4 weeks. The results indicate that YH18968 combined with a DPP-4 inhibitor
may be an effective therapeutic candidate for the treatment of type 2 diabetes.
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INTRODUCTION gain as demonstrated in the United Kingdom Prospective Dia-
betes Study (UK Prospective Diabetes Study (UKPDS) Group,

Diabetes is a pathological condition characterized by hy- 1998). Biguanide derivatives have been reported to have side
perglycemia, and is caused by a disorder in the secretion of effects such as lactic acidosis (Bailey, 2008), while thiazoli-
insulin or by abnormal glucose metabolism due to decreased dinedione derivatives have been reported to have side effects
sensitivity to insulin in peripheral tissues (Taylor et al., 1994; such as hepatotoxicity and heart failure (Nesto et al., 2003).
DeFronzo et al., 1999). Hyperglycemia can lead to the devel- In addition to these side effects, existing treatments require
opment of various symptoms, culminating in the discharge of strong medicinal efficacy capable of substantially reducing
excess glucose from the body system through urine (DeFron- glycosylated hemoglobin (HbA1c) to become effective treat-
zo, 2009; Cornall et al., 2015). Insulin secretion promoters ments for type 2 diabetes (Cusi et al., 1996). However, the
(sulfonylurea derivatives, meglitinide derivatives, etc.), insulin UKPDS confirmed that the administration of a single treatment
resistance improving agents (biguanide derivatives, thiazoli- gradually lost the ability to control HbA1C level. Therefore, if
dinedione derivatives, etc.), carbohydrate digestion inhibitors existing diabetic medicines are administered for a long time,
(alpha-glucosidase inhibitors, etc.), and incretin-based drugs the drug efficacy is gradually reduced and the dosage must be
such as glucagon-like peptide-1 (GLP-1) analogs and dipepti- increased or the medicines administered in combination with
dyl peptidase 4 (DPP-4) inhibitors are used for the treatment of other drugs. Existing diabetes drugs also have other disad-
diabetes and its associated complications (Koro et al., 2004). vantages including inconvenient administration (insulin drugs,
However, the most commonly used insulin secretion pro- GLP-1 analog injection), drug resistance (sulfonylurea), and

moters have side effects including hypoglycemia and weight lack of efficacy (DPP-4 inhibitors) (Morales, 2011).
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GPR119 is predominantly located in the pancreatic islet
and gastrointestinal tract, and its activation acts directly on
the beta cells of the pancreas to promote insulin secretion.
It also stimulates GLP-1 secretion in intestinal L cells, ulti-
mately improving glucose-stimulated insulin secretion (GSIS)
(Sakamoto et al., 2006; Chu et al., 2007, 2008). Drugs that
can activate GPR119 increase glucose homeostasis and thus
may be effective diabetes treatment drugs with the potential to
reduce food intake and body weight (Overton et al., 2008). In
fact, fat reduction and body weight loss effects have already
been reported based on various obesity animal model tests
using GPR119 activators (Blad et al., 2012). Insulin secretion
accelerated by GPR119 activation stimulates the production
of cAMP (cyclic adenosine monophosphate) in beta cells, en-
abling the secretion of glucose-dependent insulin and reduc-
ing the risks of hypoglycemia. In addition, GLP-1 secretion due
to continuous activation of GPR119 as well as the activation
of CAMP increases islet beta cell mass and thereby improves
autologous insulin production for the subsequent treatment
of insulin-dependent diabetes (Drucker, 1998; Yip and Wolfe,
2000; Overton et al., 2006). GPR119 activators may be useful
as diabetic therapeutic agents that can be administered for a
long period of time as they have minimal side effects (e.g., hy-
poglycemia, weight gain) compared to existing hypoglycemic
and anti-diabetic agents (Katz et al., 2011, 2012; Nunez et al.,
2014; Ritter et al., 2106).

The development of GPR119 agonists has been led by
GSK (GSK1292263, phase Il), Astellas (PSN821, phase Il),
Metabolex (MBX2982, phase Il), Arena (APD597 / ADP668,
phase 1), and BMS (BMS903452, phase 1) with drugs in
clinical trial phases 1 and 2. However, development of some
GPR119 agonists was discontinued because the initial clinical
pipeline had weak efficacy or the drugs decreased in efficacy
after repeated administration, a phenomenon known as tachy-
phylaxis. The results of clinical trials with GPR119 agonists
have shown no indications of specific side effects to date, but
suggested that tachyphylaxis is caused by receptor desensi-
tization due to GPCR agonism. Therefore, overcoming this
problem is essential. New diabetic medicines need to have
strong drug efficacy persistence, improved safety, and other
cardiovascular features and advantages. To satisfy these re-
quirements, it is necessary to develop drugs that act through
a different mechanism.

We designed and synthesized novel 1,2,4-triazolone deriv-
atives and screened them using cell based assays to evaluate
their ability to induce GPR119 activation, GLP-1 stimulation,
and insulin secretion. We identified a novel GPR119 agonist,
YH18968, and evaluated its ability to elicit significant and sus-
tained glycemic control in rodent models.

In this report, we describe the feasibility of YH18968 as a
novel GPR119 agonist for the treatment of type 2 diabetes
based on the in vitro potency in cAMP, insulin, and GLP-1
assays, the in vivo pharmacokinetics, and the efficacy pro-
files after oral administration of YH18968 in normal and diet
induced obese (DIO) mice.

MATERIALS AND METHODS
Chemicals

In this study, YH18968, a novel 1,2,4-triazolone derivative,
and MBX2982 were synthesized in-house at the Yuhan R&D
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Institute (Yongin, Korea) by the method described in patent
(Han et al., 2014). YH18968 is composed of a piperazine scaf-
fold containing (S)-5-(3-fluoro-4-(5-oxo-1-(tetrahydrofuran-3-
yl)-1,5-dihydro-4H-1,2,4-triazol-4-yl)phenyl)-2-(4-(5-isopropyl-
1,2,4-oxadiazol-3-yl)piperazin-1-yl)nicotinonitrile. Compounds
were dissolved in dimethyl sulfoxide (DMSQ) and diluted with
cell culture media for in vitro assays.

Cell culture

A Chinese hamster ovarian (CHO-K1) cell line stably ex-
pressing human GPR119 was purchased from Invitrogen
(Carlsbad, CA, USA). Cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% fetal bovine
serum, 0.1 mM non-essential amino acids (NEAA), 25 mM
HEPES (pH 7.2), 100 U/mL penicillin, 100 png/mL streptomycin,
100 ug/mL zeocin, and 600 ug/mL hygromycin (Invitrogen).
The hamster insulinoma cell line HIT-T15 was purchased from
ATCC (Manassas, VA, USA) and was cultured in Ham’s F12K
medium with 10% horse serum, 2.5% fetal bovine serum, 100
U/mL penicillin, and 100 pg/mL streptomycin (Invitrogen). The
murine L cell line GLUTag (a gift from University, Incheon,
Korea) was cultured in DMEM with 10% fetal bovine serum,
100 U/mL penicillin, and 100 pug/mL streptomycin (Invitrogen).
All cell lines were incubated in 5% CO; in a humidified atmo-
sphere at 37°C.

cAMP accumulation assay

The CHO-K1 cells contained human GPR119 under the
control of a doxycycline inducible system and a beta-lacta-
mase reporter gene under the control of a cAMP response
element (CRE). Addition of doxycycline to these cells allowed
for GPR119 expression and a subsequent assay for GPR119
specific activity. Cells were seeded in 384-well plates at a
density of 10* cells/well and doxycycline (1 ug/mL) was added
to induce GPR119 expression. Cells were treated with com-
pounds at varying concentrations. After 5 h incubation, cellu-
lar cAMP levels were measured following the manufacturer’s
instructions (Invitrogen). The assay technology is based on
fluorescent detection of beta-lactamase reporter gene activity
using a fluorescence resonance energy transfer (FRET)-en-
abled substrate that generates a ratiometric cAMP response.
Three replicates for each concentration of compounds were
used.

GLP-1 release assay

GLUTag cells were seeded in 48-well plates at a density
of 10° cells/well and then incubated for 48 h. On the day of
the experiment, the cells were washed twice with serum-free
DMEM media and were exposed to 0.1 uM concentrations of
the test compounds in the same media at 37°C for 120 min.
GLP-1 released into the culture supernatant was then collect-
ed and clarified by centrifugation for 5 min. GLP-1 concentra-
tion in the supernatant was determined using a GLP-1 ELISA
kit (Shibukawa, Gunma, Japan) following the manufacturer’s
instructions. Three replicates for each concentration of com-
pounds were used.

Insulin release assay

HIT-T15 cells were seeded in 48-well plates at a density
of 2x10° cells/well and incubated for 48 h. On the day of the
experiment, the cells were washed twice with Krebs Ringer
bicarbonate buffer (118 mM NaCl, 4.7 mM KCI, 1.2 mM KH-



2P04, 1.16 mM MgCI2, 10 mM HEPES, 2.5 mM CaCl2, 25.5
mM NaHCO3, 0.2% BSA, pH 7.4) and preincubated for 60 min
at 37°C with the Krebs Ringer bicarbonate buffer containing
5 mM glucose. After preincubation, the cells were stimulated
with 0.1 uM concentrations of compounds in Krebs Ringer
bicarbonate buffer containing 15 mM glucose at 37°C for 60
min. Insulin released into the culture supernatant was then
collected and clarified by centrifugation for 5 min. Insulin con-
tent in the supernatant was determined using an insulin ELISA
kit (Mercodia, Uppsala, Sweden) following the manufacturer’s
instructions.

Cytotoxicity assay

Cytotoxicity assays were performed using 3-(4,5-dimethyl-
thiazol- 2-yl)-2,5-diphenyltetrazolium bromide (MTT). Hamster
beta cells (HIT-T15), mouse L cells (GLUTag), and human
hepatocyte (HepG2) were used for the MTT assay. The cells
were harvested (2~3x10* cells/well) and inoculated into 96-
well plates for 24 h. The cultured cells were then incubated for
48 h with the test sample at a final concentration of 0.1-100
uM. Afterward, 100 pL of MTT solution (5 mg MTT in PBS, pH
7.2) were added to each well and the plates were incubated
for 4 h at 37°C. After incubation, 100 uL of DMSO were added
to each well, the absorbance of each well was measured at
540 nm using a microplate reader, and the surviving cell frac-
tion was calculated. The inhibition of cell viability was calculat-
ed using% viability=[absorbance of treated cells/absorbance
of untreated cells]x100.

Animals

The entire in vivo animal protocol was approved by the Insti-
tutional Animal Care and Use Committee (IACUC No. 14216) of
Yuhan Corporation (Yongin, Korea). Mice were housed under a
12 h/12 h light/dark cycle in free feeding conditions, in temper-
ature and humidity controlled rooms. Normal C57BL/6J male
mice were obtained from Orient BIO Inc (Seongnam, Korea).

Pharmacokinetics of YH18968 in normal mice
Eight-week-old male C57BL/6J mice were fasted over-
night with free access to water. YH18968 was intravenously
injected at 1 mg/kg via the tail vein or orally administered as
a suspension in 0.5% methyl cellulose at 1, 10, and 100 mg/
kg. Blood samples were collected via the inferior vena cava
under anesthesia at 0.083 (iv only), 0.25, 0.5, 1, 2, 4, and
7 h post-dose (n=2/time point). Plasma samples were taken
from blood samples after centrifugation and proteins were pre-
cipitated to extract YH18968. The plasma concentrations of
YH18968 were determined by LC-MS/MS analysis. Pharma-
cokinetic analysis was performed non-compartmentally using
WinNonlin® version 6.3 (Pharsight Corporation, St. Louis, MO,
USA). The pharmacokinetic parameters of YH18968 are as
follows: maximum observed plasma concentration (Cnax), time
to reach maximum observed plasma concentration (tmax), area
under the plasma concentration-time curve from time zero to
the time of the last measurable concentration (AUcu.s), area
under the plasma concentration-time curve extrapolated to
infinity (AUCix), apparent terminal half-life (T+2.pp), total clear-
ance (CL), volume of distribution at steady state (Vs), mean
residence time from 0 to infinity (MRTiy), and bioavailability

(F).
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Efficacy of single administration of compounds in normal
mice

To evaluate the acute glucose lowering effect of the test
compounds in normal mice, oral glucose tolerance tests
(OGTTs) were performed using overnight-fasted 8-week-old
male C57BL/6J mice. Test compounds or 0.5% methyl cel-
lulose (vehicle) were orally administered followed by adminis-
tration of 2 g/kg of glucose after 30 min. Blood samples were
collected from the tail veins at 0, 15, 30, 60, 90, and 120 min
after the glucose bolus and the blood glucose levels were im-
mediately determined using the Glucose sensor & strip sys-
tem (GlucoDr*, Allmedicus, Anyang, Korea). The area under
the curve (AUC) for blood glucose was calculated for statisti-
cal analysis.

Efficacy of single administration of YH18968 in DIO mice
To evaluate the acute glucose lowering effect of the com-
pounds in a disease model, OGTTs were performed using
overnight-fasted 17-week-old male DIO mice. YH18968 or
0.5% methyl cellulose (vehicle) were orally administered fol-
lowed by the administration of 2 g/kg of glucose after 30 min.
Blood samples were collected from the tail veins at 0, 15, 30,
60, 90, and 120 min after the glucose bolus and the blood glu-
cose levels were immediately determined using the Glucose
sensor & strip system (GlucoDr*, Allmedicus). The AUC of the
blood glucose level was calculated for statistical analysis.

Efficacy of repeat administrations of compounds in DIO
mice

To evaluate the efficacy of the compounds on chronic gly-
cemic control, 17-week-old male DIO mice were orally ad-
ministered with 0.5% methyl cellulose (vehicle), YH18968,
MBX2982, or linagliptin once daily for 4 weeks. On days 1
and 29, the efficacy of the compounds was examined using
OGTT with overnight-fasted DIO mice. Thirty min after the ad-
ministration of YH18968, a glucose bolus was given orally at
a dose of 2 g/kg, and blood samples were collected from the
tail veins at 0, 15, 30, 60, 90, and 120 min. Blood glucose
levels were immediately determined using the Glucose sensor
& strip system (GlucoDr", Allmedicus). The AUC of the blood
glucose level was calculated for statistical analysis.

Statistical analysis

Values were expressed as the mean + SEM. Student's
t-test was used to compare two groups, and multiple group
comparisons were performed using one-way ANOVA with a
post hoc analysis (Tukey or Dunnett’s multiple comparison
test). Statistical analyses were performed using Prism soft-
ware (Graphpad, La Jolla, CA, USA), and a p-value of <0.05
was considered to be statistically significant.

RESULTS

YH18968 increases GPR119-induced intracellular cAMP
accumulation

The GPR119 receptor is coupled to the signal transducer
Gas protein and its activation leads to increased adenylate
cyclase activity and a rise in intracellular cAMP production.
Thus, the GPR119 agonistic activity of YH18968 was mea-
sured in CHO-K1 cells stably expressing human GPR119.
YH18968 potently induced intracellular cAMP accumulation
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Fig. 1. Chemical structure of YH18968, MBX2982 and stimulated
GPR119-induced cAMP accumulation. (A) Structure of YH18968
(CAS number 1632498-56-6). (B) Structure of MBX2982 (CAS
number 1037792-44-1). (C) Addition of doxycycline to these
cells allowed for GPR119 expression and a subsequent assay to
evaluate GPR119 specific activity. The cells were treated with the
test drugs at 0.03, 0.1, 0.3, 1, 3, 10, 30, 100, 300, and 1,000 nM
concentrations for 90 min. After 5 h incubation, intracellular cAMP
levels were measured with the CRE-beta-lactamase reporter gene
using fluorescence resonance energy transfer (FRET). All data
represent the means + SEM from at least three independent ex-
periments.

in a dose-dependent manner with a half maximal effective
concentration (ECso) of 2.8 nM. The potency of YH18968 was
compared with that of MBX2982, a clinical GPR119 agonist.
MBX2982 significantly stimulated intracellular cAMP accumu-
lation in a dose-dependent manner, with an ECs, value of 11.2
nM for the human GPR119-CHO stable cell line. YH18968
activated human GPR119 approximately 4-fold more potently
than MBX2982 (Fig. 1).

YH18968 stimulates L cell GLP-1 and f cell insulin secretion

To examine the activation of GPR119 by YH18968, GPR119-
induced cAMP accumulation assay was carried out in CHO-K1
cells that stably harbored human GPR119. To confirm whether
the activation of GPR119 by YH18968 leads to functional stim-
ulation of insulin and GLP-1 secretion, we measured insulin
and GLP-1 release in HIT-T15 hamster insulinoma cells and
GLUTag murine L cells, respectively. YH18968 elicited dose-
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Fig. 2. Stimulation of GLP-1 and insulin secretion by YH18968,
MBX2982 was measured in GLUTag and HIT-T15 cells. (A) Measure-
ment of insulin secretion from HIT-T15 cells. Cells were incubated
with 0.1 uM of YH18968 and MBX2982 and insulin in the superna-
tant was measured with ELISA. (B) Measurement of GLP-1 secretion
from GLUTag cells. Cells were incubated with 0.1 uM of YH18968
and MBX2982 and GLP-1 in the supernatant was measured with
ELISA. (C) Measurement of GSIS from HIT-T15 cells. HIT-T15 cells
were incubated with 100 nM YH18968 at 0, 3, and 15 mM glucose.
After 1 h incubation, insulin in the supernatant was measured with
ELISA. Triplicates for each concentration were used and the results
are presented as the means + SEM. **p<0.01 versus control.

dependent increases in insulin release from HIT-T15 cells with
an ECs value of 3.5 nM (Fig. 2A). Additionally, GLP-1 secre-
tion from GLUTag cells was enhanced by YH18968 with an
ECso value of 0.1 nM (Fig. 2B). Next, we examined the effect
of YH18968 on GSIS at 3 and 15 mM glucose concentrations.
Upon the application of 100 nM YH18968 to the HIT-T15 cells,
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Fig. 3. Cytotoxic effects of YH18968 on § cells (HIT-T15), L cells
(GLUTag), and hepatocytes (HepG2). (A) Measurement of cyto-
toxic effect in B cells. Hamster beta cells were used for the MTT
assay. The cultured cells were incubated for 48 h with YH18968 or
MBX2982 at a concentration of 0.1-100 uM. Values are means +
SEM (n=3). (B) Measurement of cytotoxic effect in GLUTag L cells.
Mouse L cells were used for the MTT assay. The cultured cells
were incubated for 48 h with YH18968 or MBX2982 at a concentra-
tion of 0.1-100 uM. Values are means = SEM (n=3). (C) Measure-
ment of cytotoxic effect in HepG2 cells. Human hepatocytes were
used for the MTT assay. The cultured cells were incubated for 48 h
with YH18968 or MBX2982 at a concentration of 0.1-100 uM. Val-
ues are means + SEM (n=3).

insulin release was enhanced in a glucose-dependent man-
ner, but the compound had no effect on cells incubated without
glucose (Fig. 2C). These results confirm that YH18968 medi-
ates the dual functional activity of GLP-1 secretion and GSIS
at the cellular level.
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Fig. 4. Plasma concentration-time profiles of YH18968 following
single intravenous and oral administrations to normal C57BL/6
mice (n=2/time point). YH18968 was intravenously injected at 1
mg/kg via the tail vein and orally administered as a suspension in
0.5% methyl cellulose at 1, 10, and 100 mg/kg, respectively. Blood
samples were collected via the inferior vena cava under anesthe-
sia at 0.083 (iv only), 0.25, 0.5, 1, 2, 4, and 7 h post-dose (n=2/
time point).

Table 1. The pharmacokinetic parameters of YH18968 following single
oral administration of YH18968 to normal C57BL/6 mice (n=2/time point)

YH18968
Pharmacokinetic PO PO PO
parameters
1mg/kg 1mg/kg 10 mg/kg 100 mg/kg
Crax (ng/mL) -* 168.6 759.7 1472.2
Trax (D) - 0.5 0.5 0.5
AUC. (ng-h/mL) 1375.1 549.7 2471.7 6538.0
AUC,; (ng-h/mL) 1619.9 719.8 2958.2 15773.9
CL (mL/h/kg) 617.3 - - -
Vs (mL/kg) 2112.2 - - -
MRT (h) 3.4 - - -
Ti2.ap0 (D) - 3.1 2.6 9.2
F (%) - 40.0 18.0 4.8

*Not applicable.

Cytotoxic effects of YH18968 on f3 cells (HIT-T15), L cells
(GLUTag), and hepatocytes (HepG2)

To investigate the cytotoxic effect of YH18968 and
MBX2982, a cytotoxicity assay was performed in  cells (HIT-
T15), L cells (GLUTag), and hepatocytes (HepG2). The 50%
lethal concentration (LCso) of YH18968 was >100 uM in HIT-
T15, GLUTag, and HepG2, respectively. In contrast, the LCso
of MBX2982 was 34.0 uM, 12.2 uM, and 15.9 uM in HIT-T15,
GLUTag, and HepG2, respectively (Fig. 1). Cytotoxicity by
YH18968 and MBX2982 was not observed up to 5 uM and
1 uM, respectively. These results indicated that YH18968
induced cytotoxic effects were less severe than those of
MBX2982 on the cell lines evaluated (Fig. 3).

Single oral administration of YH18968 to normal C57BL/6
mice

The mean pharmacokinetic parameters and time-concen-
tration profiles of YH18968 following single intravenous and
oral administration in normal C57BL/6J mice are presented

www.biomolther.org
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Fig. 5. Single YH18968 treatment improved oral glucose toler-
ance in normal mice (n=8). (A) OGTT in C57BL/6J mice treated
with vehicle (0.5% MC, closed circle), YH18968 (0.1 mg/kg, closed
square; 1 mg/kg, closed triangle; 10 mg/kg, closed diamond),
YH18968+linagliptin (10+1 mg/kg, open circle), MBX2982 (30 mg/
kg, open square), MBX2982+linagliptin (30+1 mg/kg, open trian-
gle) or linagliptin (1 mg/kg, open diamond). Animals were treated
with vehicle or compounds 30 min before glucose bolus (2 g/kg).
(B) The area under the plasma glucose concentration-time curve
for 2 h (AUC,,,) in an OGTT. Results are presented as the mean +
SEM. ***p<0.001 versus control.

in Fig. 4 and Table 1. The plasma concentration of YH18968
decreased in a biphasic manner following single intravenous
administration in normal C57BL/6J mice although the plasma
concentration of YH18968 was slightly elevated after 2 h.
YH18968 was rapidly absorbed with a Trmax value of 0.5 h from
1 to 100 mg/kg following single oral administration in normal
C57BL/6J mice. The Cnax and AUC,.s values for YH18968 in-
creased as the dose increased, but the increases were not
dose proportional. Specifically, as the dose increased at a ratio
of 1.0:10.0:100.0, the Cnax increased at a ratio of 1.0:4.5:8.7
while the AUCy« increased at a ratio of 1.0:4.5: 11.9 (Fig. 4).
Oral bioavailability dramatically decreased as the dose in-
creased, with values of 4.8 to 40.0% in a dose range of 1 to
100 mg/kg (Table 1).

Single administration of YH18968 improves glucose

tolerance in normal C57BL/6J mice
To evaluate the effects of YH18968 on acute glucose ho-
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Fig. 6. YH18968 enhances blood GLP-1 release in normal mi-
ce (n=6). Blood GLP-1 levels. C57BL/6J mice treated with ve-
hicle (0.5% MC), YH18968 (10 mg/kg), linagliptin (1 mg/kg) or
YH18968+linagliptin (10+1 mg/kg). Blood samples were collected
30 min after YH18968 administration and active GLP-1 levels were
measured. Results are presented as the mean + SEM. ***p<0.001
versus control.

meostasis, an OGTT using normal mice was conducted. Sin-
gle oral administration of 0.1, 1, and 10 mg/kg of YH18968
significantly lowered the AUC for blood glucose in a dose-de-
pendent manner compared to the vehicle control (Fig. 5). Ad-
ditionally, 1 and 10 mg/kg of YH18968 exhibited more potent
glucose lowering effects than 30 mg/kg of MBX2982. When
10 mg/kg of YH18968 was applied in combination with 1 mg/
kg of linagliptin, a DPP-4 inhibitor, a significant additive glu-
cose lowering effect was observed compared to the applica-
tion of YH18968 alone, linagliptin alone, or the combination
of MBX2982 with linagliptin. When we examined the effects
of YH18968 on blood GLP-1 levels using overnight-fasted
mice following single oral administration, 10 mg/kg YH18968
increased active GLP-1 levels by 2.7-fold compared to the ve-
hicle control at 30 minutes after administration. Combination
treatment of YH18968 with linagliptin significantly increased
the active GLP-1 level compared to YH18968 or linagliptin
alone, implying synergistic effects for the combination of a
GPR119 agonist and a DPP-4 inhibitor (Fig. 6).

Single administration of YH18968 improves glucose
tolerance in DIO mice

The effects of YH18968 on acute glucose homeostasis in a
disease model were investigated using OGTT in a DIO mice
model. Single oral administration of 0.1, 1, and 10 mg/kg of
YH18968 lowered the AUC for blood glucose levels in a dose-
dependent manner and reached statistical significance at 1
and 10 mg/kg compared to the vehicle control (Fig. 7). Ad-
ditionally, 1 and 10 mg/kg elicited similar levels of inhibition,
indicating a saturation of the glucose lowering effect. Based
on these results, a repeat dose study was conducted with 1
mg/kg of YH18968 in the same animal model.

Repeat administration of YH18968 improves glucose
tolerance in DIO mice
To investigate the effects of repeated administration of
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Fig. 7. Single YH18968 treatment improved oral glucose toler-
ance in DIO mice (n=8). (A) OGTT in DIO mice treated with vehicle
(control (DM)) (0.5% MC, closed square), YH18968 (0.1 mg/kg,
closed triangle; 1 mg/kg, closed diamond; 10 mg/kg, open circle)
or linagliptin (1 mg/kg, open square). Animals were treated with ve-
hicle or compounds 30 min before glucose bolus (2 g/kg). (B) The
area under the plasma glucose concentration-time curve for 2 h
(AUC,,,) in an OGTT. Results are presented as the mean + SEM.
**p<0.01, ***p<0.001 versus control (DM).

YH18968, DIO mice were orally administered once daily with
1 mg/kg of YH18968, 10 mg/kg of MBX2982, and 1 mg/kg of
linagliptin for 4 weeks. One mg/kg of YH18968 or 10 mg/kg of
MBX2982 was also administered in combination with 1 mg/kg
linagliptin. An OGTT was performed on days 1 and 29 follow-
ing the administration of the compounds. On day 1, YH18968
significantly lowered the AUC for blood glucose compared to
the vehicle control and exhibited a more potent glucose lower-
ing effect than 10 mg/kg of MBX2982. When YH18968 was
applied in combination with 1 mg/kg of linagliptin, an additive
glucose lowering effect was observed compared to the appli-
cation of YH18968 or linagliptin alone. On day 29, an OGTT
was performed to examine whether the efficacy of YH18968
was sustained after repeated administration for 4 weeks.
YH18968 alone or in combination with linagliptin effectively
improved glucose tolerance on day 29, confirming the efficacy
of YH18968 was well maintained after repeated administration
for 4 weeks (Fig. 8).
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Fig. 8. Repeated YH18968 treatment improved oral glucose tol-
erance in DIO mice (n=8). (A) OGTT in DIO mice treated with
vehicle (control (DM)) (0.5% MC, closed square), YH18968 (1 mg/
kg, closed triangle), YH18968+linagliptin (1+1 mg/kg, closed dia-
mond), MBX2982 (10 mg/kg, open circle), MBX2982+linagliptin
(10+1 mg/kg, open square) or linagliptin (1 mg/kg, open triangle)
at day 1. Animals were treated with vehicle or compounds 30 min
before glucose bolus (2 g/kg). (B) OGTT in DIO mice treated with
vehicle (control (DM)) (0.5% MC, closed square), YH18968 (1 mg/
kg, closed triangle), YH18968+linagliptin (1+1 mg/kg, closed dia-
mond), MBX2982 (10 mg/kg, open circle), MBX2982+linagliptin
(10+1 mg/kg, open square) or linagliptin (1 mg/kg, open triangle)
at day 28. Animals were treated with vehicle or compounds 30
min before glucose bolus (2 g/kg). (C) The area under the plasma
glucose concentration-time curve for 2 h (AUC,, ) in an OGTT
at day1 and day 28. Results are presented as the mean + SEM.
**p<0.01, ***p<0.001 versus control (DM).
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DISCUSSION

GPR119 agonists stimulate glucose-dependent insulin se-
cretion in vitro and lower elevated blood glucose levels in vivo.
Furthermore, they have been demonstrated to stimulate the re-
lease of GLP-1 (Overton et al., 2006). Consequently, GPR119
agonists have emerged as promising targets for the treatment
of type 2 diabetes (Jones et al., 2009). MBX2982 was report-
ed to enhance cAMP accumulation in GPR119-transfected
HEK293 cells, with an ECs, value of 8.33 nM (Hothersall et
al., 2015). YH18968 has an ECs, value of 2.8 nM for human
GPR119 activation, which is approximately 3-fold more potent
than the effect of MBX2982. Increased cAMP accumulation by
YH18968 resulted in GLP-1 release in GLUTag L cells and in-
sulin release in HIT-T15 B cells, both of which express GPR119
endogenously (Lauffer et al., 2009). YH18968 showed strong
efficacy in the insulin secretion assay, with an ECs, value of
3.5 nM. The YH18968 effect was slightly stronger than that of
MBX2982, which had an ECs, value of 10.7 nM. In the GLP-1
secretion assay, YH18968 had an ECs, value of 0.1 nM. These
results are consistent with reports that GPR119 agonists play
a dual role in glycemic control by enhancing both GLP-1 and
insulin secretion (Chu et al., 2007).

Fig. 3 shows the superiority of YH18968 in terms of the cy-
totoxic effects on the HIT-T15, GLUTag, and HepG2 cell lines
compared with MBX2982. Although differences exist in the cy-
totoxic effects of YH18968 and MBX2982, similar effects were
observed on GLP-1 secretion from L cells and GSIS from HIT-
T15 cells (Fig. 3). However, the ECs values of YH18968 and
MBX2982 were 2.8 nM and 11.3 nM, which were below their
LCso values, and the 12 h required for the induction of GLP-1
or GSIS by YH18968 and MBX2982 was much shorter than
the duration of the cytotoxicity assay (72 h). Therefore, the
secretion of GLP-1 and GSIS may not be affected by the cy-
totoxic effects of YH18968 or MBX2982. YH18968 may have
more beneficial effects on the safety or secretion of GLP-1
and insulin in animal models or in patients with type 2 diabetes
compared with MBX2982.

A pharmacokinetic study was performed to evaluate the
dose proportionality and absolute bioavailability of YH18968 in
normal C57BL/6J mice following single oral administration at
1 to 100 mg/kg in 0.5% MC1500 suspension and intravenous
injection at 1 mg/kg, respectively. The data demonstrated that
YH18968 systemic exposure increased in a less than dose
proportional manner, indicating that the absolute bioavailabil-
ity of YH18968 decreased as the dose increased up to 100
mg/kg. Various factors contribute to saturable absorption in
the gastrointestinal tract such as solubility issues in biologi-
cal fluid and the saturation of active transporters. YH18968
exhibited poor aqueous solubility in the buffer and its chemi-
cal properties likely contributed to the low systemic exposure
and bioavailability in mice. Further studies to overcome the
low exposure need to be conducted to increase the fraction
absorption and drug effect in C57BL/6J mice.

When we compared the efficacy of YH18968 with the
known efficacious dose of MBX2982 in normal and DIO mice,
a lower YH18968 dose elicited more potent glucose lowering
effects compared to MBX2982 in both animal models.

GLP-1 secretion can be enhanced by activating GPR119,
which is highly expressed in both pancreatic beta cells and in-
testinal enteroendocirne L cells. Additionally, DPP-4 inhibitors
can slow GLP-1 degradation, thus increasing endogenous
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active GLP-1 levels (Lauffer et al., 2008). GPR119 agonists
and DPP-4 inhibitors are mechanistically complementary and
could be an ideal therapeutic option for treating type 2 diabe-
tes. In our study, combination treatment with YH18986 and
linagliptin exhibited an additive effect compared to YH18968
or linagliptin alone in the OGTT using normal mice. This effect
was apparent due to the significant increase of active GLP-1
level in the blood after co-treatment with YH18968 and lina-
gliptin compared to treatment with the individual drugs.

YH18968 was effective in the DIO mice model. Single
oral administration of YH18968 induced a dose-dependent
decrease in the AUC of blood glucose at 0.1 and 1 mg/kg,
but there was no difference in efficacy between 1 mg/kg and
10 mg/kg of YH18968. Due to the saturation of efficacy, 1
mg/kg of YH18968 was evaluated in a 4-week repeat dose
study in DIO mice. Since the systemic exposure of 10 mg/
kg of YH18968 was higher than that of 1 mg/kg YH18968 in
the pharmacokinetic study even though it was less than dose
proportional, the saturation of efficacy may be attributable to
factors other than the absorption of the compound.

Several early GPR119 agonists have been evaluated in
clinical studies. However, tachyphylaxis has been observed
for some GPR119 agonists such as GSK1292263 and JNJ-
38431055 (Katz et al., 2012; Nilsson et al., 2012). Single-dose
administration of these agonists decreased glucose excursion
during OGTT, but multiple-dose administration for 4 weeks
did not reduce the mean glucose levels. We therefore evalu-
ated the efficacy of repeated administration of YH18968 in
DIO mice. One mg/kg of YH18968 resulted in a significant de-
crease in the glucose AUC in OGTT on day 1 and the effect
was sustained on day 29 after daily administration for 4 weeks.
Sustained glucose lowering effects without tachyphylaxis can
be expected in future clinical studies. In this study, the glucose
lowering effect of YH18968 was not significantly different from
the effect of combination treatment with linagliptin. Since 1
mg/kg of linagliptin reduces the AUC blood glucose level to a
near normal range, it might be difficult to observe a significant
additive reduction by combination treatment compared to lina-
gliptin alone in this study condition.

In conclusion, we identified and evaluated a novel small-
molecule GPR119 agonist, YH18968, which showed signifi-
cant and sustained blood glucose control in normal and DIO
mice. YH18968 also exhibited a more potent glucose lowering
effect in combined treatment with a DPP-4 inhibitor, indicat-
ed by the significant increase of active plasma GLP-1 levels
following combination treatment. Therefore, we report that
YH18968 in combined with a DPP-4 inhibitor may be an effec-
tive therapeutic candidate for the treatment of type 2 diabetes.
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